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CHAPTER 1

Introduction

Knowledge advances by steps and not by leaps.
Lord Macaulay

1.1 Materials Science

An important and widely acclaimed feature of materials science has been the recognition
of the fundamental similarities underlying the structures, phenomena, and properties of
a wide variety of interesting and technologically important materials. This has led to an
unusually large degree of cross-fertilization of ideas and approaches among several different
traditional scientific and engineering fields.

Not only all properties and qualities of matter but also all fields of human concern are
involved in the interaction between the macro- and microscopic levels of the atomic archi-
tecture. To the age-old question: “which comes first, the chicken or the egg?”, a probable
response of a materials scientist would be: “neither”. In material science there is a syner-
gism between what exists and what needs to exist. Materials are mostly designed with a
particular application in mind.!

Owing to the capacity of man for immediate aesthetic interaction with materials, quite
subtle materials were discovered very early. It began simply with the collection of beau-
tiful natural objects and the discovery that heating and mixing changed their qualities to
yield materials that could be used for more than “mere” enjoyment. This aesthetic involve-
ment spurred continual search, and quite advanced materials technology were developed
long before mechanical technology. Until about 1800 AD knowledge of materials and the
practical control of their composition and properties to achieve a desired result were more
advanced in the Far Eastern than in Western cultures [1]. One may venture a guess that this
was because Eastern culture put slightly greater emphasis upon an aesthetic approach to the

'indeed some new materials, such as nylon, the first polymer, were discovered simply by chance.



CHAPTER 1. INTRODUCTION

world rather than a logical advance.

It has long been recognized that ingenious developments of materials coincide with im-
portant stages in the development of civilizations. The current efflorescence of materials
science and engineering is certainly coincident with great social changes. Materials were
handled in accordance with their nature that has been learned sensitively, but theoretical
understanding of the reasons for their properties developed slowly and had little or no ef-
fect on the practice until the last century [1]. For a long period of time structure-sensitive
properties other than magnetism were invisible to physicists, and it was mainly practical
artisans and a few more theoretically inclined chemists and metallurgists who kept alive
knowledge of real solids and slowly accumulated facts that eventually forced the birth of
the new physics of solids.

1.2 Computational Materials Science

Medieval alchemists dreamed of transmuting common base metals into gold, but such
miraculous conversions proved impossible, of course. One of the most promising develop-
ments in materials research — computational materials science — is sometimes referred as
“computational alchemy” Today, thanks to discoveries in the fields of computational physics
and computational chemistry, researchers are making startling progress in understanding
and manipulating matter at the atomic and molecular level. This has been fueled by the
increasing performance of state-of-the-art supercomputers and high performance worksta-
tions. Researchers in this field have acquired enough confidence in their arsenal of compu-
tational methods in order to make bold predictions that have run ahead of experiments or
in some cases, even corrected them.

The opportunities for computational research are as broad as they are deep. All kinds of
materials are dealt with, without any restriction. Ultimately, we hope that new understand-
ing of all of these materials will be transferred to making new materials with properties that
mankind can use. Because of the detailed perspective they offer into the behavior of atoms
and electrons, we can often significantly enhance and deepen our understanding of how
materials function. This approach of using only knowledge of the composition of a material
to predict properties is often referred to as first-principles or ab-initio calculation. An obvi-
ous advantage of successful first-principles methods is that, since no experimental input is
needed, the behavior of a material can be predicted even before it is synthesized. With the
increasing capabilities of first-principles methods, some researchers have started to think
about computer-based design of new materials. In principle, this should be possible, be-
cause all the properties of a material are determined by the constituent atoms and the basic
laws of physics. Hence, when material scientists attempt to design new materials, they can
quickly focus on promising systems.

Moreover, computational experiments have the advantage over real experiments that
one has full control over almost all the experimental variables. This level of control makes it
possible to design experiments that are optimized to understand the influence of a specific

12
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variable. As these calculations are not limited to physically realizable states of a material,
they can be used to conduct “what-if” experiments. In a calculation it is reasonably simple to
change the crystal structure, move or substitute an atom, change the applied pressure, make
arbitrary deformations, and so forth, and then to evaluate the effect of these modifications
on the properties of interest.

1.2.1 Density-functional theory

Since the beginning of guantum mechanics in the 1920’s, one of the most spectacular ad-
vances in physics is perhaps the formulation of the density-functional theory (DFT) which
enables one to handle many-electron systems with ease. It was constructed by Hohenberg
and Kohn [2] in the 1960’s, for which Kohn was awarded the Nobel Prize in chemistry 1998.
Since its introduction DFT has evolved into a powerful tool that is widely used in con-
densed matter theory and computational materials science for the calculation of electronic,
magnetic, and structural properties of solids.

First-principles simulations using DFT have proved to be a reliable and computationally
tractable tool in condensed matter physics. These simulations have now impacted virtually
every area of this broad field. Along with the advances in computing technology that have
occurred during the last decade, there have been important algorithmic improvements, and
for certain classes of materials it is now feasible to simulate systems containing 100 or more
atoms in a unit cell. This opens the door for the direct application of these techniques to
study a substantial amount of real materials problems. This method has been remarkably
successful in reproducing, explaining, and in some cases predicting a wide variety of ma-
terials phenomena. Specific examples range from early predictions of phase transitions in
silicon under pressure [3] to determination of stable and metastable adsorption geometries
on metal surfaces [4], as well as many successes in understanding magnetic materials.

The fundamental concept of DFT is that all the ground-state properties of a material are
completely determined by the electron charge density p(r) — the real space distribution of
electrons around the atoms. The contribution of DFT to the science of multi-particle quan-
tum systems (such as molecules and condensed matter) is two-fold. The first contribution is
one of understanding; since the inception of quantum mechanics theoreticians were used to
think in terms of single-particle orbitals, but when high accuracy is required, the number of
Slater determinants increases so much that the comprehension becomes difficult. However,
the approach of DFT is different, it focusses on the real three-dimensional space using the
electron density p(r), a tangible and easily understood entity. The second contribution of
DFT is of practical nature. In the conventional quantum mechanics, the handling of systems
with many particles (N more than 10-20) becomes cumbersome, since the number of Slater
determinants are intractable and hence impossible to handle in practical calculations. As
DFT uses p(r), it allows for handling of fairly large systems (/N =~ 100—1000), with compu-
tational efforts that rise much more moderately with the increasing number of atoms.

13



CHAPTER 1. INTRODUCTION

1.3 Thesis outline

The scientific world is broadly divided into basic (or fundamental) research and applied
research. For materials scientists involved in basic research, the goal is most often to deter-
mine why certain kinds of materials have a particular set of properties. Sometimes predic-
tions of materials properties are made even before the materials themselves are synthesized.

On the other hand, applied research involves fashioning materials for real-life applica-
tions. It involves knowledge about the conditions under which a material will be used and
identifying candidate materials for this purpose. There is always a real need for better ma-
terials — the issue is how much better they have to be and at what cost. An applied scientist,
with a particular application in mind, will scour lists of known materials looking for one
that meets the expected needs. If existing materials are unsuitable, the applied and basic
scientist must work together to develop new materials. This synergism between what is
available and what needs to be developed reflects the important and complementary roles
of the basic and applied sciences in the materials field.

This thesis is intended to appeal to both fundamental and applied researchers. The prob-
lems have been carefully selected so that, our computational efforts will attempt to answer
some of the most fundamental questions relating to technologically-significant materials.
Exploring their properties is expected to lead to more understanding and hence to new ma-
terials. We believe that with a fundamental understanding at the electronic level of a system
comes, a basic scientific appeal and a more complete control over the properties and mech-
anisms governing any system. This understanding gives the power of prediction which is
perhaps the ultimate goal of all sciences.

The thesis presented here deals with theoretical calculations of properties like phase sta-
bility, electronic structure, magnetic properties, ordering phenomena such as spin, charge,
and orbital ordering, and excited-state properties for perovskite-like and complex oxides.
The objective of the study has been of a threefold nature: First, to gain further knowledge
on a fundamental scientific level of the properties of matter and how these are governed by
the electronic structure. Second, to demonstrate the versatility and increased applicability
of theoretical calculations as complement to experiments. Third the last, but not the least,
objective has been to answer some of the most intricate questions concerned with mixed-
valence oxides.

1.3.1 Spin, charge, and orbital Ordering

The past few years have seen a flurry of activities in the study of magnetic materials,
which previously had an image of "musty physics laboratories peopled by old codgers with
iron filings under their fingernails” [5]. In particular, advances in atomic- and nanoscale
growth and characterization techniques have led to the production of modern magnetic ma-
terials that reveal a range of fascinating phenomena. These phenomena derive from the
fact that electrons have spin as well as charge, giving an extra level of complexity to the
physics and an extra degree of freedom in device design. Today, the science and technology

14



1.3. THESIS OUTLINE

of magnetism have undergone a renaissance, driven both by the urge to understand the new
physics, and by demand from industry for better materials. The potential impact on society
of the recent advances in magnetic materials is extensive and evidenced by the dramatic en-
hancement in data-storage density. The discoveries of colossal magnetoresistance (CMR) or
[giant magnetoresistance (GMR)] materials, in which magnetic fields cause orders of mag-
nitude changes in conductivity have been particularly significant. Sensors, read heads, and
memories based on GMR are already commercially available in the market.

In addition to the salient property of magnetoresistance, the CMR (GMR) materials also
possess exotic properties such as charge and orbital ordering. Charge ordering is the order-
ing of valence electrons in a particular fashion below a characteristic transition temperature
(Tw). In the canonical picture of magnetic insulators known since the 1950’s, the electrons
occupy fixed atomic orbitals, and the magnitude and sign of the magnetic interaction be-
tween neighboring electron spins depend on the relative orientation of the orbitals in which
the spin density resides. Orbital order (the fixed pattern of orbital occupations at every
atomic site) is usually either built into the crystal structure or changes only at temperatures
much exceeding the magnetic ordering temperature (T¢). One of the main objectives of this
project has been to gain understanding of such ordering phenomena. The basic requirement
for charge ordering to take place is the presence of an element (usually a transition-metal
constituent) in different valence states. Even though a lot of attention has been paid to
mixed-valence manganese oxides, it should be noted that the orbital physics is universal
in transition-metal oxides. Hence we have attempted to analyze compounds (particularly
perovskKite-like and complex oxides) containing mixed-valence transition-metal constituents
such as Cr, Mn, Fe, and Co. We believe that a basic understanding of mixed valence and
hence charge and orbital ordering will provide new understanding and in turn new materi-
als.

The thesis has been disposed of as three main segments. The first part should appeal to
readers with a general background and broad-line interests. The second part deals with in-
troductions to the theoretical background and the topics covered in the present project. The
third part is more detailed and intended to give a thorough analysis of the results obtained
from the theoretical studies. This part is further complemented by direct access to the arti-
cles and publications themselves together with relevant references. In all segments, the aim
is to spark the basic curiosity of the readers and make them dwell deeper with the science.
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CHAPTER 2

‘ Theoretical Background — Many-body Problem

Make things as simple as possible, but not simpler.
Albert Einstein

understanding and exploitation of properties of systems with interacting electrons
and atomic nuclei. The electrons and nuclei that compose a given material consti-
tute a strongly interacting many-body system. The properties of matter are governed by
the behavior of the almost mass-less electrons that move around the much heavier nuclei.
This has been well known since the early days of quantum mechanics. With this comes the
recognition that, at least in principle, almost all properties of materials can be addressed
given suitable computational tools. In order to describe real matter, we need to device the-
oretical tools that are capable of dealing with the interactions between a very large number
of particles, typically of the order of moles, i.e., 1023 particles; which is a Herculean task to
exploit indeed. Hence we need to resort to approximations and simplifications.
The Schrédinger equation is the basic tool to study the properties of a given material.
The time-independent Schrédinger equation has the operator form [6]

Condensed matter physics and materials science are concerned with the fundamental

Hy = Evp 2.1)

where H is the Hamiltonian operator, E is energy, and v is the wave function. Eq. 2.1 can be
exactly solved in the case of one nucleus and one electron, viz. for hydrogen and hydrogen-
like systems. However, a more realistic situation comprises a many-particle wave function
W(r, 72, .14, ..rN), Where r; denotes the position of particle i. The 1022 ingredients of a typical
solid make the problem complicated. The Hamiltonian for the whole bulk system is

He Y i e e S ey e e
2 p |Rk—Rl| 2m - ¢ 2@,# |15 — 1] — |ri — Ri| '
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CHAPTER 2. THEORETICAL BACKGROUND — MANY-BODY PROBLEM

In this Hamiltonian & (= h/27, h is the Planck constant), m and r; denote the electron
mass and the respective coordinates, M and R, nuclear masses and the respective coordi-
nates, and Z is the charge of the constituent nuclei. The indices i and j number the electrons
and k and [ the nuclei. The first term in Eq. 2.2 denotes the kinetic energy of the nuclei, the
second term the Coulomb energy between the nuclei, the third term the kinetic energy of the
electrons, the fourth term the interaction among the electrons, and the last term denotes the
electrostatic interaction between the electrons and the nuclei [which can be regarded as an
external potential (V.,;) acting upon the electrons]. The motions of the nuclei, notably orig-
inating from lattice vibrations, in most materials is on a much larger time scale than typical
electronic scale, so that the electrons may be considered to be in their instantaneous ground
state as the nuclei move. Hence, in this so-called "Born-Oppenheimer" approximation, the
nuclei are considered to be stationary, and Eq. 2.2 has to be solved for the electrons around
these stationary nuclei. This allows us to remove the first term in Eq. 2.2. The second term
is only a constant (since the nuclear positions are known), and is not to be considered until
we actually calculate the total energy. Now, the total energy Hamiltonian can be expressed
as

o 1 27 )3
2V T 2 Rl &9

Here we have also introduced the Rydberg atomic units, i.e.,e? =2, A =1, and m = % In
order to solve the Schrddinger equation for all the interacting electrons, we have to solve a
system of around 1022 simultaneous differential equations. Such a calculation is beyond the
capabilities of present-day computers, and is likely to remain so for the foreseeable future.

2.1 The Hartree approximation

The Hartree approximation provides a way to simplify Eq. 2.2 so that it can be solved
somewhat easily. In Eq. 2.2, the potential experienced by an electron depends on the po-
sitions of the other electrons. However, this potential can be approximated by an average
single-particle potential called the Hartree potential which is not coupled to the individ-
ual motions of all the other electrons, but depends simply upon the time-averaged electron
distribution of the system. It is given by

2 |1 (r5)]
= 2.4
a(r) =e E ]|I‘z rj| (2.4)
J#i

where n; are the orbital occupation numbers and ;(r;) is a single-particle wave function,
i.e., a solution to the one-particle wave-equation:

2
[ 2hm V2 + ‘/e:vt + Vd(rz)] ¢z(rz) - 5z7pz(rz) (25)
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2.2. HARTREE—-FOCK APPROXIMATION

Thus, the set of equations now becomes separable. However, the equations are still
non-linear and have to be solved self consistently by iteration. Even though the Hartree
approximation allows one to calculate the approximate single-particle wavefunctions for
the electrons in solids, it has a few drawbacks.

According to the Pauli-exclusion principle, two electrons can not exist at the same point
in space with the same set of quantum numbers. However, the wave function in Hartree
theory

N
\I/(I'lo'l,I'QO'Q,...,I'NO'N) = H¢i(1‘i,0'i) (26)

is not antisymmetric for interchange of electron coordinates and accordingly does not follow
the Pauli-exclusion principle. Moreover, the Hartree approximation fails to describe how an
electron is affected by the configuration of the N —1 other electrons. These defects have been
rectified by the Hartree—Fock theory.

2.2 Hartree—Fock approximation

Already in 1930 Fock pointed out that, any approximation to the true wave function
should explicitly include spin and should be antisymmetric to interchange of electrons.
Hence, instead of the "simple" spatial orbitals, one must use spin orbitals and moreover
take into account antisymmetric linear combinations of products of spin orbitals. We assert
that a solution of Eq. 1 is given by any state ¥ that makes the following quantity stationary:

(U, HV)
E= U, U
According to the variational principle [7], the normalized expectation value of energy is
minimized by the ground-state wave function .
A better description is to replace the wave function in Eq. 2.6 by a Slater determinant of
one-electron wave functions

.7)

\Ill(rlol) @1(1’20’2) \I’l(I'NO'N)
1 \112(1‘20'2) \1’2(1'20'2) e \I’Q(I'NO'N)

U(rio1,1202,...,TNON) = I (2.8)
\I/N(I‘NO'N) \I/N(I'NUN) \I/N(I'NUN)

This is a linear combination of products of the form given by Eq. 2.6 and all correspond-
ing products are obtained by permutation of r;o; among themselves. The Hartree—Fock
equation which follows from energy-minimization is given by:

62

Y5 )i(x ) (r)ds,s; = eibi(rs)  (2.9)

v — ']
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CHAPTER 2. THEORETICAL BACKGROUND — MANY-BODY PROBLEM

Hence, in addition to the Hartree potential, another potential called the exchange potential
(the last term on the left hand side of Eq. 2.9) operates only between electrons with the
same spin. In addition, there should also be a correlation interaction (resulting from simple
electrostatic interaction between the electrons), which is not included here. Consequently,
the correlation energy can be described as the difference between the exact energy for the
system and the Hartree—Fock energy.

2.3 Density-functional theory (DFT)

Since the ground-state electronic structure is the most important quantity in determin-
ing the material properties, we need a robust and very accurate method to describe the
electronic structure. It is well known that the properties of matter are governed by the elec-
trons surrounding the atomic nuclei and interactions between them. Hence, if one could
get hold of the real space distribution of these electrons [viz. the electron charge density
p(r)] then almost all physical properties can be predicted. The objective of the electronic
structure calculations is to obtain the electron density. The most important milestone of
modern day quantum mechanics is the development of DFT [8]. By far, the most accurate
“first-principles” quantitative calculation of p(r) is based on DFT which is able to distinguish
small energy differences between very different phases of a given material. DFT is so suc-
cessful that it has now become one of the most widely used modern theories to understand
the properties of matter.

Hohenberg and Kohn suggested in 1964 that the many-electron wavefunction is a too
complicated entity to deal with as a fundamental variable in a variational approach. Hence,
in their density-functional formalism which is based on two theorems first introduced by
Hohenberg and Kohn [2] and later extended by Kohn and Sham [9], they suggested a differ-
ent quantity.

2.3.1 Theorem1l

For an interacting system of electrons in an external potential, V.,.(r), there exists a uni-
versal functional of the charge density, F[p(r)], independent of V.,.(r), that provides the
electronic energy:

E- / Vear () p(x)dr + Flp(x)] (2.10)

2.3.2 Theorem 2

The functional F'[p(r)] obtains its minimum value (viz. the ground-state energy) for the
actual electron-charge density of the system [2].

The electron-charge density can be obtained from the solution of an associated single-
particle problem, whose effective single-particle potential V. z[r, p(r)], is the sum of the ex-
ternal potential, and a unique functional of p as given below. As a consequence, the calcu-
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lation of the energy in terms of p(r) is reduced to the self-consistent solution of a system of
coupled, non-linear, one-electron-like Schréodinger equations:

/
p(r )/ ir! . SBaclr]
r —r'| dp(r)

3V Vo) + [ Hi(x) = in(r), (2.12)

The so-called Kohn-Sham (KS) wavefunctions, ¢;, are single-particle eigenfunctions that
are strictly meaningful only for determining p(r). The KS eigenvalue ¢;, which is the deriva-
tive of the total energy with respect to the occupation of state 7, is used in determining
which one-electron states are occupied: states are filled from the lower eigenvalues to the
higher, without regard to the spin parameter. The eigenvalues are not strictly related to
single-particle excitation energies, although further theoretical considerations can explain
why KS-band structures become a useful tool in the interpretation of spectroscopic (espe-
cially photoemission) data.

For an arbitrary electron-charge density there is no simple explicit expression for the
exchange correlation energy E,.. The widely used local-density approximation (LDA) is
a simple approach, exact within the limit of a homogeneous electron density, and leads to
remarkably accurate results for many classes of materials. Within the LDA, E.. is written as

Evelp) = [ plo) Euclptw)lar (2.12)

where E,.(p) is the exchange-correlation energy of a uniform interacting electron gas of
density p. The use of LDA is strictly speaking, justified only if p(r) is a slowly varying
function, and a number of extensions exist which give improved accuracy for systems with
more localized electrons.

2.4 Spin-polarized systems

In the generalization of DFT to spin-polarized systems, the charge density p(r) is decom-
posed into the two spin densities (p; and p|) as

p(r) = pr(r) + py(r) (2.13)

The Hohenberg-Kohn theorem in this case postulates that the ground-state total energy is a
functional of the spin densities.
E = Elp;,p|] (2.14)

The total energy consists of terms like those for the non-spin-polarized case. The Coulomb
terms remain functionals of the total energy, but E; (viz. single-particle kinetic energy) and
E,.. become functionals of the two spin densities. There are separate sets of KS orbitals for
the two spin components, and two sets of single-particle equations need to be solved to ob-
tain them. The variational principle is invoked to generate the spin-polarized KS equations
of spin-density-functional theory.

(T + Vei(r) + Vi (1)) dio (r) = €ia@io(r) (2.15)
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where ¢ is the spin index and the density is given by a sum over the occupied orbitals.

po(r) =D ¢ (r)dis (r) (2.16)

occ

and the highest occupied orbital is determined by the electron count. V. is the only term in
the single-particle Hamiltonian that is explicitly spin dependent.

5Ezc[pT7pl]

500 (1) @17)

Vwc,a =
The total-energy expression then becomes,

E=Eu+)Y e+ Eulpr,p)] - % / eV (r)p(r) — dr(pr(r)Vae, 1 (v) + p (1) Vae,))  (2.18)

occ

These equations are to be solved self-consistently as in the non-spin-polarized case. In the
above expression, E;; is the electron-electron interaction energy and E.. is a functional of
the two spin densities. FE,. favors spin-polarized solutions and T opposes such an out-
come. A balance between these two terms determines whether a material is magnetic or not
(neglecting diamagnetism).

Because of the additional degrees of freedom contained in the spin-density case, spin-
polarized KS equations often have multiple self-consistent solutions, corresponding to dif-
ferent stable spin configurations. Hence, in order to determine the real ground state (cor-
responding to the lowest energy), all possible spin configurations should be considered in
the calculations. Moreover, the dimension of the matrix corresponding to the Hamiltonian
operator for a magnetic system will be twice the dimension of the matrix representing the
non-magnetic system. The upper left quarter of the matrix represents one spin channel and
the lower right quarter of the matrix represents the other spin channel. The off-diagonal ele-
ments correspond to hybridization between different spins and/or rotated spin coordinates.

2.4.1 Exchange-correlation energy

The exchange potential for a system of variable density can be approximated by a term
[p(r)]'/3, where p(r) represents the local density. This [p(r)]*/? dependence is a consequence
of the exchange (Fermi) hole. The Fermi hole is a region surrounding each electron in which
the probability of finding another electron with the same spin is small. In other words, this
hole is the region near an electron which is avoided by electrons with the same spin. Modern
DFT approximates the full non-local exchange with a term based on the local density, hence
called the local density approximation (LDA). The exchange-correlation term is to some extent
approximated in the current theoretical framework. Since the electrons interact with each
other, they correlate their motion so that they tend to avoid each other.

The correlation (Coulomb) hole is the region surrounding each electron in an atom in which
the probability of finding another electron is small. An electron at r reduces the probability
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2.4. SPIN-POLARIZED SYSTEMS

of finding another electron at a nearby position r’, and every electron is surrounded by
a hole in the electron density of equal and opposite charge [10]. In the local spin density
approximation (LSDA) the exchange-correlation energy is written as

BEPA = [ drp(r)esclpr (). (6) (2.19)

where ¢, is the exchange-correlation energy per particle in a homogeneous spin-polarized
electron gas. We can also describe an exact term for the exchange-correlation energy using
exchange-correlation holes [10]:

Eye = % /d(r)p(r) / dr’ ’I" 1_ r’po(rv r' — I‘), (2'20)

where p,.(r,r’ — r) is the exchange correlation hole which obeys the sum rule (total charge
equals to —1):

/dr'pxc(r, r'—r)=-1. (2.21)

It can be shown that on making a variable substitution R = r’ — r, E,. can be written
as [10]:

o0

Ey. = 1 / d(r)p(r) / JRR? dQpee(r,R), (2.22)
2 0 R

which in turn implies that the exchange energy depends only on the spherical average of

pzc. Here lies the answer to why the LDA approximation works so well. The point is that

even if LDA does not give the right form for the exchange-correlation hole it does give a

spherical average which is very close to the real charge distribution [10].

The LDA is widely used in solid state physics, but there are more modern improvements
suitable to treat the full non-local exchange such as the generalized gradient approximation
(GGA), where E,. has become more composite on introduction of contributions also from
the gradient of the local density.

2.4.2 Generalized-gradient approximation

One of the promising avenues for refinement of the LDA is the GGA approach. In GGA,
the function E.(p) is replaced by a local function of the charge density and the magnitude of
its gradient, E,.(p,|Vp|); the rational is that a better description might result from incorpo-
ration of the additional information contained in the local gradient. GGA-based calculations
have been reported for a wide variety of materials using several different parameterizations
of the GGA functionals. From these calculations it is found: (1) GGAs significantly improve
the ground-state properties for the light elements, molecules and solids composed of these,
(2) many properties of the 3d transition metals are improved, for example the correct bcc
ground state for Fe is obtained, (3) magnetic energies for the 3d transition metals may be
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overestimated, and (4) the GGAs lead to excessive increases in the unit-cell parameters for
some materials containing heavy elements, and consequently degraded agreement with ex-
periment compared to the LDA [11].

The exchange-correlation energy is given as a (spin) density gradient of the form:

ESG[py )] = / drf(p1(£), py (1), Vo1 (1), Vo, (1), (2.23)

where the function f is chosen according to certain criteria. Exchange-correlation approx-
imations in the above form are semilocal in the sense that the energy density at r depends
on the electron density in an infinitesimal neighborhood of r. There are quite a few GGA
functionals available, named after the inventors as Langreth-Mehl, Perdew-Wang 86, Becke-
Perdew, Lee-Yang-Parr etc. However, in the present project we have used only the PW91
and PBE GGA functionals.

Perdew-Wang 91 (PW91)

The PW91 [12] approach is similar to LSDA as well as gradient expansion approxima-
tion (GEA) but it is purely ab initio. It is constructed using only uniform electron-gas data
for exact conditions. PW91 includes a real space cut-off also for the correlation functional
and takes the Becke exchange with only small refinements. It fulfills almost all of scaling
relations, including those found after the formulation of functional.

Perdew-Burke-Ernzerhof (PBE)

The PBE [13] approach simplifies the cumbersome derivation of PW91 and corrects some
of its minor flaws such as the spurious wiggles in the exchange-correlation potential for
small and large (dimensionless) density gradients. However, the resulting energies change
only marginally.

2.5 Limitations of density-functional theory

Every theory has its own advantages as well as limitations, like two sides of a coin.
DFT provides no exception. Fundamentally, DFT only concerns the electronic ground-
state structure and underestimates band gaps, which for some semiconductors come out
incorrect by 10—30%. A famous (and for this project very relevant) error is also found for
transition-metal oxides that are predicted to be metallic, whereas they actually are semi-
conductors/Zinsulators. Other traditional short-comings of the DFT have been attributed to
failures of the specific exchange-correlation functions used, e.g., the failure to predict the
bce ground-state structure of Fe. When GGA is used instead of LDA, the correct ground-
state structure is expectedly obtained. In practice, it is a complicated matter to single out
the exact reason for the failure in a given calculation, since there are usually an appreciable
number of approximations involved. However, it should be stressed that although there
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are limitations to the applicability of the DFT (along with exchange-correlation functionals),
one should not to be too pessimistic. Instead, one should view these procedures as compu-
tational exercises and simply try to push the limits of the theory, of course always trying to
validate the findings with experimental facts.
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CHAPTER 3

‘ Computational Techniques

Do not worry about your difficulties in mathematics. |
can assure you mine are still greater.
Albert Einstein

tions that are used for the density, potential and, most importantly the Kohn-Sham

orbitals. The choice of representation is made to minimize the computational costs
of the calculations, while maintaining sufficient accuracy. These competing material- and
application-dependent goals have led to the development and use of a wide variety of tech-
niques. In this chapter, we will briefly explain some of the techniques for solving the single-
particle equations for crystalline solids and outline the difference between methods that
have been used in this thesis.

DFT based electronic structure methods are classified according to the representa-

[— V% + Verp (o) (x) = et (x). (3.2)

From this equation we can find the electron charge density p(r)

N
p(r) = |l (3.2)
j=1

Because both the electrostatic potential (®) and V.. depend on p(r) we can calculate a
new V. r(r) using the local-density approximation, GGA etc. for the exchange-correlation
and the Poisson equation for the electrostatic contribution:

N
Vo(r); = —4r Y [l (33)

j=1.j#i

We repeat this process until self-consistency is reached [viz. the difference between
Vers(r) in the m and m—1 iterations is less than a predetermined value; the difference being
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the only chosen convergence criterion]. When self-consistency has been reached, we calcu-
late the total energy of the system of electrons and nuclei using the total-energy expression
of the functionals Eq.(2.10)

3.1 Periodicity and crystal symmetry

It would have been an impossible task to solve the equations if we had to perform the
calculations for all electrons in a given material. The calculations performed by DFT is
usually for a unit cell of a crystal. (A crystal is an ordered state of matter in which the
positions of the nuclei and consequently all properties are repeated in space.) Fortunately
the potential is periodic for an infinite crystal, i.e., invariant under lattice translation T and
hence solving the equations in some reduced part of the system will provide the solution
for the entire system since the solution will necessarily repeat itself with the translational
symmetry of the crystal.

V(r+T)=V(r), (3.4)

T = mya; + moas + msas. (3.5

The vectors {a;} are the real-space Bravais lattice vectors that span the crystal structure
and {m;} are integers. According to the Bloch theorem, the eigenstates can be chosen to takes
the form of a plane wave times a function with the periodicity of the Bravais lattice;

Ur(r + T) = e Ty (r) (3.6)

where k is the Bloch wave vector. Now, the one-electron function can be characterized by
the Bloch vector k. As a consequence, Eq. (3.1) can be rewritten as

Heff(r)¢n(k§ I') = 5n(k)wn(ka I'), (37)
where the index i in Eq. (3.1) has been replaced by the quantum number n. The one-electron
wave function i,, and the corresponding eigenvalues ¢,, are now characterized by the Bloch
wave vector k.

The phase factor takes the value 1 for some electronic states. This happens when the
wave-vector corresponds to a reciprocal lattice vector defined by
g = 27r(n1b1 + nobg + n3b3) (38)

where n; are integers and b; are the basis vectors of the reciprocal lattice, i.e.,

(ai-bj) = d; (3.9)
Fork=g
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ok T _ igT _ 2mimin; _ 1 (3.10)

Thus a periodicity in real space also introduces a periodicity in reciprocal space (k), and
an electron state with wave vector k' = k + g will consequently satisfy the Bloch condition.
To describe the electronic structure of a solid it is thus not necessary to consider the vectors,
we can consider only the wave vectors contained inside the region of the reciprocal space
known as Brillouin zone (BZ). In addition to the translation symmetry, the crystal also obeys
symmetries under rotations, implying that there are symmetry operations which transform
one wave vector into another wave vector and that reduces our problem further. The small-
est possible zone which defines a complete set of symmetry independent wave vectors is
called the irreducible part of the BZ. For example, in a simple cubic lattice, the irreducible
part of the BZ is only 1/48 of the full BZ and this is the only part we need to find a solution
for in such an electronic structure problem.

3.2 Electronic structure methods

In order to solve Eg. 3.7 we need to expand it in a basis of known functions, and we have
to resort to one of the available electronic structure methods.

The choice of basis-functions is crucial for the efficiency of a given computational method
and the first step in the implementation of a DFT method is to find a suitable basis set.

(1) Basis sets that obey the Bloch condition explicitly, viz. the expansion involves basis
functions that are fixed and the coefficients ¢,, are chosen to minimize the energy.

Y(r) = cndn(r) (3.11)

One disadvantage of this approach is that the wave functions are fixed, which often leads
to considerable difficulties in obtaining a sufficiently converged basis set.

(2) The other group involves wave functions that can be varied. The variation is pro-
moted by introducing energy-dependent wave functions ¢, (¢, r) of the form

7/)(&1”) = ch¢n(€ar)’ (3.12)
n

However, the Bloch conditions are no longer automatically fulfilled. The solutions in one
unit cell are now chosen to fit smoothly to those of the neighboring cells, thus fulfilling the
Bloch condition "indirectly”. As the wave function can be modified to the problem at hand,
these techniques converge very fast for the number of required basis functions. Every k
point of the band structure must be solved for a large number of . Solutions only exist when
¢ are actual eigenvalues. While computation based on these methods are accurate, they are
also time consuming. A solution to this problem is to linearize the energy dependent orbital
basis. The basis is introduced in the form of a Taylor expansion in ¢ so that the orbitals
themselves are energy independent, although the expansion retains the energy dependence.
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The variational equation (3.7) thus has to be solved only once for each k point. Such methods
are extremely rapid and slightly less accurate than other non-linear methods.

3.3 The LMTO method

Ty ED

Figure 3.1: The muffin-tin approximation. (a) the muffin-tin sphere with ra-
dius Sy, and the describing sphere of radius Sg. (b) the muffin-tin part of
the crystal potential V' (r), and (c) the radial part of the wave function.

During the last decades, the linear-muffin-tin-orbital (LMTO) [14] method has become
very popular for the calculation of the electronic structure for crystalline systems. The
LMTO method combines the following advantages: (a) It uses a minimal basis, which leads
to high efficiency and makes calculations possible for large unit cells. (b) In this method
all elements are treated in the same way, so that atoms with a large number of core states
can be considered (say, phases containing d and f metals). (¢) This method is very accurate,
due to the augmentation procedure which gives the wave function the correct shape near
the nuclei. (d) It uses atom-centered basis functions with well-defined angular momentum,
which makes the calculation transparent [15].

3.3.1 Muffin-tin orbitals

The crystal is divided into non-overlapping muffin-tin! spheres surrounding the atomic
sites and an interstitial region outside the spheres. Inside the muffin-tin sphere the potential
is assumed to be spherically symmetric while in the interstitial region the potential, V ;7 z, is
assumed to be constant or slowly varying. Because the potential in the interstitial is constant
we can shift the energy scale and set it to zero. In the following overview of the method we

1The picturesque name of muffin-tin derives from the fact that it looks like a pan for cooking muffins.
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consider a crystal with only one atom per primitive cell. Within a single muffin-tin well we
define the potential by

. V(I‘) —Vvrz |r| < Syr
VMT(I') = { 0 ’ ’r‘ > Sur

Here V (r) is the spherically symmetric part of the crystal potential. The radii of the muffin-
tin spheres are chosen such that they do not touch each other. In the following S/ is
expressed by S.

To solve the Schrédinger equation for the muffin-tin potential

(3.13)

[—V? + Vil (e,r) = (€ = Vurz)¥(r) (3.14)
one introduces the kinetic energy «2 in the interstitial region by

K = (e — Virrz) (3.15)

For an electron moving in the potential from an isolated muffin-tin well embedded in the
flat potential V72, the spherical symmetry can extend throughout all space and the wave
functions become

Yr(e,r) =iV (#)u(e, ) (3.16)

using the convention that » = |r| and # is the direction of r and including a phase factor i'.

To obtain basis functions which are approximately independent of energy, reasonably
localized, and normalizable for all values of 2, Andersen [16] used muffin-tin orbitals. The
spherical Bessel functions added to the wavefunction for r < S cancels the divergent part
of ¢y(e, k,r) and simultaneously reduce the energy and potential dependence at the tails.
Moreover, it incorporates the effects due to the neighbors into the wavefunction so that a
minimal basis set of LMTO functions can accurately describe the system [17]. Hence, the
muffin-tin orbitals can take the form

r l
(e, r) +B(5)% ,rl<S

(r/S)"1 ;[ >S

where (e, r) is a solution of the radial Schrédinger equation inside the atomic sphere.

Xim (e, 1) = 'Y (¥) { (3.17)

Di(e)+1+1
Dl(€) —1

The potential function and the normalization of ;(e,r) are determined by satisfying
differentiability and continuity of the basis function on the sphere boundary. Here the term
D, (¢) is the logarithmic derivative of the wave function. The tail of the basis function, i.e.,
the part outside the muffin-tin sphere is in general introduced as Neumann function, but in
Eq. (3.15) the kinetic energy of this tail (known as k?2) is simply chosen to be zero. Therefore
the Neumann function has a simple form like the above.

Pi(e) = 2(20 + 1) (3.18)
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Figure 3.2: The atomic sphere approximation (ASA) in which the muffin-tin
spheres are chosen to have the same volume as the Wigner-Seitz cell, result-
ing in overlapping spheres.

3.3.2 The LMTO — atomic sphere approximation method

In the LMTO-atomic sphere approximation (LMTO-ASA) [18], the muffin-tin spheres are
overlapping in such a way that the total volume of the muffin-tin sphere equals the atomic
volume. This means that the muffin-tin radius S is equal to the Wigner—Seitz radius Sy g
where the total volume per atom is given by V = (477/3)5%/5. In the ASA, the potential
is also assumed to be spherically symmetric inside each muffin-tin sphere, and the kinetic
energy of the basis functions in the interstitial is restricted to be constant, actually zero in
the calculation.

In order to construct a linear method, the energy dependent terms in the muffin-tin
spheres of Eq. (3.17) are replaced by the energy independent function ®. The function is
defined as a combination of radial functions and their energy derivative

®(D,7) = ¢u(r) + w(D)di(r), (3.19)

where w(D) is a function of the logarithmic derivative. w(D) should make the energy de-
pendent orbitals x;,, (e, r), defined in Eq. (3.17), continuous and differentiable at the sphere
boundary S. The boundary condition is determined as D = —(I + 1). The thus obtained
energy independent orbital can now be written as

A Q(D,r , |rl<S
Xim(e,1) = i'V™(¥) { (Tl/(S)()l+1) H . (3.20)
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Figure 3.3: (a) The muffin-tin division of space into spheres and interstitial
regions. (b) Schematic representation of the wave function inside the sphere
(by a radial function) and in the interstitial region (by a Hankel and Neumann

function or by a plane-wave). The vertical dotted lines indicate the sphere
boundaries.

3.4 Full potential methods

All electron methods with localized basis functions, or with more intricate basis sets,
such as the linearized augmented plane-wave (LAPW) and LMTO methods are widely used
since they are more precise. However, the most accurate all-electron methods can be more
computationally demanding than pseudopotential techniques. In the full-potential methods
space is divided into two types of regions: non-overlapping spheres surrounding the atomic
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sites called muffin-tin spheres and region outside these spheres called interstitial region. Since
the linearized methods have been derived in terms of matrix elements of the Hamiltonian in
a fixed basis, one simply has to calculate matrix elements of the full non-spherical potential
in the sphere and the full spatially varying potential in the interstitial. The basis functions
are the same in LMTO, LAPW or projected-augmented-wave (PAW) functions which are
derived from a spherical approximation to the full potential. However, the spheres merely
denote convenient boundaries defining the regions where the basis functions and the po-
tential have different representations. Various calculational schemes differ from each other
only in the treatment of the interstitial regions.

In the self-consistent calculation one also needs to calculate the potential arising from
the density. This necessitates a procedure in which the Poisson equation is solved taking
into account the sharply varying charge density inside the spheres. The field inside can be
expanded in spherical harmonics and outside the spheres can be represented by smooth
functions.

3.4.1 The full potential LMTO method

The FP-LMTO calculations [19] are all electron and fully relativistic, without shape ap-
proximation to the charge density or potential. The crystal is divided into non-overlapping
muffin-tin spheres and interstitial regions outside the spheres. The wave function is then
represented differently in these two types of regions. Inside a muffin-tin sphere, the basis
functions are as in the LMTO-ASA method, viz. a Bloch sum of linear muffin-tin orbitals
expanded by structure constants [¢, () and ¢, (r)]. In the interstitial region, Hankel and
Neumann functions are used to describe the spatially varying potential. But unlike the ASA
(where Kinetic energy is resticted to be zero in the interstitial region) the kinetic energy is
not a constant. For simplicity, here we only consider a mono-atomic solid and suppress the
atomic site index. The x dependent linear muffin-tin orbitals can now be written as,

Grtm (K, ) = Xatm (£) + > Tt () Skim, e (K), (3.21)
lm
where
s (I)(th’r)
xim(x) = (@) { RS gD I <S (3.22)
—ikhy(kr) , r|>S
and
d(Dy,r)
Tt (T) = ’L'lYlm(f‘) Ji(5S5)(KS) &(D;,5) [ <$ (3.23)
Ji(kr) , |r|>S

Inside the muffin-tin sphere at 7, we can also expand the electron density and potential
in spherical harmonics times a radial function,
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nT(r)|T = an(hQ TT)Dh(f'T)a (3.24)
h

Vr(r)|7’ = Z VT(h§TT)Dh(f'T)’ (3.25)
h

where D), are linear combinations of spherical harmonics, Y;"( t). Dy, are chosen here be-
cause we need an invariant representation of the local point group of the atomic site con-
tained in the muffin tin. The expansion coefficients n.(h; r;) and V,(h; r;) are numerical
functions given on a radial mesh.

In the interstitial region, the basis function, charge density, and potential are expressed
as Fourier series,

Ylkir)[ =Y e FOTyk+ G), (3.26)
G
ni(r)lr =Y nge™rOT, (3.27)
G
Vi) =) Vgektror, (3.28)
G

where G are reciprocal lattice vectors spanning the Fourier space.

3.4.2 The basis set

Envelope functions form a suitable basis in interstitial regions. By choosing the appro-
priate envelope function, e.g., plane waves, Gaussians, and spherical waves (Hankel func-
tions), one can utilize various electronic structure methods (LAPW, LMTO, etc.). The LMTO
envelope function is represented as

—h (kr) K2 <0

ny(kr) K2 >0 (3.29)

Kim (k5 1) = =4 (#) {
where n; is a spherical Neumann function and h;r is a spherical Hankel function of the
first kind. The envelope function is singular Hankel or Neumann functions with regards
to the sign of the Kinetic energy. This introduces a « dependence for the basis functions
inside the muffin-tin sphere through the matching conditions at the sphere boundary. Using
variational method, the ground state still has several basis functions with the same quantum
numbers, n, [, and m, but different 2. This is called a double-basis approach.

The basis can always contain different basis sets corresponding to the atomic quantum
number [, but with different principal quantum numbers n. A basis constructed in this way
forms a fully hybridizing basis set, rather than a set of separate energy panels.
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3.43 The LMTO matrix

We now introduce a convenient notation for the basis functions:

Ixi(k)) = [¢i(k)) + |¥i(k)), (3.30)
where |¢) is the basis function inside the muffin-tin spheres and |¢;(k)) represents the tails
of basis-function outside the spheres.

A wave function ¥y, (k) is then constructed by a linear combination of the LMTO basis
functions, x;. The linear combination can be written as

) =" Ailxi) (3.31)
The Hamiltonian operator is

where Hj is the Hamiltonian operator containing the Kinetic energy operator and the spher-
ical part of the muffin-tin potential, V,,,,,; represents the non-spherical part of the muffin-tin
potential, and V7 is the interstitial potential. Then by using the variational principle for the
one-electron Hamiltonian, the LMTO secular matrix follows as

D xR Ho + Vaume + Vilxs(k)) — (k) (xi (k) [x; (k)] 4; = 0 (3:33)
J
which can be reduced to

> [HY + HY; — e(k)04]4; =0 (3.34)
where j
H; = (¢i(k)|Hol; (k) (3.35)
Oij = (9i(k)|d; (k)) + (¢i(k)[v;(k)) (3.36)
and
Hij = (i(k)[Viume |6 (K)) + %(F»? +15) (Wi (k)15 (k) + (i) [V v (K)) (3.37)

where [¢;(k)) is an eigenfunction to V* with eigenvalue «3, H}) is the spherical muffin-
tin part of Hamiltonian matrix, O;; is the overlap between the orbitals inside the sphere as
well as in the interstitial region, and H}J contains the corrections to the Hamiltonian ma-
trix coming from the muffin-tin and interstitial regions. The first term in Eq. (3.37) is the
non-spherical potential matrix, the next term is the expectation value of the kinetic energy
operator in the interstitial region, and the last term is the interstitial potential matrix.
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Total energy

The total energy for the whole crystal can be expressed as [20]

Etot = Tval + Tcor + Ec + Exc (338)

where T,,,; and T, are the kinetic energy for the valence and core electrons, respectively, E.
is the electrostatic energy including electron-electron, electron-nucleus, and nucleus-nucleus
contributions, and E,. is an exchange energy term. The kinetic energy is usually expressed
as the expectation value of the kinetic energy operator —V2. According to the eigenvalue
equation the expectation value can be expressed as a sum over one-electron energies minus
the effective potential energy. The core eigenvalues ¢, are obtained as an exact solution to
the Dirac equation with the spherical part of the muffin-tin potential

occ

1
Etot = Z WpkEkn T Z fiTEiT + / n(r) [5%(r) - ‘/zn(r) dr
kn ur Ve

5D ZeVilrp 0+ [ pe)esclpte))ar, (3:39)
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where the integral run over the unit cell [16]. The term with summation over j covers the
core states. The density p(r) is the total charge density, including valence as well as core
electrons. V;, is the input potential obtained from LDA. The Madelung term V.(7;0) de-
scribes the Coulomb potential at the nucleus (excluding the Z/r self contribution) and e, is
the exchange-correlation energy.

3.5 Full potential LAPW method

Some of the calculations in the present project have been carried out using the FP-LAPW
program package WIEN97 and WIEN2K [21]. The LAPW method is a very accurate calcula-
tional scheme for electronic-structure investigations. This approach is characterized by the
use of a basis set which is especially adapted to the problem. The method is basically derived
from the augmented-plane-wave (APW) approach. The construction of APW developed by
Slater is motivated by the fact that near an atomic nucleus the potential and wavefunctions
are similar to those in an atom; strongly varying, but nearly spherical. Conversely, between
the atoms both the potential and wavefunctions are smoother. Accordingly, space is divided
into two regions and different basis expansions are used in these regions: radial solutions of
Schrddinger’s equation inside non-overlapping atom-centered spheres and plane-waves in
the remaining interstitial regions.

_1 i(G+k)r ; y
o(r) = { a1z 2 Cae r € interstitial (3.40)

Y i Aimwi (7)Y (r) 7 € inside — sphere
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where ¢ is the wave function, Q2 the cell volume and u; the regular solution of the Eqg. 3.40.
Here Cs and Ay, are expansion coefficients, F; is a parameter (introduced equal to the band
energy) and V is the spherical component of the potential inside the sphere:

2
[_d_ N I(l+1)
dr? 72

The particular choice of these functions was motivated by Slater who noted that plane-
waves are the solutions of Schrodinger equation for a constant potential, while the radial
functions are solutions for a spherical potential, provided that F; is equal to the eigenvalue.
This approximation known as muffin-tin approximation is commonly used in APW codes
and is very good for close-packed (like fcc and hcp) materials.

The dual representation defined by Eqg. 3.40 is not guaranteed to be continuous on the
sphere boundaries, as it should be, for the kinetic energy to be well defined. Therefore a
constraint is imposed in the APW method, by defining the A, in terms of C¢ through the
spherical harmonic expansion of the planewaves. The coefficient of each im component is
matched at the sphere boundary. Thus,

+V(r)— El] ruy(r) =0 (3.41)

4¢pit

= mgCGjl(|k+g|R) im(k+G) (3.42)

Alm
where the origin is taken at the center of the sphere and R is the sphere radius. Thus the A,
are completely determined by the plane-wave coefficients C'¢ and the energy parameters
E;. The individual functions which are labeled by G and consist of single plane-waves in
the interstitial matched to radial functions in the spheres are the augmented plane-waves
(APWS).

3.5.1 The LAPW basis and its properties

In the LAPW method, the basis functions inside the spheres are linear combinations of a
radial function u;(r)Y;,,(r) and their energy derivatives. The u; are defined with a fixed E;.
The energy derivative ;(r)Y,, satisfies

1+ 1)
a2

+V(r) — E|riy(r) = ru(r) (3.43)

in the non-relativistic case. These functions are matched to the values and derivatives of
the plane waves on the sphere boundaries. Plane waves augmented in this way are called
LAPW basis functions. In terms of this basis the wavefunctions,

1 i(G+k)r , "
o(r) = { aiz 2c Cae r € interstitial (3.44)

Yl Aimui(r) + By @y (r))Yim (r) 1 € inside — sphere

where the By, are coefficients for the energy derivatives analogous to the A;,,,. The LAPWSs
are plane waves in the interstitial region of the unit cell, and they match the numerical radial
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functions inside the spheres with the requirement that the basis functions and their deriva-
tives are continuous at the boundary. In this method no shape approximations are made
and consequently such a procedure is often called "full-potential LAPW" (FP-LAPW). The
LAPW method has more advantages than the APW method. In the former, accurate energy
bands (at a given k point) are obtained with a single diagonalization, while in the APW
method the diagonalization is needed for each band. Moreover, the LAPW basis has more
flexibility inside the spheres, i.e., two radial functions instead of one. This means that there
is no difficulty in treating non-spherical potentials inside the spheres; although the optimum
value of E; is not known a priori, the flexibility arising from <, allows an accurate solution.
There is however a price to be paid for this flexibility. This arises from the requirement
that the basis functions should have continuous derivatives. Higher plane wave cut-offs are
required to achieve a given level of convergence.

In the WIEN2K package the total energy is calculated according to the Weinert scheme [22].
The convergence of the basis set is controlled by the cut-off parameter R,,,; K;nq. (determin-
ing the size of the matrix of the system), which usually assumes values between 6 and 9.
The R,,; represents the smallest of all atomic sphere radii in the unit cell and K, is the
magnitude of the largest K vector (plane-wave cut-off).

There is a quantitative difference between the LAPW and LMTO approaches in the re-
guirements of the full potential. Since the minimal basis for LMTO only involves functions
with [,,,.. given by the actual angular momenta or the primary states making up the band,
only angular momenta up to 2i,,,, are relevant. However, for the LAPW methods, much
higher angular momenta in the wavefunctions are required (typically [,,.. ~ 8 to 12 for
accurate calculations) to satisfy the continuity conditions accurately. The difference results
from the fact that, the LAPW basis is much larger; in order to represent the interstitial region
accurately, many plane waves are required.

3.6 Pseudopotential Method

In 1934, Fermi first introduced the concept of pseudopotential. He interpreted the mea-
sured optical spectra of alkali atoms arising from transitions to high-lying electronic energy
levels using the so-called pseudopotential and argued that for high-lying states the oscilla-
tions of the wave function near the atomic core played a very small role. Therefore he built
a potential that gave a nodeless pseudo-wave-function which had the correct large-distance
behavior. In most materials the core electrons do not contribute to the bonding, but only
their absolute energy is affected by the average electrostatic potential in the vicinity of the
core (core level shift). A fundamental idea is therefore the “frozen-core approximation”.
The pseudopotential approximation treats each nucleus plus its core electrons as a “frozen
core” that does not change in response to changes in its environment. The interactions of
the valence electrons with this core are then described by a pseudopotential, usually con-
structed from all-electron calculations to reproduce the eigenvalues, and the wavefunctions
outside the core. The core electrons are calculated for a reference configuration (in general,
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spherical) and are kept fixed thereafter. The wave functions for the valence electrons are
treated (pseudized) so as to give the same energy levels as the all-electron wavefunctions.
The pseudo wavefunctions differ from the all-electron wavefunctions only inside a region
around the nucleus and are constructed to be nodeless. Nodeless pseudo-wavefunctions
reduce the number of required plane waves considerably. It is implicit within the pseudo
potential approach that the exchange-correlation potential, V., like the direct Coulomb po-
tential is separable into a core part and a valence part.

The main advantage of the pseudo potential method is that one does not need the com-
plicated all-electron wave functions but only the pseudo wavefunctions which are tailored
to be well-behaving numerically. Another advantage is that one needs to calculate the prop-
erties of ion only once in an environment such as a free atom and use it throughout all other
DFT calculations. The frozen-core approximation allows one to transfer the properties of the
free atom to an atom bound in a solid.

One of the most widely used implementations of DFT is the so-called plane wave pseu-
dopotential method in which the KS wave functions are expanded in a basis of plane waves.
Plane wave basis sets offer many advantages in DFT calculations for solids including com-
pleteness, unbiased representation, and arbitrarily good convergence accuracy. They also
allow for straight forward mathematical formulation and implementation, which is conve-
nient for the calculation of Hellmann-Feynmann forces in DFT perturbation calculations and
for linear response calculations [23].

Having determined the pseudopotential, the total structural energy F ;- can be eval-
uated. The contributions to E, include the Madelung core-core energy, the electron-core
energy, the kinetic energy of the electrons (which can be evaluated from the pseudopotential
and wave functions), the electron-electron Hartree energy, and the exchange-correlation en-
ergy (which can be evaluated using the charge density). The input is the atomic number for
each constituent atoms and the crystal structure. For a given structure, the volume for which
E,,- has a minimum that determines the lattice constants, and the curvature yields the bulk
modulus. Although molecular dynamics schemes have been developed and are improving,
at present one has to generally rely on the comparison of candidate crystal structures to pre-
dict or explain properties of different solid phases. Future molecular dynamics techniques
will likely allow the predictions of new non-equilibrium solid phases with interesting and
useful properties.

The fact that the total-energy pseudopotential method could predict the existence of a
solid phase and its ground-state properties gave a significant boost to the research in this
field [24]. The added claim that only the atomic number, atomic mass, and candidate crys-
tal structures are used as input provided credence for the proposition that the total-energy
pseudopotential approach is a first-principles method that could serve as a useful standard
model of solids.
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3.7 The projected augmented wave (PAW) method

In the pseudopotential methods a potential and its corresponding pseudo wave func-
tions are constructed to reproduce the atomic scattering properties in an energy window
around the atomic eigenvalues. They are then used as input parameters to the many-particle
DFT calculations. The PAW method is in principle a frozen-core all-electron method that
aims at adding the advantages and accuracy of all-electron methods to the more simple and
computationally less demanding pseudopotential method.

Blochl [25] developed the projected-augmented wave method (PAW) by combining ideas
from the pseudo potential and linear augmented-plane-wave (LAPW) methods. The PAW
method starts from a simple linear transformation that connects the exact valence wave
function |¢) to a pseudo (PS) wavefunction |+) which is expanded into plane waves,

) = 1) - ZNJ.W;V,D(pﬂf,ih@ + ZNJWN,J@N,J@ (3.45)

All guantities related to the PS representation of the wave function are indicated by the tilde
symbol. The ¢ are local wave functions, the index N goes over all sites, and i over the
guantum numbers n, [, and m. The p; are localized projector functions that have to fulfill the
condition

> 1oyl =1. (3.46)

Defining the character ¢y ; of an arbitrary wave function ¢ at the atomic site N as

eni = (Pnald), (3.47)

the pseudo- and all-electron wavefunctions at an atomic site V can be easily reconstructed
from the plane-wave expanded pseudo wave functions as,

[Pn) = Z oo (3.48)

and

N = Z ON Ve i- (3.49)

The variational quantities that need to be determined during the ground-state calcula-
tion are the PS wave function . However, contrary to the “simple” pseudopotential meth-
ods the operators A representing physical quantities need to be consistently extended to
their all-electron forms,

A=A+ |png) ((¢N,i\A’¢N,j> - <q3N,i’A‘(5N,j>> (PN 4l (3.50)
Nii,j
The above equation is valid for local and quasi-local operators such as the Kinetic energy.
The valence-only PAW method is implemented in the program package VASP [26]. Its

results are almost identical to the most accurate DFT calculations which are based on the
FP-LAPW method.
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3.7.1 Charge density

The charge density at a point r in space is composed of three terms:

p(r) = p(r) + p/(r) - 7/ (r) (351)
The soft pseudo-charge density j5(r) is the expectation value for the real-space projection
operator |r)(r| on the pseudo-wave functions.

pr) = fululr) (x| ) (3.52)

The on-site charge densities p’(r) and §/(r) are treated on a radial support grid. They are
givenas:

Pl(r) = FalCalBi)(dilr)(x]6;) (551 00) = nij{eilr) (x|;) (3.53)

where n;; is the occupancy of each augmentation channel (7, ) which is obtained from the
pseudo-wave functions on applying the projector functions:
ni; = 3, Fo(Wnl5i) (5510,

Similarly for p/(r):

P (0) = FalCalBid(bilr)(e]6;) (551 00) = nij{dilr) x|6y) (3.54)

We will focus on the frozen-core case, where p, p’, and p’ are restricted to valence quanti-
ties. Besides that, we introduce four quantities that will be used to describe the core charge
density: pe, pe, pze, and pz.. p. denotes the charge density of the frozen core all-electron
wave function at the reference atom. The partial-core density j is introduced to calculate the
nonlinear core corrections. pz. is defined as the sum of the point charge of the nucleus p,
and the frozen core AE charge density p.: pze = p. + pe.

The pseudized core density is a charge distribution that is equivalent to p 7. outside the
core radius and with the same moment as pz. inside the core region.

| pzeide = [ ey (3.55)
Qr Qr
The total charge density pr [27] is decomposed into three terms:
pr = Pt pPze
= (p+p+pze) + (0 +pze) = (P + 1+ 7ize)
= pr+pr— it (3.56)

A compensation charge p is added to the soft charge densities p + pz. and §’ + pz. to
reproduce the correct multiple moments of the AE charge density p’ + pz. in each augmen-
tation region. Because pz. and pz. have exactly the same monopole —Z7,,, (the charge of
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an electron being new +1), the compensation charge must be chosen such that p’+/ has the
same moments as the AE valence-charge density p’ within each augmentation sphere.

3.7.2 Total energy
The final expression for the total energy can also be split into three terms:
E(r) = E(r) + E'(r) — E'(r) (3.57)

where E(r), E'(r), and E'(r) are given by

E(r) = > fal¥a| - %A!\m + Egclp+ p+ pel + Enlp+ o] +
[ eulpzalipte) + pe)de + UR, Zin) (358)

where U(R, Z;,,) is the electrostatic energy of the point charges Z;,,, in an uniform elec-
trostatic background.

B = Yomsloil - 5 A65) + Bud + o + Bl +
]
/ vnlpZ:]p (v)dr (3.59)

where [‘vg[pZ.]p' (r)dr is the electrostatic interaction between core and valence electrons
and Ey is electrostatic energy

Buld = 30)0) = 5 [ ar [ d% (360)

El(r) = Z”zj@ﬂ - %Aliw + Epe[p + p+ pc] + Erlp + p)
+ [ oulp2 @) + ptw)jar 00

The overlining signalizes that the corresponding terms must be evaluated on the radial
grid within each augmentation region.
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3.8 Brillouin zone integration

In order to determine the charge density and other quantities such as total energy, forces
etc. it is necessary to evaluate sums over the occupied states. As discussed in Sec.3.1, for
crystals this can be done over the Brillouin zone and by the application of crystal symme-
try, can be reduced to integrals over the irreducible wedge of the zone (IBZ). Following the
variational principle (minimizing the total energy), and the Pauli-exclusion principle, eigen-
states with eigenvalues ¢;(K) are filled starting from the energetically lowest eigenvalue. The
energy of the highest filled eigenstate is called the Fermi energy (Er). The Fermi energy is
given from

EFr
N = / D(e)de, (3.62)
where N is the number of valence electrons and D(g) is the density of the states (DOS),
2 ds
D(e) = — / —_ (3.63)
( ) 871'3 S(e) |V€(K)|

The integration is carried out all over a surface of constant energy, S(¢), in the IBZ. The
one-electron states most relevant for physical properties are those with energies around the
Fermi level. These states are important for the stability of the crystal structure, transport
properties, magnetic susceptibility, etc. The integrals are necessarily calculated numerically
using wavefunctions and eigenvalues at a finite number of k points in the zone. The two
commonly used methods are briefly discussed below.

3.8.1 Special points method

In this method integrations are performed as weighted sums over a grid of representa-
tive k points. The locations of the representative (or special) points and the corresponding
weights are independent of the band energies, and are chosen to yield optimum conver-
gence for smooth functions.

This method is well suited for insulators. In metals, bands intersect the Fermi level
leading to discontinuities in the occupation and therefore in the integrands on the Fermi
surface. In order to overcome this difficulty an artificial broadening of the Fermi surface is
used.

3.8.2 Tetrahedron method

In the tetrahedron approach, the zone is divided into tetrahedra and the band energies
and wave functions are computed at k points on the vertices. This is particularly useful
because tetrahedra can be used to fill all space for any grid. The band energies are inter-
polated linearly between the vertices, and this interpolation is used to determine the Fermi
energy. Each band at each k point is then assigned a weight based on the volume of the
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tetrahedron for which it occurs below EFx, and the charge density is calculated by summing
the individual contributions with these weights. The tetrahedron method is very important
in calculations on transition metals, rare earths etc., where there are exquisite details of the
Fermi surfaces that must be resolved.
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cHAPTER 4

‘ Ground-state Properties and their Analyses

The end of all our exploration will be to arrive where we
started.
T.S. Eliot

he properties of matter are usually determined by the electronic ground and excited

states. Ground-state properties include: cohesive energy, equilibrium crystal structure,
phase transitions between different structural arrangements, elastic constants, charge den-
sity, magnetic order, static electric and magnetic susceptibilities, etc.

Since typical energy scales for electrons are much greater than those associated with
the degrees of freedom for the more massive nuclei, the lowest energy ground state of the
electrons determines the structure and low-energy motions of the nuclei. The vast array
of forms of matter - from the hardest diamond to soft lubricants like graphite or the many
complex crystals formed by the elements of the Periodic Table - are largely manifestations
of the ground-state of the electrons involved.

4.1 Structural stability and Phase transitions

In the area of phase-stability and phase-diagram prediction, first-principles calculations
have made an impact on the understanding of real materials. The equation of state as a
function of pressure and temperature is perhaps one of the most fundamental relations in
condensed matter.

The stable structure at a given pressure (P) and temperature (7)) determines all the other
properties of the material. The total energy (£) at T' = 0K as a function of the volume (£2)
is the most convenient quantity for theoretical analysis because it is quite straightforward
to carry out electronic structure calculations at fixed volume. In other words, volume is a
convenient “knob” that can be tuned to control the system theoretically. Comparison of the-
oretical and experimental volume is one of the touchstones of “ab initio” electronic-structure
research.
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The total energy E and 2 per unit cell, together with P and bulk modulus B are related

by the equations,

dE dP d’FE

——qB=—0g =0-0. (4.1)
One has to first determine the equilibrium volume of the cell where E is minimum or P =
0, and bulk modulus (B) for the zero-pressure crystal structure. The most commonly used
approach (and that used in this project) is, to calculate E for several different 2 values, and
fit these to an analytic function, e.g., the Murnaghan equation of state [28, 29, 30] or the so-
called universal equation of state [31] (used here). The minimum gives the corresponding
equilibrium volume and total energy, and the second derivative, the bulk modulus.

The major challenge for computational materials science is the prediction of crystal struc-
ture. While the properties of a material in a given structure can be predicted, it is still very
difficult to demonstrate that a particular chosen structure will be stable or even metastable.
With all the sophistication of first-principles theory, structure prediction still has to be ap-
proached with brute (but ineffective) force. To “predict” the structure of a compound, we
have to compute, at best the total energy for a few “reasonable” candidate arrangements
and then proclaim the one with the lowest total energy to represent the ground-state struc-
ture. While such an approach may be reasonable when working on well-known systems,
it may be of little benefit when dealing with novel or complex multicomponent materials.
In a substantial part of this project we have, e.g., studied structural stability and predicted
crystal structures for a series of mixed-valence chromium oxides which turned out to be one
of the most demanding projects dealt in this thesis. The actual structures considered for the
prediction and detailed results are given in Publications VI to IX.

E=E(Q),P=

4.2 Electronic Structure

As outlined in Chapter 2, the electronic structure of materials determines ground-state
properties such as electrical conductivity. An electronic structure is often visualized by a
band-structure plot. A band is the track of an eigen value in reciprocal space.

4.2.1 Classification of materials

Based on the intrinsic electronic structure and the filling of bands, materials can be clas-
sified as metals, insulators, semiconductors, and half metals.

Metals

Metals are characterized by a band structure in which the highest occupied band (the va-
lence band; VB) is partially filled. The highest occupied energy level is called the Fermi
level (Er). Metals usually have some vacant levels just below the Er whereas some occu-
pied levels occur above Er at T' = 0 K. Since metals do not have to be overcoming excitation
gaps, the band electrons in singly occupied states close to the Er are able to move around
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relatively freely and these electrons are responsible for the conductivity of metals.

Insulators

The VB of an insulator is completely filled. The highest energy level of VB is separated from
the lowest energy level of conduction band (CB) by a forbidden energy gap (E,) of the order
of some 5eV. Even at appreciable temperatures very few electrons from the VB have suf-
ficient thermal energy to be promoted to the CB, hence insulators have zero or negligible
conductivity.

Semiconductors
Semiconductors have a similar band structure to insulators, but the £, is smaller, say, in the
range of 0.2 to 2.0eV. At low temperatures a few electrons have sufficient thermal energy
to be promoted to CB and hence create conductivity in an electric field. However, the exci-
tation process is described by an exponential function of temperature and the conductivity
may accordingly reach appreciable values at higher temperatures.

It should be noted that insulators are really special cases of semiconductors, distin-
guished by a much larger size of E,. Note that for many purposes the Fermi level (Er)
of insulators and semiconductors are postulated to be located midway between VB and CB.

Half metals

Half metals constitute an unique class of magnetic materials in which one of the spin chan-
nels (usually postulated as the majority-spin channel) has metallic character and the other
spin channel has insulating (semiconducting) character with a distinct band gap extending
from the top of the highest filled energy level to the lowest empty energy level (at 0 K).

4.2.2 Density of states

An important description of the electronic structure for many purposes is provided by
the density of states (DOS) which is another way to visualize and analyze the electronic
structure. In a DOS diagram the abscissa axis is usually chosen as energy and the ordinate
axis is the number of eigenvalues (states) at a particular energy level. The energy scale is
conveniently chosen so that the Er is located at zero energy.

p(E) = Nik Z 5(€i,k - E) = % /BZ dké(ﬁivk — E) (4.2)
ik

Assuming independent-particle states, and taking ¢; ;, as the energy of an electron, Eq.4.2
provides the number of independent-particle states per unit energy. The DOS provides
us with the ground-state electronic structure of a given material and helps us to classify
materials in the categories metals, insulators, semiconductors and half metals.

For example, Fig. 4.1 presents the electronic structure of Ca3Co,0QOg in various magnetic
configurations. In the ground-state ferrimagnetic configuration, Ca3;Co,0O¢ has a distinct
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Figure 4.1: Total density of states plots for Ca3Co02Og in different magnetic
configurations.

number of states at the Fr implying metallic character. On the other hand, in the higher-
energy ferromagnetic configuration, the majority-spin channel still exhibits electronic states
at Er whereas the minority-spin channel shows an energy gap of around 1.15eV, imply-
ing half-metallic character. Further, in the paramagnetic configuration, both majority- and
minority-spin channels show gaps of around 0.29 eV, indicating semiconducting behavior.
It is worthwhile to note here that we can also extract excited state properties of a material
from the DOS and derived quantities thereof.

4.3 Bonding Characteristics

The stable structures of solids are most naturally considered in terms of the electronic
ground state which determines the bonding of nuclei. The lowest energy state of the elec-
trons determines the location of the nuclei in space and, conversely, the spatial structure of
nuclei provides the external potential that determines the Schrodinger equation for the elec-
trons. When atoms combine to form a solid, the repulsion between the positive ion cores of
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the atoms is overcome by the attractive forces of the valence electrons that holds the mate-
rial together. While the ion cores occupy fixed positions (in the structural framework) the
valence electrons “whiz” around and between them, forming a kind of electrostatic glue
known as “bonding”.

4.3.1 Types of bonding

Bonding in materials is classified according to the four idealized types of bond.

lonic bonding

lonic bonding is found in compounds formed by combination of elements with a large dif-
ference in electronegativity. This type of bonding occurs when some of the valence electrons
from one atomic species are donated wholesale to another atomic species. The ionic systems
can be characterized by charge transfer to form closed-shell ions, often leading to structures
with the larger sized anions in close-packed arrangements and small cations in intermedi-
ate positions to maximize Coulomb attraction (or minimize anion-anion repulsion). Unlike
the other bonding types the idealized ionic bonding can be understood and rationalized in
terms of the Coulomb law from classical physics. The cohesive energy for an idealized ionic
compound is completely determined by the attractive and repulsive forces between the ions.

Covalent bonding

Covalent bond can only be accounted for in terms of quantum mechanical concepts. This
type of bonding involves a complete change of electronic states from, say, isolated atom (or
ion) to well-defined bonding states in solids. Covalent bonds are directional bonds that re-
sult from the formation of localized electronic states with pairing of electrons. One of the
main requirements for a covalent bond to be formed is the presence of degenerate energy
levels of the constituents so that they can be shared between the constituents. (The essential
feature is pairing process whether or not a pair of electrons are involved).

Metallic bonding

Metallic bonding is visualized as itinerant conduction electrons spread among the ion cores
forming homogeneous electron gas. Unlike in covalent bonds, the electronic states are es-
sentially delocalized but the crucial features of the covalent bonding (viz. the paired dis-
tribution of electrons) is the same. Metals are usually good conductors because there is no
energy gap for electronic excitation, when the bands are partially filled they can easily ac-
cept different number of electrons which can drift easily between the ion cores. This also
enables metals to form alloys among atoms with different valency.

Van der Waals bonding

Van der Waals bonding is sometimes referred to as closed-shell bonding and may be exem-
plified by rare gas and molecular solids. Phases with van der Walls bonding have electronic
states qualitatively similar to those of free atoms, weak van der Waals attraction being bal-
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Figure 4.2: Illustration of (a) majority-spin and (b) minority-spin band-
structures of one type of Mn in the ferrimagnetic insulator YBaMn,Os;. The
d - orbital is highlighted with fat band notation.

anced by repulsion from orbital overlap.

Hydrogen bonding, which is thought to be crucial within many molecules and of impor-
tant biological activity, is not considered here.

The bonding in a real material is, in general, a combination of all three main types de-
scribed above. For example, in a metal there can be directional covalent bonding as well
as contributions of ionic character due to local charge transfer. In this thesis, we will see a
generous number of systems displaying an admixture of the different types of bonding.

The challenge for electronic-structure theory is to provide universal methods that can
accurately describe real systems. A theoretical method must not be limited to any particular
type of bonding, otherwise it would be rather unproductive. The theory should provide
understanding, and not merely numerical values for more or less well-chosen parameters.
Different analytical tools (based on DFT) used to visualize and characterize different types
of bonding in this thesis are described below.

4.3.2 Partial density of states

Band structures and density of states are common tools for investigating the physical
properties of solids. In order to obtain a more local picture of bonding, one can use projected
band structure (“fat bands” which display the contribution of one given atom (or one given
atomic orbital) in each band for selected directions in reciprocal space (see for example,
Fig. 4.2 where d 2 orbital in one of the Mn atoms in YBaMn,Oj is shown as fat band). DOS
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Figure 4.3: Site-decomposed density of states plots for (a) ionic BaO, (b) cova-
lent SiO,, and (c) semi-covalent BeO. The horizontal dotted line marks (Er).
The region below Er is the valence band and above Ey is the conduction
band.

plots, on the other hand, allow one to calculate atomic gross contributions to the bonding
in the whole Brillouin zone. Since the materials studied in this project are mostly multi-
component with large number of atoms, analysis of their electronic structure by means of
“fat bands” becomes cumbersome. Hence we have mainly preferred DOS analysis.

The site-projected DOS gives an overview picture of the nature of the bonding between
the constituents of a solid. By studying the electronic DOS decomposed according to site and
angular momentum one can, in principle, distinguish between ionic and covalent bonding
in a compound. If the bonding is strongly ionic, there is little mixing of states from one
atom into states of other atoms [see, Fig. 4.3a, where the Ba and O states in BaO are well
separated from each other]. If the bonding is primarily covalent, the states of different atoms
are mixed together and one would expect to find similar decomposed state densities for all
sites [32]. When two atoms interact, their states hybridize with one another to form bonding
and antibonding states. Only when the valence states of the constituents are approximately
degenerate, does a strong covalent hybridization occur. For SiOs in Fig. 4.3b one can see
the Si and O states in the same energy region, indicating energetic degeneracy and hence,
the covalent interaction. The hybridization between the d electrons of the transition metal
with the s and p electrons of the main group elements lead to sp-d bonding and antibonding
hybrids, as well as nonbonding d states. Filling of bonding orbitals increases bond strength,
filling non-bonding orbitals has little effect, whereas filling antibonding orbitals reduces the
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Figure 4.4: Crystal orbital Hamiltonian population plotted for BaO, SiO- and
BeO. The vertical dotted line indicates the Fermi level.

bond strength. In Fig. 4.3c we display the DOS for the semi-covalent case BeO which exhibits
mainly covalent bonding with a woof of ionic bonding interaction.

