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In the (MM′O6)∞ chains of the transition-metal magnetic oxides Ca3MM′O6 the MO6 trigonal prisms alternate with
the M′O6 octahedra by sharing their triangular faces. In the (Co2O6)∞ chains of Ca3Co2O6 (M ) M′ ) Co) the spins
are coupled ferromagnetically, but in the (FeRhO6)∞ chains of Ca3FeRhO6 (M ) Fe, M′ ) Rh) they are coupled
antiferromagnetically. The origin of this difference was probed by carrying out spin-polarized density functional
theory electronic band structure calculations for ordered spin states of Ca3Co2O6 and Ca3FeRhO6. The spin state
of a (MM′O6)∞ chain determines the occurrence of direct metal−metal bonding between the adjacent trigonal prism
and octahedral site transition-metal atoms. The extent of direct metal−metal bonding in the (Co2O6)∞ chains of
Ca3Co2O6 is stronger in the intrachain ferromagnetic state than in the intrachain antiferromagnetic state, so that the
intrachain ferromagnetic state becomes more stable than the intrachain antiferromagnetic state. Such a metal−
metal-bonding-induced ferromagnetism is expected to occur in magnetic insulators and magnetic metals of transition-
metal elements in which direct metal−metal bonding can be enhanced by ferromagnetic ordering. In the (FeRhO6)∞

chains of Ca3FeRhO6 the ferromagnetic coupling does not lead to a strong metal−metal bonding and the adjacent
spins interact by the Fe−O‚‚‚O−Fe super-superexchange, hence leading to an antiferromagnetic coupling.

1. Introduction

In the transition-metal magnetic oxides Ca3MM ′O6 the
(MM ′O6)∞ chains are separated by Ca2+ cations, each
(MM ′O6)∞ chain has MO6 trigonal prisms alternating with
M′O6 octahedra by sharing their triangular faces, and these
one-dimensional (1D) chains are closely packed to form a
hexagonal lattice (Figure 1). The magnetic susceptibility of
Ca3Co2O6 (M ) M′ ) Co) is highly anisotropic and
described by an Ising Hamiltonian.1-3 To a first approxima-
tion each trigonal prism (TP) site has a high-spin Co3+ (d6

S) 2) ion and each octahedral (OCT) site a low-spin Co3+

(d6, S ) 0) ion,3-5 so that the highly anisotropic magnetic
properties of Ca3Co2O6 originate from the TP-site Co3+ (d6,
S) 2) ions. Indeed, a recent study of crystal field and spin-

orbit coupling effects showed that a high-spin d6 ion at a
TP site has uniaxial magnetic properties.6 In Ca3Co2O6 the
adjacent TP-site Co3+ ions have a strong ferromagnetic (FM)
coupling in each (Co2O6)∞ chain while the interchain coupl-
ing is weakly antiferromagnetic (AFM).2,3,7-10 Thus, the
magnetic properties of Ca3Co2O6 can be described in terms
of a planar Ising hexagonal lattice in which the magnetic
moment of each (Co2O6)∞ chain plays the role of one spin.2

Ca3FeRhO6 has one less valence electron per formula unit
(FU) than Ca3Co2O6. In the (FeRhO6)∞ chains of Ca3FeRhO6

the Fe and Rh atoms are located at the TP and OCT sites,
respectively.11-13 The 57Fe Mössbauer study of Ca3FeRhO6
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showed that each TP site has a high-spin Fe3+ (d5, S) 5/2)
ion,13 so it is most likely that each OCT site has a low-spin
Rh3+ (d6, S ) 0) ion. Therefore, Ca3FeRhO6 is similar to
Ca3Co2O6 in that, to a first approximation, the TP sites have
unpaired spins while the OCT sites are diamagnetic. How-
ever, Ca3Co2O6 and Ca3FeRhO6 are quite different in their
magnetic properties because the spins of adjacent TP-site
ions have an AFM coupling in the (FeRhO6)∞ chains but a
FM coupling in the (Co2O6)∞ chains. From the viewpoint of
spin exchange,14 the intrachain spin exchange between
adjacent TP sites is of the super-superexchange type involv-
ing the M-O‚‚‚O-M (M ) Co, Fe) paths and is therefore
expected to be AFM rather than FM. Thus far it is not known
why Ca3Co2O6 and Ca3FeRhO6 exhibit different intrachain
spin coupling behaviors. In the present work we explore what
electronic factor causes an intrachain ferromagnetism in Ca3-
Co2O6 but an intrachain antiferromagnetism in Ca3FeRhO6

on the basis of density functional theory (DFT) electronic
band structure calculations for Ca3Co2O6 and Ca3FeRhO6.

