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Using first-principles density functional calculations we study the electronic and magnetic structure of mixed-
valent cobaltite, CaBaCo4O7, consisting of alternate stacking of kagome and triangular layers. The compound
belongs to the “114” series with the general formula, LnBaM4O7 (M = Co, Fe). Our calculation shows that
the strong orthorhombic distortion of the structure weakens the geometrical frustration and establishes the
ferrimagnetic order, in good agreement with that reported by Caignaert et al. [Phys. Rev. B 81, 094417 (2010)].
Our calculated magnetic exchanges show strong Co-O-Co interactions both within the kagome layer and that
connecting kagome with the triangular layer, thereby establishing the observed three-dimensional ordering. The
reported magnetic ordering temperature is found to be smaller than that expected from the calculated magnetic
exchanges, indicating the frustration being operative.

I. INTRODUCTION

Systems showing competition between geometric frus-
tration and magnetic ordering are of great interest to both
experimentalists and theoreticians because they offer exotic
magnetic states.1–3 Frustrated systems commonly exhibit the
persistence of strong spin fluctuations at low temperatures
and partial or complete suppression of the magnetic order. In
some cases long-range magnetic order may be established by
structural distortion or by the “order by disorder” mechanism.4

There are a number of geometrically frustrated systems that
have been extensively studied. For example, in the case of
pyrochlores5,6 (A2B2O7), the metallic B sublattice exhibits
corner-sharing tetrahedral topology, for which the antifer-
romagnetic (AFM) interactions become frustrated. Spinels
(AB2O4) with diamagnetic A cation also show geometrical
frustration with respect to antiferromagnetic interactions.
Similarly, double perovskites of general formula A2BB

′
O6

formed out of magnetic and nonmagnetic B and B
′

species,
give rise to frustrated magnetism with edge-sharing tetrahedral
arrangement of magnetic ions.7 The “114” cobaltites8–11 and
ferrites12–14 form another class of such geometrically frustrated
compounds. All of the compounds belonging to this class
are built up of corner-sharing CoO4 or FeO4 tetrahedra that
form alternate triangular (T ) and kagome (K) layers. They
are expected to exhibit complex magnetic behaviors, since the
strong Co-Co or Fe-Fe AFM interactions, mediated through
Co-O-Co or Fe-O-Fe superexchange pathways, both in the
triangular as well as in kagome layers, create exchange
topology based on triangular motifs.

A number of such cobaltite compounds have been synthe-
sized over time,8,9,15–17 having a general formula LnBaCo4O7,
with Ln = Tb, Dy, Ho, Er, Tm, Ym, Lu, and Y. The
magnetic susceptibility measurements on YBaCo4O7 indicate
strong AFM interactions with a Curie-Weiss temperature
of −907 K.8 The compound was reported to undergo a
spin-glass transition at about8 66 K, whereas long-range
magnetic order was reported below18 T N = 110 K, giving
rise to a rather high frustration index. Neutron diffraction
studies showed YBaCo4O7 undergoes a phase transition from
hexagonal (P 31c) to orthorhombic (Pbn21) below18 313 K.

A comparatively more recent study19 is on CaBaCo4O7. This
compound forms in orthorhombic symmetry for the entire
temperature range between 4 and 300 K, similar to the
symmetry exhibited by YBaCo4O7 at low temperature. The
orthorhombic cell19 of CaBaCo4O7, which results from a
distortion of the hexagonal cell, shows the largest distortion
among the 114 cobaltites. The structure of CaBaCo4O7

(CBCO) differs from that of other 114 cobaltites of hexagonal
or orthorhombic symmetry, in terms of strong buckling of
the CoO4 tetrahedra of the K layer. Although CBCO has
been synthesized20 and has been studied19 experimentally in
terms of neutron powder diffraction, theoretical investigation
is lacking on this interesting compound. To the best of our
knowledge, no theoretical investigation, so far, has been
undertaken for any of these compounds belonging to this
series.