One of the main tasks of this project has been the study of mixed-valent transition-metal
oxides. In order to determine the actual valence states of elements and thereby explore the
difference between formal and actual valence states, orbital-decomposed DOS is particularly
useful. The orbital-projected DOS provides the occupation of different orbitals with respect
to energy. Hence the higher energy orbitals which lead to orbital ordering can be explored
(see various publications of this thesis).

4.3.3 Crystal-orbital-Hamiltonian-population (COHP) plot

Another useful tool to distinguish bonding, antibonding, and nonbonding interaction
between atoms is the crystal-orbital population. According to this COHP concept, negative
COHP values indicate bonding, positive values antibonding, and zero COHP together with
finite DOS values suggests nonbonding states. COHP is a quite meaningful way to measure
the effective strength of bond interactions. It is calculated by weighing the crystal-orbital-
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overlap-population with crystal-orbital eigenvalues. Since the latter is less basis-set depen-
dent, COHP should be appropriate in cases with highly degenerated systems. A detailed
description of the COHP method can be found in Ref. [33].

The COHP contours should reflect the number of states in a particular energy interval.
The integrated COHP (ICOHP) up to the Er represents the total overlap population of the
bonds concerned and this can be taken as a measure of bond strength. For example the
ICOHP values (from Fig. 4.4) for BaO, SiO,, and BeO are 0.54, 2.08, and 1.77, respectively.
It should be noted that COHP analysis provides the location of bonding, antibonding, and
nonbonding electrons. In order to establish the nature of bonding, COHP should be com-
bined with site-decomposed DOS and other bonding-analysis tools.

4.3.4 Charge-density plot

The electron density p(r) plays a fundamental role in the theory and understanding of
systems comprised of electrons and nuclei. Since it is the fundamental quantity in the DFT
calculations, an understanding of different bonding can be obtained by plotting the charge
density distribution in real space. Fig. 4.5a depicts a typical example of ionic bonding in
NaCl; Na™ exhibits reduced charge density whereas Cl~ rules over the enhanced charge
density. Fig. 4.5b reproduces covalently bonded Si with significant charge density mid way
between the Si atoms. In metallic Al charges are seen to be homogenously distributed in the
interstitial region (Fig. 4.5¢).

The charge density is in principle, an indicator for the chemical bonding in a given sys-
tem, but comes normally out as rather featureless, with charge maxima around the atoms,
similar to the charge density for overlapping free atoms. Moreover, it gives the overall
charge density including contributions from non-bonding electrons. Hence, one needs ad-
ditional tools for analysis of the bonding character in the real materials.

4.3.5 Charge-transfer plot

If one now (instead of charge density) displays the difference between the electron den-
sity of the compound and the electron density of the constituent atoms (viz. difference be-
tween the crystal density and that of a sum of superimposed neutral spherical atoms), one
obtains an impression of how electrons are shifted around when the solid is formed. This
allows one to see how the actual chemical bond is formed in the real space. Mathematically
the charge-transfer density is the self-consistent electron density of a solid in a particular
plane (pcomp.), Minus the electron density of the corresponding free atoms (p s,.) in an iden-
tical structural arrangement,

Ap(?") = p(r)comp. - p(r)f.a.v 4.3)

which allows one to visualize how electrons are redistributed in a particular plane of the
structure compared to free atoms.
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Figure 4.5: Charge-density plots for (a) ionic NaCl, (b) covalent Si, and (c)
metallic Al. Charge transfer and electron localization function (ELF) plots are
shown in the same order for the above materials in (d), (e), (f) and (g), (h), (i),
respectively.

Fig. 2(d—f) shows the charge transfer in ionic NaCl, covalent Si, and metallic Al, re-
spectively. The negative charge-transfer around Na and positive charge-transfer around Cl
indicate the transfer of charges from Na to Cl while forming ionic bonding. On the other
hand, in the Si case charge has been transferred to the mid-way region between the Si atoms.
An experimental charge difference plot based on scattering by x-rays and high-energy elec-
trons [34] has been found to provide a fully comparable picture with theoretical charge-
transfer plot. This suggests that the charge transfer plot may be a very valuable tool to
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visualize bonds, in particular covalent bonds. In metallic Al, we can see that Al has lost
electrons to the interstitial regions. Unlike the other two types of bonding, the directional-
character of covalent bonding is clearly exposed from charge-density and charge-transfer
plots.

In addition, attention may be drawn to the charge difference plotted between LiCr3O0g
and Cr3Og in the same structural arrangement (Fig. 8 in Paper.VIl). Such plots have proved
very useful to analyze the effect of Li-intercalation in Cr3Osg, viz, changes in the lattice,
bonding character etc as Li enters the Cr3Og lattice. Such an analysis throws some light
on the usefulness of LiCr3Og and Cr3Og as cathode materials in the rechargeable Li-ion
batteries.

4.3.6 Electron-localization function

ELF provides a measure of the local influence of Pauli repulsion on the behavior of elec-
trons and permits the mapping in real space of core, bonding and non-bonding regions in
a crystal [35]. ELF is a ground-state property which discriminates between different kinds
of bonding interaction for the constituents of a solid [35, 36, 37]. In the implementation for
DFT, this quantity depends on the excess of local kinetic energy ¢, originating from the Pauli
principle.

ELF = {1+ [ty /tpn(p(r))*} " (4.4)
where:
ty =7 —1/8[(Vp)*/p] (4.5)

is the Pauli-kinetic-energy density of a closed-shell system. (V)2/(8p) is the kinetic energy
density of a bosonic-like system, where orbitals are occupied proportional to  /p. t, is always
positive, and for an assembly of fermions, it describes the additional kinetic energy density
required to satisfy the Pauli principle. The total electron density (p)

p= Z ] (4.6)

as well as the kinetic energy density(7)
T=1/2> [Vl (4.7)

are computed from the orbitals v;, the index i running over all occupied orbitals.
According to Eqgn. 4.4, the ELF takes the value one either for a single-electron wave func-
tion or for a two-electron-singlet wave function. In a many-electron system ELF is close to
one in regions where electrons are paired such as in covalent bonds, or for lone electrons
(dangling bonds) while the ELF is small in regions with low density of electrons. In a homo-
geneous electron gas ELF equals 0.5 at any electron density, and ELF values of this order in
homogeneous systems indicates regions where the bonding has metallic character. The ELF
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distribution for the typical examples of bonding discussed above are shown in Fig. 4.5(g—1).
For the NaCl case ELF is around 0.8 at the CI site and only a non significant ELF value is
found at the Na site, thus clearly reflecting ionic bonding. In the Si case, a ELF value just
below 1 is found where the shared electrons are located between the Si atoms. In the Al
case, maximum values of ELF~0.5 are found in the interstitial region where the delocalized
electrons rule.

In addition to these tools, bonding interaction has been analyzed with the help of con-
cepts like “atoms-in-molecule”” of Bader [38] and Born-effective charges [39, 40]. These
method provide a somewhat quantitative measure of charges present in each atomic site
in a lattice. From the thus calculated values we can draw conclusions on nature of bonding
as well as valence states of individual constituents. A brief description of these methods and
the resulting analysis are dealt with in Publications IV and XI, respectively.

58



CHAPTER D

‘ Excited-state Properties

I will love the light for it shows me the way, yet | will
endure the darkness for it shows me the stars.
Og Mandino

common physical phenomena such as magnetism required the development of civi-

lization to proceed whereas the much more elementary concept of light appeared be-
fore mankind—the first primitive experiments can be traced back to the taming of fire by
man. However, it was first after the renaissance that mankind started to consider light as a
scientific matter of importance.

Dielectric functions and conductivity are the most important response functions in con-
densed matter physics because they determine the optical properties of materials, electrical
conductivity, and a host of technological applications. In addition, optical spectra are per-
haps the most widespread tools for studying the electronic excitations themselves. With
the preceding chapters as a background we will now proceed to the study of excited-state
properties.

5.1 Excitations in Density-Functional Theory

Excitations in condensed matter are usually small perturbations on the entire system.
Using perturbation techniques, one can calculate excitation spectra and the real and imagi-
nary parts of the response function. Nevertheless, one needs to know the ground state, since
the excitations are perturbations on the ground state.

Spectroscopic techniques such as photoemission spectroscopy are very common in the
study of ground-state properties of materials. In photoemission spectroscopy, high-energy
photons are bombarded on a system, producing a current of photoelectrons. The energy of
these photoelectrons is a measure of their binding energy in the material. The higher the
energy of photons or electrons, the more is the perturbation of the ground-state electronic
structure.



CHAPTER 5. EXCITED-STATE PROPERTIES

In general, if the perturbation due to the experimental procedure is kept to a minimum,
then the results will more closely reflect the ground state of the system. This criterion is
satisfied in optical spectroscopy since the energy involved in the excitations is a couple of
tens of eV and both the initial and final states belong to the valence bands. However, the
resulting spectrum will have a complicated dependence on the dispersion, which makes
interpretation difficult and very indirect.

Using modern band-structure calculations, the problem of deconvoluting the optical
spectra can be avoided. Instead, a calculated version of the optical spectrum for a sys-
tem is derived, and if the agreement between experiment and theory is good, the origin of
the peaks in the spectrum can be easily extracted from the parameters used to calculate the
spectrum. Moreover, if several models of the ground-state electronic structure exist for a
system, optical spectra can be calculated for these different models, and compared with the
experimental spectrum. Thus a particular model can be validated.

The calculation of DOS, band structures, photo-emission spectra and optical properties
using DFT relies on the identification of the KS eigenvalues (eigenfunctions) with the true
eigenvalues (eigenfunctions). DFT is often quoted to be a ground-state theory and it is usu-
ally believed that it has little bearing on excited states. However, this is not correct. A
basic consequence of the Hohenberg-Kohn theorems is that the ground-state density actu-
ally determines the Hamiltonian of the system. The reason is that the external potential
(which is the only operator in the Hamiltonian that differs from system to system) is given
by the ground-state density. Since the Hamiltonian completely characterizes all states of
the system, the ground state density determines not only ground-state but also the excited
states [41].

In spite of the above fact, it may be argued that the KS eigenvalues and eigenfunctions
are just artificial constructions resulting from the one-particle approximation. However, the
KS orbital eigen values are not completely devoid of physical meaning [41]. Their difference
is a well defined approximation to the excitation energies in the electron-electron interaction
of zeroth order.

5.2 Definition of the Conductivity Tensor

The phenomenological formulation of Maxwell’s equations in the presence of polariz-
able or conducting media can be cast in terms of the complex frequency-dependent dielec-
tric function e(w) or conductivity o(w). When a system is subjected to a time-dependent
electric field E(r,t), an induced charge current J(r,t) will appear as a response. In the linear
approximation, the relationship becomes:

t
J(r,t) = /dgr'/ dto(r,v' t, ") E(r' 1) (5.1)

where the kernel o (r,r',t,t') is called the conductivity. In an isotropic material, J and E are
parallel, and the conductivity can be described by a scalar. However, in a real crystal, the
two fields will not be parallel, and in this case the conductivity is a tensor of rank two.
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If the properties of the crystal do not change with time, the conductivity will only depend
on the time difference t—t'. Furthermore, when translational symmetry is present, the spatial
dependence will follow r — r/, viz. described by a vector in the Wigner-Seitz cell. We can
then Fourier transform over both space and time, which gives the much simpler relationship

J(w,q) =o(w,q)E(w,q) (5.2)

where w corresponds to the frequency of a plane electromagnetic wave and q is a crystal
wave vector in the first Brillouin zone, and corresponds to the momentum transfer in the
excitation of the electrons by the photon, i.e., it is the photon momentum.

In the optical energy range, q is very small compared to the momentum of the electrons,
and is therefore often neglected. For finite g, one can divide the conductivity into a transver-
sal and a longitudinal part, depending on the relative orientation of q and E [42]. Here, we
are only interested in the limit g—0, where this distinction disappears.

An equivalent relationship can be obtained for the unitless dielectric function ¢(w,q), the
relation between this entity and the conductivity being

1w

034 (w7 Q) = E[éaﬁ - eaﬁ(wv Q)] (53)

in electrostatic units, which is the unit system used in this chapter, and ¢, j are Cartesian
coordinate indices. A discussion of optical properties can be done using either of these
tensors.

5.2.1 Symmetry considerations

The optical conductivity tensor is symmetric in the absence of a magnetic field. In a co-
ordinate system based on the principal axes, the conductivity tensor becomes diagonal. For
crystals with high symmetry, some components will be equal. For example, cubic crystals
have equal diagonal elements, and the tensor will have the same properties as a scalar. The
presence of a magnetic field will change the symmetry properties of the conductivity tensor.
It is no longer symmetric. However, the number of independent terms does not increase.
As an explicit example, we take the case with the magnetic moment along the z direction,
and with at least three-fold rotation symmetry around the z axis. The form of the optical
conductivity tensor then becomes:

Ozz Ozy O
o=| —0zy Ozz O (5.4)
0 0 o0,

The Kubo formula [43] provides the link between band structure calculations and the
macroscopic theory outlined above. A detailed derivation is given in Ref. [44]. The Kubo
formula for the conductivity at finite temperature is,

Ne? I : , —iwt
O'ab(q,W) = _Z-—éab + ﬁ dt<[]a(q7 0)7]b(_q7 t)]>0€ ) (55)

mw
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where a and b are Cartesian coordinate indices, IV is the number of electrons per unit vol-
ume, and 5,(q,t) is a component of the electron current operator in the interaction represen-
tation. The symbol (), around the commutator indicates a thermodynamic average with the
equilibrium distribution function. This just means that we take the sum over all states |n),
weighted with the occupation.

Expanding the commutator, putting in the identity operator > , |n/)(n’| between the
two current operators, transforming jg(—q,t) to Schrodinger representation, and taking the
limit of direct transitions, g—0 gives,

_ 11 —Bén 0 . / /N - w, 1t . / /N - —tw, st —iwt
Cap(w) = -7 D ¢ / dt((nljan) (0| s ln) ™ nt = (nlja|n) (0 |ja e~ “nnt) (e~ 1),
W nn’ o
(5.6)
where hw,, = €,y —e,and >, e~Pn is the partition function (3 = 1/kpT and ¢, is the en-
ergy of state |n)). The integral over time can be calculated by introducing a positive damp-
ing factor which results in Lorentzian broadening of the states, simulating finite lifetimes.
The absorbed photon therefore may have slightly higher or smaller energy than the energy
difference between the states.

The states |n) and |n) are many-body states. In the one-particle approximation, the only
matrix elements contributing are those between an occupied Bloch state and one that is
unoccupied. This means that the sum over many-body states can be replaced by the sum
over one-particle states. Thus, |n) can be thought of as denoting occupied one-particle states,
whereas |n’) refers unoccupied one-particle states.

The relation between the current and momentum operators, j = (e/m)p, and the zero
temperature limit are taken into account. Furthermore, our wavefunctions are Bloch func-
tions and thus depend not only on r but also on crystal momentum k. Therefore we have
to integrate also over reciprocal space. The real, (or absorptive) part of the conductivity

denoted asg (w), can thus be written as,

Ve?

1 _
7a () = St

> / Bk (kn|pa|kn’) (kn'|py|kn) X fin(1— fin' )0 (€xns — xn — hw). (5.7)

where ey, is the energy eigenvalue corresponding to eigenfunction |kn’), and V/(872) is the
normalization constant for the integral over reciprocal space, which is performed using the
tetrahedron method. In this formula, the division between occupied and unoccupied states
is taken care of through their Fermi distribution functions fy,, and fi,.

We now have a formula for the absorptive part of the conductivity. In order to calculate
reflectivity of Kerr spectra, we also need the imaginary (or dispersive) part. This part of

the conductivity denoted as aﬁ) (w) can be calculated from the absorptive part using the
Kramers-Kronig (KK) transformation since the absorptive and dispersive components of
the conductivity are interdependent through the KK relations. These relations are based on
the assumption that no current can respond to the electric field before the electric field has
arrived, i.e., cause precedes the effect (also known as causality theorem).
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5.2.2 Broadening

In order to compare the calculated optical spectra with experimental data, it is often
necessary to perform broadening, thus simulating the physical mechanisms, which give
the smearing of the experimental spectra. The most important effect is probably the finite
lifetime of the excited states. Other contributions include temperature effects, indirect tran-
sitions, and experimental resolution.

The effect of finite lifetimes can be simulated by convoluting the absorptive conductivity
spectrum obtained by Eq. 5.7 with a Lorentzian. The lifetimes are state dependent, since
high-lying excited-energy states are found to be more unstable and to have shorter lifetimes
than the lower-lying ones. Thus, in principle the width of the Lorentizian should be function
of the states involved in the excitation.

Smearing due to temperature effects, indirect transitions and experimental resolution
may all together be simulated by convoluting the spectrum with a Gaussian. Naturally,
resolution broadening should be performed on the final spectrum, e.g., the reflectivity. In
the other cases, it is always safe to perform the broadening on the absorptive spectrum. If the
broadening is performed with a constant width, it can also be performed on the dispersive
spectrum separately.

5.2.3 Indirect interband and intraband contributions

The expression for the conductivity in Eq. 5.7, only takes direct interband transitions into
account. In addition to these transitions, there are indirect interband and intraband transitions.
Indirect transitions result from momentum conserving interaction between the electronic
excitation and lattice imperfections, notably phonons. The effect of the indirect interband
transitions is only a slight broadening of the structures in the optical spectra. If the material
has an indirect energy gap, the optical gap will obtain a “foot". The calculated optical di-
electric tensor for the case of ferrimagnetic YBaMn,O5 (Fig. 5.1)displays such a “foot" from
0 to 1eV due to an indirect band gap.

Intraband transitions can not take place in a material with a band gap (insulator or semi-
conductor) since no bands are partially occupied. The opposite is true for metals where
low-energy intraband transitions constitute an important part of the total response for the
diagonal components of the conductivity tensor. They are usually modeled with the Drude
formula (which is based on the free-electron model):

wp

7 T — )

where ~p is the inverse relaxation time and wp is the (unscreened) plasma frequency. The
plasma frequency can be calculated by integrating over the Fermi surface and can thus be
predicted from band-structure calculations. In the free-electron model, the relation between
the plasma frequency and the number of electrons per unit volume N is given by

4w Ne?

wp = ———, (5.9)

(5.8)
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Figure 5.1: Imaginary (upper panel) and real (lower panel) part of the opti-
cal dielectric tensor for ferrimagnetic YBaMn,Oj5 along the crystallographic
a and c directions.

which can be used as a definition of the effective number of electrons N, per unit volume.

The other Drude parameter, vp, may change from sample to sample of a given material,
since it depends on the amount of impurities and dislocations.

5.3 Extracts of theory of optics

Experimental optical results are reported in the form of reflectivity spectra, energy loss,

absorption, refractive indices, and changes in the direction of polarization upon reflection or
transmittance. In order to compare calculated and measured spectra, the relations between
the conductivity tensor and these quantities must be known. It is useful to start from the
expression for a plane wave

E(r,t) = Eye!@itbfkr), (5.10)

In the following formulae, the Cartesian coordinate subscripts and the functional depen-
dence on w have been suppressed.
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5.3.1 Index of refraction

When a plane wave is propagating through a material, the velocity of propagation is
different from that of vacuum, and the amplitude may be attenuated. These effects can
be described by replacing the wave vector k in the plane wave by Nk. The function N is
the (complex) index of refraction, written as N = n + ik, where n is called the (real) index of
refraction and k the extinction coefficient. The relation between N and the dielectric function
is simply

N?=¢ (5.11)

which follows from Maxwell’s equations. Using the relation Eqg. 5.3, N can be calculated
from the conductivity.
5.3.2 Reflectivity

The reflectivity is the ratio between the incident and reflected light intensities. Since the
intensity is proportional to the square of the wave amplitude, this can be written as

R=rxr (5.12)

where r is called the reflection coefficient and is the complex ratio between the incident and
the reflected electric field of the plane wave. For a normal incidence, the reflection coefficient
is given by [45]

T NI (5.13)
and the reflectivity becomes
N —1)*
P ‘ EN . 13 (5.14)
5.3.3 Absorption coefficient
The absorption coefficient « is defined as
1dI

where | is the intensity of the plane wave at a distance r inside the material. By differentia-
tion of I expressed using the plane wave, one finds that « is proportional to the imaginary
part of the refractive index times the frequency:

2
o= %k (5.16)
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5.3.4 Energy loss

When a beam of mono-energetic electrons impinges on a solid, excitations in the solid,
(e.g., plasmon excitations or interband transitions) result in energy losses of the electron
beam. In this case, the electric field causing the response is in the direction of propagation
of the beam, and not perpendicular to it, as is the case for photons. From dielectric theory
one can show that the energy loss of the electron beam is proportional to the energy loss

function L, which is defined as

L= —Im, (5.17)

€

5.4 A note on spin-orbit coupling

The spin-orbit coupling is important for heavier elements and is required in the calcula-
tion of the magneto-optical effects. The spin-orbit coupling term is written as,

E(r)l-s (5.18)
where £ is the spin-orbit coupling strength

1 14V

= 5.19
2m2c2 r dr (5.19)

§(r)
Normally, spin-orbit interaction is included in the calculational scheme by incorporating
this term in the calculation of the Hamiltonian matrix elements inside the muffin-tin spheres.
The operatorl-s = [, s, +1,s,+1.s, can be rewritten using ladder operators as s+ = s, £is,
and I+ = [, +il,. The spin-ladder operators act on the spin components, for example s+
will turn spin down into spin up. Similarly, the orbital-ladder operator acts on the spherical
harmonics, increasing or decreasing the magnetic quantum number m by one.

Therefore, direct inclusion of spin-orbit coupling doubles the size of the matrix to be
diagonalized since spin up and spin down are mixed. In the LMTO methods relatively little
time is consumed for matrix diagonalization. However, in the case of LAPW method, the
matrices are large and diagonalisation of them requires substantial computational efforts.
Therefore, spin-orbit is usually included as a second variational step, which is workable as
long as the coupling is not too large.

5.5 Calculation of Magneto-Optical Properties

Plane-polarized light, when reflected from a metal surface or transmitted through a thin
film with non-zero magnetization, will become elliptically polarized, with its major axis
slightly rotated with respect to the original direction. The effect due to transmission is called
the MO Faraday effect, and that due to reflection is known as the MO Kerr effect (MOKE) [46,
47]. The Kerr effect exists in several different geometries. Of these, the polar Kerr effect (for
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which the direction of the macroscopic magnetization of the ferromagnetic material and
the propagation direction of the linearly polarized incident light-beam are perpendicular
to the plane of the surface) is by far the largest. Therefore the polar-Kerr geometry is the
most interesting in connection with technological applications. Hence, we performed our
theoretical investigations for the polar Kerr effect only. With the magnetic moment in the
[001] direction of say, a hexagonal crystal, the optical conductivity tensor will take the form
of Eq. 5.4.

Consider a plane-polarized light beam traveling in the z direction which is parallel to
the magnetization direction M. This light beam can be resolved into two circularly polar-
ized beams with the spinning direction of the corresponding electric field parallel and an-
tiparallel to M. We use the sign convention in which right-circular polarized (RCP) light
has its electric field vector E rotating in a clockwise sense at a given point in space. The
signs of Faraday rotation #r and Kerr rotation 0 are positive for a clockwise rotation of the
axes of the polarization ellipse, as viewed by an observer who looks in +z direction when
the incoming linearly polarized light from a source is traveling along the +z direction. For
the polar geometry, the Kerr rotation and ellipticity are related to the optical conductivity
through the following relation,

Lt tan(ng) i, (Lt n)(L-n)
1 —tan(nk) (1—ny)(1+n)’ (520

where n2 are eigenvalues of the dielectric tensor corresponding to Eq. 5.4. In terms of con-
ductivities, they are

.
n2 =1+ %Z(am +i0,). (5.21)

For small Kerr angles, Eq. 5.20 can be simplified [48] to

O + ing = i (5.22)
Ozz\/ 1+ %O—xx

The magnetic circular birefringence, also called the Faraday rotation 6y, describes the rota-
tion of the polarized plane of linearly polarized light on transmission through matter mag-
netized in the direction of the light propagation. Similarly, the Faraday ellipticity »r, which
is also known as the magnetic circular dichroism, is proportional to the difference of the
absorption for right- and left-handed circularly polarized light [47]. Thus, these quantities
are simply given [49] by:

. wd
Or + inp = % (ny —n-), (5.23)

where c is the velocity of light in vacuum, and d is the thickness of the film material under
investigation.
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Polar Kerr Rotation 6, and Ellipticity €, (deg.)
Faraday Rotation 6. and Ellipticity €. (deg.)
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Figure 5.2: The calculated polar Kerr rotation (6 k), Kerr ellipticity (ex), Fara-
day rotation (), and Faraday ellipticity (e r) spectra for Ba;Fe BOg with B =
Mo, W, and Re.

We have performed extensive calculations on magneto-optical properties for A;Fe BOg
(A=Ca, Sr, Ba; B=Mo, W, and Re) and found that most of the compounds in that series have
very high Kerr and Faraday rotations at 0 K. Readers can observe the large magneto-optical
effects (of the order of ~1.5° Kerr and 2—4° Faraday rotation) for Ba;Fe BOg (B = Mo, W, and
Re) as exemplified in Fig. 5.3. It is worthwhile to recall here that Kerr rotation value of ~2.5°
has been observed for one of the Heusler alloys, PtMnSb [50]. However, we believe that our
finding of large magneto-optical values may be the highest for any oxide material. As these
compounds have magnetic transition temperature (7c) around 400 K and also half-metallic
electronic structure, we anticipate that they may have important technological applications
(Publication 1VX).

5.5.1 Magneto-optical figure-of-merit

In order to extract the written information in a MO medium easily, and to make the
signal-to-noise ratio as high as possible, the MO figure of merit (FOM) [51] should be large.

FOM is defined [52] as,
FOM = \/R(0% + €%), (5.24)

where R is reflectivity and 6 and ey are as defined earlier. FOM is often used to character-
ize and evaluate the performance of a MO medium fabricated by different manufacturers.
However, FOM depends on the structure on to which the magnetic material is embedded, a
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Figure 5.3: Magneto-optical figure-of-merit for A;FeBOgz with B = Mo, W,
and Re.

large FOM value is one of the many indications for applicability of MO materials. The FOM
values calculated for the double perovskites A;FeBOg (A = Ca, Sr, Ba; B = Mo, Re, and
W) compounds are comparable with that for the well-known MO material PtMnSb, and we
believe that these large FOM values can motivate more experimental MO studies on these

compounds.

5.6 Calculation of XANES

We have computed x-ray absorption spectra in this project for systems like YBaMn;O5
and CaRuOs, within the dipole approximation from the FPLAPW (Wien2K) partial DOS
along the lines described by Neckel et al. [53] The intensity I(w) = E — E. arising from
transitions from initial VB states (energy F and and angular momentum /) to a final core

state (E,,/') is given by:

I 171
Lg(w) = WuwMZ(,n't',E)D}(E)§(E — B¢ — hw) (5.25)
w l
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where the matrix elements are given by

2
fRT PZ (T, E)T_Pn/zprime (T)dT‘]

0
ST Pre (r, B)2dr

M2(,n'l | E) = [

n/ and ¢’ represent principal and angular momentum quantum numbers for the core states,
D7 (E) is the partial DOS of atom 7 with angular momentum ¢; P/ and R, being the radial
wave function and atomic sphere radius of atom 7. The transition coefficient W, can be
calculated analytically according to the equation,

‘+1 l
W = —5 /_ —(5 /
o 2£+1” 1+2€_1z,£+1
For absorption spectra D7 (E > Efr) = 0. To account for instrumental resolution and life-
time broadening of core and valence states we have broadened the calculated spectra using

a Lorentzian function with FWHM of 1 eV.
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Magnetism and Spin Ordering

Imagination is more important than knowledge.
Albert Einstein

6.1 Magnetic classes

Inorganic solids that exhibit magnetic effects are characterized by having unpaired elec-
trons. It has long been known that such materials acquire a magnetic moment M when
exposed to a magnetic field H. The amount of induced magnetization of the material in an
applied field is given by,

M= xH (6.1)

(in general, M = yH) where y is termed magnetic susceptibility. For a large special class of
materials the induced magnetic moment is oppositely aligned to the applied magnetic field
viz. x < 0. This behavior is called diamagnetism which is omnipresent in every material in-
cluding the magnetic materials which are discussed below. Compared with the other forms
of magnetism the effect of diamagnetism is small.

The most important magnetic materials have non-zero atomic magnetic moments, i.e.,
each atom carries a magnetic moment. In large classes of materials these moments will be
uncorrelated (under certain conditions: notably in the absence of an external magnetic field),
and point randomly in arbitrary directions resulting in a zero net moment (Fig. 6.1a).

M = Z M; =0 (random; P state) (6.2)

where M, is the magnetic moment of atom i. When a magnetic field of a certain magnitude
is applied, these atomic moments will be aligned by the applied field. The total moment
behaves according to the above equation with x > 0 (in general with M and H as vectors
and x as a tensor) and the magnetic susceptibility y becomes a temperature function. Such
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Figure 6.1: Schematic illustration of possible simple arrangements of atomic
magnetic moments in (a) paramagnetic, (b) ferromagnetic, (c) collinear an-
tiferromagnetic, (d) canted antiferromagnetic, and (e) ferrimagnetic order.
More exotic forms of co-operative magnetism like helimagnetism etc. are not
included since such arrangements are not found among the phases included
in this study:.

materials are called paramagnetic materials. While the applied field favors alignment of

local moments in its direction, the thermal disordering effect opposes the alignment.
Another class of materials, known as ferromagnetic materials, do not need an external

magnetic field to get magnetized, they exhibit spontaneous magnetization [Fig. 6.1(b)].

N
M=) M, =N-M, (F state) (6.3)

Among the pure elements Fe, Co, Ni, and some rare-earths provide examples of ferromag-
netic materials. At sufficiently high temperatures ferromagnetic materials transform into a
paramagnetic state and in the absence of a magnetic field their atomic magnetic moments
point in arbitrary directions, cancelling each other and resulting in zero net magnetization.
At the temperatures concerned the thermal fluctuations of the moments are so high that the
aligning tendency of the atomic moments is surmounted. When the temperature is reduced,
the interaction between oriented atomic moments start to compete with the thermal disor-
der effects. When the temperature is further reduced to a value known as Curie temperature
Tc, atransition to the ferromagnetic state occurs. Below T the interaction between non-zero
atomic moments overcomes the thermal fluctuations, resulting in a net spontaneous mag-
netic moment even without the application of an external field. The magnetic susceptibility
in the paramagnetic state is given by,

C
X:m,fOT T>@7-?5TC (64)
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where C is named as the Curie constant and © the Weiss constant. The above equation is
named as the Curie-Weiss law.

Simple antiferromagnetic systems comprise oppositely aligned atomic magnetic mo-
ments, the vectorial sum of which becoming zero by symmetry, below an ordering temper-
ature known as the Néel temperature (7).

N
M = Z M; =0 (cancelling; AF state) (6.5)

)

Above Ty the paramagnetism rules and the temperature variation of the magnetic suscep-
tibility is also in this case described by equation (2). The Weiss constant is related to T by
TN ~ —0.

A considerable amount of efforts has been made over the years to understand the ori-
gin of magnetism using both classical physics and quantum mechanics. It was eventually
Dirac’s relativistic quantum theory that explained the spin quantum state of electrons. The
spin magnetic moment can be regarded as an extra degree of freedom for the electron — it
can be either in a “spin up” or in a “spin down” configuration. The concept of spin falls
out naturally from the solutions of the eigenvalue problem and is intimately connected with
relativity. Electrons are treated as waves in quantum mechanics and the overlap of such
waves is reflected as an interaction between the spins of different electrons. If this so-called
“exchange interaction” is strong enough, the material will experience co-operative ordering
of the spin moments. A common way to handle such exchange interaction is to use the so-
called “mean field approximation” In this approach one spin is considered to be influenced
by the exchange interaction from the mean field from all other spins. After manipulation,
this initially fixed spin is released and treated so that it becomes on equal footing with the
other spins.

It should also be noted that the atomic moments comprise contributions from both the
spin magnetic moment and the orbital magnetic moment. The latter moment originates
from the orbiting of an electron (a charged species) around the positive nucleus (a source
of the electric field). The ground state of a free atom or ion (like rare-earth 4f ions) with
a perfect spherical symmetry has an orbital magnetic moment in accordance with Hund’s
second rule. For a 3d-transition-metal atom the electric field from neighboring atoms (the
crystal field effect) normally breaks the spherical symmetry conditions and the orbital mo-
ment becomes “quenched” and such an atom is said to obey the “spin-only” approximation.
When the spin-orbit interaction energy is introduced as an additional perturbation on the
system, the spin may, under certain conditions drag some orbital moment along with it [54].
If the sign of the interaction favors parallel orientation of the spin and orbital moments, then
the total moment will become larger than the spin-only value. Thus the spin-orbit coupling
removes parts of the quenching of the moments at the spin value and results in turn in a
directional preference of the spin moment.

73



CHAPTER 6. MAGNETISM AND SPIN ORDERING

L

A-AF C-AF G-AF Ferri

Figure 6.2: Schematic diagram indicating possible different types of antifer-
romagnetic spin ordering in perovskite-like oxides.

6.2 Types of antiferromagnetic spin ordering

Since one of the aims of the present thesis has been to study transition-metal oxides,
performing calculations in the respective co-operative magnetic states has been mandatory.
Therefore, we have conducted theoretical simulations for paramagnetic (P), ferromagnetic
(F), and antiferromagnetic (AF) configurations of a given system. Sometimes, in addition to
the experimentally found or suggested magnetic states, we also considered other possible
magnetic orderings in order to obtain a broader platform for judgement of the magnetic
arrangement.

In perovskite-like oxides, the AF spin ordering can take different configurations accord-
ing to the inter- and intraplane spin-couplings as described below.

A-type AF:

This configuration occurs when the interplane coupling is antiferromagnetic and the intra-
plane coupling within (001) is ferromagnetic, [Fig. 6.2(a)]. (For example, undoped LaMnOg
with orthorhombic structure has an A-AF arrangement).

C-type AF:

This configuration is opposite to A-type ordering, i.e., the interplane coupling is ferromag-

netic and intraplane coupling is antiferromagnetic, forming a chain-like ordering [Fig. 6.2(b)].
(The orthorhombic LaCrO3 has and C-AF structure as its ground-state magnetic structure.)

G-type AF:

In this case, both inter- and intraplane couplings are AF [Fig. 6.2(c)]. [This kind of ordering
is commonly seen in RBaMn,Os5 (R =Y and La; Publications | to V)].
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6.3. EXCHANGE INTERACTION

The orthorhombic perovskite-oxide SrRuOj is found to be a ferromagnetic metal whereas
the magnetic ground-state of CaRuQj3 is shrouded under controversy. In order to find out
the exact magnetic ground-state structure for CaRuO3, and to understand the reason for its
distinction from SrRuO3, we have considered all the above magnetic orderings for a series
of Sry_,Ca,RuO3 (x =0, 1/4, 1/2, 3/4, and 1). We arrived at a conclusion that CaRuQO;3
has a spin-glass-like behavior. The results are dealt with in Publications (XII and XIII). We
have seen that based on these orderings, the electronic structure also undergoes noticeable
changes.

CE-type AF:
In this case the magnetic cell is a quadrupled chemical unit cell with zig-zag arranged F
chains of magnetic atoms that are AF coupled with nearest neighboring chains. In optimally
doped perovskites (e.g., La;_,Sr,MnOs, = = 1/2), the most common magnetic order is the
CE-type AF order. However, as this type of ordering is computationally very demanding
(really too complex to handle), we have not considered it in our calculations.

Canted antiferromagnetic structure and non-collinear magnetic arrangements were not
included in our calculations.

Ferrimagnetic:

In ferrimagnetic (Ferri) ordering [Fig. 6.2(d)], the situation is basically the same as in a cor-
responding AF arrangement, but the atoms bearing opposite magnetic moments occur in
different quantities and/or their magnetic moments differ in size. As a consequence, the
moments do not compensate to give a resulting zero total moment for an individual crys-
tallite. The overall behavior of Ferri materials in a magnetic field is like that of F materi-
als [55]. In the present thesis, one finds several examples of Ferri systems. In YBaMnOs5
(Publication 1), the Ferri state results from differently-sized non-cancelling moments on two
crystallographically different Mn sites (formally Mn?+ and Mn**). In Sr,FeMoOg (Publi-
cation XIV), the oppositely arranged magnetic moments of Fe and Mo are of different size,
again leading to Ferri state. In the case of one-dimensional CazCo;Og, a triangular network
of Co-O chains are formed. The moments of Co are F aligned along the chains. For every
two F-aligned chains there is one AF-aligned chain resulting in a Ferri state.

6.3 Exchange interaction

If the magnetic species in a solid do not communicate with each other, Eqg.(1) simplifies
to Curies Law in which ® = 0 K and co-operative magnetic ordering is prohibited. Magnetic
exchange interaction in oxides does normally not involve communication via conduction
electrons. In most oxide cases the direct exchange interaction between the moment-carrying
transition-metal atoms is out of the question owing to the long metal-to-metal separations in
the crystal structure. The only example of a phase with probable direct exchange interaction
in this thesis is provided by Ca3Co;0¢ (Publications X and Xl). For the magnetic exchange
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Figure 6.3: Schematic illustration of double-exchange interaction between
Mn*t and Mn?* via an intermediate O2~.

information path in oxides one is accordingly left with indirect exchange interactions either
of the double- or super-exchange types.

6.3.1 Double-exchange interaction

In order to rationalize the spin-ordering phenomena and associated changes in electri-
cal conductivity in transition-metal oxides, the concept of double-, and super-exchange in-
teractions has been invoked. The most important interaction in magnetic materials is the
double-exchange interaction [56, 57]. Transition-metal atoms arranged in a periodic array
in a crystal lattice may be subjected to exchange interactions between the spins of unpaired
electrons associated with the atoms concerned. For a transition-metal atom contained in a
perovskite-type structure surrounded by six O atoms, the wave functions (orbitals) point-
ing toward the oxygen ions (d.. and d,2_,2, denoted as e;) have higher energy than those
pointing between them (d,,, d,., and d.,, named ¢y, orbitals) [58]. When electrons occupy
these orbitals, the ground state is determined by the semiempirical Hund’s rule.

The spins of the ¢, electrons of a transition-metal atom are forced to be parallel to the
localized to, spins (by the usually strong) Hund’s coupling Jy. When an e, electron hops
between atoms, its spin wave function is coupled to the spin direction of the ¢,, spins at the
atom concerned. Therefore, the effective transfer integral (¢;;) is considered to be propor-
tional to cos(©;;/2), (where ©;; is the angle between the two spin directions). The transfer
integral depends on the relative direction of the two spins: it takes a maximum value for
parallel spins and zero value for antiparallel spins. Therefore, the kinetic energy gain of
the electrons is maximized for parallel spin, which leads to the F interaction between the
spins and efficient transfer of electrons between the atoms. This mechanism is called double-
exchange interaction. For example, for a system containing Mn3* and Mn** intervened by
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Figure 6.4: Schematic illustration of super-exchange interaction between two
Mn3t via 0%+,

an O%~, there is simultaneous transfer of one electron between Mn3* and the neighboring
02~ and from thereon to Mn**. The limiting configurations Mn3+-02=-Mn** and Mn**-
0O2~-Mn?**+ will be degenerate if the spins of the two d shells are parallel, and represents
the lowest energy state of the system at low temperature. It should be emphasized that the
F double-exchange interaction is characterized by short-range electron hopping between
atoms, and this process can be terminated at any point in the lattice and accordingly pre-
venting a three-dimensional conductivity. Double exchange always results in F configura-
tions unlike super-exchange which involves virtual electron transfer and frequently leads to
AF arrangements [59].

6.3.2 Super-exchange interaction

Super-exchange interaction is one of the processes by which coupling of magnetic mo-
ments promotes an AF state. For example, let us consider LaMnO 3 where Mn3* carry four
d electrons and O2~ two p electrons. The half-filled ey orbital is oriented so as to point di-
rectly at adjacent oxygen atoms. The unpaired electron in the e, orbital of Mn3* is able to
couple magnetically with electrons in the p orbitals on O2~. This coupling may well involve
the formation of an excited state in which the electron is transferred from the e, orbital to
the oxygen p orbital. The p orbitals of O?~ contain two electrons each, which are mutually
coupled antiparallel. Hence, a chain coupling effect occurs which extends through the entire
crystal structure (Fig. 6.4). The net effect of this is that neighboring Mn3* ion in LaMnOs
(along c direction), separated by intervening O2~, are coupled antiparallel [60]. The essen-
tial point in the super-exchange mechanism is that the spin moments of the transition-metal
atoms on opposite sides of an oxygen atom interact with each other through the p orbital of
the latter. The super-exchange interaction is expected to be the strongest for a bond angle
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of 180°. The difference between double- and super-exchange lies basically on the filling of
intermediate oxygen p orbital, the valence-state of the transition-metal atoms involved, and
the position of these atoms relative to one another.
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Charge and Orbital Ordering

A profound truth is a truth whose opposite is also a
profound truth.
Niels Bohr

7.1 Mixed-valence transition-metal oxides

Transition-metal oxides have been intensively studied in recent years in order to eluci-
date relationships between structure, bonding, and magnetic properties motivated both by
intrinsic interest in the subject itself and also owing to the extraordinary technological poten-
tial of these materials. The transition-metal oxides are traditionally regarded as compounds

formed by oxygen anions with completely-filled valence shells and cations1 of transition-
metals with an incompletely-filled d shell. The situation becomes somewhat messy because
the incomplete d shells do not represent universally stable configurations, and the cations
tend to exist in various valence states depending on the actual constituents and external fac-
tors like temperature, pressure etc. It must be appreciated that the metal atoms are located
in an environment consisting of oxygen anions and other cations, and thus subjected to the
complex influence of the immediate crystal field and more long-range electrostatic forces as
well as magnetic interactions. The combination of all such effects determines the degree of
the localization of the outer electrons, viz. their pertinence to definite atoms. Therefore it
is appropriate to distinguish between materials exhibiting a high degree of localization (as
found in magnetic oxides where ions that possess various valences can be present simulta-
neously in the crystal lattice) and those with itinerant charge carriers (as in superconducting
oxides [61]).

Compounds with mixed-valence (MV) transition-metal ions have been widely studied

In this chapter, covalent interactions are neglected in a way that the presentation uses a purely ionic lan-
guage.
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for their interesting optical, electrical, and magnetic properties. Robin and Day have clas-
sified [62] mixed-valence compounds into three categories: (i) Class-I MV characterized by
distinctly different co-ordination environments for constituents in different valence states.
Such phases contain localized electrons and exhibit insulating/semiconducting behavior.
(ii) Class-11 MV are also characterized by different environments for the constituents in dif-
fering valence states, but the structural surroundings are sufficiently similar to allow elec-
tron transfer between some or all constituents with only a small input of energy. (iii) Class-
I11 MV exhibits delocalization of the valence electrons so that all of the MV atoms obtain
the same chemical environment and the same valence state. Of particular interest are com-
pounds that transform from either class-Il1 or class-11 MV to class-1 MV upon cooling. This
type of transition, triggered by electron localization, often leads to a phenomenon known as
charge ordering.

7.1.1 Determination of valence states

The charge ordering phenomenon which is elaborated on this thesis requires participa-
tion of mixed-valence transition-metal ions. For inorganic materials, valence or oxidation
states of the constituents are commonly assigned on the basis of an ionic model, viz. elec-
troneutrality is attained as if the compound under consideration is an ionic insulator. For
example, in an ABO3 perovskite oxide like LaMnQOg, the starting point is the assumption
that O acquires a completely filled valence shell (O?7), La should be La3*, and Mn should
then be Mn3*. However, as we have seen the bonding in our materials have mixed ionic and
covalent character. Hence the assignment of valence states to transition metal atoms may be
non-trivial.

Over the years there has been quite a few empirical rules advanced for ascribing va-
lence to binary, ternary etc. compounds like the Pauling rules, Hume-Rothery (8—N) rule
etc. However, for compounds comprising of heavy elements, and in particular transition-
metals, the participation of electrons in magnetism makes the situation complicated. The
valence of any element is determined by the involvement of the outer-most (valence) shell
electrons in bonding and magnetism. In order to determine the most stable spin and valence
configurations, the semi-empirical Hund rules are used:

(i) The individual electron spins s; combine to give the maximum value of the spin quantum
number S in accordance with the Pauli principle.

(if) The orbital vectors /; combine to give the maximum value of L in conformity with the
Pauli principle.

(iii) The resultant L and S combine to form J, the value of which isto be takenas J =L — S
if the shell is less than half occupied, and J = L + S if the shell is more than half occupied.

The measured magnetic moments at the transition metal sites in a given structure may be
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viewed in relation to these rules. Even though measurement of magnetic moments and
use of concepts like bond-valence sums can provide indications of the presence of mixed-
valence states in a compound, such empirical facts do not allow firm conclusions about
valence states.

7.1.2 Effects of crystal-field

In addition to exchange interactions, crystal-field effects play an important role in de-
termining the splitting of the d levels, and consequently in the choice between different
valence states for transition-metal constituents. In free atomic states, every 3d electronic
state has the same energy (viz. the energy levels are degenerate). When a transition-metal
atom is surrounded by, say, oxygen ligands in tetrahedral, octahedral etc. configurations,
the surroundings anions give rise to a strong electric field that splits the d levels into two
groups, triply degenerate o, (dsy, dy., and d,. with spatial distributions along zy, yz, and
xz) and doubly-degenerate e, levels (d,2_,» and d . orbitals with spatial distribution along
the coordinate axes). The splitting of the d levels varies with respect to the magnitude of
the surrounding crystal field as qualitatively illustrated in Fig. 7.1. Note that the population
of the thus split d levels also has a deciding effect on the spin states of the atom concerned,
referred to as low-spin, intermediate-spin, and high-spin states in the ionic terminology.

In our efforts to determine valence states for transition-metal constituents in the stud-
ied systems, we make use of theoretically calculated magnetic moments as well as site- and
orbital-projected DOS. For example, in our calculation on CazCo,;0g which has Co in octa-
hedral and trigonal prismatic environments, we first arrived at the conclusion that the Co
atoms exist in Co?* and Co** states (Publication X). We are pleased to note that our findings
stimulated many experimental and theoretical further studies on this compound. As more
or less anticipated many of these reports rejected our proposal of a different oxidation state
for the Co species and favored instead a common Co3* state in low-spin and high-spin con-
figurations. However, using various analytical tools (Publication XI) we have later found
that the problem is not so simple, but most of the controversy seem to originate from use of
the ionic terminology on a compound which exhibits an appreciable covalent contribution
to the Co-O bonding.

7.2 Influence of structure on ordering phenomena

Within the oxide family, perovskite-type materials2 (with general formula ABOs3) are
among the most exotic, and exhibit a wide spectrum of physical properties such as super-
conductivity, colossal magnetoresistance, various magnetic ordering features, ferroelectric-
ity, thermoelectric properties etc., just to name a few.

2 Although many of the oxide materials dealt in this thesis work do not directly belong the perovskite family, a
discussion on the structural features of perovskites are made in order to illustrate various ordering phenomena.
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Figure 7.1: Pictorial illustration of the splitting of the d levels in (a) tetrahe-
dral, (b) octahedral, (c) square-pyramidal, and (d) trigonal-prismatic crystal
fields of idealized symmetry. No significance is to be attached to the sepa-
ration between the d levels, neither within each part of the illustration nor

between the different parts.

Magnetoresistance (MR) is the relative change in the electrical resistance of a material
produced on the application of a magnetic field. The ratio MR [|Ap|/p(0) = |p(H) —
p(0)|/p(0) where p(H) and p(0) is the resistance at a given temperature in the presence and
absence of a magnetic field (H), respectively] can be negative or positive. Large magnetore-
sistance, [referred to as colossal magnetoresistance (CMR)] has attracted wide attention in

particular for perovskite oxides. CMR can dramatically alter the electrical resistance and re-
lated properties of a material [63] revealing some remarkable features with regard to charge
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and spin dynamics in addition to opening up new avenues for research. The potential indus-
trial application has apparently accelerated the research activity, and as a result deepened
our comprehension of the field.

The structure of perovskite oxides is highly compact and sensitive to the size of the
cationic constituents. Consequently, efforts to go beyond the tolerance limits for the geo-
metrical requirements, challenge the structural stability and/or cause structural distortions.
The minimum Gibbs energy decisive for the stability of a phase with a certain structure is
given by the relationship:

G=FEc+ Esg+ Eex + PV —-T8 (7.2)

where E¢ is the Coulomb energy, Fs the crystal-field stabilization energy, E., the exchange
energy, PV the energy associated with volume change, and T'S the entropy contribution.
The energy content in these terms reflect the interactions between the constituents as de-
termined by structures, valence, electronic configuration, and atomic size etc. Note that
details of the structural arrangement (like the oxygen environment) may have a consider-
able impact on the interactions concerned. Often there is an interplay between the various
contributions and this results in, among other things, preference of certain constituents for
certain sites and formation of an ordered state which in general leads to the lowering of the
structural symmetry.

7.2.1 Effects of Jahn-Teller distortion

One of the most-prominent structural distortion occurring in perovskite-like oxides is
the co-operative Jahn-Teller distortion. The Jahn-Teller theorem [64] states that a non-linear
system in an electronically degenerate state must undergo a distortion in order to remove
the degeneracy, thereby lowering both the symmetry and the energy of the system. In an ex-
tended solid, where the polyhedra are linked to form a three-dimensional-bond network, the
Jahn-Teller distortion that occurs at each polyhedron is felt also by the neighboring polyhe-
dra. Consequently, the direction and size of the distortion must be co-operative throughout
the crystal, an effect known as co-operative Jahn-Teller distortion (CJTD).

This diffusionless CJTD process, in fact leads to a lowering of the total symmetry of the
crystal. The resulting equilibrium can be regarded as a compromise between the increase
in elastic and decrease in electronic energy consequent on the distortion (since the character
and extent of the distortion is strongly influenced by the structural matrix as well as the con-
stituents). In a transition-metal oxide, where each orbital of the transition-metal constituent
has different anisotropy, the displacements of the surrounding O atoms are intimately cou-
pled to the configuration of the d orbitals. For example, when the two apical O atoms in an
octahedron move toward the central atom, the d.» orbital is shifted to higher energies than
the d,»_,» orbital thus lifting the degeneracy of these orbitals.
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7.3 Orbital Ordering

Orbital ordering (OO) among the transition-metal oxides is concerned with the prefer-
ential occupation of electrons in specific d orbitals. The interaction of the orbital degrees
of freedom among themselves and their interaction with electron spins or lattice, can give
rise to long-range orbital-ordered states. Together with the charge and spin degrees of free-
dom they determine all the rich variety of the properties of transition-metal oxides. The
orbital effects play a very important role in the physics of manganites, and also in many
other transition-metal oxides. For example in an undoped rare-earth manganite, only Mn3+
are present at the octahedral sites and the Jahn-Teller effect determines the arrangement of
the d,- orbital subsequently leading to the orbital ordering.

The orbital ordering gives rise to the anisotropy of the electron-transfer interaction. This
favors or disfavors the double-exchange interaction and the super-exchange (ferromagnetic
or antiferromagnetic) interaction in an orbital-direction-dependent manner and hence gives
acomplex spin-orbital-coupled state. According to the well known Goodenough-Kanamori-
Anderson rules [65] the magnitude and even the sign of the magnetic exchange depend
on the type of orbitals involved and the filling of these orbitals. If orbitals are half-filled
(occupied by one electron) and directed to each other, we will have a strong AF coupling.
On the other hand, if these orbitals are directed away from each other (mutually orthogonal)
we would have a F interaction. The orbital degree of freedom is thought to play important
roles, not only in the prominent case of CMR manganese oxides but also in the anisotropic
electronic and magnetic properties of a great many transition-metal oxides. Even though
a lot of attention has been paid to manganese oxides, it should be noted that the orbital
physics is universal in transition-metal oxides.

7.3.1 Anexample—LaMnO;

Undoped LaMnOj is well known to exhibit orbital ordering and a concomitant lattice
distortion. LaMnOs in the perovskite-like structure contains the Jahn-Teller Mn3* ions
which are known to induce a rather strong local distortion. The e, orbitals of the Mn3*
ions are ordered in such a way that at the neighboring Mn sites the d ,» orbitals are ordered
alternatively along the x and y directions. The transfer integral between the two neighbor-
ing Mn atoms in the crystal lattice is determined by the overlaps of the d orbitals with the p
orbital of the O atom between them. The overlap between the d5,»_,» and p, orbitals is zero
because of their different orientation with respect to the xy plane. Therefore, the electron in
the ds,>_,2 orbital cannot hop along the z axis and the individual MnOg octahedra are alter-
natingly elongated along = and y directions. Owing to this OO, anisotropic super-exchange
interaction results, viz. undoped LaMnO3 has an A-type AF ordering, the spins in one xy
layer exhibiting F order, and are antiparallel to the spins in the next zy layer.

84



7.4. CHARGE ORDERING

Figure 7.2: Orbital ordering in orthorhombic LaMnOg. In order to elucidate
the antiferro-type orbital order the d.: orbitals are shown in blue and red
colors. Note that the MnOg octahedra are elongated along the lobes of the
d,» orbital.

7.4 Charge ordering

Charge ordering (CO) is a phenomenon observed in solids wherein certain electrons de-
facto become localized as a result of ordering of cations of differing charges on specific lattice
sites [66], thus often rendering the material insulating. CO has been known for many years
in Fe3Oy4, the transition from the CO state to the charge-disordered state in Fe30,4 at 120 K
(identified by Verwey [67] as early as 1939) is associated with a resistivity anomaly. In a
perovskite manganite, when the trivalent cation is substituted by a divalent cation, there is
variation in the amount of Mn3* to Mn** ratio. When the ratio is 1:1 the OO occurs simul-
taneously with a long range ordering of Mn3* and Mn** mediated by Coulomb interaction.
Such a type of ordering can strongly modify the crystal structure and accordingly also the
magnetic interactions.

Using the perovskite-like R;_,A,MnO3 phase as an example two correlation effects
must be distinguished. First the ferromagnetic double exchange characterized by short-
range electron fluctuation mediated by dynamic occupancy of the e, orbitals. Second the
structural transition driven by the orbit-lattice interaction of Mn3*+ and controlled by the
frequency of the electron hopping between Mn3t and Mn** which becomes frozen in at a
sufficiently low temperature. These correlation effects compete with each other and one can
easily imagine that the prevailing character will depend on the geometrical arrangement
of the Mn-to-O-to-Mn bonds (viz. be strongly influenced by distortion from the ideal per-
ovskite structure). With structural deformations follow lowering of the transfer integral for
the e, electrons thus causing a weakening of the ferromagnetic interactions and a strong
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tendency to charge localization, viz. a preference for charge ordering.

The phases with the Ry 540.5MnO3 composition is of particular interest because of the
frequent observation of CO at this R:A atomic ratio. It has become clear that CO in these
manganates is closely correlated with size of the A cations [68] which appears to control the
Mn-O-Mn bond angle (and notably any deviation from 180°). This determines the e, band-
width imposed by the Mn 3d and O 2p hybridization and the hopping process . Therefore,
the strength of the double-exchange mechanism is affected. For example, Y5Cag5sMnO3
with the small A cation Y (ca. 1.23A) not only has the charge-ordering transition tempera-
ture (Tco) in the paramagnetic range, but also the CO is so robust that it is nearly impossible
to destroy it by the application of a magnetic field [69]. On the other hand, in the regime of
the larger A cations, the ferromagnetic exchange interaction increases, thereby destroying
the CO state.

In the CO state of Ry 5A405Mn0O3 a checkerboard arrangement of Mn3+ and Mn** oc-
curs. The localized electrons of Mn®* exhibit orbital degeneracy and develop an OO pattern
whereas those in Mn*+ (tgg) are nondegenerate. The two possible mechanisms that lead de-
generate orbitals to OO is Jahn-Teller distortion and super-exchange interaction [70]. Both
the CO and the OO occur simultaneously, with CO as the assumed driving force in most
cases [71]. When R and A present in equal amounts, there is a strong competition between
the tendency for the orbitals to order locally and the Kkinetic energy of the charge carriers
that tends to destroy long-range order.

For the realization of the CO state, F¢, E.t, Fex, and PV (Eq. 7.1) play together simul-
taneously and the ordered state occurs as a consequence of the joint efforts to minimize the
Gibbs energy of the crystalline phase. The different contributors to the Gibbs energy can in-
dividually distort the structure or join forces with some or all the others. In the latter case the
result can not be regarded as a mere sum of the individual effects but rather as a composite
effect produced by an intimate interplay between the different factors.

7.4.1 Types of charge and orbital ordering

When charges localize on specific ionic sites in perovskite-like oxides, they take up var-
ious patterns of ordering. Only the most-commonly observed ordering patterns are dis-
cussed here. In the 50% "doped" manganites, i.e., when Mn occurs in two-different valence
states in equal amounts, the most-commonly seen charge ordering is of the checker-board-
type where charges, for example Mn3* and Mn**, order alternatively [72]. In Fig. 7.3, two
different orbital ordering patterns are displayed. Fig. 7.3(a) shows ferro-orbital order where
d,2 orbital of Mn3* order in phase with each other and the correspondingly empty orbital
of Mn**. On the other hand in Fig. 7.3(b), d.» orbital of Mn3* stack in an antiferro-(out-of-
phase) sequence to give rock-salt arrangement.
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Figure 7.3: Two idealized orbital ordering patterns. (a) Ferro-orbital order
and (b) antiferro-orbital order. Blue (seen behind the d.- orbital) and pur-
ple spheres represent Mn3* and Mn*™, respectively, in a checker-board-type
charge ordered pattern.

Figure 7.4: Crystal structure of YBaMn,O5 where the two different Mn atoms
are shown by different-colored polyhedra. Note the oxygen vacancy in the Y
layer, the occupation of which influences the electronic and transport proper-
ties of RBaMn,Os5 s (R =Y and rare-earths).
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7.5 Charge and orbital ordering in oxygen-deficient double per-
ovskites

Multicomponent perovskite-like oxides such as RBaT>0s (T = transition-metal ions) are
promising candidates for versatile functional materials [73]. An ordering at the A site is
typically achieved with a systematic distribution of divalent Ba and trivalent R atoms. Oxy-
gen deficiency around the smaller R atoms is a common feature for such phases in which
a square-pyramidal coordination is imposed upon the transition metal atoms as a conse-
guence of the layered ordering of R and Ba (formally in 3+ and 2+ states). The atomic
arrangement of the resulting structure (Fig. 7.4) has a characteristic appearance which has
led to the name double perovskites. The base-plane oxygens of the square pyramids relax
toward the R atom. It is the (still formal) R3* and Ba?* charge imbalance in the otherwise
delicate structural arrangement which gives rise to oxygen non-stoichiometry expressed as
5+4 in the above formula. With certain rational values for § typical ordered structure vari-
ants occur. For § = 1/2 also an average half-integer valence state 7%+ is established and
this can under certain conditions give rise to CO with formal valence states 73+ and 72+,

Although a lot of experimental and theoretical attention has been paid on CO and OO
in perovskite-like oxides, only a handful of studies have been made on oxygen-deficient
double-perovskite oxides. Hence one of the aims of this project has been to analyze CO and
OO0 in YBa7T>05 and RBaMnyOs55 (T'=Mn, Fe,and Co; R=Yand La; 0 <6 < 1).

The presence of CO and OO in a material is experimentally established by the inferences
from superstructure reflections in diffraction measurements, resistivity and heat-capacity
measurements, magnetic moment data, structural phase-transition (if any) etc. In our theo-
retical studies, we earlier made use of the calculated magnetic moments, site-projected DOS
and charge-density plots within particular planes to identify the presence of transition-metal
atoms in different valence states and visualize their CO features. For example, the presence
of T atoms in two different valence states in YBa7,05 with (7' = Mn, Fe, and Co) is man-
ifested as the difference in the features of their respective site-projected DOS curves (see
Fig. 7.5). Similarly, the orbital-projected DOS provides evidence for the occupation of in-
dividual orbitals in the valence band. We used the d-orbital DOS to get insight into the
occupancy of individual d orbitals of the 7" atoms (see for example Fig. 7.6 which shows the
DOS of individual d orbitals for Fe in YBaFe;O5). With this approach we could establish the
occupation of particular orbitals in the energy-range of interest. In an effort to improve the
understanding on ordering phenomena, we later turned to an alternative approach based
on the occupation-density matrix of d orbitals within a particular energy interval. With this
new tool we are not only able to picture the filling of the orbitals, but also to establish their
shape and orientation.

The occupation density in the entire valence band, and that from —1eV to Er enables
one to visualize the CO and OO patterns directly. The occupation of the majority-, and
minority-spin d levels of Mn in formally 3+ and 2+ states in YBaMn,Oj are shown as an
example in Fig. 7.7(a, b). A clear-cut distinction between the two occupation modes is an
indication for the presence of CO on the Mn atoms. Similarly, the d orbital occupancy close
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Figure 7.5: Site-projected density of states (DOS) for the T sites in YBaT>O5
(T = Mn, Fe, and Co).

to the E brings about that the d.» orbital on Mn** is involved whereas the d,> and d,2_,»
orbitals on Mn?* are seen to form a ferro-orbital-order pattern [Fig. 7.7(c)]. We have used the
above-described method to visualize as well as to analyze CO and OO patterns in YBaT>0s5
(as a function of d-orbital filling) and in RBaMn,O5. s (as a function of the size of R and Ba
as well as oxygen content). The results and the related discussions are elaborately dealt with
in Publications 1-V.
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Figure 7.6: The d-orbital-projected density of states (DOS) for the Fe atoms in
YBaFe,Os.

Figure 7.7: Occupation density of d orbitals of (a) majority-spin, (b) minority-
spin bands, and (c) orbital ordering patterns in Mn1 and Mn2 of YBaMn,Os.
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CHAPTER 8

Summing Up and Looking Ahead

... | seem to have been only like a boy playing on the
seashore, and diverting myself now and then finding a
smoother pebble or a prettier shell than ordinary, whilst
the great ocean of truth lay all undiscovered before me.
Sir Issac Newton

As | come to the conclusive chapters of this thesis, | sit perplexed and think whether it is
an end, or beginning of the end or perhaps the end of a beginning, as Sir Winston Churchil
once noted. After nearly four years of research work | feel it may be the beginning of a
“beginning”. Among the inorganic materials, transition-metal oxides have acquired special
attention owing to the vast diversity of structures and a wide spectrum of exotic proper-
ties. We have selected a narrow field, magnetic oxides in complex structures, in particular
those consisting of transition-metal atoms in two different valence states. In our attempts
to understand such materials, we have perhaps dealt with certain problems for too long or
other fascinating problems may have come in between as interludes. Hence our work on
the transition-metal oxides have spawned many ideas, some of which have evolved into
separate research projects themselves. In fact, some of these are in still in progress while this
concluding chapter is being written.

In this project we have considered materials such as regular- and distorted-perovskite
oxides, regular- and oxygen-deficient double-perovskite oxides, complex one-dimensional
oxides, and layered oxides. Even though each of these groups of compounds exhibit greatly
differing properties, the common denominator for their selection has been the presence of
mixed-valence transition-metal constituents.

We have used a number of highly accurate, state-of-the-art tools such as TB-LMTO,
VASP, FP-LMTO, FP-LAPW (WIEN2K), and CRYSTALO03, all based on the density-functional
theory. The choice of a particular tool has been made depending on the specific problem at
hand. During the project period 15 articles have been written among which 8 have been
already published in well reputed international journals, 2 accepted for publication and the
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remaining contributions are either submitted or included in the thesis in manuscript form.
[In addition, | contributed as a co-author in 10 other articles on hydrides, superconducting
MgB-, and multiferroic BiFeOj (a list of which is given in appendix)].

A major theme of the project has been to understand the intrinsic properties of mixed-
valence materials. Hence we have focussed on their ground-state magnetic and electronic
properties, bonding behavior, and charge-, and orbital-ordering phenomena. In quite a few
cases we have also paid attention on excited-state properties. The main findings of this Dr.
Scient. project investigations are listed below.

8.1 Scientific highlights

* Since the discovery of colossal magneto-resistance extensive works have been performed
on manganese oxides. Most of the experimental and theoretical efforts have been devoted
to A-site substituted perovskite oxides. Therefore we attempted to study the simultane-
ous presence of spin, charge, and orbital orderings using the oxygen-deficient double per-
ovskite YBaMn,Os5 as an example. The G-type ferrimagnetic insulating state is found to be
the ground state in accordance with experimental findings by using both the full potential
LMTO method as well as the full potential LAPW methods. The existence of the two differ-
ent types of Mn atoms is visualized by differences in site- and orbital-projected DOS curves.
The occurrence of checker-board-type charge ordering and ferro-type orbital ordering is es-
tablished from the charge-density plots. The relatively small size of the Y atoms makes the
base-plane Mn-O-Mn bond angle deviate appreciably from 180°, which in turn imposes a
reduction in the e, band width. The charge- and orbital-ordering features are believed to
result from this perturbation of the ¢, orbitals. We have also calculated the excited-state
properties of this material and found that large anisotropy in the optical spectra originates
from ferrimagnetic ordering and crystal field splitting. In order to further emphasize the
different valence states of Mn, we have calculated K-edge XANE spectra. For Mn as well as
O the existence of two types of valence-induced atomic species is established with the help
of K-edge spectra (Publication I).

* Over the years it has been established that hybridization interaction between Mn-d and
O-p orbitals have a deciding effect on the electron localization and hence on charge and or-
bital orderings. Although a lot of attention has been paid to vary the d-electron count by
the use of various substituents in perovskite-like solid solution systems, relatively less at-
tention has been paid to variation in the oxygen content. Hence we have carried out model
calculations on LaBaMn,O5.5 (6 = 0, 1/2, 1) and analyzed their ground-state properties in
terms of the oxygen content (Publication I1). We found that changes in the oxygen con-
tent control the valence state of Mn and the hybridization interaction between Mn and O,
and consequently varies the double-exchange interactions at the expense of the competing
super-exchange interactions. Therefore the electronic ground-state varies from insulator to
metal on going from LaBaMn,O5 to LaBaMn;Og, with a reduced band-gap for the interme-
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diate LaBaMn,O5 5 phase. In line with this drastic changes in the charge and orbital ordering
phenomena have been detected.

* In an effort to understand the effect of oxygen content as well as the size of R on the charge
and orbital ordering, we extended the model calculations to RBaMny,0O5,s with R =Y and
La (Publication V). There is a somewhat systematic variation in the electronic and magnetic
properties with respect to oxygen content in these phases. However the finer features of the
ordering schemes such as occupancy of particular orbitals and magnitude of the ordered
charges depend largely on the size of R atoms and hence on intricate details of the atomic
arrangement.

* We have also analyzed the changes in ordering features in terms of d-orbital filling by for
example, substituting Mn with Fe or Co in YBaMn;Os5 (Publication 1V). We found that the
orbital ordering pattern does not change merely with the amount of d electrons available
for ordering, but the orbital ordering is more intimately connected with the changes in the
structure upon substitution. In short, it is the structural features which determines the or-
dering of charges and orbitals.

* We have calculated the electronic and magnetic properties for the quasi-one-dimensional
compound CazCo,0Og¢ for the first time (Publication X). The calculated ferrimagnetic ground
state and Co magnetic moments were in good agreement with experimental findings. This
compound is interesting since its electronic and magnetic properties appears to be tunable
by application of external magnetic fields as well as by electron doping, (substituting Y for
Ca). For a particular composition, Ca,YC0,04 we predicted a seldom observed combina-
tion of material properties viz. co-existence of ferromagnetism and insulating behaviors.

* In an initial theoretical study on Ca3Co,0Og we concluded with two different valence states
for Co which we suggested to correspond to low-spin Co** and to high-spin Co?* in Pub-
lication X. Our work clearly stimulated a lot of subsequent studies, all claiming that the
assignment of different valence states for Co in this compound is inappropriate. Hence we
have revisited the problem by the use different tools to analyze the valence situation of Co
(Publication XI). Our detailed analyses show that neither our critics nor our earlier report
brought out the real truth. Our fresh study concluded that the valence of the Co atoms
are much smaller than the often believed 3+ state and the valence characteristics are highly
directional dependent, in fact about three times more pronounced along the chains than per-
pendicular to the chains.

* In the oxygen-deficient perovskite-like oxide Sr4Fe;O;1, the Fe atoms take two different
co-ordinations as square pyramids and octahedra. Experimental studies on this compound
were able to bring out a magnetic structure with finite magnetic moment at one of the Fe
sites and almost zero moment at the other Fe site. In order to better understand this ma-
terial, we have carried detailed calculations (Publication XV) in which we paid particular
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attention to the design of magnetic structure based on the calculated exchange interaction
(Ji;) parameter values. Even though we have carried out the calculations using various
tools (TBLMTO, FPLMTO, FPLAPW and VASP) all have converged to a solution where
both Fe atoms have finite magnetic moments, but with a distinct difference in their values.
A deeper analysis shows that, local spin frustration in one of the sites may be the reason for
the observation of zero moment by neutron diffraction measurements. Among the several
possibilities proposed experimentally, our theoretical results can fit to the model with Fe in
square-pyramidal and octahedral environments are in formal oxidation states of 3+ and 4+,
respectively.

* Although spin and orbital dynamics are not unique for manganites, they have received
a lot of attention in recent years. In an effort to extend the studies to other mixed-valence
transition-metal oxides, we examined for example, systems containing chromates. We have
explored structures for a series of compounds ACr3Og (A = H, Li—Cs, In, Tl, Cu, Ag, and
Au) which in fact turned out to be one of the most challenging tasks of the entire project.
We have predicted ground-state crystal structures for most of these compounds which agree
with those established experimentally (Publication VI —I1X) where-ever empirical data are
available. The calculated equilibrium volumes were found to be over-estimated beyond
the limit usually expected for DFT calculations. The overestimation of volume may be at-
tributed to the layered nature of these compounds. Special attention is focussed on the va-
lence state of Cr in these compounds which are believed to possess 3+ and 6+ valence states.
However the detailed analysis of their electronic structure shows that Cr%+ (d°) configura-
tion is out of question since none of the Cr have empty d orbitals. Instead the negligible
magnetic moment at the Cr site concerned (viz. the Cr atom which has led to assignment
Crb1) originates from a negligible exchange splitting.

* In addition we made a particular study of Cr3Og and LiCr3Og which have received at-
tention as potential candidates for cathode materials in Li-ion batteries (Publication VII).
From the calculated total energy, a new synthesis route is suggested for Cr30Og. The bonding
analysis shows that when Li is intercalated into the Cr3Og lattice, Li retains some valence
charge and does not donate its valence electron entirely to the Cr3Og framework as usually
believed.

* An orthorhombic perovskite-like oxide SrRuO3 has a well defined ferromagnetic and
metallic ground state. However, for its isostructural counterpart CaRuO3 there are many
controversial reports each claiming a different description of the magnetic state. In an at-
tempt to explore the correct magnetic ground state of CaRuO 3, we have simulated the mag-
netic phase diagram for the entire Sr;_,Ca,RuOs (Publications XII and XIII). In addition
to para, and ferromagnetic states we considered A-, C-, and G-type antiferromagnetic con-
figurations. Around the composition = = 0.77 we found a transition from ferromagnetic-to-
antiferromagnetic state. We also found that CaRuO3 has a G-type antiferromagnetic ground
state. However, owing to the very small energy differences between various magnetic con-
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figurations, it might have local spin frustration leading to a spin-glass-like behavior. In order
to bring out a clearer picture of CaRuO3, we also carried out an elaborate study on the elec-
tronic structure and excited-state properties of this compound. The calculated optical, XPS
and Ru-K-edge XANE spectra showed good agreement with available experimental spectra,
adding credence to our conclusion on its magnetic ground state.