2. Computational Details

First-principles DFT electronic band structures were calculated
for nonmagnetic and magnetic states of Ca3Co2O6 and Ca3FeRhO6

using the full-potential, all-electrons (linearized)-augmented plane
wave+ local orbitals (L/APW+lo) method15,16implemented in the
WIEN2k code.17 As for the magnetic states of Ca3Co2O6 and Ca3-
FeRhO6, two ordered spin arrangements for Ca3Co2O6 and Ca3-

FeRhO6 were considered: the intrachain FM state in which the
spins of adjacent TP sites have a FM coupling in each (MM′O6)∞
chain and the intrachain AFM state in which they have an AFM
coupling. In both intrachain FM and AFM states the (MM′O6)∞
chains were assumed to have a FM coupling to reduce our
computational task.

The generalized gradient approximation (GGA) of Perdew,
Burke, and Ernzherof was chosen as the exchange-correlation
functional.18 For Ca3Co2O6 the values of the atomic sphere radii
were 2.6 au for Ca, 1.72 au for O, and 1.9 au for Co. For Ca3-
FeRhO6 the values of the sphere radii were 2.5 au for Ca, 1.80 au
for O, 2.24 au for Fe, and 2.06 au for Rh. The Co 3s, Fe 3s, and
Rh 4s orbitals were treated as semicore states. The plane-wave
cutoff wasRMT‚Kmax ) 7, and up to 118k points were used for the
sampling of the irreducible wedges of the Brillouin zones. The
energy criterion for self-consistency was set to 10-4 Ryd per unit
cell for Ca3Co2O6 and was decreased to 10-5 Ryd for Ca3FeRhO6

because the FM and AFM solutions were close in energy. We used
the experimental crystal structures of Ca3Co2O6

19 and Ca3FeRhO6
12

determined at room temperature. In obtaining partial density of
states (DOS) plots, thez axis was chosen as the chain direction.

We also carried out LDA+U calculations20,21 for Ca3Co2O6 and
Ca3FeRhO6 to see if the relative stabilities of the intrachain FM
and AFM states of Ca3Co2O6 and Ca3FeRhO6 obtained from the
GGA calculations remain valid. A recent DFT study22 of Ca3Co2O6

with FM chains reported that DFT calculations without LDA+U
are sufficient in describing its magnetic properties. Another DFT
study23 of Ca3Co2O6 reported results of LDA+U with spin-orbit
coupling calculations (hereafter referred to as the LDA+U+SOC
calculations).

3. Spin Distributions in and Relative Energies of the
Intrachain FM and AFM States

The relative energies calculated for the intrachain FM and
AFM states of Ca3Co2O6 and Ca3FeRhO6 are summarized
in Table 1. According to our GGA calculations, the energy
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Figure 1. Crystal structure of Ca3MM ′O6: (a) a perspective view and (b)
a projection view of the (MM′O6)∞ chains along the chain direction.

Table 1. Relative Energies,∆E ) EAFM - EFM (meV/FU), of the
Intrachain FM and AFM States of Ca3Co2O6 and Ca3FeRhO6 Obtained
from GGA and LDA+U Calculations with the L/APW+lo Method

compound GGA LDA+U

Ca3Co2O6 77 -43 (withU ) 2 eV)
27 (withU ) 3 eV)
29 (withU ) 4 eV)

-6 (with U ) 5 eV)
Ca3FeRhO6 -8 -5 (with U ) 5.4 eV)
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difference per FU between the intrachain AFM and FM
states,∆E ) EAFM - EFM, is given by-8 meV/FU for Ca3-
FeRhO6 and 77 meV/FU for Ca3Co2O6. These results are
entirely consistent with the intrachain AFM coupling ob-
served for Ca3FeRhO6

12-14 and the intrachain FM coupling
observed for Ca3Co2O6.2,3,7-10 The net spin populations at
the metal and oxygen atoms of Ca3Co2O6 and Ca3FeRhO6,
calculated from the integration of the up-spin and down-
spin electron populations in the muffin-tin atomic spheres,
are listed in Table 2. In the intrachain FM state the unpaired
spin population is largely at the TP sites in both Ca3Co2O6

and Ca3FeRhO6, while the unpaired spin population at the
OCT site is smaller in Ca3FeRhO6 than in Ca3Co2O6. To a
first approximation, therefore, the OCT sites of Ca3Co2O6

and Ca3FeRhO6 have low-spin d6 cations and the TP sites
high-spin M3+ cations. This finding is consistent with the
available experimental data.3-5,13 In the intrachain AFM state
the unpaired spin populations are zero at the OCT sites by
symmetry in both Ca3Co2O6 and Ca3FeRhO6.