In this study, employing first-principles density functional
calculations, we theoretically investigate the electronic and
magnetic properties of CBCO. The rest of the paper is
organized as follows: Section II deals with the methodology
and the computational details. Section III describes the
obtained results, which has been further subdivided into
different sections. Section III A deals with the details of crystal
structure, while Secs. III B and III C describe the calculated
electronic structure and magnetic ordering, respectively. We
conclude the paper with a summary in Sec. IV.

II. METHODOLOGY AND COMPUTATIONAL DETAILS

We have used parameter-free density functional theory
(DFT)21 for our study. We considered a combination of two
different methods: (a) the plane-wave-based method as imple-
mented in the Vienna ab initio simulation package (VASP)22

and (b) the muffin-tin-orbital (MTO) -based linear muffin-tin
orbital (LMTO) method as implemented in the TBLMTO-47
code.23 The accuracy of the calculations within the basis set
of the two methods has been checked with respect to each
other. For the plane-wave calculations we have used projected
augmented-wave potentials24 and the wave functions have
been expanded in the plane-wave basis with a kinetic energy
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cutoff of 500 eV. Reciprocal space integration was carried
out with a k mesh of 8 × 4 × 4. The exchange-correlation
functional was chosen to be the Perdew-Burke-Ernzerhof
(PBE)25 implementation of the generalized gradient approx-
imation (GGA). The electron-electron correlation within the
Co-d manifold is inaccurately described by GGA. In order
to take into account the missing correlation effect beyond
GGA, we have carried out GGA + U calculations, where U

is the on-site Coulomb repulsion26 applied at the Co site. The
double-counting correction within the GGA + U technique
was considered to be that given by the fully localized, self-
interaction correction27 form. All the reported calculations
have been carried out with a choice of typical value of U

of 5 eV, while the Hund’s coupling JH , considered to take into
account the multiorbital scenario, has been fixed at 0.8 eV.

The crystal structure has been theoretically optimized,
starting from the experimentally determined crystal structure,
employing the plane-wave-basis based VASP code. The lattice
parameters have been fixed at experimental values and the
ionic positions have been relaxed using the conjugate gradient
algorithm,28 until the Hellmann-Feynmann forces became less
than 0.001 eV/Å.

III. RESULTS

A. Crystal structure

CaBaCo4O7 crystallizes in the orthorhombic space group
of Pbn21, with the lattice parameters a = 6.26 Å, b =
11.04 Å, and c = 10.14 Å.19 The unit cell contains four
formula units, i.e., there are 4 Ca, 4 Ba, 16 Co, and 28 O
atoms in the unit cell. There are four inequivalent Co atoms,
Co1–Co4, and seven inequivalent O atoms, O1–O7. Each
of the inequivalent Co atoms and O atoms, as well as the
Ca and Ba atoms, occupy the Wykoff position ‘‘4a” of
the Pbn21 space group, with multiplicity 4. After structural
relaxation, the atomic positions were found to change up
to a maximum of 5% for the O position. A comparison of
average Co-O tetrahedral bond lengths and average O-Co-O
tetrahedral angles between experimentally reported structure
and the theoretically optimized structure is shown in Table I.

TABLE I. Comparison of the average Co-O bond lengths and the
average O-Co-O bond angles between the experimentally determined
crystal structure19 and the theoretically optimized structure.