* We predicted huge magneto-optical effects for a series of double perovskites A, BB'Og
(A = Ca, Sr, and Ba; B = Fe; B’ = Mo, W, and Re). Among these compounds, SroFeWOg
has the maximum polar Kerr rotation of 3.87° and Faraday rotation of 4.5 x10° degcm—!.
All the other compounds of this series have both Kerr and Faraday rotation more than 1°
except CasFeMoOg which has a Kerr rotation of 0.5°. It should be recalled that a Kerr rota-
tion value greater than 0.3° is considered as technologically significant. The huge magneto-
optical effects are found to result from the combined effects of large off-diagonal conductiv-
ity, refractive index, magnetic moment, spin-orbit coupling, exchange splitting, band gap,
and plasma resonance. Since most of the studied compounds are attractive as potential
magneto-resistive materials, our finding on their large magneto-optical effects and ferro-
magnetic half-metallic nature add further importance to these compounds.

8.2 General Inferences

e One of the most important lessons that we learnt from this project is that, valence states
can not be approximated as simple formal oxidation states by taking only the ionic charac-
ter into account. The root of the assignment problem is that part of the atomic arrangement
consists of nearly pure ions whereas other parts carry a bonding skeleton of mixed bond-
ing character. For example, the transition metal component is bonded to oxygen by mixed
iono-covalent bonds. Therefore, elaborate theoretical studies should be consulted in order
to assign valence states in complex systems like those handled in this project.

¢ In some of the earlier publication from this project the oxidation state nomenclature has
been used to describe valence state, spin states, and charge ordering. In view of later gained
experience such deductions should not be taken too literally until the electronic structure
data have been reanalyzed with different tools.

e Many experimental oxidation/valence state assignment techniques are based on the use
of reference compounds for comparative analysis with compound under investigation. Er-
rors in the oxidation/valence state assignment for the reference substance will then auto-
matically be carried over to the compound under examination. To remedy this defect it is
suggested that potential reference substances must be subjected to electronic band structure
analysis.

e The structural arrangement appears in general to be more decisive for the electronic band
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structure than the constituents involved. In other words compounds with equal or closely
related structural arrangements obtain almost similar DOS.

e In order to establish the actual ground-state structure several related structure types were
considered as inputs. In order to arrive at the correct structure, the input test structures
should reasonably describe the actual atomic arrangement. Even if the test the structure
does not provide all the symmetry constraints, it should be reasonably close to the real sit-
uation. This implies that the selection of proper of test input structures will simplify the
structural optimization procedure.

e From the structural optimization of a couple of close packed compounds we found that the
overestimation of calculated volume compared to the experimental volume is well within
the limits of DFT calculations. On the other hand, the overestimation of volume is above
commonly accepted limits for a series of layered compounds. Therefore, in order to estimate
cohesive properties of layered compounds where van der Waals forces are more dominant,
usual DFT calculations are not sufficient.

e The experimentally observed insulating/semiconducting behavior can only be computa-
tionally simulated when the experimentally observed co-operative magnetic arrangement
is introduced into the input model.

e From the overall analysis one can note that the use of usual LDA and GGA were able
to reproduce and explain most of the experimental findings for the compounds dealt in
this project. Therefore correlation effects are not as strong in the compounds studied here
as commonly believed. Therefore additional approximations such as LDA+U methods are
seldom needed to explain their behavior.

8.3 Nextstep

As we already mentioned during the course of this project several sub-projects cropped
up and also new problems have evolved. In future we plan to extend the study on spin,
charge, and orbital orderings to YBa7,0;5,s (1" = Co and Fe; 6 = 1/2 and 1). An experimen-
tal measurement of XPS on Ca3Co,0g4 has suggested 3+ valence states for Co constituents.
Therefore we plan to simulate the XPS profile for this compound in order to evaluate the
experimental claim. Moreover, for the double perovskites A,FeBOg (A = Ca, Sr, Ba; B =
Mo, W, Re) half-metallic electronic structure is observed only in the ferromagnetic configu-
ration whereas for some of these compounds ferrimagnetic configurations is proposed. So
a planned extension of the present work is to carry out extensive studies on electronic and
magnetic properties of the AsFe BOg series.

In the present calculations, only collinear magnetic configurations have been considered.
However, non-collinear magnetic arrangements should be properly taken care of in contin-
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ued projects. For the calculation of excited-state properties, excitonic effects should also be
included together with improvements like GW approximations. Finally, better tools should
be devised for evaluation of the real valence states of components.
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Spin, charge, and orbital ordering in the ferrimagnetic insulator YBaMn,Os5

R. Vidya* P. Ravindran, A. Kjekshus, and H. Fiellya
Department of Chemistry, University of Oslo, Box 1033, Blindern, N-0315 Oslo, Norway
(Received 4 May 2001; published 29 March 2p02

The oxygen-deficientdouble perovskite YBaMnOs, containing corner-linked Mngsquare pyramids, is
found to exhibit ferrimagnetic ordering in its ground state. In the present work we report generalized-gradient-
corrected, relativistic first-principles full-potential density-functional calculations performed on YE2aMn
the paramagnetic, ferromagnetic, and ferrimagnetic states. The charge, orbital, and spin orderings are explained
with site-, spin-, angular-momentum-, and orbital-projected density of states, charge-density plots, electronic
structure, and total energy studies. YBal®@q is found to stabilize in &-type ferrimagnetic state in accor-
dance with experimental results. The experimentally observed semiconducting behavior appears only when we
include ferrimagnetic ordering in our calculation. We observed significant optical anisotropy in this material
originating from the combined effect of ferrimagnetic ordering and crystal-field splitting. In order to gain
knowledge about the presence of different valence states for Mn in YBaMwe have calculate-edge
x-ray absorption near-edge spectra for the Mn and O atoms. The presence of the different valence states for Mn
is clearly established from the x-ray absorption near-edge spectra, hyperfine field parameters, and the magnetic
properties study. Among the experimentally proposed structures, the recently reported description based on
P4/nmmis found to represent the stable structure.

DOI: 10.1103/PhysRevB.65.144422 PACS nuntder75.50.Gg, 75.36-m, 71.20-b, 78.20.Ci

[. INTRODUCTION coupled state¥’ Anisotropic CMR phenomena have also re-
cently been reported in layered Ruddlesden-Popper variants
Perovskite-type transition-metal oxid#sBO5; and their of perovskites R,A),.1Mn,0s3,,1 (R=rareearth, A
oxygen-deficient relatives exhibit a variety of interesting =alkaline earth) fom=2.!! Similar effects have also been
physical properties including high-temperature supercondumbserved in the oxygen-deficient cubic pyrochlore
tivity, metal-insulator transition, and a variety of cooperativeTl,Mn,0;_s. The chemical features common to these ma-
magnetic phenomena. Among them manganites have reerials are an intimately connected Mn-O-Mn network,
cently attracted particular attention because of the discoverwithin a three-dimensional or multilayered structure, and an
of colossal negative magnetoresistanc€CMR) in average Mn oxidation state betweer-3and 4+ (obtained
La,,SKLMnO;,! La,_,BaMnO,! and related phasé€s® by hole-doping of MA*).*
This renewed interest in the mixed-valence manganese per- At low temperatures, manganese perovskites are charac-
ovskites such as La,PbMnO; is due to their potential terized by the strong competition between charge-carrier itin-
technological applicatior’s! In addition, the search for new erancy and localization. In the former case a ferromagnetic
high-temperature superconductors in mixed-oxide materialéF) metallic state is formed. In the latter case, the localized
is a driving force for attention. The mechanism of high- carriers tend to form charge-order&@O) states, which have
temperature superconductivity is believed to be linked to coa predominantly antiferromagneti&F) insulating character.
operative interaction between coppet,3 2 and 3,2 orbit-  Hence, we have a competition between F with metallic be-
als and oxygen g orbitals® An attractive approach to obtain havior and cooperative JT distortion with CO. The CO state
insight into the nature of this phenomenon is to examine the&an be converted into an F metallic state by the application
magnetic and electrical properties of non-copper-oxide anasf a magnetic field. The intriguing doping-induced,
logues of known high-temperature superconducting cupratesemperature-dependent metal-insulator transition and the in-
Manganese is a good choice for such a task, as in an octah&rwoven magneti¢spin-, orbital-, and charge-ordering phe-
dral perovskite-like configuration, M (d* high spin with nomena in mixed-valence manganese perovskites and
a single electron in aey orbital) will experience a similar transition-metal oxides have attracted much attention in re-
Jahn-Telle(JT) distortion to that of C&" [d® high spin with  cent years? An active role of the orbital degree of freedom
three electrongor one holg in the ey orbitals|. The hole- in the lattice and electronic response can be most typically
doped manganese perovskites show some similarities to tteeen in manganese perovskite oxides. As a matter of fact
corresponding hole-doped Cu phases in which supercondusuch properties appear to have their origin in the unique elec-
tivity occurs? Structural similarities between these two tronic structures derived from the hybridized Md &nd O
groups of materials suggest that new Mn analogs of the high2p orbitals in the particular structural and chemical environ-
temperature superconducting Cu oxides may be prepared. ment of a perovskite. The thus resulting intra-atomic ex-
Since the discovery of CMR phenomena in perovskitechange and the orbital degrees of freedom of the Mh 3
related manganites, extensive studies have been performetectrons play essential roles in this constellation. Further-
on manganese oxides with atomic arrangements related toore, various kinds of structural distortion profoundly influ-
the perovskite and pyrochlore structures over a wide varietgnce the electronic properties. The extensive studies of CMR
of compositions with the aim to explore exotic spin-charge-in R; _,A,MnO; have brought forth novel features related to

0163-1829/2002/69.4)/14442213)/$20.00 65 144422-1 ©2002 The American Physical Society



R. VIDYA, P. RAVINDRAN, A. KJEKSHUS, AND H. FJELLVAG PHYSICAL REVIEW B65 144422

found that YBaMpO;s crystallizes in space group4/mmm
whereas a more recent powder neut@r300 K (Ref. 25
diffraction (PND) study foundP4/nmm So a theoretical ex-
amination of the total energy for the two different structural
alternatives is required.

The rest of the paper is arranged as follows: Section Il
gives crystal structure details for YBaM®bs. The theoretical
methods used for the calculations are described in Sec. lll.
The analysis of the band structure is given in Sec. IV A.
Section IV B deals with the nature of the chemical bonding
in YBaMn,Og, analyzed with the help of site-, spin-,
angular-momentum-, and orbital-projected density of states
(DOS). Section IV C discusses CO and OO in YBajMg
with the help of charge-density plots. The results from cal-
culations of optical spectra and x-ray absorption near-edge
(XANE) spectra are discussed in Secs. IVD and IV E, re-
yc_,pectively. Section IV F deals with hyperfine parameters. Fi-

glly the important conclusions are summarized in Sec. V.

FIG. 1. The YBaMpOs crystal structure. The Y and Ba ions
form layers alonge. The square pyramids corresponding to¥n
and Mr?* are shown by open and shaded polyhedra, respectivel
The O atoms at the bases and apices of the square pyramids dl
denoted @1) and 2), respectively.

. . " . . . Il. CRYSTAL STRUCTURE
CO in these oxides. In transition-metal oxides with their

anisotropic-shaped orbitals, the Coulomb interaction be- ~ Chapmanet al’* synthesized rather impure YBayDs
tween the electronéstrong electron correlation efféamnay and reported the crystal structure parameters according to
be of great importance. Orbital orderii@O) gives rise to  space groupP4/mmm (described as double or ordered,
anisotropic interactions in the electron-transfer proces®xygen-deficient perovskite, closely related to YBaCukjeO
which in turn favors or disfavors the double-exchange andrhese findings were subsequently confirmed by McAllister
the superexchangéF or AF) interactions in an orbital and Attfield* who also established a model for the ferrimag-
direction-dependent manner and hence gives a complex spifietic ordering of the magnetic moments of Mn in
orbital-coupled state. OO in the manganese oxides occasioBaMn,Os (still based on an impure samplé/lore recently
ally accompanies the concomitant GO.The ordered Millange et al?® have succeeded in preparing phase-pure
oxygen-deficient  double  perovskites RBaT,0s,5; YBaMn,Os and these authors report crystal and magnetic
(T=transition metals like Fe, Co, and Miave attracted Structure parameters according to space gi@dmmm
much attention as new spin-charge-orbital-coupled systems Within the P4/nmm description YBaMgOs crystallizes
and new CMR materials. In the isostructural phases With With a=5.5359 andc=7.6151 A; Y in 2p), Ba in 2(@),
=Gd and Eu CMR effects of some 40% are observels ~ Mn(1) in 2(c) with z=0.2745, Mrf2) in 2(c) with z
the experimental findings have been made available only irF 0.7457, @1) in 8(j) with x=0.4911,y=0.9911, andz
recent years, little theoretical work has been undertaken te=0.4911, and @) in 2(c) with z=0.0061. The lacking
understand the origin of these microscopic properties. Thexygens in the yttrium plane, compared with the perovskite-
present study reports a detailed theoretical investigation dfristotype structure, reduces the coordination number of yt-
the electronic structure and optical properties of YBaln  trium to 8, while barium retains the typical 12 coordination
At low temperature, YBaMyOs is an AF insulator with  of the perovskite structure. The Mn-O network consists of
CO of M®" and Mr?* accompanied by OO and spin order- double layers of Mn@square pyramids, corner shared in the
ing (SO).?° The mechanism of CO and SO in manganites isab plane and linked via their apices.
not at all clear. Different authors have emphasized the im- According to theP4/nmm description(Fig. 1) the two
portance of different ingredients such as on-site Coulomlkinds of MnQ; pyramids are arranged in an ordered manner,
interactions'®~* JT distortion'>?° and intersite Coulomb each Mr* O pyramid being linked to five MH Og pyra-
interactions’! Therefore, we have attempted to study CO,mids. Owing to this charge ordering, each ¥Mnhas four
00, and SO through full-potential linear muffin-tin orbital Mn®" in-plane neighbors. Oxygen takes two crystallographi-
(FPLMTO) and full-potential linear augmented plane-wave cally different sites. @) forms the base of the square pyra-
(FPLAPW) methods. Similar to F©, and SmBaFg)s;.,,  mids, while 4i2) is located at the apex of the pyramids. The
where Fe takes the conventional valence states df Bad  interatomic Mn-O distances fall in four categories, being
FE" at low temperaturé®?® Mn is reported to occur as 1.908 and 2.086 A for M -O(1) and M*-O(1), respec-
Mn®* and Mrf* in YBaMn,Os. Above the so-called Verwey tively, whereas @) is 2.081 and 1.961 A away from M#
temperature Ty) valence-state mixing has been observed inand Mrf*, respectively(The P4/mmmdescription gave on
Fe;0, as well as in SmBak€©s..,,. This brings in an addi- the other hand, almost equal basal and apical Mn-O distances
tional interesting aspect in the study of the electronic strucwithin all  square pyramids) The basal plane
ture and magnetic properties of Mn in YBaMB. The first  Mn3"-O(1)-Mr?* angle is 157.8° and the apical
structural determinations based on powder x-890 K)  Mn®**-O(2)-Mr?* angle is 180°. The large variation in
(Ref. 12 and neutror{100—300 K (Ref. 29 diffraction data  these angles play a key role in the magnetic properties.
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Ill. COMPUTATIONAL DETAILS the MT spheres, the basis set is described by radial solutions

A. FPLMTO computations of the o_ne—particle Scht_iinger eq.uqtior(at fixed .energies

and their energy derivatives multiplied by spherical harmon-

The present calculations have used the FPLMTOcs. The charge densities and potentials in the atomic spheres
method® where no shape approximation is assumed for thevere represented by spherical harmonics upt6, whereas
one-electron potential and charge density. The basis geoni the interstitial region these quantities were expanded in a
etry consists of muffin-tifMT) spheres centered around the Fourier series with 3334 stars of the reciprocal lattice vectors
atomic sites with an interstitial region in between. Inside theG. The radial basis functions of each LAPW were calculated
MT spheres the charge density and potential are expanded ki tol =10 and the nonspherical potential contribution to the
means of spherical harmonic functions multiplied by a radialHamiltonian matrix had an upper limit df=4. Atomic-
component. The interstitial basis function is a Bloch sum ofsphere radir,, of 2.5, 2.8, 1.8, and 1.6 a.u. for Y, Ba, Mn,
linear combinations of Neumann or Henkel functions de-and O, respectively, were used. Since the spin densities are
pending on the sign of the kinetic energy (corresponding  well confined within a radius of about 1.5 a.u, the resulting
to the basis functions in the interstitial reg)o(n':ach Neu- magnetic moments do not depend appreciab|y with the cho-
mann or Henkel function is then augmenteeplaced by a  sen atomic-sphere radii. The initial basis set includsd3p,
numerical basis function inside the MT spheres, in the stangnd 4 valence and ¢ and 4p semicore functions for Y, §
dard way of the linear MT orbital meth&a.Since a Bloch 6p, and & valence and & and Ep semicore functions for
sum of atomic centered Henkel or Neumann functions hagg 4s, 4p, and 31 valence and 8 and 3 semicore func-
the periodicity of the underlying lattice it may be expandedtions for Mn and 3, 2p, and 31 functions for O. These basis
in a Fourier series, as done here. The spherical-harmoniginctions were supplemented with local orbitAlfor addi-
expansion of the charge density, potential, and basis fungjona| flexibility to the representation of the semicore states
tions was performed up 16,.=6. The basis included Y@ and for generalization of relaxation of the linearization er-
5s, 5p, and 4 states, Ba b, 6s, 6p, 5d, and 4 states, Mn  rors. Owing to the linearization errors DOS are reliable only
4s, 4p, and 3 states, and O< 2p, and 3 states. to about 1-2 Ry abovE . Therefore, after self-consistency

Furthermore, the calculations are all electron as well agyas achieved for this basis set we included higher-energy
fully relativistic. The latter level is obtained by including the |gcal orbitals: 5I- and 4f-like functions for Y, &- and
mass velocity and Darwiriand higher-orderterms in the  4f_jike functions for Ba, 5 and 5p-like functions for Mn,
derivation of the radial functionginside the MT sphergs 5ng J-like functions for O. The BZ integration was done
whereas the spin-orbit coupling was included at the variayith a modified tetrahedron meth&dand we used 14&
tional step using anl(s) basis. Moreover, the present calcu- points in the irreducible wedge of BZ. Exchange and corre-

lations made use of a so-called double basis, to ensure |gtion effects are treated within density-functional theory
well-converged wave function. This means that two Neu-pfT), using the GGA?®

mann or Henkel functions were applied, each attached to its
own radial function with anrf,I) quantum number. The in- . .
tegrations over the Brillouin zonéBZ) in the ground-state C. Optical properties

calculations were performed as a weighted sum, using the Qpgical properties of matter can be described by means of
special point samplindf with weights reflecting the symme- {he transverse dielectric functiarfq, ») whereq is the mo-
try of a givenk point. We also used a Gaussian smearingmentum transfer in the photon-electron interaction anis
W|dth.of 20 mRy for each eigenvalue in the vicinity of the i, energy transfer. At lower energies one cangse0, and
Fermi level to speed up the convergence. For the DOS angyrjye at the electric dipole approximation, which is assumed
optical calculations, the tetrahedron integration was eMihroughout this paper. The real and imaginary parts(ef)
ployed. The.calculations were performed for the experimens e often referred to ae, and e,, respectively. We have
tally determined structural parametdsee Sec. )l For the  cgicyated the dielectric function for frequencies well above
exchange-correlation functiond,(n), we have used the hose of the phonons and therefore we considered only elec-
generalized gradient approximati€BGA) where the gradi- onic excitations. In condensed matter systems, there are
ent of the electron density is taken into account using thgyq contributions tae(w), viz., intraband and interband tran-
Perdew and \{Var?@ implementation of the GGA. Here 182 jions. The contribution from intraband transitions is impor-
points in the irreducible part of the primitive tetragonal BZ yant only for metals. The interband transitions can further be
were used for the self-consistent ground-state calculationgyit into direct and indirect transitions. The latter involves
and 352k points for the optical calculations. scattering of phonons and are neglected here, and moreover
these only make small contribution éw) in comparison to
the direct transitiond® but have a temperature broadening
effect. Also other effects, e.g., excitofwhich normally give

For the XANES and orbital-projected DOS calculationsrise to rather sharp peaksaffect the optical properties.
we have applied the FPLAPW meth8din a scalar- The direct interband contribution to the imaginary part of
relativistic version without spin-orbit coupling. The the dielectric functione,(w) is calculated by summing all
FPLAPW method divides space into an interstitial regionpossible transitions from occupied to unoccupied states, tak-
(IR) and nonoverlapping MT spheres centered at the atomiig the appropriate transition-matrix element into account.
sites. In the IR, the basis set consists of plane waves. Insidehe dielectric function is a tensor for which all components

B. FPLAPW computations
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TABLE |. Total energy in different magnetic configurations.

Type Paramagnetic Ferromagnetic Antiferromagnetic
Total energy(Ry/f.u.) —28438.0466 —28438.2754 —28438.3125
AE (meV/f.u) 3618.6 505.6 0.0
Electronic state Metal Metal Semiconductor
Calculated magnetic momenf)

Ferromagnetic Antiferromagnetic Experimeftal
Mn3* 3.45 3.07 2.91
Mn2* 3.99 3.93 3.91
Saturated 7.44 0.86 0.95

8Reference 25.

are needed for a complete description. However, we restridn order to calculate:;(w) one needs a good representation
our considerations to the diagonal matrix elemesity w) of e,(w) up to high energies. In the present work we have
with v=X, y, or z. The interband contribution to the diagonal calculatede,(w) up to 41 eV above th&g level, which also

elements ofe,(w) is given by was the truncation energy used in E8).
To compare our theoretical results with the experimental
2e2 Unocc occ spectra we have calculated polarized reflectivity spectra us-

egv_ -y 2 E nn,(k)|2fkn 1—fyn) ing the following relation. The specular reflectivity can be
n obtained from the complex dielectric constant in Ei)
K through the Fresnel’'s equation
X S(EX—ES,—ho 1
(& )( 2m)3’ W Ve(w)—1 2

R (w)= 4

. . . \/ +1
wheree is the electron chargen its mass,f,, the Fermi- e(w)

Dirac distribution functionP,, the projection of the mo- e have also calculated the absorption coefficidt)
mentum matrix elements along the directionf the electric  and the refractive inder using the following expressions:
field, and EX one-electron energies. The evaluation of the

matrix elements in Eq(1) is done separately over the MT (eX(w)+ €5(w)) Y%~ €1(w) |2
and interstitial regions. Further details about the evaluation (w)=2w 2 ®)
of matrix elements are found in Ref. 34. The integration over
BZ in Eq. (1) is performed using linear interpolation on a and
mesh of uniformly distributed points, i.e., the tetrahedron — 1
method. The totak;” was obtained frone;"(1BZ); i.e., €5” VeIt et e
was calculated only for the irreduciblg¢) part of the BZ - 2 )
using
1 N IV. RESULTS AND DISCUSSION
N E ol €,(IBZ) 0, (2 A. Electronic band structure

The FPLMTO calculations were performed on
whereN is the number of symmetry operations amdrep- YBaMn,Os for three different magnetic configurations, viz.,
resents the symmetry operations; for shortneés) is used Pparamagneti¢P), ferromagnetic(F), and antiferromagnetic
instead ofe””(w). Lifetime broadening was simulated by (AF). From Table I it can be seen that in the AF configura-
convoluting the absorptive part of the dielectric functiontion, the spins are not canceled and hence this state is really
with a Lorentzian, whose full width at half maximum ferrimagnetic (Ferr). Moreover, Table | shows that Ferri
(FWHM) is equal to 0.005{w)? eV. The experimental YBaMn,Os has lower energy than the P and F configura-
resolution was simulated by broadening the final spectra witfiions. The energy-band structure of Ferri YBaj@3 is
a Gaussian of constant FWHM equal to 0.01 eV. shown in Figs. 2) and 2b) for up- and down-spin bands,

After having evaluated Eq2) we calculated the inter- respectively. YBaMpOs is seen to be an indirect-band-gap
band contribution to the real part of the dielectric functionSemiconductor. A closer inspection of the energy-band struc-
€,(w) from the Kramers-Kronig relation ture shows that the band gap is between the top of the va-

lence bandVB) at thel" point and the bottom of the con-
5 ey ) do’ duction bandCB) at thezZ poipt. Ag the unit c;ell contains 1_8
El(w):1+_pj 2m T e (3y  atoms, the band structure is quite complicated and Fig. 2
m Jo w'?-0? therefore only depicts the energy rangd.5-7.5 eV.
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FIG. 2. The electronic band structure of YBap@y in the an-
tiferromagnetic statefa) up-spin bands an¢b) down-spin bands.
The line at 0 eV refers to the Fermi energy level.
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ture in the up-spin channel into three energy regiais:
bands lying at and below 4 eV, (ii) bands lying between
—4 and—2 eV, and(iii) the top of the VB, closer t&,
viz., the range-2-0 eV. Regior(i) contains 17 bands with
contributions from Y 4, 5s, Mn 3s, 3d, and O 2 elec-
trons. Region(ii) comprises bands which originate from
completely filled @1) and Q2) 2p orbitals. Regioriii) in-
cludes 10 bands. Among them one finds delocaliadid-
persed bands originating from Y § and O 2 orbitals and
somewhat localized bands attributed to (¥)nd,2, dy2_ 2,
dy,, andd,, orbitals. The topmost-occupied band contains
electrons stemming from the Mah,2 orbital. In the unoccu-
pied portion of the band structure, a corresponding division
leads to two energy regionét) The bottommost CB from 0
to 2 eV and(2) the middle range of CB from 2 to 4 eV.
(Above 4 eV the bands are highly dispersed and it is quite
difficult to establish the origin of the bangsThere are 9
bands in region1) which have some Y § Ba 5d, Mn(1)
3d,,, and Mr(2) 3d characters. In regiof2) the bands re-
tain Y 6s and 4, Ba 7s and &, and Mn 4, 4p, and 3
characters.

The energy-band structure of the down-spin chafigl.
2(b)] has 16 bands in the regidh up to —4 eV which arise
from the s and p electrons of the Y, Ba, Mn, and O atoms.
The mainlys- and p-electron character of the bands makes
them appreciably dispersed. The second energy re@ibn
contains 12 bands, which have %,5a 5p, Mn(2) 3d, and
0O(1), O(2) 2p character. The third regiofiii) closer toEg
has 10 bands which are mainly arising from (n Mn(2)
3d, and 1), O(2) 2p orbitals. Unlike the up-spin channel
the down-spin channel contains two band&atwhich arise
from the originally half-filledd,,, d, orbitals of Mn(1) and
the half-filledd,, orbital of Mn(2).

A finite band gap of 1.046 eV opens up between the
highest-occupied VB and bottommost-unoccupied CB. The
unoccupied portion of the down-spin channel is quite differ-
ent from that of the up-spin channel. The lowest-lying unoc-
cupied band has M8) 4s electrons. Between 0 and 2 eV
there are 8 bands which arise mainly from (#n3d elec-
trons as well as from M) and Mn2) 4s electrons and
0O(1) and Q2) 2p electrons. The dispersed bands present
between 2 and 4 eV have Ystand 3, Ba 6s and &, and
Mn(1) 3d characters.

B. DOS characteristics

In order to theoretically verify which of the two
(P4/mmm or P4/nmm based structures is energetically
more stable, we performed first-principles calculations for
both variants. The calculated DOS value Bt for the P
phase P4/mmm variant is 192.82 statd8lyf.u.) and for
P4/nmm 149 stategRyf.u.) in the P state. Hence, a larger
number of electrons are presentzt for the former variant,
which favors the relative structural stability of the latter.
Moreover, our calculations show that tRd/nmmvariant is

There is a finite energy gap of 1.307 eV between theB60 meV/f.u. lower in energy than thB4/mmm variant.
topmost-occupied VB and the bottommost-unoccupied CB inTherefore we conclude that YBaM@s is more stable in
the up-spin channel. For the purpose of more clarity, it isspace groug?4/nmmthan in P4/mmm viz., in accordance
convenient to divide the occupied portion of the band strucwith the most recent PND-based experimental study.
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FIG. 3. Total density of statedOS) for YBaMn,Os in para-, 2
ferro-, and ferrimagnetic states. 2

Our calculated total DOS curves for YBaMbg in the P, 0 A
F, and Ferri configurations are given in Fig. 3. The highest- 1@,‘ I
occupied energy level in the VB, i.e&¢, is marked by the b l
dotted line. In the P and F cases finite DOS values are ETEEET) s 0 s 10 1s
present in the vicinity oEr . Hence, both the P and F con- Energy (eV)

figurations exhibit metallic character. On going from the P to

F case, the electrons start to localize which is seen from the FIG. 4. Site-, spin-, and angular-momentum-decomposed DOS
reduced number of states Bt . Due to the electron local- ©f YBaMn,Os in the ferrimagnetic state, obtained by the full-
ization, a gain in total energy of 3.1 efable ) is observed Potential LMTO method.

when the spin polarization is included in our calculations.

However, in the Ferri case, a finite band gap of 0.88 eVsuperexchange interaction originates from the localizgd
opens up between the top of the VB and the bottom of theyectrons. Owing to the square-pyramidal crystal field in

CB. The experimental studies also show semiconductinggamn,Os both ey (d,y andd,> DOS in local coordinatés
behavior>* From Table | it can be seen that the Ferri con- 5, trg (s, dyp, anddye .2 DOS in local coordinates

figuration has lower energy than the other two configura-

. : o electrons(Fig. 5 get localized and hence boty andt,,
tions. The present observ_atlon O.f the stgblllzatlon of a Ferrblectrons participate in the superexchange interaction. This is
ground state in YBalyOs is consistent with the established

; 7, . . the main reason why the F state has much higher energy than
magnetic structur& It is interesting to note that the intro- the AF state in YBaMgOg as compared with LaMng
duction of the Ferri configuration is essential in order to 5 P

obtain the correct semiconducting state for YBaKdg Un- To obtain more insight into the DQS features, we show
like LaMnQO; (where the energy difference between the Fth.e angular-momentum-, spin-, and sﬂe-decompqsed DOS in
and AF cases is-25 meV) there is a large energy differ- Fig. 4. The onver panels for Y and Ba show that, in spite of
ence (0.5 eV) between the Ferri and the F states 0fthe h|gh atomic numbers for Y and Ba, sm_all DO_S values are
YBaMn,Os. So a very large magnetic field is required to S€€N in VB. The Y and Ba states come high up in 8. 4
stabilize the F phase and induce insulator-to-metal transitioR Y @00VeEg), indicating a nearly total ionization of these
in YBaMn,Os. atoms. They lose their valence charge to form ionic bonding
In the RMnO; phases hole doping induces CE-type mag-With oxygen. According to the crystal structure, Y and Ba are
netic ordering in which the spins are F aligned in zigzaglocated in layers along, which is clearly reflected in the
chains with AF coupling between these chains. Inelectronic charge-density distribution with{hi00) in the AF
YBaMn,Os, the Mn spins are AF aligned within quasi-one- configuration(Fig. 6).
dimensional chains as well as between the chains. The main The distinction between M@) and Mn(2) is clearly re-
difference between YBaMi®s; andRMnO; is that the latter  flected in the different topology of their DOS curves. As seen
haveey electrons present in the vicinity &g and that the from Table I, Mr{1) has a smaller magnetic moment
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— Mnnd, | — Mn(2)d,, |

(3.07ug) than Mn2) (3.91ug) which leads to the conclu- —
sion that Mri1) corresponds to Mt and Mr(2) to Mn?", osp 1 Lt

both in high-spin states. Both Mb) and Mn2) have low-

|
I
I
!
lying DOS features around 17 eV which can be attributed ‘ !
to well-localizeds and p electrons originating from the co- 05 1 I |
|
I
I
I

valent interaction between Mnd3with O 2s and 2p states.
The somewhat dispersed DOS in the energy regiah5 to
—2.5 eV is attributed to 8 electrons for both Mfl) and
Mn(2). As Mn(1) and Mn2) are AF coupled, theid-orbital 0
DOS have opposite character. The localized peaks closer t 51|
Er, with a width of about 2 eV, have both ¢} e, andty,,

character(see below, L

The top two panels of Fig. 4 show DOS for(1) and o5 | T ’L
0O(2). Crystallographically @) is almost coplanafin ab)
with Mn, whereas @) is at the apex of the square pyramid
(along c). The well-localized peaks in DOS for (D and
0O(2) at about—18 eV reflect the completely filled2orbit-
als. The spread-out DOS features betweetY.5 and
—0.5 eV are attributed to O2states. Figure 4 shows that
the O 2p states are energetically degenerate with Mh 3
states in this energy range, implying that these orbitals form
covalent bonds with Mfi1) and Mn(2) through hybridization.
The presence of a strong covalent interaction between Mr
and O in YBaMnOs is confirmed by our charge-density
analysis. The almost empty DOS for(1) and Q2) in the
CB implies that the oxygen atoms are in nearly completely
ionized states in YBaMyOs.

In order to progress further in the understanding of the
chemical bonding, charge, spin, and orbital ordering in
YBaMn,Os, we have plotted the orbital-decomposed DOS
for the 3d orbitals of Mn(1) and Mr(2) in Fig. 5. This illus- FIG. 5. Orbital(d) decomposed DOS for M) and Mn(2) in
tration shows that DOS for the, orbitals [d,2 andd,,) for  the ferrimagnetic state obtained by the full-potential FLAPW
both Mn(1) and Mn2) are well localized compared to that of method.

Mn ions in LaMnQ,. There is a sharp peak at5 eV in the
up-spin panel for Mfl) and in the down-spin panel for
Mn(2) which correlates with a well-localized peak in DOS and Mn(2¢*, and the result is a Ferri state with a finite
for O(2) (Fig. 4 This is attributed to the 180° magnetic moment of 0.85; .

Mn®*-O(2)-Mr#* bond angle which facilitatep-d o bond Transition-metal perovskite oxides which exhibit CO like
to the Q2) p, orbital and superexchange interactiéms |5, SrMnO, have an octahedral crystal field, whereas
up-spin Mr(1) and down-spin M(®) are participating in the  yBamn,Os has a square-pyramidal arrangement around Mn.
bonding, we infer that the superexchange interaction resultg, the former case, the,, electrons are in a well-localized
in AF spin ordering between the Mn atoms involved. Thestate. But in YBaMpOs the t,4 electrons are closer to the
peaks at ca. 1 eV in up-spin My and down-spin M2) are  E.. Due to different nature of hybridization between the
attributed to thgnonbonding d,2 orbitals. orbitals and the O @ state, they have a different DOS dis-

Since the Mn atoms are surrounded by O atoms in aribution as shown in Fig. 5. Thi, orbitals(d,,, dy,, and
square-pyramidal arrangement and the (MYO(1)-Mn(2)  d,2_,2) of both Mn(1) and Mr(2) are energetically degener-
bond angle is very much less than 180° (158°), the electroate as clearly seen from the character of the DOS curve. The
distributions in thee orbitals are very different. In particular topology of orbital-projected DOS curves is similar for
the d,2 electrons distributed closer ¢ and thed,, elec-  Mn(1) and Mn(2), except for thed,, orbital. For Mr{(1) the
trons are well localized and nearly empty in the top of thedxy orbital has a very small peak Bt whereas a finite-sized
VB. From Fig. 4, we see that the OpZorbitals are also peak is observed for the same orbital of (2n It is indeed
situated in the same energy ran@e5 to 0 e\) as thed,,  the occupancy of this orbital which determines the magnetic
orbitals of Mn(1) and Mn(2); thus, these orbitals and(D p, moment of Mrl) and Mn2). If one considers the
andp, orbitals formp-d o bond. As the bond angle Mb)-  Goodenough-Kanamdfi rules for magnetic interactions in
O(1)-Mn2 is only 158°, the strength of this covalent bond ismanganese oxides, the expected magnetic order should be
weak and consequently the AF superexchange interaction bé-type AF (viz., F ordering within the layers and AF order-
comes weakenetl. Despite the AF superexchange interac-ing between the layers, arising from superexchange interac-

— Mn(l)d, T — Mn(2)d,

“\— Mn(2)d;z *
A

— M) d,,

— Mn()d;z 2 I

oot

DOS (states eV~ atom™)
IS
7]
—

— Mn(d,

— Mn@)d;?

Energy (eV)

tion, there is no exact cancellation of the spins of Mri(1)
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tions between occupied,, orbitals on Mii* and emptyd,,  established an intimate connection to lattice distortion. It
on Mrm?*). However, owing to the large deviation of the seems to be the lattice distorti_op.associated with OO which
Mn-O-Mn bond angle from 180° along with CO, th, localizes the charge and thus initiates 0.
orbitals for both Mn species become occupied. Hence, AF In general the ground state of mixed-valent manganite
ordering is observed between Mn within the planes as welPerovskites is either F and metallic or AF and CO. In all CO
as between the planésee Fig. 7. One Mn couples AF to its ~ Systems, the magnetic susceptibility drops rapidly at the CO
six neighboring Mn in aG-type AF arrangement in accor- temperature Tco). CO drastically influences the magnetic
dance with experimental finding3.Hence, the theoretical correlations in manganites. The effect of the CO state on
calculations have provided the correct ground state with recooperative magnetic states is to produce insulating behav-
spect to the experiments. ior. A high magnetic field induces a meltinglike phenomenon
Magnetic susceptibility and magnetization measurement8f the electron lattice of the CO phase, giving rise to a huge
have unequivocally shown that YBaM®; is in a Ferri state negative magnetoresistariteFor these reasons, it is inter-
at low temperaturé?® with a saturated moment between esting to study CO in YBaMOs.
0.5u and 0.9%5 per YBaMnOs formula unit!?? The Charge localization, which is a prerequisite for CO, is
theoretically calculated magnetic moments for Mn aremutually exclusive with an F state according to the double-
3.07ug and 3.93., repectively, giving a net magnetic mo- €xchange mechanism. The double-exchange mechanism re-
ment of 0.86,z per formula unit for the Ferri state of duires hopping of charge carriers from one Mn to an adjacent
YBaMn,Os. Our theoretically calculated value is less thanMn via an intervening O. The CO state is expected to be-
the predicted(spin-only value of 1.Qugz. From the DOS come stable when the repulsive Coulomb interaction be-
analyses, we noted that there is strong hybridization betweelf/een carriers dominates over the kinetic energy of the car-
Mn 3d electrons and O R electrons. A finite magnetic mo- fiers. Hence, CO arises because the carriers are localized at
ment of 0.0064g/atom and 0.00325/atom are theoreti- spe(_:|f|c long-range-ordered sites below the CQ temperature.
cally found to be present at(® and G2), respectively. COis expecte_d to be favored for equal p_roport|ons sz_fVIn
Hence, we conclude that the slight deviation in the saturate@d Mr** as in the present case, and in YBaj@3 it is
magnetic moment from that predicted by an idealized ionicassociated with the AF coupling between Mn in thée
model can be attributed to the strong hybridization betweerlane. CO depends on tleelectron bandwidth and hence it
Mn 3d and O 2 electrons. We have also performed calcu-is Worth to consider this feature in some detail. On reduction
lations with the room-temperature structural parameters, corf the Mn-O-Mn angle, the hopping between the M @nd
firming that the two manganese atoms possess different ma§} 2p orbital decreases and hence thg bandwidth de-
netic moments at this temperature. In order to understand tHgeases. Consequently the system stabilizes in a Ferri-CO-
role of JT distortion arising from the presence of Mrions ~ insulating state. Usually the CO-insulating state transforms
in YBaMn,Os, it is interesting to study the lattice relaxation t0 @ metallic F state on the application of a magnetic field.
effect on the electronic structure and magnetic properties ofhis may be the reason for the metallic behavior of the F
this material. However, due to the intense computations inPhase found in our calculation. CO in YBaMDs is charac-

volved in such studies, it is out of scope of the present inierized by the real-space ordering of f#nand Mr** spe-
vestigation. cies as shown in Figs(& and &b). Our calculations predict

that a long-range CO of Mid and Mr** with a rocksalt-
type arrangement occurs at low temperatures. This can be
viewed as chains of Mit and Mr** running parallel tob

For the pseudocubic and layered perovskite manganesad correspondingly alternating chains running alaradc
oxides, essentially three parameters control the electrorviz., a checkerboard arrangement of CO as seen from Fig.
correlation strength and the resultant structural, transporf).
and magnetic propertié$: First, the hole-doping level Furthermore, there exist orbital degrees of freedom for the
(charge-carrier density or the band-filling level of the)CB Mn 3d electrons and OO can lower the electronic energy
the case of perovskite oxides the substitution of a trivalenthrough the JT mechanism. Therefore, mixed-valent manga-
rare earth(R) by a divalent alkaline eartifd) introduces nites can have OO in addition to C®0O0 gives rise to the
holes in the Mn 8 orbitals. Second, the effective one- anisotropy in the electron-transfer interaction. This favors or
electron bandwidth(W) or equivalently thee, electron-  disfavors the double-exchange interaction and(ther AF)
transfer interaction. The magnitude @f is directly deter- superexchange interaction in an orbital-dependent manner
mined by the size of the atom at tlieand A sites which  and hence gives a complex spin-orbital-coupled state. There-
makes the Mn-O-Mn bond angle deviate from 180° and thugore, it is also interesting to study OO in some detail. Figures
hinders the electron-transfer interaction. The correlation beé(a) and 6b) show the electron charge density of
tween CO and the size of tHR and A is studied by several YBaMn,Os in bc (100 andab (001) planes, respectively.
workers and is well illustrated by a phase diagram in Ref. 40As the electron-charge density is plotted in the energy range
Third comes the dimensionality: the lowering of the elec-where the 8 orbitals reside, the shape of thg andd,2_ 2
tronic dimensionality causes a variety of essential changes iarbitals are well reproduced in Figs(e and 8b), respec-
the electronic properties. The carrier-to-lattice coupling is sdively. The transfer integral between the two neighboring Mn
strong in manganites that the charge-localization tendencgtoms in the crystal lattice is determined by the overlap be-
becomes very strong. Investigations on the CO state haveveen the 8 orbitals with the 2 orbital of O atom. In the

C. Charge and orbital ordering

144422-8



SPIN, CHARGE, AND ORBITAL ORDERING IN THE . .. PHYSICAL REVIEW B 65 144422

FIG. 7. Schematic diagram showing the checkerboard-type
charge ordefCO), F-type orbital ordefO0), andG-type ferrimag-
netic spin ordefSO) of Mn in YBaMn,Os.

plane andd,2_2 orbital order along th@b plane for Mr(1)
and Mn(2) (Fig. 7), which is consistent with experimental
FIG. 6. Charge density distribution of YBaM@s in (@ bc  findings. Bothd,> andd,2 2 orbitals are aligned in the same
(100 and(b) ab (001) plane. Here 40 contours are drawn betweenorientation within the layer as well as between the layers as
0 and 0.02 electrons/ a%iThe charge density is calculated in the shown in Fig. 7. So this type of OO is named F type.
energy range—4.57 eV to —3.42 eV in thebc plane and
—9.37 eV t0—3.82 eV in theab plane in order to visualize the D. Optical properties
Mn 3d electrons.
Further insight into the electronic structure can be ob-
tained from the calculated interband optical functions. It has
been earlier found that the calculated optical properties for
e = ) Snl,, NaNG,, and MiX (X=As, Sb, B) (Refs. 44—4pare
resulting in ap-d o bond. The finite electron density present i, gycelient agreement with the experimental findings, and
within Mn(1)-O(2)-Mn(2) illuminates the path for the AF o haye therefore used the same theory to predict the optical
superexchange interaction between them. When the_: size Btoperties of YBaMpOs. Since this material possesses
the RandA becomes smaller the one-electron bandwidth \,ique Ferri ordering and semiconducting behavior along
eg“eleptron—tran_sfer interactiondecreases in valug, FOr  with a uniaxial crystal structure, it may find application in
Y W'stf an ionic radius of 1.25 Asmaller than otheR's optical devices. Yet another reason for studying the optical
like La®>" (1.36 A) (Ref. 38] the Mn(1)-O(1)-Mn(2) angle is  pronerties is that it has been experimentally establi§Hadt
much less than 180° so tm%-electron bandwidth is small hq optical anisotropy of ReCa, ,MnO; is drastically re-
compared with the,g-electron bandwidth. duced aboveTq. It is therefore expected that the optical
The overlap between the,> 2 and p, orbitals is zero  gpisotropy will provide more insight into CO and OO in
because of their d_lfferent orientation in tad plane. Thes[?- YBaMn,Os. For YBaMn,Os with its tetragonal crystal struc-
fore, the electron in the,2_ 2 orbital cannot hop along. ture, the optical spectrum is conveniently resolved into two
Also the direct overlap between @ , and Mndis minimal - yrincipal directionsE||a andE|c, viz., with the electric field
in the ab plane and hence the electrons get localized and yector polarized along andc, respectively. In the topmost
cause CO and OO. Owing to the fact that the(rO(1)  panel of Fig. 8, the dispersive part of the diagonal elements
bond length is 1.908 A compared with 2.086 A for @R of the dielectric tensor are given. The anisotropy in the di-
O(1), more electronic charge is present on Mnthan on  gjectric tensor is clearly seen in this illustration.
Mn3". This is visible in the orbital decomposed D@Sg. In the second panel of Fig. 8, the polarizedspectra are
5), where thed,, orbital of Mr?* has more state@lectron$  shown. The spectra corresponding Effa and E|/c differ
than that of Mr™. _ from one another up to ca. 10 eV whereas less difference is
PND (Ref. 25 indicates that MA* has the occupied,z  noticable in the spectra above 10 eV. Since there is a one-to-
orbital extending along[001], whereas the unoccupied gne correspondance between the interband transitions and
dy2_y2 orbital extends alonfl10] and[110]. A correspond-  band structuregdiscussed in Sec. IV A we investigate the
ing OO could be expected for MA with both d,2 and  origin of the peaks in the, spectrum with the help of our
dy2_,2 orbitals occupied. Our detailed electronic structurecalculated band structure. As YBaMbs stabilizes in the
studies show that bottl,> andd,> 2 orbitals are partially Ferri state, the VB has an unequal number of bands in the
occupied for MR" as well as MA™ as shown in Fig. 5. On up- and down-spin channel§ig. 2, viz., 36 bands in the
the other hand, according to our charge-density analysiformer and 38 in the latter. The two extra bands of the down-
[Figs. Ga) and Gb)] the d,2 orbital is ordered along thec  spin channel closer t&¢ in the VB play an important role in

bc plane thed,2 orbital is ordered along for both Mn(1)
and Mn(2); this orbital hybridizes with the Q) p, orbital,
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15 T T T T T T T T T In order to understand the origin of the optical anisotropy
in YBaMn,Os; we have also made optical property calcula-

e l tions for the F phase, which show thé@h contrast to the

Ferri phasgthe e, spectrum foiE|a is shifted some 3.5 eV

to higher values thaE||c. Further, thes, components oE|c

for the F phase is much smaller than that for the Ferri phase,

indicating that the large optical anisotropy in YBaM0y is

originating from theG-type Ferri ordering.

To emphasize the above finding, we have also plotted the
spin-projectedk, spectra along tha [ e5(w)] andc [ €5(w)]
directions(third and fourth panels of Fig. 8, respectively
Although the optical gap is approximately same Edja and
Ellc in the e, spectrum, there is a finite difference in the
optical gaps related to up- and down-spin electrons in the
€5(w) and€5(w) spectra. The optical gap for the down-spin
case is smaller than that for up-spin case owing to the pres-
— i::z;;g;ip_";';m) ence of the two narrow bands very closegp in the down-

spin channel of the VB. There is a large difference between
the spectra for up and down spins up to ca. 7 eV. &{@)
spectrum resulting from the up-spin states has somewhat
more dispersed peaks than that from down-spin states. The
€5(w) spectrum resulting from the down-spin states has four
well-defined peaks: two prominent peaks in the region
s p ) 1.75-2 eV and two additional peaks at ca. 2.25 and 3 eV.

¢ (down-spin) A . .

The magnitude of the down-spin peaks are higher than those
of the up-spin peaks in th&(w) spectrum. The5(w) spec-
trum originating from up- and down-spin states have appre-
ciable differences up to ca. 6 eV. The down-spin part has two
well-defined peaks at ca. 1.75 and 2.75 eV. The up-spin part
0 T e s 10 1211 15 1 20 has dispersed peaks of lower magnitude than the down-spin

Photon Energy (eV) part, the magnitude of the up-spin peaks§tw) being gen-
. ) . ) erally higher than inj(w). The optical anisotropy is notice-
FIG. 8. Imaginary and real parts of the optical dielectric tensorgy1a” i the direction- as well as spin-resolveg spectra.
of YBaMn,Og are given in the first and second panels, respectiverHenCe it is verified that the optical anisotropy originates
(note that the spectra are broadenddhe spin-projected imaginary both fr,om crystal-field effects as well as from the Ferri or-
part of dielectric tensor along andc directions are given in third dering. As the reflectivity, absorption coefficient, and refrac-
and fourth panels, respectively. NG " . ! .
tive index are often subjected to experimental studies, we
have calculated these quantities and reproduced them in Fig.
the transitions as discussed below. We name the topmost We now advertice for experimental optical studies on
band of the VB as No. 38 and bottommost band of the CB a¥BaMn,Os.
No. 39. The lowest-energy peak results from interband
transitions[Nos. 35—-41, mostly ) 2p to Mn(2) d,2, and E. XANES studies
Nos. 35-39, mostly M{1) d,2 to Mn(2) 4p] and peakB
results from transitiongNos. 38—48 and 36—49, mostly Mn

3d to Mn 4p). PeakC originates from many transitions, yqnic structure of amorphous and crystalline sofiti¥-ray
including O 2p to Mn 3d, Y 5sto Y 5p, etc. Peak®, E, and  gpsorption occurs by the excitation of core electrons, which
F are contributed by several transitions including @ ®  makes this technique element specific. Although the XANES
Mn 3d and Y 5s to Y 5p. Further, a very small peak is only provides direct information about the unoccupied elec-
present in the higher-energy region- 17 eV) of e, which  tronic states of a material, it gives indirect information about
is due to transitions from lower-lying occupied levels to the valence of a given atom in its particular environment and
higher-lying unoccupied levels. The accumulation of broad Yabout occupied electronic states. This is because the unoccu-
4d and Ba % bands in the high-energy part of the CB resultspied states are affected by the occupied states through inter-
in very little structure in the higher-energy part of the opticalaction with the neighbors.

spectra. The optical gaps f&f|a andE||c are approximately The oxygen atoms are in two different chemical environ-
the same indicating that the effective intersite Coulomb corments in YBaMnOs as clearly seen in PDOS in Fig. 4. The
relation is the same for the in-plane and out-of-plane oriencalculatedK-edge spectra for @) and Q2) shown in Fig.
tations for the Ferri phase. This can be traced back to th&0 involve transition from the 4 core state to the unoccu-
G-type Ferri coupling in this material. pied p state. In this context the MK edge mainly probes the

€(w)

€,(w)

@)

€

X-ray absorption spectroscog)XAS) has developed into
a powerful tool for the elucidation of the geometric and elec-
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. . - FIG. 10. Calculatedk-edge spectra for M) and Mrn(2) as well
FIG. 9. Calculated reflectivity spectra, absorption coefﬂmentas Q1) and G2) of YBaMn,Ox.

[(I(w) in 10° cm™1)] and refractive indefn(w)] alonga andc

for YBaMn,Os.
XANES spectra become available for YBaMby the above

unoccupied Mn 4 states. It is generally accepted that Ofet::gge]%rs r':Ao# \d be able to confirm the two different valence
K-edge spectra are very sensitive to the local structure 0? '
transition-metal oxides as documented fop,®¢ (Ref. 48
and TiO, (Ref. 49. The K-edge spectra for @) and Q2)
(Fig. 10 show appreciable differences throughout the whole  The calculation of hyperfine parameters is useful to char-
energy range. In particular there are two peaks appearing iacterize different atomic sites in a given material. Many ex-
the Q2) spectrum between 540 and 550 eV that are absenderimental techniques such as  $ébauer spectroscopy,
for O(1). Within 3 A, 2 Mn, 2 Y, and 6 O surround @) nuclear magnetic and nuclear quadrupole resonance, and per-
whereas, 2 Mn, 4 Ba, @5 O surround @). It is this dif-  turbed angular correlation measurements are used to measure
ferent chemical environment which causes the differences ihyperfine parameters. Hyperfine parameters describe the in-
the K-edge XANES spectra of @) and Q2). teraction of a nucleus with electric and magnetic fields cre-
YBaMn,Os contains Mn in the valence states ffnand  ated by its chemical environment. The resulting splitting of
Mn?* which, as discussed in Sec. IV C, experience CO. Amuclear energy levels is determined by the product of a
experimental technique to visualize CO is not available. Imuclear and an extra-nuclear quantity. In the case of quadru-
order to visualize the presence of different oxidation statepole interactions, it is the nuclear quadrupole moment that
for Mn, we have theoretically calculated the XANEKSedge interacts with the electric field gradiefEFG) produced by
spectra for Mi(1) and Mn(2) and presented them in Fig. 10. the charges outside the nuclédghe EFG is a ground-state
Both Mn atoms are seen to have four peaks within the energgroperty of a material which depends sensitively on the
range considered, reflecting that both are surrounded by fivasymmetry of the electronic charges. The direct relation of
O within 2.08 A. However, owing to the different valence the EFG and the asphericity of the electron density in the
states, there are intensity differences as well as energy shiftacinity of the probe nucleus enables one to estimate the
(some 1 eV of these peaks. For example, the lower-energyguadrupole splitting and the degree of covalency or ionicity
peak has large intensity in the N&) K-edge spectrum com- of the chemical bonds provided the nuclear quadrupole mo-
pared with that for MfiL). On the contrary, the three higher- ment is known. Quantities describing hyperfine interactions
energy peaks in the M) K-edge spectrum are less intense(e.g., EFG and isomer shifare widely studied nowadays
than in the Mrl) K-edge spectrum. When experimental both experimentally and theoretically.

F. Hyperfine parameters
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TABLE II. Calculated (FLAPW method principal component  differ mutually in their values for the EFG and HRFable
of the electric field gradientEFG) V. in units of 16* V/m* and 1), suggesting that the strength of the covalent bond formed

the Fermi contact hyperfine fieltHFF) in kG at the atomic sites in by them with Mr(1) and Mr(2) is different.
ferro- and ferrimagnetic configurations.

Ferromagnetic Ferrimagnetic V. SUMMARY

Atom EFG HFF EFG HFF Like hole-doped RMnOs-based CMR materials

% 0.17 45.90 0.48 21.01 YBaMn,Os also carries mixed-valence states of manganese,
Ba 10.50 —19.24 10.08 38.85 ferrimagnetic ordering, and charge ordering and apparently
Mn(1) 241 _73.36 0.09 17954 undergoes a combined insulator-to-metal and ferrimagnetic-
Mn(2) 098 _210.98 101 318.79 to-fgrromagnetlc tr_an5|t|c_>n. Hence YBaMds may b_e a po-
o) 5.36 64.42 4.95 4259 tential CMR material Whlc_h de_serve_s more attention. _
0(2) 3.86 97.06 5.06 21.96 We have made a detailed investigation of the electronic

properties of YBaMpOs using the full-potential LMTO
method as well as the full-potential LAPW method and con-

Blaha et al®* have showed that the linear augmentedclude the following. _ _ _ _
plane wave(LAPW) method is able to predict EFG’'s in () The G-type ferrimagnetic semiconducting state is
solids with high precision. The charge distribution of com-found to be the ground state in accordance with experimental
plex materials such as YBBwuO,, YBa,Cu;Ogs, and findings. _ _

YBa,Cu;0s has been studied theoretically by Schwarz (i) The existence of the two different types of Mn atoms
et al® by this approach. In this study, we have attempted tdS visualized by differences in site- an_d orb|tal_-pr01ected
establish the different valence states of Mn in YBakdg DOS curves. In order to further emphasize the different va-
with the help of the EFG and the hyperfine field calculated®Nce states of Mn, we have calculatéeedge XANE spec-
using the FPLAPW method as embodied in theeng7 U@ For Mn as well as O the existence of two types of
code® valence-induced atomic species is established with the help

The total hyperfine fieldHFF) can be decomposed in ©Of K-édge spectra. _
three terms: a dominant Fermi contact term, a dipolar term, (iil) The occurrence of checkerboard-type charge ordering

and an orbital contribution. We limit our consideration to the@nd F-type orbital ordering is seen from the charge-density

contact term, which in the nonrelativistic limit is derived Plots. The small size of ?Y*_ma_kes the Mn-O-Mn bond
from the spin densities at the nuclear site: angle deviate from 180°, which in turn imposes a reduction

in the e; bandwidth. The charge- and orbital-ordering fea-
8 tures are believed to result from this perturbation of ¢ge
chgwﬂs[PT(O)_Pl(o)]- (7) orbitals.
(iv) As YBaMn,Oj is a ferrimagnetic semiconductor, it is

The EFG is defined as the second derivative of the elecuseful to probe its optical properties for potential applica-
trostatic potential at the nucleus, written as a traceless tensdions. We have analyzed the interband contributions to the
This tensor can be obtained from an integral over the noneptical properties with the help of the calculated electronic
spherical charge densitg(r). For instance the principal band structure features. We found large anisotropies in the

componend/,, is given by optical spectra originating from ferrimagnetic ordering and
the crystal field splitting. No experimental optical study of
3 2P,(cosb) YBaMn,Os is hitherto available.
Vaz= f d°rp(r) r—g (8) (v) Hyperfine parameters such as hyperfine field and elec-

tric field gradients have also been calculated showing very
whereP, is the second-order Legendre polynomial. A morelarge differences in the computed values for the crystallo-
detailed description of the calculation of the EFG can begraphically different manganese and oxygen atoms. This
found elsewheré® substantiates that Mn exists in two different valence states in

The calculated EFG and HFF at the atomic sites inYBaMn,Os.

YBaMn,Os are given in Table Il which confirm that there is
a finite difference in the value of both the EFG and HFF
between the two Mn atoms. So we can conclude that their
charge distribution is quite different. The higher value of the This work has received support from The Research Coun-
EFG and HFF in MA" than in Mr#" is justified because cil of Norway (Program for Supercomputinghrough a grant
more charge is found on the latter. This can be seen from thef computing time. R.V. wishes to thank Professor John
orbital-projected DOS as well as from the magnetic momentills, Professor Peter Blaha, and Professor Karlheinz
possessed by the two ions. The HFF for¥rin LaMnO; is ~ Schwarz for supplying their computer codes used in this
found to be—198 kG2 which is quite close to-179 kG  study and Professor Olle Eriksson for useful communica-
found for Mr** in our case. Consequently we substantiatetions. R.V. kindly acknowledges Professor L. Veseth and P.
that Mn(1) corresponds to Mt". The two oxygen ions also Vajeeston for useful discussions.
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Effect of oxygen stoichiometry on spin, charge, and orbital ordering in manganites
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Using full-potential density-functional calculations we show that oxygen stoichiometry plays an important
role on spin, charge, and orbital ordering in manganites. The electronic structure and magnetic properties of
LaBaMn,Os, s have been studied fa¥=0, 0.5, and 1; fors=0 and 0.5 the system exhibits charge, orbital,
and antiferromagnetic spin ordering, whereagatl the charge and orbital orderings disappear but the spin
ordering remains. We also bring out an insulator-to-metal transition upon goingdrethto 1. The study
suggests that one can manipulate the charge and orbital orderings in certain perovskite-like oxides by merely
varying the oxygen stoichiometry and hence design oxides with desired electrical and magnetic properties.

DOI: 10.1103/PhysRevB.69.092405 PACS nuntder71.15.Nc, 71.26-b, 81.05.Je, 81.40.Rs

There has been an upsurge of interest in perovskite-likdin and O atoms are present and reflected in different
manganese-based oxides since the discovery of coloss@-Mn-O angles (apicai161°;  equatoria+180°).
magnetoresistancé€CMR). The CMR manganites display a LaBaMn,Os s is orthorhombié [space groupAmmm see
fascinating diversity of behaviors including several forms ofFig. 1(c)]. The additional oxygen atoms fé=0.5 are at the
spin, charge and orbital orderingBereafter SO, CO, and oxygen-empty layers of the LaBaN@s-type variant. Hence
00).! The electronic, magnetic, and CMR features of a giverLaBaMn,Os 5 has square pyramid@around Mril)] as well
material are largely determined by the chemical compositioras octahedral [around Mr2)] coordinations of Mn.
and crystal structure and these properties may be quite senaBaMn,Og also has a tetragonal structlifespace group
sitive to even tiny changes in the atomic architecture. Henc®4/mmm see Fig. 1e)]. The added oxygen atoms complete
an improved understanding of how composition and structhe conversion from square pyramidal coordination around
ture affect transport and magnetism and this may guide th#in(1) at 5=0 to octahedral ab=1. The interesting aspect
search for new CMR materiafs. of LaBaMn,Os., 4 is that the arrangement of £4 and B&™*

The interplay between the crystal symmetry and theremains unchanged, hence the similarity between the three
atomic orbitals plays a crucial role in the conductivity of the structures is reinforced.
ey electrons in manganites. The transfer integtalof e, We have calculated the total energy of LaBaj@g, 5 in
electrons between neighboring Mn sites is mediated by théne para<{P), ferro- (F), and antiferromagneticAF) configu-
O-2p orbitals and hence depends on the degree of hybridizaations for the experimentally reported structural parameters.
tion between Mn-8 and O-2 orbitals. The substitution of The full-potential linear muffin-tin orbital (FPLMTO)
divalent cations on tha site of REMnQ (RE stands for rare  calculation8 presented in this paper are all-electron, and no
earth perovskitesie.g., the parent CMR material LaMgD  shape approximation to the charge density or potential has
induces holes in they band. Many studies have addressedbeen used. The basis set is comprised of augmented linear
the effect ofA-site-substituted cations on SO, CO, and OO.muffin-tin orbitals’ The calculations are based on the
Although it is well known that the long-range CO and the generalized-gradient-corrected GGA) density-functional
transfer efficiency of CMR materials are very sensitive to thetheory as proposed by Perdawal® Spin-orbit coupling is
oxygen stoichiometry, a complete picture of the role of theincluded directly in the Hamiltonian matrix elements for the
oxygen content and localization is lacking. In an attempt topart inside the muffin-tin spheres. We used a multibasis in
partly remedy this situation we have studied the SO, CO, andrder to ensure a well-converged wave function, i.e., several
OO0 in the model system LaBaM0@s, s (6=0, 0.5, and 1 Hankel or Neumann functions, each attached to its own ra-
In addition to a significant CMR effect, ferromagnetic order-dial function, have been used. Hence the basis included are
ing (viz., Tc) close to room temperature is considered essenss, 6p, 5p, 5d, and 4f orbitals for La and Ba, g, 4p, and
tial for technological applications of manganites. Ba-3d orbitals for Mn, and 8, 2p, and 3 orbitals for O. The
substituted LaMn@ offers interesting featurésvith T near spherical-harmonic expansion of the charge density, potential
room temperature and large resistance changes just abosed basis functions was performed upéq,=6. For the
[e.g., Tc~362 K (Ref. 4 for Lag ¢sBay 3sMNOs]. Hence the  total-energy study th&-space integration is done using the
studies on LaBaMyOs, s may prove to be of basic as well special point method with 192 points in the irreducible part
as applied scientific interest. of the first Brillouin zone. For the F and AF calculations, the

LaBaMn,Os crystallizes in the tetragonal double- magnetization axes are chosen in accordance with experi-
perovskite-type structufdspace grougP4/nmm see Fig. mental findings:® In the AF calculation for LaBaMyOs s,
1(a)]. It consists of double layers of apex-sharing MnO an explicit supercell with 38 atoms is considered. In order to
pyramids interleaved by oxygen-empty layers {Baare  verify the results obtained from the FPLMTO method and to
in the oxygen-apical layers and % in the oxygen-empty calculate the occupation matrix of each of the Me-Grbit-
layerg. The Mn-O distances in the polyhedra are influencedals, we have done similar calculations by the full-potential
by the size difference between 1aand B&" owing to linearized-augmented plane-wav&PLAPW) method as
their arrangement along. Two crystallographic types of implemented in WIEN97?. Atomic-sphere radii of 2.8 a.u.
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stitution changes the valence of the Mn ions. Similarly the
variation of the oxygen stoichiometry modifié¥ and the
valence of the Mn ions and this may be used to manipulate
SO, CO, and OO in perovskite-like oxides as shown here for
the LaBaMpOg, 5 phase.

Table | shows the results of FPLMTO calculations per-
formed for the P, F, and AF configurations of LaBaj@3 ., 5
(similar results were obtained from the FPLAPW method
For all three compositions the AF state is found to have the
lowest energy. Table Il shows that AF LaBap@ has a
finite total moment of 0.94g, implying that it is in fact
ferrimagnetic(Ferri). The Ferri ground state and the calcu-
lated magnetic moment are in good agreement with the ex-
perimental findings. From the difference in the ionic size
and magnetic moment, it is experimentally established that
Mn(1) corresponds to Mt and Mr(2) to Mn?" both in
high spin (HS) states. This picture for LaBaM@®s agrees
fully with the outcome of the present calculations. In order to
analyze changes in the electronic structure with respect to the
oxygen stoichiometry, the density of statd30S) in the
ground-state configurations of LaBaMDs, s is given in
Fig. 2. An energy gapK,) of ca. 0.84 eV opens up between
the valence and conduction bands in LaBala[Fig. 2(a)],
giving an insulating state in accordance with the experi-
ments. The Ferri ordering leads to significant topological dif-
ferences in the up- and down-spin DOS.

In general, local-density approximation including Cou-
lomb correlations effects(LDA +U) calculationd® are
thought to be necessary to study the electronic and magnetic
properties of transition-metal oxides. However, our calcula-
tions show that the insulating behavior and magnetic proper-
ties are correctly reproduced by the usual density-functional
calculations for the manganites considered in the present
study.

As mentionedt depends on the degree of the hybridiza-
tion between the Mn-@ and O-2 orbitals, which in turn
makes this parameter sensitive to the oxygen stoichiometry.
The Jahn-TellefJT) distortion (associated with HS M)
induces an anisotropy in the interaction between dland
O-p orbitals. Moreover, owing to the size difference between
La>" and B&" and the oxygen vacancies in the®[alayer,
the degree of hybridization between the Mrand Op or-
bitals is reduced. Hendeand consequentlW also decrease.
for La and Ba and 2.0 and 1.6 a.u. for Mn and O, respecMoreover, the differences in Mn-O-Mn bond angles and
tively, were used. Exchange and correlation effects aréMn-O bond lengths promote significant distinctions between
treated using the GGAThe charge densities and potentials t within and perpendicular to the basal plane of LaBan
in the atomic spheres were represented by spherical harmoiithe decreases inand W reduce the double-exchangeE)
ics up to€ =6, whereas in the interstitial region these quan-interaction, and hence the superexchange interaction over-
tities were expanded in a Fourier series. The radial basisomes the DE, thus favoring the insulating AF/Ferri CO
functions of each LAPW were calculated up #e=10 and and/or OO state. Therefore, in addition to Ferri SO, CO oc-
the nonspherical potential contribution to the Hamiltoniancurs with the equal amounts of Mnh and Mrf* in
matrix had an upper limit of =4. From thef¢,m projected LaBaMn,Os. In order to elucidate the effect of oxygen
charge density the CO and OO ordering in these materialstoichiometry on CO and OO, we show the spatial
are analyzed. For further computational details see Ref. 103d-electron distribution at each Mn site for the majority and

In RE; _,AE,MnO; (AE stands for alkaline eartrcom-  minority spins in Figs. (@) and 1b). The appreciable differ-
pounds the one-electron bandwidiy) of the Mnd elec- ence in the distribution of majority and minorityelectrons
trons decreases with decreasing size ofAksite cation, and between MA™ and Mrf* in LaBaMn,Os, implies the pres-
leads in turn to CO and/or OO. In addition, thesite sub- ence of CO.

FIG. 1. (Color online@ The majority- and minority-spin
Mn-3d-electron distribution in (a,b LaBaMn,Os, (c,0
LaBaMn,Os 5, and (e,f) LaBaMn,Og. Atoms inside cyan-colored
square pyramids correspond to Mh(Mn in e,f) and those inside
pink-colored square pyramids/octahedra correspond t@Mn
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TABLE |. Total energy(relative to the lowest-energy state in 15 — T T
meV/f.u) in LaBaMnOs, s for the P, F, and AF phases using | i
FPLMTO with GGA and spin-orbit coupling included. 5 1 i
Composition P F AF
LaBaMn,0s 3922 438 0 St l W
LaBaMn,Os 5 3850 593 0 I 8=0; Ferri
LaBaMn,Og 2625 6 0 —
. . . . T (b)
It is well established that OO plays a crucial role in the 5t

magnetic and electronic properties of manganites. As elec-
trons closer to the Fermi leveEg) participate more in hop-
ping interaction and determine the electronic properties, we
show the orbital distribution of such electrons for
LaBaMn,Os in Fig. 3(@. Owing to the Mn-O-Mn bond
angle of 161° for Miil), the transfer of the @ electrons is

not complete and these electrons therefore tend to localize in
a certain pattern over the Mn sites of LaBaj@3. Accord-

-1

DOS (states eV lf.u. )
[
—_—

o]
Wy

_5-.N‘”\WWNWWWWW

l 6=0.5; AF

)

ing to the orbital-projected DOS, tha,, d,,, andd,, or-
bitals of Mr®* and thed,2_2 orbital of Mr?* are found in -5 | W
the energy range-1 eV to Eg, leading to the ordering of I 1 5-1: AF

i

. . . I
these orbitals as shown in Fig(a3. T
For LaBaMnOs 5, the ground-state SO is found to be AF, ' ' ' ; ' '

i

|

in perfect agreement with the experimental findiRgaur- I T 1

ther, the Mn atoms in the square pyramidal and octahedral 5} f\j‘w J\/Jb

coordinations take a HS Mnh state. The system remains

insulating on going to LaBaMi©Os 5, but Ey is reduced to J BN

0.26 eV[Fig. 2(b)]. As half of the square pyramids a=0 ST l ! 1

has been converted into octahedrasat0.5, half of the O - §=1; F ! 1
]

vacancies in the La layers is filled, and the overlap interac-  _q5 L L L L L
tion between Mnd and Op orbitals is thereby increased. -6 -4 -2 0 2 4 6
The bandwidth in turn increases, reducing the band gap. The Energv (eV)

difference in the crystal fields of square pyramids and FIG. 2. Total DOS of LaBaMjOs. 5 in the magnetic configu-
octahedra and the accompanied JT distortion increase tations denoted on the illustration. The Fermi level is marked with
carrier-to-lattice coupling and result in localization of the dotted line.
charges. Figures(&) and Xd) illustrate the difference in the o
distribution of majority and minorityl electrons between the t0 form an OO pattern as shown in Fighg
Mn ions at=0.5, indicating the presence of CO. As the Experimentally, F ordering is fouridfor LaBaMn, O,
orbital degeneracy is lifted due to the JT effect, and anisothereas oufFPLMTO and FPLAPW calculations give AF
ropy in the electron-transfer interaction results due to thé®S the ground state. However, recent experimental studies
partial stuffing of the oxygen vacancies, OO occurs. Thefonclude that both F and CE-type AF ordering coexist in
square pyramidal Mn of LaBaM@s s haved,z_,2 andd,2 LaBaMrhOG below 150 K:“ Moreover, as the calculated en-
orbitals nearEg, whereas the octahedral Mn have only €rgy difference between the F and AF states of LaBgb§n
dy2_,2 in the vicinity of Ex . Therefore these orbitals localize 1S Very small, a little perturbation may flip the spin arrange-
ment either to F or AF. Hence the coexistence of F and AF
TABLE II. Calculated magnetic momerin ug per Mn atoy  States must be considered as a viable outcome. LaBajyin
for LaBaMn,Os. 5 in the AF ground state. Total refers to the total contains only one crystallographic type of Mn with an aver-

magnetic moment per formula unit. age valence state betweenr &nd 4+. The Mnd exchange
splitting is found to be around 3.3, 3.0, and 2.5 eV for
AF Experimental LaBaMn,Os, LaBaMn,Os 5, and LaBaMpOg, respectively.

The systematic decrease appears to reflect the increasing
Mn-d and Op hybridization interaction and the reduction in
LaBaMn,05 313 399 097 27 321 o070 Mmagnetic moment of Mn due to increase in its valence state,

Composition  Migl) Mn(2) Total Mn(l) Mn(2) Total

LaBaMn,Oss 330 3.34 00 303 343 in the said sequence. _ o

LaBaMn,O, 298 00 350 As the oxygen vacancies are filled to the=1 limit, the
electron bands are broadened and more overlap between the

3 ow-temperature neutron-diffraction data, Ref. 3. Mn-d and Op bands is seen. Moreover, the small energy

b_ow-temperature neutron-diffraction data, Ref. 5. difference between the F and AF states implies that the DE
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to HMF [Fig. 2(d)]. In addition to exchange splitting, the JT
distortion as in LaMn@"® may play an important role for the
occurrence of the HMF in LaBaMQ;g.

