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In the isostructural oxides Ca3CoMO6 (M = Co, Rh, Ir), the CoMO6 chains made up of face-sharing CoO6 trigonal prisms
and MO6 octahedra are separated by Ca atoms. We analyzed the magnetic and electronic properties of these oxides on
the basis of density functional theory calculations including on-site repulsion and spin-orbit coupling, and examined the
essential one-electron pictures hidden behind results of these calculations. Our analysis reveals an intimate interplay
between Jahn-Teller instability, uniaxial magnetism, spin arrangement, metal-metal interaction, and spin-orbit coupling
in governing the magnetic and electronic properties of these oxides. These oxides undergo a Jahn-Teller distortion, but
their distortions are weak, so that their trigonal-prism Conþ (n = 2, 3) ions still give rise to strong easy-axis anisotropy along
the chain direction. As for the d-state split pattern of these ions, the electronic and magnetic properties of Ca3CoMO6 (M =
Co, Rh, Ir) are consistent with d0 < (d2, d-2) < (d1, d-1) but not with (d2, d-2) < d0 < (d1, d-1). The trigonal-prismCo3þ ion
in Ca3Co2O6 has the L = 2 configuration (d0)

1(d2, d-2)
3(d1, d-1)

2 because of the metal-metal interaction between
adjacent Co3þ ions in each Co2O6 chain, which is mediated by their z

2 orbitals, and the spin-orbit coupling of the trigonal-
prism Co3þ ion. The spins in each CoMO6 chain of Ca3CoMO6 prefer the ferromagnetic arrangement for M = Co and Rh
but the antiferromagnetic arrangement for M = Ir. The octahedral M4þ ion of Ca3CoMO6 has the (1a)

1(1e)4 configuration
for M =Rh but the (1a)2(1e)3 configuration forM = Ir, which arises from the difference in the spin-orbit coupling of theM4þ

ions and the Co 3 3 3M metal-metal interactions.

1. Introduction

For amagnetic systemwith transition-metal ions exhibiting
uniaxial (i.e., Ising) magnetism, the ions have an unevenly
filled degenerate d-state so that the ΔJz value of the lowest-
lyingKramer’s doublet state is greater than 1.1However, such
a system has Jahn-Teller (JT) instability2 and the associated
JT distortion may lift the d-state degeneracy causing the
uniaxial magnetism. Thus, a true uniaxial magnetism is
not possible unless a JT distortion is prevented by steric
hindrance.3 Indeed, uniaxial magnetism and JT instability
were found to compete in the magnetic oxide Ca3CoMnO6,

4

which consists of theCoMnO6 chainsmadeupof face-sharing
CoO6 trigonal prism (TP) andMnO6octahedron (OCT) units
(Figure 1). In the room-temperature structure of Ca3Co-
MnO6,

5 each CoMnO6 chain has a 3-fold rotational symme-
try, C3, so that the high-spin Co2þ (d7) ion at each TP CoO6

has the d-electron configuration (d0)
2(d2, d-2)

3(d1, d-1)
2,

giving rise to both JT instability and uniaxial magnetism.
Here we use the local coordinate system in which the z-axis is
taken along the CoMO6 chain (i.e., the crystallographic c-
direction), so that the d0 orbital is equivalent to the z2 orbital,
the degenerate (d2, d-2) set to the (x2-y2, xy) set, and the
degenerate (d1, d-1) set to the (xz, yz) set (Figure 2a).1

Ca3CoMnO6 is regarded to have uniaxial spins,6 but first
principles density functional theory (DFT) calculations
showed4 that Ca3CoMnO6 should undergo a JT distortion
removing the C3 symmetry and hence cannot be truly
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uniaxial, although it has strong magnetic anisotropy with the
easy axis along the CoMnO6 chain.
The magnetic oxides Ca3CoMO6 (M=Co,7 Rh,8 Ir9), iso-

structural with Ca3CoMnO6,
5 belong to the family of hex-

agonal perovskites.10 Due to the face sharing of the TP CoO6

andOCTMO6, the nearest-neighbor (NN) Co 3 3 3Mdistance
of theCoMO6 chain is short (i.e., 2.595, 2.682, and 2.706 Å for
M=Co, Rh, and Ir, respectively) so that the Co 3 3 3Mdirect
metal-metal interaction mediated by their z2 orbitals can be
substantial. (Here the NN Co 3 3 3 Ir distance of 2.706 Å is
taken from the structure of Ca3CoIrO6 optimized by DFT
calculations. See below.) The X-ray photoemission study11 of
Ca3CoMO6 revealed that the Co atoms of the TP CoO6 exist
as Co3þ ions for M=Co but as Co2þ ions for M=Rh and
Ir, and hence, theMatomsof theMO6octahedra exist asM

3þ

ions for M = Co but as M4þ ions for M = Rh and Ir. The
magnetic properties of Ca3CoMO6 (M = Co, Rh, Ir) show

that the TP Co atoms are present as high-spin ions, the
CoMO6 chains have uniaxial spins, and their intrachain
spin arrangement is ferromagnetic (FM) for M = Co12-14

and Rh,15 and the same is presumed to be true for M= Ir.16

The electronic and magnetic properties of Ca3CoMO6 (M=
Co, Rh, Ir) have been investigated in a number of DFT
studies.17-25

It has been well established that the d-states of a transition
metal ion at an isolated TP site with C3 rotational symmetry
are split as d0 < (d2, d-2) < (d1, d-1).

26 This leads to L= 0
configuration (d0)

2(d2, d-2)
2(d1, d-1)

2 (Figure 3a) for an
isolated TP high-spin Co3þ (d6) ion, hence predicting the
absence of uniaxial magnetism. Thus, it was concluded1 that
the TP Co3þ ion of Ca3Co2O6 should have the L = 2
configuration (d0)

1(d2, d-2)
3(d1, d-1)

2 (Figure 3b) due to
the interaction between the z2 orbitals of adjacent TP and

Figure 1. (a) Projection viewof the crystal structure ofCa3CoMO6along
the c-direction. (b) Perspective viewof an isolatedCoMO6 chain. Thegray,
purple, blue, and red balls represent Ca, Co,M, andOatoms, respectively.