Average Co-O bond length
Experimental Theoretical

Co1-O 1.89 Å 1.86 Å

Co2-O 1.97 Å 1.96 Å

Co3-O 1.94 Å 1.96 Å

Co4-O 1.85 Å 1.86 Å

Average O-Co-O tetrahedral angles

Co1O4 109.37◦ 110.91◦

Co2O4 109.41◦ 109.48◦

Co3O4 109.46◦ 109.49◦

Co4O4 109.33◦ 109.16◦

The basic structural units are the CoO4 tetrahedra. The
four inequivalent Co atoms sit at the center of the tetrahedral
environments created by the seven inequivalent oxygen atoms
in the cell. The complete structure is formed by the corner
sharing of these CoO4 tetrahedral units. Out of the four
inequivalent Co atoms, the tetrahedra formed by three of
them designated as Co2, Co3, and Co4, form what is known
as the kagome layer, as shown in Fig. 1(a), whereas the
Co1O4 tetrahedra forms a triangular layer, as shown in
Fig. 1(b). The kagome layer is somewhat corrugated. These
two layers, triangular and kagome, are alternately stacked [cf.
Figs. 1(c) and 1(d)]. This gives rise to Co1O4 of the triangular
layer sandwiched between two kagome layers formed by
Co2O4, Co3O4, and Co4O4, as shown in Fig. 1(e) from a
different perspective. Ca and Ba atoms are embedded in this
lattice of alternate kagome and triangular layers formed by
CoO4 tetrahedra, with Ca occupying the octahedral voids
created by O atoms and Ba forming a BaO3 kind of structure.
The Co-only sublattice may be considered to be made out
of Co bipyramids, as shown in Fig. 1(f), with the tips of the
bipyramids made out of Co1 of the triangular layer and the
base of the pyramid being made out of Co2, Co3, and Co4
atoms of the kagome layer.

B. Electronic structure

Figure 2 shows the spin-polarized GGA density of states
(DOS) calculated in the LMTO basis. The zero of the energy
scale is set at Fermi energy (EF ) calculated within GGA. Ca
and Ba in their nominal 2+ valence states have negligible
contribution to the occupied part of the DOS. States close
to EF are dominated by O-p and Co-d states, where they
strongly hybridize. The d-p hybridized band structure extends
from about −7 to about 3 eV. The tetrahedral crystal field splits
the Co-d states into e states of lower energy and t2 states of
higher energy. For an ideal tetrahedral environment, the e states
are doubly degenerate and the t2 states are triply degenerate.
However, due to the distortions in CoO4 tetrahedra in terms of
unequal Co-O bond lengths and O-Co-O bond angles, all five
d levels become nondegenerate, broadly divided into e and t2
manifolds, with small splittings within the individual members
of e and t2. The broad grouping of e- and t2-dominated states
is observed in the DOS in terms of dips, situated at about
−2 eV and at about 0.5 eV in the majority and minority spin
channels, respectively, separating the e and t2 manifolds. We
find that for calculations within GGA, the Co-d states are
completely filled in the majority spin channel while they are
partially filled, with Co-e states crossing EF in the minority
spin channel. The bottom left panel of Fig. 2 shows the DOS
projected onto four inequivalent Co-d states. Focusing onto
the minority spin channel, it is found that Co1 and Co4 states
are less occupied and Co2 and Co3 are more occupied. This
gives an indication of charge disproportionation between Co
ions. With Ca and Ba in the nominal 2+ state and O in the
nominal 2− state, the total valence on Co ions as demanded
by charge neutrality is 10+ with an average valent state
of 2.5+ on each Co atom. The study of basic electronic
structure shows that this leads to the mixed valent situation
in terms of charge disproportionation of nominal valences as
4Co2.5+ → 2Co2+ + 2Co3+. The nominal charge occupancies



FIG. 1. (Color online) Crystal structure of CaBaCo4O7. The Ca/Ba, Co, and O atoms are shown with large, medium, and small balls. The
inequivalent Co and O sites are marked and colored differently. The building units are the kagome (K) layer, as shown in (a) and the triangular
(T ) layer, as shown in (b). The lattice is formed by the alternate stacking of the kagome layer and the triangular layer, as shown in (c). The
corresponding Co-only sublattice is shown in (d). Co1O4 tetrahedra of the triangular layer is sandwiched between Co2O4, Co3O4, and Co4O4

tetrahedra of the kagome layer, resulting in alternate stacking, as shown in (e). The Co bipyramid unit is shown in (f).

of the distorted tetragonally split Co-d levels, as shown in the
right bottom panel of Fig. 2, considering the high-spin state of
Co ions, therefore give rise to magnetic moments of 4μB at
Co1 and Co4 sites and 3μB at Co2 and Co3 sites, respectively.
We note that the distortion in the CoO4 tetrahedra gives rise
to a splitting of about 0.04 and 0.2 eV between the e states at
Co1 and Co4 sites, as calculated by muffin-tin-orbital-based
N th-order MTO (NMTO)-downfolding29 calculations. In this
calculation, starting from an all-orbital LMTO calculation,
a low-energy Hamiltonian involving only Co-d degrees of
freedom was defined by downfolding or integrating out all
other degrees of freedom. The on-site block of the real-space
representation of this downfolded Hamiltonian provides the
accurate estimates of the crystal-field splitting at Co sites.
The splitting between the e states at Co1 and Co4 sites lifts
the orbital degeneracy of a high-spin d6 configuration in
tetrahedral ligand-field environment.