Our LDA+U calculations for Ca3FeRhO6 with U ) 5.4
eV show that the intrachain AFM state is more stable than
the FM state by 5 meV, in good agreement with the relative
stabilities of the intrachain FM and AFM states obtained from
our GGA calculations. However, our LDA+U calculations
for Ca3Co2O6 reveal that the relative stabilities of the
intrachain FM and AFM states depend on theU value and
the initial density employed for calculations. For example,
the intrachain FM state is more stable than the intrachain
AFM state whenU ) 3 and 4 eV (i.e.,∆E ) 27 and 29
meV/FU, respectively), but the opposite is true whenU ) 2
and 5 eV (i.e.,∆E ) -43 and-6 meV/FU, respectively).
Thus, the ferromagnetism of Ca3Co2O6 is reproduced by
LDA+U calculations withU ≈ 3-4 eV, which lead to∆E
≈ 28 meV/FU, a value smaller than the∆E of the GGA
calculations by a factor of∼0.4. The LDA+U+SOC
calculations of Wu et al.,23 using a different LDA+U scheme
(i.e., Hubbard mean-field scheme), showed∆E ≈ 12 meV/
FU for U ) 4.1 eV.24 From this observation one might
suggest that the∆E value is reduced further by spin-orbit
coupling.

The electronic band structure of Ca3Co2O6 obtained from
the GGA calculations shows partially filled bands, as will
be presented below (section 5.1). As pointed out elsewhere,25

it is important to recall that a system with partially filled
bands can be a normal metal but is also subject to electron
localization induced by electron-electron repulsion (Mott-

Hubbard localization),26 by random potential (Anderson
localization) associated with lattice defects,27 or by electron-
phonon coupling as found for polaronic states.28 Electron
localization causes the extent of the electron wave function
to have a finite lengthL. If this localization lengthL is short,
the electrons are strongly localized, so that the system
behaves as an insulator, its charge transport occurs through
hopping, and its resistivity increases strongly with decreasing
the temperature. Using single-crystal samples Raquet et al.29

found that the electrical conductivity of Ca3Co2O6 is de-
scribed by a variable range hopping mechanism with a rather
high density of states at the Fermi level (i.e.,N(Ef) ≈ 2.5×
1011 eV-1 m-1). Therefore, the electronic band structure of
Ca3Co2O6 obtained from the GGA calculations, which show
partially filled bands, is consistent with the experimental
result of Raquet et al. In the study of Wu et al.23 the hopping
conductivity of Ca3Co2O6 was explained by introducing a
band gap at the Fermi level on the basis of LDA+U+SOC
calculations. However, this explanation makesN(Ef) ) 0,
which is inconsistent with the experimental finding thatN(Ef)
* 0. In view of this observation, the validity of LDA+U or
LDA+U+SOC calculations for Ca3Co2O6 is doubtful. As
pointed out by Johannes et al. in their study of NaxCoO2,30

use of LDA+U calculations requires caution and may lead
to a worse agreement with experimental data than do simple
LDA calculations. In addition, it should be recalled thatU
is an empirical parameter in LDA+U or LDA+U+SOC
calculations. Therefore, in the following we will focus our
discussion on our GGA calculations.