In DE systems, insulator to metal transitions accompanied
by disappearance of CO and/or OO due to increasezhn
be achieved by application of external field or pressure.
Since the band characteristics t and W, as well as the valence
state of Mn change more drastically with the oxygen contents
than by A-site cation substitution i(RE,AE)MnO;, one
can tune an insulator-to-metal transition from the AF or
Ferri CO and/or OO state to a metallic F state by merely
varying the oxygen stoichiometripractice has shown that
such a conversion may be accompanied by resistivity
changes of several orders of magnituttee CMR effect.

In conclusion, variations in the spin, charge, and orbital
orderings by changes in the oxygen content have been illus-
trated with LaBaMgnOs, 5 as an example. The changes in
interaction increasegcompared with the§=0 and 0.5 the oxygen ;t(_)ich_iom_etry co_ntrols the valence state of Mn
casey again a consequence of the increased hybridizatioﬁ"nd the hybr_ldlzatlon mter.act.lon between Mn and O. Hef‘ce’
interaction. Hence the CO state disappears and metallicit§ "6duction in oxygen stoichiometry narrows the bandwidth
appears in LaBaMyOj in accordance with the experimental nd consequently decreases t'he double—exchange mterac_:tlons
findings® The metallic behavior of LaBaMiDg can be seen at the expense of the competing superexchange Interactions.
from the small, but finite number of states in DOSEt Con;equently the _ferromagneu_c state be_comes (_jestabll!zed
[Fig. 2(c)]. The similarly shaped-electron distributiongsee relative to the _antlferromagnetm state with localized spin,
Figs. 1e) and if)] on the Mn ions also indicate that CO and charge, and orbital order as well as Jahn-Teller-type electron-
00 are absent in LaBaM®s. lattice c_oupllng. Therefore by adjusting the_ oxygen st0|gh|-

All three compositions exhibit half-metallicity in the F ometry ln_manganltes oneé can co_nvert the insulating gntlfer-
state (HMF), (with E, of 2.2, 1.92, and 1.45 eV in the romagnetic charge-_ and/or orbital-ordered state into a
minority-spin channel for§=0, 0.5, and 1, respectively metallic ferromagnetic state.

The HMF state of LaBaMyOg gains more importance ow- The authors are grateful to the Research Council of Nor-
ing to the small energy difference between the F and AFway for financial support. Part of these calculations were
states, which may enable easier conversion from metallic Alearried out on the Norwegian supercomputer facilities.

FIG. 3. (Color online Orbital ordering in(a) LaBaMn,O5 and
(b) LaBaMn,Os 5.
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Abstract

Using generalized-gradient-corrected full-potential density-functional calculations, we have studied the electronic structure and magnetic
properties of YBaMpOs, Sr;Fe,015, and CaCo,0s. In these phases, thel 3ransition metal ions have dual valence. We have studied the
electronic structure using site-, angular momentum-, and orbital-projected density of states. The charge and orbital ordering are analyzed in
terms of the calculated electron-density distribution, charge density, and electron localization function. The oxygen vacancy, cation radii, and
crystal-field effects are found to play an important role for the various ordering phenomena in these compounds.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Magnetic properties; D. Transition metal oxides; Spin, charge, and orbital ordering

1. Introduction associated with insulating and antiferromagnetic (AF) be-
havior. Hence, there is a competition between F with metal-
Since the discovery of colossal magnetoresistance (CMR)lic behavior and insulating AF character with CO. Orbital
in perovskite-like manganites there have been increased acordering (OO) gives rise to anisotropic interactions in the
tivities on related oxides with dual-valent transition metal electron-transfer process which in turn favor or disfavor the
constituents. Beside the technological interest in the CMR double- and super-exchange (F or AF) interactions in an or-
effect, other related phenomena (attractive from more funda- bital direction-dependent manner. Understanding of the CO,
mental points of view) have been established for dual-valent OO, and spin ordering (SO) processes, provides a founda-
compounds. A very interesting phenomenon is the tendencytion for deeper penetration into the complex behaviors of
displayed by many transition metal oxides to adopt the kind CMR materials.
of charge distribution known as charge ordering (CO). Al-  In the present work, we analyze the spin, charge, and or-
though covalence effects in such compounds can be signif-bital orderings present in the dual-valent oxides (with crys-
icant, the ionic picture describes it as a real-space orderingtal structure more or less related to the perovskite-type)
of charges and/or orbitals. In general, the Coulomb repul- YBaMn;Os (YBMO), SrsFe011 (SFO), and CgCo0p
sion between the charges and the elastic energy perturba{CCO). We have used full-potential density-functional cal-
tion owing to cooperative Jahn—Teller (JT) distortions favor culations to understand the electronic and magnetic proper-
the CO. Large radius of (what may be conveniently named) ties and the various orderings present in these phases.
A-site cations Ra) and widee, bandwidths, favor the mo-
bility of the electrons through the lattice, while smalkx
and narrowe, bandwidths, favor localizatiofi]. CO is in- 2. Computational details
teresting because double-exchange gives rise to metallicity
along with ferromagnetism (F) while the CO state can be The full-potential linear muffin-tin orbital (FPLMTO)
calculations[2] presented in this paper are all-electron,
+ Corresponding author. and no shape approximation to the chgrge den;ity or
E-mail address: vidya.ravindran@kjemi.uio.no (R. Vidya). potential has been used. The basis set is comprised of
URL: http://folk.uio.no/ravindrv. augmented linear muffin-tin orbital8]. The calculations

0272-8842/$30.00 © 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
doi:10.1016/j.ceramint.2003.12.198
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are based on the generalized-gradient-corrected (GGA)Table 1

density-functional theory as proposed by Perdew ef4él. Calculated‘ magnetic moment (jrs per T a_tom at 0K) for YBMO, SFO,
Spin—orbit coupling is included directly in the Hamiltonian 2" €O in the ground-state configuration

matrix elements for the part inside the muffin-tin spheres, Compound Theory Experiment

hence for spin-polarized cases the size of the secular ma- T T@ Total T() T Total

trix is doubled. We used a multi-basis in order to ensure
. : YBaMn,Os (YBMO) 3.07 393 0.86 291 391 0.95
well-converged wave functions. This means that several SraFesOn1 (SFO) 286 335 000 000 300 00
Hankel or Neumann functions, each attached to its own ra- ca,co,05 (cco) 017 263 121 008 300 1.3
dial function, have been used. The basis included arg.Y 4
5s, 5p, and 4, Ba 5p, 6s, 6p, 54, and 4f, Mn 4s, 4p, and
3d, and O 2, 2p, and 3/ for YBMO, Sr 5s, 4p, 4d, and
4f, as well as pseudo-corep5Fe 4, 4p, and 3/, and O
2s, 2p, and 3l for SFO, and Ca# 4p, and 3, Co 4, 4p, tions considered for calculatiof8], AF is found to have
and 3/, and O 2, 2p, and 3/ for CCO. For the total-energy  he |owest total energy. The ferromagnetic configuration
study thek-space integration is done with 192, 144, and s 505meV/f.u. higher in energy than the AF configura-
90 k points for YBMO, SFO, and CCO, respectively, in - jon Table 1shows that the total magnetic moment is not
the irreducible part of the first Brillouin zone. For the mag- completely canceled, resulting in a ferrimagnetic (Ferri)
netic calculations, the easy magnetization axis is chosen ing;aie. Mn(1) has a smaller magnetic moment (ZQY
accordance with experimental findinfgs-7]. than Mn(2) (3.94ug) implying that Mn(1) corresponds to
Mn3t and Mn(2) to Mrft, both in high-spin states. The
electronic structure indicates that it is an indirect band-gap

Total refers to the total magnetic moment per formula unit. The experi-
mental values are taken from Ref5-7].

Among the paramagnetic (P), F, and AF configura-

3. Results and discussion semiconductor with a band gap of 0.88eV, in agreement
with experimental finding§10,11]
3.1. YBaMnyOs5 CO is expected to be favored when equal proportions of

Mn?* and Mr?t are present like in YBMO. On reduction of

The ordered oxygen-deficient double perovskites the Mn—O—Mn angle, the hopping between the MraBd O
RBar,;0s (R = rare-earth andl’ = Mn, Fe, or Co) 2p orbitals decreases and henceh®andwidth decreases.
have attracted much attention as new spin—charge—orbitalConsequently the system stabilizes in a Ferri-CO-insulating
coupled CMR materials. CMR effects of some 40% are state. In order to visualize the presence of CO and Ferri SO
observed in the isostructural phases wkRh= Gd or Eu in YBMO we show the calculated-electron-density dis-
[8]. At low temperature, YBMO is an AF insulator with tribution for the Mn ions in the up- and down-spin chan-
CO of Mn*t and Mrf+ accompanied by OO and SO. The nels inFig. 1a and bThe CO in YBMO is characterized
crystal structure Kig. 1) is described in the space group by the real-space ordering of Mh and Mr**+. The signif-
P4/nmm with two kinds of MnG pyramids arranged in  icant difference in the electron-density distribution for the
an ordered manner, each KirOs pyramid being linked to Mn ions clearly indicates that there occurs two different va-
five Mn®+Os pyramids and vice versfp]. Oxygen takes  lence states with different orbital occupation. This feature
two crystallographically different sites with O(1) at the base ensures that the spins do not cancel exactly, resulting in the
of the square pyramids, and O(2) at the apex. The basalFerri ordering Fig. 10.
plane Mrt—O(1)-Mn?* angle is 157.8 and the apical The exchange interaction between #nand Mr*t
Mn3t—0O(2)-Mn?* angle is 180. The large difference in  along ¢ is AF owing to the 180 bond angle which fa-
these angles play a key role in the magnetic properties. cilitates p—d o bonding with the O(2)p, orbital as well

Fig. 1. The calculated Md-electron-density distribution of (a) up- and (b) down-spin electrons in YBaD4n(c) The G-type ferrimagnetic spin ordering
and (d) orbital ordering in YBaMyOs.
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as super-exchange interacti@?]. With a bond angle of
only 157 within the basal plane, th&(Mn)—p(O) covalent
bond is weak and moreover due to the HS state ofMn

in the square-pyramidal crystal field, tdg._,» orbital at

the Mt site is almost empty whereas that at #ris half
filled. Hence, the AF super-exchange interaction between
Mn?+ and Mrt within the basal plane is weaker than that
alongc.

In order to visualize the OO in YBMO we show kxig. 1d
the electrons distribution at the Mn sites betweelneV and
Eg (viz. the electrons mainly participating in the hopping
interactions). In théc plane thed > orbital is ordered along
¢ for both Mr?+ and Mr?+, and this orbital hybridizes with
the O(1)p, orbital resulting ino bonding. There is virtually
no overlap between thé>_,> and p, orbitals because of
their different orientation in the direction. Therefore, the
electron in the,2_ » orbital can not hop along Moreover,
the direct overlap between @ , and Mnd is small in the
ab plane ¢,2_,2 is almost empty for M#A+ and only partly
occupied for M&* due to the JT distortion) and hence the
d electrons become localized resulting in CO and OO.

3.2. SuFe011

SFO is also an oxygen-deficient perovskite-like material
which crystallizes in the space gro@mmm [13]. It is an
antiferromagnet witlfy ~ 230 K. Fe has square-pyramidal
[Fe(1)] and octahedral [Fe(2)] coordination polyhedra. Ow-
ing to the oxygen vacancy in the structure and different
cré/lstal-field effects Fe takes the dual-valent statés Rad
Fett.

According to powder neutron diffraction data (at 8 K) this

compound has an unusual magnetic structure; Fe(1) do not

exhibit any magnetic ordering whereas Fe(2) ions have a
G-type AF arrangemeri]. The room-temperature Moss-
bauer spectrum is reportdd4] to show two symmetrical
doublets of equal intensity. From the isomer-shift values
(0.35 and—0.08 mm s'1) the two components are assigned
to Fe** and Fé+. A hyperfine splitting and low flux density
value has been observed for the*E@omponent, whereas
only a linewidth broadening is observed for theé*Feom-
ponent belowTy. This suggests a partially frustrated AF
structure[14]. Furthermore, a strong divergence between
zero-field-cooled and field-cooled magnetic susceptibility
curves is observed, implying spin-glass-like behayid].

We have carried out density-functional calculations in F
as well as A-, C-, and G-type AF configurations and found
that G-AF has the lowest energy. C-AF is the next stable
state with 2.54 eV higher energy than the G-AF state. Our
calculations show that G-AF configuration with zero mag-
netic moment for Fe(1) is higher in energy (1.85eV) than
that with a magnetic moment of 2.8 for Fe(1), indicating

1995

roles for the magnetic properties. The unusual magnetic
properties of SFO can be related to the crystal structure and
the CO of the Fe ions. In order to be able to draw a more
firm conclusion regarding the magnetic structure, further
calculations including structural optimization is in progress.
A correct assignment of valence states to the Fe ions is
essential to understand the relationship between the crys-
tal structure and the electronic and magnetic properties.
The Mdéssbauer studies appear to point to the presence of
Fe*t and Fé* ions. Crystal-field stabilization energy and
the relative values of the bond-strength sui] indicate
that Fé* should be assigned to square-pyramidal antt Fe
to octahedral coordinations. If Fe(1) were arfFéon, it
should be either in an intermediate-spin (k§g'e(g’; 2uB)

state or in a low-spin (Lsggeg; O up) state. The octahedral
Fe(2) should be F¢ in IS (tggei; 3ug). An IS state for
Fe(2) agrees very well with the theoretical and experimental
magnetic moment and is consistent with the JT distortion
observed.

The electronic structure of SFO in the G-AF state is
consistent with metallic conductivity with a low density of
states (DOS) at the Fermi levelf). The partial DOS anal-
ysis shows that the Fei3and O 2 states are energetically
degenerate leading to covalent interaction between them.
However, as the topology of the DOS curves for Fe(1) and
Fe(2) is different Fig. 2), the magnitude of the covalent
interaction is also different. In the G-AF state with the zero
magnetic moment for Fe(1), the up- and down-spin DOS
of Fe(1) are similar, implying that the up- and down-spin
channels have the same occupancy, viz. complying with
the zero magnetic moment. This emphasizes the fact that
Fe(1) exists in an P& LS state. The majority spin channel
of Fe(2) has more states than the minority spin channel,
giving a finite magnetic moment (also seen for Fe(1) in
the G-AF situation where Fe(1) takes a finite magnetic
moment). As the Fe(2)—-O bond length (2.04 A) is longer
than the Fe(1)-O bond length (1.85A), the Fe(2)-O bond
strength is weaker than that of Fe(1)-O. On the other hand,
more unpaired @ states are localized on Fe(2) than on
Fe(1). Moreover, as the Fe(1)-O-Fe(2) bond angle is less
than 180, the super-exchange interaction is incomplete like
the Mn(1)-O—-Mn(2) super-exchange interaction in YBMO.
These features lead to the CO in addition to the SO in SFO.

3.3. CaxC0p

CCO belongs to the family of one-dimensional (1-D)
oxides. Inorganic structures with 1-D atomic arrangements
are in the limelight owing to their unique electronic and
magnetic propertie§16]. The crystal structure of CCO
consists of parallel 1-D Co-O chains separated by™Ca
ions. The chains are built by alternating face-sharing £00
octahedra and trigonal prisms along the hexagenaxis.

that the former may represent a meta-stable state. HoweverThe resulting short metal-metal intrachain distance (2.59 A)
we have not considered temperature effects and oxygen va{compared to the interchain distance of 5.24 A) reinforces
cancy ordering in our calculations which may play important the 1-D character of the structure along thexis. Mag-
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Fig. 2. The site- and angular momentum-projected density of states for Fe(1) and Fe(2F@fCei. The s and p partial DOSs are only about 10% of

the d states shown.

netic studies show F intrachain orderirifs{ = 24 K) with

AF interchain coupling Tc2 = 10K) [6]. For every two
F-aligned Co chains, there is one AF-aligned chain giving
a resultant Ferri structure.

Our total-energy studjd 7] shows that Ferri state of CCO
has the lowest energy in perfect agreement with experimen-
tal findings[6,18]. The Ferri state is 114 meV/f.u. lower in
energy than the F state. The electronic structure slipvijs
a finite DOS atEF in both spin channels, implying a metal-
lic character consistent with the experimental conductivity
study[19]. Our partial DOS analysis shows that the states
in the vicinity of Er are mainly contributed by Ca states.

Different spin configurations for the crystallographically
different Co ions are expectg@0] as a consequence of
the larger crystal field for the octahedral Co(1) than for the
trigonal prismatic Co(2). Various proposals have been made
for spin states of Co such as (i) Co(1): LS €o Co(2):

HS Co*, (i) Co(1): LS Cd"™; Co(2): HS C&t, and (iii)
Co(1): LS C&+ and C4*; Co(2): HS CA*. The calcu-

lated magnetic moments listed rable 1are found to be

in good agreement with available low-temperature neutron
diffraction and magnetization data. By taking the magnetic
moments at the Co sites into consideration, together with
the octahedral and trigonal-prismatic crystal fields and the
calculated site- and orbital-projected DOS features, we con-
clude that Co(1) is Cb" in LS (d°; tggeg) state and Co(2)

is Co’* in HS (@; 13,¢2) state.

As the interatomic distance in metallic Co is 2.51A
and the distance between Co(1) and Co(2) in CCO is
2.59A, a metallic interaction between Co(1) and Co(2)
has been anticipatefPl]. However, our charge density
and electron-localization-function analyses show very weak
metallic interaction between the Co atoms. Moreover as
seen fronfig. 3 the topology of DOS curves for Co(1) and
Co(2) are entirely different implying differences in their
valence and spin states. As the @ 2tates are energeti-
cally degenerate with Cod3states, there is strong covalent
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interaction between Co and O. However, the magnitude of ordering. The occupancy of theorbitals and hence orbital
covalent interaction is different for Co(1) and Co(2) owing ordering is determined by the coordination polyhedra sur-
to the difference in their crystal fields. Therefore, the local- rounding theT ions. Therefore, the crystal-field effect and
ization of charges on Co(1) and Co(2) is different and leads hence crystal structure of a compound play an important
to the ladder-type CO. Moreover, the orbital-projected DOS role in orbital ordering. All in all, the constituents of a given
features show that bo#, andz,, (exceptdy,) orbitals have compound, the crystal structure (including crystal-field ef-
finite states close t&r for Co(1) whereas onlyly, and fects), and oxygen stoichiometry determine spin, charge,
dy, orbitals have finite DOS in the same region for Co(2). and orbital orderings in this type of materials. A study of
Therefore, also the occupation of theorbitals of Co(1) the individual effect of the just mentioned ruling parameters
and Co(2) is different resulting in OO in addition to the CO may reveal more insight into the ordering phenomena.

and Ferri-SO situation.
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Variations in the spin, charge, and orbital ordering are analyzed in terms of the d-band filling for
YBaT>O0s5 (T = Mn, Fe, Co). The calculations are performed with accurate density-functional-theory
methods as implemented in the full-potential linearized-augmented plane-wave approach. We have
carried out calculations for paramagnetic, ferromagnetic, and antiferromagnetic configurations. A
ferrimagnetic ground state has been established for YBaMn,Os whereas YBaFe;Os and YBaCo205
have antiferromagnetic ground states in agreement with experimental findings. The electronic band
characteristics are analyzed using total, site-, and orbital-projected density of states. Inclusion of
spin-orbit coupling and Coulomb correlation effects are found to be important for YBaFe2;Os and
YBaCo205 in order to reproduce the experimentally established semiconducting behavior. The
different types of charge and orbital ordering in these compounds are visualized by making use of
the energy-projected density matrices of the d electrons. Substantial differences in ordering patterns
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Effect of d-band filling on spin, charge, and orbital ordering in YBa7,05

then emerge with respect to the d-band filling.

PACS numbers: PACS numbers: 71., 81.05.Je, 71.15.Nc, 71.20.-b, 81.40.Rs

The concept of colossal magnetoresistance (CMR) has
received immense attention in recent years. CMR mate-
rials display a fascinating diversity in behaviors including
several forms of spin, charge, and orbital ordering (ab-
breviated SO, CO and OO, respectively) [1]. A detailed
study on these properties has appealed to both basic
and applied scientists alike. The electrical and magnetic
properties in relation to CMR behavior are largely deter-
mined by the chemical composition and crystal structure
of the given material, and such properties are often quite
sensitive to even tiny changes [2].

In transition-metal (T') oxides, the surroundings of the
T atoms are conveniently described in terms of the co-
ordination polyhedra constituted by the oxygen ligands.
The polyhedra are sometimes distorted, for example by
elongation of certain bonds relative to others, thereby
converting the energy-degenerate d levels of the central
T atom into non-degenerate levels. Such a process is ac-
tually referred to as Jahn-Teller distortion (JTD) [3] and
the effect is to lower the symmetry as well as the total
energy of the material. Owing to such distortion the elec-
trons are often localized at particular atomic sites, result-
ing accordingly in CO. In other words, the preferential
occupation of d orbitals by electrons (normally result-
ing in OO) is believed to be one of the driving forces in
JTD and the associated CO. SO is intimately connected
with JTD and as such quite sensitive to changes in the
d-orbital occupancy, and CO transitions are accordingly
expected to be coupled with OO and SO transitions. In
spite of the fact that spin and orbital dynamics are uni-
versal to all transition-metal oxides, only the manganites
have so far been honored with particular attention.

We have earlier carried out a detailed analysis [4, 5]
of SO, CO, and OO in YBaMnyOs5 (YBMOS5) and the
influence of added oxygen on SO, CO, and OO in
LaBaMnyOs45 (0 < 6 < 1) [6]. In this work we con-
centrate our efforts on the effects of d-orbital filling on

SO, CO, and OO in YBMOS5, YBaFe;O5 (YBFO5), and
YBaCoy;05 (YBCOS5). Based on rigid-band considera-
tion, the progressive filling of d orbitals should shift the
Fermi level (Er) toward the conduction band thereby re-
ducing the band gap. Effects of added oxygen have been
reported for YBaMnyOs45 and YBaCo2Os.5. Hence
there is every reason to believe that YBFO5 will exhibit
oxygen-stabilized variants with the formulae YBaFe;Os5 5
and YBaFe;Og.

The case of YBMOS5 is brought into attention in this
paper for two purposes. In the first place to facilitate a
direct comparison of ordering phenomena [4, 5] in three
so closely related phases. Second, in our earlier study on
YBMObS we analyzed the OO by considering the orbital-
projected density of states (DOS) in a narrow energy
region close to Fr. In this work we adopt a somewhat
different method, in which we calculate the occupation
density matrix of d orbitals for the T" atoms from —1
eV to Er. This approach has the advantage that we are
not only able to establish the occupancy of a particular
orbital within a selected energy region, but it also en-
ables us to determine the orientation of these orbitals.
Hence an additional motivation for including YBMOS is
to test the applicability and reliability of the new line of
approach.

The chemical and crystallographic composition of
the YBT'Ob5 phases are interesting since equal amounts
of charged T atoms in two different valence states
should maximize the Coulomb stabilization energy of
a CO state. At low temperature the ground state of
YBMOS5 [7] comprises two different types of Mn atoms
with simultaneous CO and OO in addition to ferrimag-
netic (Ferri) SO. A more complicated behavior is re-
ported for YBFO5 [9] which undergoes three successive
transitions from so-called class-III mixed-valence (MV;
with a common two-and-a-half average valence state for
all Fe atoms) via class-II MV (premonitory CO state with



FIG. 1: (Color online) The tetragonal crystal structure of
YBaMn2Os (in the antiferromagnetic state) with Y and Ba
layers interleaved by MnOs square pyramids. The differ-
ently colored polyhedra indicate co-ordinations with crystal-
lographically different Mn atoms (labeled on the illustration).
The Mnl and Mn2 moments are arranged alternating along
c. The structural arrangements of YBFO5 and YBCO5 are
similar except for orthorhombic symmetry.

distinction between the two-and-something valence states
for the crystallographically different Fe atoms) to class-I
MYV state (two distinct Fe'l and Fe!'l valence states for
Fe). The latter transition apparently triggers a number
of changes in the crystal, magnetic, and electronic struc-
tures of YBFO5. YBCO5 also exhibits antiferromagnetic
(AF) spin ordering as well as CO and OO. In addition,
YBCO?5 is reported to exhibit a low- to high-spin state
transition upon cooling [10]. In spite of several exper-
imental [11] and theoretical attempts [12-14] to clarify
the situation in YBCOS5, the exact spin states of Co have
hitherto remained controversial. In this work we attempt
to explore the spin states of the T atoms, in addition
to analyzing the magnetic and electronic properties of
YBaTl;0s5 as a function of d-orbital occupancy.

I. CRYSTAL AND MAGNETIC STRUCTURES

The overall features of the structural arrangements in
these YBT'O5 phases are the same, with crystal struc-
tures derived from the perovskite type with ordering of
the Y and Ba atoms in layers along ¢ and removal of
oxygen exclusively from the thus obtained Y layer. This
creates characteristic apically connected double layers of
corner-sharing T'O5 square pyramids (Fig. 1). These dou-
ble layers form the backbone of the atomic arrangement

TABLE I: Bond lengths (in A) and bond angles (in deg) be-
tween T" and O in YBaT»Os5 (T = Mn, Fe, and Co).

Specification|  YBMO5 YBFO5 YBCO5
T1-0 1 x 2.081 1 x 2.052 1 x 2.060
4 x 1.908 2 x 1.959 2 x 1.955
2 x 2.109 2 x 2.096
72—0 1 x 1.961 1 x 1.891 1 x 1.780
4 x 2.086 2 x 1.970 2 x 2.004
2 x 1.976 2 x 1.894
T1-0°-T2 157.8 158.6; 153.9| 157.1; 164.3
T1-0"-T2 180 180 180

%0 in pyramid base plane
0 in pyramid apex

perpendicular to ¢ axis in which Y and Ba layers inter-
vene alternatively. Owing to the double-layered nature
of the YBaCuFeOs-type structure these phases are fre-
quently referred to as double-perovskite variants. The ac-
tual structural arrangement in the YBT'O5 phases varies
with T', a dependence already reflected in the symmetry
of the space group. Another manifestation is seen in the
T-0O distances in the co-ordination polyhedra which are
influenced by the size and to some extent charge differ-
ences between the Y and Ba constituents. Above the
co-operative magnetic ordering temperature Tc = 165K
YBMOS5 crystallizes in the tetragonal YBaCuFeOs-type
structure (Ref. [7]; space group P4/nmm). Bond lengths
and bond angles for the T-O skeleton in the YBTO5
phases are summarized in Table I.

According to the Goodenough-Kanamori [8] rules, an
A-type antiferromagnetic (hereafter A-AF) structure is
expected with ferromagnetic (F) interactions between T'1
and T2 in planes parallel to the ab plane and AF super-
exchanges along the ¢ direction. However, owing to the
large deviation of Mn1-O1-Mn2 angle from 180° in the
pyramid-base plane, this interaction also becomes AF
in YBMOS5, resulting in a G-AF-type magnetic moment
structure (in fact Ferri owing to non-cancellation of the
differently sized Mnl and Mn2 moments). The conver-
sion to class-I MV YBMOS5 (space group Pmmm) is re-
ported [9] to be completed at 1.5 K; the Verwey transition
(Tv) for complete conversion to class-III MV being above
300 K.

YBFO5 experiences a tetragonal-to-orthorhombic
(P4/nmmm to Pmmm) structural and magnetic transi-
tion at Ty =~ 430K [9] and undergoes a further class-
III to class-II MV transition from Pmmm to Pmma
at Ty = 308K (with the same chemical environment
as in the P state above Tx) to Pmma at 20K (com-
pleted conversion to class-I MV; very different nearest-
neighbor co-ordinations and oxidation states for Fe). The
Fel site (said to be in a formal Fe!l state) has a fairly
symmetric co-ordination environment at low tempera-
ture with a slight shift of Fel toward the apex of the
square pyramid and a consequent reduction in the pyra-
mid base-plane Fel-O distance. On the other hand, the



co-ordination of the Fe2 site (formally referred to as Fe!l)
is very distorted as manifested by the lengthening of the
pyramid-base-plane Fe-O bonds. Unlike YBMOS5, the
low-temperature YBFO5 structure comprises four crys-
tallographic O atoms with different Fe-O bond lengths
along the pyramid-base-plane.

The structural features of YBCO5 is similar to those
of YBFOS5, with a transition from tetragonal (P4/mmm)
to orthorhombic (Pmma) symmetry at Ty = 330 K. For
YBCOb5, Ty = 220K and completed conversion to Class-1
MV is reported [9] to have occurred at 50 K. Like YBFOS5,
class-I MV YBCO5 also exhibits alternating long and
short bonds (Col-O and Co2-0O) along a doubled a axis
(compared to YBMOS5) and chains of either Col-O-Col
or Co2-0-Co2 linkages running parallel to b. This change
in bond lengths along with the orthorhombic symmetry
may differentiate the CO and OO patterns in YBFO5
and YBCO5 from that in YBMOS5. All in all it is the av-
erage half-integer valence state of T and the corner shar-
ing square-pyramidal framework of the oxygen-deficient
perovskite-type structure which set the stage for the CO
transition in these materials.

The magnetic structure of YBFO5 also transforms
from the G-AF-type ordering (YBaCuFeOs-type) to a
variant denoted as Wollan-Koehler G-AF-type magnetic
arrangement. In YBFO5 and YBCO5 the isovalent Fe
and Co atoms, respectively, arrange themselves in chains,
but unlike YBMOS5 where a given Mn site only has near
Mn neighbors in a different valence state (readers are re-
ferred to Figs. 2 and 3 in Refs. [9, 10]). The magnetic
structure of YBMOb contains two formula units whereas
that of YBFO5 and YBCOS5 contains four formula units.
In the calculations for the YBT'O5 phases in AF config-
urations, we adopted the appropriate experimental mag-
netic structures.

II. COMPUTATIONAL DETAILS

The present calculations have been carried out us-
ing density-functional-theory (DFT) as implemented
in the full-potential linearized-augmented plane-wave
(FPLAPW-WIEN2k) method [15] in a fully relativis-
tic version with spin-orbit coupling. The FPLAPW ap-
proach divides space into an interstitial region (IR) and
non-overlapping muffin-tin (MT) spheres centered at the
atomic sites. In IR, the basis set consists of plane waves.
Inside the MT spheres, the basis set is described by ra-
dial solutions of the one-particle Schrédinger equation (at
fixed energies), and their energy derivatives multiplied by
spherical harmonics. The charge densities and potentials
inside the atomic spheres were represented by spherical
harmonics up to £ = 6, whereas in the interstitial re-
gion these quantities were expanded in a Fourier series.
Atomic-sphere radii Ry of 2.2, 2.3, 1.9, and 1.6 a.u.
for Y, Ba, T, and O, respectively, were used. Since the
spin densities are well confined within a radius of about
1.5 a.u. the resulting magnetic moments do not depend

TABLE II: Total energy (relative to the lowest energy state
in meV fu."!) in YBaT:Os for the para-(P), ferro-(F), and
antiferromagnetic (AF) phases using FPLAPW with GGA
and spin-orbit coupling included.

Phase | P | F | G-AF
YBaMn2Os 3388 422 0
YBaFesO5 2588 967 0
YBaCo205 873 428 0

“Wollan-Koehler G-AF type structure

appreciably on the chosen atomic-sphere radii. The ini-
tial basis set included 5s, 5p, and 4d valence and 4s and
4p semicore functions for Y, 6s, 6p, and 6d valence and
5s and 5p semicore functions for Ba, 4s, 4p, and 3d va-
lence and 3s and 3p semicore functions for 7', and 2s, 2p,
and 3d functions for O. The Brillouin zone (BZ) integra-
tion was done with a modified tetrahedron method [16]
and we used 168 k points in the irreducible wedge of
BZ. Exchange and correlation effects are treated within
density-functional theory (DFT), using GGA [17].

The Coulomb correlation effects are taken into account
by introducing U = 6.0eV and J= 1.0eV for Fe and Co
atoms in YBFO5 and YBCO5. These GGA+U calcu-
lations [18] have also been carried out using FPLAPW
method as implemented in the Wien2K program.

III. RESULTS AND DISCUSSION
A. Magnetic properties - spin ordering

In addition to confirmation of the experimentally de-
termined AF structure, we have performed calculations
for paramagnetic (P) and F configurations and estab-
lished that the three compounds have AF ground states
(Table II). The magnetic moments for the two Mn sites
do not cancel in YBMOS5 resulting in a Ferri configu-
ration, in agreement with the experimental findings [7].
According to the calculation in terms of GGA with spin-
orbit coupling included, the difference in the calculated
magnetic moment values for the Fe sites in YBFO5 is
small. When we include Coulomb correlation effects in
the calculation (U = 6.0eV and J = 1.0eV) the differ-
ence between the magnetic moments increases implying
that correlation effects play an important role in YBFOS5.
Even though the experimental Rietveld refinements [9]
were able to distinguish two different co-ordination en-
vironments for the Fe sites, the magnetic powder neu-
tron diffraction was not able to measure separate mag-
netic moments for the Fe atoms. However, the theoretical
calculation is able to distinguish different magnetic mo-
ments for the Fe sites and the magnetic moment value
found for the Fel site is in fact in good agreement with
the reported experimental value (Table III).

The experimental study [10] on YBCO5 has estab-
lished clearly distinct magnetic moments for the Co sites
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TABLE III: Calculated magnetic moment (in pup per T atom) for YBaT>Os in the antiferromagnetic ground state. Total refers

to the total magnetic moment per formula unit.

YBMO5 YBFO5 YBCO5

Composition Mnl Mn2 Total Fel Fe2 Total Col Co2 Total
GGA+Spin-orbit 2.94 3.88 0.99 3.46 3.34 0.01 1.89 1.72 0.03
GGA+U — — 3.73 3.18 0.00 2.30 (2.54)  2.68 (2.01) (0.0)0.98
Experimental 2.90° 3.90 0.95 3.82° - 0.0 2.70°¢ 4.20 0.0
“Low-temperature neutron-diffraction, Ref. 7.

bLow-temperature neutron-diffraction, Ref. 9.

°Low-temperature neutron-diffraction, Ref. 10.
(AF configuration similar to that in YBFO5). However, 50 ' ' ' i ' '
the calculated magnetic moments are smaller than the YBaMn,0, I
experimental values (but note that orbital contributions ar | i
are usually significant for Co [14] amounting to 1.04 and o j'\\d A\
0.40 pp for the Col and Co?2 sites, respectively). As seen \\/fw Ui
from Table III, inclusion of the correlation effect increases s L |
the difference between Col and Co2 moments and brings |

about a somewhat good agreement with the experimentl
values. In addition when an U =4eV and J =0.95¢eV are
used in GGA+U method, the calculated Co moments do
not cancel for YBCOb5 resulting in finite total moment
and thus a Ferri state (the values are given in paren-
thesis in Table IIT). Moreover, around 9% of the total
moment per formula unit originates from induced mo-
ments at the oxygen sites. Finally we mention that we
have carried out a test calculation for YBCOb, according
to the full-potential linear muffin-tin orbital (FP-LMTO)
method [19] with the YBaCuFeO5-G-AF-type magnetic
arrangement (like in the YBMOS5 variant). The results
were indeed very similar to those discussed above for the
G-AF case (see Tables II, III) viz. Ferri ground state and
smaller magnetic moments at the Co sites than those ex-
perimentally established.

B. Electronic structure

In order to analyze the electronic structure of the
YBTO5 phases we plotted total, site-, and orbital-
projected density of states (DOS). In the P state, the
three compounds have a finite number of states at the
EFr indicating metallic character. Moreover, the Er falls
on peaks for all YBT'O5 phases which suggests instabil-
ity of these phases in the P state, in agreement with to-
tal energy studies (remember that the calculations refer
to 0K). In YBCO5 there has been reported [10] a pro-
nounced upturn in the resistivity near 200 K, indicative
of electron localization, that could be associated with
CO on the cobalt sites. The change in resistivity may
be taken as indicator for metallic character in P state of
YBCO5, in agreement with our calculations. An unre-
stricted Hartree-Fock calculation [20] also showed metal-
lic character for the P state of YBCOS5.

At first sight, the DOS for the F state of the three
phases seem to imply half-metallic character. However,

YBaFe,O
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FIG. 2: Total density of states (DOS) of YBaT'205 (T' = Mn,
Fe, Co) in ground-state (G-AF) magnetic configurations (see
Table II).

a closer inspection reveals metallic character, with a
considerably reduced number of states at the Fg com-
pared with the P case. The density of the majority-spin
states at the Fp progressively increases from YBMOS to
YBCOb5 whereas the exchange splitting has its peak value
at YBMO5 and then monotonically decreases to YBCO5.

YBMOS5 is a semiconductor in the Ferri ground state
with an energy gap (Eg) of 0.88eV between the valence
band (VB) and the conduction band (CB). The GGA
calculations with spin-orbit coupling reproduced the cor-
rect insulating behavior of YBMO5 at 0 K. For YBFO5
and YBCO5 in GGA-type calculations without spin-orbit
coupling resulted in DOS (not shown) with a finite num-



50 T T T

25

)
<
=

-1
|
N
(6]
T

DOS (states eV " f.u.

N
(S}
T

_25 -

-50 1 1 1

o+ ]

<
oe]
O
(@]
o
~

O
o

=
N
w
N

Energy (eV)

FIG. 3: Total density of states (DOS) of YBaFe;Os and
YBaCo205 in the antiferromagnetic configurations according
to calculations which include Coulomb correlation effects.

ber of states at Er. However, when spin-orbit coupling
was included some stability was obtained in the sense
that the Fp falls on a psuedo-gap-like feature for both
phases (Fig. 2). Fig. 3 shows that the total DOS for
YBFO5 and YBCO5 according to GGA+U calculations
exhibits minute energy gaps (E, = 0.11 and 0.13eV,
respectively). Refs. [14, 20] also report on insulating
behavior for the AF state of YBCO5 on inclusion of
LSDA+U in the calculations. The exchange splitting en-
ergy for YBMOS5 is around 1.03 eV and that for YBFO5
is 0.97eV. In YBCOb5, the states in the majority- and
minority-spin channels are so dispersed that it is quite
difficult to estimate the exchange-splitting energy.

Since the site-projected DOS for the different YBT'Os5
phases are very similar, we display only those for YBFO5
and YBCOb according to GGA+U calculations (Fig. 4).
The Y and Ba sites expose few states in VB compared
with CB indicating that the Y and Ba atoms have lost
their valence electrons to the 7" and O constituents and
themselves become charged species. The two distinct T
sites have topologically different DOS features which im-
mediately signals a possible MV situation. The different
types of oxygen atoms also exhibit topological differences
in the —8 to —2eV region. A heap up of T-d states are
also seen in roughly the same region, implying covalent

contribution to the interactions between 7" and O atoms
with different magnitude for the different bonds.

Fig. 5 displays the DOS for the d states of the T" atoms
in their respective ground-state configurations. Among
the three phases, YBMO5 carries the most localized T-
d states. In YBFOS5 the effect of GGA+U is to make
the Fe2 minority-spin states more localized, and thereby
bringing about a small energy gap. In YBCOb5 on the
other hand, the Co states remain delocalized. The in-
fluence of GGA+U is here mainly on the non-bonding
electrons in the range —2 to 0 eV which are pushed down
(away) from Er. The DOS profiles reveal that the added
d electron on going from YBMOb5 to YBFOb) should have
entered the majority-spin band, resulting in increased dif-
ference between majority- and minority-spin bands and
consequently to higher magnetic moments for both sites.
In the YBCOS5 on the other hand it is the states closer
to Fr that may have received the extra electron added
when Co replaces Fe and hence this change appears to
have no magnetic consequences.

C. Charge ordering

According to Ref. [9] the bond valence sums (BVS)
for Mnl and Mn2 in YBMO 5 are 2.43 and 3.10, corre-
sponding BVS values for Fe in YBFO5 being 2.23 and
2.94, and for Co in YBCO5 2.02, 2.69. The difference
in BVS for the Fe sites is larger (0.71) than that for
Mn (0.67) and Co (0.67). This indicates that the co-
ordination polyhedra around Fe in YBFO5 are compar-
atively more distorted than those in the corresponding
Mn and Co phases. Ref. [9] attributes this distinction
to so-called second order JTD. Owing to the presence of
the differently charged cationic constituents Y and Ba,
different valence states are to be expected for the T'1 and
T2. The DOS features discussed in Sec. III B supports
such an inference. Our experience from previous simi-
lar projects is that the assignment of valence states is a
non-trivial task for systems which exhibit mixed bonding
character. We have therefore relinquished from a detailed
analysis of the bonding in this case and rather concen-
trated on CO and OO aspects.

In order to quantify the electronic charges at each site
in the structural framework we have made use of the
“atoms in molecule” concept of Bader [21]. According to
this approach space (in this case for a solid) is divided
into regions by surfaces that run through the minima in
the charge density. A given region is chosen such that at
any location on a bordering surface the gradient of the
charge density has no component normal to the surface.
A region enclosed by such boundary surfaces is referred
to as a Bader region. Each Bader region normally con-
tains only one nucleus. By integrating the charge density
within the Bader region where a given nucleus is located,
and adding electronic charges in “naturally associated
neighboring regions” that do not include a nucleus, the
total excess charge on the atoms at a given site can be
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FIG. 4: Site-projected density of states (DOS) of (a) YBaFe2Os and (b) YBaCo20s5 in the antiferromagnetic configurations;
Coulomb correlation effects included in the calculations.

TABLE IV: Calculated charge (¢gg) and charge heap up (Ags = ¢z — ¢B; gz representing the charge of the corresponding
neutral atom) inside regions defined by the Bader “atoms in molecule” concept as implemented in WIEN2k. All numbers are
in units of e.

YBMO5 YBFO5 YBCO5

Element qB Agp qB Agp qB Ags

Y 37.58 +1.42 36.84 +2.16 37.53 +1.47
Ba 54.90 +1.10 54.48 +1.52 54.82 +1.18
T1 24.15 +0.85 24.48 +1.52 26.35 +0.65
T2 24.41 +0.59 24.72 +1.28 26.23 +0.77
O1 8.80 —0.80 9.27 —-1.27 8.78 —0.78
02 8.73 —-0.73 9.31 —1.31 8.80 —0.80

estimated. The advantage of this method is that the valence shell (viz. not O?7). However, we presume that
analysis is based solely on the charge density, so it is even the small charge distinctions exposed in Table IV
rather insensitive to the basis set used. The calculated are large enough to occasion CO. The difference between
Bader charges in Table IV support the inference that the the Bader charges for Mn1 and Mn2 (0.26) exceeds those
T'1 and T2 sites in these phases exhibit different charges.  for Fel and Fe2 (0.24) and Col and Co2 (0.12) which
However, we must admit that neither this approach were may give a hint for why the CO-transition temperature
able to provide quantitative assessments for the valence for YBMOS5 is higher (and the CO effect is more pro-
states of the T' atoms. The root of the problem is the  nounced) than that for YBFO5 and YBCOS5 [9].

mixed iono-covalent bonding in these phases, a feature

which not only concerns the T atoms. The conceptual

shortcomings are also reflected in the Bader charges re- D. Orbital ordering

siding in the regions of Y and Ba (certainly not 34+ and
2+, respectively, as assumed for simple electron count-

: L In earlier studies [4-6] on similar phases we used the
ing) and conversely O does not exhibit a completely filled

integrated values of the orbital-projected DOS in a nar-
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FIG. 5: Site-projected density of states (DOS) for the T sites
in YBMOS5, YBFO5, and YBCO5.

row energy range close to Ex (—1 to 0eV) to assess OO.
However, we are continuously striving to make our com-
putational efforts point more closely at the real situation
in the materials under investigation. Hence we have now
tested an alternative approach based on density matri-
ces to visualize the OO by the energy-projected density
matrix for the d orbitals of the T constituent. = This
procedure not only enables characterization of a partic-
ular d orbital close to Ew, but should also provide the
correct orientation of the orbital and its degree of fill-
ing. This should in principle give more appropriate OO
information. In order to evaluate such an approach, we
first made OO mapping for YBMOS5 and the outcome is
shown in Fig. 6a. This illustration demonstrates that d 2
orbital on Mnl and d.» and d,2_, orbitals on Mn2 or-
der alternatively thus complying with our earlier findings
(see Fig. 1d in Ref. [5]). With this affirming conclusion
we proceeded to explore the OO in YBFO5 and YBCO5
by this method.

In YBFO5 and YBCOS5 a T' atom at a given site has
crystallographically equivalent 7' atoms of same valence
state as nearest neighbors, arranged in chains running
along the b axis [see Fig. 6(b,c)]. This arrangement is
less favorable for stability of a structure, and hence such
a configuration has to be supported by “extra stabiliza-
tion” from OO and/or SO. According to experimental
findings [9], it is claimed that Fel has one of its d,
(pseudo-tag) orbital stacked along the b axis. This effec-
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FIG. 6: Orbital-projected density of states (DOS) for T sites
in YBFO5 and YBCOS5.

tively antibonding d,, orbital is doubly occupied on Fel,
but only singly occupied on Fe2. The stabilization of
the Fel-d, . orbital is manifested in the elongation of two
of the four Fel-O bonds in the base plane of the square
pyramid (due to OO). Before going into details about
the OO in the YBTO5 phases it may be appropriate to
recall that the splitting of the d-orbitals on a T" atom by
interacting with atoms in a square-pyramidal configura-
tion will be different from a octahedral case. In the ideal
square-pyramidal configuration the d orbitals experience
four-fold splitting with degenerate d,, and d,. orbitals
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erations on YBCOb5. In both phases pseudo-ta, orbitals are seen to be ordered whereas in reality, the ordering is as shown in
Fig. 7.



residing at the lowest energy and d.y, d,», and dg2_,»
orbitals occurring at progressively higher energies. From
the orbital-projected DOS (Fig. 6a) we see that Fel may
be ascribed a high-spin state with all d orbitals singly
occupied. However, the d,, orbital has the predominant
presence close to Er. On the other hand, since the square
pyramids around Fe2 are somewhat distorted (elongation
of Fe-O bonds in the pyramid-base plane; see Table I),
the d,y orbital is doubly occupied. Therefore this orbital
has more states close to Er. We observed that dg2_,
also has some states in the narrow energy region close
to Er. In Fig. 7a the blue colored square pyramids rep-
resent Fel configurations where d,, orbital orders with
the respective lobes pointing between the a and c¢ axis.
The Fe2 square pyramids are represented by purple color
and here the d,, orbital orders with its lobes between
the a and b axis. In digesting these findings it must be
emphasized that the d-orbital occupancy in the YBT'O5
materials is different from the ideal case.

In YBCObS two pseudo-tg, orbitals on Col and one on
Co2 are reported [10] to order. From our calculations,
we found that Col can be associated with a high-spin
state with doubly occupied d,. and d,,, orbitals whereas
Co2 correspondingly is associated with a doubly occu-
pied dy, orbital similar to that for Fe2 in YBFO5. The
OO0 pattern in YBCO?5 is different from that in YBFO5.
Using the same color code as for YBFOb to represent the
two different Co sites, Fig. 7c shows that the d., dy.,
and dg2_,2 orbitals order for Col and the d,,, and d,2_,:
orbitals order for Co2.

The overall conclusion is that the OO patterns are very
different in YBMO5, YBFO5, and YBCOb5. Fig. 8 shows
how the OO pattern for YBMO5 and YBFO5 would
evolve from the OO in YBCObH by simply subtracting
two and one electrons, respectively, according to a pure
rigid-band procedure. The actual OO obtained by exper-
iments and DFT calculations is accordingly very differ-
ent from the one deduced by rigid-band considerations
implying that the OO mainly depends on the structural
intricacies rather than on the d orbital filling.

IV. CONCLUSION

This contribution reports on full-potential linearized-
augmented plane-wave calculation for YBaMnyOs,

YBaFe; 05, and YBaCo;05 in paramagnetic, ferromag-
netic, and antiferromagnetic configurations. The correct
experimentally established ferrimagnetic ground state for
YBaMn;O5 and the antiferromagnetic ground states are
confirmed for YBaFe;Os and YBaCo;O5 when GGA
with spin-orbit coupling is included in the calculations.
The GGA+U method with large U and J values gave
a ferrimagnetic ground state for YBaCo20Os. Therefore
additional calculations with more strict convergence cri-
teria have been performed which yielded correct anti-
ferromagnetic result also for this compound. The elec-
tronic semiconducting ground state is obtained correctly
for YBaMnyO5 with the simple GGA spin-orbit coupling
procedure whereas only the GGA+U method is able to
provide semiconducting/insulating behavior for the Fe
and Co variants. This implies that the Fe and Co phases
are strongly correlated systems.

An attempt has been made to analyze the charge or-
dering phenomena with the help of density of states
plots and the Bader “atom in molecule” concept. Even
though different amounts of charge have been calculated
in the Bader region corresponding to the transition-metal
atoms, these calculations were not able to reveal quan-
titative values for the valence states of these atoms. On
comparing the orbital ordering patterns obtained from
simple rigid-band filling with those obtained from actual
calculations, we found that simple rigid-band filling con-
cept is rather inapplicable to account for and analysis
of orbital ordering of these phases. The orbital ordering
pattern varies depending on the structural arrangement,
distortion of co-ordination polyhedra, magnetic, valence,
and spin state of the transition-metal constituents.
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Spin, charge, and orbital ordering in RBaMn;0;5.5 (R = Y, La;
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The effect of oxygen content on spin, charge, and orbital ordering in RBaMn2Os45 (0 < 6 <1)
is studied by density-functional-theory-based calculations as implemented in the full-potential
linearized-augmented plane-wave method. Calculations have systematically been performed for
paramagnetic, ferromagnetic, and antiferromagnetic configurations. For § = 0 the ground state
turned out to be ferrimagnetic whereas the variants with oxygen contents § = 1/2 and 1 give rise to
an antiferromagnetic ground state, all in perfect agreement with experimental findings. The elec-
tronic band characteristics are analyzed using total, site-, and orbital-projected density of states and
the examination shows that the electronic structure undergoes a gradual change from semiconductor-
to-metal behavior on going from § = 0 to 1. The charge and orbital ordering are analyzed with the
help of the energy-projected-density matrices of the d electrons and very different ordering patterns

have emerged.

PACS numbers: 71., 81.05.Je, 71.15.N¢, 71.20.-b, 81.40.Rs

So-called double perovskite variants with the general
formula Ry_,A;MnsOs545 (0< x <1; R = rare-earth el-
ement, A = alkaline-earth element; 0 < ¢ <1) have been
extensively investigated over the last decade. Potential
technological application has greatly stimulated the re-
search activity and the scientific community has bene-
fited from these efforts in the form of improved com-
prehension of the systems. Many interesting features
like colossal magnetoresistance, metal-insulator transi-
tions, and spin, charge, and orbital ordering (SO, CO
and OO) are certainly associated with this special class
of materials. Such enchanting phenomena are believed to
be caused by competition between the spin, charge, and
orbital degrees of freedom.

In general, there will be disorder in the lattice when
A and R in the proportion z:(1—x) are randomly dis-
tributed in the appropriate sub-lattice of the structure.
However, e.g., for x = 1/2, proper metal-ordered double
perovskites (RAMn3Og) are formed with alternate stack-
ing of layers of R and A along the ¢ axis (this orientation
of the unit cell requires in some cases space group trans-
formation). Structural and physical properties of such a
structural arrangement has been recently reported [2] for
R =Y and La—FEr. Owing to cation-size mismatch and
Jahn-Teller distortion, RAMnyOg¢ phases undergo transi-
tion between paramagnetic-metal and antiferromagnetic-
insulator states and charge-ordering transitions occur at
relatively high temperatures. An interesting aspect of the
RAMn;Og¢ phases with R = Y and La is their ability to
form stable oxygen-deficient variants; here more conve-
niently represented by the reverse formula RAMnsOs4s
and conceptually added oxygen. The oxygen deficiencies
are normally formed in the R layers of such structures.

One of the parameters used to describe CO is the trans-
fer integral ¢ between Mn-d and O-p states. When the
t value is high, electrons are imagined to be able to hop
from one Mn atom to another Mn via an appropriately ar-
ranged intervening O, giving rise to metal-like couplings
between electrons known as double-exchange interaction.

However when ¢ is small, the electrons get localized on the
Mn sites and this ultimately result in CO. Thus the oxy-
gen content and the arrangement and population of the
oxygen orbitals relative to the Mn-d orbitals govern the
metal-insulator transitions and play an important role in
the SO, CO, and OO mechanisms. We have earlier re-
ported on the influence of oxygen occupancy on CO and
OO in LaBaMnyOs45 [1], and in this report we give an
account for our findings for YBaMnsOs.s5. The aim has
been to evaluate the composite effects of oxygen content
and size mismatch of the constituents of RAMn,Os545 on
CO and OO phenomena.

The composition of the present phases is chosen so
that for § = 0 equal amounts of Y/La and Ba lead to
equal amounts of Mn atoms in the formal ionic valence
states 24+ and 3+, thus maximizing the Coulomb sta-
bilization energy of the CO state. In the same breath,
phases with § = 1/2 should exhibit only Mn®* and those
with § = 1 should have the formal ionic states Mn?*+ and
Mn**. In fact, experimental [3, 4] and theoretical stud-
ies have confirmed that YBaMn;Os; and LaBaMnyOg
carry two different types of Mn atoms with simultane-
ous CO and OO in addition to the ferrimagnetic (Ferri)
spin ordering (SO). Since we have earlier analyzed the
magnetic and electronic properties of YBaMn»Os5 [8] and
LaBaMnyOs [1] in detail, an obvious challenge is to per-
form a comparative analysis of the two RAMnyOj54s sys-
tems.

I. CRYSTAL AND MAGNETIC STRUCTURES

YBaMn;O5 and LaBaMnsOj crystallize in the tetrago-
nal YBaCuFeOs-type structure (Refs. [3, 4]; space group
P4/nmm). Oxygen-vacant Y or La and oxygen-full Ba
layers are formed alternatively along the ¢ axis [Fig. 1(a)].
Two crystallographically different Mn atoms are situ-
ated in square-pyramidal co-ordination with their oxygen
neighbors. Associated with the different size of Y and Ba
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FIG. 1: (Color online) Crystal structures of (a) tetragonal LaBaMn2Os, (b) orthorhombic LaBaMn2Os.5 (YBaMn2Os 5 is
virtually isostructural), (c) tetragonal LaBaMn2Osg, and (d) monoclinic YBaMn2Og. Atoms of different kinds are labelled on

the illustration.

the corresponding Mn-O bond lengths as well as Mn-O-
Mn bond angles become appreciably different and these
features are known to play crucial roles in the physical
properties of these materials.

The YBaMnsOs 5 and LaBaMnyOs 5 phases are as-
cribed an orthorhombic structure [Refs. [4, 5]; space
group Ammm; Fig. 1(b)]. The extra oxygen atoms com-
pared with the § = 0 cases partially occupy the ear-
lier oxygen-empty Y or La layers. Therefore half of the
square-pyramids gain an extra oxygen atom and change
their co-ordination polyhedra from square pyramids to
octahedra. The structural arrangement of LaBaMn3Os 5
is illustrated in Fig. 1(b).

In YBaMn;Og and LaBaMnsOg the oxygen content
of the originally oxygen-empty (viz. at 6 = 0) Y or La
layers has become completely filled up and all the ear-
lier square pyramids are converted into octahedra. A no-
table distinction between YBaMnsOg and LaBaMnyOg is

that the former takes a low-symmetric monoclinic struc-
ture (space group P2; Fig. 1(c); also reported to be tri-
clinic [7]) whereas the latter adopts a tetragonal structure
[Ref. [4]; space group P4/mmm; Fig. 1(d)]. The influ-
ence of the size mismatch between the constituent is best
seen for § = 1 where the Y-based phase exhibits highly
distorted octahedra whereas those of the La variant are
more regular. In YBaMny;Og there are two crystallo-
graphically non-equivalent Mn sites (Mnl and Mn2) and
eight oxygen sites [see Fig. 1(c)] The two kinds of MnOg
octahedra show large variation in Mn-O-Mn bond angles
(157.5 to 176.8°) and a remarkable difference even in the
average Mn-O distances (1.96 A for Mn1-O and 1.93 A
for Mn2-0O). The nature and magnitude of the octahedral
tilting depend not only on the Y-to-Ba vs La-to-Ba mis-
match but also on co-ordination preference for Y and La,
covalence effects etc. Using the Goldschmidt tolerance
factor as an indicator, the MnOs layer in YBaMnsOg



TABLE I: Bond lengths (in A) and bond angles (in deg) between Mn and O in RBaMn2Os4s (6 = 0, 1/2, and 1).

Specification Y;6=0 La;6=0 Y;0=1/2 La;0=1/2 Y;6=1 La;é=1
R-0O 2.406 2.530 2.568 2.642 2.773 2.716
Ba—0 2.937 2.945 2.962 2.938 2.774 2.759
Mn1-01¢ 1.908 1.941 1.830; 1.929 1.893; 1.963 1.850; 1.810; 1.980 1.953
Mn1-02° 2.081 2.004 2.107 2.025 2.080; 2.030; 2.050 1.970; 1.926
Mn2—-01 2.086 2.105 2.284; 1.888 2.231; 1.932 1.880; 1.800; 1.900; 1.990

Mn2—-02 1.961 1.985 1.923; 1.857 1.898; 1.942 2.090; 1.950 —
Mn1-O1-Mn2 157.8 160.8 165.53; 155.24 167.68; 168.82 172.4; 165.6; 157.5; 176.8; 162.9 174.19
Mn1-O2-Mn2 180 180 180; 174.53 180; 175.46 161.8; 172.3 180

%0 in the base plane of the polyhedra.
O at the apex of the polyhedra.

should feel opposite oriented strain forces (viz. be sub-
jected structural frustration) from the adjacent Y-O and
Ba-O layers. Because of this frustration, the structural
mismatch can not be compensated by mere tilting of the
MnOg octahedra. As a consequence, the shape of the
octahedra becomes heavily deformed [2]. Moreover, the
MnOs planar oxygen configuration is displaced toward
the Y layer and away from Ba layer, resulting in shifts
of the Mn and O atoms from the positions ascribed for
ideal octahedral geometry. Even though the deviation
from regular octahedral arrangement also has been ob-
served in the structure of LaBaMnyQOg, this phase only
exhibits one crystallographically equivalent Mn site and
the octahedra are only slightly distorted. Note that zero
tilting of the co-ordination polyhedra is obtained only
when there are vacant oxygen sites in the Y or La layers
of YBaMnyO5 or LaBaMnyOs.

Since the experimental studies on YBaMn;Og have
come to structural arrangements based on different space
groups, structural optimization calculations were made
for both alternatives. The first set of calculations was
performed with the monoclinic (P2) and triclinic (P1) ar-
rangements described in Refs. [2] and [7], respectively, as
input guess structures. These calculations terminated at
structural parameters that favored the monoclinic vari-
ant by nearly 0.77eV f.u.”! in terms of the total energy.
However, continued calculation in which the structure
was allowed to relax without the symmetry constraints
of P2 resulted in nearly the same unit-cell dimensions,
but with a somewhat different atomic arrangement which
obeys the symmetry of space group Pc. The unit-cell di-
mensions and positional parameters for this description
of the YBaMnsQOg structure are given in Table II. The
total-energy gain on going from the experimental P2 to
the optimized Pc variant amounts to nearly 1.01eV f.u.~*
Such a large gain in total energy must be appreciated on
our finding that forces of nearly 3.2eV A~! were acting
on the Mn sites in the input experimental (P2) struc-
ture. It was indeed this fact that led us to perform the
optimization of structural parameters. The difference be-
tween the calculated (Pc based atomic arrangement) and
experimental unit-cell volume is ~1.64%, well within the
limit accepted for DFT calculations. We have used the
optimized structural parameters in Table II to analyze
magnetic and electronic properties of YBaMnyOg.

Owing to the different space requirement of the Y and
Ba atoms, the Mn1-O and Mn2-O bond lengths and the
Mn1-O-Mn2 bond angles differ considerably and these
distinctions are reflected in the physical properties of the
RBaMnsOs4s5 phases. Table I displays relevant bond
lengths and bond angles according to the experimental
structure determinations. The Mn1-O distance (between
Mn and the oxygen atoms in the “base plane” of the co-
ordination polyhedra; oriented parallel to the ab plane of
the lattice) is shorter in the Y phases than in the cor-
responding La variants. The opposite is true for Mn2-O
(viz. distance to apical oxygen atoms), Y phases hav-
ing generally longer bonds than their La counterparts.
Moreover, the Mn1-O-Mn2 bond angles along the “base
plane” of the co-ordination polyhedra deviate much from
180°. The bond angles running along the apices of poly-
hedra (oriented along c¢ direction) is equal to, or devi-
ate only little from, 180°. The deviation in bond angles
from the ideal 180° is generally larger for R = Y than
for La variants which in itself is a hint of an effect of
the size difference between Y and La. Among the con-
sidered phases, YBaMnyOg displays the overall largest
distortion of the co-ordination polyhedra. The accumu-
lated knowledge on the RBaMny,Os.4s phases indicates
that such materials may hide a lot of yet unexplored ex-
otic physical properties. Therefore it may be accordingly
worthwhile to analyze more systematically their relevant
physical properties in terms of the oxygen content and
the size of the R and A constituents.

The RBaMnsOs4s phases subject to this study take
antiferromagnetic (AF) arrangements of the moments at
low temperatures [except YBaMnoO5; and LaBaMnsOj
where the moments of Mn do not cancel, resulting in
a Ferri arrangement]. An explicit magnetic structure for
YBaMn;Ojs 5 is hitherto not reported, but LaBaMnyOs 5
takes [10] a magnetic structure with F-spin ladders along
the b axis that are AF coupled along the a and c¢ axes.
This co-operative ordering pattern is used in our AF cal-
culations for YBaMn,Os5 5. However, YBaMn,Og is re-
ported [2] to take a intricate-modified CE-AF-type mag-
netic ordering. Since calculations on this complex mag-
netic arrangement appeared as a very daunting task, we
here only considered the regular A-, C-, and G-AF-type
magnetic structures along with the P and F arrange-
ments. An F and CE-AF-type state is believed [6] to



TABLE II: Optimized ground-state structural parameters for YBaMn2Og (monoclinic; space group Pc). All atoms in 2a
positions. Experimental values taken from Ref. 2 are given in the parentheses.

Unit cell (A or ©) Atom Positional parameters

a = 5.5536 (5.5193) Y 0, 0.7619, 0 (0, 0.7425, 0)”

b = 5.5242 (5.5131) Ba 1/2, 0.7538, 0 (1/2, 0.7635, 0)

¢ = 7.6487 (7.6135) Mn1 0.2433, 0.7498, 1/2 (0.2430, 0.7565, 1/2)

B = 90.58 (90.30) Mn2 0.7567, 0.7498, 1/2 (0.7570, 0.7565, 1/2)

V = 234.64 (231.67) A3fu.7! o1 0, 0.8123, 1/2 (0, 0.7960, 1/2)
02 0.2006, 0.5197, 0.7711 (0.2035, 0.5015, 0.7720)
03 0.7994, 0.5196, 0.2290 (0.7965, 0.5015, 0.2280)
04 0.2421, 0.0220, 0.7298 (0.2420, 0.0135, 0.7280)
05 0.7579, 0.0220, 0.2702 (0.7580, 0.0135, 0.2720)
06 1/2, 0.7259, 1/2 (1/2, 0.7215, 1/2)

“In order to enable a direct comparison with the optimized param-
eters, experimental data are also described in Pc symmetry rather
than the original P2 symmetry.

co-exist for LaBaMnyOg at low temperatures, but we as-
sumed a simple AF structure for this phase.

II. COMPUTATIONAL DETAILS

In the present calculations we have made use of the
density-functional-theory (DFT) approach implemented
in the full-potential linearized-augmented plane wave
(FPLAPW—WIEN2k) method [12] in a fully-relativistic
version (including spin-orbit coupling). In the FPLAPW
method, space is divided into an interstitial region (IR)
and non-overlapping muffin-tin (MT) spheres centered
at the atomic sites. In the IR the basis set consists of
plane waves. Inside the MT spheres the basis set is de-
scribed by radial solutions of the one-particle Schrodinger
equation at fixed energies, and their energy derivatives
multiplied by spherical harmonics. The charge densities
and potentials in the atomic spheres were represented by
spherical harmonics up to £ = 6, whereas in the inter-
stitial region these quantities were expanded in Fourier
series. Atomic-sphere radii Ry of 2.2, 2.3, 1.9, and 1.6
a.u. for Y, La, Ba, Mn, and O, respectively, were used.
We earlier noted that the resulting magnetic moments
do not depend appreciably on the chosen atomic-sphere
radii. The initial basis set included 5s, 5p, and 4d valence
and 4s and 4p semicore functions for Y, 6s, 6p, and 6d
valence and 5s and 5p semicore functions for La and Ba,
4s, 4p, and 3d valence and 3s and 3p semicore functions
for Mn, and 2s, 2p, and 3d functions for O. The Brillouin
zone (BZ) integration was done with a modified tetrahe-
dron method [13] using approximately 200 k points in the
irreducible wedge of BZ, depending on the crystal struc-
ture of the compound in question. Exchange and corre-
lation effects are treated under the generalized-gradient-
approximation (GGA) [14] including the Perdew-Burke-
Ehrenkof (PBE) functional.

TABLE III: Total energy (relative to the lowest energy state in
meV f.u.*l) for YBaMn2Os45 and LaBaMn2Os45 with § = 0,
1/2, and 1 in para- (P), ferro- (F), and antiferromagnetic (AF)
configurations using FPLAPW including GGA and spin-orbit
coupling.

Compound P F AF
YBaMn2Os 3388 422 0 (G-AF)
LaBaMnsOs 3421 365.4 0 (G-AF)
YBaMHQOs;.s 3090 41.1 0 (G-AF)
LaBaMn3Os 5 6268 3324 0 (G-AF)
YBaMn,Og 1354 34.8 0* (C-AF)
LaBaMn>Og 1220 42.2 0 (Simple AF)

AG-AF is 20.8 meV higher in energy than C-AF.

III. RESULTS AND DISCUSSION
A. DMagnetic properties

Total-energy calculations in paramagnetic (P), F and
AF configurations have been performed for the phases
subject to this study, and as seen from Table III the
AF state is preferred in all cases. The calculated AF
ground state for the Y and La phases with § = 0 and
1/2, is in perfect agreement with the experiments. As
mentioned earlier, we simulated the A-, C-, and G-AF-
type structures for the YBaMnsOg phase and found that
A-AF-type always converged to an F state with the G-
AF-type arrangement at higher energy than the C-AF
variant (see also Table III).

A Curie temperature of (T =) 335K is experimentally
reported [6] for LaBaMnyOg. This F state could not be
confirmed by our calculations. Our earlier full-potential
linear muffin-tin orbital (FP-LMTO) calculations as well
as the present calculations clearly show that this phase
should take an AF ground state. For this phase also co-
existence between F and CE-AF-type is proposed. This
may be taken as a hint that the F state (which rules the
macroscopic behavior of experimental samples) is intro-
duced by kinetic effects, and likely originates from chem-
ical or physical imperfections.



TABLE IV: Calculated and experimental magnetic moment
(in up per Mn atom) for RBaMn2Os4s in antiferromagnetic
ground state (see Table III). Total refers to the total magnetic
moment per formula unit.

Theory Experiment
Compound Mnl Mn2 Total Mnl Mn2 Total
YBaMn,Os 294 3.79 099 290" 3.90 0.95
LaBaMn,Os 299 3.88 1.03 271" 321 0.70
YBaMn2Os5 3.24 3.36 0.03
LaBaMn2Os5 3.15 3.25 0.00
YBaMn,Os 2.84 286 0.01
LaBaMn3,Og 2.93 293 0.00

3.03 343 0.00

3.500 - -

SExperimental data taken from Ref. [3].
YExperimental data taken from Ref. [4].
¢Experimental data taken from Ref. [10].

The calculated magnetic moments given in Table IV
are seen to be in good agreement with the available ex-
perimental data. As also mentioned earlier, the Y and
La phases with 6 = 0 have non-zero total moments and
these accordingly take a Ferri ground state, whereas the
other phases have zero or negligible total moments and
these deserve classification as AF. Table IV shows that
the difference between the magnetic moments at the Mn1
and Mn?2 sites decreases gradually on increasing ¢ from 0
to 1/2. Differences in magnetic moments are commonly
used as an indicator for different valence states. In this
case the target is the valence states of Mnl and Mn2 (and
subsequently the question of CO). The magnetic moment
data alone suggest different Mn valence states at § = 0
and valence equalization at § = 1/2 and 1. A detailed
analysis of the electronic structure parameters shows that
the situation is not so simple (see below). However, it
seems safe to conclude that co-operative magnetic prop-
erties are determined by the oxygen contents of these
phases rather than by the size and other features associ-
ated with Y and/or La.

From the calculated magnetic moments we infer that,
the Mn atoms in RBaMnsQOjs can be categorized as in
the class-I mixed-valence (MV) [16] configuration where
the Mn sites take different valence states. When the oxy-
gen content increases (to § = 1/2), the Mn atoms can be
regarded as converting to a class-II MV category where
two different valence states exist together but with only
slight difference between them. When the oxygen atoms
completely fill the R layer, the Mn atoms may convert
to the class-III MV category where the distinction in the
co-ordination and valence states completely disappears.
In YBaFe;O5 [17] the conversion from class-III to class-11
and finally to class-I MV situation takes place on reduc-
ing the temperature. However, in the present case we
witness such an occurrence on changing the oxygen stoi-
chiometry.

Density of states (states eV

Energy (eV)

FIG. 2: (Color online) Total density of states (DOS) of
RBaMnyOs45 with R =Y (black), La (red) and § = 0, 1/2,
1 in the ground-state AF configurations.

B. Electronic structure

The electronic structures of the RBaMnyOs545 phases
are analyzed with the help of total, site-, and orbital-
projected density of states (DOS) plots. In the higher-
energy P state all phases exhibit metallic character with
finite number of states at the Fermi level (Ex). The
RBaMn;Oj; phases also exhibit a small number of states
at the Er in the F state, whereas the remaining phases
have half-metallic behavior with a finite number of states
at the Fr in one spin channel and an energy gap at the
Er in the other spin channel. The size of the gap in
the minority-spin channel is 2.12, 1.83, 1.61, and 1.36
eV for YBaMnQO5.5, LaBaMn205_5, YBaMHQOG, and
LaBaMnsOg, respectively. The decrease in the gap on
going from § = 0 to 1 is already an indication of covalent
bonding interaction between Mn-d and O-p states and a
resulting dispersion of minority-spin states.

The total DOS of RBaMnyOs;s in the ground-
state AF configurations are displayed in Fig. 2. The
RBaMnsQOj5 phases are semiconducting with an energy
gap of 0.88 and 0.86eV for R =Y and La, respectively.
When oxygen is filled to 6 = 1/2 in the R layer, the
gap decreases to 0.22eV for YBaMnyOs5 and 0.26eV
for LaBaMnyOs 5, and when the oxygen content is filled
up to § = 1 the band gap has completely disappeared
and a finite number of states is clearly seen at the Ep



in Fig. 2. The states at or near the Ep originate from
Mn-d and O-p orbitals which implies that enhanced hy-
bridization interaction between the electrons concerned
leads to increased metallic character. According to Fig. 2
it can also be seen that YBaMn;Og has more states at
Er than LaBaMn;Og which may be correlated with the
structural finding [2] that the former is more distorted
than the latter [see Fig. 1(c, d)]. It is worthwhile to re-
call that the former compound has highly distorted octa-
hedra compared to those in LaBaMnyOg. Moreover, the
oxygen atoms in the “base planes” of the co-ordination
polyhedra are gradually more displaced toward the Y lay-
ers with increasing . Thereby the corresponding Mn-O
distances are decreased and the hybridization interaction
increases and so does the number of states at the Fy.

Nakajima et al. [2] claim successive phase transitions
for YBaMnyOg from a P-metallic state via a P-insulating
state to an AF-insulating state. The latter conversion is
said to take place below 200K. Although our calcula-
tions refer 0 K, we used input lattice parameters corre-
sponding to those measured at 350 K. Hence our choice
of lattice parameters could have influenced the calculated
properties, and this may in principle explain why we ob-
tained metal rather than insulating ground state for the
RBaMn,;Og phases. We also mention that, in the case
of LaMnOs [18], we only obtained the correct insulating
ground-state when the experimentally-established A-AF-
type configuration was taken into account in the calcula-
tions. Hence we believe that, one may also obtain insu-
lating behavior for the RBaMnyOg phases on including
the experimentally inferred C'E-AF-type ordering in the
calculations.