The strong covalency between Co and O, which leads
to mixing between d states of different Co atoms through
the shared oxygen, makes the charge disproportionation
incomplete. The d-electron charges on Co1 and Co4 and that
on Co2 and Co3 are found to be differ by δ, with δ of the
order of 0.2e− instead of 1.0e−, as would be the case for
complete charge disproportionation. The calculated magnetic
moments are listed in Table II. The magnetic moments at Co1
and Co4 are found to be larger than that of Co2 and Co3,
in conformity with the charge disproportionation scenario.
We note that the magnetic moments are substantially smaller
than 4μB and 3μB , as expected for fully polarized d6 and d7

configurations of Co2+ and Co3+, respectively. A large portion
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FIG. 2. (Color online) Upper panel: The spin-polarized density
of states (DOS) of CBCO projected onto Co-d and O-p, denoted
by solid, black (dark gray) and shaded, sky blue (light gray) lines,
respectively. Left lower panel: The Co-d DOS projected onto four
inequivalent Co atoms, Co1 (sky blue/light gray dashed line), Co2
(sky blue/light gray solid line), Co3 (black/dark gray solid line), and
Co4 (black/dark gray dashed line). Right lower panel: The positions
of different d-energy levels in eV at four Co sites, measured with
respect to EF and their nominal occupancies.



TABLE II. Magnetic moments on Co and O atoms in units of μB

as obtained in spin-polarized GGA and GGA + U calculations.

Atom GGA GGA + U

Co1 2.88 3.07
Co2 2.73 2.81
Co3 2.68 2.70
Co4 2.82 3.03
O1 0.45 0.37
O2 0.31 0.28
O3 0.31 0.11
O4 0.32 0.26
O5 0.33 0.29
O6 0.33 0.22
O7 0.38 0.37

of the net magnetic moment resides at the O sites, as also listed
in Table II, suggesting the large degree of covalency between
Co and O, as mentioned earlier.

Calculations have been carried out incorporating the miss-
ing correlation effect at Co sites in terms of GGA + U

calculations. Figure 3 shows the GGA + U density of states.
The top panel shows the total density of states and the bottom
panel shows the DOS projected onto Co-d states. With the
introduction of the on-site coulomb repulsion, a gap of about
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FIG. 3. (Color online) Upper panel: Total density of states
calculated within GGA + U . The dominant contributors (Co-d and
O-p) to the DOS at various energy ranges are marked. Lower panel:
d DOS projected onto the four inequivalent Co atoms in the unit cell.
Co1, black/dark gray solid line; Co2, blue/dark gray dashed line; Co3,
orange/light gray solid line; Co4, green/light gray dashed line.

FIG. 4. (Color online) Charge-density plot of CBCO considering
the energy states close to EF (see text for details). The inequivalent Co
atoms are marked. Contour height is chosen at 0.09e−/(Bohr radius)3.

0.9 eV opens up at the Fermi energy. This happens due to the
enhancement of the charge disproportionation between (Co1,
Co4) and (Co2, Co3), making (Co1, Co4) more empty and
(Co2, Co3) more occupied compared to GGA occupations,
enhancing the δ value to 0.4e−. This trend is also reflected
in the magnetic moments listed in Table II. Considering the
GGA + U magnetic moments and the oxygen sites, we find
the magnetic moments to be largest for O1 and O7 (≈0.4μB )
which connects Co1 and Co4 (cf. Fig. 1). The configuration
of Co ions at Co1 and Co4 sites, therefore, may be better
represented as d7L (d7 occupation of Co and a hole at the O
site) instead of d6, as suggested in Ref. 19.