4. Effective Orbital Energies in Spin-Polarized
Electronic Structure

The plots of the total and partial density of states (DOS)
calculated for the nonmagnetic states of Ca3Co2O6 and Ca3-
FeRhO6 are presented in Figure 2. The nature of the d-block
bands and the occurrence of a band gap at the Fermi level
in the nonmagnetic state are readily explained in terms of
the d-block levels of an isolated CoO6 octahedron and an
isolated CoO6 trigonal prism depicted in Figure 3, which
were obtained from extended Hu¨ckel tight binding calcula-
tions.31 The bottom three levels of the CoO6 trigonal prism
lie below those of the CoO6 octahedron and are each doubly
occupied in the low-spin Co3+ configuration. For a low-spin
Fe3+ ion at the TP site, one of the bottom three levels
becomes half-filled. The d-block bands of the nonmagnetic
states (Figure 2) show a band gap for Ca3Co2O6 and a
partially filled band for Ca3FeRhO6, which are a consequence
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Table 2. Net Spin Populations of the Transition-Metal and Oxygen
Atoms of Ca3Co2O6 and Ca3FeRhO6 in the Intrachain FM and AFM
States Obtained from GGA Calculations with the L/APW+lo Method

state compound TP site OCT site O

FM Ca3Co2O6 2.72 0.33 0.13
Ca3FeRhO6 3.86 0.18 0.13

AFM Ca3Co2O6 2.72 0.00 0.13
Ca3FeRhO6 3.89 0.00 0.15
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of the low-spin electron configurations at the OCT and TP
sites. With the 3-fold rotational axis of a (Co2O6)∞ chain
taken as thez axis, the dz2 orbital of a CoO6 octahedron
becomes one of its t2g orbitals32 and that of a CoO6 trigonal

prism becomes the lowest-lying d-block level of the trigonal
prism (i.e., the 1a levels of Figure 3).

In DFT magnetic states are described by spin-polarized
electronic structures, which give rise to different orbital
compositions and different energy levels for up-spin and
down-spin bands, in contrast to the case of nonmagnetic
states. Thus, in describing the results of spin-polarized
electronic structure calculations for Ca3Co2O6 and Ca3-
FeRhO6 in the next section, it is crucial to know how the
effective d-block levels of the TP- and OCT-site metal ions
depend on the number of unpaired spins and the associated
electron-electron repulsion. For simplicity, we restrict our
discussion to the up-spin and down-spin dz2 levels at the TP
and OCT sites of Ca3Co2O6 and denote the dz2 levels of the
OCT and TP sites in the absence of electron-electron
repulsion aseo and et, respectively. In the presence of
electron-electron repulsion, the up-spin and down-spin dz2

levels of the low-spin OCT and the high-spin TP sites of
Ca3Co2O6 are expressed as33-36

whereU is the on-site Coulomb repulsion for two electrons
in a same metal d orbital,U′ is that for two electrons in two
different metal d orbitals, andK is the exchange repulsion
between two electrons of an identical spin in two different
d orbitals. Then the energy differences between the up-spin
and down-spin dz2 levels are given by

The energy levels of the CoO6 octahedron and trigonal prism
presented in Figure 3 show thateo - et > 0 for Ca3Co2O6

(i.e.,eo - et ) 0.14 eV). Thus, due to the exchange integral
K, the up-spin dz2 levels have a greater energy difference
than does the down-spin dz2 levels, i.e., (eov - etv) > (eoV -
etV). Consequently, the adjacent TP and OCT sites should
have a stronger orbital interaction (i.e., a stronger covalent
interaction) for the down-spin dz2 levels than for the up-spin
dz2 levels.37

5. Spin-State-Dependent Metal-Metal Bonding

5.1. Ferromagnetic Coupling.The total and partial DOS
plots obtained from GGA calculations for the FM state of
Ca3Co2O6 are shown in Figure 4. The relative ordering of
these four subbands is in agreement with that of the dz2

orbitals shown in eq 1. The down-spin dz2 bands have both
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Figure 2. Total and partial DOS plots for the nonmagnetic state of (a)
Ca3Co2O6 and (b) Ca3FeRhO6 obtained from GGA calculations with the
L/APW+lo method. The partial DOS plots for the dz2 orbitals of the
transition-metal atoms are indicated by shading.

Figure 3. Occupations of the effective one-electron d-block levels for (a)
the low-spin Co3+ ion at an OCT site, (b) the low-spin Co3+ ion at a TP
site, and (c) the high-spin Co3+ ion at a TP site of Ca3Co2O6.

eov ) eoV ≈ eo + U + 4U′ - 2K

etv ≈ et + U + 4U′ - 4K

etV ≈ et + U + 4U′ (1)

