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Interplay between Jahn-Teller instability, uniaxial magnetism, and ferroelectricity in Ca;CoMnOy
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Ca3;CoMnOg is composed of CoMnOg chains made up of face-sharing CoOg trigonal prisms and MnOg
octahedra. The structural, magnetic, and ferroelectric properties of this compound were investigated on the
basis of density-functional theory calculations. Ca3CoMnOg is found to undergo a Jahn-Teller distortion asso-
ciated with the CoOg trigonal prisms containing high-spin Co?* (d’) ions, which removes the C; rotational
symmetry and hence uniaxial magnetism. However, the Jahn-Teller distortion is not strong enough to fully
quench the orbital moment of the high-spin Co?* ions thereby leading to an electronic state with substantial
magnetic anisotropy. The Jahn-Teller distorted Ca;CoMnOy in the magnetic ground state with up-up-down-
down spin arrangement is predicted to have electric polarizations much greater than experimentally observed.
Implications of the discrepancy between theory and experiment were discussed.
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I. INTRODUCTION

Orbital ordering in transition-metal magnetic oxides arises
when their transition-metal ions possess an electron configu-
ration with unevenly filled degenerate d states [e.g., three
electrons in a doubly-degenerate d state (xy, x>—y?) leading
to the configuration (xy, x’—y?)’] and hence Jahn-Teller
(JT) instability.! Such an electron configuration is also re-
quired for a transition-metal ion to have uniaxial
magnetism,? in which the ion has a nonzero magnetic mo-
ment only along the axis of the rotational symmetry (conven-
tionally taken to be the z axis) leading to the degenerate d
states so that the spins of the ion become Ising spins. Thus,
uniaxial magnetism is incompatible with JT instability, un-
less a JT distortion is prevented so that the degenerate d
states remain. For example, the high-spin Fe?* (d°) ion at the
linear two-coordinate site of Fe[C(SiMes);], has the
d-electron configuration (xy, x’—y?)3(xz, yz)*(z>)' (Refs. 2
and 3) so that Fe[C(SiMe;);], has JT instability but exhibits
uniaxial magnetism because the sterically bulky C(SiMes);
groups prevent a JT distortion (i.e., the bending of the linear
C-Fe-C framework). It is an open question what happens to
uniaxial magnetism when a magnetic system with JT insta-
bility undergoes a weak JT distortion. This question is par-
ticularly relevant for the recently discovered multiferroic
compound Ca;CoMnOg,* whose room-temperature crystal
structure has the threefold rotational symmetry,> because its
high-spin Co?* (d’) ions at the trigonal prism sites have the
electron configuration (z2)*(xy, x*>-y?)3(xz, yz)? and hence
have JT instability (see below). At present, it is unknown
whether or not Ca;CoMnOg undergoes a JT distortion at a
low temperature, but its spins are regarded as Ising spins.*
Thus, if a JT distortion takes place in Caz;CoMnOy, it will
affect not only the magnetic anisotropy but also the ferro-
electric (FE) polarization of Ca;CoMnO.

In ferroelectrics driven by magnetism, the FE polarization
arises from the loss of lattice inversion symmetry brought
about by magnetic order.>’ Experimentally, two types of
magnetic order have been found to remove lattice inversion
symmetry, namely, the spiral spin order in one-dimensional
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(1D) chains made up of identical magnetic ions®~!! and the
up-up-down-down (71 | ]) spin order in 1D chains made up
of two different magnetic ions alternating along the chain.* A
number of magnetic oxides undergo spin spiral ordering and
hence exhibit ferroelectricity.®~!' So far, the FE polarization
induced by 17 || spin order in 1D chains is found in only
one example, i.e., Ca;CoMnOg.* Recently, it has been pro-
posed that helical spin order'?> and canted spin order'? can
also induce FE polarization.