For the phases with 6 = 0 and 1/2, we found that
the GGA with spin-orbit coupling is able to provide
the correct insulating behaviors and magnetic ground
states. Hence we had expected the same outcome for the
RBaMnsQOg phases. Fair enough, our calculations gave
AF ground states for these compounds, but with metal-
lic rather than insulating behavior. This result may of
course be an indication for stronger correlation effects
than anticipated. Therefore a possible extension of the
studies on these phases would be to try to account for
correlation effects by performing LDA+U calculations.

C. Site-projected density of states

Since the site-projected DOS for RBaMn;O5 phases
are reported already in Refs. [1, 8], we concentrate the
present analyses on the phases with § = 1/2 and 1.
From Fig. 3(a,), it is evident that the R and Ba atoms
have largely donated their valence electrons to the other
constituents and themselves entered ionic states [evident
from the small number of states in the valence band (VB)
and a larger number of states in the conduction band
(CB)]. In the phases with 6 = 1/2, Mnl is associated
with the Mn atom with square-pyramidal co-ordination
and Mn2 with the octahedral co-ordination. Although

the topology of the DOS curves for Mn have similar fea-
tures for the RBaMn,Os5 5 phases, the Mn atoms of the
La variant have more states in the range from —6 to
—4 ¢V than the Y variant (see Fig. 3). The most promi-
nent localized Mn states are seen from —2eV to Er for
both phases. The bulk of the oxygen states is found in
the range —6 to —1eV for both phases. Since the Mn
and O states cover more or less the same energy region,
there must be hybridization and appreciable degrees of
covalent bonding between them. A comparison of the Y
and La phases with § = 1/2 shows that the latter carries
more localized states than the former, and accordingly
that the covalent bonding interaction between Mn and O
is stronger in LaBaMnyOs5 5 than in YBaMnyOs 5. This
may give a hint to explain the smaller magnetic moments
at the Mn sites in the La phase than that in the Y phase,
since electrons are confined to participate either in mag-
netic interaction or in bonding interaction.

The oxygen-filled-up RBaMnyOg variants do not have
very different site-projected DOS features (Fig. 4). The
DOS features for these two phase are similar to those
for 6 = 0 and § = 1/2 in the sense that R and Ba
have few states in the VB, indicating as already men-
tioned appreciable ionic character. Although there are
two types Mn in YBaMnyOg, the Mn-O bond lengths
and magnetic moments at the Mn sites do not exhibit
much distinction. This is reflected in their DOS in the
sense that both Mn atoms have almost similar DOS fea-
tures. Even though there is chemically only one type
of Mn available in the LaBaMnyOg structure, we show
DOS curves [Fig. 4(b)] for the magnetically different Mn
atoms, to facilitate comparison with Mn situations in the
corresponding phases with § = 0 and 1/2. The metal-
lic conductivity of RBaMnsQOg is originating from the
Mn-d states. The most prominent localized Mn states
are found close to Ep (from —2 to —1eV) whereas more
dispersed states are found from —7 to —2eV. The Mn
atoms of YBaMnsQOg have larger peaks around —1.5eV
compared to the Mn states of LaBaMnyOg. The oxy-
gen atoms of the two phases also have prominent states
in the same energy range (—7 to —2eV), again evidenc-
ing covalent bonding interaction between the Mn and O
atoms. It is interesting to note that more Mn-d and O-
p states are present at the Er for YBaMnyOg than for
LaBaMnsQOg. This implies stronger covalent interaction
between Mn and O atoms in the former phase, thus re-
ducing the magnetic moments at Mn compared to the
latter phase.

The above detailed analysis on the electronic struc-
tures of the phases under investigation leads one to be-
lieve that, the overall features of electronic structure vary
more as a response to the oxygen content than to the
size of R constituents. However, finer details of elec-
tronic structure also depends on the Mn-O-Mn bond an-
gle which is determined by the size of the R constituents.
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FIG. 5: (Color online) The charge ordering pattern obtained from the occupation matrices of majority-spin d orbitals in (a)
YBaMn2Os, (b) LaBaMn,Os, (¢) YBaMn2Os.5, (d) LaBaMn,Os, (e) YBaMnaOg and (f) LaBaMnyOg. The purple-colored
polyhedra contain Mnl and blue-colored polyhedra containn Mn2 as central atoms. The degree or filling of d orbitals is

indicated by their radial extension.

IV. CHARGE AND ORBITAL ORDERING

In order to analyze the CO phenomena in these phases,
we take the above findings as a starting point and in ad-
dition we make use of orbital-projected DOS plots. The
atomic arrangements of the RBaMnyO5 phases have Mn-
O-Mn bond angles deviating from 180° in the square-
pyramid base plane which hinders the transfer of elec-
trons and tends to localize the electrons on the Mn sites.
In these phases, a checker-board-type CO is established
(see Fig. 5.

In our earlier report [1] we determined the OO pat-
tern for LaBaMnyOs5 from its orbital-projected DOS. The
t2¢-like orbitals were believed to be ordered subject to
slight variations in the location of EFr. In the present
study we make use of the energy-projected occupation
density matrix to evaluate the CO and OO. From this
new approach we are not only able to identify occupation
of a particular orbital in a particular energy range but
also we obtain their orientation. Hence we believe that

this new approach may be more appropriate to visualize
the OO features. According to this new approach, we
find no difference in the OO patterns of YBaMnyO5 and
LaBaMn,Os [see Fig. 5(a,b)]. The d-orbital-projected
DOSs for RBaMn,O5 (Fig. 7) display almost similar fea-
tures in the sense that, the d,2 orbital on Mnl and d,-
and dg2_,2 orbitals on Mn2 occur close to the Er. There-
fore these orbitals order according to a pattern named [7]
as ferro-orbital order (Fig. 6) in which same type of OO
is established for both RBaMn,O5 phases.

When oxygen atoms half fill the R layer in the § = 1/2
phases, half of the square pyramids become octahedra.
As already pointed out, the degree of structural distor-
tion is larger in the Y phase than in the La phase. Owing
to the different types of Mn-O co-ordinations and the as-
sociated differences in bond angles and bond lengths the
charges localize on the Mn sites and leads to a CO state.
Fig. 5(c,d) show the so-called stripe-type CO pattern in
YBaMnsOs5 5 and LaBaMnsO5 5, respectively.

The corresponding OO patterns in YBaMnyOs5 5 and



FIG. 6: (Color online) The orbital ordering pattern obtained from the occupation matrices of d states close to the Fermi
level in (a) YBaMn;Os, (b) LaBaMnOs, (¢) YBaMn2Os.5, (d) LaBaMnyOs.s, () YBaMnyOg, and (f) LaBaMnaOg. The
purple-colored polyhedra contain Mnl and blue-colored polyhedra containn Mn2 as central atoms. The degree or filling of d

orbitals is indicated by their radial extension.
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FIG. 8: The d-orbital-projected density of states for (a) YBaMn2Os5.5 and (b) LaBaMn2Os 5 in the antiferromagnetic configu-

rations.

LaBaMn,Os 5 are displayed in Fig. 6(c,d). Even though
the charges order in more or less similar manners in these
phases, the OO expose significant differences. The Mn1-
O distances in the “base plane” of the square pyramids
in YBaMnyOs 5 are shorter than those in LaBaMnyOsp 5.
The opposite is true for the Mn1-O distances along the
apices of the square pyramids. Therefore, there will be
large interaction between the tys-like orbitals of Mnl
(and also to some extent the Mnl-d,2 orbital) and the
p orbitals of O. Thus the ordered orbitals on the Mnl
site in YBaMnyOs 5 have to, character (and some d,»
character). However, owing to the shorter Mnl-to-apical-
oxygen distance in LaBaMnsQOs 5, the interaction be-
tween Mnl-d,2 and O-p orbitals is enhanced compared
to that between the Mnl-ty, and O-p orbitals. There-
fore, the d,2-orbital orders at Mnl in LaBaMnyOs5 5. The
orbital-projected DOS features (Fig. 8) also agree with
the above inference. At the Mn2 site, both ey (d,2 and
dy2_,2) orbitals order for both phases, however, owing
to the different distortion of the co-ordination octahe-
dra, the orientations become different in the R = Y and
La two phases.

The CO on the Mn sites in YBaMnsOg and
LaBaMn,Og is displayed in Fig. 5(e,f). In the case of
YBaMn;Og a small difference is seen between the ordered
charges on Mnl and Mn2 whereas for LaBaMn,Og only
spherical distribution of charges is seen with no special
ordering pattern. The orbital-projected DOS for these
phases are shown in Fig. 9, respectively. A relatively
large amount of DOS close to the Ex is contributed by
electrons in the d,2_,» and d;. orbitals at the Mn sites
of YBaMnyQOg. Therefore these orbitals order on the Mn
sites [Fig. 6(e)]. As mentioned earlier, the large devia-
tions from 180° of the Mn-O-Mn bond angles along the

base plane of the square pyramids and octahedra are be-
lieved to obstruct the transfer of charges leading to their
localization in different ordering patterns.

The orbital-projected DOS for LaBaMnyOg depicted
in Fig. 9(b) shows that d.» and d,2_,2 orbitals at the
Mn sites are formed close to Er . Therefore the or-
dering of these orbitals in fact are seen as spherical
distributions similar to the CO features of this phase.
However, it should be remembered that the RBaMnyOg
phases have metallic character. Hence charge localiza-
tion, the main requirement for charge ordering should
be absent in these phases. Experimental work [2] on
YBaMnsOg reported a metal-to-insulator transition be-
low 230 K and a modified-C E-type charge ordering. Even
though our calculations show some signs of charge or-
dering in YBaMnyOg, its metallic character shrouds this
interpretation in a cloud of uncertainty. Therefore, the
calculations on the experimentally-suggested modified-
C E-AF-type structure becomes mandatory in order to
establish the correct properties of these phases. Until
such calculation come at hand, our findings should be
regarded as qualitative and significance should certainly
not be attached to band structure details.

V. CONCLUSIONS

In order to evaluate the combined effect of oxygen con-
tent and size of the R constituents on spin, charge, and
orbital orderings accurate electronic-band structure cal-
culations have been carried out on RBaMnsOs45 (R=Y,
La; § = 0, 1/2, 1) phases. Full-potential linearized aug-
mented plane-wave methods have been employed for the
study. The calculated magnetic moments are found to be
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FIG. 9: The d-orbital-projected density of states for (a) YBaMnyOg

tions.

in close agreement with available experimental data. The
studied phases are seen to undergo gradual changes from
so-called class-I via class-II to class-1II mixed-valence sit-
uations on increasing the oxygen content from § = 0 via
1/2 to 1. The electronic structure is also found to vary
from semiconductor to metal on going from § = 0 to 1,
with a decrease in the band gap for the intermediate §
= 1/2 phases. Since the § = 1 phases are reported to
be insulating from experimental studies, inclusion of the
correct co-operative magnetic order in the calculations
seems to be important.

The overall physical properties such as magnetic and
electronic properties change as a function of the oxygen
content. The influence of the oxygen content on the
Mn-O framework appears to be the origin of this rela-
tionship, notably through facilitation or obstruction of
charge transfer and/or exchange interactions. We also
found that the size of R constituent plays a role in deter-

4 -6 -4 -2 6

Energy (eV)

and (b) LaBaMn;Og in the antiferromagnetic configura-

mining the shape and the related distortions of the co-
ordination polyhedra such as elongation or shortening of
particular Mn-O bond(s) which in turn influences occu-
pancy or vacancy of a particular d orbital(s). Therefore,
intricate details of charge and orbital ordering (such as
occupation of a particular orbital in a particular energy
region, with resulting orbital ordering etc.) are found to
vary with the size of the R constituent.
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Structural stability, electronic structure, and magnetic properties of mixed-valence ACr;Og
phases (A=Na, K, Rb)
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The structural stability, electronic structure, and magnetic properties are studied for ACr3Og (A=Na, K, Rb;
Cr in two formally different valence states) using accurate density-functional calculations. The calculations
show that at 0 K and high pressures NaCr;Og remains a ferromagnetic insulator whereas KCr;Og and RbCr3;0g
undergo an antiferromagnetic-insulator-to-ferromagnetic-insulator transition, the transition pressure decreasing
with increasing radius of A* from KCr;Og to RbCryOg. Indirect Crl-to-Crl exchange interaction via two
intervening oxygen atoms is the origin of the antiferromagnetism. The calculated structural parameters are
consistent with the experimental values, actual deviations being discussed.

DOI: 10.1103/PhysRevB.72.014411

I. INTRODUCTION

Compounds with mixed-valent transition-metal ions are
interesting as they exhibit exotic properties such as charge
ordering, high-temperature superconductivity, and colossal
magnetoresistance (CMR). Since the discovery of CMR, a
lot of attention has been paid to mixed-valent manganese
compounds. Most frequently studied are 3d transition-metal
oxides with Mn, Fe, Co, or Cu atoms. Cr substitution for Mn
in Pry5CagsMn;_,Cr, 05 (x=0.02) is found! to destroy charge
ordering and induces a semiconductor-to-metal transition
with only compositional means (viz., without the application
of a magnetic field). It may therefore be of interest to study
oxides containing mixed-valent Cr. In most studies on min-
eralogy and petrology of mantle rocks, Cr appears to take
only the trivalent state whereas all formal valence states from
Cr' to CrV! are known for man-made compounds. However,
Cr'" and CrV! are by far the most common chromium va-
lences for oxides, typically in octahedral and tetrahedral co-
ordination, respectively. For example, Cr has octahedral en-

PACS number(s): 78.20.Ls, 78.20.Ci

vironment and valence Il in spinel-type oxides and
tetrahedral environment and valence VI in chromates. In the
ACr;Og (A=Na, K, Rb) compounds considered here, Cr
takes both octahedral and tetrahedral coordination with for-
mal ionic valence states believed to be Cr®* and Cré*. Hence
a detailed study of the valence states, electronic structures,
and magnetic properties of these compounds is of consider-
able interest.

I1. STRUCTURAL ASPECTS

The crystal structure of ACr;Og (A=Na, K, Rb) is sum-
marized in Table | and depicted in Fig. 1. X-ray powder
diffraction studies?® have revealed that the three compounds
are isostructural and crystallize in the monoclinic space
group C2/m. The ACr1°Cr2,0g structure consists of two
types of Cr atoms arranged in octahedral (o) and tetrahedral
(t) environments. There are three crystallographically differ-
ent O atoms. Crl forms six bonds with O atoms, two with
01 and four with O3, in a fairly regular octahedral arrange-

TABLE I. Optimized structural parameters, bulk modulus (By), and the derivative of bulk modulus (Bj) for ACr;0g (A=Na, K, Rb).
Space group C2/m; A and Crl in positions 2a (0,0,0) and 2c (0,0,1/2), respectively, Cr2, O1, and O2 in 4i, and O3 in 8i. Values given in

parentheses refer to experimental data quoted from Ref. 3.

Compound  Unit cell (A or deg) Atom X y z By (GPa) By
NaCr;0g a=8.6223 (8.4957) Cr2 0.6386 (0.6360) 0 0.2731 (0.2709) 36.56 5.43
b=5.5249 (5.4763) o1 0.2277 (0.2256) 0 0.5562 (0.5574)
€=6.9214 (6.7991) 02 0.7158 (0.7118) 0 0.0628 (0.0616)
=90.347 (91.412) 03 0.0256 (0.0235) 0.2451 (0.2461) 0.2999 (0.3000)
KCr;0Og a=8.8965 (8.5716) Cr2 0.6385 (0.6248) 0 0.2958 (0.2919) 29.38 4.96
b=5.4633 (5.4625) o1 0.2091 (0.2279) 0 0.5699 (0.5591)
c=7.8733 (7.6234) 02 0.6840 (0.6863) 0 0.0984 (0.0884)
3=93.493 (95.199) 03 0.0362 (0.0162) 0.2558 (0.2509) 0.3289 (0.3079)
RbCrs0g  a=8.9135 (8.6162) Cr2 0.6347 (0.6265) 0 0.3028 (0.2994) 26.27 3.84
b=5.4757 (5.4584) o1 0.2103 (0.2224) 0 0.5688 (0.5596)
€=8.1557 (7.9612) 02 0.6751 (0.6769) 0 0.1111 (0.1021)
B=94.657 (95.813) 03 0.0373 (0.0125) 0.2552 (0.2599) 0.3356 (0.3194)
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FIG. 1. (Color online) (a) Crystal structure of ACr;O0g (A=Na,
K, Rb), viewed along [010]. Crystallographically different atoms
are labeled on the illustration; see also Table |. Note the distinct
Cr;04 layers. (b) The antiferromagnetic (AF) configuration of Cr2
is indicated by arrows; the size is related to the outcome of the
calculations. A ions are omitted.

ment. Similarly, Cr2 takes a fairly regular tetrahedral coordi-
nation, forming one bond each with O1 and O2 and two
bonds with O3. The octahedra and tetrahedra are arranged in
layers parallel to the a,b plane by corner sharing. The thus
generated layers are held together by the alkali-metal cations
which have ten nearest oxygen neighbors. The expansion of
the c axis on going from A=Na to Rb in the ACr;Og series is
mainly due to the increased size of A"

I11. COMPUTATIONAL DETAILS

The results presented here are based on density-functional
theory (DFT) calculations according to the projected aug-
mented plane-wave* (PAW) method as implemented in the
vAsSP code (Vienna ab initio simulation package).® In this
approach the valence orbitals are expanded as plane waves
and the interactions between the core and valence electrons
are described by pseudopotentials. The optimization of the
atomic geometry is performed via a conjugate-gradient algo-

PHYSICAL REVIEW B 72, 014411 (2005)

rithm by minimization of the forces and stresses acting on
the system. During the simulations, atomic coordinates and
axial ratios are allowed to relax for different volumes of the
unit cell. These parameters are changed iteratively so that the
sum of the lattice energy and the electronic free energy con-
verges to a minimum value. The ground state is calculated
exactly for each set of atomic positions and the electronic
free energy is taken as the quantity to be minimized. The
experimental structural parameters® are used as the initial
input. Convergence minimum with respect to atomic shifts is
assumed to have occurred when the energy difference be-
tween two successive iterations is less than 1077 eV f.u.™?
and the forces acting on the atoms are less than 1 meV AL,
The generalized-gradient approximation® (GGA) is used to
obtain accurate exchange and correlation energies for a par-
ticular atomic configuration. The calculations were carried
out using a 4 X8 X8 k-point Monkhorst-Pack grid, equiva-
lent to 64 k points in the irreducible Brillouin zone. A further
increase in the number of k points proved to have negligible
effect on the total energy. A plane-wave energy cutoff of 550
eV was used in all calculations. In order to avoid ambiguities
in the free-energy results we have used same energy cutoff
and k-point density in all calculations. The structural optimi-
zations were performed in paramagnetic (P), ferromagnetic
(F), and antiferromagnetic (AF) configurations for all the
three compounds. We have calculated the total energy of the
compounds as a function of volume for ten different vol-
umes, fitted the results to the so-called universal equation of
state,” and therefrom extracted the bulk modulus (By) and its
pressure derivative (By).

IV. RESULTS AND DISCUSSION
A. Structural optimization

The results discussed in the following sections refer to
KCr;0g unless otherwise specifically mentioned. The struc-
tural optimization in the P, F, and AF configurations shows
that the AF configuration has the lowest total energy and
represents accordingly the ground state for KCr;Og (Fig. 2).
This is in agreement with the magnetic susceptibility data®®
which show AF ordering below Ty (Néel temperature)
=125%4 K. The calculations show that RbCr;Og4 also has an
AF ground state whereas NaCr;Og has a F ground state. The
optimized lattice parameters and atomic positions along with
the experimental values are given in Table I, showing rea-
sonably good agreement between the two sets of data. The
calculated cell parameters agree well for NaCr3Og, but for
KCr;0g and RbCr;0g the unit-cell parameters are up to some
3.8% larger than the experimental values. The PAW method
with the GGA generally gives up to 3% overestimated
volumes in some cases.'® In order to check the deviations
between the computational and experimental structural pa-
rameters for these compounds, we repeated the calculations
with more k points, higher energy cutoff, and also including
the semicore K p and Cr p states in the valence configura-
tion. None of these calculations significantly changed the
values from those listed in Table I. We also carried out a
similar set of calculations using the local-density

014411-2
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FIG. 2. Calculated unit-cell volume vs total energy for KCr3;Og
in different magnetic configurations. The arrows indicate the
antiferromagnetic-to-ferromagnetic transition.

approximation (LDA) instead of the GGA. In this case, the
obtained equilibrium parameters are up to 3.6% underesti-
mated.

In order to check the effect of the Cr PAW potential on the
lattice parameters we also carried out test calculations with
different potentials for CrO,, which is an archetype for half-
metallic ferromagnets. We correctly obtained the F half-
metallic ground state and the equilibrium unit-cell volume
(see Table I1) varied around 2%, viz., well within the limit of
the accuracy for DFT calculations. In all calculations the
derived magnetic moment per Cr atom in CrO, came out as
~2.0ug as expected for Cr'V (d?). Hence the choice of po-
tentials for the constituent elements does not significantly
influence the optimized lattice parameters.

As noted earlier, the studied systems have a layered ar-
rangement within a, b planes. It is noteworthy that the largest
deviations in lattice parameters between experiment and
theory are found precisely for the a direction (3.8% and
3.5% for KCr3O4 and RbCr30g, respectively). Moreover, for

TABLE Il. Optimized unit-cell parameters for CrO, using dif-
ferent potentials in the computation: GGA-PBE1 corresponding to
pseudopotential for Cr with 3d electrons in the valence state, GGA-
PBE?2 to pseudocore 2p electrons also in the valence state, and LDA
(see Sec. Il).

Experiment
Unitcell  (Ref.11) GGA-PBE1 GGA-PBE2 LDA
a A 4.4190 4.4212 4.4204 4.4348
c (A 2.9154 2.9125 2.9135 2.8946
V(A3 56.93 58.13 58.30 55.70

PHYSICAL REVIEW B 72, 014411 (2005)
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FIG. 3. Calculated unit-cell parameters for ACr;Og as function
of the radius of A" (standard values). Open and closed symbols
represent calculated and experimental values, respectively. Note the
enlarged scale along b.

KCr;0g the deviation in a is considerably smaller in the P
case (2.8%) than the AF case (3.8%). The significance of the
latter finding lies in the fact that the experimental values
refer to the P state at room temperature. The variation of b is
almost negligible for the P and F states (~0.02%) and some-
what larger for the AF state (0.44%), whereas that for c is
more appreciable for all (P, F, and AF) states (3.2-3.4 %); see
Fig. 3). From Table Ill, it is seen that the calculated average
bond length Cr1°-O for the three compounds is some 2%
smaller than the experimental value. On the other hand, the
calculated and experimental bond lengths Cr2!-O are almost
the same. Crl has a finite magnetic moment whereas that for
Cr2 is negligible (see Sec. 1V B). The strongly bonded tetra-
hedral Cr20, units are not affected by either external pres-
sure or magnetic interactions whereas the octahedral Cr1Og
units are influenced by such perturbations. Hence, the dis-
crepancy between the calculated and experimental lattice pa-
rameters may be attributed to the layered structure, the
strongly bonded macromolecularlike Cr;Og units within the
layers, and/or magnetoelastic effects. As the experimental
values refer to room temperature (well above the magnetic
transition temperature) and the calculations correspond to 0
K, low-temperature neutron-diffraction studies on the crystal
and magnetic structures of these compounds are needed to
shed light on this situation.

The change in total energy as a function of unit-cell vol-
ume for KCr3Og is shown in Fig. 2. This shows that a tran-
sition from the AF to the F state takes place at a pressure of
2.36 GPa, associated with a volume discontinuity of 6.4%.
As the energy difference between the AF and F states is
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TABLE IlI. Bond lengths between Cr and O (in A) in the ground-state configurations of ACr3Os.

NaCr;04 (F)

KCr;0g (AF)

RbCrs0g (AF)

Bonds Calc. Expt. Calc. Expt. Calc. Expt.
2 Cr1°-01 1.94 1.95 1.90 1.95 1.89 1.92
4 Cr1°-03 1.97 2.00 1.98 2.02 1.93 2.03
1 Cr2t-01 1.64 1.63 1.62 1.62 1.63 1.63
2 Cr2t-03 1.69 1.69 1.66 1.66 1.65 1.65
1 Cr2t-02 1.66 1.65 1.69 1.69 1.68 1.68

small (Table IV), it should be easy for this magnetic transi-
tion to occur. Similarly, RbCr;Og4 also undergoes a transition
from the AF to the F state at 1.31 GPa, whereas no pressure-
induced magnetic transition is revealed for NaCr;Og which
remains in the F state throughout the pressure range studied.

B. Magnetic properties

We have calculated the total energy for P, F, and AF con-
figurations as well as three different types of ferrimagnetic
(Ferri) ordering. However, all Ferri configurations finally
ended up with either F or AF solutions. Two different AF
arrangements were considered of which that depicted in Fig.
1(b) came out 300 meV f.u.”! lower in energy. We have also
calculated the Liechtenstein exchange parameters'?*3 for the
Cr atoms based on the formalism implemented in the
TBLMTO-47 code'* and made use of the findings as guidelines
to construct the magnetic cell. From the calculated exchange
parameters we found that the indirect Crl-to-Crl and Cr2-
to-Cr2 interactions via intervening O atoms are AF (magni-
tudes 64.5 and 0.03 meV, respectively), whereas the corre-
sponding Crl-to-Cr2, interactions are F (magnitude
-2.74 meV). The mutual exchange interaction between the
Crl and Cr2 sublattices is accordingly very small. Moreover,
as Cr2 carries a minor moment (see below) the net macro-
scopic effect of AF ordering (as assumed in the computa-
tional model) or paramagnetic disordering of the Cr2 mo-
ments will virtually be the same. Note that the Cr-Cr
separation in the compounds (=3.38 A for KCr;04) exceeds
the critical value® for direct Cr-Cr interaction. The most
likely superexchange-interaction path from Crl to Crl is via
03 atoms with an 03-03 separation of 2.72 A and a Cri-
03-03 angle of 133°.

At first sight the calculated magnetic moments (Table V)
appear to confirm that Crl corresponds to nearly Cr'"' (d®)
and Cr2 to nearly CrV' (d%) in agreement with their octahe-
dral and tetrahedral coordinations.® However, a closer inves-

TABLE V. Total energy (relative to the lowest-energy state in
meV f.u.”1) for ACr;30g in P, F, and AF states.

tigation of the bonding situation reveals that (see below and
Sec. IV D) the assignment of formal valence states to Cr in
the studied systems is nontrivial. Owing to the presence of
nearly three unpaired d electrons, Crl may be concluded as
cr'" but all d electrons from Cr2 are clearly not transferred
to the oxygen atoms [as is to be expected for an ideal CrV!
(d%) state]. A small magnetic moment (Table V) is associated
with Cr2, and owing to hybridization interaction between Cr
d and O p, the oxygen atoms also possess small magnetic
moments. [This leads to total moments in the F state (see
Table V) exceeding the simple sum of the moments on Crl
and Cr2.]

The magnetic moments of Crl are lower than the ideal
spin-only values owing to strong covalent Cr-O interaction.
The old findings of Klemm® established Curie-Weiss behav-
ior for KCr30g, but gave a somewhat larger resultant para-
magnetic moment [(4.0-4.2)ug f.u.”1] than the spin-only
paramagnetic moment (3.72ug f.u.”! which “accidentally”
coincides with the theoretical spin-only moment for a d® con-
figuration) calculated from the total cooperative-magnetic
moment for KCr;Og in Table V. Unpublished measure-
ments by Fjellvag® found up=(4.05+0.03)ug and
(4.08+0.04) ug f.u."* for NaCr;04 and KCr;Og, respectively.
However, according to Ref. 9 NaCr;O4 takes an AF arrange-
ment below Ty=91+2 K (rather than the F arrangement ar-
rived at computationally) and moreover both NaCr;Og and
KCr3;04 have a black appearance (see also Ref. 8). The latter
observation suggests that these substances should be metallic
rather than semiconducting. A metallic behavior can in this
case easily be imagined to arise from nonstoichiometry in the
oxygen content of the bona fide samples. There are also other
reports'® of paramagnetic moments in excess of 4 ug per Cr'!
for chromic compounds. For example, the related binary ox-
ides Cr,O5 and CrzOg (which also formally are believed to
comprise Cré* and Crb*) are reported!” to exhibit AF order-

TABLE V. Calculated magnetic moment for Crl and Cr2 (in ug
per Cr atom) of ACr;0g in F and AF states. Total refers to the total
magnetic moment per formula unit.

F AF
Compound Crl Cr2 Total Crl Cr2

Compound P F AF
NaCr;0g 680 0 145
KCrs0q 619 214 0
RbCr;04 652 21.6 0

NaCryOs 2451 0241 2868 2391 0013
KCrs0g 2449 0228 2859 2330  0.016
RbCr;Op 2453 0224 2857 2336  0.003
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ings at low temperature with paramagnetic moments of
(4.30+0.04) ug and (4.35+0.02) ug f.u.7, respectively.

A number of manganese-containing compounds has been
found to transform from an AF insulating (semiconducting)
phase to a F metallic phase with an associated CMR effect
on application of magnetic fields. The present calculations
predict that KCr3Og and RbCr;Ogq stabilize in the F insulat-
ing phase (note at 0 K) on application of a sufficiently large
field. Transport-property studies on these materials as a func-
tion of magnetic field should be particularly interesting be-
cause of the occurrence of insulating (semiconducting) states
in both AF and F phases. The resistivity of the AF phase
should be larger than that of the F phase owing to the en-
hanced scattering of the electrons by the AF-aligned spins.
Hence, the measurement of changes in resistivity as a func-
tion of magnetic field should provide evidence of contribu-
tions from spin scattering alone. (Note that for the
manganese-containing compounds both spin scattering and
contributions from conduction electrons set free by the es-
tablishment of the metallic state will contribute to the field-
dependent resistivity.) In order to penetrate further into the
origin of the CMR effect, it would be useful to concentrate
on cases where only one of the components contributes.

C. Electronic structure

From the total density of states (DOS) for KCr3Og in Fig.
4, it is evident that the P state with a finite DOS at the Fermi

level (Eg) has metallic character. However, since the Eg falls
on a peak of the DOS curve, stabilization in the P configu-
ration is not favorable, in agreement with the total energy
findings. Interestingly, the F state of KCr3Og is insulating
(semiconducting) with a band gap (Eg) of 0.31 eV. F insula-
tors attract much attention owing to their potential applica-
tion in spintronics devices. The presently studied compounds
may be the first examples of Cr-containing oxides with F
insulating behavior other than spinels. (Earlier, we'® have
predicted F insulating behavior in Ca,YCo0,04 where Co
takes the valence states Co' and Co'V.) Also in the AF con-
figuration KCr3Og is an insulator with a reduced E, of 0.26
eV. A small energy gap (between —1.5 and —-1.0 eV) is seen
within the valence band (VB) of the F state, whereas the gap
is somewhat larger (between -1.8 and —1.0 V) in the AF
state where more DOS is localized. The electronic structure
of all the three compounds is similar in the sense that they
have metallic character in the P state and insulating (semi-
conducting) character in the F and AF states. NaCr;Og has
E,=0.36 eV in the F ground state and 0.41 eV in the (meta-
stable, if at all realizable) AF state, whereas RbCr;Og has
E;=0.39 eV in its AF ground state and 0.33 eV in the high-
pressure F state.

As seen from Fig. 5, the K states are almost empty (scale
multiplied by a factor of 10). This implies that K has donated
almost all its electrons to oxygen and becomes ionic. Cr and
O states are energetically degenerate implying strong cova-
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lent interaction between them. The different valence states of
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well-localized bonding states (-6 to —4 eV) in the VB and
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three different O atoms have states in the same energy re-
gion, they show significant topological differences in their
DOS curves.
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As the contributions to the VB and CB from both Crl and

4 T T T T T T

1
cri ! —d
|

2}

-4}

T ol

[

DOS (states eV atom™)

-2

-4

' ' FIG. 6. Partial DOS of Crl and Cr2 in
KCr30g. The vertical line denotes Eg.

1
|
|
|
1
|
)
0

-8 -6 -4 -2
Energy (eV)

014411-6



STRUCTURAL STABILITY, ELECTRONIC STRUCTURE, ...

PHYSICAL REVIEW B 72, 014411 (2005)

| T T T ! T T
2| Cr1-0 ! ]
|
1t | 4
| Y N
0 W—i—
-1} ! 4
Ll ! FIG. 7. Calculated COHP
I ! | curves for Crl and Cr2 in
| . : | , . : KCr30q. (The illustration refers
' ' i ' ' strictly speaking to Cr1-O1 and
o 2}t | 4 Cr2-02, but the profiles for Crl-
5 Cr2-0 ! 03, Cr2-02, and Cr2-03 are very
© 4L ! i similar.) The vertical line denotes
! Er.
0 ~ )
VY |
-1 | ~
2 !
!
L 1 2 L L I 1 L
-6 -4 -2 0 2 4 6

Energy (eV)

Cr2 are mainly made up from d electrons (s and p are
scarcely visible even after appreciable magnification) we
here display only the d-electron DOS. The significant differ-
ences in the topology of the d-DOS curves and the integrated
DOS values (4.2 states for Crl and 4.8 states for Cr2) reflect
their different valence states. The majority-spin channel of
Crl has more occupied states than its minority-spin channel.
Moreover, if Cr2 really had been in the CrV!' (d°) state it
should have an empty d band. Instead, it exhibits a consid-
erable number of well-localized states with more or less
equal occupancy in both spin channels. Hence it can be in-
ferred that the almost-zero magnetic moment of Cr2 in these
compounds is not due to a genuine Cr¥' (d°) state, but results
from negligible exchange splitting. The Im-projected DOS
(not shown) also exhibits different occupancy of d orbitals
for Crl and Cr2. As the studied systems have monoclinic
crystal structure, the d-orbital splitting is not like that in a
perfect cubic crystal field. After applying the proper rotation
matrix, the octahedrally coordinated Crl does not exhibit
perfect triply degenerate t,q and doubly degenerate ey orbit-
als. In the case of Crl, the prominent peaks around -6 to
—4 eV stem from t,4-like orbitals whereas those closer to Eg
come from eg-like orbitals. The Im-projected DOS for Cr2
shows that all the d orbitals have almost equally filled
majority- and minority-spin channels localized between -6
and -4 eV. Prominent peaks are seen for Crl, Cr2, O1, and
O3 in the energy range of -6 to —4 eV. This signals appre-
ciable hybridization interaction between Cr and O.

D. Bonding characteristics

Crystal orbital Hamiltonian population (COHP, the DOS
weighted by the corresponding Hamiltonian matrix ele-

ments) analysis’®?° is a valuable tool to quantify the number
of bonding and antibonding states. It may be recalled that a
positive sign of the COHP indicates antibonding character
and a negative sign bonding character. The calculated COHP
for Crl and Cr2 is displayed in Fig. 7. For both kinds of Cr
atoms the VB consists of bonding states and the CB of anti-
bonding states indicating that both have strong bonding in-
teraction with their surrounding O ions. The integrated
COHP value (which provides a measure of bond strength) for
Crl and Cr2 is 1.53 and 2.60 eV, respectively. Hence, the
tetrahedral Cr2 atoms have stronger bonding interaction with
its O neighbors than the octahedral Crl atoms consistent
with the conclusion arrived from bond-length analysis.

A combined analysis of charge density, charge transfer,
and electron localization function (ELF) plots gives addi-
tional insight into the bonding characteristics of solids.?>%2 A
charge-density plot (distribution of charges in real space) to-
gether with a charge-transfer plot (difference between charge
density of the solid and that of the atoms forming the solid)
provides an overall idea about the transfer of charges in-
volved in the formation of the solid. An ELF plot?® helps to
further characterize the different types of bonding involved,
the ELF being defined between 0 and 1, and high values of
ELF are found in covalent bonds and lone electron pairs.

As the DOS and COHP analyses clearly establish differ-
ent valence states for Cr, we attempted to look for other signs
of charge ordering through examination of charge-density
plots [Fig. 8(a)]. For Crl, charges are directed toward the
octahedrally coordinated O ions, implying a degree of cova-
lent Cr1-O interaction between them. In the case of Cr2, the
charges are also directed toward the surrounding O ions, but
here the charge is denser compared to those associated with
Crl, in agreement with the COHP analysis. The shorter
Cr2-0O bond length (1.62-1.69 A) compared to the Cr1-O
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FIG. 8. (Color online) Plots in a,c plane of (a) charge density, (b) charge transfer, and (c) electron localization function for KCr;0sg.

bond length (1.90-1.98 A) and the enhanced charge density
between Cr2 and O3 suggest strong covalent interaction.
However, a closer look at the charge-transfer plot [Fig. 8(b)]
paints a different picture. The anisotropic charge transfer
from Crl to O3 implies that the Cr1-O3 bonds are of the
coordinate covalent type where the shared electrons are sup-
plied solely by Crl. Moreover, Fig. 8(b) also shows transfer
of charges from Cr2 to O3. If the Cr2-O3 bond only had
covalent character, the charge-transfer plot should have
shown positive charges between Cr2 and O3. However, the
denser charge region between Cr2 and O3 in Fig. 8(a), does
not imply a strong covalent bond (as customary thinking
leads one to believe) but rather results from the presence of
nonbonding d electrons on Cr2 (which are duly absent in the
charge-transfer plot). Even though the ELF values for the
Cr1-O and Cr2-O bonds [see Fig. 8(c)] are almost the same,

the contours around the O3 atoms are directed toward Crl
and away from Cr2. This suggests that the Cr1-O3 bond has
some degree of directional character, whereas the Cr2-O3
bonds have both ionic and some degree of covalent charac-
ter.

From the analyses of magnetic moments, d-orbital occu-
pancies, and various means of bond characterization, it
seems reasonable to conclude with Cr®* as an approximate
valence state for Crl whereas Cr®* (as earlier studies have
inferred) is certainly inappropriate for Cr2. Within the frame-
work of the ionic picture it may be suggested that the actual
charges associated with Cr2 should justify the label Cr?*
(with O~ for all O atoms; Mulliken effective charges from
the CRYSTALO03 program showed that O atoms have accepted
around 0.9 electrons). The origin of the inferred deviation
from the traditional formal valence scheme for charge allo-
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cation (where adoption of 2- as the valence state for O forms
a basic postulate) is the appreciable covalent contribution to
the Cr2-O bonding.

V. CONCLUSION

It is predicted that a combination of ferromagnetic and
insulating (at 0 K) behavior may be found in formally
mixed-valent chromium compounds. The calculated struc-
tural parameters are in reasonable agreement with experi-
mental values for NaCr;Og, KCr;Og, and RbCr;Og. The
ground states of KCr;Og and RbCr;Og should exhibit anti-
ferromagnetic insulating (semiconducting) behavior and on
application of pressure a transformation to ferromagnetic-
insulating (semiconducting) states is predicted. The energy
difference between the antiferromagnetic and the ferromag-

PHYSICAL REVIEW B 72, 014411 (2005)

netic states of these compounds is very small. Hence, by
application of a small magnetic field one can transform the
antiferromagnetic-insulating (semiconducting) KCr;Og and
RbCr;04 into ferromagnetic insulators (semiconductors). Ex-
perimental studies including magnetic, transport, and spec-
troscopic properties are recommended because these com-
pounds are likely to exhibit exciting features.
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Crystal and electronic structures of Cr;Og and LiCr3;0Og: Probable cathode materials
in Li batteries
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! Department of Chemistry, University of Oslo, Box 1038 Blindern, N-0315 Oslo, Norway

Ground-state crystal structures are predicted for Cr3Og and LiCrsOg from accurate first-principles
density-functional calculations by considering several (25 for the former and 12 for the latter phase)
related structure types. Both phases are stabilize in monoclinic (C2/m) structures with slight
variations in the atomic arrangement of the chromium-oxygen framework. Structural optimization
is also performed for CrgO21, the obtained structural parameters being in good agreement with the
experimental values. A possible synthesis route for Cr3Og is suggested from total energy studies.
Electronic structure studies indicate insulating behavior with very small band gaps for CrgOa
and LiCrsOg whereas Cr3Os has pseudogap-like features. Magnetic property and partial density
of states analyses indicate two different formal valence states for Cr in all studied phases (except
CrOs). Bonding characteristics and effects of Li intercalation in CrzOs are also analyzed with the

help of charge density and charge transfer plots.

I. INTRODUCTION

Oxides containing mixed-valent transition metals have
attracted much attention since the discovery of colos-
sal magnetoresistance phenomena. The present authors
have previously reported [1] on the electronic and mag-
netic properties of ACrsOg (A = Na, K, Rb) which
formally contains Cr in mixed-valence states. In this
communication we present the results of first-principles
density-functional theory (DFT) calculations on the re-
lated phases Cr3Og and LiCrzOg. In addition to the
mixed-valence aspects associated with chromium, these
phases are also of considerable interest in relation to ap-
plication as cathode material in batteries (see Ref. [2] and
references therein).

Rechargeable lithium batteries are attractive for use
in light-weight, high-energy-density-storage devices with
applications ranging from small portable electronics to
larger mobile electrical units. Batteries consist of an an-
ode and a cathode separated by a suitable electrolyte. In
lithium batteries, the anode comprises Li at a high chem-
ical potential, e.g., Li metal, Li-Al alloys or Li dissolved
in carbon. A low Li chemical potential is established at
the cathode which may have its chemical anchoring in
a suitable metal oxide or sulfide that can intercalate Li.
Li ions are intercalated into the cathode when the bat-
tery is discharged and deintercalated when it is charged.
The open cell voltage of the battery is directly propor-
tional to the chemical potential difference between the Li
in anode and cathode [3]. An appreciable amount of re-
search has been made to find possible Li cathode materi-
als based on lithium-intercalated transition-metal oxides
since these materials generally appear to exhibit quite
high cell voltages and the series Li, MOz (M = Ti-Zn)
has, e.g., been subjected to a number of first-principles
theoretical studies [3-5].

The insertion of Li in chromiun oxides by both chem-
ical and electrochemical means was apparently first
demonstrated by Koksbang and Norby [6]. Chromium
oxides as constituents for cathodes are particularly at-

tractive because of their high energy density and high
capacity at low discharge rates. For example, the calcu-
lated energy density for the couple Li/Cr3Og is reported
to be about twice that of the couple Li/TiSy [7]. More-
over, the couple Li/Cr3Og has open circuit and averaged
discharge voltages of 3.8 and 3.0 V, respectively, as well as
a cell voltage comparable to that of already commercially
available lithium batteries. Several studies (see Refs. [2]
and [8]) have shown that Cr3Og cathodes exhibit good
performance for the reversible cycling which involve Li in-
tercalation/deintercalation, and the high energy density
and good rechargeability have indeed made it a promis-
ing cathode material for Li batteries. It may be men-
tioned that the maximum charge transfer estimated [8]
for the Li/Cr3Og couple is more than 50% larger than
the average charge transfer accepted for the batteries de-
veloped by the Varta company [9]. At room temperature
Cr30s (as well as CrO3 and CrgOs; which will enter in
the consideration below) is insensitive to overdischarg-
ing and can be cycled even at voltages of 2V [10]. A
disadvantage which the Li/CrzOg couple has in common
with other battery constructions based on intercalation
mechanisms is slow kinetics.

In general, the suitability of different host matrices as
secondary intercalation cathodes in lithium cells depends
on their crystal structure and electronic properties [11].
Further the Li ions mobility is mainly related to the
atomic architecture of the host structure and more specif-
ically to the electrostatic interaction between Li ions and
relevant parts of the host. The maximum lithium uptake
is related to the number of sites that can accommodate Li
and/or to the number of electronic states available for the
corresponding electrons. High Lit uptake is clearly ben-
eficial for high energy density, but may be accompanied
by serious structural changes of the host. In fact, the in-
terior structure and external morphology of the host may
in general suffer appreciably during the intercalation and
deintercalation reactions. For example, the repeated cy-
cling of Li/Cr3Ogs cathodes under battery conditions is
reported [12] to give rise to increasingly disordered ma-



terials (viz. gradual deterioration toward an amorphous
state [2]).

In this scenario, it is likely that structural studies on
Cr3Og and LiCr3Og can provide crucial information for
the understanding of the structural stability and other
physical properties of these materials and in turn lead
ways to improve their battery performance. However,
experimental structural studies on Cr3Og and LiCrzOg
are hitherto rather limited [13-16], which may be due
to difficulties involved in preparation of single crystals.
Hence we have undertaken a detailed study on structural
stability, electronic structure, magnetic structure, and
bonding characteristics for these materials using accurate
DFT calculations. The advantage of ab initio calculations
is that we require only the atomic numbers of the con-
stituents of the phase under investigation and suitable
guess structures.

II. COMPUTATIONAL DETAILS

The main aim of the present work has been to es-
tablish the ground-state crystal structures of Cr3Og and
LiCr30sg, and for this purpose a number of possible guess
structures have been considered in the structural op-
timization calculations using the projected augmented
plane-wave (PAW) [17] method as implemented in the
Vienna ab initio simulation package (VASP) [18]. In
this approach the valence orbitals are expanded as plane
waves and the interactions between the core and valence
electrons are described by pseudopotentials. The op-
timization of the atomic geometry was performed via
a conjugate-gradient minimization of the total energy,
using Hellmann-Feynman forces on the atoms and the
stresses in the unit cell. During the simulations, atomic
coordinates and axial ratios are allowed to relax for dif-
ferent volumes of the unit cell. These parameters are
changed iteratively so that the sum of the lattice energy
and the electronic free energy converges to a minimum
value. The ground state is calculated exactly for each set
of atomic positions and the electronic free energy is taken
as the quantity to be minimized. Convergence minimum
with respect to atomic shifts was assumed to have been
attained when the energy difference between two succes-
sive iterations was less than 10~7 eV per unit cell and the
forces acting on the atoms were less than 1 eV A~ The
generalized-gradient approximation (GGA) [19] was used
to obtain the accurate exchange and correlation energy
for all the atomic configurations. The calculations were
carried out using 4 x 8 x 8 Monkhorst-Pack k-points grid,
equivalent to 64 k points in the irreducible Brillouin zone.
Any further increase in the number of k points proved to
have negligible effect on the total energy. A plane-wave
energy cutoff of 550eV was used in all calculations. In
order to avoid ambiguities in the free-energy results we
have used same energy cutoff and k-point density in all
calculations. Calculations were performed for paramag-
netic (P), ferromagnetic (F), and antiferromagnetic (AF)

configurations of all guess structures with favorably low
total energy (notably CrO3, Cr3Og-I and -II, CrgOs;, and
LiCr3Og-I and -IT). We have calculated the total energy
of the compounds as a function of volume for ten differ-
ent volumes, fitted the results to the so-called “universal
equation of state” [20], and extracted the bulk modulus

(Bo).

III. STRUCTURAL CONSIDERATIONS

The first structural study [15] of Cr3Og indexed the
x-ray diffraction pattern of a sample with the said (not
documented) composition on the basis of an orthorhom-
bic unit cell, with unspecified space group and without
any information on atomic positions. The most recent
study [16] was performed on a sample with the slightly
different composition CrgO2; and describes the structure
as triclinic (P1) on the basis of information from powder
diffraction using conventional x-ray, neutron, and x-ray
synchrotron radiation. (The fact that the unit-cell vol-
ume reported in Ref. [15] is related to that in Ref. [16]
by a factor of nearly four suggests that the sample of the
former study in reality may have consisted of CrgOa;.)
According to Norby et al. [16] the CrgOs; structure con-
sists of Cr'' Qg octahedra and CrV!0, tetrahedra. These
polyhedra form sheets which are held together by tetra-
chromate Cry'O13 groups to form a three-dimensional
framework [(Fig. 1(d)].

Despite the difference in composition, the CrgOs;
structure was an obvious choice of guess structure for the
structural optimization calculations. Two other equally
obvious choices were the oxide segments (designated
Cr30sg-1 and -II) that remain after stripping-off K from
the KCr3Og-type [1, 21, 22] structure [Fig.1(b); space
group C2/m], and Li from the LiCr3Og structure [Fig.
1(c); space group Cmcem with random distribution of the
Li atoms and one third of the Cr atoms [13]] and also
the oxide framework of other structures considered for
the optimization of LiCr3Og (see below). Similarly we
considered a guess structure based on a modified HI3Og
(P21/m) [23] arrangement in which H is omitted and I is
replaced by Cr. In order to have larger platform for the
exploration of the ground state structure of Cr3Osg, we ex-
tended the selection of guess structures to other alterna-
tives with 3:8 stoichiometry, being perfectly aware that
some of these are rather unlikely for an oxide like CrzQOsg.
We considered the structure types [23] of the following
reasonably related compounds as inputs in the struc-
tural optimization calculations: Nb3Clg (P3m1), Rh3Ses
(Rg), Oé-W30g (0222), ﬁ—WgOg (Pbam), II‘3S€8 (Rg),
a-U30g (P62m), 3-U30s (Cmem), v-U3Os (P21/m), -
U30s (P3), and e-U3Os (Amm?2). In the course of the
study it also seemed appropriate to perform structural
optimization on CrOs [24] which comprises a virtually
one-dimensional arrangement of strings of corner sharing
CrOy tetrahedra [Fig. 1(a)].

We considered also a number of different structure



(L —

FIG. 1: (Color online) Crystal structure of (a) CrOs (Ama2), (b) CrzOs-I (C2/m), (c) Cr3Os-11 (C2/m), (d) CrsO21 (P1), (e)
LiCr30s-1 (C2/m), and (f) LiCrsOs-II (C2/m). Crystallographically different chromium atoms are labeled on the illustrations.
Tetrahedral and octahedral Cr-O polyhedra are distinguished by different shading (color).

types as inputs to establish the ground-state structure
of LiCr30g. Obviously one starting point had to be the
experimentally reported [13] LiCrsOg structure based on
Cmem symmetry. This structure is described as built
up of somewhat staggered strings of (Li,Cr)Og octahedra
connected by edge sharing in the ¢ direction, the strings
being in turn linked via corner-sharing CrO, tetrahedra
to give the structure a certain three-dimensional charac-
ter. The present simulations of the LiCr3Og structure
[Fig. 1(f); designated LiCr3Os-II] were performed in a
supercell which also took care of the cooperative mag-
netic order. Another atomic arrangement which had to
come on the top of the priority list was the KCr3Os-
type structure [Fig. 1(e); space group C2/m with K ex-
changed by Li; designated LiCrzOs-I] which is adopted
by the succeeding elements A = Na, K, and Rb in
the ACr3Og series [1, 21, 22]. In addition to these
structure types, the following variants [23] were consid-
ered: HI3Og (P21/m; Li at the H site, and Cr at the
I site), LlVgOg (P21/m), Lle30g (P21/C), a—LiTagog
(C2/c), B-LiTazOs (Pmma), a-NaNbsOs (Ibam), B-
NaNb3Og (Pba2), KNbsOg (Cmem), ZnV3Og (Iba2),
CU.NbgOg (P21/C), AgBlCI’gOg (IZ), T1V308, (P21/m),
and CsCrzOg (Pnma).

IV. RESULTS AND DISCUSSION
A. Structural aspects

Among the different test-structural arrangements con-
sidered for chromium oxides with 3 : 8 stoichiometry, that
derived by omitting K from the KCr3Og-type structure
(viz. Cr3Os-I; in AF state) came out with the lowest
calculated total energy [see Fig. 2(a) and Table I for
structure specifications]. Other variants with the 3:8
stoichiometry came out with moderate [e.g., LiV3Og type
minus Li; AE = 0.43eV per CrzOg unit] to much higher
total energies [e.g., Ir3Og type; AE = 7.52€eV per Cr3Og
unit]. A particular relevant test structure for compar-
ison with the ground-state Cr3Og-I variant is Cr3Og-II
derived by omitting Li from LiCrzOs-II [see below and
Figs. 1(e) and 2(c)]. As seen from Fig. 2(a) CrzOg-1I
exhibits an appreciably higher energy than Cr3Og-I, in
fact, Cr3Og-II is located well above the mentioned Li-
stripped-off variant of the LiV3Og-type structure.

The experimentally established CrgOs; phase on the
other hand, takes a slightly different composition and
an appreciably different structural arrangement from
Cr30s-1 [see Fig. 1(b,c)]. The total energy (F) vs unit-
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TABLE I:. Optimized structure parameters and bulk modulus (By) for Cr3Os-I, and -1I, CrgO21 and LiCrzOs-I and -II. All
structures, except CrgO2; (P1), are described in space group C2/m with Li in 2a and Crl in 2¢ (not included in the listing).
For comments about the experimental data for

Values given in parentheses refer to the experimental data for CrgO21 [16].

LiCr3Os-1I ([13], see text).

Compound Unit cell (A or deg) Atom Site x y z By (GPa)
Cr30g-I a = 8.4067 Cr2 4i 0.5528 0 0.2598 34.743
b = 5.2656 01 4i 0.2007 0 0.5884
c = 6.0462 02 4i 0.2971 0 0.9770
B = 91.03 03 8j 0.0495 0.2433 0.3083
Crz0g-11 a = 6.7524 Cr2 4i 0.3675 0 0.5930 4.396
b = 5.6422 o1 43 0.2205 0 0.6579
c = 7.7150 02 413 0.7184 0 0.6399
B =117.85 03 85 0.9769 0.2460 0.6595
CrsOz1 a = 5.434 (5.433) Crl 2i 0.852 (0.859) 0.211 (0.211) 0.069 (0.068) 21.424
b = 6.637 (6.557) Cr2 2i 0.296 (0.280) 0.235 (0.234) 0.899 (0.898)
¢ = 12.546 (12.117) Cr3 2i 0.347 (0.358) 0.368 (0.377) 0.248 (0.258)
a = 105.86 (106.36) Crd 2i 0.731 (0.721) 0.793 (0.799) 0.529 (0.528)
B = 95.36 (95.73) o1 2i 0.813 (0.800) 0.500 (0.504) 0.066 (0.060)
N = 77.70 (77.96) 02 2i 0.423 (0.426) 0.817 (0.835) 0.036 (0.049)

03 1f 1/2 (1/2) 0 (0) 1/2 (1/2)
04 2i 0.132 (0.127) 0.238 (0.250) 0.173 (0.182)
05 2i 0.374 (0.381) 0.725 (0.727) 0.814 (0.812)
06 2i 0.329 (0.304) 0.855 (0.859) 0.231 (0.243)
o7 2i 0.910 (0.911) 0.897 (0.899) 0.055 (0.057)
08 2i 0.385 (0.383) 0.328 (0.358) 0.382 (0.397)
09 2i 0.026 (0.038) 0.116 (0.115) 0.412 (0.406)
010 2i 0.189 (0.183) 0.385 (0.372) 0.583 (0.591)
011 2i 0.262 (0.261) 0.617 (0.632) 0.255 (0.255)
LiCr30g-1 a = 8.3394 Cr2 4i 0.3570 0 0.2613 49.102
b = 5.4749 01 4i 0.2278 0 0.4572
c = 6.4185 02 4i 0.2599 0 0.0425
B = 90.43 03 8j 0.4733 0.2575 0.2757
LiCr3Og-II a = 9.8811 Cr2 4i 0.3741 0 0.6199 53.522
b = 5.6842 o1 4i 0.2423 0 0.7135
c = 6.1364 02 4i 0.2329 0 0.6953
[/ = 123.91 03 8j 0.9913 0.2458 0.7248

cell volume (V') relationship for CrgOq; [Fig. 2(b)] shows
nearly the same ground-state energy (E = —85.83 eV
per Cr307.g75) as CrzOg-1 (F = —86.06 eV per CrzOg)
whereas the corresponding cell volumes differ apprecia-
bly (V = 163.25 A% per Cr3O7.g75 and 139.01 A3 per
Cr30s). However, a proper comparison between CrgOsq;
and Cr3Og has to take into account the difference in oxy-
gen content as brought out by the reaction equation:

3 1
gCI‘gOm + 1—602 = Cr30g (1)

The oxidation energy (AFE) follows from the relation:

3
AFE = E(Crgog) - —E(Crgogl) - 1—6E(02) (2)
which upon introduction of the calculated values for

Cr30g, CrgOs1, and the dioxygen molecule (E = —9.8607



eV) gives AE = —0.39 eV per CrzOg at 0K). This con-
firms that the experimentally established CrgOs; phase
is the real ground-state phase for the oxide in question.
However, as will be argued below there are reasons to be-
lieve that Cr3Og-I can be obtained as a metastable phase
under electrochemical conditions.

So far all attempts [2, 6, 8, 12-16] to synthesize Cr3Osg
have made use of thermal decomposition of CrOj; as a key
element in the preparational procedure:

1
3CrO3 = Cr30g + 502 (3)

According to the present total energy data (see Fig.
2) Cr30g should be obtainable according to Eqn.3 al-
ready at 0K (AE = —5.20 eVper CrzOg or —1.73eV
per CrOs g67). However, formation of CrgOg; should be
even more favorable (AE = —1.86 eV per CrOq 625 ). We
will return to a possible synthesis route to Cr3QOg after
the presentation of our findings for LiCr3Og. It should be
noted that our attempts to perform DFT structural opti-
mization for CrOg proved rather unsuccessful. In the first
place the calculations converged rather slowly and oscil-
lating, and also they terminated at unit-cell dimensions
and positional parameters much different from the exper-
imental values [24]. We believe that the root of the prob-
lem is the distinct one-dimensional character of the CrO3
structure which may obscure the DFT calculation. It is
well known that the DFT approach (in particular GGA)
underestimates intermolecular, van-der-Waals-type bind-
ing.

As seen from Fig. 2(c), two of the selected test struc-
tures for LiCr3Og (variants I and IT) came out with virtu-
ally the same total energy at the minimum in the E(V)
relationship (AE ~ —5.6meV per LiCrsOg) with vari-
ant IT as the energetically favored phase. Variant II
has also the smallest equilibrium volume (V' = 143.19
and 148.44 A3 per LiCr3;Og for variant II and I, respec-
tively). As seen from Table I, both LiCr3Og-I and -1I
belong to the space group C2/m, even though the ini-
tial guess structures were different. We simply allotted
the KCr3Og type to variant I and the experimentally de-
termined LiCrzOg structure to variant II. According to
Wilhelmi’s [13] description for the LiCrgOg-II structure
in space group C'mem, Li and one third of the Cr atoms
are randomly distributed in a fourfold position. In or-
der to bring the disorder aspect into the computations,
we constructed a supercell with periodic arrangements of
Li and Crl to mimic the experimentally reported struc-
ture. At the start of the calculations it was detected that
forces of around 2.6 eVA~! were acting at the oxygen
sites which clearly signaled certain defects in the experi-
mental LiCrzOg-II structure. This suspicion was further
reinforced during the calculations which finally converged
with a gain of more than 1.3 eV fu.”! in total energy
and structural parameters that were “miles away” from
the input values. On careful analysis of our computed
LiCr30g-II structure it turned out that this really be-
longs to space group C2/m rather than C'mem. Although

this is “accidentally” the same space group as adopted
by variant I, the atomic arrangement is quite different.
With our retrospective wisdom we tried to convert Wil-
helmi’s structure to space group C2/m, but the efforts
were in vain. Hence the calculated structure specification
included in Table I represents an appreciably modified
version of Wilhelmi’s structure, and it is pertinent to ask
what can possibly have gone wrong in Wilhelmi’s single-
crystal x-ray determination of the LiCr3Og-II structure.
We believe that the root of the discrepancy is associated
with the chemically rather unrealistic postulate that Li
and Cr atoms should be randomly distributed over one
and the same site in such structures. On the basis of the
present theoretical findings it is strongly recommended
that the LiCr3Og-II structure is subjected to an experi-
mental redetermination.

From Fig. 1(e,f) it is seen that LiCr3Os-I and -II car-
ries a close structural relationship, both exhibiting char-
acteristic layer features. Wilhelmi [13] used relatively
strong synthetical means (hydrothermal conditions at
high temperatures) to obtain the LiCr3Og-II phase. On
modifying the preparational procedure (inter alia relin-
quishing single-crystal production and rather imitating
the synthesis procedures for the other ACr3Og (A = Na,
K, Rb) phases [22] it seems quite likely that the LiCr3Og-
I phase will materialize. With the LiCr3Og-I phase at
hand, it is easy to prescribe an apparently safe synthesis
route to CrgOg-I. LiCr3Og-I is simply introduced as cath-
ode in a suitable battery setup and the unit is subjected
to charging conditions.

The structural feature which makes the LiCrsOg-I
phase particularly suitable for battery purposes is its
pronounced layer character (like monoclinic LiMnOy [25]
where the structure allows withdrawal of large amounts
of Li) and the direct correspondence between the struc-
tures of CrzOs-I and LiCr3Os-I [see Fig. 1(b,e)] which
should facilitate lithium intercalation/deintercalation. It
is the close structural relationship which will allow prepa-
ration of Cr3Os-I as a metastable phase at the expense of
the energetically more favorable CrgOa; (see above). The
synthesis of CrgOo; has been made with use of CrO3 as
starting material and it is indeed possible to imagine that
Cr3Og-I as well as CrgOs; can be formed by reconstruc-
tions from structural fragments obtained by partial ther-
mal decomposition of CrO3z. However, thermal decom-
position requires elevated temperature and under these
conditions the energetically favored CrgQOs; is formed.
On the other hand, under the far milder electrochemical
conditions during deintercalation of LiCr3Og-I, Cr3Og-I
should be favored by kinetics. Since the energy barrier
between Cr3Og-I and CrgOs; is higher than the energy
made available by room temperature, the activation en-
ergy needed to promote the conversion from the former
to the latter is simply not available.

Table I shows that Li intercalation from CrzOg-I to
LiCr30s-1 leads to relatively small changes in the a
and b axes (—0.8% and 3.1%, respectively) whereas
there occurs an appreciable increase in the c¢ axis



TABLE II: Calculated magnetic moment (in pp per Cr atom)
for crystallographically non-equivalent Cr atoms (see Fig. 1
and Table I) for CrOs, Cr3Osg-1, CrzOs-1I, CrgO21, LiCrszOs-
I, and LiCr3Os-IT in F and AF states . Total refers to the

total magnetic moment per formula unit.

F AF
Phase Crl Cr2 Total Crl Cr2
CrOs 1.91 — 1.87 1.36 —
Cr30s-1 1.78 0.17 1.94 1.67 0.02
Cr30s-I1 1.93 0.18 1.96 1.83 0.05
CrsO21 2.39 0.26* 5.61 2.34 0.04°

LiCrzOs-1 2.55 0.22 2.89 2.45 0.02
LiCr30g-1I 2.60 0.22 2.87 2.57 0.04

2For Cr3: 0.21 and Cr4: 0.15
bFor Cr3: 0.21 and Cr4: 0.02

(6.2%).  This nicely illustrates the requirements to
a good cathode battery material based on intercala-
tion/deintercalation mechanisms and emphasizes why
the pair CrsOg-1/LiCr3Og-I constitutes a good combina-
tion. Considerations of the structural information in Fig.
1 and Table I suggest why this pair should be better than
other chromium-oxygen combinations: CrOgs appears to
be rather unsuitable for intercalation/deintercalation as-
sociated with its one-dimensional structure, CrgQOs; ex-
hibits too much three-dimensional character, whereas
Cr30g-II carries a more irregular arrangement than
Cr30g-1. Moreover, most of the cathode materials tested
hitherto [2, 8, 10, 25-28] appear to have contained a
mixture of CrOg, Cr3Og (most likely CrgOga; accord-
ing to the preparational conditions), CrsOi2, and/or
Cr30s5, of which CrOgz, Crs5012, and CryO5 as well as
the lower oxides CrOq and CryO3 are all reported [2] to
decrease the performance of lithium chromium oxides as
battery materials. Most of the attention has been fo-
cussed on poorly characterized samples with the compo-
sition CrzOg. Since these materials probably consisted
of CrgOs; it is only natural that the capacity of Li in-
tercalation is found to increase with increasing degree of
amorphous character of these samples [8]. Even with
its probable shortcomings (compared to CrzOg-I) un-
specified Cr3Og is reported [8] to exhibit a quite large
chemical diffusion coefficient for Li* (~107%cm?s™1).
This appears to vouch for an appreciably higher diffusion
of Lit during intercalation/deintercalation of CrzOsg-I,
which we still regard as a very promising battery cath-
ode material.

B. Magnetic properties

During the structural optimization, we also took into
account cooperative magnetic ordering and performed
simulations for P, F, and AF configurations. [Our ex-
perience from the calculations of magnetic states for
the closely related ACrsOs (A = Na, K, Rb) series

showed [1] that tested configurations with ferrimagnetic
arrangements invariably ended up with F or AF solu-
tions. Accordingly, such variants were not considered
in this study.] As seen from Fig. 2, the AF arrange-
ments came out as the ground states for all phases, ex-
cept Cr3Os-1I which takes F ordering as the lower-energy
state. The energy difference between the AF and F states
is small in all cases (between ~ 4 and 160 meV f.u.™1).
These findings suggest that some of the considered phases
may be subjected to an AF-to-F transition on application
of a magnetic field.

According to Table II one of the Cr sites in all
these phases carries a substantial magnetic moment
(1.4—2.5 up per Cr atom for the AF states at 0K and
ambient pressure) whereas the other Cr sites only ex-
hibit small moment(s). On considering Table II it should
be born in mind that the oxygen atoms also carry small
induced magnetic moments. Some of these turned out
to be oppositely aligned in the F cases, hence the total
moments for Cr3Og-I and -II came out smaller than the
sum of the moments at the Crl and Cr2 sites.

Experimental magnetic data are very scarce for these
phases: limited to up = 4.2+ 0.1 up per Cr atom, © =
—165+ 5K, and Ty around 100 K for CrgOs; [16], and pp
=4.35 up per Cr atom, ©® = —170K, and Ty around 80 K
for CrzOg (unspecified) [15]. [Note that these data refer
to P states with numerical values extracted from Curie-
Weiss relationships and thus follow a different definition
of magnetic moment; according to the “spin-only” ap-
proximation specified as: up = v/8Cpno = 24/S(S +1)].
However, powder neutron diffraction was only able to
unveil a few very weak magnetic reflections at low tem-
peratures (10—100K) for CrgOq; [16]. Perhaps the clear
indication of Néel temperatures in the magnetic suscep-
tibility data for these phases reflects conversion to two-
rather than three-dimensional cooperative magnetic or-
dering.

The magnetic moments at the Crl (Cr for CrO3s) sites
in these phases are lower than the “spin-only” values for
a Cr'' (d3) valence state, owing to strong Cr-O interac-
tions (see Sec. IV D). Without our prior experience from
the study of the ACr3Og phases we might at first been
tempted to take the observation of very low magnetic
moments at the Cr2 sites as indications of a CrV! (d°)
valence state. (The fact that we then would have over-
looked that CrYT is the formal valence state for CrOg
is another story.) However, we know [1] that the almost
zero moments of Cr2 in the ACr3zOg phases do not reflect
a d° state, but rather results from very small exchange
splitting. The large moments at the Crl sites, on the
other hand, reflect precisely the opposite, viz. strong ex-
change interaction. The overall size and variation of the
magnetic moments in Table II, clearly demonstrate that
little physical significance should be attached to consid-
erations based on formal valence states (see also Sec. IV
D). It is interesting to note that the magnetic moment
at Crl increases by approximately 1up from CrzOg-I
and -II to LiCr3Os-I and -II, respectively. This should



not be interpreted as a trivial change in oxidation state
from, say, CrV! to Cr'™ but mostly as another evidence
for effects of exchange splitting. In this perspective the
impacts of differences in the valence states of Crl and
Cr2 have far less significance.

C. Electronic structure

The total and site-projected DOSs for CrO3, CrgOo1,
Cr30s-1I, and Cr3zOs-II are displayed in Fig. 3. The total
DOS for CrOg [Fig. 3(a)] with a significant number of
states at the Er implies metallic character contrary to
the insulating behavior expected for a CrV! state. This
confirms that Cr is not in a simple CrV! state, in agree-
ment with magnetic moment study.

The total DOS for CrgOz; [Fig. 3(b)] shows insulat-
ing behavior with around 0.25 eV band gap between the
valence band (VB) and conduction band (CB) which pro-
vides another evidence of the relative stability of this ox-
ide compared with Cr3Og-I and -II. CrgOs; comprises
four crystallographically non-equivalent Cr and eight O
atoms. Since the energetic distribution of the electronic
states for Cr3 and Cr4 are almost same as that for Cr2, il-
lustrations of the site-projected DOS for the former sites
are not included in Fig. 3(b). Ounly an overall DOS is
shown for the oxygen atoms of CrgOs;. The Er in CrzOs-
I [Fig. 3(c)] falls on a pseudogap-like feature. Pseudogaps
are known [29] to result from covalent hybridization, ex-
change splitting, charge transfer, d resonance etc., and
the presence of a pseudogap appears to be favorable for
stability. The Cr3Og-1II phase, for which both F and AF
configurations occur at higher energy than the Cr3Os-
I phase [see Fig. 2(a)], exhibits a very small band gap
[0.04eV; Fig. 3d] and accordingly insulating behavior at
0 K. The band gap of CrgOs2; is considerably larger lend-
ing further support to the conclusion that CrgOs2; is more
stable than the two Cr3Og variants, viz. in agreement
with findings from the total energy study.

The DOS for the Cr atoms in Cr3Og-I and -II as well
as in CrgOg; show different topology indicating differ-
ence in their valence states. The partial DOS of Crl in
all three phases are similar in the sense that the most
prominent peaks are seen in the region —6 to —4eV and
in a narrow region just below the Er. The majority- and
minority-spin channels of Cr2 are almost equally filled,
and this implies as mentioned above negligible exchange
splitting and consequently a negligible moment at Cr2.
The x-ray photo-emission (XPS) study [8] on CrzOg sam-
ples (unspecified phase) reported two prominent peaks
which were interpreted as evidence for Cr%* and Cr3+.
Although assignment of valence states is not appropriate
using XPS, the site-projected DOS of Crl and Cr2 in
Fig. 3(b-d) show two such prominent peaks in VB. Ow-
ing to the presence of energetically degenerate Cr d and
O p states and the layered nature of these phases, the
covalent interaction between these atoms is distinct, and
indeed it is this interaction which is responsible for the

small magnetic moments at the oxygen sites.

The electronic structures of LiCrgOg-I and -II (Fig. 5)
are largely similar. Compared with Cr3Og-I and -II,
LiCr30s-I and -IT may be said to have the states more
localized. Insulating behavior is seen for both phases
with band gaps of around 0.34, and 0.81 eV, respectively.
Clearly visible Li states occur in the VB for LiCr3Og-I
whereas the Li DOS profile for LiCrzOg-II becomes visi-
ble only after appreciable magnification, indicating that
Liin LiCr3Og-l is less ionic than that in LiCr3Og-II. Simi-
lar to the corresponding Cr3Og-I and -II variants, the two
types of Cr atoms in LiCr3Og-I and -II exhibit topolog-
ically different partial DOS. The three kinds of oxygen
atoms show differences in the DOS curves like those in
Cr3Og-I and -II. The partial DOS of Cr and O are en-
ergetically degenerate also for the lithium phases (viz.
hybridized). As is to be expected on the basis of the
close structural correspondence between LiCr3Og-I and
-IT and the ACr3Os [1] compounds, there are also pro-
nounced similarities in the electronic structures of these
phases.

According to formal electron counting, the valence of
Crl should be 4+ and that of Cr2 6+ in Cr3Og. When
Li is intercalated into Cr3Og an extra electron, formally
donated by Li, goes to Crl and changes its valence to
3+. However, the present computations show that, for
all compounds, the VB contains a large (roughly equal)
number of states for Crl and Cr2 (certainly no way near
the d° configuration required for a Cré state). Owing to
the hybridization interaction with O 2p, the states at the
Cr2 site could at first sight seem to originate from back-
donation. However, the orbital-projected DOSs (Fig. 5)
for Crl and Cr2 in Cr30g and LiCr3Og demonstrates a
definite number of d states (integrated counts gave 3 to
5 electrons; s and p states are negligibly small and not
included in the illustrations). It must therefore be con-
cluded that, it would be inappropriate to assign valence
states for Cr according to the conventional approach.

D. Bonding characteristics

The information on the chemical bonding in the com-
pounds under investigation is largely gathered from care-
ful analysis of the structural, magnetic, and DOS prop-
erties (Sec. III A-C) together with charge density and
charge transfer plots. The insight already gained [1] on
the chemical bonding in the closely related compounds
ACr3Og (A = Na, K, Rb) constitutes a firm basis for the
present deductions. Our very broadly directed study of
the ACr3zOg compounds included the use of electron lo-
calization function and crystal orbital Hamiltonian pop-
ulation analyses as additional tools. However, since the
extra tools largely served to confirm the findings from
the charge density and charge transfer plots, it was de-
cided to concentrate the efforts on the latter means to
illuminate bonding for the present compounds.