(eov - etv) ≈ eo - et + 2K

(eoV - etV) ≈ eo - et - 2K (2)
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OCT and TP character and show a shape characteristic of
1D bands expected from overlap between the dz2 orbitals of
adjacent OCT and TP sites. In other words, the extent of
the orbital mixing between the dz2 levels of the OCT and TP
sites is much stronger in the down-spin dz2 bands than in the
up-spin dz2 bands. This is readily explained on the basis of
eq 2 assuming thatet - eo ≈ 2K. Under this assumption the
eov andetv levels are nearly degenerate (i.e.,eov ≈ etv) and
the etV and eoV levels are nondegenerate (i.e.,etV ≈ eoV +
4K). Therefore, the 1D band formation and the strong metal-
metal interaction in the down-spin dz2 states of Ca3Co2O6

arise from an accidental degeneracy of theeoV andetV levels.
In addition, the Co‚‚‚Co distance through the shared trian-
gular face is short (i.e., 2.595 Å),19 so that the dz2 orbitals of

adjacent TP and OCT sites can overlap significantly, thus
leading to the wide down-spin dz2 bands.

The up-spin dxy/dx2-y2 bands of largely TP character are
completely filled, and so are the up-spin dxz/dyz bands of
largely TP character, as expected from the high-spin electron
configuration of a TP-site Co3+ ion in Figure 3. Of the two
subbands of the down-spin dz2 bands, the upper subband with
slightly stronger TP character is partially empty while the
down-spin dxy/dx2-y2 bands of largely TP character are
partially filled (Figure 4). The upper subband of the down-
spin dz2 bands has an orbital character of metal-metal σ
antibonding, while the down-spin dxy/dx2-y2 bands have no
metal-metal interaction. Thus, the “electron transfer” from
the upper subband of the down-spin dz2 bands to the down-
spin dxy/dx2-y2 bands strengthens metal-metal bonding be-
tween adjacent cobalt atoms in each (Co2O6)∞ chain and also
induces a small unpaired spin population at the OCT site
(0.33 electrons).

The total and partial DOS plots obtained from GGA
calculations for the intrachain FM state of Ca3FeRhO6 are
presented in Figure 5. The electronic structure of Ca3FeRhO6

exhibits features similar to those found for Ca3Co2O6.
However, there are important differences. In contrast to Ca3-
Co2O6, the lower and upper subbands of the down-spin dz2

bands are separated by a band gap (0.33 eV) in Ca3FeRhO6.
Furthermore, Ca3FeRhO6 shows a much stronger TP char-
acter in the upper subband of the down-spin dz2 bands and a
much stronger OCT character in the lower subband of the
down-spin dz2 bands. This indicates that in Ca3FeRhO6 the
down-spin dz2 leveleoV of the OCT site is considerably lower
in energy than the down-spin dz2 level etV of the TP site. In
the nonmagnetic state of Ca3FeRhO6 the dz2 bands of the TP
(Fe) and OCT (Rh) sites are similar in energy (Figure 2b)
and thus form a wide 1D band. Under spin polarization, this
degeneracy is lifted and the OCT dz2 bands lie between the
up- and down-spin TP dz2 bands (Figure 5). Therefore, the
direct metal-metal interaction in the intrachain FM state
becomes much less efficient in Ca3FeRhO6 than in Ca3Co2O6.

Since Ca3FeRhO6 has one less valence electron per FU
than does Ca3Co2O6, the upper subband of the down-spin
dz2 bands is empty in Ca3FeRhO6. In Ca3FeRhO6 the down-
spin dxy/dx2-y2 bands of TP character are not filled and the
spin density at the OCT site is reduced by a factor of almost
two when compared with the case of Ca3Co2O6 (Table 2).

5.2. Antiferromagnetic Coupling. The total and partial
DOS plots calculated for the intrachain AFM state of Ca3-
Co2O6 are shown in Figure 6. In contrast to the intrachain
FM state, the up-spin and down-spin dz2 bands of the
intrachain AFM state are very narrow. In the intrachain AFM
state the TP sites are divided into the up-spin and down-
spin sites. In the up-spin dz2 bands the dz2 orbitals of only
the up-spin TP sites interact with those of their adjacent OCT
sites. Likewise, in the down-spin dz2 bands the dz2 orbitals
of only the down-spin TP sites interact with those of the
adjacent OCT sites. Thus, in either the up-spin or down-
spin band the direct metal-metal bonding can take place
only within each “OCT-TP-OCT” cluster unit of every
(Co2O6)∞ chain. Effectively, therefore, the extent of direct