Figure 2. Shapes and relative energies of (a) the d-states of the CoO6

trigonal prism and (b) the t2g-states of the CoO6 octahedron of Ca3Co2O6

obtained from extended H€uckel tight-binding calculations.

Figure 3. High-spin electron configurations expected for the Co3þ (d6)
and Co2þ (d7) ions at a trigonal prism site when the d-state split pattern is
givenbyd0<(d2, d-2)<(d1, d-1) in (a), (b), and (e), andby (d2, d-2)<d0
< (d1, d-1) in (c) and (d).
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OCT Co3þ ions. In the DFT study of Ca3Co2O6 by Wu
et al.,21 spin-orbit coupling (SOC) interactions were found
essential for the occurrence of the L = 2 configuration
(d0)

1(d2, d-2)
3(d1, d-1)

2; the TP Co3þ ion has the (d0)
1(d2,

d-2)
3(d1, d-1)

2 configuration if SOC interactions are in-
cluded, but the (d0)

2(d2, d-2)
2(d1, d-1)

2 configuration other-
wise. Nevertheless, they assumed the split pattern of the TP
Co3þ ion to be (d2, d-2) < d0< (d1, d-1), which leads to the
L=2 configuration (d2, d-2)

3(d0)
1(d1, d-1)

2 (Figure 3c) even
if the SOCeffect is not included. Furthermore, Burnus et al.27

employed this L = 2 configuration for the TP Co3þ ion
to interpret their X-ray absorption and X-ray magnetic
dichroism data of Ca3Co2O6, and concluded that the d0 <
(d2, d-2) < (d1, d-1) pattern is incorrect for the TPCo3þ ion.
However, the (d2, d-2) < d0 < (d1, d-1) split pattern gives
rise to serious conceptual difficulties. First, for a transition
metal atomsurroundedbyoxygen ligands, the split pattern of
its the d-states is determined by how strong the antibonding
interactions between the metal nd and O 2p orbitals are.28

The z2 orbital of the TP Co3þ ion, being aligned along theC3

axis of the TP CoO6, overlaps least well with the 2p-orbitals
of the surrounding O atoms. As a consequence, the d0 level
should be the lowest-lying state of the TP Co d-states
(Figure 2a) regardless of whether the TP ion is Co3þ or
Co2þ, so that the (d2, d-2)<d0<(d1, d-1) split pattern cannot
be correct. Second, the (d2, d-2)<d0< (d1, d-1) split pattern
cannot explain the uniaxial magnetism of Ca3CoRhO6,
because it gives rise to the L = 0 configuration (d2, d-2)

4-
(d0)

1(d1, d-1)
2 for the TP Co2þ (d7) ion (Figure 3d). In

contrast, the d0< (d2, d-2) < (d1, d-1) split pattern gives
the L= 2 configuration (d0)

2(d2, d-2)
3(d1, d-1)

2 (Figure 3e),
and the latter is consistent with the density functional cal-
culations for Ca3CoRhO6 byWu et al.25 In interpreting their
X-ray absorption and X-ray magnetic dichroism data of
Ca3CoRhO6, Burnus et al.

29 used the d0<(d2, d-2)<(d1,
d-1) pattern for the TP Co2þ ion and suggested that the d0
state is nearly degenerate with the (d2, d-2) states.
The above discussion raises several important questions:

(a) It is necessary to determine whether or not the spins of the
CoIrO6 chains in Ca3CoIrO6 have the FM arrangement as
found in Ca3Co2O6 and Ca3CoRhO6. (b) In all three oxides
Ca3CoMO6 (M=Co, Rh, Ir), the TPConþ (n=2or 3) ions
possess the L = 2 electron configuration. Thus, Ca3CoMO6

(M = Co, Rh, Ir) should be susceptible to JT instability as
found for Ca3CoMnO6.

4 It is important to examine how
strong their JT distortions can be. (c) Concerning the d-state
split pattern of a transition-metal ion at a TP site, it is
controversial whether the d0 < (d2, d-2) < (d1, d-1) or (d2,
d-2) < d0 < (d1, d-1) pattern is correct. It is desirable to
determine if the split pattern depends on the charge of the TP
Conþ (n = 2, 3) ion as reported in the studies of Burnus
et al.27,29 and/orwhether the d0 state is nearly degeneratewith
the (d2, d-2) states as suggested by Burnus et al.29 (d) In
Ca3CoMO6 (M=Rh, Ir), the OCTM4þ ions might exhibit
SOC effects because of their open-shell electron configuration

(t2g)
5. It is interesting to examine if the SOC effects of these

ions affect the electronic and magnetic structures of Ca3Co-
MO6. In the present work, we investigate these questions on
the basis of DFT calculations for Ca3CoMnO6 (M = Co,
Rh, Ir). Results of our study are presented in what follows.

2. Calculations

To optimize the crystal structures of Ca3CoMO6 (M=Co,
Rh, Ir) in the presence andabsence ofC3 rotational symmetry,
we employed the projector augmented wave (PAW) method
encoded in the Vienna ab initio simulation package (VASP)30

with the local spin density approximation (LSDA). To
properly describe the electron correlation associated with
the d-states of transition metal atoms, the LSDA plus on-site
repulsion U (LSDAþU) method was adopted.31 In addition,
SOC effects32 were considered by performing LSDAþUþ
SOC calculations with the spins oriented parallel and perpen-
dicular to the CoMO6 chain direction (hereafter the ||c- and
^c-spin orientations, respectively). The convergence thresh-
old for our LSDAþUþSOC calculations was set to 10-5 eV
in energy and 10-2 eV/Å in force with the plane-wave cutoff
energy of 400 eV and a set of 3 � 3 � 3 k-points for the
irreducible Brillouin zone. For Ca3CoIrO6, only the cell
parameters have been reported.33 Therefore, we determined
the atomic positions of Ca3CoIrO6 by optimizing the crystal
structure on the basis of LSDAþUþSOC calculations. This
optimization leads to two kinds of structures for each Ca3-
CoMO6 (M = Co, Rh, Ir), namely, one with high orbital
moment (μL) and the other with low μL, on the TPConþ (n=
2, 3) ions. As found for Ca3CoMnO6,