In the following we will focus the attention on the
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bonding situation in CrzOg-I and LiCr3Og-1. There are
two main reasons for this choice. First, LiCr3zOs-I
is properly isostructural with the ACr3Og compounds
which allows us to draw heavily on the experience from
our earlier study [1] and CrgOg-I constitutes the “an-
ion” skeleton of these compounds. Second, the Cr3Os-
I/LiCr30s-I pair are of considerable interest in relation
to battery aspects, both for pure model considerations
and also for potential practical utilization. Moreover, we
believe that insight gained on the bonding in CrzOg-I
and LiCr3Osg-I has large carry-over value for illustration
of our findings for the closely related phases subject to
this study.

Fig. 6 shows plots of charge density and charge transfer

(difference between the actual charge in the crystalline
solid under investigation and the superposed atomic
charge at the corresponding atomic position) for CrzOg-
I and LiCrsOg-I. The charge density within the CrzOg-I
skeleton [Fig. 6(a)] suggests that, the octahedral Crl ex-
hibits considerable covalent interaction with the neigh-
boring basal plane oxygen atoms whereas the charge
density between Cr2 and oxygen implies even stronger
covalent interaction. However, the charge transfer plot
[Fig. 6(b)] does not fully comply with these inferences.
The anisotropic charge distribution at Crl points to co-
ordinated covalent bonding. The absence of charges in
regions between Cr2 and O (an indicator for covalent
bonding) and more positive charges at the oxygen sites
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and (b) charge transfer for Cr3Og-1. Corresponding plots for

imply that Cr2 exhibits a distinct degree of iono-covalent
interaction with its oxygen neighbors (viz. the Cr2-O
bonds signal both charge transfer and directional cova-
lent bonding). In LiCr3Os-I [see Fig. 6(c,d)], the Li site
carries charge; the charges around O2 showing a some-
what larger span than that in Cr3Og-I, and Cr2-O ex-
hibits higher charge density between the atoms. Ex-
cept for these distinctions, the overall features of the
charge density distribution are the same for Cr3Og-I and
LiCI‘gOg—I.

Similar to Na, K, and Rb in the ACr3Og compounds,
it is appropriate to refer to Li in LiCrzOg-I as a cation.
The same applies to Li in LiCr3Og-II although the pic-
ture is a little more unclear owing to its more irregular
structural arrangements. In Cr3Og-I and -IT as well as in
the lithium containing compounds, Cr and O electronic
states are energetically degenerate demonstrating strong
covalent interaction between them. The different valence
states of the Cr atoms in these compounds are seen from
their different DOS curves. However, the difference is,
in all phases, far smaller than indicated by the formal



ionic valences Cr3t and Crf. As for the ACr3Og
compounds the octahedrally coordinated Crl may to a
reasonable approximation be regarded as Cr3>* whereas
the tetrahedrally coordinated Cr2 appears to be closer
to Cr?* than Cr%*. The charges associated with oxygen
in the presently considered compounds appear close
to —1. The general feature is that the Cr-O bonds of
octahedral configurations have more covalent character
than those in tetrahedral arrangements.

Effect of Li intercalation

In order to illustrate the effect of Li intercalation in the
Cr30g-1 lattice, we show the charge density difference
between LiCrszOg-I and Cr3Og-I in Fig. 7. The charge
difference has been calculated for the same unit-cell di-
mensions and atomic positions as that of the optimized
LiCr3Og-I phase, so that the electron densities can be
subtracted point by point in real space. According to
the classic inorganic chemistry viewpoint: When Li is in-
tercalated into the Cr3Og-I host lattice, Cr will absorb
the extra charge and change oxidation state(s). If this
had been the case, one would have expected appreciable
modification in the electronic structure. From Fig. 6(a,c)
it is however seen that there occurs no significant change
at the site allocated for Li when it enters the Cr3Og-I host
to form LiCr3Og-1, and the amount of charges present on
Cr remains essentially the same. Hence the entire valence
electron of Li is not transferred from it to the CrzOg-I
host. Fig. 7 suggests that charges are present between
the Li and O3 sites. The oxygen electrons are polarized
toward the Li site in an “attempt” to establish covalent
bonding with Li. In accordance with this, there occurs
an increase in the Cr1-O3 bond length from 1.88 A in
Cr30g-I to 1.91 A in LiCrsOg-I. If the “attempted” Li-
O covalent bond had been established as a strong bond,
Li deintercalation would have been hampered. However,
experimental studies on Cr3Ogs (unspecified) appears to
indicate that the rechargeability and cyclability is quite
good, suggesting that the covalency of the Li-O bond is
weak. It is worthwhile to note that the O p states span
up to Er in Cr3zOg-1, whereas in LiCr3Og-I they become
more localized and occur between —6 to —2 eV. Moreover
the participation of O p states will give rise to higher cell
voltage as more energy is needed to release the electrons
from the lower O p band [30] during the Li to Li* con-
version.

As already emphasized, the conventional picture of Li
donating its valence electron to the host is not applicable
here. The mechanism is rather that the lattice undergoes
a “self-regulating response” which minimizes the effect of
the external perturbations via rehybridization [5]. This
is seen as noticeable modifications in the charges around
Cr and O atoms in Figs. 6(c) and 7. The Cr-O bonds
undergo changes in hybridization so that Crl gains some
charges whereas Cr2 depletes some charges (The inte-
grated charge at the Crl site is 10.42e in Cr3Og-I1 and
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10.52 e LiCr3Og-I whereas that at the Cr2 site is 11.64e
in Cr30g-1 and 11.62e in LiCr3Og-1.) A similar situa-
tion appears to occur in LiCuSn [31] where the Cu sites
is mainly affected by the Li intercalation. As the Crl-
O bond length increases from Cr3Og-I to LiCr3Og-I, the
strength of the covalent interaction decreases. In general
it may be said that the valence electrons on a particu-
lar atom participate either in bonding or in magnetism.
As the Crl1-O bond length increases, the Crl electrons
contribute more to magnetism which in turn result in in-
creased magnetic moment at Crl. The situation for Cr2
is different since the average Cr2-O bond length (1.66 A)
remains almost the same in Cr3Og-I and LiCr3Og-I, and
consequently no noticeable change in either the bonding
interaction or the magnetism takes place.

V. CONCLUSION

On considering a number of different guess structures
in structural optimizations of CrgOg and LiCr3QOsg, it is
established that both compounds stabilize with the struc-
tural arrangements described in space group C2/m with
certain modifications in the atomic arrangements. The
optimized structural parameters for CrgOs; are found to
be in good agreement with the available experimental val-
ues. From total energy studies it is shown that CrgOoy
is energetically more favorable than different variants of
Cr3Og. It is proposed that Crz3Og can be stabilized as
a metastable phase when electrochemical conditions are
imposed on LiCrzOg. Electronic structures have been
explored by investigating total and site-projected density
of states and it is confirmed that the electronic structure
of LiCr3Og has similarities with the structurally related
ACr30g (A = Na, K, Rb) phases. Detailed analyses of
the bonding situation reveal that on intercalation of Li
into Cr3QOg, Li does not donate its valence electron to
the Cr3zOg host. On the contrary, the Cr3Og host under-
goes a so-called “self-regulating response” by modifying
the iono-covalent character of the Cr-O bonds. In all the
studied systems Cr exists in two different valences as evi-
dent from differences in magnetic moment and electronic
structure details. Cr in octahedral coordination can be
referred to as Cr''! whereas Cr in tetrahedral configura-
tion can not properly be considered as Cr¥!. The suit-
ability of CrgOg/LiCrsOg combinations as possible cath-
ode materials has been examined from structural points
of view. Owing to their potential significance in this re-
spect, experimental studies on structural and magnetic
properties are strongly recommended.
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Density-functional calculations on crystal structures and properties of CsCr;0Og and
ACr;0;5 (A = In, Tl, Cu, Ag, Au)
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Accurate ab initio density-functional calculations are performed to predict ground-state crystal
structures and to gain understanding of electronic structure and magnetic properties of CsCr3Os
and ACr3Os (A = In, Tl, Cu, Ag, Au). CsCr3Os stabilizes in an orthorhombic (prototype; Pnma)
structure in agreement with experimental findings whereas the remaining compounds stabilize in
the monoclinic KCrzOs-type (C2/m) structure. All compounds exhibit antiferromagnetic ordering
in the ground state at 0 K. The electronic structures are analyzed with the help of density-of-states,
charge-density, and electron-localization-function plots. All compounds (except InCrzOs) are found
to be semiconductors (insulators at 0K) with very small band gaps, and Cr atoms in different
environments consistently take different valence states.

I. INTRODUCTION

Oxide materials with transition metal constituents in
mixed-valence states have attracted much attention in
recent years since they exhibit exotic phenomena like
colossal magnetoresistance (CMR) and spin, charge, and
orbital ordering [1]. Transition-metal compounds with
mixed-valence Mn, Cu, and Co are widely studied,
whereas others with say, Cr and Ni are less explored.
In an effort to gain understanding of mixed-valence Cr
compounds, we have earlier [2-4] studied structural sta-
bility, electronic structure, and magnetic properties for
compounds with the general formula ACrsOg (A = H,
Li, Na, K, Rb as well as A absent) where Cr formally
takes two different valence states. In the first report [2]
we used accurate density-functional theory (DFT) cal-
culations to analyze electronic, magnetic, and bonding
characteristics of ACr3Og (Na, K, Rb) and later [3] we ex-
plored the ground-state structures of Cr3Og and LiCrzOg
which are of considerable interest as cathode materials in
rechargeable Li-ion batteries. In Ref. [4] we report the
findings for the highly hypothetical compound HCr3Os.
In the present work we analyze the structural behavior,
electronic structure, and magnetic properties of the cor-
responding ACr3Og phases with A = Cs, In, T1, Cu, Ag,
and Au, with some special emphasis on CsCr3Os.

II. COMPUTATIONAL DETAILS

The results presented here are based on density-
functional calculations according to the projected-
augmented plane-wave (PAW) [5] method as imple-
mented in the VASP (Vienna ab initio simulation pack-
age) [6]. In this approach the valence orbitals are ex-
panded as plane waves and the interactions between the
core and valence electrons are described by pseudopo-
tentials. Since one of the main aims of the present work
is to determine ground-state structures for ACr3Osg, we
have performed structural optimizations. We consid-
ered around 12 different structure types as inputs for
each compound and evaluated the total energy for these

test structures. A detailed listing of all the considered
input structures are given elsewhere [2, 3]. The op-
timization of the atomic geometry is performed via a
conjugate-gradient minimization of the total energy, us-
ing Hellmann-Feynman forces on the atoms and stresses
in the unit cell. During the simulations, atomic coordi-
nates and axial ratios are allowed to relax for different
volumes of the unit cell. These parameters are changed
iteratively so that the sum of lattice energy and elec-
tronic free energy converges to a minimum value. Con-
vergence minimum with respect to atomic shifts is as-
sumed to have been attained when the energy difference
between two successive iterations is less than 10~7 eV
per cell and the forces acting on the atoms are less than
1 meVA~!. The structure with the lowest total energy
is taken as the ground-state structure. The generalized
gradient approximation (GGA) [7] includes the effects of
local gradients in the charge density for each point in the
materials and which generally gives better equilibrium
structural parameters than the local density approxima-
tion (LDA). Hence, the GGA [7] is used to obtain the
accurate exchange and correlation energy for a partic-
ular atomic configuration. The calculations are carried
out using 64 k points in the irreducible Brillouin zone for
the monoclinic C2/m structure. We have used same en-
ergy cutoff and k-point density in all calculations. The
above calculations are performed in paramagnetic (P),
ferromagnetic (F), and antiferromagnetic (AF) configu-
rations. We have calculated the total energy of the com-
pounds as a function of volume for ten different volumes,
fitted the results to the so-called ”universal equation of
state” [8], and extracted the bulk modulus (By).

III. RESULTS AND DISCUSSION
A. Structural optimization

Among the different atomic arrangements used as in-
puts in the calculations for CsCr3Og, the experimen-
tally established [9] structure (prototype; Pnma) and the
KCr3Os-type (C2/m) variant came out with lower ener-
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FIG. 1: (Color online) The optimized crystal structures of (a)
CsCr3Os (prototype; Pnma) and (b) InCrzOs (KCr3Os type;
C2/m).

gies [Fig. 2(a)] than the other considered alternatives.
Among these the experimental arrangement has the low-
est energy and represents the ground state. The struc-
ture [Fig. 1(a)] comprises three crystallographic types of
Cr and six types of O atoms which form CrlOg octa-
hedra, Cr20, tetrahedra, and Cr304 tetrahedra. These
polyhedra are linked by corner sharing to form layers ex-
tending parallel to the bc plane, separated by Cs atoms
which occupy interlayer positions. The calculated lattice
parameters and atom positions for CsCr3Og are found
to be in reasonable agreement with the available experi-
mental values [9], except that a shows nearly 5.5% devi-
ation between theory and experiment (see Table I). Note
that the CsCrsOg structure arranges the Cr-O polyhe-
dral layers along the a direction. It is in this direction one
also finds the interlayer interactions that are governed by
the weaker van-der-Waals-type forces, which are not ac-
counted properly by the DFT calculations. This may be

the reason for overestimation of a and consequently for
the somewhat too large equilibrium volume (remember-
ing that GGA alone [10] is likely to overestimate volume
by 2-3%).

Among the considered structures for CuCr3QOsg,
our structural optimization shows that KCrsOg-type
(C2/m), LiCr3Os-II-type, and ZnV3Os-type (Iba2)
structures are present at the lower energy region in the to-
tal energy vs volume curve. On the other hand, the other
ACr30g compounds under consideration (A = In, T1, Ag,
Au) have lower energies for KCrsOg-type, LiCrsOg-type,
and LiV3Os-type (P21/m) structures [see Fig. 2(b,c); for
the sake of clarity higher-energy structures are left out].
Hence the ACr3Og compounds with A = In, T1, Cu,
Ag, and Au stabilize in the KCr3Og-type structure like
the alkali-metal derivatives of the family [2—4, 11]. The
KCr3Og-type structure [Fig. 1(b)] consists of two types
of Cr atoms arranged in fairly regular octahedral and
tetrahedral environments of O neighbors. These polyhe-
dra form layers parallel to the a,b plane by corner shar-
ing and the A atoms in interlayer positions. The atomic
arrangement in CsCrzOg (Pnma) is similar to that in
the KCr3Og-type structure, except that the orientation
of half of the tetrahedra of the former is different, and
every second layer is rotated by 180° compared with the
layers in the KCr3Og-type structure. There is a signifi-
cant distinction between the Cr-O distances in CrOg oc-
tahedra and CrO4 tetrahedra in these structures, which
immediately points to a mixed-valence situation for Cr.

Optimized structural parameters for the ground state
of the ACr3Og compounds are given in Table I. Except
for a rough linear relationship between the cell volume
and the ionic radius of A (Fig. 3) there appears to be no
clear cut overall trend in the structural parameters for the
ACr30s series as a whole (despite the fact that all mem-
bers except CsCr3Og are formally isostructural). Among
the ACr3Og compounds with A = In, Tl, Cu, Ag, and
Au, only AgCr30Og and TICr3Og has been synthesized
and characterized by magnetic measurements (but struc-
tural determination has not been attempted). Thus, the
compounds with A = In, Cu, and Au hitherto remain
hypothetical.

B. Magnetic properties

Cooperative magnetism with P, F| and AF configura-
tions was taken into account in the structural optimiza-
tion calculations. As seen from Fig. 2 all the studied com-
pounds stabilize in the AF state. According to the mea-
sured [12] magnetic susceptibility data, AgCrsOg orders
antiferromagnetically at low temperatures; magnetic mo-
ment derived from the Curie-Weiss relationship gives up
= 3.95+0.03up f.u.7! Calculated magnetic moments for
the studied compounds in their ground-state structures
are listed in Table 2. It is evident that the octahedral Crl
site carries an appreciable magnetic moment whereas the
tetrahedral Cr2 site (as well as Cr3 for CsCrzOg) has an
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FIG. 2: Calculated cell volume vs total energy for ACr3Os with (a) A = Cs, (b) A = In and T], and (c) A = Cu, Ag, and Au.
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(standard values).

almost negligible magnetic moment (more significant but
still small at the Cr2 and Cr3 sites in CsCrsOs).

InCr30g represents a special case in that the magnetic
moment on Cr2 in the F state is appreciable (1.06 ug)
whereas it follows the trend for the rest of the series for
the AF state (which is 0.20eV lower in energy than the
F state). The d electrons in InCr3Og may, e.g., be said
to participate more in magnetism than in bonding inter-
action as indicated by the larger Cr2-O bond length in
InCr3Og (1.68 A) than that in the other compounds (e.g.,
1.63A in T1Cr30g), whereas Crl-O distance (1.91A) is
almost equal (1.92A in TICr30s). A general feature for
the entire ACr3QOg family is that the oxygen atoms also
possess small magnetic moments which originate from Cr
d and O p hybridization, and this results in somewhat
higher total moment values for the F cases than the sum
of the Cr moments. The different size of the Cr magnetic
moments is a clear indication of different valence states.
However, our prior experiences [2-4] show that assign-
ment of formal valence states for Cr from their magnetic
moments is not straightforward.

C. Electronic structure

All ACr30s5 compounds (except InCr3zQOs), exhibit in-
sulating behavior at 0 K with small, but distinct band
gaps (Ey) between the valence band (VB) and conduc-
tion band (CB). The E, values for the compounds under
consideration are included in the Table 2. InCr30g has a
pseudogap-like feature at the Fermi level (Er). The pres-
ence of pseudogap-like features in DOS is considered as
favorable for stability, but this indicator can not be taken
in support of a probable materialization of such a com-
pound. In fact, compounds with monovalent In are rela-
tively uncommon (for instance, only 114 compounds with
monovalent In are reported in the ICSD database [13]
compared to 1072 compounds with In in the trivalent
state) and a standard ionic radius for In* is not available.
In order to get insight into the occurrence of the higher
magnetic moment at the Cr2 site in InCrzOg than the
other ACr3Og compounds we have examined the total
and site-projected DOS for this phase (not shown). In-
terestingly, this exercise showed a half-metallic behavior
with filled band in the majority-spin channel and a 2.6 eV
energy gap in the minority-spin channel. The exchange-
splitting energy for Crl is around 1.5 eV whereas that for



TABLE I: Optimized ground-state structural parameters and bulk modulus (Bp) for ACrsOs (A = Cs, In, Tl, Cu, Ag, and Au)
at 0 K. Except CsCr3Os (space group Pnma) these compounds stabilize in KCr3Og-type structure; space group C2/m with A
in 2a (0 0 0) and Crl in 2¢ (0 0 1/2) positions.

Compound Unit cell (A or ©) Positional parameters By (GPa)
CsCr305 o = 16.8322 (15.9570)" Cs (4c): 0.2301, 1/4, 0.0150 (0.2137, 1/4, 0.0064) 18.96

b = 5.5226 (5.5050) Crl (4c): 0.4608, 1/4, 0.2575 (0.4524, 1/4, 0.2407)

¢ = 8.5903 (8.264) Cr2 (4c): 0.6046, 1/4, 0.9516 (0.6104, 1/4, 0.9581)

Cr3 (4c): 0.9198, 1/4, 0.8714 (0.9205, 1/4, 0.8627)
O1 (4c): 0.8340, 1/4, 0.7831 (0.8370, 1/4, 0.7619)
02 (4¢): 0.1799, 1/4, 0.4294 (0.1822, 1/4, 0.4101)
03 (4c¢): 0.0185, 1/4, 0.4515 (0.0110, 1/4, 0.4699)
04 (4c): 0.3996, 1/4, 0.4345 (0.3842, 1/4, 0.4459)
05 (8d): 0.3884, 0.9979, 0.1619 (0.3766, 0.9887, 0.1570)
06 (8d): 0.0294, 0.0006, 0.1759 (0.0242, 0.0009, 0.1743)

InCrs0s o = 8.4711 Cr2 (4i): 0.3576, 0, 0.2641 $3.32
b = 5.6404 O1 (44d): 0.7771, 0, 0.5478
¢ = 6.5323 02 (4i): 0.7428, 0, 0.9571
B8 = 90.04 03 (87): 0.9721, 0.7614, 0.2741

TICr;Os a = 8.0606 Cr2 (4i): 0.3604, 0, 0.2042 27.91
b = 5.5066 O1 (44): 0.7918, 0, 0.5729
c=7.7331 02 (44): 0.6834, 0, 0.9082
B8 = 92.84 03 (85): 0.9630, 0.7541, 0.3271

CuCr30s o = 8.3412 Cr2 (4i): 0.3462, 0, 0.2707 20.17
b =5.5182 O1 (44): 0.7727, 0, 0.5360
¢ = 6.5480 02 (4i): 0.7708, 0, 0.9434
B8 = 94.32 03 (85): 0.9631, 0.7577, 0.2797

AgCr;0s a = 8.6410 Cr2 (4i): 0.3444, 0, 0.2848 23.34
b = 5.5211 O1 (44): 0.7840, 0, 0.5525
c = 7.1954 02 (44): 0.7473, 0, 0.9219
B8 = 93.80 03 (85): 0.9566, 0.7553, 0.3064

AuCr;0s o = 8.7636 Cr2 (4i): 0.3412, 0, 0.2796 68.04
b = 5.4699 O1 (44): 0.7860, 0, 0.5484
¢ = 7.0013 02 (4i): 0.7577, 0, 0.9254
B = 91.50 02 (85): 0.9543, 0.7551, 0.3006

“Experimental value from Ref. [9].
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FIG. 4: Total and site-projected density of states for CsCrzOs (prototype) and CuCr3Os (KCr3Os type). The Fermi level (Er)
is indicated by vertical dashed line.



TABLE II: Calculated magnetic moment (in pp per Cr atom)
for ACr30s in F and AF states. Total refers to the total
magnetic moment per formula unit. Band gap (Fg) is given
in units of eV.

F AF E,
Compound Crl Cr2 Total Crl Cr2

CsCr3Og® 2488 0.231 2.866 2.481 0.233 0.61
CuCrsOg  2.608 0.231 2.888 2.533 0.018 0.41
AgCr30s 2.518 0.249 2.879 2.476 0.000 0.58
AuCr30Os 2.422 0.226 2.854 2.476 0.011 0.45
InCr3Os 2.750 1.063 4.776 2.579 0.673 psuedogap
TICr3Os 2.495 0.212 2.868 2.422 0.016 0.53

“Moment at Cr3 is 0.208 and 0.212 in F and AF states, respec-
tively.

Cr2 is 0.8¢eV. It is the latter distinct exchange splitting
which is responsible for the sizeable magnetic moment at
the Cr2 site. Hence, provided InCr3Og can be obtained
its properties appear to deserve a closer attention.

Fig. 4 shows the total and site-projected DOS profiles
for CsCr3Og together with CuCr3Og as representative
for the ACr30Og compounds with KCrzOg-type structure.
The well-localized states around —7eV in Fig. 4(a) origi-
nate from Cs p orbitals. Cr d and O p states are present
from —6eV up to Er. It is interesting to note that all the
Cr atoms have well-defined sharp peaks in DOS around
—6eV and that the O atoms also have similar features in
the same energy region. This implies covalent hybridiza-
tion interaction between them. The states closer to Ex
(from —0.9eV to Er) in Crl originate from unpaired elec-
trons in tog-like orbitals which are responsible for the
substantial magnetic moment. On the other hand, the
majority- and minority-spin channels of Cr2 and Cr3 are
more or less equally filled, resulting in the small magnetic
moments.

According to our calculations CuCr3Og should be a
semiconductor with a 0.41eV band gap. The prominent
states for Cu close to Ef is associated with completely
filled d states. The almost empty s and p bands indicate
that Cu has donated its valence electron to the oxygen
atoms. The two types of Cr atoms have topologically
different DOS profiles. The overall features are simi-
lar to the findings for the alkali-metal members of the
ACr30g [2, 3] family. Crl has sharp peaks close to Ep
(from —1.5 to Er) with more states in the majority-spin
channel than in the minority-spin channel. On the other
hand, both the majority- and minority-spin channels of
Cr2 for CuCr30g are almost equally filled, resulting in
negligible exchange splitting and hence in a negligible
magnetic moment. From this observation we conclude
that small magnetic moment at the Cr2 site is not due
to small amount of electrons at the Cr2 state (64 valence
state has been expected by experimentalists). Moreover,
the states at the Cr2 site are more localized than those
at the Crl site [see the —6 to —2eV range in Fig. 4(b)].
If Cr2 had been in the Cr* (d°) state, its d band should
have been empty. However, the appreciable DOS seen in

the VB of Cr2 demonstrates that the valence state of Cr2
is certainly not CrST as expected experimentally. Simi-
lar to the findings for the other ACr3Og compounds with
KCr3Og-type structure, the O atoms exhibit somewhat
different DOS profiles, even though they are energetically
degenerate with themselves and with the Cr atoms. The
result is distinct covalent hybridization.

D. Bonding characteristics

In spite of the fact that the CsCr3Og structure pos-
sesses 48 atoms in the unit cell which certainly obscures
the clarity of the picture, we have attempted to elucidate
its bonding characteristics using charge-density and ELF
plots. (see Refs. [2-4, 14, 15] for background informa-
tion and utilization of these tools for other members of
the ACr3Og family). It is seen from Fig. 5(a) that the
covalent interaction between Cr2 and O is stronger than
that between Crl and O. The ionic nature of Cs at the
inter-layer position is clearly evident from the more or
less spherically distributed charge around Cs. The ELF
is negligible at the Cr sites whereas it attains local max-
imum values at the O sites; another manifestation of co-
valent interaction. The bonding situation in CsCr3Oyg is
similar to that seen for other members of ACr3Og family
in the sense that chromium and oxygen atoms form iono-
covalent-bonded subunits whereas Cs has distinct ionic
character. This may be one of the reasons for character-
istic magnetic features observed in these compounds.

IV. CONCLUSION

The prediction of ground-state crystal structures for
the ACr3Og series have been extended to A = In, TI,
Cu, Ag, and Au considering several potential struc-
ture types. The calculated ground-state structure for
CsCr3Og (space group Pnma) is found to be in good
agreement with experimental data. Except NaCrzOg
all members of the ACr3zOg family exhibit antiferromag-
netic ordering as the ground-state configurations and
the electronic structures show that all compounds (ex-
cept InCr3Og) are insulators at 0K; a pseudogap-like
feature is established for InCr3Og. Different magnetic
moments and DOS profiles for the Cr atoms clearly
confirm mixed-valence situations. Bonding analysis
undertaken using density-of-states, charge-density and
electron-localization plots indicate ionic behavior for the
A atoms whereas the Cr and O atoms mutually experi-
ence largely covalent interaction, however, with different
degree of covalence for Crl and Cr2.
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First-principles density-functional calculations on HCr;0Og5: An exercise to better
understand the ACr;Og (A = alkali metal) family

R. Vidya*, P. Ravindran, A. Kjekshus and H. Fjellvag
Department of Chemistry, University of Oslo, Box 1033 Blindern, N-0315 Oslo, Norway

Accurate ab initio density-functional calculations are performed to understand structural stability,
electronic structure, and magnetic properties of the ACr3Os (A = H, Li, Na, K, Rb, Cs) series. The
ground-state structures for the compounds with A = Li—Rb take the same KCrzOsg-type atomic
arrangement (space group C2/m) whereas CsCrzOg adopts a modified atomic architecture (pro-
totype; space group Pnma), in agreement with available experimental findings. The hypothetical
compound HCr3Os is found to stabilize in an LiV3Os-type structure (space group P2;/m), with an
unexpectedly large equilibrium volume. The electronic structures of these compounds are analyzed
using density-of-states, charge-density, and electron-localization-function plots, and all are found to
exhibit semiconducting (insulating at 0 K) properties with very narrow band gaps. The Cr atoms
occur in two different valence states and all compounds (except NaCrzOg) are found to exhibit
antiferromagnetic ordering of the magnetic moments at 0 K.

Keywords: Density-functional calculations, Mixed
valence, Semiconductivity, Magnetic properties

Introduction

Owing to exotic phenomena like colossal magne-
toresistance (CMR) and spin, charge, and orbital
ordering [1], oxides comprising transition-metal atoms
in mixed-valence states attract much attention. Mixed-
valence compounds with Mn, Co, and Cu are widely
studied, whereas compounds with, say, Cr and Ni are
less explored. In an effort to understand better the
mixed-valence Cr compounds, we have studied structural
stability, electronic structure, and magnetic properties
within the series ACr3O0s (A = H, Li, Na, K, Rb, and
Cs) where Cr formally exists in two different valence
states. The study has been undertaken using accurate
density-functional-theory (DFT) calculations. In an
earlier contribution [2] we have reported on electronic,
magnetic, and bonding characteristics of ACr3Og with A
= Na, K, and Rb and more recently [3] we have explored
the ground-state structures of Cr3Og and LiCrzOg
which are of considerable interest in relation to cathode
material for rechargeable Li-ion batteries. In the present
work we consider overall trends in structural behavior,
electronic structure, and magnetic properties for these
compounds, with some special attention on the highly
hypothetical HCr3Osg.

Computational details

The results presented here are based on DFT calcula-
tions according to the projected-augmented plane-wave
(PAW) [4] method as implemented in the VASP (Vienna
ab initio simulation package) [5]. In this approach the
valence orbitals are expanded as plane waves and the
interactions between the core and valence electrons are
described by pseudopotentials. In order to determine the
ground-state structures for the ACr3Og compounds, we

have performed structural optimizations. We considered
the experimentally established structures as the first
choice for guess structures where such information is
available. To broaden the structural platform for the
series, and for compounds without explicit experimental
structure data in particular, a considerable number of
seemingly relevant structural arrangements were consid-
ered as test structures. The optimization of the atomic
geometry is performed via a conjugate-gradient mini-
mization of the total energy, using Hellmann—Feynman
forces on the atoms and stresses in the unit cell. During
the simulations, atomic coordinates and axial ratios are
allowed to relax for different volumes of the unit cell.
These parameters are changed iteratively so that the
total energy converges to a minimum value. Convergence
minimum is assumed to have been attained when the
energy difference between two successive iterations is less
than 107 eV per cell and the forces acting on the atoms
are less than 1meV A~!. The structure with the lowest
total energy is taken as the ground-state structure. The
generalized-gradient approximation (GGA) [6] is used
to obtain the accurate exchange and correlation energy
for a particular atomic configuration. The calculations
are carried out using 64 k points in the irreducible
Brillouin zone. We have used same energy cutoff and
k-point density in all calculations. All calculations are
performed for paramagnetic (P), ferromagnetic (F), and
antiferromagnetic (AF) configurations.

Results and discussion
Structural optimization

For LiCr3Og, a relatively old single-crystal x-ray
diffraction study [7, 8] concluded with an orthorhombic
(space group C'mem) structure with random distribution
of Li and one third of the Cr atoms over one and the
same crystallographic site. In order to partially mimic
such a disorder computationally, we constructed a super-
cell with an ordered arrangement of the Li and Cr atoms



concerned. The complete random distribution of these Li
and Cr atoms had to be abolished because our programs
do not allow random distribution of different atoms
at one site. Hence our optimizations had to end with
a more regular arrangement of Li and Cr atoms than
postulated by Wilhelmi [7] (the energy gain between the
input and resulting relaxed structure exceeding 1.3eV
fa.71). The resulting structure [designated LiCrzOg-II;
the same space group (C2/m) as for LiCr3Os-I, but a
somewhat different atomic arrangement] has the lowest
energy compared to other structure types considered [3].
The LiCr3Og-I atomic arrangement, which is isostruc-
tural with that of succeeding members of the ACr3Og
series is, in fact, found to be slightly higher in energy
than LiCrzOg-II. The ACr3zOg compounds with A =
Na, K, and Rb are found to stabilize in the experi-
mentally determined [9] KCr3Og-type structure [space
group C2/m; A(Crl)(Cr2)20g] which comprises two
types of Cr atoms arranged in fairly regular octahedral
and tetrahedral environments of O neighbors. There
are three crystallographically different O atoms. The
octahedra and tetrahedra are arranged in layers parallel
to the a,b plane by corner sharing. The layers are held
together by alkali-metal ions.

According to our calculations, CsCr3Qyg is found to sta-
bilize in the prototype structure with Pnma symmetry
in agreement with the experimental findings [10]. The
atomic arrangement is similar to the KCrsOg-type fore-
runners in the ACr3Og series with layers of CrOg octahe-
dra and CrOy4 tetrahedra joined at corners. However, the
orientation of half of the tetrahedra is different, and ev-
ery second layer is rotated 180° compared with the layers
in the KCr3Og-type structure.

The ACr3Og structures exhibit a significant difference
between the Cr—O distances in the CrOg octahedra and
CrOy4 tetrahedra which immediately points at a mixed-
valence situation for the Cr atoms, conventionally inter-
preted as the ionic valence states Cr3t and Cr%t, respec-
tively. Rigid-band considerations and preliminary elec-
tronic structure studies on ACr3Og (A = Li—Cs) suggest
insulating behavior for all members. In order to further
elucidate the rigid-band deductions we also included the
highly hypothetical compound HCr3Og in the considera-
tions.

Among the twelve different structural arrangements
considered in the structural optimization for HCr3Oyg, the
KCr30g, LiCr3Os-II, and LiV3Ogs (P21/m) types came
out with the lower total energies. Among the tested alter-
natives, inputs according to the types NaNbsOg (Ibam)
and LiTagOg (Pmma) came out with the highest total
energies; these and variants which fall in the intermediate
energy range are not included in Fig. 2. The illustration
shows that the LiV3Og-type structure has the lowest to-
tal energy (~1.62eV f.u.~! lower than the KCr3Og-type
variant), however, with a much larger equilibrium volume
(191.91 vs 133.68 A3 f.u.~!). Possible reasons for such an
unexpected large cell volume will be discussed later. Al-
though an HI3Og-type arrangement could have been a

FIG. 1: (Color online) The optimized crystal structure of
HCr30s in LiV3Os-type atomic arrangment. Crystallograph-
ically different Cr atoms are labeled on the illustration.
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FIG. 2: Calculated cell volume vs total energy for HCr3Os.
Structure type inputs are specified in the illustration. Arrow
points at total energy minimum.

more likely structural arrangement for HCrzOg from a
chemical point of view, our calculations show that this
variant comes out with about 6.42¢eV higher total energy
than the LiV3Og-type structure.

Optimized structural parameters for HCrzOg are given
in Table.1. The structure comprises three types of Cr
atoms and eight types of O atoms. The three types of
Cr atoms exhibit different Cr—O interatomic distances
in configurations which are of the trigonal bipyramidal
form. The polyhedra around Crl share edges whereas
those around Cr2 and Cr3 share corners along the a direc-
tion. These polyhedra form Cr—O molecular-like units
with H in intermediate positions.

The calculated equilibrium volume for ACr3Og
(A=Li—Cs) increases roughly linearly with the radius
of A. The equilibrium structural parameters vary some
2—4% from the available experimental values, in the
range of accuracy of the GGA (which overestimate vol-
ume by around 3% [11]). The calculated equilibrium
volumes for the alkali-metal members of the ACr3zOg se-



TABLE I: Optimized ground-state structure parameters for
HCr30s in LiV3Os-type structure space group P2i/m; all
atoms are in position 2e where y = 1/4.

TABLE II: Calculated magnetic moment (in g per Cr atom)
for ACr30g compounds in F and AF states. Total refers to
the total magnetic moment per formula unit.

Unit cell Atom x z

a = 13.8287 A H 0.3022 0.8413

b= 3.8235 A Crl 0.4741 0.6529

c=6.9332A Cr2 0.9148 0.7468

B8 = 100.37° Cr3 0.1398 0.9714

V = 191.91A3 01 0.5168 0.4120
02 0.0951 0.2021
03 0.3591 0.6840
04 0.8486 0.5341
05 0.5492 0.8566
06 0.0458 0.7660
o7 0.2612 0.9551
08 0.8665 0.9760

ries are even in this perspective too large compared with
the experimental volumes. This may originate from the
somewhat open and layered nature of the structural ar-
rangements where interlayer interactions are more gov-
erned by van der Waals forces which are unfortunately
not accounted properly in DFT calculations of today.

The equilibrium volumes for HCr3Og in the LiCr3Osg-
II- and KCr3Og-type structural arrangements fit
reasonably well into the approximate linear relation
between ionic radius and cell volume for the ACr3Og
compounds with alkali-metal cations (Fig.3). However,
the total energy for these variants is much higher than
that for the ground-state LiV3Osg-type structure (see
Fig.2). On the other hand, the cell volume for the
ground-state atomic arrangement is so high that it is
not really comparable with the findings for the other
compounds at all. A likely inference of these findings is
that a compound like HCr3Og would be so acidic that it
should not possible to stabilize it as a salt-like structure.
Another fact which must be taken into account is that
the structure prescribed for our hypothetical HCrzOg
(Fig.1) consists of molecular-like Cr-to-O strongly
covalent-bonded subunits. Hence, when the hydrogen
and their chromium-oxygen counterparts atoms are
allowed to relax, they may arrange themselves relatively
freely in an “abundance” of space. It should also be
mentioned that experimental studies [12] on Li interca-
lation in Cr3Og have shown that when the concentration
of Li is increased, the intercalated “LiCrsOg” framework
gradually becomes amorphous. The unexpected large
equilibrium volume observed for HCr3Og with LiV3Osg-
type structure may be an omen indicating that “such a
compound” really prefers the amorphous state.

Magnetic properties

The structural optimizations performed for P, F,
and AF configurations show that all compounds stabilize
in the AF state, except NaCr3Og. The calculated
AF ground state for KCrzOg is in agreement with
the magnetic susceptibility data [13, 14] which shows
AF ordering below a Néel temperature of 125 + 4K.

F AF
Compound Crl Cr2 Total Crl Cr2
HCr30s“ 0.390 1.394 2.878 0.348  1.448
HCr30s® 2.566  0.207  2.857 2507  0.004
LiCrsOs 2.600 0.222 2.886 2.578  0.032
NaCr3Os 2.451 0.241 2.868 2.391 0.013
KCr30s 2449  0.228 2.859 2330 0.016
RbCr30s 2453  0.224 2.857 2336  0.003
CsCr30s 2478  0.238  2.867 2479  0.237

%LiV30sg-type structure; Cr3 moment 1.521 and 1.282up in F
and AF states, respectively.
”KCrgOg—type structure.

Magnetic property data are not available for the other
compounds.

The magnetic moment values listed for HCr3zOg in
Table 2 refer both to the LiV3Og-type ground-state
structure and the excited-state KCr3Og-type arrange-
ment, the latter to facilitate comparison with the
ACr30g compounds of the alkali metals. Owing to Cr-d
and O-p hybridization, the oxygen atoms also possess
small magnetic moments, resulting in somewhat higher
total moments than the sum of the Cr moments in the
F case. The different magnetic moments immediately
support different valence states for the Cr atoms in
these compounds, and at first sight the findings appear
to confirm the formal electron counting picture that
Crl corresponds to Cr3t (d?) and Cr2 to Cr6* (d°).
However, a closer investigation of the bonding situation
reveals that the assignment of formal valence states to
Cr in these compounds is non-trivial.

FElectronic structure

The compounds under consideration are all semi-
conductors (insulators at 0 K) with very small band gaps
(Eg ranging from 0.12 to 0.63eV). The hypothetical
HCr30g would exhibit the smallest E; = 0.12eV,
in agreement with rigid-band considerations. As the
band structure of these compounds exhibit similar
features we only display the total and site-projected
DOS profiles for the ground-state structures of RbCrzOg
and HCr3Og (Fig. 4). Fig. 4(a) shows that RbCrzOs
is a semiconductor with E, = 0.33eV. In common
with A for the other ACr3Og compounds, the Rb
states are almost empty (visible only after appreciable
multiplication) emphasizing pronounced ionic character.
Cr and O states are energetically degenerate indicating
considerable covalent interaction between them.

The different valence states of Cr are also evident from
the differences in their DOS curves. The majority-spin
channel for Crl (Cr2 and Cr3 for HCr3zOg) has more
occupied states than the corresponding minority-spin
channel demonstrating larger exchange splitting and
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FIG. 5: Calculated (a) charge-density and (b) electron-localization-function plots for the ground-state structure of HCr3zOs.

hence a sizeable magnetic moment(s). Moreover, if Cr2
(Cr1 for HCr30Osg) really had been in the Cr®* (d%) state
it should have exhibited an empty d band. Instead, it
shows a considerable number of well-localized states
with more or less equal occupancy in both spin channels.
Hence for Cr2 (Crl for HCrsOsg) it can be inferred that
its almost zero magnetic moment is not due to a genuine
Crf* (d%) state, but results from negligible exchange
splitting. ~ All crystallographically different O atoms
have states in the same energy region, but they dis-
play significant topological differences in the DOS curves.

Bonding in HCr3Og

In order to gain understanding of the unusually
large equilibrium volume for the ground-state structure
of HCr30s, we display charge-density (distribution of
charges in real space) and electron-localization-function
(ELF; see Refs. [15, 16]) plots in Fig. 5. A distinct
charge density at the H site indicates that it retains some
localized electronic charge which does not participate
in bonding interaction with the other constituents of
HCr30g. On the other hand, large charges seen between
Crl and the surrounding O atoms as well as a substantial
ELF at O directed toward Crl imply strong covalent
interaction. The large value and spherical shape of the
ELF at H, lead one to believe that H remains more
or less aloof as H* (§ < 1) in the structure whereas
the chromium and oxygen atoms form distinct, largely
covalent-bonded subunits in a somewhat open structure.
The result appears to provide a reasonable explanation
of the unexpected much larger volume for LiV3Og-type
ground-state structure than for the KCr3Og- and LizOsg-
II-type variants of HCr3Os.

Conclusions

From accurate first-principles density-functional calcu-
lations, it is found that the hypothetical HCr3Og com-
pound stabilizes in an LiV3Og-type atomic arrangement,

ACr30g with A = Li—Rb in KCr3Og-type frameworks,
and CsCr3Og in an orthorhombic (prototype) structure.
The theoretically calculated ground-state structures
for NaCr3Og, KCr3Og, RbCr3Og, and CsCr3Og are in
good agreement with available experimental results.
The Cr atoms in all these compounds occur in two
different valence states, one kind having large and the
other small or negligible exchange splittings. All these
compounds are found to be semiconductors with very
small band gaps. The somewhat aloof nature of H in
the ground-state structure of HCr3Og and the formation
of Cr-to-O covalent-bonded subunits arise as possible
explanations for the large equilibrium volume.

From our calculation exercise on the hypothetical
HCr30Og compound we have learnt the following: Al-
though “H™” is believed to be considerably smaller than
the alkali-metal ions, the volume of the ground-state
structure of HCr3Og suggests that “HT” under equilib-
rium condition takes up an effective size comparable with
that of K. However, in the excited-state KCr3Og- and
LiCr3Og-II-type structures the volume of “H*” appears
to be comparable with that of the vacancy in CrzOg with
a K-stripped-off KCr3Og-type structure. This stresses
the significance of the structural arrangement in this
kind of considerations. The LiV3Og-type ground-state
structure of HCr3Og comprises distinct Cr-to-O largely
covalent-bonded subunits with “Ht” at somewhat
aloof locations in the lattice whereas the KCr3Os-type
structure exhibits characteristic chromium-oxygen layers
with alkali-metal ions in between. This distinction
also manifests itself in the charge distribution. The
hydrogen atoms retains some electronic charge in
HCr30g whereas the valence electrons of the alkali-metal
constituents in ACr3Og are scarcely visible in DOS and
charge-density plots, emphasizing a more significant
ionic contribution from the alkali-metal representatives
to the compound formation. The findings for HCr3Og
show that the magnetic features of the ACr3Og series
originate largely from the CrszOg subunits and that the
A constituents have negligible impact on the magnetic



properties. It is interesting to note that it is just
A = H and Cs (viz. “ the small and large cations”)
which do not manage to keep the KCr3Og-type structure.
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Full-potential density-functional calculations show that the electronic structure of one-dimensional
ferrimagnetic Ca;Co,0q varies from metal to half metal to insulator as its magnetic ordering changes
from the ferrimagnetic through the ferromagnetic to the paramagnetic state. The present Letter is the
first to establish the occurrence of half metallicity in one-dimensional oxides Moreover, the electronic
and magnetic properties of this material can be tuned by substitution of Y for Ca, as shown by our
detailed study on Ca;_,Y,Co,0¢ (x = 0, 0.3,0.75, and 1). The Coionsarein two different valence states
[Co** (low-spin) and Co?* (high-spin)], and hence the occurrence of charge ordering in addition to spin
ordering is established. For specific Y concentrations we predict a rarely seen combination of

ferromagnetic and insulating behavior.

DOI: 10.1103/PhysRevL ett.91.186404

I norganic structureswith one-dimensional (1D) atomic
arrangements arein the limelight because of their unique
electronic and magnetic properties[1]. I nvestigationsinto
the nature of the magnetism in these materials have
proved particularly rewarding because of the combina-
tion of highly anisotropic structures and phenomena such
as ferromagnetism (F), antiferromagnetism (AF), and
more complex magnetic behavior [2]. Low-dimensional
materials are currently in the focus because of their
technological significance For example, magnetoresis-
tance effects have been evidenced in layered Bi-based
cobaltites [3,4] and a high figure of merit for the con-
version of thermoelectric energy is found [5] in the two-
dimensional Ca;Co,0.

A large number of oxides have been synthesized with
1D structures[6]. However, most of their physical proper-
tiesand the theoretical interpretations about them remain
largely unexplored because of their complex crystal and
magnetic structures The present exploration based on
density-functional full-potential calculationsis expected
to open up new avenues where new materials of funda-
mental and technological significance can be found. In
this Letter we report the first ab initio results on elec-
tronic structure and magnetic properties of pure and
Y-substituted 1D Ca3C0206. We show that Ca3C0206
transforms into a half-metallic ferromagnet by applica-
tion of magnetic fields aswell as by substituting Y for Ca
W hen the concentration of Y increases, the system prefers
to be an F insulator.

Ca;Co,04 belongs to the A5ABOg class (A’ = Ca, Sr,
A = Co,Nj, Cu,Zn, B = Co, I, Pt) with Sr;NilrOg-type
structure [7]. The structure consists of parallel Co-O
chains separated by Ca’>* ions The chains are built by

186404-1 0031-9007/ 03,/91(18)/186404(4)$20.00

PACS numbers: 71.20.Ps, 75.50.Ee, 78.20.Ci

alternating face-sharing CoO4 octahedra and trigonal
prisms along the hexagonal ¢ axis. The resulting short
metal-metal intrachain distance (2.59 A) [compared to
the interchain distance (5.24 A)] reinforces the 1D char-
acter of the structure along the ¢ axis. Each Co chain is
surrounded by six chains constituting a hexagonal pattern
in the basal plane Ca;Co,04 behaves as a planar Ising-
like Heisenberg AF triangular lattice where each chain
acts as if it carries a single localized spin. Magnetic
studies show F-type intrachain ordering (T, = 24 K)
with AF-interchain coupling (7, = 10 K) [8]. For every
two F-aligned Co chains, there is one AF-aligned chain
giving a resultant ferrimagnetic (Ferri) structure. A low-
temperature neutron-diffraction examination [9] has
shown that Ca;Co,04 possesses a long-range Ferri order
below 10 K.

The different possible oxidation states of cobalt in
cobalt oxides together with its various spin configu-
rations such as low spin (LS), intermediate spin, and
high spin (HS) are responsible for various phenomena
such as temperature-/hole-doping-induced spin-state
transitions in LaCoO; [10], giant magnetoresistance
in La;_,Sr,CoOs, and insulator-to-metal transition as
well as magnetoresistance properties in LnBaCo,0s s
[11]. Although the magnetic properties of Ca3;Co,0q
have been clarified to some extent [8,9], the exact elec-
tronic state of the Co ions remains controversial.
Kageyama et al. [12] proposed Co®" for both Col and
Co2 with Col being nonmagnetic and Co2 carrying an
effective moment of 1up. The three models proposed
for the Co-spin states by Aasland et al. [8] do not com-
pletely fit the observed magnetic moments and high-field
magnetization data In this L etter we attempt to settle the

© 2003 The American Physical Society 186404-1
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controversy over the valence and spin state of the Coions
in Ca3C0206.

Ca;Co, 04 isdescribed in the space group R3¢ witha =
9.079 and ¢ = 10.381 A [7]. For the paramagnetic (P)
and F calculations, we have considered the rhombohedral
unit cell (consisting of 22 atoms). For the Ferri case we
have taken into account a hexagonal supercell (consisting
of 66 atoms) as shown in Fig. 1. Structural parametersfor
Ca;_, Y, Co,04 are taken from low-temperature neutron-
diffraction data[13], but for Ca, YCo,04, we obtained the
structural parameters [14] by force and stress minimiza-
tion in the F state using the projected augmented wave
implementation of the Vienna ab initio simulation
package (vAsP) [15] as experimental data are hitherto
not available The virtual crystal approximation (VCA)
has been applied for calculating the total energies for
Y-substituted Ca;Co,0q systems VCA has been quite
successful in explai ning magnetic propertiesof cobaltates
[16]; hence its use in the present study seems justified.
However, for Ca,YCo,O4 we considered an explicit
supercel | with periodic replacement of Caby Y.

The full-potential linear muffin-tin orbital (LMTO)
calculations [17] presented in this Letter are all electron,
and no shape approximation to the charge density or
potential has been used. The basis set is comprised of
augmented linear muffin-tin orbitals [18]. The spherical -
harmonic expansion of the charge density, potential, and
basis functions were carried out up to £ = 6. The calcu-
lations are based on the generalized-gradient-corrected
(GGA) density-functional theory (DFT) as proposed by
Perdew et al. [19]. The spin-orbit coupling term is in-
cluded directly in the Hamiltonian matrix elements for
the part inside the muffin-tin spheres; hence for spin-
polarized cases the size of the secular matrix is doubled.
The basis set included Ca4s, 4p, 3d; Co4s, 4p, 3d; O 2s,
2p,3d;andY 4p, 4d, 55 states For the total-energy study
the k-space integration is done using the special point
method with 90 k pointsintheirreducible part of thefirst

FIG. 1 (color online). Left: crystal structure of one-
dimensional Ca;Co,04. Right: schematic representation of
ferrimagnetic ordering in hexagonal Ca;Co,0q, consisting of
66 atoms per unit cell; only Co ions are shown. (Note that the
Ferri arrangement involves two F and one AF aligned chains)

186404-2

Brillouin zone As the experimental [8] magnetization
studies on Ca;Co,0 show that the easy magnetization
axisis along ¢, we have chosen [001] as the magnetiza-
tion axis for all our spin-polarized calculations The
density of states (DOS) was calculated using the linear
tetrahedron technique. Since the effect of strong electron-
electron interactions for transition-metal oxides have
been discussed in the past, we have also used the
LDA + U method (L DA islocal-density approximation).
The inclusion of the Coulomb correlation effect through
the LDA + U method does not improve the results indi-
cating that the usual DFT calculations are sufficient to
describe the properties of these materials. Because of
space limitation we have not included the results of the
LDA + U calculations.

We list the calculated total energy for undoped and
electron-doped samples in Table |. Ca;Co,0q4 stabilizes
in the Ferri state in perfect agreement with experi-
mental findings [8,9]. The F state in which all Co mo-
ments are aligned parallel with respect to each other is
114 meV higher in energy than the Ferri state. According
to experimental magnetization measurements the mag-
netic field required for the Ferri-to-F transition is2.2 T.
The exchange splitting increases the band energy (com-
ponent of total energy) and helps to stabilize the Ferri
phase The gain in band energy is 514 meV/f.u. for the
Ferri case compared with the P state. When we include
other contributions to the total energy, the Ferri phaseis
673 meV/f.u. lower in energy thanthe P phase. Hencethe
P phase represents an energetically unfavorable configu-
ration even though it is found to be insulating. From
Table | it is clear that when electrons are doped into the
system, the F state is stabilized.

A finite DOS (Fig. 2) is present at the Fermi level (Ej)
in both spin channels in the Ferri phase implying a
metallic character. This finding is consistent with the
experimental conductivity study [11]. Our partial DOS
analysis shows that the states in the vicinity of E, are
mainly contributed by Co d states. With Ferri ordering
these d states are considerably delocalized, so electrons
aretransferred within and between the chainsresulting in
metallic behavior.

The second panel of Fig. 2 shows the total DOS of
Caz;Co,04 in the F state. A finite DOS is present in the
up-spin channel a Ep, whereas an energy gap of
0.09 &V opens up in the down-spin channel, resulting in

TABLE l. Total energy (relative to the lowest energy statein
meV/f.u.)inCa;_,Y,Co,04 for the B F and Ferri phasesusing
FLMTO including GGA and spin-orbit coupling.

Composition P F Ferri
Ca;C0,04 673 114 0
C32'7Y0.3 C02O6 693 0 224
Ca2'25Y0.75C0206 1027 0 481
Caz YCOZ 06 753 0 352
186404-2
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FIG. 2 Total DOSfor Ca;Co,04 inthe Ferri, F, and P states

half-metallic character. Half-metallic ferromagnetic
(HMF) oxides attract much attention due to their poten-
tial applications in magnetoelectronic [20] and magneto-
optical recording devices The present Letter is, tothe best
of our knowledge, the first to point out the occur rence of
HMF behavior in 1D oxides The strong covalent bonding
between Co and O apart from the exchange splitting
contributes to the half-metallic (HM) nature When the
long-range magnetic ordering disappears (viz. in the P
state), an energy gap opens up in both spin channels with
a magnitude of 0.3 &/ resulting in an insulator. The DOS
analysis shows that relatively many nonbonding 3d elec-
trons from Co exist just below Ef in the P case, reducing
its stability over Ferri and F cases

Table | shows that the Ferri-to-F transition can be
achieved by electron doping (substituting Y for Ca) in
addition to the application of magnetic field. However, it
isto be noted that a spin-glass behavior or noncollinear
magnetism has not been considered in our calculations,
though triangular lattice formation is often found to in-
duce such complicated magnetic states.

The total DOS of Y-substituted Ca;Co,04 in the F
ground state is shown in Fig. 3. Ca,;Y(3C0,0, and
Ca, »5Y75C0,04 are found to exhibit HM properties
with an energy gap in the down-spin channel of 0.156
and 0.375 &V, respectively. If the down-spin channel has
not been perturbed by the added electrons, the total
magnetic moment is expected to increase But in contrast,
additional states appear around —2 eV in the down-spin
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channel of Y-substituted Ca;Co,0q (see Fig. 3), and hence
the magnetic moments decrease. Asthe electrons become
more localized, the HMF situation occurs A rigid-band
analysis shows that if we replace one Ca atom by one
Y per formulaunit, an insulating material with F ordering
should be realized— a combination of material proper-
tiesthat is rarely encountered. Hence we have performed
total-energy calculations for Ca, YCo,04 alsoin B F, and
Ferri configurations From Table | it is seen that this
material indeed prefers F ordering and from Fig. 3 it is
clear that it shows an insulating electronic structure
with a band gap of 0.139 &/ (0.467 &/ according to our
LDA + U calculation), consistent with the rigid-band
analysis. Efforts are being made to synthesize this phase
[13] which may prove to be the first example of an F
insulator in thistype of 1D oxide

Let us now turn our attention to the valence and spin
states of Co. Different spin configurations for the crys-
tallographically different Co ions are expected [2]1] as a
consequence of the larger crystal field for octahedral
Col than for trigonal prismatic Co2. The calculated mag-
netic moments listed in Table Il are found to be in very
good agreement with available low-temperature neutron-
diffraction and magnetization data By taking into con-
sideration the magnetic moments at the Co sites, the
octahedral and trigonal prismatic crystal fields, and the
calculated site- and orbital-projected DOS features (not
shown) we conclude that Col is indeed Co** in the LS
(&°; 13,€}) state and Co2 is Co** in the HS (d7; 5,3
state The charge density and electron localization

186404-3
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TABLE Il. Calculated magnetic moment (in wg per Co atom) for Ca;_,Y,Co,0¢ inthe F and Ferri states. Total refersto the total
magnetic moment per formula unit.
F Ferri Experimental
Composition Col Co2 Total Col Co2 Total Col Co2 Total
Ca;Co,04 0.179 2.638 3.639 0.169 2632 1209 0.08% 3.00% 13
Ca, ;Y 3C0,04 0.171 2614 3521 0.161 2.607 1172 0.15° 2.41°
Ca,YCo,04 0.065 2.407 2992 0.138 2.369 0.985

3 ow-temperature neutron-diffraction data, Ref. [8]. PL ow-temperature neutron-diffraction data, Ref. [13].

function show weak metallic interaction between the
Co atoms and strong covalent interaction between Co
and O. Because of the latter feature, a finite moment
(around 0.1 p) isfound at the O sites. Also, due to this
hybridization between Co and O the magnetic moments
at Co are smaller than the ideal spin-only values

InCa,YCo,0q, the additional electron contributed by Y
is expected (seethe decreasing trend in magnetic moment
valuesin Table I1) to go to Col and convert thision into
LS, nonmagnetic Co’* (15,e7). However, the detailed
charge-density analysis shows that the extra electrons
mainly go into interstitial regions and are otherwise uni-
formly distributed on all constituents. It is indeed the
strong Co-O bonding interaction which is responsible
for the almost vanishing magnetic moment a the Col
site rather than a valence transition. As equal amounts of
Coionsarein two different valence and spin states with
localized 3d electrons, ladder-type charge and spin order-
ing must be present in these materials.

In conclusion, for the first time we have shown
the occurrence of HMF and insulating F behavior in
fairly complex one-dimensional oxides using accurate
density-functional full-potential methods The metal-
lic Ferri state is found to be the ground state for
Ca;Co,04 in accordance with experiments. Various pro-
posals have been made for spin states of Co such as
(i) ColLS Co’"; Co2: HS Co’*, (ii) Col: LS Co*";
Co2: HS Co**, and (iii) Col: LS Co?>* and Co**; Co2:
HS Co’*. By analyzing electronic structure with various
tools we conclude that Col corresponds to LS Co** and
Co2 to HS Co?*. We have shown that tailor-made elec-
tronic and magnetic properties can be obtained in 1D
oxides by magnetic field or electron doping. We predict
a seldom observed combination of material properties,
namely, a ferromagnetic insulator. Because of the com-
plexity in the crystal and magnetic structures of the
considered phases, more studies may reveal new features
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authors are grateful to the Research Council of Norway
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Valence states and associated features of Co in quasi-one-dimensional Ca3;Co,0g
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The valence state of the constituents of CazCo20s has been analyzed using accumulated charge
in atomic spheres and Bader regions as well as Born effective charges, and the results are compared
with the situation in CoO and LaCoO3; where Co takes a divalent and trivalent state, respectively.
Moreover, the role of the covalent contribution to the bonding between Co and O and the possible
metallic bonding between the Co atoms on the magnetic ordering and valence states has been
investigated with the help of orbital-projected DOS, charge density, charge transfer, and electron-
localization function. Born-effective-charge analyses show that the actual valence of the Co atoms are
much smaller than the often believed 3+ state and the valence characteristics are highly directional
dependent, in fact about three times more pronounced along the chains than perpendicular to the

chains.

PACS numbers: 71., 71.20.Ps, 75.50.Ee, 78.20.Ci

I. INTRODUCTION

Low-dimensional structures have long been acknowl-
edged to exhibit intriguing transport and magnetic prop-
erties. Recently, attention has been focused on quasi-
one-dimensional phases [1] with the general formula
A3T1T20¢ (A = Ca, Sr, Ba; T'1,T2 = transition metal)
where transition-metal-oxygen polyhedra form well sep-
arated chains running parallel to the trigonal axis of the
crystal structure. In CazCosOg, which is the target of
this study, each chain consists of alternating, face-sharing
CoOg octahedra (ColO¢°) and CoOg trigonal prisms
(Co20¢"). Typically, the ratio of the interchain to intra-
chain metal-metal distance is of the order of two giving
the structure its quasi-one-dimensional character. The
Ca atoms are located in the regions between the chains.
Within this class of oxides, CazgCosQOg is the only repre-
sentative in which 71 and 7T'2 refer one and the same ele-
ment. Magnetic properties of CagCosOg have been clar-
ified to some extent, whereas aspects like valence states
are still open for considerable debate. The fact that there
are two different Co sites in the crystal structure makes
it difficult to fully penetrate the nature of the electronic
state of the individual Co atoms.

The possible valence states for Co are one, two, three,
and four associated with various spin states such as low-
spin (LS), intermediate-spin (IS) or high-spin (HS), and
different spin, charge, and orbital ordering with differ-
ent structural dimensionality. These are responsible for
various interesting phenomena such as the temperature-
induced spin-state transition in LaCoOg [2], the colossal
magnetoresistance in Laj_,Sr,CoOs [3], the insulator-
to-metal transition and magnetoresistance properties in
the oxygen-deficient perovskite phase LaBaCosOs5.5 [4],
and the high figure of merit for the conversion of
thermoelectric energy in the two-dimensional material

*Electronic address: vidya.ravindran@kjemi.uio.no; URL: http:
//folk.uio.no/ravindrv

Ca300409 [5}

The crystal structure of CazCoyQOg is related to the
K,CdClg-type structure [6] (space group R3c) and con-
sists of (Co206)s chains of alternating face sharing
Co10g octahedra and Co204 trigonal prisms along the
hexagonal ¢ axis. Each (C020g)s chain is surrounded
by six corresponding chains forming a triangular net in
the ab plane. The adjacent Co2! atoms experience strong
ferromagnetic (F') coupling within the chains whereas the
interchain coupling is weakly antiferromagnetic (AF) [7—
11]. Thus, relevant magnetic properties of CazgCozOg can
be described in terms of a planar Ising hexagonal lattice
in which the magnetic moment of each (Co20g)s chain
can be rationalized with one accumulated spin.

We have earlier reported electronic structure calcula-
tions for CazCo20¢ in the ground-state ferrimagnetic
(Ferri) structure [12], and the calculated total mo-
ment was found to be in very good agreement with
low-temperature powder neutron diffraction [7] and the
magnetization measurements [13]. Even though sev-
eral theoretical studies [14-19] have been performed on
Ca3Co0206, nobody (except our previous work [12]) has
attempted to base the study on the experimental ground-
state Ferri structure of this compound. This neglect is of
course explicable on the ground of the complex magnetic
structure which makes the electronic structure compu-
tations quite demanding. So, our previous report [12]
represents the only theoretical account for CazCos0Og in
the correct ground state.

It is generally agreed that Ca will be in the 2+ state
and O in the 2— state in this class of compounds. Hence,
in order to make charge balance, Col and Co2 take
here either a pure ionic 3+ state (alternatively 2+ and
4+ states) or less than 3+ if the bonding with the O
neighbors takes a significant degree of covalent charac-
ter. On the basis of the T1-O/T2-O bond lengths in
CazCo20¢ [6] and corresponding phases [20, 21] it was
predicted that the Co2! has a much lower oxidation state
than Col° because the Co-O bonds in the trigonal prisms
are longer than those in the octahedra. An implicit as-
sumption made during these deductions is that the 72-O



bond length is not affected by the magnetic state and/or
covalent bonding interaction. The higher-lying d levels
for the T20¢4 configuration has a stronger antibonding
character and more of these levels are occupied in a high-
moment (HM; note that we by purpose avoid the conven-
tional notation HS) state than in a low-moment (LM)
state. As a result the T'Og configuration should have
longer T-O bond lengths in a HM state than a LM state.

In our previous study [12] we concluded that Col® and
Co2! in CazCoy0g are in valence state four and two, re-
spectively. We will now elaborate on reasons behind this
inference. It is established that one can substitute Co
with four-valent species such as T = Mn, Ru, Rh, or Ir
up to (or near) the composition CazCoTOg [22-25]. It
is also shown that it is possible to simultaneously substi-
tute both two- and four-valent species in this structural
framework [26-28]. These observations suggest that it is
chemically plausible to have Co ions with valence states
two and four in CazCos0g.

In an octahedral (cubic) crystal field the Co-d levels
will split into triply degenerate tog (dyy,dysz,dy-) and dou-
bly degenerate ey (dy2_,2,d,2) levels. Owing to trigonal
distortion of the octahedral co-ordination, the ¢, levels
further split into a non-degenerate la level and doubly
degenerate le levels. With Co in the 44 oxidation state
there will be five d electrons to accommodate in these lev-
els. The spin moment according to a pure ionic descrip-
tion will then be 1, 3, and 5 up per Co for low-spin (LS;
t3,€9), intermediate-spin (IS; #3,¢}), and high spin (HS;
tggeg) configuration, respectively. In practice, materials
often have covalent hybridization between the transition
metal and surrounding atoms, and this will reduce the
spin moment owing to the fact that some of the electrons
participate in bonding rather than in magnetism. So, one
mostly gets non-integer value for the spin moments at the
transition metal sites and also small induced moments at
the sites of the surrounding atoms.

A powder neutron diffraction study [7] of CazCo20¢
shows that, in the ordered magnetic state, the magnetic
moment at the Col? site is 0.08 +0.04 up. The calcu-
lated spin moment for the Col® site obtained from accu-
rate density-functional calculation is 0.169 up [12] (note
that calculated magnetic moments generally are smaller
than those obtained by magnetization measurements).
With Co in a 3+,LS state (t5,e)) one expects zero spin
moment at the Col® site. However, the to, states should
have been completely filled and the e, states completely
empty; features not seen in any of the reported orbital-
projected density-of-states (DOS) data [14, 19]. We laid
decisive weight on the DOS evidences and concluded [12]
that Col? is in a 4+,LS state. The too small value for
the spin moment compared with the ionic picture was at-
tributed to the strong covalent contribution to the bond-
ing between Col? and O.

In a trigonal prismatic crystal field d levels will split
into non-degenerate la (d2), doubly degenerate le (dgy,
dy2_,2), and doubly degenerate 2e (d,,d,) levels. With
Co in the 2+ oxidation state there will be seven d elec-

trons to be accommodated in these levels. The spin mo-
ment for Co2? in LS (1a?1e?2e!) and HS (1a*1e32¢?) con-
figurations will then be 1 and 3 up, respectively, for the
pure ionic case. The powder neutron diffraction study [7]
gave an ordered magnetic moment at the Co2! site of
3.004+0.05 up, whereas the density-functional calcula-
tion gave a somewhat smaller spin moment (2.632 up).
The calculated total moment for CagCosOg in the Ferri
state came out in very good agreement with the experi-
mental value (1.209 vs 1.30 up). As the calculated spin
moment for both Co atoms came out in reasonable to
good agreement with ionic Co** LS and Co?* HS states
we jumped to the conclusion of 4+ and 2+ oxidation
states for Col® and Co2! in LS and HS configurations,
respectively. Recently there have appeared several exper-
imental [8, 25, 30, 31] and theoretical [14-16, 19, 32, 33]
reports claiming that the valence states of both Co atoms
in CazgCoy0g4 are in fact 34+. So, in order to get more in-
sight into the valence states of Co we have now made
more detailed theoretical analyses of the Co valence sit-
uation in CasCos0g.

II. COMPUTATIONAL DETAILS

The crystal-orbital-Hamiltonian-population (COHP)
and electron-localization-function (ELF) data were cal-
culated using the TBLMTO program [34]. For the
DOS calculations we have applied the full-potential
linearized-augmented plane-wave method implemented
in the WIEN2k package [35] including spin-orbit cou-
pling. The Born-effective-charge calculations were per-
formed using the Vienna ab-initio simulation pack-
age (VASP) [36] within the projector-augmented-wave
(PAW) method [37] as implemented by Kresse and Jou-
bert [38]. Structural optimizations were continued until
the forces on the atoms had converged to less than 1 meV
A~" and the pressure on the cell had minimized within
the constraint of constant volume. The optimized struc-
ture has been used for the Berry-phase calculations. The
atoms involved in the calculations required extra care;
either large basis sets within a pseudo-potential scheme
or an all-electron scheme. So we have used very large
basis sets with 875eV for the plane-wave cutoff. For the
k-space integrations in the Berry-phase calculations, a
uniform 8 x 8 x 8 k-point mesh was found to be ade-
quate. For LaCoO3 and CoO, we have used the LDA+U
approach with an U value of 5 and 8 eV, respectively, for
Co in order to reproduce the insulating behavior.

III. RESULTS AND DISCUSSION

Before we pursue our renewed findings we will give a
brief account of the recent development in the view on
the spin and valence situation in CazCo20Og. The status
on magnetism is largely unchanged from that prevailing
when we published our previous report [12]. At least two



magnetic transitions are recognised at quite low temper-
atures. One around 24 K can rather unambiguously be
attributed to F ordering within the chains and another
around 10 K appears to be associated with Ferri coupling
between the chains [7, 8]. The origin of the latter tran-
sition remains a matter of dispute [7, 8, 22, 28, 39, 40],
some reports favoring a more regular Ferri situation with
interchain AF coupling between the F chains [7, 39]
while others point at spin-glass freezing within every
third chain [41]. On the basis of a moment of 4 up
per CazCos0g formula unit from magnetization measure-
ments [42], it has been conjectured that both Co atoms
are in a 3+ state with Col® as LS (non-magnetic) and
Co2! as HS (magnetic).

The effective moment has been extracted from the tem-
perature dependence of the magnetic susceptibility and
explained as a 1:1 HS and IS configurations of Co in 3+
states [8]. This interpretation is in the first place con-
tradictory to the neutron diffraction results [7] and sec-
ondly stabilization of the IS configuration requires lower-
ing of the symmetry of the Col? co-ordination in order to
provide the required additional splitting of the e, levels.
Also, Co in a pure 3+,IS state should have a moment of
2 pup and introduction of covalence should reduce the mo-
ment, but probably not below 1up (see Ref. [2]). All in
all, the fresh magnetic data suffer from exactly the same
weaknesses as the older data with regard to evaluation of
the valence states for Col® and Co2¢ (see below).

X-ray photoemission spectroscopy (XPS) data on
CazCoTOg (T=Co, Rh, Ir) have been interpreted [25]
as evidence for a 3+ valence state for Col® and Co2?
in LS and HS configuration, respectively. XPS profiles
comprise information about the density of states of the
electrons, but it is very difficult to judge oxidation states
from such data alone. Even extraction of qualitative
valence-state information from XPS data requires the use
of suitable standards for comparison. Such references
have apparently not been used in this case. As men-
tioned before, the crucial information needed to decide
the valence state is the orbital-projected DOS and that
can not be extracted from the XPS. Moreover, the XPS
measurements were carried out at room temperature and
at this temperature it is quite possible that Co has in any
case reached a common average valence state. Hence, the
conclusion advanced from XPS measurements can not be
taken as conclusive evidence for a 34+ universal oxidation
state for both Co atoms in CazCosOg.

Low-temperature field-sweep °°Co NMR measure-
ments on CazgCoy0¢ have also been interpreted [30] as ev-
idence for the presence of non-magnetic Co in the 3+,1.S
state. A serious drawback with this study is that only
the signal from one of the two Co sites is detected and
even this signal could only be observed in a very nar-
row temperature range from 7 to 15 K. The key ques-
tions in this connection are then why the signal from the
companion 3+,HS state is not detected and what hap-
pens to the signal from the claimed 3+,LS state below
7 and above 15 K. Before these questions are satisfac-

torily answered the NMR findings can not be taken in
favor of anything. However, one further comment of di-
rect relevance for the present communication should be
made. It is not possible to have completely non-magnetic
Co species in CazCoz0g for the following reason. The
shortest Co-Co distance within the chains is about 2.59 A
which is comparable to that in the closest Co-Co distance
in hep Co (2.51 A). Both experimental [7] and theoreti-
cal [12] studies clearly demonstrate that Co2' carries a
large spin moment. Hence, one can not conceive a sit-
uation with a completely non-magnetic Col?; the large
moment at Co2! site and the short Col-Co2 distance,
should certainly have led to an induced moment at the
Col® site.