Ca;CoMnOy consists of CoMnOg chains in which face-
sharing CoOg trigonal prisms and MnOg octahedra alternate
along the ¢ direction with short Co-Mn distance (2.646 A)
[Figs. 1(a) and 1(b)], and the Ca atoms surrounding the
CoMnOg chains cap the edges of the O; triangles and the O,
rectangles of the CoOg trigonal prisms [Fig. 1(c)].> The
magnetic-susceptibility study of Ca;CoMnOg suggested that
the MnOg octahedra and the CoOg trigonal prisms have high-
spin Mn** (d°) and high-spin Co?* (d”) ions, respectively.’ In
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FIG. 1. (Color online) (a) Projection view of the crystal struc-
ture of Ca;CoMnOQg along the ¢ direction. (b) Perspective view of
an isolated CoMnOg chain. (c) Arrangement of nine Ca atoms sur-
rounding one CoOyg trigonal prism, in which the edges of the O3
triangles and the O, rectangles are capped by Ca. (d) Four-ordered
spin arrangements of a single CoMnOg chain, where the large and
small circles represent the Co?* and Mn** ions, respectively, and
the up and down spins are represented by the absence and presence
of shading, respectively.
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contrast, the neutron-diffraction study reported that the Co**
(d’) ions are in a low spin state.* On the basis of x-ray
absorption  spectroscopy and first-principles density-
functional theory (DFT) calculations, Wu et al.'* showed un-
ambiguously that the trigonal prism and octahedral sites of
Ca;CoMnOy are occupied by high-spin Co** and high-spin
Mn** ions, respectively. On lowering the temperature,
Ca;CoMnOg¢ undergoes a long-range magnetic ordering at
16.5 K, below which the spins of each CoMnOg chain adopts
the 77 || arrangement thereby leading to FE polarization.*
The spins of Ca;CoMnQg are oriented parallel to the ¢ direc-
tion (llc),* and the high-spin Co®* ions possess a high orbital
moment (u;=1.7ug) according to DFT calculations by Wu
et al.'"* These observations suggest that the Co** ions have
uniaxial magnetism. The high-spin Co®* (d”) ion at a trigonal
prism site of Ca;CoMnOg has the configuration
(z5)%(xy, x*=y»)3(xz, yz)? (Ref. 2) and hence JT instability.
Unlike the case of Fe[C(SiMe3)s],, however, the CoOg trigo-
nal prisms of CazCoMnOg are not surrounded by bulky
groups [Fig. 1(c)] so that their CoOg trigonal prisms may
undergo a JT distortion hence removing the threefold rota-
tional symmetry and lifting the degeneracy of the (xy, x°
—-y?) and (xz, yz) levels. The latter in turn will remove
uniaxial magnetism although a substantial magnetic aniso-
tropy may remain in the JT distorted structure if the extent of
JT distortion is small. Experimentally, the FE polarization of
Ca;CoMnOyg is found only along the ¢ direction (i.e., Py,
~90 uC/m? at 2 K).* However, a JT distortion may give
rise to a nonzero FE polarization perpendicular to the ¢ di-
rection as well. In the following we probe these questions on
the basis of DFT calculations.

II. CALCULATIONS

First-principles spin-polarized DFT calculations for
Ca;CoMnOg were performed using the projector augmented
wave method encoded in the Vienna ab initio simulation
package (VASP) (Ref. 15) with the local-density approxima-
tion (LDA). To properly describe the electron correlation as-
sociated with the 3d states of Co and Mn, we used the LDA
plus on-site repulsion U (LDA+U) method of Dudarev er
al.'® In addition, spin-orbit coupling (SOC) effects'” were
considered by performing LDA+U+SOC calculations with
the spins oriented parallel to the ¢ direction (hereafter the
llc-spin orientation) and also perpendicular to the ¢ direction
(hereafter the L c-spin orientation). Our LDA+ U+SOC cal-
culations were carried out with the energy criterion of
107 eV for self-consistency, the plane-wave cut-off energy
of 400 eV, and a set of 3 X3 X3 k points for the irreducible
wedge of the Brillouin zone. Our LDA+U+SOC calcula-
tions with higher-precision energy-convergence criterion
(e.g., 1078 eV for self-consistency) lead to the same results
as obtained from the use of the energy-convergence criterion
of 107> eV. In their study of Ca;CoMnOg, Wu et al.'* car-
ried out DFT+U+SOC calculations with the WIEN2K pro-
gram package'® using the generalized gradient approxima-
tion (GGA) (Ref. 19) and the DFT+ U method of Anisimov
et al.?® (with U=5.0 and 4.0 eV for Co and Mn, respectively,
and J=0.9 eV for both Co and Mn). In the DFT+ U method
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TABLE 1. Energy difference AE between the 1| 7] and the
111 states of Ca;CoMnOg, AE=Ej; | —Eq| 1), obtained from
LDA+U+SOC calculations as a function of the on-site repulsions
on the Mn and Co atoms (Uyg, and Ucg,, respectively).