Figure 4. Total and partial DOS plots for the intrachain FM state of Ca3-
Co2O6 obtained from GGA calculations with the L/APW+lo method.
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metal-metal interaction between adjacent cobalt atoms is
reduced in the intrachain AFM state, so that its dz2 bands
are narrow. Similar observations are found from the total
and partial DOS plots calculated for the AFM state of Ca3-
FeRhO6 shown in Figure 7. Nevertheless, in the intrachain
FM state of Ca3FeRhO6 (Figure 5) the down-spin dz2 bands
of OCT and TP character are already well separated in
energy, i.e., the direct metal-metal bonding interaction is
weak. Thus, on going from the intrachain FM to the
intrachain AFM state, the energy loss associated with losing
direct metal-metal bonding is much weaker in Ca3FeRhO6

than in Ca3Co2O6.

In the intrachain AFM state of Ca3Co2O6 the dz2 bands of
largely TP character are partially empty while the dxy/dx2-y2

bands of largely TP character are partially occupied. As
discussed in the previous section, this feature is also present
in the intrachain FM state of Ca3Co2O6. This indicates that
the down-spin dz2 orbital of the TP site is close in energy to
the down-spin dxy/dx2-y2 orbital of the TP site.

6. Concluding Remarks

The intrachain ferromagnetism in Ca3Co2O6 is explained
in terms of the spin-state-dependent metal-metal interac-
tions. The intrachain FM coupling is strongly favored over
the intrachain AFM coupling in Ca3Co2O6 because a stronger
direct metal-metal bonding is allowed to take place between
adjacent cobalt atoms in each (Co2O6)∞ chain in the intrachain

Figure 5. Total and partial DOS plots calculated for the intrachain FM
state of Ca3FeRhO6 obtained from GGA calculations with the L/APW+lo
method.

Figure 6. Total and partial DOS plots for the intrachain AFM state of
Ca3Co2O6 obtained from GGA calculations with the L/APW+lo method.

Villesuzanne and Whangbo

6344 Inorganic Chemistry, Vol. 44, No. 18, 2005



FM state than in the intrachain AFM state. The down-spin
dz2 orbital levels of the OCT- and TP-site Co3+ ions are
similar in energy (accidental degeneracy) and orbital exten-
sion, and the nearest-neighbor Co-Co distance in each

(Co2O6)∞ chain of Ca3Co2O6 is short (i.e., 2.595 Å).
Consequently, in the intrachain FM state the extent of direct
metal-metal bonding between adjacent TP and OCT sites
should be significant in Ca3Co2O6. Ferromagnetism in
materials arises from several different mechanisms, which
include Stoner,38 double exchange,39 spin exchange,40 and
spin polarization41 mechanisms. The intrachain ferromag-
netism of Ca3Co2O6, which is not explained by any of these
mechanisms, might be referred to as a metal-metal-bonding-
induced ferromagnetism. This mechanism should be ap-
plicable to magnetic insulators and magnetic metals of
transition-metal elements in which direct metal-metal bond-
ing can be enhanced by ferromagnetic ordering. For example,
Ca3CoRhO6

42 is isoelectronic and isostructural with Ca3Co2O6

and shows an intrachain ferromagnetism as does Ca3Co2O6.
In the rare-earth intermetallic compound PrMnSi2,43 which
consists of isolated layers of Mn atoms, the Mn atoms of
each Mn layer are ferromagnetically coupled with ferromag-
netic ordering between the Mn layers up toTC ) 434 K.

In Ca3FeRhO6 the down-spin dz2 orbitals of the high-spin
Fe3+ and low-spin Rh3+ ions differ in energy and orbital
extension, and the nearest-neighbor Fe-Rh distance in each
(FeRhO6)∞ chain of Ca3FeRhO6 is longer than the nearest-
neighbor Co-Co distance in each (Co2O6)∞ chain of Ca3-
Co2O6 (i.e., 2.694 vs 2.595 Å). Consequently, in the
intrachain FM state the extent of the direct metal-metal
bonding between adjacent TP and OCT sites should be
weaker in Ca3FeRhO6 than in Ca3Co2O6. As a result, the
spin moments of Ca3FeRhO6 are largely localized on the TP
sites, and hence, the spin exchange between adjacent TP sites
becomes dominated by AFM interactions through the Fe-
O‚‚‚O-Fe super-superexchange paths.
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Figure 7. Total and partial DOS plots calculated for the intrachain AFM
state of Ca3FeRhO6 obtained from GGA calculations with the L/APW+lo
method.
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