4 the CoMO6 chains of
Ca3CoMO6 have the C3-rotational symmetry in the high-μL
structure, but do not in the low-μL structure. The geometry
optimizationwithLSDAþUþSOCcalculations is carriedout
with no symmetry constraint, so it is generally difficult to have
the calculations converge to the high-μL structure.
In discussing the spin and orbital moments of the TP and

OCT ions of Ca3CoMO6 (M = Co, Rh, Ir) as well as their
density of states (DOS), we have carried out LSDAþUþSOC
calculations for the experimental and the optimized structures
of Ca3Co2O6 and Ca3CoRhO6 and for the optimized struc-
ture of Ca3CoIrO6 by using the full-potential linearized
augmented plane wave (FPLAPW) method34 encoded in
theWIEN2k package,35 5� 5� 5 k-points for the irreducible
Brillouin zone, the threshold of 10-5 Ry for the energy
convergence, the cutoff energy parameters of RKmax = 7
and Gmax = 12, and the energy threshold of -9.0 Ry for the
separation of the core and valence states.
For the effective on-site repulsionUeff =U- J (where J is

the Stoner intra-atomic parameter) needed for the geometry
optimization with the LSDAþUþSOC (VASP) calculations,

(27) Burnus, T.; Hu, Z.; Haverkort, M. W.; Cezar, J. C.; Flahaut, D.;
Hardy, V.; Maignan, A.; Brookes, N. B.; Tanaka, A.; Hsieh, H. H.; Lin,
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63, 205111.
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we usedUeff= 4 eV onCo for Ca3Co2O6,Ueff= 4 eV onCo,
andUeff = 2 eV for Rh and Ir for Ca3CoMO6 (M=Rh, Ir).
(We note that, for LSDAþU and LSDAþUþSOC calcula-
tions, only the differenceU- J=Ueff matters for the calcula-
tions.) These parameters are quite similar to those employed
by Wu et al. in their DFT studies of Ca3Co2O6

21 and
Ca3CoRhO6.

25 We also employed these parameters for our
LSDAþUþSOC (WIEN2k) calculations on Ca3CoMO6

(M = Co, Rh, Ir) to find that the use of Ueff = 4 and 2 eV
on Co and M, respectively, does not lead to magnetic
insulating states for Ca3CoMO6 (M=Rh, Ir) but the use of
Ueff=4 eVonbothCo andMdoes.Hereafter, theUeff values
onCo,Rh, and Irwill be designatedasUeff(Co),Ueff(Rh), and
Ueff(Ir), respectively.
Possible ordered spin arrangements for eachCoMO6 chain

of Ca3CoMO6 (M = Co, Rh, Ir) include the FM (i.e., vvvv),
antiferromagnetic (AFM) (i.e., vVvV), and vvVV arrangements. It
should be noted that the AFM state represents a ferrimag-
netic arrangement in each CoMO6 chain because the mag-
neticmoments of theCo andM sites are different (see below).
In our calculations, the spin arrangement between adjacent
CoMO6 chains is assumed to be FM.

3. Magnetic Ground States of Ca3CoM6 (M=Co, Rh, Ir)

Our WIEN2k calculations show that, for Ca3Co2O6, a
magnetic insulating state can be obtained at the LSDAþU
and LSDAþUþSOC levels of calculations, but the LSDAþ
UþSOC level of calculations are necessary to obtain the
L=2 configuration (d0)

1(d2, d-2)
3(d1, d-1)

2 for the TPCo3þ

ion, as found by Wu et al.21 For both Ca3CoRhO6 and
Ca3CoIrO6, amagnetic insulating state is obtainedonly at the
LSDAþUþSOC level of calculations. Our LSDAþUþSOC
calculations reveal that only the FM state is stable for the
experimental structure of Ca3Co2O6, while both the FM and
vvVV states are stable for the experimental structure of Ca3-
CoRhO6. The FM state is more stable than the vvVV state by
308 meV per formula unit (FU) from calculations with
Ueff(Co) = 4 eV and Ueff(Rh) = 2 eV, and by 422 meV/
FU from calculations withUeff(Co) =Ueff(Rh) = 4 eV. For
the optimized structure of Ca3CoIrO6 with C3 symmetry,
only the AFM state is stable as long as Ueff(Co) g Ueff(Ir) in
LSDAþUþSOC calculations. When Ueff(Co) < Ueff(Ir),
LSDAþUþSOC calculations lead to a stable FM state, but
the FM state is less stable than the AFM state (e.g., by 39
meV/FU with Ueff(Co) = 3.5 eV and Ueff(Ir) = 4.0 eV).

4. Jahn-Teller Distortion and Magnetic Anisotropy

To see whether Ca3CoMO6 (M= Co, Rh, and Ir) under-
goes a JT distortion, all the structures of Ca3CoMO6 (M=
Co, Rh, and Ir) were optimized by performing LSDAþ
UþSOC (VASP) calculations with the ||c-spin orientation
for their FM states. In the geometry optimizations, the cell
parameters were fixed at the experimental values, but the
atompositions were allowed to relax with andwithout theC3

rotational symmetry for each CoMO6 chain. The atom
positions of the optimized structures of Ca3CoMO6 (M =
Co, Rh, Ir) are summarized in Tables S1-S3 of the Support-
ing Information.
The relative energies of the experimental and optimized

structures of Ca3CoMO6 (M=Co, Rh, Ir) obtained by
LSDAþUþSOC (VASP) calculations are summarized in
Table 1, and the spin and orbital moments (μS and μL,

respectively) of the TP and OCT transition-metal ions of
Ca3CoMO6 (M = Co, Rh, Ir) obtained by the LSDAþ
UþSOC (WIEN2k) calculations are shown in Tables 2-4.
For the optimized structure with C3 rotational symmetry, the
orbital moment on the TP Conþ ion is large (i.e., μL = 1.48,
1.68, and 1.69 μB for M = Co, Rh, and Ir, respectively).
However, for the optimized structure without C3 symmetry,
the orbital moment on the TP Conþ ion is smaller (i.e., μL =
0.47, 0.60, and 0.30 μB forM=Co, Rh, and Ir, respectively).
(The spin and orbital moments of the OCT sites will be
discussed in section 6.) For each Ca3CoMO6 (M = Co, Rh