Uwvn Uc, AE
(in eV) (in eV) (meV/f.u.)
1.1 1.1 -34
2.1 2.1 14.7
2.1 4.1 23.9
4.1 2.1 19.1
4.1 4.1 25.8
4.1 6.1 23.6
6.1 4.1 30.7

of Ref. 16 employed in our work, the on-site repulsion U
represents the effective on-site repulsion, which corresponds
to U-J in the DFT+ U method of Ref. 20.

II1. RESULTS AND DISCUSSION
A. Magnetic ground state

To confirm that the 77 || state is the magnetic ground
state, we consider four ordered spin states depicted in Fig.
1(d), namely, the 71 || state, the antiferromagnetic state
11711, the [T717 state with identical spins at the Mn sites,
and the ferromagnetic state 77 7. For simplicity, the inter-
chain interactions are regarded as ferromagnetic. These states
were constructed using the experimental geometry deter-
mined at room temperature.> Our LDA+U+SOC calcula-
tions for the experimental geometry of Ca;CoMnOg using
the VASP show that the 77 || and 7| T states are the two
lowest-energy states for various values of U on Co and Mn.
In their GGA+U+SOC calculations for Caz;CoMnOg using
the WIEN2K package,'® Wu et al.'* found that the state in
which each CoMnOg chain has the T | 1] spin arrangement
is more stable than the state in which each CoMnOg4 chain
has the 17 | | spin arrangement. This result is not consistent
with the experimental finding that the magnetic ground state
of Ca;CoMnOg has the 17| | spin arrangement in each
CoMnOg chain.* In the initial stage of our DFT study, we
also faced the same problem.

Our systematic LDA+U+SOC calculations for the ex-
perimental structure of Ca;CoMnOg using the VASP reveal
that the 77T | | state becomes more stable than the T | T | state
only when small U values are used for both Co and Mn (U,
and Uy, respectively), for example, Uc,=Uy,=1.1 €V, as
summarized in Table I. Thus, in our further LDA+ U+SOC
calculations using the VASP, we chose Uc,=Up,=1.1 eV
unless mentioned otherwise. Although small, these U values
lead to an insulating gap for all ordered spin states of
Ca;CoMnOy considered in our work (see below). Note that,
in reproducing the magnetic properties of TbMnOs;, it was
found necessary to use a small U for Mn (i.e., 2.0 eV).!? It
should be pointed out that our LDA+U+SOC calculations
using the WIEN2K program package, in which all electrons
are taken into consideration, a slightly larger U value (e.g.,

054432-2



INTERPLAY BETWEEN JAHN-TELLER INSTABILITY....

1 é z L xyixiy? P xalyz

al

-6 -3 0 3 -6 -3 0 3 -6 -3 0 3

x2-y? : xy

FIG. 2. (Color online) (a) PDOS plots of the Co 3d states cal-
culated for the 71 || state of Ca3CoMnOg using the experimental
structure, which has the C; rotational symmetry. The PDOS plots
for the xy and x*>—y? states are identical and so are those of the xz
and yz states. (b) PDOS plots of the Co 3d states calculated for the
171 1] state of Ca3CoMnQg using the optimized structure with Jahn-
Teller distortion (i.e., without C5 rotational symmetry). For simplic-
ity, only the PDOS plots for the xy and x*>—y? states are shown. The
energy on the horizontal axis is in units of eV, and the PDOS on the
vertical axis in units of states/eV per Co atom (the positive and
negative scale indicates the up-spin and down-spin states,
respectively).