Figure 4 shows the plot of charge densities considering the
states within the energy range, 0 to −1 eV, within a GGA +
U calculation. Within this energy range, the minority spin
channel DOS for Co2 and Co3 shows peaks, whereas that
for Co1 and Co4 show low values. The charge-density plot,
therefore, shows considerable accumulation of charge on Co2
and Co3, whereas Co1 and Co4 with its lesser occupancy has
lesser amounts of charge around it. This provides a visual
representation of the 1:1 charge ordering in CBCO, with two
Co’s having larger amounts of charge and another two Co’s
having lesser amounts of charge.

C. Magnetic ordering

In order to determine the nature of magnetic ordering, in
addition to the ferromagnetic spin arrangements, we have
carried out GGA + U calculations for all possible collinear
antiferromagnetic and ferrimagnetic structures defined within
the nearest-neighbor Co4 tetrahedra, i.e., upper half of the
Co bipyramid unit, as shown in Fig. 5. For each of the
spin arrangements, we have optimized the crystal structure
to take into account the possible spin-lattice coupling effect.
Depending on the choice of spin arrangements, the average
Co-O bond lengths were found to vary by a maximum of
0.01 Å. The total energies of various spin configurations are
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FIG. 5. (Color online) Magnetic exchange interactions, J 23, J 34,
J 24 and J 13, J 14, J 12 coupling various Co spins, within a given Co4

tetrahedra. The first three interactions are defined within the K layer,
while the later three interactions connect the K layer with the T layer.

tabulated in Table III. We find that the configuration with Co
spins pointing up at sites Co1 and Co4 and pointing down at
sites Co2 and Co3 to be of lowest energy. This would give rise
to ferromagnetic coupling between Co2 and Co3 with Co1 and
Co4 spins pointing antiparallel to them, in agreement with the
findings in Ref. 19. Table IV lists the magnetic moments at
Co and O sites for the lowest-energy antiferromagnetic spin
configuration. We find that while the Co1 and Co4 magnetic
moments are comparable to that obtained considering the
ferromagnetic or parallel spin arrangements (cf. Table II),
Co2 and Co3 magnetic moments are a bit smaller. The
oxygen moments, though, show interesting variations in the
antiferromagnetic spin arrangement of Co spins. The largest
moment is found at the O7 site, which is shared by Co1 and
Co4. Both Co1 and Co4 have large, positive moments, thereby
inducing a rather large moment at the O7 site due to covalency
effect. Similarly, the O3 site is shared between Co2 and Co3,

TABLE III. Total energies of ferromagnetic and all the possible
antiferromagnetic and ferrimagnetic spin configurations of Co4

tetrahedra in CaBaCo4O7. The energies have been measured with
respect to ferromagnetic spin arrangement. The lowest-energy spin
configuration is given by Co1(↑) Co2(↓) Co3(↓) Co4(↑), defining
a ferrimagnetic order of the Co2, Co3, and Co4 spins within the K

layer, spins in the T layer being antiparallel to that of Co2 and Co3.

Energy difference (eV)

Ferro Co1(↑) Co2(↑) Co3(↑) Co4(↑) 0
Config. 1 Co1(↓) Co2(↑) Co3(↑) Co4(↑) −0.849
Config. 2 Co1(↑) Co2(↓) Co3(↑) Co4(↑) −0.983
Config. 3 Co1(↑) Co2(↑) Co3(↓) Co4(↑) −0.923
Config. 4 Co1(↑) Co2(↑) Co3(↑) Co4(↓) −1.115
Config. 5 Co1(↓) Co2(↓) Co3(↑) Co4(↑) −1.243
Config. 6 Co1(↑) Co2(↓) Co3(↓) Co4(↑) −1.425
Config. 7 Co1(↓) Co2(↑) Co3(↓) Co4(↑) −1.261

TABLE IV. Magnetic moments on Co and O atoms (in μB ) for
the lowest-energy spin configuration Co1(↑) Co2(↓) Co3(↓) Co4(↑)
of CBCO.