Table 1. Relative Energies ΔE (meV/FU) of the Experimental and Optimized
Structures of Ca3CoMO6 (M = Co, Rh, Ir) Obtained from the LSDAþUþSOC
Calculations Using the PAW Method of the VASP with Ueff = 4 eV for Co and
Ueff = 2 eV for M = Rh and Ira

geometry used Ca3Co2O6 Ca3CoRhO6 Ca3CoIrO6

experimental with C3 axis 94.3 65.7
optimized with C3 axis 65.5 35.2 139.8
optimized with no C3 axis 0.0 0.0 0.0

aFor each Ca3CoMO6 (M = Co, Rh, Ir), the optimization was
carried out for the FM state.

Table 2. Spin and Orbital Moments (μS and μL, Respectively) of the TP and OCT
Co3þ Ions in the FM State of Ca3Co2O6 Obtained from the LSDAþUþSOC
(WIEN2k)a Calculations with Ueff(Co) = 4 eVb,c

Co3þ (TP) Co3þ (OCT)

geometry used μS (μB) μL (μB) μS (μB) μL (μB)

experimental with C3 axis 2.94 1.58 0.08 0.18
optimized with C3 axis

a 2.94/2.94 1.48/1.48 0.16/0.16 0.05/0.05
optimized with no C3 axis 2.92/2.89 0.31/0.45 0.02/0.02 0.03/0.02

aOur LSDAþUþSOC (WIEN2k) optimization converges to the
structure with no C3-rotational symmetry. The numbers listed are
obtained from our LSDAþUþSOC (VASP) optimization. bThe orbital
and spinmoments have the same directionwhen they have the same sign,
and the opposite directions otherwise. cThere are two slightly different
TP Co atoms as well as two slightly different OCT Co atoms in the
optimized structures with or without C3 symmetry.

Table 3. Spin and Orbital Moments (μS and μL, Respectively) of the TP Co2þ and
OCT Rh4þ Ions in the FM State of Ca3CoRhO6 Obtained from the
LSDAþUþSOC (WIEN2k) Calculations with Ueff (Co) = Ueff (Rh) = 4 eVa,b

Co2þ (TP) Rh4þ (OCT)

geometry μS (μB) μL (μB) μS (μB) μL (μB)

experimental with C3 axis 2.71 1.76 0.49 0.01
optimized with C3 axis 2.69/2.69 1.76/1.76 0.59/0.59 0.01/0.01
optimized with no C3 axis 2.64/2.64 0.50/0.50 0.31/0.31 0.01/0.01

aThe orbital and spin moments have the same direction when they
have the same sign, and the opposite directions otherwise. bThere are
two slightly different TP Co atoms as well as two slightly different OCT
Co atoms in the optimized structures with or without C3 symmetry.

Table 4. Spin and Orbital Moments (μS and μL, Respectively) of the TP Co2þ and
OCT Ir4þ Ions in the AFM State of Ca3CoIrO6 Obtained from the
LSDAþUþSOC (WIEN2k) Calculations with Ueff (Co) = Ueff (Ir) = 4 eVa,b

Co2þ (TP) Ir4þ (OCT)

geometry used μS (μB) μL (μB) μS (μB) μL (μB)

optimized with C3 axis 2.62/2.62 1.77/1.77 -0.43/-0.43 -0.51/-0.51

optimized with no C3 axis 2.62/2.62 0.57/0.72 -0.44/-0.44 -0.54/-0.54

aThe orbital and spin moments have the same direction when they
have the same sign, and the opposite directions otherwise. bThere are
two slightly different TP Co atoms as well as two slightly different OCT
Co atoms in the optimized structures with or without C3 symmetry.
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or Ir), the optimized structure without C3 symmetry is more
stable than that with C3 symmetry (i.e.,ΔE=65.5, 35.2, and
139.8 meV/FU for M = Co, Rh, and Ir, respectively). This
shows that the structural change ofCa3CoMO6 (M=Co,Rh
or Ir), from the structurewithC3 symmetry to that withoutC3

symmetry, is a JT distortion. Figure 4 shows the atom
displacements involved in the JT distortions of Ca3CoMO6

(M= Co, Rh, Ir), with respect to the experimental structure
for M = Co and Rh, and with respect to the optimized
structure with C3-rotational symmetry for M=Ir. In Ca3-
Co2O6 with TP Co3þ ions, the largest displacement (0.064 Å)
is found for one of the O atoms with a smaller displacement
for the TP Co atom (i.e., 0.027 Å). In Ca3CoRhO6 and
Ca3CoIrO6 with TP Co2þ ions, however, the TP Co atom
shows the largest displacement (i.e., 0.064 and 0.051 Å,
respectively). A probable cause for this difference is discussed
in section 7.
An important consequence of the JT distortion is that the

orbital moments of the TP Conþ ions are reduced by the JT
distortion but the JT distortions are not strong enough to
completely quench the orbital angular moment of Conþ

(Tables 2-4). As found for Ca3CoMnO6,
4 therefore, the

oxidesCa3CoMO6 (M=Co,Rh, Ir) cannot possess a genuine
uniaxial magnetism. We investigate the preference of their
spin orientation by performing LSDAþUþSOC (WIEN2k)
calculations for the JT-distorted Ca3Co2O6, Ca3CoRhO6,
and Ca3CoIrO6 with ||c- and ^c-spin orientations. Our
calculations show that the ^c-spin orientation is less stable
than the ||c-spin orientation by 33, 26, and 27 meV/FU for
Ca3Co2O6,Ca3CoRhO6, andCa3CoIrO6, respectively,which
represent very strong easy-axis anisotropy. This renders the
observed anisotropic magnetic character to Ca3Co2O6, Ca3-
CoRhO6, and Ca3CoIrO6.