Uco=Upmn=2.1 €V) can reproduce the experimental finding
that the 77 | | state is more stable than the T] T | state.

B. Competition between uniaxial magnetism and
Jahn-Teller instability

Figure 2(a) shows the plots of the partial density of states
(PDOS) of the Co 3d states in the ground state 11 || ob-
tained from LDA + U+ SOC calculations for the experimental
structure. The up-spin and down-spin z° states are both oc-
cupied. For each of the xy and x?—y? states, the up-spin state
is occupied, while only one of the down-spin states (split due
to SOC) is occupied. For each of the xz and yz states, the
up-spin state is occupied but the down-spin state is not. Con-
sequently, the electron configuration of each Co atom is best
described as

(1) Gy Tox? = 212z vz DA ) ey L = y2 DY,

which corresponds to a high-spin Co** (d’) ion as antici-
pated. This configuration has three electrons in the doubly-
degenerate level, ie., (xy, x’—y?)*, so that the Co** ions
will lead to not only uniaxial magnetism? but also JT insta-
bility.

To see if Ca;CoMnOg undergoes a JT distortion, the struc-
ture of Ca;CoMnQyg in each of the four ordered spin states
was optimized by LDA+U+SOC calculations. In this opti-
mization, the cell parameters were fixed to the experimental
values, but the atom positions were allowed to relax. Our
calculations give rise to two different optimized structures,
namely, the optimized structure with high orbital moment on
Co?* (i.e., 1.50up) and that with low orbital moment (i.c.,
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TABLE II. Relative energies (in meV/f.u.) of the four ordered
spin states of Caz;CoMnOg determined from LDA+ U+SOC calcu-
lations Up,=Uco=1.1 eV.

Structure used T TerL Lt o1t
Experimental 0.00 (59.2)*  1.69 941 31.75
Optimized with high »;  0.00 (31.3)* 1438 21.87 53.12
Optimized with low &;  0.00 (0.00)* 11.89 21.26 52.93

2The numbers in the parentheses refer to the relative total energy (in
meV) of the 77 | | state with respect to the energy of the optimized
structure without C3 symmetry.

0.56u5) on Co** (hereafter referred to as the high-u, and
low-u; optimized structures, respectively). Our analysis of
the optimized structures show that the high-u; optimized
structure keeps the threefold rotational symmetry, whereas
the low-u,; optimized structure does not.”! The relative ener-
gies, in meV per formula unit (f.u.), of the four ordered spin
states determined from our LDA+ U+SOC calculations with
spins oriented along the ¢ direction are summarized in Table
II, which shows that the 77 | | state is the ground state for
both the experimental and the optimized structures. The en-
ergy of each state increases in the order, the experimental
structure  >the high-u; optimized structure>the low-u;
optimized structure. Thus, for each state, the distortion to-
ward the low-u; optimized structure is a JT distortion be-
cause it removes the C; rotational symmetry. As summarized
in Table III, this conclusion remains valid when larger values
of Ug, and Uy, are used for LDA+U+SOC calculations.
In the 17 || state the Co-Mn distance is 2.599 A when
the spins of the two sites are identical, and 2.693 A other-
wise. The atom displacements involved in the JT distortions
inthe T7 /] and 77 17 states, with respect to the experimen-
tal structure, are depicted in Fig. 3, where the largest atom
movement is 0.064 A. An important consequence of the JT
distortion is that the orbital moment of the Co** ion is re-
duced by a factor of approximately three (i.e., from 1.50uz
to 0.56,4) (Table IV). The orbital moment of the Co®* ion is
nonzero, which indicates that the JT distortion is not strong
enough to completely quench the orbital angular momentum
of Co?*. This can be seen from the PDOS plots of the Co xy
and x?>-y?> states calculated for the 771]| state of
Ca;CoMnOg using the optimized structure with Jahn-Teller

TABLE III. Relative energies (in meV/f.u.) of the 7| 7] and
1771/ states of Ca3CoMnOg determined from LDA+U+SOC cal-
culations with Uy, =Uc,=2.1 and 4.1 eV.

