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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 ransition 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.I. All rights reserved.
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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- YBaMn20s (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 dengity 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
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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 Qtom at 0K) for YBMO, SFO,
Spin—orbit coupling is included directly in the Hamiltonian 2" €O i 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(1) 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 are.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-corep>Fe 4, 4p, and 3/, and O Among the paramagnetic (P), F, and AF configura-
2s, 2p, and 3l for SFO, and Ca4 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  ijon 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 (38Y
accordance with experimental findinf§s-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].

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 hence¢h®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 Mr+ 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 M+
Mn3t—0(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

(d)

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 oftMn

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 betweelheV 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 thel,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 kad
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'eg; 2uB)

state or in a low-spin (Lségeg; 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 % 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 (2.04A) 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. Cax3C0p

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 studji 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 stipwjs
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 Trable 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 Ct" in LS (d°; tggeg) state and Co(2)

is Co** in HS (d@; 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 anticipatefP1]. 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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Fig. 3. The site- and angular momentum-projected density of states for Co(1) and Co(2)Q@d,Oa The Cos and p partial DOSs are only about
10% of thed states shown.

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 thieorbitals 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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