5. One-Electron Picture in DFTþUDescription: Analysis
of the Electronic Structure of Ca3Co2O6

In general, it is not straightforward to decipher a one-
electronpicture hidden behind the results ofDFT calculations
especially when the latter include effects of spin-polarization/

on-site repulsion.36 To estimate the energy separation Δ1

between d0 and (d2, d-2) as well as the energy separation Δ2

between (d2, d-2) and (d1, d-1) (see Figure 2a) of the TPCo3þ

ion inCa3Co2O6, onemayperformone-electron tight-binding
calculations for an isolated TP CoO6. The CoO6 TP found in
Ca3Co2O6 differs slightly from the ideal CoO6 TP in that the
two O3 triangular faces are not eclipsed but are rotated away
from each other around the C3 axis by the angle φ= 14.25�.
Our extended H€uckel tight-binding calculations37,38 for the
CoO6 TP show that Δ1 = 0.20 eV and Δ2 = 0.65 eV for the
CoO6 TP with φ=0�, whileΔ1 = 0.13 eV andΔ2= 0.74 eV
for the CoO6 TP with φ = 14.25�. (The atomic parameters
used for these calculations are summarized in Table S4 of the
Supporting Information.) Thus,Δ1 (0.13- 0.20 eV) is greater
than the typical SOC energy expected for 3d transition metal
oxides (i.e., less than 0.05 eV)39 by a factor of 3-4 and is
smaller than Δ2 only by a factor of 3-6. Consequently, the
correct d-state split pattern for the TP Conþ ions of Ca3Co-
MO6 should be d0 < (d2, d-2) < (d1, d-1) with Δ1 = 0.13-
0.20 eV andΔ2=0.65-0.74 eV. In the following, we examine
how this split pattern is manifested in the LSDAþU and
LSDAþUþSOC calculations for Ca3Co2O6.
As reported byWu et al.,21 our study for Ca3Co2O6 shows

that the TP Co3þ ion has the L = 2 configuration (d0)
1(d2,

d-2)
3(d1, d-1)

2 in the LSDAþUþSOC calculations but the
L=0 configuration (d0)

2(d2, d-2)
2(d1, d-1)

2 in theLSDAþU
calculations. This can be seen from the projected DOS plots
presented in Figure 5. To understand the switching of the
L= 0 configuration to the L= 2 configuration by the action
of SOC, it is necessary to consider three effects, that is, the spin
arrangement between adjacent TP and OCT Co3þ ions,1,40

the direct metal-metal interaction between them, and the
SOC on the TP Co3þ ion.21,40 It is convenient to discuss these
factors by considering an isolated dimer made up of adjacent
TP CoO6 and OCT CoO6, as pointed out elsewhere.40

We first consider the interaction between the z2 orbitals of
adjacent Co3þ ions. In a one-electron tight-binding descrip-
tion, the high-spin Co3þ (d6) ion of an isolated TP CoO6 has
the (d0)

2(d2, d-2)
2(d1, d-1)

2 configuration while the low-spin
Co3þ (d6) ion of an isolated OCT CoO6 has the (t2 g)

6

configuration. The OCT CoO6 in Ca3Co2O6 has C3 symme-
try, so the t2 g level is split into the 1a and 1e set as depicted in
Figure 2b. The z2 orbital of the TP Co3þ ion can interact
directly with the 1a orbital (i.e., the z2 orbital) of the OCT
Co3þ ion through the shared triangular face due to the very
short NNCo 3 3 3Co distance (2.595 Å). In describing such an
interaction at the spin-polarized DFTþU level, it should be
noted that one-electron energy levels given by tight-binding
calculations are split into the up-spin and down-spin levels by
the spin-polarization/on-site repulsion, as illustrated in
Figure 6. Thus, the L = 0 configuration (d0)

2(d2, d-2)
2(d1,

d-1)
2 of the TP Co3þ ion means that the LUMO of the TP

CoO6 is given by the (d2, d-2)V level. Therefore, if one of the
four electrons present in the two z2 orbitals of adjacent TP

Figure 4. Displacements of the atoms associated with the Jahn-Teller
distortions in themagnetic ground stateof (a) Ca3Co2O6, (b)Ca3CoRhO6,
and (c) Ca3CoIrO6 with respect to their positions of the experimental
structures for Ca3Co2O6 and Ca3CoRhO6 and with respect to their
positions of the optimized structure with C3 symmetry for Ca3CoIrO6.
The largest atom displacement is 0.044 Å in Ca3Co2O6, 0.064 Å in
Ca3CoRhO6, and 0.051 Å in Ca3CoIrO6. In each panel, the left side shows
a perspective view of the atomdisplacements in the CoMO6 chain, and the
right side the projection view (along the chain direction) of the atom
displacements in the CoO6 trigonal prisms and MO6 octahedra.

(36) Whangbo,M.-H.; Koo, H.-J.; Villesuzanne, A.; Pouchard, M. Inorg.
Chem. 2002, 41, 1920.

(37) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397.
(38) Our calculations were carried out by employing the SAMOA

(Structure andMolecular Orbital Analyzer) program package (this program
can be downloaded free of charge from the website, http://chvamw.chem.
ncsu.edu/).

(39) Mapps, F. E.; Machin, D. J. Magnetism and Transition Metal
Complexes; Chapman and Hall: London, 1973.