Usn=Uco=2.1 eV Upp=Uco=4.1 eV

LR R I IR AR EA

Experimental 0.00 (48.0)* —-7.36 0.00 (38.7)* —12.9
Optimized with high x; 0.00 (31.3)2 —0.99 0.00 (30.3)* —10.4
Optimized with low &; 0.00 (0.00)* —4.20 0.00 (0.00)* —12.3

Structure used

aThe numbers in the parentheses refer to the relative total energy (in
meV) of the 77 | | state with respect to the energy of the optimized
structure without C5 symmetry.
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FIG. 3. (Color online) Displacements of the atoms associated
with the Jahn-Teller distortions in the (a) 11 | | and (b) 77 11 states
of Ca;CoMnOg with respect to their positions of the experimental
structure.

distortion (i.e., without C; rotational symmetry) shown in
Fig. 2(b). Unlike the case of the experimental structure (with
C; rotational symmetry) [Fig. 2(a)], the two PDOS peaks for
the xy or the x>~y state are not identical for the optimized
structure with Jahn-Teller distortion (i.e., without C; rota-
tional symmetry) [Fig. 2(b)]. However, the difference be-
tween the two PDOS peaks is not strong.

C. Magnetic anisotropy

In the presence of a JT distortion, Ca;CoMnOg in the
117 || state cannot have uniaxial magnetism due to the loss
of the threefold rotational symmetry.” The observed magnetic
anisotropy of Ca;CoMnOyg indicates that, in the 77T | | state
of the JT-distorted structure, the spins still prefer to orient
along the c¢ direction. To confirm this implication, we also
carried out LDA+ U+ SOC calculations for the T7 | | state of

TABLE 1V. Spin and orbital moments of the Co’* and Mn**
ions of Caz;CoMnQg in the 17T | | state determined from LDA+U
+SOC calculations with Uy,=Uc,=1.1, 2.1, and 4.1 eV.

Spin moment Orbital moment®

Geometry used Co**  Mn* Co** Mn**
248 261 1.50 -0.02
Experimental® 254 273 1.57 -0.02
264 293 1.66 -0.02
249 259 1.50 -0.02
Optimized with high g, * 254 272 1.57 -0.02
264 293 1.66 -0.02
249 259 0.56 -0.02
Optimized with low u; ®° 254 272 0.60 -0.02
264 293 0.64 -0.02

#The positive and negative orbital moments mean that they are in
the same and opposite directions to the spin moments, respectively.
PThe results for Uy, =Uco=1.1 €V are given in the first row, those
for Uyn=Uco=2.1 eV in the second row, and those for Uy,
=Uc,=4.1 eV in the third row.
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TABLE V. Spin-exchange parameters (in meV) of Ca3CoMnOg
extracted from LDA+U+SOC calculations with Upp=Uco

=1.1 eV.

Geometry used J, Co-Mn J, Mn-Mn J Co-Co
Experimental 3.34 2.09 1.63
Optimized with high u; 4.31 4.86 2.64
Optimized with low u; 4.56 4.72 2.47

the JT-distorted Ca;CoMnQOg with spins oriented perpendicu-
lar to the ¢ axis (Lc). These calculations show that the
1 c-spin orientation is less stable than the [lc-spin orientation
by 6.9 meV/f.u. and leads to a smaller orbital moment for
Co?* than does the |lc-spin orientation (i.e., 0.16 vs 0.56u3).
Thus, the spins of Caz;CoMnQg prefer to orient along the ¢
direction even in the JT distorted structure, which renders the
observed anisotropic magnetic character to Ca;CoMnOg.
Similarly, LDA+U+SOC calculations for the isostructural
magnetic oxides Ca;Co,0O4 and Ca3;CoRhOg4, which have
high-spin Co** and Co”* ions at the trigonal prism sites,
respectively, show that they undergo a JT distortion thereby
losing uniaxial magnetism but their spins strongly prefer to
orient along the ¢ axis.??