Recently two reports [18, 19] have appeared dealing
with LDA+4U calculations on CagzCo;0g. It is there-
fore appropriate to consider any drawbacks using the
LDA+U method on CazgCos04. The degree of localiza-
tion of the electrons at the Col°® and Co2? sites are not
the same and hence the use of the same U and J val-
ues for both sites is not appropriate. Furthermore, the
quasi-one-dimensional nature of the atomic arrangement
also gives the band dispersion a one-dimensional char-
acter. So, in order to treat the strong correlation effect
in CagCo20g appropriately one need to account for the
k dependence of U, viz. the Mott-Hubbard correction
terms in the LDA+4U methods must contain local char-
acter, features missing in the currently available LDA+U
approach. With these deficiencies, the LDA+4U calcula-
tions will inevitably reveal that the relative stability of
the intrachain F and AF arrangements depends on the
chosen U value and the “initial density” employed for the
calculations [18]. For example, the intrachain F arrange-
ment is more stable than the intrachain AF arrangement
for U = 3 and 4 eV, but the opposite is true for U =
2 and 5 eV. Moreover, the LDA+U calculation gave a
too large spin moment for the F state of CazCoz0g [19]
(5.66 pp fa.71) compared with the magnetization mea-
surements (4 pp fu.71) [42]. The use of LDA+U calcula-
tions for Na,CoOs [43] shows that caution must be taken
in order to avoid worse agreement with experimental data
than by the use of simple LDA calculations. In addition,
it should be recalled that U is an empirical parameter.
We have shown earlier [12], that the magnetic properties
of CagCoy04 can be correctly be described by the use
of GGA itself. Therefore, in the following we will focus
only on results obtained by GGA calculations.

Both the neutron-diffraction study [7] and our earlier
total-energy calculations [12] show that CazCo20g has a
Ferri ground state. Specific heat [28] and transport mea-
surements [44] show metallic behavior for CazCoy0¢. In
contrast, the recent theoretical study [19] incorrectly con-
cluded that this material is an F insulator. In our pre-
vious report we emphasized that all results reported had
been obtained from relativistic full-potential GGA calcu-
lations with spin-orbit coupling (SOC) included. How-
ever, Ref. [19] wrongly cited that SOC had not been in-
cluded in our calculations. All in all, we strongly believe
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FIG. 1: Calculated orbital-projected density of states (DOS) for Co1° and Co2" in CazCo20g for the ground-state ferrimagnetic

configuration. The Fermi level is set to zero.

that the GGA approach with spin-orbit coupling is suffi-
ciently accurate to describe the electronic structure and
magnetic properties of CazCo20¢ and proceed our anal-
ysis accordingly.

To obtain firm pictures of the valence states of atoms
in compounds, the key information one really needs is
how many electrons that are present at each site in the
atomic arrangement. This information is very difficult to
extract unambiguously from usual DFT calculations ow-
ing to the fact that the integrated charges at a given site
depends not only on the chosen radius for the enclosing
atomic sphere, but also involve charges in the surround-
ing interstitial regions. In order to remedy this situation
we have now consulted several tools, viz. charge density,
charge transfer, electron-localization function, angular-
momentum and orbital-projected DOS, crystal-orbital-
Hamiltonian population, Bader charge, and Born effec-
tive charge. These analyses were carried out not only for
Ca3zCo20g, but also for CoO and LaCoQO3 (for which the
valence states of Co are more unambiguous) in order to
cross check their resolving capabilities.

More insight into the spin and valence states of the
Col° and Co2! atoms in CazCosQg is provided by the
orbital-projected d-electron DOS (Fig.1). This illustra-
tion clearly convey the message that Col® is in a LM
state, and Co2! conversely in a HM state. If Col® had
been in a proper ionic 3+,LS state one should expect
that three d orbitals would have been completely filled
and two d orbitals completely empty. On the contrary
Figs. 1 and 2 show almost equal amounts of DOS in all d
orbitals, thus confirming that Col is certainly not in an
ionic 3+,LS state. However, the partial DOS for Col®
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FIG. 2: Calculated site-projected density of states (DOS) for
Ca3zCo20¢ in the ground-state ferrimagnetic configuration.
The Fermi level is set to zero.

and Co2' (Fig. 2) are sufficiently different to defend the
characterization as different valence states. The partial
DOS for Ca (Fig. 2) clearly demonstrates a nearly empty
valence band and consequently an ideal 2+ state with
negligible amounts of valence electrons at the Ca site.
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The energetically degenerate nature of the Co-d and O-p
states conveys evidence for appreciable covalent interac-
tion between Co and O, and as a result of this hybridiza-
tion interaction there occur an induced spin moment of
around 0.13 pup at the oxygen sites.

LaCoOs3 provides an example of Co®t in an LS state
with completely filled to4 states and empty e, states and
a resulting semiconducting behavior with a band gap of
about 0.2eV. As part of the control tests for CazCosOg
we have now calculated the DOS for the 3+,LS state
for Co in LaCoOgs and compared it with the DOS for
the Col? site. A similar comparison have been made
for the DOS for the 3+,HS state of Co in LaCoOs (ob-
tained from the fixed-spin calculation reported earlier [2])
in relation to that for Co2? in CagCoy0g. These compar-
isons can be appraised in Fig. 3, which shows that there
is certainly no correspondence between the Co DOSs
obtained for the different modifications of LaCoOg3 and
those for different sites in Ca3Co30g. The Co partial
DOSs for CagCoy0¢ occur in narrower energy regions
than those for the LaCoOg reference materials, overall
features which we attribute to the quasi-one-dimensional
nature of the crystal structure of CazCoy0Og.

If a given material exhibits a significant amount of co-
valence in its bonding, the simple oxidation state ap-
proach can not be used to estimate the valence states.
All earlier studies on Ca3Co20g have ignored the co-
valent contribution to the bonding and most of them
have in fact made the valence assessment only on the
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FIG. 4: (Color online) Crystal-orbital-Hamilton population
(COHP) for Col-to-O, Co2-to-O, and Col-to-Co2 interac-
tions in an assumed non-magnetic state of CazCo20s.

observed size of the magnetic moments at the Co sites.
Whangbo et al. [14, 18] made spin-polarized electronic
band-structure calculation for CagCo;0g on the basis of
the room-temperature crystal structure in F configura-
tion. From partial DOS analyses these authors concluded
that both Col° and Co2! are 3+ ions in LS and HS state,
respectively. However, this inference contradicts their
own findings: (i) Despite the fact that the calculations
gave a magnetic moment of 0.3 up at the Col? site they
proceed as if the moment is zero. (It is worthwhile to
record that DFT-calculated moments generally come out
smaller than according to the pure ionic scheme due to
the covalent interaction between constituents.) (ii) In an
octahedral crystal field, proper Co3* ions in the LS state
should exhibit completely filled tgg levels and completely
empty e, levels. However, the orbital-projected DOS of
Whangbo et al. closely resembles our findings (Figs. 1
and 2) which is clearly incompatible with a 3+,LS state.

Strength of bonding interaction between the con-
stituents of a compound is often assessed from COHP
plots. The COHP is the DOS weighted by the corre-
sponding Hamiltonian matrix elements and is also in-
dicative of the character of a bond (negative COHP in-
dicating bonding; positive COHP antibonding interac-
tion [34, 45]). The calculated COHP for the Col-to-
0O, Co2-t0-0O, and Col-to-Co2 interactions in CazCos0¢
are illustrated in Fig. 4 which shows that the strongest
bonding interaction is between Col and O. This is con-
sistent with the experimental findings in the sense that
the Col-O bond length is shorter than the Co2-O bond
length. The integrated COHP yielded bond strength of
—1.39, —0.77 and —0.08 eV for the Col-to-O, Co2-to-0O,
and Col-to-Co2 interaction, respectively. Since the co-
valent Col-to-Co2 interaction is weak, the intrachain F
interaction has to be attributed to metallic type of bond-
ing. The strong covalent interaction between Col and O
could explain why the spin moment at the Col® site is
quenched.
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The illustrations refer to the (110) plane.

More details about the bonding interactions between
constituents can be obtained from charge-density, charge
transfer, and ELF analyses. The charge-density distri-
bution in CazCos0¢ [Fig. 5(a)] shows that only a neg-
ligibly small charge is left at the Ca site, thus confirm-
ing the presence of ionic bonding between Ca and the
(Co20¢) 0 chains. The atoms within the chain exhibit
appreciable covalent character as already manifested by
the one-dimensional appearance. Although the inter-
atomic Col-Co2 distance is short, the interaction be-
tween these atoms are largely of metallic character. The
charge-transfer distribution [Fig. 5(b)] shows that elec-
trons are transferred from both Ca and Co atoms to
the oxygen sites, viz. in accordance with an ionic con-
ception. However, if the bonding interaction between
Co and O had been purely ionic one would have ex-
pected an isotropic charge-transfer distribution. Hence,
the anisotropic distribution between Co and O in the
charge-transfer plot supports the inference that there is
an appreciable degree of covalence in the Co-to-O bond-
ing interaction. If one had known the amount of electrons
transfer from Co to O, one could have estimated a more
exact valence state for Co. According to Fig. 5(b) it is
clear that both Co atoms have donated electrons to the
oxygen sites, but the degree of charge transfer is different
for Col® and Co2'. In conclusion, it is difficult to judge
the valence of Co from the charge-transfer distribution
alone.

ELF is an informative tool to distinguish differ-
ent bonding interactions in solids [46]. The ELF for
CazCo20¢ [Fig. 5(c)] exhibits only a small numerical
value between Ca and the other constituents which is
another indication for the ionic character of the Ca-to-
(C0206) o bonding. The maximum value of the ELF at
the O sites and minimum values at the Ca and Co sites
reconfirms that charge has been transferred from Ca and
Co to O. The polarization with different orientation of
ELF at the Co sites indicates different orientation of the
orbitals residing at Col1° and Co2?. Although the charge-
density plot exposes a relatively large amount of charge

at the Co sites, the small value of ELF show that these
charges are mainly of d character. The conclusion from
the charge-density, charge-transfer, and ELF analyses is
accordingly that the bonding interaction between Ca and
O is mainly ionic and that between Co and O is ionic with
appreciable covalent woof. This conclusions is further
supported by the findings from the Born-effective-charge
analysis (see below).

Everybody agrees that the number of electrons at a
given atomic site is the key quantity for evaluation of the
valence state. The accumulated charges inside the ap-
propriately chosen atomic sphere are 18.11, 24.97, 24.76,
and 7.16 (all in units of e) for Ca, Col°, Co2!, and
O, respectively. Since there are ambiguities associated
with the definition of the boundary of an atomic sphere
and no clear-cut distinction between cationic and an-
ionic charges, we turned our attention to the “atom-in-
molecule” approach introduced by Bader. Bader gave an
elegant approach to this problem with his “interatomic
surface” [47] concept, according to which the space in a
solid is divided into regions established by surfaces that
run through minima in the charge density. A given region
is chosen such that at any location on the bordering sur-
face the gradient of the charge density has no component
normal to the surface. A region enclosed by such bound-
ary surfaces is referred to as a Bader region. Each Bader
region normally contains only one nucleus. By integrat-
ing the charge density within the Bader region where a
given nucleus is located, and adding electronic charges in
“naturally associated neighboring regions” that do not
include a nucleus, the total excess charge on the atom at
a given site can be estimated and this charge is named
as Bader charge. The advantage of this method is that
the analysis is based solely on the charge density, so it
is rather insensitive to the basis set used. The Bader
charge difference (Agp relative to the corresponding neu-
tral atom) at each atomic site in CagCo2Og are listed in
Table I together with values for the reference substances
CoO and LaCoQOgs. The Bader charge differences for CoO
and LaCoOg give much smaller valence states than the



expected values according to a pure ionic model, but pro-
vide correct qualitative measures for the transfer of elec-
trons from one site to another.

The Born-effective charge gives information about how
much electrons are polarized on application of an electric
field. If ions behaves like closed-shell ions, they should
carry an effective charge close to their nominal ionic
value. On the contrary, a large amount of non-rigid delo-
calized charge will flow across the skeleton of a compound
with covalent directed bonds when the lattice is sub-
jected to displacement [48, 49]. Owing to this covalence
effect, one usually obtains larger Born-effective charges
than the nominal ionic values. So, one can consider the
Born-effective charge as an upper limit for the valence
in a given system. The Born-effective charge is indeed a
macroscopic concept [50, 51], which involves the polariza-
tion of the valence electrons as a whole, while the charge
“associated with” a given atom is an ill-defined concept.
High Born-effective-charge values indicate that the rela-
tive displacements of neighboring ions against each other
trigger highly polarized electrons. Roughly speaking,
a large amount of delocalized charge is responsible for
higher values for the Born-effective charge than the nom-
inal ionic values. As the Born-effective charge concept
gives more reasonable values for the valence of the Co
atoms in well known systems than the Bader-charge ap-
proach, it seemed worthwhile to attempt to use this tool
to resolve the valence situation for Co in CagCosQOg. The
average value of the Born-effective charge (see Table I)
for Co in CoO and LaCoOj is 2.17 and 3.35, respectively,
and are reasonably close to the respective formal valence
of two and three.

The calculated Born-effective charge for CagCosOg
(TableI) once again confirm that both Ca and Co do-
nate electrons and O accepts electrons in accordance
with the traditional ionic picture. However, for a pure
ionic system one expects more isotropic values for the
Born-effective charges than that obtained for CazCosOg.
Considerable anisotropy in the diagonal components of
the Born-effective-charge tensor (TableI) along with the
noticeable off-diagonal components at the O sites con-
firm the presence of covalent bonding between oxygen
and the neighboring Co atoms. Our other chemical-
bonding-analysis tools discussed above also show that
there is considerable covalent bonding between Co and
O. Born-effective-charge analyses account for the anoma-
lous contributions (defined as the excess charge relative
to the accepted value for the ion in question) to the ef-

fective charges. The almost equal value of the zx and
yy components of the Born-effective charge at the Co
sites reflects the one-dimensional character of the atomic
arrangement. The average value of the diagonal com-
ponents of the Born-effective charge for Ca, Col, Co2,
and O are 2.637, 1.800, 2.269, and —2.01, respectively,
indicating that the average valence state of Col® and
Co2! are similar. Tt is interesting to note that the Bader
charges at Col® and Co2¢ are in fact almost equal. On
the other hand, the zz component (along the chain) of
the Born-effective charge at Col° and Co2! are apprecia-
bly different (2.8 vs 4.2) indicating that the nature of the
valence state of the two sites are indeed different. How-
ever, because of the appreciable degree of covalence in
the Co-to-O bonding, the ionic-based valence count for
both Co sites comes out much smaller than the expected
formal valence of 3+ for Co in CazCoyOg.

IV. CONCLUSION

In conclusion, the large difference in the magnetic mo-
ment between the Co atoms is due to different degree of
covalent character between Co and the surrounding oxy-
gens. The Col° and Co2! atoms are not in conventional
3+,LS and 3+,HS state, respectively. Our detailed analy-
ses show that the actual valence states are much smaller
than three. We maintain that formal valence concept
works well for insulators with pure ionic bonding. If the
material under consideration has finite degree of covalent
character along with the ionic, the simple ionic picture
can not be used to predict the valence states correctly.
Our Born-effective-charge analyses suggest that in low-
dimensional phases like CazCo20g4 the valence electrons
are distributed highly anisotropically. As a consequence,
the simple formal valence picture can not be used to de-
scribe the electronic structure and magnetic properties

properly.
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Abstract

We have made a series of gradient-corrected relativistic full-potential density-functional calculations for Ca-substituted and
hole-doped SrRuO; in para, ferro, and A-, C-, and G-type antiferromagnetic states. Magnetic phase-diagram data for
Sr;—xCa,RuOj3 at 0 K are presented. Neutron diffraction measurements combined with total energy calculations show that spin-
glass behavior with short-range antiferromagnetic interactions rules in CaRuOs;. The substitution of Sr by Ca in SrRuOj;
decreases the ferromagnetic interaction and enhances the G-type antiferromagnetic interaction; the G-AF state is found to
stabilize around X = 0.75 consistent with experimental observations. Inclusion of spin—orbit coupling is found to be important

in order to arrive at the correct magnetic ground state in ruthenates. © 2002 Elsevier Science Ltd. All rights reserved.

PACS: 75; 81.05.Je; 75.10.Nr; 71.20. — b

Keywords: A. Ruthenates; C. Spin-glass-behavior

Ever since unconventional superconductivity was observed
in Sr,RuQy4 [1], ruthenates have attracted much interest.
Substitution [2] of the smaller Ca for Sr in Sr,RuQ, leads to
an antiferromagnetic (AF) Mott insulator with a staggered
moment of S = 1. Coexistence of ferro- and antiferromag-
netic fluctuations in Ca,RuO,4 and competition between p-
and d-wave superconductivity in Sr,RuO,4 have also been
reported [3]. Recently coexistence of magnetism and
superconductivity is discovered [4] in ruthenium-based
layered cuprates such as RRuSr,Cu,0Og (R = Eu, Gd). Lee
et al. [5] reported the existence of a pseudogap (PG) in
BaRuOj; reminiscent of the PG in high-T, superconductors.
As in f-electron-based intermetallics, non-Fermi-liquid
(NFL) behavior has recently been observed in LajRugO19
[6]. Critical magnetic fluctuations associated with meta-
magnetism is reported for Sr3Ru,05 [7] and a metallic AF

* Corresponding author. Tel.: +47-22-855-606; fax: +47-22-85-
5441.
E-mail address: ravindran.ponniah@kjemi.uio.no
(P. Ravindran).

phase with temperature induced insulator-to-metal tran-
sition is found for CazRu,O5 [8].

Poorly metallic NFL-behaving SrRuOj; is the only
known ferromagnetic (F; Tc = 160 K) 4d transition-metal
oxide [9,10]. CaRuOjs is also metallic, but experimental and
theoretical studies conclude contradictory regarding the
nature of the magnetic ground state (e.g. AF [9,11,12],
nearly F [13], exchange enhanced paramagnetic (P) [14],
Curie—Weiss P [15], verge of F instability [16], spin glass
(SG) [17] etc.) and this controversy is not settled yet. Some
of these reports indicate a lack of long-range magnetic order
whereas others suggest evidence for an AF ground state with
a Néel temperature (Ty) of ~110K [11]. The striking
difference in the magnetic properties of SrRuO; and
CaRuO; makes magnetic phase diagram studies on
Sri_xCa,RuOj3 quite interesting.

CaRuOj3 and SrRuOj; are isostructural and isoelectronic,
differing structurally only in the degree of the small
orthorhombic distortion (lattice constants within 2%).
Hence, insight into the magnetic properties of these
compounds is expected to increase the general knowledge
on magnetic phenomena in perovskite oxides, and

0038-1098/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0038-1098(02)00472-6



294

Table 1

Total energy (relative to the lowest energy state; in meV/f.u.) for
CaRuO; in P, F, and A-, C-, and G-AF states with orthorhombic and
undistorted cubic (designated cubic) structures

Method P F A-AF  C-AF G-AF
GGA + SO 26 19.8 6 4 0
GGA + SO (cubic) 1307 1249 1292 1299 1303
GGA 38 0 9 10 7

ruthenates in particular. The density-functional calculations
[16,18] for CaRuO; which conclude with ‘verge of F
instability’ have the weakness that AF interactions were not
considered. In this report, we present the intriguing result
that SG behavior with short-range AF interaction occurs in
metallic CaRuOs.

The present full-potential linear-muffin—tin orbital [19]
(FPLMTO) calculations are all-electron, and no shape
approximation to the charge density or potential has been
used. The basis functions, charge density and potential were

P. Ravindran et al. / Solid State Communications 124 (2002) 293-298

expanded in spherical harmonic series inside the muffin-tin
spheres and in Fourier series in the interstitial regions. The
calculations are based on the generalized-gradient-corrected
(GGA) density-functional theory as proposed by Perdew
etal. [20]. Spin—orbit (SO) terms are included directly in the
Hamiltonian matrix elements for the part inside the muffin-
tin spheres. The basis set contained semi-core 4p and
valence 5s, 5p, and 4d states for Sr, 4s, 4p, and 3d states for
Ca, 5s, 5p, and 4d for Ru, 2s, 2p, and 3d states for O, and 4s,
4p, and 3d states for K. All orbitals were contained in the
same energy panel. The self consistency was obtained with
284 k points in the irreducible part of the first Brillouin zone
for the orthorhombic structure and the same density of k
points were used for the cubic structure as well as for the
supercells. Structural parameters for Sr;_yCa,RuO; are
taken from the X-ray diffraction data reported by Kobayashi
et al. [21]. Details about the experimental reexamination of
CaRuOj; will be presented in the full account of our findings
[22].

There are three possible magnetic arrangements accord-
ing to the interplane and intraplane couplings in perovskite
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Fig. 1. Magnetic phase diagram data for Sr;_,Ca,RuO;. Energies are given with respect to the total energy for the F phase.
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Fig. 2. Total DOS for CaRuOj; in F and G-AF states and hypothetical KRuOj3 in G-AF state. Fermi level is set to zero.

oxides. (i) With interplane AF coupling and intraplane F
coupling the A-AF structure arises. (ii) The opposite
arrangement with interplane F coupling and intraplane AF
coupling is called C-AF structure. (iii) If both the inter- and
intraplane couplings are AF the G-AF structure arises. In the
G-type AF lattice, each Ru atom will be surrounded by six
Ru neighbors whose moments are antiparallel to that of the
chosen reference atom. The details about the calculations on
magnetic and excited state properties can be found
elsewhere [23]. We have placed the magnetic moment
direction along [001] in all calculations to comply with the
out-of-plane easy axis observed for Sr;_,Ca,RuOj3 [24]. The
energy differences between the various magnetic configur-
ations are very small and extreme computational accuracy is
therefore needed. The theoretical method used in the present
study is capable of reproducing energy differences of the
order of peV [25].

The calculated total energy for CaRuO; from the GGA
calculation with (GGA + SO) and without SO coupling are
given in Table 1 relative to the corresponding ground state.
From this table it is clear that the G-AF phase is the ground
state for CaRuO;. The total energy differences between the
different AF phases are as already mentioned very small. If

we disregard the orthorhombic distortion, the F phase is seen
to have the lowest energy indicating that strong magneto-
elastic couplings are present in CaRuO;. We also see large
energy gains when we include the orthorhombic distortion
in the calculation consistent with experimental observation.
The F phase is found to be the ground state with 7 meV/f.u.
lower energy than the G-AF phase when SO interactions are
neglected. Hence, SO coupling appears to play an important
role in deciding the magnetic properties of ruthenates.

The calculated magnetic moment at the Ru site in STRuO;
is 0.92 ug/atom is in good agreement with 0.85 upg/atom
obtained from magnetization measurements [9]. Goodenough
[26] has argued that, in general, a spontaneous change
between F and AF states are expected when ug = par, the
stable magnetic phase being the one with the highest atomic
moment. Our findings are consistent with this viewpoint in
that the larger magnetic moments are found for the stable
magnetic configuration of Sr;_,Ca,RuO; (viz. for x < 0.724
the F phase has highest magnetic moment and for X > 0.724
G-AF has the highest moment). The hyperfine field at the Ru
site in G-AF state CaRuOj is 263 kOe/up in agreement with
the experimental value of 222 *+ 50 kOe/up obtained from
Knight shift measurements [27].
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Fig. 3. Calculated valence band XPS, O K-edge XANES, and
optical reflectivity spectrum for G-AF state CaRuO;. Experimental
XPS, XANES and reflectivity spectra are taken from Refs. [30,31].

The experimentally found spontaneous magnetic
moment [13] and Weiss temperature [28] for Sr;_yCa,RuO;
are given in Fig. 1 along with the calculated total energy
difference relative to that of the F phase for the various
magnetic configurations. An increase in X decreases the F
interaction and increases the G-AF interaction. Because of
the smaller ionic radius of Ca compared with Sr (0.99 vs.
1.18 A), tilting of the octahedra occur when one substitutes
Ca for Sr in SrRuO; which in-turn affects the magnetic
properties. Fig. 1 shows that the F to G-AF transition takes
place around X = 0.75 both experimentally and theoreti-
cally. This confirms the presence of AF interactions in
CaRuOs;. One of the interesting aspects of Fig. 1 is that at
X = 0.5, there is large gain in the total energy of the F phase
compared with the P, A- and C-AF phases. DOS analyses
show that the F phase of SrysCapsRuO; is nearly half-
metallic with a gap of 0.73 eV in the majority spin channel
which gives extra contribution to the stability. Moreover, Eg
is at peaks in the DOS curves of the P, A- and C-AF phases

(which further contribute to the enhanced energy difference
relative to the F state).

The lower total energy for the G-AF state for x > 0.724
compared with the other magnetic configurations can be
understood as follows. The spin-projected total DOS curve
for CaRuOj; in the F and G-AF phases are shown in the
lower and middle panel of Fig. 2. In the F case Eg is at a
peak-like feature in the DOS curve. This infers an instability
to the lattice. However, for the G-AF phase a deep valley-
like (PG-like) feature appears in the DOS curve. This will
give an extra contribution to lattice stability [29] and hence
CaRuOj; is expected to stabilize in the G-AF phase. The
calculated excited-state properties such as reflectivity, O K-
edge spectra and XPS spectra for CaRuOj3 in the G-AF
phase are found to be in good agreement with experimental
spectra (see Fig. 3), indicating that the ground state is
correctly assigned. The creation of a PG-like feature on
introduction of G-AF ordering gives an extra contribution to
the band energy term of the total energy (66 meV/f.u.)
which stabilizes the G-AF phase over the F phase. However,
our neutron powder diffraction diagrams at 298 and 8 K
show no sign of extra Bragg reflections at 8 K, which should
have been the proof of long-range AF ordering. (A full
account of the neutron diffraction findings will be given in
the forthcoming article [22].) Hence, the magnetic exchange
interactions must have only short-range influence. Closer
examination of the DOS curve for the G-AF phase shows
that Eg is located on a shoulder of a peak-like feature (an
unfavorable condition for stability) with a local valley (LV,
see Fig. 2) situated just 40 meV above Eg. This may explain
why there is no established long-range magnetic ordering in
this material. Recent magnetization measurements [17]
show distinctions between the zero-field-cooled and field-
cooled characteristics which confirm the presence of SG
behavior with finite moments at the Ru sites. So, we
conclude that CaRuOj; exhibits short-range AF ordering
which manifests itself in SG behavior at low temperature.

Rigid-band-filling analysis shows that an addition of
0.136 electrons/f.u. will bring Eg to LV with the expected
effect of long-range G-AF ordering. In fact, long-range
magnetic ordering has been observed for CaRu;_,Rh,O;
with X > 0.015 where Rh acts as an electron donor for
CaRuOj3 [32]. Rigid-band-filling analysis also show that
removal of exactly one electron from CaRuO; will bring Eg
to a PG. In order to test this possibility we have made
additional calculations for hypothetical KRuOj3; with the
structural parameters for CaRuOs. Consistent with the rigid-
band-filling findings Ep is found at PG for the G-AF phase of
hypothetical KRuO; (see upper panel of Fig. 2). When E is
at PG, all bonding states would be filled and all antibonding
states empty, implying extra contributions to stability. Total
energy calculations show that the G-AF phase is 21.7 meV/
f.u. lower in energy than the F phase for hypothetical
KRuO3;, viz. a larger difference than that for CaRuOj;
indicating that one really should expect G-AF long-range
ordering in KRuO; at low temperature. Further the G-AF
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phase is 38.6 meV/f.u. lower in energy than the P phase for
hypothetical KRuOj; indicating that Ty should be reasonably
high. It is worth to recall that according to Goodenough [33]
the sign of the transfer integral for 180° cation—anion—
cation superexchange interactions between octahedral-site
cations are predicted to give AF for Ru>T—O-Ru’*. Ru*"
ions with enhanced AF interaction has recently been
established for CaRug ¢5Cug 0505[34]. Moreover, the change
in the oxidation state of Sr;Ru,0 from Ru** to Ru>*" by
fluorine addition stabilizes G-AF ordering [35]. Oxygen
non-stochiometry and hole doping can accordingly bring Eg
toward PG and stabilize the G-AF ordering. This may
explain why long-range AF ordering has been reported for
some experimentally studied CaRuO3 samples [11] and Na
doped CaRuO; [36].

In the SG state the moments are arranged in a certain
equilibrium oriented pattern, but without long-range order.
Some characteristics of SG materials are: (i) Existence of
local moment as we have found with spin-polarized
calculations. (ii) No magnetic Bragg scattering at low
temperature as our neutron diffraction study show. (iii) A
history-dependent magnetic response as the recent magne-
tization measurements [17] have shown. (iv) Both long-
range and short-range terms in the Hamiltonian [37]. In
accordance with our calculations we believe that short-range
nearest-neighbor AF interactions are dominant in CaRuQOs.

Two important ingredients necessary to produce SG
behavior are frustration and partial randomness of the
interaction between the magnetic moments [38]. Owing to
the small total energy differences between the AF and F
phases of CaRuOj (see Table 1 and Fig. 1), there will be a
competition among the different AF and F interactions, in
the sense that no single configuration of the moments is
uniquely favored by all interactions (viz. frustration). In
other words, the AF moments can arrange themselves
randomly in small domain-like regions with minimal loss in
energy. The Ru ions which are responsible for the magnetic
properties of CaRuQj are in a strictly periodic order. Hence,
structural disorder cannot be responsible for the SG
behavior. The SG state of CaRuO; is characterized by a
predominant AF situation with random spin arrangement.
AF systems with SG-like transition have been observed in
ruthenates with pyrochlore-like structures such as R,Ru,0,
for which recent experimental results indicate that the
atomic arrangement does not participate in the P-to-SG
transition which is solely associated with the Ru moments
[39]. The small energy differences between the different AF
states bring disordering of the moments and hence SG
behavior to CaRuO; at low temperature. In fact, SG
behavior has been found for CaRuO; doped with small
amounts of Sn [40] or Rh [32]. The calculated excited state
properties for CaRuO; in the G-AF state are in good
agreement with the experimental measurements indicating
that the electronic structure does not differ significantly
between the SG and G-AF phases.

We conclude that CaRuOj; exhibits short-range AF

interaction with SG behavior. The hitherto hypothetical
KRuOj; is expected to exhibit long-range G-AF ordering.
We have demonstrated that the relative strengths of the F
and AF exchange interactions can be varied by varying the
Ca content of Sr;_,Ca,RuOs.
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Abstract

We have carried out accurate generalized-gradient-corrected fully-relativistic full-potential calculations for Sr;_,Ca,RuO; (x = 0,
0.25, 0.5, 0.75, and 1) in para-, ferro-, and 4-, C-, and G-type antiferromagnetic configurations. We have performed electronic
structure calculations for the experimentally observed orthorhombic structure as well as the hypothetical cubic structure. Our results
are analyzed with the help of total, site-, spin-, and orbital-projected density of states. The total-energy studies show that CaRuO;
stabilizes in the G-type antiferromagnetic state. The octahedral tilting owing to the relatively small radius of Ca®" leads to weak
hybridization between Ru 4d and O 2p. This weak hybridization along with exchange splitting causes a pseudogap-like feature close
to the Fermi level, which should stabilize G-type antiferromagnetic ordering in CaRuQO3. However, powder neutron diffraction data
on CaRuOj taken at 8 and 298 K do not show any magnetic peaks, implying that CaRuOj; exhibits a spin-glass-like state with
dominant short-range antiferromagnetic interaction. The calculated magnetic ground state of Sr;_,Ca,RuOj is found to be
consistent with the experimental findings. We have also calculated optical spectra as well as X-ray and ultra-violet photoemission
spectra and Ru and O K-edge X-ray absorption spectra for G-type CaRuOj; and found good agreement with available experimental

spectra.
© 2003 Elsevier Inc. All rights reserved.

PACS: 71.; 71.20.-b; 75.50.Ee; 78.20.Ci

Keywords: Ruthenates; Magnetic properties; Spin-glass behavior; Excited properties

1. Introduction

Although oxides containing 4d and 54 metals have
been known for a long time, their physical properties
remain largely unexplored. However, since the discovery
of superconductivity for some such oxides, this class of
compounds have been studied intensively. The ruthe-
nium-based perovskite CaRuO; is found to fulfill some
of the requirements to an electrode material for solid-
oxide fuel cells such as metallic conductivity and high
chemical stability [1,2]. Moreover its high topotactic
reduction/oxidation properties [3] make it interesting for
catalysis purposes and its possible technological sig-
nificance is enhanced by the observation of a strain
induced metal-insulator transition in thin films [4].
CaRuOs; epitaxial thin films have easy growth, good
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stability (with characteristics similar to those of single
crystals), and only a small lattice mismatch with
YBa,Cus;07_s substrates. Hence, it is one of the most
promising candidates for formation of epitaxial hetero-
structures with other perovskites, say, like electrodes
for superconductor-to-normal-metal-to-superconductor
junctions [5], field-effect transistors with oxide-super-
conductor channels, ferroelectrics [6], and magnetic
multilayers. Particularly, the ferroelectric material
Bi4Ti301, has a low lattice mismatch with CaRuOs
making it suitable as substrate for bottom electrodes of
a ferroelectric random-access memory [7].

In order to exploit CaRuO; for technological
applications, knowledge about its ground- and excited-
state properties is essential. Although SrRuO; and
CaRuO; are similar both structurally and chemically,
their magnetic properties appear to be different. SrRuO;
is a metallic conducting ferromagnet (F) [8,9], whereas
the magnetic ground state of CaRuO; is still
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shrouded under controversy, but certainly not a clear-
cut F state.

According to Callaghan et al. [8] CaRuOj follows
Curie—Weiss law at high temperatures with negative
Weiss constant (©). Longo et al. [9] were the first to
“identify”” a Néel temperature of 110+ 10 K. The recent
value for ® is —160 K and the deviation from Curie—
Weiss law classifies it as antiferromagnetic-like (AF)
[10]. However, M&ssbauer spectroscopic data collected
[11] down to 4.2 K did not show magnetic splitting, and
the absence of magnetic peaks in powder neutron
diffraction (PND) diagrams [12] at 1.5 K appears to
preclude the existence of long-range AF ordering in
CaRuOj;. Martinez et al. [12] also report a clear
departure from Curie—Weiss law behavior below 70 K
which is interpreted as an indication of short-range AF
correlations.

The low-temperature resistivity of CaRuO; shows [13]
non-Fermi-liquid (NFL) behavior, a phenomenon the-
oretically expected near a quantum-critical point in-
duced by a 0 K phase transition to an AF state.
However, the measured magnetoresistance (MR) is
positive at 5 K and low fields and becomes negative
above ~40 K. In non-magnetic pure metals and alloys
MR is generally positive and shows a quadratic
dependence on the magnetic field. MR can be negative
in magnetic materials as a result of suppression of the
moment disorder by the magnetic field [14]. However, a
transition to positive MR at low temperature while the
magnetic susceptibility still increases is less expected.
This suggests that changes in the behavior of the
magnetic moments may occur.

Ab-initio calculations have so far not been able to
resolve the contradictory experimental findings on the
magnetic properties of CaRuO;. Santi et al. [15] have
performed extensive TBLMTO calculation on CaRuO;
and obtained an F ground state, but without considering
the possibility of AF states. They noted that the
orthorhombic distortion favors cooperative magnetic
states such as F, Ferri, and AF. Mazin and Singh [16]
carried out full-potential LAPW calculation for the
paramagnetic (P) and F states, and found that CaRuO;
is in P state, but on the verge of F ordering. Their fixed-
moment calculations show that the total energy of
CaRuOs is nearly independent of magnetization up to
1 ug. Some of the present authors have earlier obtained
the correct A-AF insulating ground state for LaMnQO;
[17], the C-AF state for LaVOj; [18], and the G-AF state
for LaFeOs [18]. This motivated us to probe the
magnetic structure of CaRuQO; by adopting the same
procedure (accurate state-of-the-art relativistic-full-po-
tential total-energy calculations), for all possible mag-
netic orderings with the interplane and intraplane ferro/
AF exchange interactions. However, noncollinear mag-
netic configurations are not considered in the present
study. We have done extensive electronic structure

calculations on Sr;_,CayRuO3; which may provide
insight into why the isostructural SrRuO; and
CaRuOj; phases can take entirely different magnetic
ground states. Since the magnetic ordering is contrib-
uted by the 4d electrons of Ru, relativistic effects such as
spin—orbit (SO) coupling may be significant for this
material. The reliability of the results can be improved
by including inhomogeneity effects through the general-
ized-gradient approximation (GGA) [17]. Therefore, we
have used a fully-relativistic full-potential method (with
GGA) for the experimentally observed orthorhombic
GdFeOs-type (distorted perovskite) structure for
Sri_xCa,RuO; as well as a postulated (hypothetical)
ideal cubic perovskite structure for CaRuOj. In an
earlier study [19] the optical transition in CaRuOj; is
interpreted as a Mott—Hubbard transition, indicating
that the compound is a strongly correlated material.
However, a recent experimental optical property study
[20] suggests that correlation effects are less significant.
Hence a theoretical optical properties study has also
been undertaken.

The rest of the paper is organized as follows.
Structural aspects are described in Section 2.1, compu-
tational and experimental details are given in Sections
2.2 and 2.3, respectively. In Section 3 we discuss the
magnetic ground state and electronic structure with the
help of band structure, total, site-, and angular-
momentum projected as well as orbital-projected density
of states (DOS) curves. Excited state properties such
as optical, ultra-violet photoemission (UPS), X-ray
photoemission (XPS), and Ru and O K-edge X-ray
absorption (XANE) spectra are considered in Section 4,
and Section 5 summarizes the important findings.

2. Structural aspects, computational and experimental
details

2.1. Crystal structure

CaRuOj stabilizes in the orthorhombic GdFeOs-type
structure comprising four formula units. The structural
parameters obtained from PND and single-crystal X-ray
diffraction data [3] are given in Table 1. The orthor-
hombic structure can be viewed as a highly distorted
cubic perovskite structure with a quadrupled unit cell
(acV2, a2, a.\/2 where a, is the lattice parameter of the
cubic perovskite). The relatively small size of Ca>* leads
to tilting of the octahedra in order to fill the space
efficiently. The tilted octahedra form zig-zag chains
through the corner-sharing linkage. The tolerance factor
is a measure of tilting of the octahedra which is defined
as (R4 + Ro)/[V2(Ry + Ro)], where Ry, Ry, and Ro
are the ionic radii for 4, M, and O, respectively. The
tolerance factor for CaRuOs is 0.88 which may be taken
as another measure for the quite large distortion of this
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particular atomic arrangement. The Ru-O-Ru bond
angle is ~150° and the O-Ru-O angle ~92° at 293 K.
The deviation of the Ru—O—Ru angle from 180° plays an
important role for the ground-state properties of
CaRuOs;. In order to evaluate the role of the orthor-
hombic distortion on electronic structure and ground-
state properties, we have done calculations also for a
hypothetical undistorted cubic perovskite structure. For
the calculations on the ideal cubic variant we have used
the experimental equilibrium volume of the orthorhom-
bic structure. We found that it is important to use a
consistent structure for different magnetic configura-
tions to avoid the errors arising from the computational
parameters. So, we have expressed the cubic structure
into an equivalent orthorhombic structure with four
formula units (i.e. a =c = a.v2 and b = 2a.). For the
electronic structure calculations of Sr;_,Ca,RuO; we
have used the structural description given in Ref. [21].
We have constructed a supercell consisting of four
formula units and periodically replaced Sr by Ca. For
example, Sry,5Cag75Ru03 contains one Sr and three Ca
atoms in the supercell considered for calculations.
Four magnetic arrangements are possible depending
on the interplane and intraplane couplings in perovskite
oxides like Sri_Ca,RuOj (Fig. 1). (i) The ferromag-
netic case where both inter- and intraplane couplings are

Table 1
Crystallographic data for CaRuO; derived by Rietveld analysis of
PND data collected at 8 K

Parameter PND; 8§ K SXD; 296 K
a (A) 5.5311(2) 5.524(1)
b (A) 7.6460(3) 7.649(2)
c (A) 5.3408(2) 5.354(1)
Ca x 0.9443(4) 0.9448(4)
z 0.0125(7) 0.0139(2)
Oo(1) x 0.0218(4) 0.0258(6)
z 0.5939(4) 0.5920(6)
0O(2) x 0.2020(3) 0.2021(5)
y 0.4514(2) 0.4518(3)
z 0.1980(3) 0.1973(4)

Space group Pnma; Ca and O(1) in 4¢, Ru in 4b, and O(2) in 8d.
Calculated standard deviations are given in parantheses. Single-crystal
X-ray diffraction (SXD) data taken from Ref. [3] are included for
comparison.

F. (i) With interplane AF coupling and intraplane F
coupling the A-AF structure arises. (iii) The opposite
arrangement with interplane F coupling and intraplane
AF coupling is called C-AF structure. (iv) If both the
inter- and intraplane couplings are AF the G-AF
structure arises. A more detailed description of the
different AF orderings is found in Ref. [17].

2.2. Computational details

The full-potential LMTO calculations [22] presented
in this paper are all electron, and no shape approxima-
tion to the charge density or potential has been used.
The base geometry in this computational method
consists of muffin-tin and interstitial parts. The basis
set is comprised of augmented linear muffin-tin orbitals
[23]. Spherical-harmonic expansion of the charge
density, potential, and basis functions were carried out
up to Z = 6. The calculations are based on the general-
ized-gradient-corrected density-functional theory as
proposed by Perdew et al. [24].

The SO term is included directly in the Hamiltonian
matrix elements for the part inside the muffin-tin
spheres, hence for a spin-polarized case the size of the
secular matrix is doubled. The present calculations made
use of the so-called multi basis, which is important to
obtain a reliable description of the higher lying
unoccupied states, especially for the optical properties.
The basis included 4s, 4p, and 3d states for Ca, 5s, 5p,
and 4d states for Ru, and 2s, 2p, and 3d states for O.
Earlier studies [16,15] have shown that the magnetic
properties of ruthenates are very sensitive to the k-point
density and hence the k-space integration for the total
energetics was done using the special point method with
284 k points in the irreducible part of the first Brillouin
zone (IBZ) for both the orthorhombic and cubic
structure. The test calculations show that we have used
well-converged k-point set. The experimental studies on
single crystal show that the easy magnetization axis is
along ¢ for CaRuOj; [25] as well as Sr;_,Ca,RuOj; [26]
and hence we have chosen [001] as the magnetization
axis for all spin-polarized calculations. Using the
derived self-consistent potentials, the imaginary part of

i i
4 q cvrz 9
= D
«
é/ K N \7 D
F A-AF C-AF G-AF

Fig. 1. The different types of magnetic ordering considered for the calculations of Sr;_,Ca,RuOj.
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the optical dielectric tensor and the band structure of
CaRuO; were calculated for the G-AF state. The DOS
was calculated using the linear tetrahedron technique.
For the calculations of optical properties 584 k points
are used in IBZ. The knowledge of both the real and
imaginary parts of the dielectric tensor allows calcula-
tions of reflectivity, absorption coefficient, electron
energy-loss spectrum (EELS), and refractive index. For
this purpose we follow the definitions given in Ref. [27].

For metals, the intraband contribution to the optical
dielectric tensor influences the lower-energy part of the
spectra. This has been calculated using the unscreened
plasma frequency obtained from Fermi surface integra-
tion according to the description in Ref. [27]. In order to
calculate the unscreened plasma frequency and orbital-
projected DOS (for G-AF state orthorhombic CaRuO3)
we have used the full-potential linearized augmented
plane-wave (FPLAPW) method [28] in a scalar-
relativistic version, without SO coupling. For these
calculations we used atomic sphere radii (Ryr) of 2.1,
2.0, and 1.7 a.u. for Ca, Ru, and O, respectively.
The charge density and the potentials are expanded
into lattice harmonics up to L = 6 inside the spheres
and into Fourier series in the interstitial region. The
basis set included 4s valence states for Ca, 5s, 5p, and
4d for Ru, and 2s and 2p for O. Exchange and
correlation are treated within GGA using the para-
meterization scheme of Perdew et al. [24]. To ensure
convergence, 244 k points in IBZ were used. The results
discussed in the following sections refer to the orthor-
hombic structure except where specifically mentioned as
cubic.

2.3. Experimental

The synthesis of CaRuO; was performed by a
standard solid-state reaction between well mixed fine
powders of CaCOj; (p.a., Merck; dried at 450°C for 1
day) and RuO; (99.9%, Aldric). The powder mixture
was pelletized and calcined at 1200°C for 2 days in air.
After cooling to room temperature the sample was
carefully grinded, repelletized and the heat treatment
was repeated.

The thus obtained sample was characterized by
powder X-ray diffraction at 25°C with a Siemens
D5000 diffractometer with reflection geometry using
monochromatic CuKo; radiation from an incident
beam Ge monochromator. The sample was mounted
on a single crystal Si sample holder, the detector was a
Brown PSD, and the diffraction pattern was collected
over the 20 range 10-90°. All reflections were indexed in
accordance with the structural data for CaRuO; and the
sample was accordingly considered phase pure.

The sample was also subjected to thermogravimetric
analysis with a Perkin-Elmer TGA7 system in air. A
silica-glass container was used as sample holder. The
heating rate was 10°C min~' and the sample size was
~50 mg. The heating sequence (temperature in °C was):
25—1200— 500 (held for 5 h) —25. This heat treatment
exposed no mass changes which could have been an
indication of variation in oxygen stoichiometry.

High-resolution PND data (Fig. 2) for CaRuO; were
collected at 8 and 298 K with the PUS two-axis
diffractometer [4 = 1.555 1&, focussing Ge(511) mono-
chromator] accommodated at the JEEP II reactor,

4000
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Fig. 2. Observed (crosses) and calculated (solid line) PND intensity profiles for CaRuOs at 8 K. The vertical lines indicate the positions for Bragg
reflections and the lower part of figure shows the difference plot, 7(obs)—I(calc). Inset shows enlarged portion of the low-angle parts of diagrams
taken at 8 and 98 K with higher resolution than for the structure determination.
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Kjeller, Norway. The sample was contained in a
cylindrical vanadium holder with 3 mm inner diameter.
A Displex cooler was used at 8 K. The diffraction
pattern was registered by means of two detector banks,
each covering 20° in 26 and each containing a stack of
seven position sensitive detectors [29]. The General
Structure Analysis System ((GSAS) [30]) was used for
Rietveld refinements of the PND data. Nuclear scatter-
ing lengths were taken from the GSAS library. The
background was modelled as a cosine Fourier series
polynomial (12 terms). The peak shape was modelled by
a pseudo-Voight function. The PND data used for the
least-squares refinements included 2400 data points (20
range 10-30°, step length 0.05°).

3. Results and discussion
3.1. Magnetic properties

The total energy for different magnetic configurations
obtained from our calculations are given in Table 2.

From this table, it is obvious that CaRuOj; should
stabilize in the G-AF state. The FPLMTO method used

Table 2

in these calculations is capable of resolving total energy
differences of the order of pRy [31] and we conclude that
the energy differences of the order of meV between
different magnetic configurations are significant. We are
gaining around 26 meV when we include G-AF in the
calculations. Owing to the small exchange splitting in
this material, the energy difference between the different
magnetic configurations is small compared to isostruc-
tural LaMnOs [17].

Table 3 shows that the Ru magnetic moment of the G-
AF state is larger than that of F state for orthorhombic
CaRuOs. The magnetic moments at the O(1) and O(2)
sites in the direction of Ru are 0.000 and 0.005 g,
respectively, in the G-AF state, and in the F state, 0.034
and 0.032 ug, respectively. The enhanced moment at the
Ru site in the F state induces more moment in the O site
than that in the AF state. In order to check whether the
octahedral tilting plays a role in stabilizing G-AF, we
have done similar calculations for the hypothetical cubic
perovskite structure of CaRuOs, in all five magnetic
configurations. The results show that one loses a large
amount of total energy in the cubic case indicating that
the energetics associated with the octahedral tilting are
higher than the magnetic energy. Interestingly, the

Total energies (relative to the lowest energy state in meV/f.u.) of Sr;_Ca,RuOj; for the orthorhombic phase in P, F, 4-, C-, and G-AF states using

FLMTO with GGA and SO coupling

Compound P F A-AF C-AF G-AF
SrRuO; 89 0 48 63 75
SI'[),75C30_25R1103 69 0 57 47 59
Sr0_5Ca0_5 RU.O; 111 0 57 84 22
Sr0,25Ca0_75RuO3 27 0 19 4 0.79
CaRuO; 26 19. 6 4 0
CaRuO; (GGA without SO) 38 0 9 10 7
CaRuOj (cubic) 1307 1249 1292 1299 1303

Data for the hypothetical cubic phase of CaRuO; are included for comparison. For the cubic phase the total energies are given relative to

orthorhombic G-AF phase.

Table 3

Calculated magnetic moment (in ug/Ru atom) for Sr;_,Ca,RuOs in F and 4-, C-, and G-AF state

Compound F A-AF C-AF G-AF Total Literature
SrRuO; 0.92 0.67 0.57 0.52 1.43 0.79', 0.85>
Sro.75Cag25RuO; 0.78 0.33 0.50 0.33 1.20 0.67!
Srg.5sCagsRuO3 0.99 0.78 0.66 0.66 1.51 0.35!
Srg.25Cag7sRuO; 0.62 (0.38)° 0.30 0.53 0.53 0.77 0.01
CaRuO; 0.28 0.53 0.54 0.59 0.44 1.93% 1.8°
CaRuO; (GGA without SO) 0.65 0.60 0.60 0.62 1.00 —
CaRuOj; (cubic) 0.76 0.43 0.40 0.37 1.20 —

Total refers to the total magnetic moment per formula unit in the F state. The magnetic moments are calculated with FLMTO, GGA, and SO
coupling. Data for the hypothetical cubic phase of CaRuOj; are included for comparison.

'From TB-LMTO-ASA calculations. Ref. [15].
2From experiment, Ref. [32].

*Ru atoms have different magnetic moments depending upon the nearest-neighbors, see text.

“Measured spontaneous magnetic moment per Ru atom, Ref. [33].
>From magnetization measurement, Ref. [8].
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ground state of the hypothetical cubic phase is F
indicating the presence of strong magneto-elastic cou-
pling in this material. In order to understand the role of
the SO coupling on the magnetic properties of ruthe-
nates we have made total-energy studies for all five
magnetic configurations of CaRuOj; neglecting the SO
coupling. For orthorhombic CaRuO; without inclusion
of SO coupling, the F state represents the lowest energy
configuration with 7 meV/f.u. lower energy than the
G-AF state (Table 2). This strongly suggests that the
SO coupling plays an important role in deciding
the magnetic properties of ruthenates.

The establishment of G-AF as the most probable
ground state motivated a redetermination of CaRuO;
by the PND technique. However, a very -careful
examination of the 8§ and 298 K PND diagrams
(Fig. 2) [32,35] showed no sign of cooperative long-
range AF ordering at low temperatures (in agreement
with Refs. [11,12]). Hence, the exchange interactions in
CaRuO; must be short ranged. Recent magnetization
measurements [25] show irreversibility in the zero-field-
cooled and field-cooled characteristics indicating spin-
glass (SG) behavior. Compared with the energy
difference between the G-AF and F states of SrRuO;
(Table 2), the energy differences between the magnetic
states of CaRuO; are small indicating that SG is a very
likely state for CaRuOs;. Some of the common
characteristics of SG states are: (i) Existence of a local
moment. (ii) Absence of long-range magnetic order. (iii)
Higher susceptibility with field-cooled than zero-field
cooled treatment. CaRuOj; is found to possess all these
characteristics (present results and Ref. [25]). In addi-
tion, as a result of the small energy difference between
the magnetic states of CaRuOj3, the SG behavior of this
material may also be facilitated by small perturbations
from, say, oxygen nonstoichiometry (MnO exhibits AF
ordering, MnO, o, shows SG behavior [34]), impurities
(SG behavior is reported in Sn- [35] and Rh-doped [36]
CaRu03), etc. It may also be recalled that SG behavior
has been observed in La,MnRuOyg [37].

The main reason for SG behavior (magnetic frustra-
tion) of CaRuOs is the delicate balance between the F
and (various) AF nearest-neighbor interactions. The
energy difference between A-, C-, and G-AF states are
small. Hence a competition among different AF inter-
actions leads to a situation where no single configura-
tion of the moments is uniquely favored by all
interactions. This situation is nothing but magnetic
frustration. A real SG material is expected to have both
long- and short-range terms in the Hamiltonian [38].
Our calculations suggest that AF terms dominate the
cooperative magnetic states of CaRuO3, but PND data
does not reveal any long-range magnetic ordering,
leading to the belief that the AF interactions should be
short-range. So we conclude that CaRuO; exhibits SG-
like behavior with short-range G-AF ordering. This

observation is consistent with experimental results such
as the susceptibility measurements [10] which suggest a
Weiss temperature of around 160 K and deviations from
Curie—Weiss law which indicate short-range AF inter-
actions (because no long range AF ordering is seen in
PND).

We have performed similar magnetic calculations for
the series Sr;_,Ca,RuO; (x =0, 0.25, 0.5, 0.75, and 1).
The calculated total energy and magnetic moments are
given and compared with available literature data in
Tables 2 and 3. From the magnetic phase diagram data
in Ref. [39] it is clear that the AF-to-F transition takes
place around x = 0.75 (from experimental studies) and
x =0.724 from our theoretical study. This provides
additional support for the proposed dominant AF
interactions in CaRuOs.

According to Goodenough [40] a change between F
and AF states may be expected when up=~usp, the
stable magnetic phase being the one that has highest
magnetic moment. Our calculated results are consistent
with this viewpoint in that the magnetic moments are
found to be larger for the stable magnetic configuration
in Sr;_,Ca,RuOj (see Table 2). Ru obtains two different
moments (0.62 and 0.38 pz/Ru atom) for the F ground
state of Srp,5Cag75Ru03, (Ru with two Ca atoms at
close distance having the higher moment, the other value
refers to Ru with one Sr and one Ca at close distance).
No such distinction between Ru moments was found for
the compositions SrysCagsRuO;3 and Sry75Cag25sRuO;3.
The special situation for Sry,5Cag75RuQO3 being clearly
related to the closeness of this composition to the
change-over between dominant F and AF interaction
(see above).

The calculated magnetic moment at the Ru site for
SrRuO; is 0.92 up/Ru atom in good agreement with
0.85 ug/Ru atom obtained from magnetization mea-
surements [8]. As the Ca content decreases in
Sr;_yCa,RuO;, the F interaction becomes stronger
[21] (there are only insignificant changes in the Ru-O
bond distance), following the decrease in the Ru—O-Ru
bond angle from 164° to 150°. It is the thus weakened
covalent Ru-O interaction (compared to that in
SrRuO3) which makes the G-AF state more stable than
the F state. The crystal orbital Hamiltonian population
(COHP) gives a quantitative measure of the bonding
interaction between two constituents of a compound
[41,42]. The (calculated) integrated COHP for the Ru—O
covalent bond in CaRuO; and SrRuQOs; are 0.22 and
0.23 Ry per unit cell, respectively. Therefore we
conclude that the increased tilting of the RuOg
octahedra resulting from the smaller size of Ca®" plays
an important role in stabilizing an AF situation in the
SG state of Ca-rich Sri_,Ca,RuOj;. It is to be noted that
a the sister-compounds Ca;RuO4 [43] and Caz;Ru,0;
[26] take AF arrangements at low temperature. We have
also made F state calculations for the closely related
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compounds BaRuO; [11] and LaRuO; [10] and found
no spontaneous magnetism in these materials (see also
Refs. [10,11,44]). So, long-range magnetic ordering or
SG-like behavior is not a general feature for ruthenates.

3.2. Band structure

Since we have established that the short-range
interaction is of the G-AF type in orthorhombic
CaRuO;, we here present the electronic structure for
this phase. The experimentally determined [44] single-
crystal electrical resistivity classifies CaRuO;3; as a poor
metallic conductor (p =3.7x 107> Qcm™' at room
temperature with a positive temperature coefficient).
Fig. 3 shows that a finite number of bands cross the
Fermi level (Ef), implying consistency between experi-
ment and theory. For simplicity only bands in the
energy region —8 to § eV are shown in Fig. 3. As Ca
appears to be in a completely ionized state, only Ru and
O have a predominant presence in the valence band
(VB). Around —8 eV, Ru-5s and O-2p clectrons show
some presence. In the energy from —8 to —2.5 eV both
Ru 4d and O 2p are dominant and they are hybridized.
The bands in the energy range from —2 to 0.75eV
mainly originate from Ru 4d with small contributions
from O 2p. From the orbital-projected DOS, it is found
that the bands at Er have predominant Ru-4d (,4-like)
character. The well-dispersed bands from 1.5 to 5 eV in
the conduction band (CB) stem mainly from Ca-4s and
Ru-4d (e,-like) electrons. Above 5 eV the bands have

f -
I
ROl

Energy (eV)

Beetl
EEBEEEEEE -

i} e

z U R T z

Fig. 3. Band structure of orthorhombic CaRuOj3 in G-type AF state.
The solid horizontal line denotes the Fermi level.
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Fig. 4. Total DOS of orthorhombic CaRuOs in different magnetic
configurations.

mixed character which makes it quite difficult to
establish their origins.

3.3. DOS

The total DOS for CaRuOs in all considered magnetic
configurations are shown in Fig. 4. Although these DOS
profiles appear to be similar with respect to energy, they
show appreciable topological differences. In all five
cases, DOS is spread out from —7.75 to —2.5eV in VB
and a small but finite gap of ~0.25 ¢V opens up around
the latter energy region. An interesting aspect of DOS
for the C- and G-AF states is the occurrence of a valley-
like feature (pseudogap-like feature, called PG-like,
hereafter) in the vicinity of Ep (around —0.31eV). It
should be noted that similar pseudogap feature is
observed [45] experimentally for the closely related
phase BaRuOs;. As the PG-like feature is also favorable
for stability, one should expect orthorhombic CaRuO;
to stabilize in a C- or G-AF magnetic structure. A
pseudogap is known to occur due to covalent hybridiza-
tion, exchange splitting, charge transfer, and/or d
resonance [46]. If the valence electrons of the constitu-
ents of a compound exist in the same energy region,
their wave functions will mix strongly with each other
and this covalent hybridization increases the bond
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strength by pulling the electrons concerned to lower
energy and thereby produce a pseudogap. In the present
case, apart from the Ru-4d and O-2p hybridization
which splits the #,,-like electrons, the exchange splitting
by the C/G-AF ordering causes the PG-like feature.
Moreover, the PG-like feature is predominant in the
G-AF phase indicating that the nearest neighbor AF
interaction plays an important role in its creation. The
presence of the PG-like feature will contribute to the
total energy as a gain in band energy. Our calculations
show that the gain in the band energy is 66 meV for
G-AF compared with the F state. This finding clearly
shows that the PG-like feature is responsible for the
stabilization of the G-AF phase over the other phases
considered.

However, a closer investigation of the DOS profile for
the G-AF state shows that the PG-like feature is not
exactly at Er (which would have enhanced the stability)
and the location of Ef close to a sharp peak-like feature
may in fact, induce a degree of instability to the phase.
This provides an additional hint as to why long-range
antiferromagnetic ordering is lacking in CaRuOs.
Oxygen nonstoichiometry and hole doping can bring
Er towards the PG-like feature and stabilize the G-AF-
type ordering. This may explain why long-range AF
ordering has been reported for some CaRuO; samples
[9]; Na-doped [32] and 1%-Fe-doped CaRuO3; (Mdss-
bauer spectroscopy at 4.1 K [25]). The calculated DOS
at Ep [N(Erp)] for the G-AF phase is 58.4 states/(Ry f.u.)
and this yields a electronic specific-heat coefficient of
10.13 mJ /mol K> without including electron-phonon
mass-enhancement effect and spin fluctuations. The
experimental electronic specific-heat [25] at low tem-
perature for a single crystal is 77.5 mJ/mol K?.

The total DOS of cubic CaRuOj for all five magnetic
configurations is shown in Fig. 5. Substantial differences
in the DOS profiles are secen between the cubic and
orthorhombic phases (Fig. 4, 5). Notably the small band
gap of ~0.25 eV around —2 eV and the sharp peak-like
feature at —2.25eV are absent for the cubic phases.
However, more significantly, Er falls on a peak for all
AF states of the cubic variant (an exchange splitting of
~0.5 eV is seen for the F state). As the location of Ef at
a peak in DOS is unfavorable for stability, CaRuO;
does not take the cubic arrangement. The total energy
for all magnetic configurations of the cubic phase is
moreover higher than those of the orthorhombic phase
(see Table 2). Another interesting aspect is the absence
of the PG-like feature for the cubic phase which implies
that the occurrence of the feature in the orthorhombic
AF phases is mainly due to octahedral tilting and
further deepened by the exchange splitting. The ex-
change splitting of Ru 4d in G-AF orthorhombic
CaRuO; is ~0.38 eV compared with 3.34 ¢V for Mn
3d in A-AF LaMnOj [17]. This is because, owing to the
broader nature of 4d compared with 3d states, the
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Fig. 5. Total DOS of hypothetical cubic CaRuOs in different magnetic
configurations.

magnetic moments of 4d elements (0.58 pp for Ru in
G-AF CaRuO;) is smaller than those of 3d elements
(3.43 pup for Mn in A-AF LaMnOj [17]). On going from
A- to G-AF orthorhombic CaRuO; the magnetic
moment at the Ru site increases. Our calculated value
for the exchange energy of CaRuQOj; is comparable with
that for the closely related SrRuO;3; (0.5 and 0.65 eV
from experimental [47] and theoretical [48] studies,
respectively). Further, due to the tilting of the RuOg
octahedra, the Ru-O hybridization interaction in
CaRuOj is smaller than that in SrRuO; and hence the
Ru-4d electrons are more localized and favor AF
ordering for CaRuOs.

More insight into the electronic structure can be
obtained by looking at the site-, spin-, and angular-
momentum-projected DOS (Fig. 6). Ca-4s and -4p
electrons have only feeble presence in VB, the indication
that Ca is in a completely ionized state, donating almost
all its electrons to O 2p. In the lowest energy range (—20
to —17 eV) the DOS is dominated by O-2s electrons with
small contribution from Ru-5s and -5p electrons. The
predominant presence of Ru-4d and O-2p states between
—7.5 and Ef implies hybridization between these
electrons. The PG-like feature is present both in Ru 4d
and O 2p, indicating that the d—p hybridization is one of
the reasons for the occurrence of the PG-like feature.
The two O positions have somewhat different DOS. The
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Fig. 6. Site- spin- and angular-momentum-projected DOS for
orthorhombic G-AF CaRuOj; obtained from FPLMTO method.

sharp peak around —7.8 eV is not so well-defined for
0O(2) as for O(1), indicating formation of p—d ¢ bonding
along c.

Earlier studies show that [1] the direct Ru—Ru
interaction has been ruled out by the larger Ru—Ru
separation (5.60 A) compared with, say, 2.65 A in
metallic Ru. However, our calculations show that more
than 50% of the DOS at Ep (4.29 states eV~! f.u.™!) is
contributed by the Ru-4d electrons. This indicates that
the Ru-4d electrons participate appreciably in the
metallic conduction. Compared with CaRuQOj, the
magnetic moment at the O site in SrRuQOs is very large
[16] (some 40% of the total moment resides at the O site)
and this distinction is due to the tilting of octahedra in
CaRuOs; and also the AF ordering which yields lower
induced moments at the neighbors.

In order to obtain more insight about the Ru-4d
states in CaRuO3, we show the orbital-projected DOS in
Fig. 7. In the hypothetical cubic crystal structure, the d
orbitals split into doubly-degenerate ¢,-like (4. and
dy_y; we call it ey; usually close to Ef) and triply-
degenerate fy,-like (dyy, dy-, and d,.; we call it fyy;
usually well-localized) states. However, owing to the
large tilting of the octahedra in orthorhombic CaRuOs,
the t,, orbitals lie close to Er while the ¢, orbitals are

DOS (stateseV ™ f.u.?)

-8 -6 -4 2 0 2 4 6 8
Energy (eV)

Fig. 7. Orbital-projected DOS of Ru 4d for orthorhombic G-AF
CaRuO; from FPLAPW method.

spread out over a wide energy range in VB and CB.
From Fig. 7 it is clear that #y,-electrons mainly
participates in the magnetism of CaRuO;. The crystal-
field-splitting energy (10Dq) obtained from our orbital-
projected DOS is around 2.5eV and this value is
comparable with 3.0 eV obtained from optical measure-
ments [20] and in agreement with 2.5 ¢V obtained for
SrRuO; by Singh [48] from LAPW calculations. The
fact that 10Dq for CaRuOs is larger than that calculated
for A-AF LaMnO; (~ 1.2 eV [17]) reflects the extended
nature of 4d orbitals compared with 3d orbitals. Also,
the strong orthorhombic distortion along with the
anisotropic Coulomb potential due to the surrounding
oxygen ions could influence the Ru-4d orbitals appre-
ciably. The large contribution from f,, over e, electrons
at Ep indicates that the f, electrons are mainly
responsible for not only the magnetic properties but
also for transport properties. (In LaMnOj the 1,
electrons contribute to magnetism and the e, electrons
to the transport properties.) Another notable aspect of
the DOS profiles is that the PG-like feature is present for
all 1o, orbitals. Owing to the tilting of octahedra, the 1,
orbitals participate more than the e, orbitals in the
covalent bonding with O 2p, and hence each of them has
different DOS profiles depending upon their orientation
whereas the topology of the DOS curves for the e,
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electrons do not differ much and these electrons do not
participate much in the magnetism of CaRuOs.

From the optical properties study [19] it has been
suggested that Ru ions are in a low spin 3¢
configuration. In this case the e, states would be empty
and the #,, states would have around 4 electrons. Our
orbital-projected DOS (Fig. 7) shows that around 1.3
electrons are present in the e, states and their contribu-
tion to the magnetism is negligibly small (~0.03 uz/Ru
atom). Our calculation shows that around 3.3 electrons
are present in the #,, states and that they are responsible
for the magnetism (~0.55 ug/Ru atom). So, the Ru
ions are clearly not in a low-spin state in CaRuO; and
the relatively small moment in this compound originates
from the smaller exchange splitting which in turn reflects
the extended nature of the 4d orbitals.

4. Excited state properties
4.1. Optical properties
A deeper understanding of electronic structures can

be obtained by studying optical spectra which not only
give information about the occupied and unoccupied
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Fig. 8. Linear optical properties for orthorhombic G-AF CaRuOsj:
The left panel shows reflectivity, imaginary [¢:(w)] and real part of
optical dielectric tensor [¢)(w)]. The right panel shows refractive index
[n(w)], electron energy loss function (EELS), and absorption
coefficient [/(w) in 10° cm™']. Experimental data are taken from
Ref. [49] (Expt. 1) and Ref. [53] (Expt. 2).

states, but also about the character of bands. Therefore
we have calculated optical properties for orthorhombic
G-AF CaRuO; (Fig. 8) and compared them with
available experimental data by [20,47,49-53]. Since
CaRuOs; is a metallic conductor, it is important to take
into account the intraband contributions to the optical
transitions in addition to the interband transitions. We
have made use of the FPLAPW (WIEN97) code [28] for
this purpose. The calculated unscreened plasma fre-
quency (wp) along the crystallographic directions a
(0.86 ¢V) and b (0.83 eV) are almost the same. How-
ever, w, along ¢ takes a somewhat smaller value
(0.66 eV) indicating some anisotropy in the transport
properties. Due to the PG-like feature near Ep in
CaRuOj; the w, values are much smaller than in other
transition-metal compounds. The wavelength corre-
sponding to w, along ¢ (5323 cm™!') is somewhat larger
than that (4115 cm™!) obtained from infrared reflectiv-
ity measurement [50]. The discrepancy between experi-
ment and theory can be due to thin films used in the
experiments while our results are for a perfect single
crystal at low temperature. Moreover, the plasma
frequency obtained experimentally is estimated from
the free-electron approximation which is not strictly
valid for transition-metal compounds.

As there should be one-to-one correspondence be-
tween band structure and optical spectra, we look first at
the imaginary part of the optical dielectric tensor [2(w)].
The transitions between the Ru-4d states should be
forbidden for an isolated atom. However, in CaRuOs,
owing to the hybridization between Ru 4d and O 2p and
the local lattice distortions, optical transitions between
the Ru-4d states are possible [47]. The peak around
1.8 eV (interpreted as on-site Coulomb-repulsion en-
ergy) in &(w) is due to such intra-atomic transitions and
is in good agreement with the value 1.7 eV obtained
from optical measurements [20]. The smaller value of U
for CaRuO3; compared with that obtained [17] for
LaMnO; (~2.22¢V) indicates that the correlation
effects for CaRuOj; is of little significance compared
with 3d transition-metal oxides. A sharp peak in the
lower-energy region (<1 eV) in the spectrum originates
from intraband transitions facilitated by the metallic
nature of CaRuO;. However, in the experimental
spectrum [49] for thin films no such peak is found,
whereas such a peak-like feature is observed for SrRuO;
films where it is attributed to Drude-like carrier
absorption. The fact that no peak is observed for
CaRuOs; films is explained [49] by closeness to a metal—
insulator boundary. Strain induced substitution of the
small Ru** by the larger Ca’>" leads to metal-insulator
transition in epitaxial thin films of CaRuO; [4].
However, as the electronic structure calculations and
experimental transport properties [26] predict metallic
features for a single crystal of CaRuOj; one should really
expect a peak in the experimental single-crystal spectra
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at the energy concerned. Consistent with this expecta-
tion a recent reflectivity measurement [53] has found
such a feature (see the experimental reflectivity spectrum
in Fig. 8). The two-peak features at 1.84 and 2.80 eV in
the & (w) spectra originate from transitions from Ru
4d(t24) to O 2p (interband) and from O 2p to unoccupied
Ca-s and Ru-4d (e,) states, respectively. In order to
check whether optical anisotropy is present in orthor-
hombic G-AF CaRuQOs, we have calculated direction-
resolved spectra and show them in the same panel of
Fig. 8. Some anisotropy is present in the energy range 2—
4 eV, otherwise the spectrum is isotropic in whole
energy region shown. We have also calculated the
optical properties for the F case, and observed negligible
optical anisotropy. The calculated optical & (w) spec-
trum is compared in Fig. 8 with available experimental
data [49]. It is in good agreement with the experimental
results in the energy range 1.5-5 eV. Our findings show
well-dispersed bands in CB between 2 and 4 eV (Fig. 3),
consequently the peaks above 3 ¢V are not very sharp.

The calculated reflectivity spectrum shows a good
correspondence with that experimentally obtained be-
low 5eV for CaRuOj; thin films [53]. The present
calculations of the dielectric function only pertain to the
electronic response and do not include the effects of
lattice vibrations which dominate the lower-energy part
of the spectrum. Consistent with the predicted metallic
behavior, CaRuO; shows a large reflectivity in the
lower-energy region. The overall good agreement
between the theoretical and experimental optical spectra
implies that the present calculations are able to well
reproduce the electronic structure of CaRuOs.

The refractive indices for a crystal are closely related
to the electronic polarizability of the constituents and
the local field inside the crystal. The calculated refractive
indices [n(w); resembling the real part of the dielectric
tensor] for CaRuOj is shown in the lower-right panel of
Fig. 8. The calculated electron energy loss spectrum
(EELS; resembling the imaginary part of the dielectric
tensor) in Fig. 8 shows peaks at 1.2 and 3.3eV
correspond to the screened plasma frequencies. The
calculated absorption coefficient [I(w)] is shown in the
top-right panel. No experimental data for these optical
characteristics are available.

4.2. UPS, XPS, and XANES

The fully relativistic angle-resolved intensity of the
spectrum is obtained as a product of partial, angular-
momentum-dependent cross-sections and partial DOS.
The relativistic cross-sections are calculated using the
muffin-tin part of the potential over the energy range of
the DOS functions for the fixed incident-photon energy.
This has been evaluated for the potentials and DOS
functions from the self-consistent fully-relativistic full-
potential LMTO calculations. However, for the sake of

brevity we have not presented the details of the
elaborate theoretical method used and refer instead to
Ref. [17] for a description. To be consistent with the
reported photoemission spectra (PES), we have made all
calculations with a fixed incident photon energy of
21.2 eV (corresponding to He(I) source) for UPS and
1486.6 eV (corresponding to AlKo source) for X-ray
photoemission spectra (XPS). The calculated spectra
enable us to compare our band-structure findings with
the available experimental results. Moreover, the origin
of the experimentally observed peaks can be determined
by site-resolved PES. From the upper panel of Fig. 9, it
is seen that our calculated spectrum correctly reproduces
the experimental spectra [51,52] in the energy region —6
to 0 eV. In both theoretical and experimental spectra Eg
is fixed at 0 eV. A small shoulder-like peak closer to Ep
(at ~1.6 V) is due to the presence of the O(1)-2s and
Ru-4d electrons. The strongest peak near —4 eV (which
is observed in both experimental studies) has main
contributions from O(1) electrons at the apex of the
octahedron. From the partial DOS analysis we have
already seen that although O(1) and O(2) fall in the

Normalised I ntensity (arb. unit)

Photon Energy (eV)

Fig. 9. Calculated UPS and XPS spectra for orthorhombic G-AF
CaRuOj;. The experimental UPS data (Expt. 1 and 2) are taken from
Refs. [51,52], respectively. The experimental XPS data are taken from
Ref. [51].
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same energy region, they exhibit notable differences. It
should further be emphasized that O(2) contributes very
little to the peak under consideration. Since Ca’" does
not have a considerable number of electrons in VB, its
contribution to the spectra in the whole energy range is
negligible.