(40) Dai, D.; Xiang, H. J.; Whangbo, M.-H. J. Comput. Chem. 2008, 29,
2187.
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andOCTCo3þ ions is transferred to the (d2, d-2)V level of the
TP Co3þ ion, the resulting electron configuration of the TP
Co3þ ionwould be close to (d0)

1(d2, d-2)
3(d1, d-1)

2. The spins

of the TP and OCT Co3þ ions are assumed to have the FM
arrangement in Figure 7a, where the z2v and z2V levels of the
OCT Co3þ ion are split less than those of the TP Co3þ ion
because, to a first approximation, theOCT site has a low-spin
Co3þ ion whereas the TP site has a high-spin Co3þ ion. Since
bothTPandOCTsites haveCo3þ ions, themidpoint between
their z2v and z2V levels should be nearly the same. The highest
occupied level resulting from the z2 orbitals of the two Co3þ

ions is the σ*V level, inwhich theweight of theTP z2V orbital is
larger than the OCT z2V orbital because the former lies higher
in energy than the latter. In the DFTþU level of description,
the occupied σ*V level lies below the empty (d2, d-2)V level of
the TP Co3þ ion. The effect of the SOC interaction at the
TP Co3þ ion site is depicted in Figure 8a, where the SOC
splits the unoccupied degenerate level (d2, d-2)V into the d2V-
below-d-2V pattern since λ < 0 for Co3þ (d6). When the
unoccupied d2V level is lowered below the occupied σ*V level,
an electron transfer occurs from the σ*V level to the d2V level.
Since the σ*V level has a greater weight on the TP z2V orbital,
this charge transfer effectively amounts to the configuration
switch of the TPCo3þ from the L=0 configuration (d0)

2(d2,
d-2)

2(d1, d-1)
2 to the L= 2 configuration (d0)

1(d2, d-2)
3(d1,

d-1)
2. This is why the TP Co3þ ion has the (d0)

2(d2, d-2)
2(d1,

d-1)
2 configuration at theDFTþU level, but has the (d0)

1(d2,
d-2)

3(d1, d-1)
2 configuration at the DFTþUþSOC level.

This explanation is based on the d-state split pattern of
d0 < (d2, d-2) < (d1, d-1) for the TP Co3þ ion. If the TP
Co3þ ion were to have the (d2, d-2) < d0 < (d1, d-1) split
pattern (Figure 8b), the TP Co3þ ion would have the (d2,
d-2)

3(d0)
1(d1, d-1)

2 configuration in both DFTþU and
DFTþUþSOC levels of descriptions because the σ*V
level remains unoccupied regardless of whether or not
the singly occupied (d2, d-2)V level is split by the effect
of SOC.

Figure 5. Projected DOS plots for the z2, (x2-y2 þ xy) and (xz þ yz)
states of theTPandOCTCo3þ ions in theFMstate ofCa3Co2O6 obtained
from the LSDAþU and LSDAþUþSOC calculations by using the
FPLAPW method of the WIEN2k package, the experimental structure
of Ca3Co2O6, and Ueff(Co) = 4 eV.

Figure 6. Schematic representations of the high-spin electron config-
uration of the trigonal prism Co3þ (d6) in (a) the one-electron picture and
(b) the spin-polarized DFTþU level of description.

Figure 7. DFTþU level description of the orbital interactions between
the z2 orbitals of adjacentTPandOCTCo3þ ions inCa3Co2O6 that lead to
the σ and σ* orbitals when the spins of the two Co3þ sites have (a) a
ferromagnetic and (b) an antiferromagnetic arrangement.

Figure 8. Effect of the SOC at the TPCo3þ ion on the occupancy of the
σ*V level of a dimer unit consisting of two adjacent TPandOCTCo3þ ions
in Ca3Co2O6 for cases when the d-state split pattern of the TPCo3þ ion is
given by (a) d0< (d2, d-2)< (d1, d-1) and (b) (d2, d-2)< d0< (d1, d-1).
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6. Electronic Structures of Ca3CoMO6 (M = Rh, Ir)

The reason why Ca3CoMO6 (M = Rh, Ir) has Co2þ and
M4þ ions in the TP andOCT sites is that the Co 3d orbital lies
lower in energy, and ismore contracted, than theRh 4d and Ir
5d orbitals. Thus, the essential features of the direct metal-
metal interaction between the TP Co2þ and OCT Rh4þ ions,
which give rise to the configuration (z2)2(x2-y2, xy)3(xz, yz)2

for the TP Co2þ ion and the configuration (1a)1(1e)4 for the
OCT Rh4þ ion, can be understood in terms of the orbital
interaction diagram shown in Figure 9a. Here the two
adjacent ions have the FM arrangement, and the midpoint
between the z2v and z2V orbitals is placed higher in energy for
theM4þ (M=Rh, Ir) ion than that for the Co2þ ion, because
the Rh 4d and Ir 5d orbital is more diffuse, and lies higher in
energy, than the Co 3d orbital.38,41 The σ*V level (i.e., the
highest-lying level arising from the interactions between the z2

orbitals of adjacent Co2þ andM4þ site) has a larger weight on
the OCTM4þ ion so that the absence of an electron in the σ*V
level amounts to the (1a)1(1e)4 configuration for the OCT
M4þ ion.
The low-spin OCTM4þ (d5) ion of Ca3CoMO6 (M=Rh,

Ir) has the open-shell configuration, (t2g)
5, and the Rh and Ir

atoms are a heavier element than Co. Therefore, the local
electronic structure of M4þ (d5) ion can be more strongly
affectedby the SOCcomparedwith that of theOCTCo3þ (d6)
ion in Ca3Co2O6. In principle, the (t2g)

5 configuration can
be approximated by either (1a)1(1e)4 or (1a)2(1e)3 (see
Figure 2b). The angular momentum behavior of the 1a (i.e.,
z2) orbital is described by d0, and those of the 1e orbitals by
linear combinations of d(1 and d(2, namely, by (2/3)1/2-
(x

2

-y2)-(1/3)1/2yz and (2/3)1/2xy-(1/3)1/2xz.42 Thus, the
orbital moment μL of the OCT M4þ (d5) ion would be
negligible if its electron configuration is close to (1a)1(1e)4.
However, this would not be the case if the electron config-
uration is close to (1a)2(1e)3. As discussed below, it depends
on the spin arrangement between adjacent Co2þ and M4þ

ions, the direct metal-metal interaction between them, and
the SOC of theM4þ ion whether the local electronic structure
of the OCTM4þ (d5) ion is close to (1a)1(1e)4 or to (1a)2(1e)3.