D. Spin-exchange interactions

To see why the ground magnetic state of Ca;CoMnOg is
the 77 ]| state, we analyze the three intrachain spin-
exchange interactions, i.e., the superexchange (SE) interac-
tion Joo M, between the nearest-neighbor Co** and Mn**
ions, the supersuperexchange (SSE) interaction Jg, ¢, be-
tween the two adjacent Co?* ions, and the SSE interaction
Jvnvn between the two adjacent Mn** ions. For a pair of
spin interacting via the spin-exchange parameter J, the spin-
exchange energy is given by —mnJ/4, where m and n are the
numbers of unpaired spins at the spin sites.”> For the high-
spin Co?* and Mn** sites of Ca;CoMnO, that m=n=3.
Therefore, in terms of the Heisenberg spin Hamiltonian
made up of the spin-exchange parameters Jcy i, Jco-co» @and
Jyvin-vns the total spin-exchange energies per f.u. of the four
ordered spin states in Fig. 1(c) are written as

Eppp) = (9/4)(= Tyinwmn = Jco-co)
Eyj = (9/4)(= 2J co-mn + Intn-vin + Jco-co) s
Ejp= (9/4) (Intnvin = Jco-co) »

ETTTT = (9/4’) (ZJCO—Mn + ]Mn—Mn + JCO*CO) .

By mapping the energy differences between the four states
given in terms of the spin-exchange parameters onto the cor-
responding energy differences obtained from the LDA+U
+SOC calculations (Table II), we obtain the values of Jeo s
Jco-cos and Jypvn listed in Table V. These parameters are all
antiferromagnetic and hence are not in support of the as-
sumption by Choi et al* that the SE interaction Jo, py, iS
ferromagnetic. The SE interaction Jcg ., is strongly antifer-
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FIG. 4. (Color online) (a) Magnetic orbital contained in one
MnO, equatorial plane of an isolated MnOg octahedron. (b) MnOy,
equatorial planes of two adjacent MnOg octahedra sharing one face
of the intervening CoQOg trigonal prism. (c) Projection view of the
two magnetic orbitals associated with the two MnQO, equatorial
planes in (b). (d) Magnetic orbital of an isolated CoOg trigonal
prism. (e) Rectangular faces of two adjacent CoOg trigonal prisms
sharing an equatorial plane of the intervening MnOg octahedron.

romagnetic due to the short Co-Mn distance, which allows
direct metal-metal overlap. The three exchange parameters
satisfy the condition, Jyvn+Jco-co=>Jco-mns Which makes
the 771 || state more stable than the T | T | state.

The strengths of these interactions decrease in the order
Ininvin = Jcomin = Jco-co fOr the optimized structures. It is of
interest to probe why the interaction Jyg, vy, 1S strong but the
interaction J, ¢, is weak. The Mn** (@%) ion at an octahedral
site has the (f,,)* configuration, and each 1,, orbital has the
Mn 3d orbital combined out-of-phase with the O 2p orbitals
and is contained in the MnO, equatorial plane [Fig. 4(a)].?*
As depicted in Figs. 4(b) and 4(c), the magnetic orbitals of
two adjacent Mn** sites can overlap well through their O 2p
orbitals thereby leading to a strong antiferromagnetic
interaction.”* The SSE interaction Jg, ¢, is not strong be-
cause the magnetic orbitals of two adjacent CoOg trigonal
prisms [Fig. 4(d)] cannot effectively overlap through the in-
tervening MnOg octahedron because the rectangular faces of
the two CoOyg trigonal prisms faces are farthest away from
each other [Fig. 4(e)].

It is noted from Table II that the energy difference be-
tween the T | | and other states becomes larger after geom-
etry optimization, consistent with the exchange striction
mechanism for the ferroelectricity in Ca;CoMnOg. In par-
ticular, in the 71 | | state, the spin-up (spin-down) Co atom
moves toward (away from) the spin-up Mn atom to break the
inversion symmetry. These displacements of the Co atoms
confirm those suggested by Choi et al.,* who suggested that
the bond between Mn and Co with opposite spins is elon-
gated to minimize the exchange interaction energy. This sug-
gestion is not consistent with the fact that Jq .\, is antifer-
romagnetic rather than ferromagnetic. We attribute the
displacements to the fact that direct metal-metal bonding is
stronger between adjacent metal ions with identical spin than
between adjacent metal ions with opposite spins.?