The valleys around —5 eV in the calculated UPS is
absent in both experimental spectra due to the following
fact. Experimental UPS usually include contributions
from inelastically scattered secondary electrons at lower
energies which are not taken into account in the
theoretical spectrum. Consistent with this viewpoint
Cox et al. [52] found a strong peak-like feature at —8 eV
which is attributed to the inelastically scattered second-
ary electrons.

The calculated XPS is shown in the lower panel of
Fig. 9 which shows that the peak features in the
calculated spectrum agrees extremely well with the
experimental spectrum [51] over the entire energy range.
As mentioned above, the intensity of the peaks depends
upon the partial DOS as well as cross-sections of the
constituents of the compound. The first peak around
—6 ¢V is mainly contributed by Ru-4d (e,-like) elec-
trons. The second peak at —4 eV reflects the combined
contributions of the O-2p and Ru-4d electrons. The
prominent peak at ~ — 1 ¢V is due to narrow Ru-4d
(t24-like) electrons which are also responsible for the
magnetism of this material. As the UPS and XPS give
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Fig. 10. Calculated XANES spectra for orthorhombic G-AF CaRuOs.
The experimental O K-edge spectrum is taken from Ref. [20].

information about electronic distribution in VB only,
the intensity contributions above Er in the experimental
spectra have no physical meaning and hence this aspect
is not commented here.

The calculated O K- and Ru K-edge XANES for
orthorhombic CaRuO; is shown in Fig. 10. The
theoretical O K-edge XANES is found to be in good
agreement with the experimental spectra in the lower-
energy region. No experimental Ru K-edge XANES is
available for comparison.

5. Conclusions

In order to settle the controversy about the magnetic
ground state of CaRuOj3, we have carried out general-
ized-gradient-corrected fully-relativistic full-potential
calculations for Sr;_,Ca,RuO;3 (x =0, 0.25, 0.5, 0.75,
and 1) in P, F, and A4-, C-, and G-AF magnetic
configurations for the experimentally observed orthor-
hombic as well as a hypothetical cubic (perovskite
aristotype) CaRuO3; and summarized our results as
follows.

1. Among the five different magnetic configurations,
the orthorhombic G-AF phase is found to have the
lowest total energy and highest Ru magnetic moment.
However, as low-temperature powder neutron diffrac-
tion examination has not shown any magnetic peaks, we
conclude that CaRuOs is in a spin-glass state with
dominant short-range antiferromagnetic interactions.

2. Owing to the relatively small size of Ca>" the RuOg
octahedra are tilted which in turn lead to weak
hybridization between the Ru-4d and O-2p electrons
resulting in AF ordering. The G-AF type exchange
interaction produces a pseudogap-like feature in close
vicinity of Ef for orthorhombic CaRuO; which gives
extra contribution to stability in this system.

3. The cubic CaRuO; phase would be stabilized in the
F state and the total energies for different magnetic
configurations of the cubic phase are much higher than
those of the corresponding orthorhombic phases imply-
ing that orthorhombic phase is the ground state.

4. The total-energy and magnetic-property studies for
Sri_yCa,RuO; show that this solid-solution phase
obeys Goodenough’s supposition that magnetic com-
pounds stabilize in the state with the highest magnetic
moment.

5. Ru in CaRuOj; are not in the low-spin state. The
relatively low magnetic moment of CaRuOs is due to the
small exchange splitting resulting from the extended
nature of the 4d orbitals.

6. The electronic structure study shows that CaRuO;
is metallic in agreement with experimental findings.

7. The orbital-projected DOS shows that the #,
electrons mainly contribute to the magnetic and trans-
port properties of CaRuOs.
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8. The calculated optical properties of orthorhombic
G-AF CaRuOs; are found to be in good agreement with
available experimental spectra. Our theoretically calcu-
lated spectral data for orthorhombic G-AF and F
CaRuO; are found to be nearly isotropic.

9. The calculated ultra-violet photoemission and X-ray
photoemission spectra are in good agreement with
experimental spectra in the energy range considered. The
same applies to the O K-edge X-ray absorption spectrum
(the Ru K-edge spectrum has also been calculated, but no
experimental data are available for comparison).
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Huge magneto-optical effects in half-metallic double perovskites
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Using generalized-gradient-corrected full-potential density-functional calculations we have studied the
magneto-optical properties of double perovski#gBB’' Og, A=Ca, Sr, and BaB=Fe; andB’ =Mo, W, and Re.
Sr,FeWQ; has the maximum polar Kerr rotation of 3.87° and specific Faraday rotation of 4.5
% 10° deg cm™. All other compounds have Kerr rotation more than 1°, excepF€sloQ; which has maxi-
mum Kerr rotation of 0.5°. Our electronic structure studies show that all these compounds are half-metallic in
the ferromagnetic configuration. The large Kerr rotation is found to be due to the combined effects of relatively
large exchange splitting from Fe, large spin-orbit coupling dued@r5d elements, large offdiagonal con-
ductivity, and half-metallicity.

DOI: 10.1103/PhysRevB.70.184414 PACS nuni®er78.20.Ls, 71.20-b, 78.20.Ci

Materials with large magneto-opticlMO) effects have structure, large magnetic moment Bnlarge spin-orbi{SO)
attracted a lot of attention in both basic and applied researcleoupling fromB’, and various possibilities to substitute the
The motivation stems from desire to develop erasable MG\, B, or B’ ions. As they have many of the salient features of
memories and high density disks with MO readout. How-potential MO materials, we attempt to study the MO proper-
ever, it is still a challenging problem to find a material with ties of these materials. From full-potential density-functional
large MO rotation and also possessing a collection of neceg:alculations we show that, in addition to MR applications,
sary magnetic properties. A;BB'Og can be considered as potential candidates for MO

The interaction of electromagnetic radiation with magne-@Pplications. We found good agreement between the calcu-
tized matter manifests itself as MO effects. The MO effectidted and the available experimental MOKE spectra which
due to reflection is called MO Kerr effe@MOKE) and that motivates us to predict MO properties for other compounds

due to transmission is called MO Faraday effect. Plane!” this series. SFEWQ; (SFWO is found to have the maxi-

polarized light, when reflected from a metal surface or transi UM polar Kerr rotatio(—3.87% and all other compounds

. S .__.. _have more than 1°, except &&MoQ; (CFMO; —0.5°). In-
m.'tted through.a.thm film that ha; nonzero mag.net'zat'orlerestingly, maximum specific Faraday rotati@g) of all the
will become elliptically polarized with ellipticity(ex in re- compounds is found to be more thax 10° deg cni. The
flection mode and in transmission mode The major axis :

. . . : resent work is the first to find such a large MO effect amon
is rotated by the angl® (¢ in reflection mode and in P d g

. _ L _ perovskitelike and double perovskite oxides.
transmission moderelative to the polarization axis of the In the ordered double perovskite#,BB'O, the

incident beam. The MOKE is of three major types, polar transition-metal sites are occupied alternatively by different
|0ng|tud|na|, and equatorlal. The polar Kerr effect for which cationsB andB'. Oxygen atoms br|dge betwed&hand B’,
the direction of the macroscopic magnetization of the ferro-forming alternating octahedra with or B’ as central atom.
magnetic material and the propagation direction of plane poowing to the smaller ionic size of &4 alternating Fe@and
larized incident beam are perpendicular to the plane of th@'O4 (B'’=Mo, W and R¢ octahedra are tilted considerably,
surface, is the most interesting case and used in practici#ading to a monoclinic structuréspace groupP2;/n).
applications. Digital information, which is suitably stored in Sr,FeMoQ; (SFMO) and SFWO are tetragonal with space
a magnetic material can be read out using MOKE. In a transgroup P4,/n and 14/m, respectively, whereas SeReQ
mission mode larger values of the Faraday rotafi@n are  (SFRQ is cubic with space groufm3m like other Ba-
clearly an advantage for technological applicatibns. containing compounds. The monoclinic and tetragonal ar-
Transition-metal oxides with ordered double-perovskiterangements have two formula units and the cubic variants
structure A,BB'Og (A=Ca, Sr, and BaB=Fe, andB’=Mo, have one formula unit per unit cell. For g&WQ; (CFWO),
W, and Re¢ have begun to attract the interest of materialBa,FeWQ; (BFWO), and SFRO, though the crystal structure
scientists as magnetoresistif®R) materials. These com- is known as cubic, explicit structural parameters are not
pounds are considered as an attractive alternative to the maavailable. Hence we have obtained the optimized structural
ganese compounds. As MR in manganites is observed neparameters by force and stress minimization using the pro-
the ferromagnetic transition temperatuig.), normally be- jected augmented wave implementation of the Vieahani-
low room temperature, it is difficult to fully exploit the po- tio simulation packagévASP).3 All the studied compounds
tential of manganite$. except SFWO are experimentally found to be ferrimagnetic
A lot of efforts have been paid to study the magnetic andmetals or half-metals with antiparallel spin alignment be-
MR properties 0fA,BB’'Og. A majority of these compounds tween Fe and’ moments. SFWO is found to be an antifer-
are half-metallic ferromagnet$4iMF) or ferrimagnets with  romagnetic insulatérwith Ty~ 37 K. Readers are referred
Tc in the range of 300—-450 K. These compounds also haveo Refs. 5-10 for a detailed crystal and magnetic structure
large perpendicular magnetic anisotropy due to noncubiinformations.

1098-0121/2004/70.8)/1844147)/$22.50 70 184414-1 ©2004 The American Physical Society
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The full-potential linear muffin-tin orbital(FPLMTO)  eV. The dispersive parts of the components of the optical
calculationd! presented in this paper are all electron, and naconductivity were calculated with a Kramers-Kronig trans-
shape approximation to the charge density or potential haformation.
been used. The basis set is comprised of augmented linear With the magnetic moment in th@01] direction of the
muffin-tin orbitals!> The calculations are based on the crystal, the form of the optical conductivity tensor is
generalized-gradient-corrected density-functional theory as
proposed by Perdewt all® The SO coupling term is in-
cluded directly in the Hamiltonian matrix elements for the o=|-0y oxx 0 |[. 2
part inside the muffin-tin spheres, hence for spin-polarized 0 0 oy,
cases the size of the secular matrix is doubled. We used a ) o )
multibasis in order to ensure a well-converged wave func-The Kerr rotation(6) and Kerr ellipticity (ec) can be writ-
tion. As experimental polar Kerr rotation is measured by api€n as
plying an external magnetic field in order to bring about the

Oy Oy O

. — O,
perpendicular anisotropy, we calculated the MO spectra in O +ieg = —X/T%. (3
the ferromagnetic configuration. For ferromagnetic calcula- Ox\V 1+~ O

tions, the easy magnetization axis is considered ajo0dj.
For the total-energy study thle-space integration is done
using a minimum of 19X points in the irreducible part of
first Brillouin zone(IBZ) and for the optical and MO studies
a minimum of 420k points were used in IBZ, depending on
the crystal structure.

Because of the metallic nature, a dominant contribution tovhered is the thickness of the filnt is the velocity of light
the optical tensor comes from intraband transitions in thén vacuum, anch, andn. are the refractive indices of the
lower-energy region. The intraband contribution to the diag-Circular waves and given by the eigenvalues of the dielectric
onal components of the conductivity is normally describedteénsor. In terms of conductivities they are given as
by the Drude formula,

Similarly, the Faraday rotatioffr) and Faraday ellipticity
(er) are given by,

. wd
0F+|ep=z(n+—n_), (4)

) ni =1+ 4.771-i(‘7'xxi' iO'xy)- 5
___ @
op(w) = 477(1 Ia)) ) (1)

T

A detailed description of optical and MO calculation is given
in Refs. 15 and 16.

where wp is the unscreened plasma frequency and the The ferromagnetic calculations of all the compounds con-
relaxation time which characterizes the scattering of chargeerge to be ferrimagnetic, viz., the magnetic moments of Fe
carriers, depends on the amount of vacancies and other dendB’ are antiparallel to each other. The magnetic moment
fects, and therefore varies from sample to sample. Our expef Fe is found to be around 3ug with SFMO having the
rience show that if we use around 0.3 eV we get good maximum Fe moment of 3.54. The magnetic moment of
agreement with the experimental spectra. So, we havensedB’ ranges from -0.1 to -0z with maximum moment pos-

as a parameter with the value 0.3 eV for all our calculationssessed by Re ions. The total magnetic moment is nearly an
The wp depends on the concentration of charge carriers. Thinteger, i.e., 3.06 or 3.98/f.u. Our electronic structure
extraction of Drude parameters from the experimental datstudies show that all the compounds are half-metghilv)
requires a free-electronlike region in the optical spectran the ferromagnetic state. They have a small band (@gp
which does not exist for the compounds studied here. As th& the majority-spin channel and a finite number of states at
experimental determination of Drude parameters is intrinsithe Fermi level[Eg) in the minority-spin channel. The mag-
cally difficult, we have chosen an alternative path. We havenitude of E; of all the compounds is given in Table I. The
calculated the spin resolved unscreened plasma frequency leglculated electronic structure and magnetic moments are in
integrating over the Fermi surface using the full-potentialgood agreement with other ferromagnetic calculafid#s
linearized augmented plane-wave method as implemented fior Sr,FeB’Og, whereB’=Mo, W, and Re. The, value for
WIEN2K.* The calculations yield the unbroadened absorp-SFMO, SFWO, and SFRO is 0.59, 1.36, and 0.56 eV, respec-
tive part of the optical conductivity tensor. The interbandtively. The site-projected density of states for the above-
transitions are affected by scattering events which are phanentioned compounds is shown in Fig. 1. In all the three
nomenologically described by using a finite lifetime. Sincecompounds Sr is completely ionized, hence electrons are in
the lifetime of an excited state generally decreases with inthe conduction band from 4 to 8 eV. Beldi, the majority-
creased excitation energy, it is relevant and more appropriatgpin channel is mainly occupied by Fd 8rbitals and O p

to broaden with a function whose width increases with exci-orbitals. In particular, Fee, orbitals are closer t&, (from
tation energy. Thus, broadening the calculated optical spectra2 to 0 eV) and Fet,, orbitals are present from 8 to —2

was performed by convoluting the absorptive optical conduceV with prominent densities from-4 to —2 eV. The B’
tivity with a Lorentzian, whose full width at half maximum orbitals are antibonding in the majority-spin channel wih
(FWHM) was set to 0.01 eV, at photon energy 1 eV. Theorbitals aboveEg (from 0.25 to 2 eV and g, orbitals are
experimental resolution was simulated by broadening the fihigher-lying(from 4 to 7 e\j. The W antibondind,, orbitals

nal spectra with a Gaussian of constant FWHM equal to 0.02h SFWO are present between 1-2 eV, makinggjdarger
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TABLE I. Magnitude of energy gapE,) in majority-spin channel, maximum Kerr rotati@i nay, maxi-
mum specific Faraday rotatiofir,,, and maximum figure of meritFOM; in Kerr configuration for
A,FeB’'Og (WhereA=Ca, Sr, and BaB’=Mo, W, and Re. The values in the parenthesis indicate the energy
(in eV) at which the maximum occurs.

Composition Eq(eV) | 6kmaxl (deQ | 6maxl (10° deg cm?) FOM(deg)
CaFeMoQy 1.02 0.50(1.25 1.73(3.20 0.23(2.06)
CaFeWQ, 1.09 1.32(1.89 2.28(1.00 0.50(1.90
CaFeReQ 0.19 1.04(1.43 3.15(2.48 0.62(1.10
Sr,FeMoQy 0.59 1.21(1.96 1.04(1.9) 0.44(1.92
SrLFeWQ; 1.36 3.87(1.55 4.50(1.48 1.63(1.50
Sr,FeReQ 0.56 1.84(1.72) 3.67(4.83 0.90(1.80
Ba,FeMoQ; 0.93 1.46(0.87) 2.05(3.25 0.62(1.60
Ba,FeWwQ, 1.80 1.70(2.83 4.43(3.15 0.69(2.60
Ba,FeReQ 0.53 1.51(1.54) 3.10(2.90 0.65(1.54)

compared to the other two compounds, whereas thé,Re The calculated Kerr spectra are compared with the available
orbitals are just abovEg (from 0.25 to 1.4 eV. In both spin  experimental spectra foh,FeMoQ; (where A=Ca, Sr, and
channels O @ orbitals are present from8 to —2 eV. The  Ba). The magnitude of the calculated Kerr rotation peaks for
B’ d orbitals are well hybridized with ORorbitals so that CFMO and SFMO agrees very well with that of experiment
the bonding states are well-localiz¢ilom —8 to —6 eV) (at 101 K), but fqr BFMO theore_ti_cal calculation_s overesti-
and antibonding states are abdse The states presentBt ~ Mate the magnitude. The position of theoretical MOKE
in the minority-spin channel is due to the hybridized Fe and°@aks are somewhat shifted in relation to the experimental
B’ t,, orbitals. A more detailed analysis of magnetic andones. In general, the peaks of calculated optical conductivi-
electronic properties will be given elsewhéte. ties and polar Kerr spectra are displaced toward higher ener-

The polar Kerr rotation and Kerr ellipticity spectra for gies with respect to experimental specftahis may be due
CaFeB’Og, SKLFeB'Og, and BaFeB'Og are given in Figs. to the fact that DFT overestimates the-Band width which
2—4. The peak value of the Kerr rotation for each compoundn turn affects the optical and MO spectra peaks to shift

along with the energy at which it occurs is given in Table I.toward higher energy. This can be artificially corrected by
increasing lattice parameters which gives narrower bands or

1
05 | Ca,FeMoO,
0 .
—_— 9K (pr;s;nl)
o 6, Expt. 101K
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FIG. 2. Polar Kerr rotatiorifx) and Kerr ellipticity (ex) spectra

FIG. 1. Site-projected density of states for,fS8B’'Og where  for CaFeB'Og whereB’=Mo, W, and Re. Experimental data for
B’=Mo, W, and Re. CFMO are from Ref. 17.
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Enerav (eV) FIG. 4. Polar Kerr rotatiorigy) and Kerr ellipticity (ex) spectra
for Ba,FeB’'Og where B'=Mo, W, and Re. Experimental data for
FIG. 3. Polar Kerr rotatiorifk) and Kerr ellipticity (ex) spectra  BFMO is taken from Ref. 17.
for Sr,FeB’'Oz where B’=Mo, W, and Re. Experimental data for . ) )
SFMO are taken from Ref. 1Expt. 1) and Ref. 2AExpt. 2. tivity spectra exhibit remarkable aging effects due to oxida-
tion of the surface of the samplésimilar to Kerr spectrp

by performing GW-corrected calculations of MO spectra.The amplitude of reflectivity for the sample just after polish-
However, it has to be mentioned that the experimental pealng is more than two times larger than that of the sample one
positions are sample-dependéntsee for example the Pt- month after polishingas seen in the experimental spectra for
MnSb case in Ref. 24and appear to depend on stoichiom- SFMO in Fig. 5. A dip in the reflectivity spectra in the lower
etry, homogeneity, impurities, etc., whereas the magnitudenergy regionaround 1.7 eY has been experimentally in-
depends on sample preparation, annealing, etc. One montérpreted as due to the plasma resonance of conduction elec-
after polishing samples exhibit a marked aging effect com+trons in the crystal since the diagonal and offdiagonal ele-
pared to the sample just after polishifgThe magnitude is ments of the dielectric tensor is expected to exhibit an
enhanced by a factor of 1.5 and the ceriterzero-crossing  anomaly near the plasma edeTherefore both reflectivity
shifts toward the longer wavelength sitleMoreover, we can and Kerr spectra are affected by this. In order to check
see that the experimental Kerr rotation peaksAgfeMoQ;  whether the dip around 1.7 eV is really due to plasma reso-
are almost doubled at 101 K compared to that at room temrance, we have also calculated the electron energy loss spec-
perature. It has to be mentioned that we have calculated theum (EELS). The function representing characteristic energy
MO properties for single crystals at low temperature andosses(or plasmon oscillationsis proportional to the prob-
hence it is more appropriate to compare our results with thability that a fast electron moving across a medium loses
experimental spectra measured at low temperatures for singnergy per unit length. Generally speaking, plasma reso-
crystals. nances manifest themselves as rather distinct peaks in the
In an attempt to understand the reason for huge MO efEELS?® and are thus a feature easily observed experimen-
fects on the studied compounds, we show reflectivity andally. The EELS for SFMO, SFWO, and SFRO show promi-
conductivity spectra foA,FeB’Og in Fig. 5. In the top-left nent peaks at 1.62, 1.49, and 1.14 eV, respectively. The re-
panel reflectivities of SFMO, SFWO, and SFRO are showrflectivity spectra of SFWO and SFRO also show a dip at 1.3
along with the available experimental spectra for SFMO.and 1.6 eV, respectively. Hence, the dip observed in these
Though the essential features of the theoretical spectrum ammpounds is due to the plasma resonance. However, no
comparable to that of experimental spectra, the former igxperimental reflectivity spectra are available for SFWO and
shifted by~0.5 eV toward higher energy region. However, it SFRO to compare our theoretical spectra with. As Kerr spec-
has to be noted that even the experimental spectrum me#a show peaks for all these compounds in the energy region
sured at 10 K is shifted toward higher energy in relation tol-2 eV, plasma resonance also plays an important role in the
that measured at 300 K. As mentioned earlier, it would befax Values(Fig. 5).
more appropriate to compare our theoretical spectra with ex- The real part of diagonal conductivity of SFMO is in rea-
perimental spectra at low temperature. Moreover, the reflecsonable agreement with the available experimental spectra,
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onal conductivity of all three compounds shows a minimum

T T T
= SFMO (Present)

08 oo e T around 1.5-2 eV where maximum @ is observed. The
06 « oMo Eat s tosteined] off-diagonal conductivity of SFWO and SFRO show higher
T ey ] values than that of SFMO, implying that the high Kerr rota-

Reflectivity
=3
»

tion of these compounds also result from high off-diagonal
conductivity. The influence of intraband effects on the
MOKE is restricted to energies smaller than 1-2 eV.
The MOKE signal is proportional t6-M, wheref is de-
termined by the complex refractive index at the probe fre-
/ ._ guency andVl is the magnetizatio?? The refractive index of
== o & | SFMO, SFWO, and SFRO in the energy region 1-2 eV
] i (where 6¢may OCcurg is 1.56, 1.88, and 1.98, respectively.
Though the refractive index of SFWO is slightly smaller than
SFRO, its magnetic moment is 389 whereas SFRO has
3.07ug. So it has largedyma, than SFMO and SFRO. The
fact that the Kerr rotation correlates with the atomic mag-
netic moment of spin should not be surprising since the MO
effect involves spin-orbit interactiot. Incident photons ex-
cite the 3l valence electrons of the transition metals by al-
tering their orbital angular momenta. When the electrons fall
back from their excited states, the emitted photons are polar-
ized and characteristic of both spin orientation and magni-
tude. Thus, the SO interaction couples the momentum of the
electron with its spin and provides the link for the circularly-
polarized electromagnetic waves to couple to the magnetiza-
0 1 2 3 4 s 0 1 2 8 4 s tion of the material. The heavier the atom, the stronger will
Energy (eV) Energy (eV) be the SO interaction. Thus, all the studied compounds have
large MO effects. Moreover, SFWO has maximum exchange
splitting of 3.1 eV and its band gap in the majority spin
channel is 1.36 eV. So the electrons are highly spin polarized
in the HMF state. Therefore, larger off-diagonal conductivity,
refractive index, magnetic moment, SO coupling, exchange
except that the amplitude of theoretical spectra is higher thagplitting, band gap, and plasma resonance combine to give
that of experimental spectrum in the lower energy region. Adiuge MO values for all the studied compounds, and in par-
experimental spectra are derived through Kramers-Kronigicular to SFWO. The polar Kerr ellipticity is a measure of
transformation of reflectivity spectra, there is slight discrep-how the shape of the wave has changed upon reflection and
ancy. The Drude component is involved in the theoreticaldepends only on the absolute magnitudes of the reflection
conductivities, which will enhance the amplitude in the coefficients. As the reflectivities of these compounds are also
lower energy region. Around 0.5 eV, a small bump is ob-large, they also have large polar Kerr ellipticity.
served which is due to FeegJ to Mo t}, transition. The peak at The Kerr rotation peaks of all the studied compounds lie
4 eV observed by experiments is shifted to 3 eV, instead & the energy region of infrared to visible radiation. An in-
small bump is seen at 4 eV. This peak is attributed to thaense search is going on for materials with MO peaks in the
O2pto hybrldlzedtL of Fe and Mo. In the case of SFWO, lower wavelength region for use in high-density storage.
two prominent peaks occur around 4 and 4.5 eV. The firsAmong the studied compounds CFR©0.89° at 2.47 eV,
peak is due to O R2to Fetig transition and the second peak SFRO(-1.5° at 2.3 ey, BFWO (-1.70° at 2.83 eV, and
is due to O » to WtTg transition. Around five peak struc- BFRO (—0.86° at 2.83 eY have large peaks in the green-
tures appear for SFRO. An experimental stifdg available violet energy region. It has to be noted that a large polar Kerr
for this compound up to 0.8 eV. However, no prominentrotation, typically greater than about 0.2° is clearly of benefit
structure exists within that narrow energy region to be comin reading information stored in a thermo-MO thin fifiThe
pared with our theoretical spectrum. The lower energy peakstrong SO coupling results in a large uniaxial anisotropy
at 0.6 and 0.8 eV can be attributed to the interbéfele, to  which is one of the essential requirements for a MO storage
RetT o) transition. The peaks at 2 and 3.25 eV are due talevice. The magnitude of the uniaxial anisotropy depends on
@) 2p to Fe and Re hybr|d|zet; transition. The peak around structural anisotropy and hence noncubic systems usually
4eVisduetoO pto tT transmon From the figure it can be possess large magnetic anisotropy. Moreover flexibility to
seen that the overall topology of the diagonal conductivitysubstitute or dopé, B or B’ elements will be useful to tune
for the three compounds is somewhat similar. As experimenthe MO properties according to the need. In that perspective
talists often displaywo,, instead ofo,,, we also showvo,,  the present compounds may be of relevance for high-density
in the right panel of Fig. 5. From Eg3) it can be seen that storage applications.
the Kerr rotation can be enhanced by a larger off-diagonal In a transmission mode, large Faraday rotation is desirable
conductivity and a smaller diagonal conductivity. The diag-for applications’?> Materials with large Faraday rotation are

SFMO

[y o Expt.1 (r.t)
1 o Expt.2 (10K)
+ Exptd

LS

QN & O ®

8 b SFRO - SFRO /—\

Diagonal conductivity G, (16’ Q2™'s™)
Oft—diagonal Conductivity 00, (10”57

FIG. 5. Reflectivity and conductivity spectra for SfaB’'Og
whereB’=Mo W, and Re. Experimental data for SFMO are taken
from Ref. 27 (Expt. 1), Ref. 28,(Expt. 2, Ref. 18(Expt. 3, and
Ref. 29(Expt. 4).
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used in devices called optical isolatdfsTherefore we pre- believe that the given large FOM values may motivate more
dict the specific Faraday rotation and ellipticity&fFeB'Og MO studies on these systems.

(not shown, experimental Faraday spectra are hitherto not In conclusion, the presently studied compounds have
available for comparison. In Table | we have given the maxi-many of the basic r_equweme?ﬁéor a MO medium, such as
mum of specific Faraday rotation for each compound. SpePreésence of uniaxial magnetic anisotrofiy; ranging be-
cific Faraday rotation of all the studied compounds is greatefV€€n 300 and 600 K, large Kerr rotation, large Faraday
than 1x 10F deg cmi™. It is interesting to note that SFWO rotation, large FOM, HMF at room temperature, long term

has the maximum Kerr as well as Faraday rotation among22ility, etc. For the first time, using full-potential density
AFeB’ O, nctional calculations, we have shown thBB’'Og have

In order to detect the written information in a MO me- the huge MO effects among the oxides and can be considered

di | dt ke the sianal-t . i high as potential candidates for MO applications. The huge
ium easily, and to make the signal-lo-noise ratio as hig aﬁwagneto—optical effects are found to result due to combined

possm_lle, the M4O figure of /mﬂ ) should t_)e largé. effects of large off-diagonal conductivity, refractive index,
FOM is defined’ as FOM”,\R(Q%'%‘%)' whereR, is reflec-  agnetic moment, SO coupling, exchange splitting, band
tivity and 6¢ and ex as defined earlier. For the sake of sim- gap, and plasma resonance.

plicity, in Table | we have given the maximum of FOM and

the corresponding energy at which it occurs. The FOM cal- The authors are grateful to the Research Council of Nor-
culated for the present compounds is comparable with that ofray for financial support and computer time at the Norwe-
the well-known MO material PtMnSb. In spite of the fact gian supercomputer facilities. R.V. and P.R. wish to acknowl-
that FOM is often used to characterize the performance of adge Dr. J. Wills and Dr. A. Delin for providing the computer
MO medium and the factors determining FOM depend orprograms used in this study, and Professor Claudia
the structure on which magnetic material is embedded, wé&mbrosch-Draxl and Dr. S. Sharma for useful discussions.
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Structural, electronic, and magnetic properties of the vacancy-ordered mixed-valence SraFesO11
phase have been investigated using spin-polarized electronic-structure total-energy calculations. The
optimized structural parameters obtained from accurate total-energy calculations are found to be
in very good agreement with low-temperature neutron-diffraction findings. Among the different
spin configurations considered for SrysFesO11, the G-type antiferromagnetic configuration is found
to represent the magnetic ground state. The calculations show finite magnetic moments at both
Fe sites and this is against the conclusions arrived at from Mdssbauer and low-temperature powder
neutron-diffraction measurements, but consistent with the results from the magnetization measure-
ments. The present study clearly show that one of the magnetic sub-lattices is frustrated and hence
SryFe 011 can be considered as a phase-separated system with one phase in the G-type antiferro-
magnetic state and the other in a spin-glass-like state. Our theoretical results show unambiguously
that the Fe atoms with the square pyramidal environment has a lower oxidation state than that
in the octahedral co-ordination. However, the presence of covalent interaction between Fe and the
neighboring oxygen atoms makes the actual oxidation state considerably smaller than the formal ox-
idation state 34+ and 4+ for square pyramidal and octahedral coordination, respectively. SrqsFesO11

Manuscript

Spin- and charge-ordering in oxygen-vacancy-ordered mixed-valence Sr Fe O,

is found to be semiconducting in the antiferromagnetic ground state.

PACS numbers: 71., 71.20.Ps, 75.50.Ee, 78.20.Ci

I. INTRODUCTION

Perovskite-type oxides exhibiting ionic or mixed elec-
tronic/ionic conductivity are of considerable interest for
potential application in high-temperature electrochemi-
cal devices, e.g., as electrodes for high-temperature solid-
oxide fuel cells, sensor materials,[1-3] membranes sepa-
rating oxygen from air, and catalyst for the conversion of
hydrocarbons [4-7]. One of the most essential features of
such materials is the high oxygen mobility and another
attraction is the catalytic activity of oxygen vacancies.
However, the oxygen mobility usually drops appreciably
at temperatures below ~ 600—800° C and hence many, at
first sight, seemingly promising materials turn out to be
unsuitable for practical purposes. Therefore, the develop-
ment of oxygen ionic conductors that retain appreciable
oxygen mobility at ambient operating temperatures is of
considerable interest. Since it is documented [8] that ox-
ide ion conductivity is closely related to the ordering of
oxygen vacancies in the crystal structure, it seems worth-
while to look more closely at the properties of oxygen
deficient perovskites.

The high-temperature phase SrFeO3_, (2.5 < z < 3.0)
exhibits appreciable mixed electronic and ionic conduc-
tivities and the materials derived from this phase are con-
sidered to be of potential interest [9] for application in
many of the device catagories mentioned above. From
the scientific point of view, it is vital to explore prop-
erties of phases with different oxygen stoichiometry as
they form different structural distortions, exotic valences,

*Electronic address: vidya.ravindran@kjemi.uio.no; URL: http:
//folk.uio.no/ravindrv

spin, charge, and orbital ordering.

The orbital distribution of the d electrons of higher-
valence Fe species is very versatile, changing not only
with the kind and amount of other constituents (in par-
ticular alkali, alkaline-earth or rare-earth elements) but
also temperature as, e.g., observed for Ca;_,Sr,FeOgs
and Sri_,La,FeO3 [10]. Another influential factor is
the oxygen content as revealed for the SrFeOs_, [9],
LaBaMnyOs45[11], and YBaMnyOs45 [12] phases. Oxy-
gen deficiency formally increases the number of electrons
per Fe atom and modifies (at least locally), the electron
exchange between the Fe atoms. Subsequently it per-
turbs the electronic band structure and varies the band
filling of the transition-metal ion and also structural ar-
rangement simultaneously.

The preparation and characterization of oxygen-
deficient specimens of SrFeOs_, have been subjected
to numerous studies [9, 13-15]. One of the curiosities
which is commonly associated with the SrFeOs_, phase
(more specifically with the highly electropositive element
Sr) is the occurrence of Fe in a rare, formal oxidation
state of 44+ and a wide-range of oxygen nonstoichiom-
etry. Systematic studies [13, 14] have established the
existence of a series of ordered Ruddlesden-Popper-type
phases Sr,, Fe,, O3,,_1 with n = oo, 8, 4, and 2 correspond-
ing to the formulae SrFeOgs, SrFeOsg7s (SI‘gFesozg,),
SrFeOs 75 (SraFe 011), and SrFeOs 5 (SraFe2Os5), respec-
tively. Hence the variable-valence SrFeOs_, phase may
provide an instructive model system for a closer exami-
nation of the effects of oxygen-vacancy ordering on struc-
ture, magnetism, and electronic properties.

The oxygen-deficient end member, SroFe;O5 is
claimed [16] to exhibit well behaved Fe3T cations at
both tetrahedral and octahedral coordination of an or-
thorhombic oxygen-vacancy-ordered structure [17] and it



is an antiferromagnetic (AF) Mott-type insulator. The
other end, SrFeOgs, possess, as mentioned, the unusu-
ally high Fe*t oxidation state according to a pure ionic
model. The structure is of the regular cubic perovskite
type, the magnetic ordering is of the helical-AF type, and
this phase exhibits metallic conductivity [18, 19]. Be-
tween these composition limits one finds the two above-
mentioned intermediate phases with oxygen-vacancy or-
dering [13-15, 20, 21]. The Sr4Fe Oq; variant is re-
ported to take an orthorhombic 2\/§ap X 2a, X \/§ap (ap
refers to the lattice parameter of cubic perovskite sub-
cell) structure [13], whereas SrgFegO23 has a tetragonal
2v/2a, x 2v/2a, x 2a, structure. Both these variants ex-
hibit AF ordering at low temperatures.

Tofield et al.[22] first reported that SryFesOq; exists
in a narrow single-phase region centered around the ideal
stoichiometric composition 4:4:11. It is reported [23] to
undergo charge ordering (CO) transition (Tco) below
675K with equal amounts of Fe3* and Fe** alternatively
arranged in the lattice. SryFe 01 is found [14, 24] to be
a G-type AF with a Néel temperature (Tx) of 230 K.
According to Mossbauer [14] and neutron diffraction [24]
measurements, one Fe site forms long-range AF arrange-
ment. At present it is not known whether the other Fe
sub-lattice forms a spin-glass-like configuration below the
TN, remains paramagnetic or possibly undergoes a sep-
arate spin-ordering (SO) transition at very low temper-
atures (notably below 4.2 K). In order to settle some of
these issues accurate electronic structure studies is highly
desirable and this demand was one of the motivations for
the present study.

The hitherto conducted structural studies have clearly
indicated that the Fe atoms alternatively occupy the
square pyramidal (Fel®) and octahedral site (Fe2°) in
SryFe O11. However, there is strong disagreement on
the assignment of valence and spin states to the crys-
tallographically different Fe atoms. From the calculated
electronic structure and magnetic properties our study
aims at resolving this controversy.

II. STRUCTURAL ASPECTS

The crystal structure of SryFe Oq; (Fig. 1) can be
visualized as an oxygen-vacancy-ordered arrangement
in a perovskite-like superstructure. It consists of one-
dimensional chains of vertex-linked Fe20g units cross-
linked by (FelOg)2 “bow-tie” dimer units. The oxygen
vacancies are ordered into strings of vacancies alternating
with oxide ions along the [110] direction of the perovskite
sub-cell. The interplane ordering is such that the struc-
ture contains equal amounts of Fe in square-pyramidal
and octahedral co-ordination to the oxygen atoms.

The most prominent feature of this vacancy-ordered
structure is the appearance of “one-dimensional chan-
nels” of apex-sharing Fe20¢ units along b direction (see
Fig. 1). In planes parallel to ac, each of these octahe-
dra are surrounded by four (corner sharing) FelOf units.

FIG. 1: (Color online) Crystal structure of SrsFesO1:.
Fel® and Fe2° are in square-pyramidal and octahedral co-
ordinations, respectively.

The FelOg unit consists of one O1 and four O3 atoms,
(the latter forming the base of the pyramid; labelling ac-
cording to Hodges et al.[14]). The Ol atom is shared
by two neighboring Fel atoms, and it is this configura-
tion that forms the “bow-tie” unit. The Fel atom is
located close to the base of the pyramid. The octahedral
surroundings of Fe2 are formed by two O2 and four O3
atoms. The pyramids and octahedra share the O3 atoms.
For the FelOg£ units the increase in repulsion energy due
to short O-O distances in the base is partly compensated
by the relaxation effect of the longer separation between
the O atoms in the base and the apex. The Fe20g units
are compressed at the apex, a structural distortion intro-
duced by the “bow-tie” configuration of the pyramids.
However, this distortion causes only tilting of the octa-
hedra and does not change their shape (see Fig. 1).

IIT. COMPUTATIONAL DETAILS
A. Structural optimization

Two different structural arrangements (monoclinic
C2/m and orthorhombic C'mmm ) are described for
SryFe,017 with full site occupancy [14] and we have per-
formed structural optimization for both in order to es-
tablish the ground-state structure. These calculations
have been carried out using the projected augmented
plane-wave (PAW) [25] method as implemented in the
Vienna ab initio simulation package (VASP) [26]. The
optimization of the atomic geometry was performed via
a conjugate-gradient minimization of the total energy,
using Hellmann-Feynman forces on the atoms and the
stresses in the unit cell. The atomic coordinates and
axial ratios are allowed to relax for different volumes of
the unit cell. These parameters are changed iteratively
so that the sum of the lattice energy and the electronic
free energy converges to a minimum value. The elec-
tronic free energy is taken as the quantity to be mini-
mized and the total energy is calculated exactly for each



set of atomic positions. Convergence minimum with re-
spect to atomic shifts was assumed to have been attained
when the energy difference between two successive itera-
tions was less than 10~7 €V per unit cell and the forces
acting on the atoms were less than 1 meVA~!. The
generalized-gradient approximation (GGA) [27] was used
to obtain the accurate exchange and correlation energy
for a particular atomic configuration. The calculations
were carried out using a 4 x 4 x 4 k-points Monkhorst-
Pack grid, equivalent to 64 k points in the Brillouin zone.
A plane-wave energy cutoff of 875eV was used in all cal-
culations since high energy cutoff was found [28] to be
necessary in order to describe the nuclear and magnetic
structures of complex oxides unambiguously.

B. FPLAPW calculation

In order to calculate orbital-projected DOS and
energy-projected occupation density matrix we made
use of the full-potential linearized-augmented plane-wave
(FPLAPW) method as implemented in the WIEN2k
package [29] in a fully-relativistic version with spin-orbit
coupling. The FPLAPW approach divides space into
an interstitial region (IR) and non-overlapping muffin-
tin (MT) spheres centered at the atomic sites. In the
IR, the basis set consists of plane waves. Inside the MT
spheres, the basis set is described by radial solutions of
the one-particle Schrédinger equation (at fixed energies),
and their energy derivatives multiplied by spherical har-
monics. The charge densities and potentials inside the
atomic spheres were represented by spherical harmonics
up to £ = 6, whereas in the interstitial region these quan-
tities were expanded in a Fourier series. Atomic-sphere
radii (Ryr) of 2.3, 1.9, and 1.6 a.u. for Sr, Fe, and O, re-
spectively were used. The Brillouin zone (BZ) integration
was carried out with a modified tetrahedron method [25]
and we used 75 k points in the irreducible wedge of BZ
for the DOS and total energy calculation. Exchange and
correlation effects are treated within density-functional
theory (DFT), using GGA [27].

IV. RESULTS AND DISCUSSIONS

Hodges et al. [14] tested different possible oxygen-
ordering schemes for SryFe;O1; of which several gave
almost equally good fits in Rietveld refinements of pow-
der neutron diffraction (PND) data. However, all solu-
tions except that based on the space group C'mmm had
to be disregarded owing to the unacceptable short Fe-O
distances. From the structural optimizations, according
to proposed structure models described in space groups
C2/m and the Cmmm, the variant specified in Cmmm
came out with around 0.433 eV f.u.~! lower energy than
the C2/m variant. This confirms that the experimental
studies have identified [14, 15, 24] the correct ground-
state structure for SryFe O11. For the optimized mono-

TABLE I: Optimized structural parameters for the ground-
state of Sr4Fe 011 (space group Cmmm). Experimental data
from Ref. [15] are given in parentheses.

Unit cell (A) Atom Site (z, y, 2)

o = 11.0372 (10.0430) _St1___2d 0,0, 1/2 (0, 0, 1/2)

b = 7.6629 (7.6795) Sr2 2 1/2,0,1/2 (1/2, 0, 1/2)

¢ = 5.4930 (5.4549) Sr3  4g  0.2421, 0, 0 (0.2400, 0, 0 )
V = 464.58 (458.41) Fel 41 0, 0.2468, 0 (0, 0.2410, 0)

Fe2  4f 1/4,1/4,1/2 (1/4, 1/4, 1/2)
01  2a 0,0,0 (2b;1/2,0,0)

02  4h  0.2284, 0, 1/2 (0.2320, 0, 1/2)
03 16r 0.1196, 0.2773, 0.2368

(0.1190, 0.2726, 0.2410)

clinic structure, the calculated magnetic moments at the
two Fe sites are almost equal (differ only by 0.3 up) and
also there is no noticeable difference in the integrated
charge density between the Fe sites. These indicate that
the charge ordering is not well pronounced in this struc-
ture and it may represent a high temperature phase with
no charge ordering.

The reported unit-cell volume for SrFeOs3_, at =z =~
0.25 varies somewhat between different reports [ 458.41
(x=0.247) [15], 462.21 (x = 0.27) [13], 462.59 (x=
0.26) [14], 463.05 (x = 0.29) [30], 463.15 (z = 0.255)
A3 fu. =1 [23]]. This apparently significant variation may
indicate of a small homogeneity range for the SrFeOs 75
(Sr4Fes011) phase as suggested in proposed phase dia-
grams [13]. The present optimized equilibrium volume
(464.58 A3 fu.~1) for SryFe, 01, is somewhat larger than
any of the experimental volumes but fully acceptable as
good agreement (deviation less than 1.5 %) for DFT cal-
culations. The calculated unit cell dimensions and posi-
tional parameters for the optimized ground-state struc-
ture according to space group Cmmm (Table I) are in
very good agreement with the low temperature PND
data, once more exposing predicting power of accurate
DFT calculations even for quite complex systems.

To gain insight into the relations between crystal
structure and electronic and magnetic properties of
SryFe 011, a correct assignment of valence states to the
crystallographically different Fe sites is critical. It there-
fore appears appropriate to give a brief account of the
experimental findings for the valence- and spin-state sit-
uation for Fe in SryFe4Oq;. From low-temperature ME
data it has been concluded [31] that only Fe in formal
3+ state order magnetically below, Tn=220 K. Room-
temperature spectra comprises two symmetrical doublets
of equal intensity [30], which on the basis of the isomer
shifts were assigned as Fe3™ (§ = 0.35mm s~!) and Fe?*
(6 = —0.08 mm s—1). Below Ty the spectra exhibit (hy-
perfine) magnetic splitting by an internal magnetic field
of 46 T. The latter finding is interpreted [30] as indicative
of a high spin (HS) 3+ (d®) state for iron.

Using the results from powder x-ray diffraction and
Mbossbauer spectroscopic measurements Takano et al.[21,
32] concluded that Fel® is in a 3+,HS state and Fe2° in
a 4+, low spin (LS) state on the additional assumption



that Fe2¢ is subject to a residual disorder and only man-
ifests itself in the broad background of the Mossbauer
spectra. Fournes et al. [23] on the other hand concluded
from room-temperature ME data that, Fe2° is in the
3+, HS state (arguing with the isomer shift values for
SrFeOs 5 as reference substance) and Fel® in the HS 4+,
state. Based on the bond-valence sums Hodges et al. [14]
concluded that Fel® is in a 3+ state and Fe2° in a 4+
state. The same authors argue that the Fe2° sub-lattice
forms an AF dominated magnetic structure, while the
Fel® sublattice is subject to conflicting magnetic super-
exchange interactions and does not exhibit cooperative
magnetic order (remaining either as paramagnetic or de-
velops a spin-glass-like arrangement). From the PND
and magnetization/susceptibility data over the tempera-
ture range 1.5—293 K it has also been inferred [15] that
Fel® and Fe° are in the 3+ and 4+ states, respectively,
where Fe3T order antiferromagnetically below 232 K and
Fe'*t forms a magnetically frustrated sublattice. This
conclusion was arrived at by Schmidt et al. [15] who
drew heavily from the accumulated knowledge on Sr-
Fe-O compounds. From this resume it should be ob-
vious that there are controversies in the interpretations
of the so-called experimental facts regarding the assign-
ment of valence and spin states to the different Fe sites
in SryFe 0.

It is interesting to analyze why different conclusions
have been arrived at experimentally about spin state and
valence state assignments to the different Fe sites. The
Mossbauer spectroscopic assignments [15, 31] draw heav-
ily on isomer shift values for reference standards. How-
ever, these standards are not real standards in the sense
that they do not provide a fixed value for each valence
state of Fe. On the contrary, Mdssbauer spectroscopy has
a relatively broad range of isomer shift values at disposal
for each valence state. This lack of precision is connected
with the ambiguities one inevitably faces with every as-
signment of valence state. The bond valence deductions
are also based on the use of reference standards. Neither
these are universal standards, and simple bond radii for
Fe?T and Fe?t are certainly not fixed-constant param-
eters. It gets even worse when it comes to Fe*T where
suitable reference compounds yet have not been found
and hence the bond-radius of Fe** is only estimated [33].

Semiconducting behavior with an activation energy of
0.053 eV at 300 K has been reported for SrFeO3_, spec-
imens with composition £=0.28 and 0.22 [34]. Hence
it can be anticipated that the transport properties of
SrFeO3_, do not change drastically over a small composi-
tional range. The total DOS given in Fig. 2 exposes that
SryFe 011 (SrFeOsq 75) is a semiconductor with a band
gap of 0.13 eV. The observation of semiconducting be-
havior is consistent with the experimental temperature-
dependent electrical properties measurement [18, 34]. It
should be remembered that the density-functional calcu-
lations generally yield smaller band gaps than that ob-
tained from experimental studies like optical measure-
ments.
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FIG. 2: Calculated total density of states (DOS) for

Sr4Fe 011 in the ground-state G-AF configuration. The
Fermi level is set to zero.

We now turn the attention to the assignment of the va-
lence states for both Fe atoms based on DF'T calculations.
The calculated charge at the Fel?® site is larger than that
in the Fe2? site by around 0.5 electrons. This indicates
that, as a coarse approximation Fel® can be assigned the
formal valence of 3+ and accordingly, Fe2° 4+. Now
let us see why should Fe in square-pyramid configuration
prefers 3+ state rather than the 4+ state. The removal
of an oxygen atom from an Fe20g octahedron (present in
system without oxygen vacancy i.e. SrFeQOs) is formally
the same as addition of two electrons to the remaining
structural framework. If one postulates that the defect
is rectified mainly locally one can imagine that, among
the two electrons, one electron is used to convert Fe*t
into Fe?t and the other electron participates in bonding
interaction with the neighboring O sites. Moreover, as
each Fel® is surrounded by only 5 O compared to Fe2°
with 6 O neighbors, in a desire to have charge balance
in the system, Fel® would prefer to have lower oxidation
state than that in Fe2°.

The calculated magnetic moment at the Fel® and Fe2°
sites for the G-AF configuration are 2.82 and 3.44 up
per Fe atom, respectively. The calculated moment at
the Fe2¢ site is in good agreement with the experimental
moment from PND [15, 24] (see Table III). The experi-
mentally established AF ordering in SryFe4O11 concerns
Fe2° atoms. However, neither PND nor Mdssbauer spec-
troscopy were able to detect magnetic ordering of the
moments at the Fel® site, the reason for this will be dis-
cussed below. Neither of the Fe sites in SryFe Oq1 has a
perfect local cubic environment and both sites give rise
to an electric field gradient for Fel® and Fe2° sites of
—1.56 x10?! and —5.64 x10%' Vm?2, respectively. These
calculated values are in accordance with the experimen-
tal observation of different quadrupole doublets for the
two Fe sites in the Mdssbauer spectra [15].

The magnetic moment at Fe2? site in SryFe Oq; is
analyzed along with that in SrFeOs which has a cubic



perovskite structure with an AF screw spin arrangement
(Tn=134 K and a moment of 3.1 up/Fe at 4 K) [18, 19].
The Mossbauer spectroscopic data [16] for SrFeO3 show
an isomer shift of 0.05 mm/sec and a magnetic hyper-
fine field (HFF) of 33.1 T at 4 K which has been believed
to be the typical values for Fe?* in octahedral environ-
ment. Our calculated magnetic moment for the Fe2° site
(3.53 up) in SryFe Oq; is found to be slightly larger than
that in SrFeOs. The larger moment value may be related
to the oxygen vacancies present adjacent to the octahedra
in the lattice which is likely to weaken the Fe-O bond-
ing interactions within the Fe2Og4 units, hence relatively
more electrons at Fe2° site are allowed to participate in
magnetism rather than in bonding. Consistent with this
view point the calculated Fe—O distance at the base of
the octahedra in SryFe 011 is larger than that in SrFeOg
(2.05 vs. 1.92 A). Owing to the relatively large magnetic
moment at the Fe2° site the measured [13, 21, 31] HFF is
found to be 46 T in SryFe; Oq1. This would have mislead
the experimentalists to believe that the magnetic order-
ing results from Fe3T rather than Fe*t. We have calcu-
lated the fermi contact contribution to the HFF from our
density functional calculations. This value is found to be
17 and 30 T for Fel® and Fe2° sites, respectively. The
larger value of HFF at the Fe2° site reflects the higher
moment at that site.

The next puzzle is the origin of the larger moment
at the octahedral site than at the square-pyramidal site.
If an oxygen atom is removed from a configuration with
180° Fe-O-Fe bond angle, the electrostatic repulsive force
pushes the Fe atoms apart, and the neighboring O atoms
are collectively moved toward the vacancy to screen this
repulsion. The optimized structural parameters show
that the Fe atoms of the Fel® is surrounded by 4 base-
plane O atoms at a distance of 1.87 A compared with the
Fel to apical O distance of 1.89 A. In the Fe209 struc-
tural sub-unit each Fe is surrounded by 4 base-plane O
atoms at a distance of 2.05 A and two apical O at a
distance of 1.93 A. These findings strongly suggest that
the bonding interaction between Fe and O is stronger in
the FeOs coordination than that in the Fe20g. Hence,
compared with the local surrounding of Fe20g relatively
more of the electrons in the FelOZ sub-units are partici-
pating bonding rather than magnetism. The longer Fe-O
distance in the Fe20g sub-units than that in the FelOg
indicates that the Fe-3d electrons in the former config-
uration are relatively more localized and their exchange
splitting correspondingly larger than those in the Fe202
configuration. This appears to explain why magnetic mo-
ment at the Fe2¢ is larger than the the Fel® site.

In order to provide more insight in the bonding be-
tween the different constituents we show the site pro-
jected DOS for SryFe 011 in Fig. 3. The negligibly small
DOS distribution in the valence band (VB) at the Sr
site indicate pronounced ionic bonding between Sr and
the other constituents. The noticeable difference in the
topology of the DOS profile for the two Fe sites strongly
suggests different valence states for these Fe atoms. The

DOS (states eV * atom )
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FIG. 3: Calculated site-projected density of states (DOS)
for SryFe 011 in the ground-state G-AF configuration. The
Fermi level is set to zero.

DOS for the minority-spin channel in the VB of both
the Fe sites is almost empty indicating that these two
Fe atoms are in the HS states. The broad features of
the VB at the Fe sites indicate a delocalized character of
these electrons and their hybridization interaction with
the neighbors. The degenerate nature of the DOS for the
O and Fe atoms throughout VB strongly suggest that the
bonding interaction between these atoms has a distinct
covalent character. The peak feature in the DOSs for Fel
and O1 around —2 eV carrying the message of apprecia-
ble covalent contribution to the Fel-O bond. This could
explain the relatively low moment at the Fel site. It
would be interesting to understand the microscopic ori-
gin of the larger covalent participation in Fel**-O bond
than the Fe24-O bond. With increasing charge and de-
creasing radius it is expected [18] that the Fe ion will at-
tract electron density from neighboring oxygen and this
increase the electron population of its orbitals. It ap-
pears that such a mechanism leads to increased covalent
contribution to the Fel-O bonding.

In order to visualize the charge ordering in SryFedOq;
we have given the valence d electron density at the Fel?
and Fe2° site for the majority and the minority spin
electrons in Fig. 4. The smaller d-electron density at
the minority spin channel at Fe2° site clearly reflects
the HS state. The shape of the d-electron distribution



FIG. 4: (Color online) Calculated spatial distribution of va-
lence charge density at Fel® and Fe2° for the majority and
minority spin electrons.

at the minority spin channel for both the site is almost
the same. But, the distinct topology of the distribu-
tion of d-electrons at the majority for the Fel® and Fe2°
sites clearly shows the different valence states of both Fe
which confirms the charge ordering observed experimen-
tally [23]. In the Fel® site, there is considerable amount
of d-electrons present at the minority spin channel also.
Hence, though there are more d-electrons at the Fel?
than the Fe2° the net spin density at the Fel® is smaller
than that at the Fe2® site. The electrons at the vicinity
of Fermi level in the VB generally participate more in
the hopping interactions and hence they are important
for the exchange interaction between atoms. In Fig. 5 we
have shown the spatial distribution for valence band d-
electrons at the Fel® and Fe2° sites within the 1 eV from
Fermi level. The interesting feature in this figure is the
orientation of d,-like orbital along the [010] at the Fe2°
site. This clearly illuminates the super-exchange interac-
tion path. Hence, the d-electrons at the Fe2° sites form
AF alignment via O2 resulting in the magnetic structure
given in Fig. 6. On the other hand the valence d-electrons
within 1 eV from Fermi level at the Fel® sites have com-
plex orbital distribution. So, in spite of the bond angle
for Fel*-O1-Fel® being 180° (which should prefer AF in-
teraction), the superexchange interaction is not as strong
as that between Fe2°. This may be one of the reasons
why long range ordering is stronger between Fe2° than
between Fel® sites.

More insight in to the spin state of d electrons at the
two Fe sites is also highly desirable. In an octahedral
(cubic) crystal field the Fe-d levels are split in to triply
degenerate tog (dgy,dgz,dy.) and doubly degenerate e,
(dy2_y2,d.2) levels. Owing to orthorhombic distortion of
the octahedral co-ordination, the degeneracy of both ta
and e, levels is further split (see Fig. 7). With the Fe in
the 44 oxidation state there will be four d electrons to
accommodate in these levels. The spin moment accord-
ing to a pure ionic picture will then be 2 and 4 g for low
spin (LS; t5,€)) and high spin (HS; t3,e}) configuration
respectively. In practice, materials experience covalent
hybridization between the transition-metal atoms and its

FIG. 5: (Color online) The orbital ordering pattern obtained
from the occupation matrices of d states close to the Fermi
level at the Fel® and Fe2° sites in SrqFe O1;.

FIG. 6: (Color online) The schematic ground-state magnetic
structure for SrqsFesO11 obtained from the spin-polarized to-
tal energy calculations. The longer arrow corresponds to the
moment of 3.53 at the Fe2? site and the smaller arrow reflects
the moment of 2.83 pp at the Fel® site. For clarity only Fe
and O atoms are shown with bonds.

surrounding atoms, which reduce the spin moment owing
to the fact that some of the electrons participate in bond-
ing rather than in magnetism. Moreover, the delocal-
ized character of the electrons (as evident from the DOS
curves in Figs. 3 and 7) reduces the exchange interaction
and also the moment. So, one mostly gets non-integer
values for the spin moments at the transition-metal sites
and noticeable induced moment at the sites of the sur-
rounding atoms. The calculated spin moment of 3.53 up
at the Fe2° site supports the inference that this site is
in the 44, HS state, as a coarse approximation. Consis-
tent with this deduction, the calculated orbital projected
DOS (Fig. 7) show an almost negligible amount of DOS
in the minority spin channel. The magnetic structure
with long arrow in Fe sites at Fig. 6 show the long range
G-AF ordering present at the Fe2° site. More details
about magnetic structure will be discussed later.

In an ideal square-pyramidal crystal field the d lev-
els will split into doubly degenerate e, (d,,d,.) non-
degenerate byy (dazy), a1y (d.2), and big (dy2_,2) levels
(See Fig. 7). With Fe?* there will be five d electrons to
be accommodated in these levels. The spin moment for
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FIG. 7: Calculated orbital-projected density of states (DOS) for Fel® and Fe2° in SryFesO11 for the ground-state G-AF

configuration. The Fermi level is set to zero.

Fel® in LS (egbs,al,b9,) and HS (e2b},a1,bi,) configura-
tions will then be 1 and 5 up, respectively, for the pure
ionic case. The powder neutron diffraction study [15, 24]
and ME measurements [13, 15, 21, 23, 31] unable to de-
tect any ordered moment at the Fel® site, but according
to difference in the field cooled and zero field cooled mag-
netic susceptibility curves [15, 24] the unpaired electrons
at the Fel?® sites can be F aligned in a strong enough
magnetic field. Consistent with these experimental find-
ings density-functional calculation gave a spin moment
of 2.83 up ( for comparison, the assumed 3+, HS state in
SraFesOs5 is reported [17] to exhibit a magnetic moment
of 4.5 up). However, the calculated spin moment is un-
usually low for 34+ HS configuration. The calculated spin
moment for the Fel? site, on the other hand, higher than
for an ideal ionic 3+, LS value. Hence we have confidence
in the coarse assinment of 34, HS state to Fel® and that
the too low value for spin moment is to be associated
with the combination of partial delocalization of the 3d
electrons and covalency effect.

If the Fe** at the octahedral site is in the HS state one

should expect Jahn-Teller distortion (JTD). But the ex-
perimental and theoretical structural analysis show that
neither the LaMnOs-type [35] characteristic of structural
distortion nor the CaFeOs-type disproportionation re-
action 2Fe** (3 el) — Fet=0(t3 el ™) + Fetto(t3 el~°)
characteristics of narrow band electrons [36, 37] are
present in SryFesO11. It is worth to note that Fe ions
in SrFeQs; is the typical example for HS Fe**t ions. But
the expected JTD is not observed down to very low tem-
perature. The non-observation of JTD in SrFeQOgj is inter-
preted to the presence of metallic behavior, broad band
features at the valence band, and the deep lying nature of
the Fe 3d levels. The cooperative JTD is very active for
a pure ionic system with localized electrons. The system
with broad band features and finite covalent characteris-
tics it is not necessary to have active JTD. Also, for the
current system the presence of orthorhombic distortion
already lift the degeneracy of the e, states. However, we
found that the FeOg octahedron in SryFe;Oq1 is com-
pressed with two short (Fe—O distance 1.93 A) and four
long (Fe—O distance 2.05 A) Fe—O bonds. This distor-



tion is suggestive of a localized Jahn-Teller effect and
therefore a HS Fe2 cation in an octahedral environment.

It is worth to analyze the reasons behind why different
experimental conclusions arrived about, spin-state, va-
lence, and coordination of different Fe ions in SryFesOq;.
The °"Fe ME at room temperature was fitted with two
symmetrical doublets which were assigned to Fe3* and
Fe*T on the basis of the isomer shift, quadrupole splitting
and linewidth.[30, 31] The low saturation magnetic field
of 46 T for Fe3* in SryFe;O1; was used to argue [31] for
a low coordination despite an isomer shift more typical
of octahedral coordination. If the HFF is closer to 33 T,
it can be interpreted to the value for the HS Fe?* con-
figuration with some degree of covalency. [16, 18] The
observed HFF of 46 T is comparable to the value of
43 T in SroFesO5 where the Fe ions are present in the
3+ state. [38] This lead the experimentalist to believe
that Fe3T ions are responsible for the AF ordering in
SryFe O11. It is important to note that the HFF at each
site is depend on the magnetic field acting at each site.
It will not give directly the information about the coordi-
nation number of site and also the amount of electrons at
each site. Hence, it is not possible to assign the valence
state of ions based on HFF alone.

The behavior of the other Fe is unusual since no re-
solved hyperfine splitting could be observed.[14, 21, 31]
Based on the results from x-ray diffraction and ME mea-
surements Takano et al.[21, 32] concluded that Fe'* HS
ions reflect a residual disorder and responsible for the
broad background in the ME spectrum. However, our
detailed analysis below indicates magnetic frustration,
which is also evident in the large differences between sus-
ceptibility data from the field cooled and zero field cooled
measurements.[15, 24] This magnetic behavior is much
like that of a spin-glass transition as observed in a vari-
ety of Fe-containing perovskite-derived oxides. Example,
in the magnetically dilute SaAFeBOg (A=Sr,Ca,Ba; B
= Nb,Sb, Ta) systems where it is believed [39-41] that
competing nearest-neighbors and next-nearest-neighbors
exchange interactions prevent the development of long-
range magnetic order.

Now we try to understand why the HFF at the Fe2° in
the 4+ state is comparable with that in SroFe,Os5 where
Fe is in the 3+ state. The calculated Fe-O bond length at
the octahedral coordination is between 1.93—2.05 A for
SryFe 011 and these values are comparable with that in
SroFe;O5 where the Fe-O bond length at the octahedral
coordination is between 1.94 to 2.028 A [17] The valence
state of ions will decide only the number of electrons
at each site. But, the magnetic moment at each site is
depend on the degree of localization and the exchange
splitting those are decided by the bonding interaction
between the atoms and hence the bond length. So, the
HFF for the Fe24t in SryFe 01 is comparable with Fe3+
in SroFesO5 that misled to experimentalist to arrived at
wrong conclusion.

TABLE II: Total energy (relative to the lowest energy state
in meV/fu.) in SryFe,O1; for the Para, Ferro, and A—, C—,
and G— AF phases obtained from VASP-PAW method.

C—AF| A-AF| G-AF
7573 | 1279 | 0.0

Para
4099.8 |

Ferro |
3365.6|

A. DMagnetic structure

Magnetic exchange in perovskite-like oxides is gener-
ally assumed to take place by superexchange [42] and/or
double exchange. [43] This involves exchange between
magnetic ions with the nearest neighbors oxygen and
leads to an antiparallel/parallel alignment. Such re-
liance of magnetic exchange upon anion coupling of
two magnetic ions implies that oxygen nonstoichiometry
should produce alternation of the magnetic properties of
SryFe O1:1. For instance, it can be imagined that anion
vacancies would tend to decouple the exchange interac-
tion and in SryFe 017 it will introduce equal amount of
Fe3* and Fe*t which results in the introduction of ferro-
magnetic double exchange also in to the system.

Based on the inter-plane and intra-plane exchange in-
teractions of magnetic ions in perovskite-like oxides one
often arrive ferromagnetic, A-AF, C-AF or G-AF order-
ing. [44] In order to arrive the ground state magnetic
structure of SryFe;O1; we have made total energy calcu-
lations for different magnetic configurations. The calcu-
lated total energy for SryFe,Oq; in different magnetic
configurations with reference to the ground state are
given in Table II. From this table it is clear that we have
gained large energy when we introduce antiferromagnetic
ordering into the system. We found the G-AF magnetic
structure is the ground state for SryFe;O11 where we have
AF ordering within plane as well as between the planes.
Further, the A-AF ordering is only 128 meV /f.u. higher
in energy than the G-AF configuration and this is as-
sociated with the possibility of having double exchange
interaction between Fe2°-03-Fel® within the plane. The
calculated magnetic moments at the Fe sites from differ-
ent magnetic configurations are not differ much and in
particular we arrive always smaller moment at the Fel?
site than the Fe2° (see Table III). Interestingly we found
large moment of around 0.17 pp in all the oxygen sites
which results higher total moment in the ferromagnetic
configuration.

The ME measurements [13, 15, 21, 31] and NPD mea-
surements [14, 15, 24] indicated that only one sublattice
orders antiferromagnetically. The observed magnetic re-
flections in the NPD has been fitted to two magnetic
models described using the Cm’m’m’ and Cmm’m’ Shub-
nikov groups. [15] In the Cm'm’m’ model the magnetic
moments of Fel® are aligned along the [010] direction
where the AF coupling is facilitated by a superexchange
interaction via O1. In contrast, for the Cmm’m’ Shub-
nikov group, magnetic moments are permitted on both
F1° and Fe2° sites as we have arrived at lowest energy



TABLE III: Calculated magnetic moment (in pp/atom) per
Fe atom for SrsFe;O1; in the ferromagnetic (FM) and antifer-
romagnetic phases. The total moment (Total) represent the
total magnetic moment per formula unit.

Configuration Fel Fe2 Total
Ferro 2.78 3.26 13.92
A-AF 3.00 3.49 0.0
C-AF 2.80 3.30 0.0
G-AF 2.91 3.57 0.0
G-AF (FP-LAPW) 2.83 3.53 0.0
Exp.[15] 3.55 0.0
Exp.[24] 3.3 0.0

in the present study (see Fig. 6). In this magnetic model
the superexchange interaction will take place via both
O1 and O2. However, to be consistent with the observed
magnetic peak intensities and the ME data which indi-
cate only one magnetically ordered site, the moment at
one of the site has to be zero. If the moment on Fe® site
is zero and the magnetic moment is constrained to be
along [010], the AF would most likely be facilitated by a
superexchange interaction via O2.

Hodges et al.[14] placed Fe't and Fe3* ions on the
square-pyramidal and octahedral sites respectively, based
on bond strength calculations, which favor the Cmm’m’
magnetic structure. Schmidt et al. discussed that for
complex oxides a bond-strength sum for an individual site
is not meaningful and criticized the magnetic structure
proposed based on bond strength calculations. Based
on the argument that the Fe?* state in Sr-Fe-O com-
pounds has so far only been found to occupy octahedral
site,[13, 45-47] Schmidt et al concluded that Fe** occu-
pies the pyramidal site and Fe*t in the octahedral site.
This assignment favors the Cm’m’m’ model. However,
their conclusion is inconclusive due to their statement
that ”the conclusions drawn from this particular model
can be easily be applied to the Cmm’m’ model since the
F1 and Fe2 sublattices have similar topology”. Also, the
refined moment with both the model yield almost the
same moment.

In accordance with the reported ME data and the low
temperature NPD magnetic reflections, a magnetic struc-
ture was recently proposed [24] which only involved long
range magnetic ordering of Fe2° atoms. The magnetic
structure for SryFe Oq; is given in Fig. 6. This magnetic
structure show the presence of strong AF Fe2°-O-Fe2°
superexchange interactions within the one dimensional
chains of vertex-linked Fe2°Og-octahedra along [010] (see
also Fig. 5). There are no direct Fe2°-O-Fe2° interactions
within the zz planes, whereas week Fe2°-O-0-Fe2° inter-
actions possibly occurs resulting the observed magnetic
ordering. Our calculations show that the apical oxygens
at both octahedral and square pyramid sites are posses
noticeable magnetic moment of around 0.13 pp. It is in-
teresting to note that, though the interatomic distance
between the apical oxygen and the Fe at the octahedral

sites is shorter than the distance between Fe and the oxy-
gen at the base, the apical oxygens have larger moment
indicate that the superexchange path is along the Fe and
apical oxygen (similar conclusion arrived also from the
orbital ordering analysis discussed above). This would
explain why we have AF exchange interaction between
Fe2° along [010].

Even though our calculation show 2.83 pp moment
at the Fel® site, both NPD [15, 24] and ME measure-
ments [14, 21, 31] unable to show finite moment at that
site. Now we will try to understand the microscopic ori-
gin behind this observation. Each Fel? is surrounded by
four nearest neighbors Fe2° atoms within the xz planes,
for which two of the resulting Fel®-0O3-Fe2° exchange in-
teractions are ferromagnetic and the remaining two are
AF. Hence, the magnetic moments of Fel® site become
topologically frustrated within the G-AF Fe2° sublattice.
Hence, experimentally unable to find any long range or-
dering for the magnetic moments at the Fel® atoms.

It is interesting to understand why Fe2° first ordered
antiferromagnetically instead of Fel®. The angle between
Fel®-O1-Fel® is exactly 180° which will results antifer-
romagnetic superexchange interaction between the Fel?
along [010] (i.e. the 'bow-ties’ placed in spaces between
every four octahedron chains running along the b axis will
have AF ordering). Compared with the value of magnetic
moment at the Fe2¢ site, the moment at the Fel® site is
small and hence the exchange interaction between Fe2°
will be larger than that between Fel®. Consistent with
this view point our calculated Lichtenstein’s exchange in-
teraction parameter (J;;) from TB-LMTO program be-
tween Fe2 is 56 meV and it is higher than that between
Fel (41 meV). Hence, Fe2° will prefer to order first.

Our total energy calculation show that among the con-
sidered magnetic configurations, the G-AF ordering is
found to be the ground state for SryFesO1;. We have
made additional total energy calculations with the mag-
netic configuration where Fel® is nonmagnetic (in order
to mimic some of the experimental interpretations) and
Fe2° with G-AF ordering. Interestingly we are able to
stabilize such configuration with good convergence. How-
ever, this solution is found to be 1.85 eV/f.u. higher
in energy than the ground state configuration. Hence,
theory rules out the possibility of having nonmagnetic
Fel® in SryFe O11. In this system, owing to the compe-
tition between the ferromagnetic and antiferromagnetic
interactions in the Fel® sublattice (i.e. Fel®-O1-Fel® is
superexchange AF interaction and Fel®-03-Fe2° is dou-
ble exchange ferromagnetic interaction) created frustra-
tion resulting non-observation of long range magnetic
ordering at Fel® site. As a result, this compound can
be visualized as a ”phase separated” system with two
phases, one consists of G-AF ordered FeOg octahedra in
a SrFeOgs-like sublattice and the other consists of spin-
glass-like magnetically ordered FeOs square pyramids in
a SroFeoOj-like sublattice.

As a summary, the magnetic structure of SryFe ;01
can be visualized as follows. Below the Neel tempera-



ture of 230K, the Fe2 sublattice forms an antiferromag-
netic spin structure, with the coupling mediated by Fe2-
02-Fe2 superexchange interactions parallel to the [010]
direction and Fe2-03-03-Fe2 super-superexchange inter-
actions within the zz-planes. Each Fel will then have
two Fe2 neighbors with “up” spin magnetic configura-
tion and two with “down” spin magnetic configuration.
Irrespective of whether the Fel-O-Fe2 superexchange in-
teractions are F or AF, the Fel magnetic moments will
be topologically frustrated due to the opposite spin align-
ments of the nearest-neighbors Fe2 cations resulting no
long range order in reality.

B. Conclusions

The optimized structural parameters for SryFe,O1; are
found to be in good agreement with the low temperature
NPD results. Though NPD and ME measurements un-
able to show magnetic moment at one of the Fe site, the
susceptibility study at FC and ZFC indicate the presence
of finite moment at both the Fe sites. Using accurate
density functional calculations we have shown that large
magnetic moments present at both the Fe sites. As our
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calculation show large magnetic moment at the Fel site,
the non-observation of long range magnetic ordering in
Fel site is associated with the spin-glass-like behavior.
The origin for the magnetic frustration in SryFe,;O11 has
been analyzed. Among the experimentally reported dif-
ferent possibilities, the present calculation suggest that
Fe3T are in the square pyramid site and Fe** are in the
octahedral site. The spin-state of Fe** can be assigned
as HS state and the calculated moment at the Fe?t site is
higher than LS state and lower than HS state. Within the
experimentally suggested two magnetic structures based
on the Cmm’m’ and the Cm’m’m’ Shubnikov groups, we
confirmed that Cmm’m’ is more appropriate to describe
the magnetic structure. The unusual magnetic proper-
ties of SryFe 011 can be related to the crystal structure
and charge order of the Fe*™ and Fe?* cations.
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