As shown by the projected DOS plots for the FM state of
Ca3CoRhO6 in Figure 10, the LSDAþUþSOC (WIEN2k)
calculations withUeff(Co)=Ueff(Rh)=4 eV predict Ca3CoR-
hO6 to be a magnetic insulator, whereas our LSDAþU
calculations withUeff(Co)=Ueff(Rh)=4 eV predict Ca3CoR-
hO6 to be a metal (see Figure S1 of the Supporting
Information). (The LSDAþUand LSDAþUþSOC calcula-
tions with Ueff(Co)=4 eV and Ueff(Rh) = 2 eV both predict
Ca3CoRhO6 to be a metal. see Figure S2 of the Supporting
Information). The projected DOS plots from the LSDAþ
UþSOC calculations show that the local electronic structure
of the TP Co2þ ion is given by (z2)2(x2-y2, xy)3(xz, yz)2 and
that of the OCT Rh4þ ion by (1a)1(1e)4. This explains the
uniaxial magnetism of Ca3CoRhO6 brought about by the
L = 2 configuration of the TP Co2þ ion and why the orbital
momentμL of theOCTRh4þ ion is nearly zero (seeTable 3) in
the LSDAþUþSOC calculations.
The above discussion for the FM state of Ca3CoRhO6,

which accounts for the configuration (z2)2(x2-y2, xy)3(xz,
yz)2 for the TP Co2þ ion and the configuration (1a)1(1e)4 for
the OCT Rh4þ ion, is also applicable to the FM state of
Ca3CoIrO6. The AFM spin arrangement (i.e., the ferrimag-
netic state) of Ca3CoIrO6 has a slightly different picture for
the local electronic structure of the OCT Ir4þ ion. The
projected DOS plots for the AFM state are presented in
Figure 11, where the OCT Ir4þ ion is not described by
(1a)1(1e)4 but by (1a)2(1e)3. (The LSDAþ U and LSDAþ
UþSOC calculations with Ueff(Co) = 4 eV andUeff(Ir) = 2
eVbothpredictCa3CoIrO6 to be ametal. SeeFigure S3 of the
Supporting Information.) As a consequence, the orbital
moment μL of the OCT Ir4þ ion is large (Table 4). This
observation is explained by noting from Figure 9 that the σ*V
level of the dimer made up of adjacent TP Co2þ and OCT
Ir4þ ions would lie lower in energy in the AFM than in the
FM spin arrangement, because the energy gap between the
z2V orbitals of the two ions is greater for the AFM arrange-
ment. The 1eV level of the OCT Ir4þ ion is split by SOC, and
the OCT Ir4þ ion adopts the (1a)2(1e)3 configuration when
the upper one of the split 1eV level becomes higher in energy

Figure 9. Orbital interactions between the z2V orbitals of adjacent TP
Co2þ and OCTM4þ ions in Ca3CoMO6 (M=Rh, Ir) that lead to the σV
and σ*V orbitals when the spins of the two ion sites have (a) anFMand (b)
an AFM arrangement. The midpoint between the z2v and z2V orbitals is
higher in energy for theM4þ (M=Rh, Ir) ion than that for the Co2þ ion,
because the Rh 4d and Ir 5d orbital is more diffuse, and lies higher in
energy, than the Co 3d orbital. The σ*V orbital lies higher in energy in the
FM than in the AFM spin arrangement.

Figure 10. Projected DOS plots for the z2, (x2-y2 þ xy) and (xz þ yz)
states of the TPCo2þ andOCTRh4þ ions in the FMstate ofCa3CoRhO6

obtained from the LSDAþUþSOC calculations by using the FPLAPW
method of the WIEN2k package, the experimental structure of Ca3CoR-
hO6, and Ueff = 4 eV on both Co and Rh.

(41) Clementi, E.; Roetti, C. Atomic Data Nuclear Data Tables 1974, 14,
177.

(42) (a) Albright, T. A.; Hofmann, P.; Hoffmann, R. J. Am. Chem. Soc.
1977, 99, 7546. (b) Orgel, L. E.An Introduction to TransitionMetal Chemistry;
Wiley: New York, 1969; p 174.
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than theσ*V level (Figure 12). Since the Ir4þ ion has a stronger
SOC than does the Rh4þ ion, the split of the 1eV level is larger
in Ca3CoIrO6 than in Ca3CoRhO6. In addition, the Co 3 3 3 Ir
metal-metal interaction isweaker than theCo 3 3 3Rhmetal-
metal interaction because the NNCo 3 3 3 Ir distance is longer
than the NN Co 3 3 3Rh distance. This makes the 1eV level
lying lower in Ca3CoIrO6 than in Ca3CoRhO6. Conse-
quently, the OCT Rh4þ ion has the (1a)1(1e)4 configuration,
but the OCT Ir4þ ion the (1a)2(1e)3 configuration.