E. Ferroelectric polarization

To estimate the effect of the JT distortion on the FE po-
larization of Ca;CoMnOg in the 17 | | state, the electric po-
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larizations for the optimized structures of Ca;CoMnOg were
calculated using the Berry phase method.?® With this method,
one calculates the differences in polarization, so it is neces-
sary to consider the “paraelectric” state to be used as the
reference. It is difficult to identify an insulating paraelectric
state for Ca;CoMnQOg4. However, we note that there exist two
JT-distorted structures with the same total energy but with
opposite polarizations with respect to the paraelectric state;
one structure leads to the other when the Cartesian coordi-
nate of each atom is inverted [i.e., (x,y,2) —(-x,—-y,—2)].
Then, the FE polarization of the JT-distorted ground state is
taken as one half of the difference between the polarizations
of the two JT-distorted structures.

For the high-u; optimized structure of Ca;CoMnOj (i.e.,
the structure with C; rotational symmetry), the polarization
along the ¢ direction is nonzero (P;,=17 700 uC/m?) but
that perpendicular to the ¢ direction is zero (P, .=0). For the
low-u; optimized structure of CazCoMnOg (i.e., the struc-
ture without C; rotational symmetry), P . is nonzero and is
greater than P; (i.e., 16800 vs 12 500 «C/m?). It should be
pointed out that our LDA+U+SOC calculations implicitly
assumed an FE arrangement of the L c electric polarizations
of the CoMnOQg chains; to reduce the computational task, our
calculations for the 77 | | state of Ca;CoMnQOg assumed the
ferromagnetic arrangement between the CoMnO chains,
which leads to the FE arrangement between the JT-distorted
CoMnO chains.

Compared with the values of FE polarization calculated
for the multiferroics such as LiCuVO,, LiCu,0,, and
TbMnOj; (Refs. 9—11) driven by spiral spin order, the calcu-
lated polarization for Ca;CoMnOg4 is much larger than the
experimental value (P,,~90 uC/m? and P ,=0)* and is
only an order of magnitude smaller than the large polariza-
tion found for LuFe,0,,>’ which is driven by charge order.
For LiCuVO,,° LiCu,0,,° and TbMnOs;,'%!" as well as
LuFe,0,,”” the values of the polarizations obtained from
DFT+ U+SOC calculations are in reasonable agreement with
experiment. To account for the unusually large difference
between theory and experiment found for the FE polarization
of Ca;CoMnOg, we note that Ca;CoMnOg is a quasi-one-
dimension system in which the coupling between adjacent
CoMnOg is weak. Therefore, it is probable that not all chains
have the same direction of FE polarization even in a single-
crystal sample thereby forming many different domains of
FE polarization. In such a case, the measurements of FE
polarization will lead to a small nonzero P}, and a vanishing
P, . due to the cancellation of the FE polarizations from
different domains. In our calculations, however, all chains
are assumed to be in a FE arrangement (i.e., in a single FE
domain).

IV. CONCLUDING REMARKS

In summary, the phenomena of JT instability, uniaxial
magnetism, and FE polarization are intimately related to
each other in Ca;CoMnOQOg. At low temperature, Ca3CoMnOg
is predicted to undergo a JT distortion thereby losing uniaxial
magnetism but retain substantial magnetic anisotropy with
orbital moment 0.56 5 along the chain direction. It would be

054432-5



ZHANG, XIANG, AND WHANGBO

of interest to verify the occurrence of a JT-distortion in
Ca;CoMnOg, which should be detectable by Raman spec-
troscopy. For the JT distorted Ca;CoMnOg in the magnetic
ground state with 771 | | spin order, our calculations predict a
strong electric polarization, much larger than experimentally
observed. This discrepancy can be explained if a single-
crystal sample consists of many different domains with op-
posite FE polarization.
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