Atoms Magnetic moments

Co1 Co2 Co3 Co4 3.02 − 2.59 − 2.592.99
O1 O2 O3 O4 O5 O6 O7 0.160.20 − 0.11 0.18 0.20 0.20 0.33

both having negative magnetic moments, which induces a
negative moment at the O3 site. We find that the induced,
negative moment at the O3 site is smaller in magnitude
compared to that of the O7 site, presumably because while
Co2 and Co3 are in nominal d7 configuration, the valences
of Co1 and Co4 sites may be more appropriately described
by the nominal d7L configuration, as discussed before. All of
the oxygens, O6 (shared between Co1 and Co3), O5 (shared
between Co1 and Co2), O4 (shared between Co2 and Co4),
and O2 (shared between Co3 and Co4) are shared between
one Co having a positive moment and another Co having a
negative moment. The positive moment at the Co site being
larger in magnitude compared to that of the negative moment
at the neighboring Co site, induces a net positive moment at
oxygen sites having similar magnitudes between O6, O5, O4,
and O2. O1 oxygen is shared by Co2 and Co3, and Co4 and
Co2, as well as by Co1 and Co2, Co1 and Co3, and Co1 and
Co4 (cf. Fig. 1 ). The resultant net moment induced at the O1
site is found to be positive with a magnitude smaller than that
of O6, O5, O4, or O2.

We further used the total energies of each of the spin
configurations to calculate the magnetic exchange interaction
by mapping onto a Heisenberg model. There are six magnetic
interactions: three in-plane interactions, defined within the K

layer (J 23, J 24, and J 34), and three out-of-plane interactions,
connecting Co ions between the K layer and T layer (J 12,
J 13, and J 14), as shown in Fig. 5. All of them, driven by
strong Co-O-Co superexchange interactions between three
(four) half-filled Co2, Co3 (Co1, Co4) d levels turned out to be
of antiferromagnetic nature. The various magnetic interactions
turned out to be of the same order of magnitudes with the ratios,
J12
J24

= 0.67, J13
J24

= 0.67, J14
J24

= 0.44, J23
J24

= 0.78, and J34
J24

= 0.89,
J 24 being the largest interaction. We note the out-of-plane
interactions to be substantially large, explaining the three-
dimensional spin ordering observed experimentally.19 Such
strong AFM interactions in a strict triangular geometry would
lead to strong frustration effect. The presence of structural
distortions, in terms of corrugation of the K-layer, however,
weakens the frustration effect. Experimentally, the magnetic
ordering is observed around a temperature of 50 K, which
is smaller than that expected based on the magnitudes of
the calculated magnetic exchanges, which range from 4.0 to
9.0 meV, reflecting the frustration effect.

In order to determine the orientation of the spin-
quantization axis, we further carried out calculations within the
framework of GGA + U in the presence of spin-orbit coupling
to describe noncollinear spin arrangements. We carried out
calculations considering the spins to be pointing out of ab

plane and in the ab plane. The configuration with in-plane
orientation of spins was found to be lower in energy by 2 meV



per Co ion, compared to that of spins pointing out of plane,
again in good agreement with the experimental findings.19

IV. SUMMARY

To conclude, we have carried out first-principles DFT-based
investigation of electronic and magnetic structure of cobaltite
compound CaBaCo4O7, which to the best of our knowledge
has not been taken up before. In good agreement with
experimental observations,19 our calculations reproduced the
1:1 charge ordering of Co ions, with two of them in nominal d7

configurations and another two in nominal d6 configurations.
Our calculations support the strong covalency of Co-d states
with oxygens. The description in terms of d7L valences, there-
fore, may be more appropriate. Our GGA + U calculations
on different spin configurations along with structural opti-
mization, reproduced the experimentally observed magnetic
ordering with ferrimagnetic ordering within the kagome layer,

the spins in the triangular layer being pointed antiparallel to
the ferromagnetic couple in the kagome layer. Our calculated
magnetic interactions defined within the kagome layer and
those connecting the kagome layer with the triangular layer,
all turned out to be antiferromagnetic, which would give rise to
a high degree of frustration in a strict triangular geometry. The
structural distortion, however, weakens the frustration effect,
setting up the magnetic ordering. The experimentally observed
magnetic-ordering temperature is smaller than that expected
out of calculated magnetic exchanges due to the frustration
effect. Finally, we found the Co spins prefer an in-plane
orientation, also in agreement with experimental findings.19
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