7. Discussion

For the SOC effect to induce electron transfer from the
σ*V level to the d2V level in Ca3Co2O6 (Figure 7a), the σ*V
level should lie high in energy because the split between the
d2 and d-2 levels by SOC is not large for a 3d transition
metal ion. Important factors raising the σ*V level are the
direct metal-metal interaction and the FM spin arrange-
ment between adjacent Co3þ ions. Compared with the
AFMarrangement (Figure 7b), the FM arrangement has a
smaller energy difference between the z2V orbitals of the TP
and OCT Co3þ ions, which leads to a stronger interaction
between them hence raising the σ*V level higher. Another
important factor is that the TP and OCT sites both have
Co3þ ions with similarly contracted z2V orbitals so that

the overlap between them is good hence raising the
σ*V level.
In the LSDAþUþSOC calculations, both the σv and σ*v

levels are both occupied. In contrast, the σV level is filled but
the σ*V level is not. Consequently, the Co 3 3 3Cometal-metal
interaction inCa3Co2O6 is overall bonding. This accounts for
why the displacement of the TPCo3þ ion is not large in the JT
distorted structure ofCa3Co2O6. This reasoning suggests that
the Co 3 3 3M metal-metal interaction in Ca3CoMO6 (M=
Rh, Ir) should be weak because the TP Co2þ ion has a large
displacement in the JTdistorted structure. TheNNCo 3 3 3Rh
and Co 3 3 3 Ir distances of Ca3CoRhO6 and Ca3CoIrO6,
respectively, are short (i.e., 2.682 and 2.706 Å, respectively)
but are longer than the NN Co 3 3 3Co distance (2.595 Å) of
Ca3Co2O6. Furthermore, the Co 3d and Rh 4d orbitals are
different in orbital contractedness, and even more so are the
Co 3d and Ir 5d orbitals. Consequently, the direct metal-
metal interaction between Co2þ andM4þ ions in Ca3CoMO6

(M=Rh, Ir) would be weaker than that between Co3þ ions
in Ca3Co2O6. This accounts for why the displacement of the
TP Co2þ ion is large in the JT distorted structures of
Ca3CoMO6 (M = Rh, Ir).
The differences in the z2 orbital occupations of the TP and

OCT ions in Ca3CoMO6 (M= Co, Rh, Ir) are important to
note. From the viewpoint of two adjacent TP and OCT ions,
the highest-lying level resulting from their two z2 orbitals is the
σ*V level, which decreases in energy with lengthening the NN
Co 3 3 3M distance and with increasing the difference in the
contractedness of the Co and M z2 orbitals. Thus, it is
understandable that the two z2 orbitals of adjacent TP and
OCT ions have four electrons in Ca3CoIrO6 (i.e., the σ*V level
is occupied) but three electrons inCa3Co2O6 andCa3CoRhO6

(i.e., the σ*V level is unoccupied). The latter is equivalent to a
singly occupied z2 orbital at the TP Co3þ ion in Ca3Co2O6,
but that at the OCT Rh4þ ion in Ca3CoRhO6, due to the
unequal weights of the TP andOCT z2 orbitals in the σ*V level
(Figure 7 vs Figure 9). A higher-lying σ*V level and a lower-
lying σV level are obtained when adjacent TP and OCT ions
have an FM spin arrangement than an AFM spin arrange-
ment. Thus, the FM arrangement is energetically more
favorable when the σ*V level is unoccupied as found for
Ca3Co2O6 and Ca3CoRhO6, but an AFM arrangement is
energetically more favorable when the σ*V level is occupied as
found for Ca3CoIrO6.

8. Concluding Remarks

In summary, the JT instability, uniaxial magnetism, spin
arrangement, metal-metal interaction, and spin-orbit cou-
pling are intimately interrelated inCa3CoMO6 (M=Co,Rh,
Ir). The adjacent spins in each CoMO6 chain of Ca3CoMO6

(M=Co,Rh, Ir) prefer theFMarrangement forM=Coand
Rhbut theAFMarrangement forM=Ir. Themagnetism of
Ca3CoMO6 (M=Co, Rh, Ir) cannot be genuinely uniaxial
because it undergoes a weak JT distortion. Nevertheless, the
orbital moments of the TP Conþ ions, though strongly
reduced by the distortion, are still substantial enough to
produce strong easy-axis anisotropy along the chain direc-
tion. The d-state split pattern of the TP Conþ (n= 2, 3) ions
that is consistent with the electronic and magnetic properties
of Ca3CoMO6 (M=Co, Rh, Ir) is not (d2, d-2) < d0< (d1,
d-1) but d0< (d2, d-2)< (d1, d-1). The L=2 configuration
(d0)

1(d2, d-2)
3(d1, d-1)

2 of the TPCo3þ ion in Ca3Co2O6 is a

Figure 11. Projected DOS plots for the z2, (x2-y2 þ xy) and (xz þ yz)
states of the TP Co2þ and OCT Ir4þ ions in the AFM state of Ca3CoIrO6

obtained from the LSDAþUþSOC calculations by using the FPLAPW
method of the WIEN2k package, the experimental structure of Ca3-
CoIrO6, and Ueff(Co) = Ueff(Ir) = 4 eV.

Figure 12. SOC effects on the 1eV level of the OCTM4þ ion and on the
occupancy of the σ*V level of a dimer made up of two adjacent TP Co2þ

andOCTM4þ ions in Ca3CoMO6 (M=Rh, Ir): (a) Ca3CoRhO6 and (b)
Ca3CoIrO6.



1766 Inorganic Chemistry, Vol. 50, No. 5, 2011 Zhang et al.

combined consequence of the FM spin arrangement be-
tween adjacent TP and OCT Co3þ ions, the direct me-
tal-metal interaction between them mediated by their z2

orbials, and the SOC of the TP Co3þ ion. In contrast to the
case of Ca3Co2O6, the TP and OCT ions of Ca3CoMO6

(M = Rh, Ir) have different oxidation states (þ2 and þ4,
respectively), because the Co 3d orbital lies lower in
energy, and is more contracted, than the Rh 4d and Ir 5d
orbitals. The OCT M4þ ion has the (1a)1(1e)4 configura-
tion for M = Rh but the (1a)2(1e)3 configuration for M =
Ir. This difference reflects a combined consequence of
the spin arrangement between adjacent TP Co2þ and

OCT M4þ ions, the direct metal-metal interaction be-
tween them mediated by their z2 orbitals, and the SOC of
the TP M4þ ions.
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