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The incompatibility of partial d occupation on the perovskite B site with the standard charge transfer mechanism
for ferroelectricity has been a central paradigm in multiferroics research. Nevertheless, it was recently shown
by density functional theory calculations that CaMnOj3 exhibits a polar instability that even dominates over the
octahedral tilting for slightly enlarged unit cell volume. Here, we present similar calculations for LaCrOs, which
has the same d* B-site electron configuration as CaMnOj;. We find that LaCrO; exhibits a polar instability very
similar, albeit much weaker, to that of CaMnOs. In addition, while the Born effective charge (BEC) of the Mn**
cation in CaMnOyj is highly anomalous, the BEC of Cr** in LaCrOj is only slightly enhanced. By decomposing
the BECs into contributions of individual Wannier functions we show that the ferroelectric instabilities in both
systems can be understood in terms of charge transfer between TM d and O p states, analogously to the standard

d° perovskite ferroelectrics.
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I. INTRODUCTION

The relative scarcity of multiferroic materials has often been
explained by a chemical incompatibility between the factors
that promote ferroelectricity compared to the factors that
promote magnetic order."> Even though several mechanisms
for ferroelectricity that are compatible with the simultaneous
presence of magnetic cations have been identified recently
(see, e.g., Refs. 3-5), the most common mechanism for driving
polar displacements in typical perovskite ferroelectrics seems
to require a completely unoccupied d shell of the transition
metal (TM) cations on the perovskite B site. This statement
is to some extent based on the observation that essentially
all known perovskite ferroelectrics (e.g., BaTiO3;, KNbOs,
PbTiO3, Pb(Zr,Ti)O3, etc.) contain formal 4° TM cations on
the B site. On the other hand a partial filling of the electronic
d states is required in order to create a magnetic moment,® and
the resulting incompatibility has been a central paradigm in
multiferroics research over the past few years.

The driving force behind the ferroelectric distortion in the
dv perovskites, such as, e.g., BaTiOs; or KNbOs, is related
to hybridization between the filled oxygen 2p states and
the empty d states of the TM cation.>”® A ferroelectric
displacement reduces the distance between the TM cation
and one or more of the surrounding oxygen anions and thus
strengthens the corresponding covalent bonds, while slightly
weakening the bonds to the other surrounding oxygen anions
where the corresponding bond distance is increased. This leads
to an overall gain in covalent bond energy, which, however,
is opposed by repulsive electro-static forces. The gain in
hybridization energy is maximal if the antibonding states with
predominant TM d character are completely empty and is zero
if these antibonding states are completely filled.

Nevertheless, it has been shown recently that cubic per-
ovskite CaMnOj; exhibits a similar ferroelectric instability
which, even though it is rather weak at ambient conditions,
can be significantly enhanced by applying negative pressure.’
At the equilibrium lattice constant the ferroelectric instability
is suppressed by a much stronger antiferrodistortive instability,
i.e., a collective tilting of the octahedral network, which
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leads to the observed Pbnm-distorted perovskite structure of
CaMnOs. This antiferrodistortive mode is rather independent
of volume, so that the polar distortion becomes dominant
for slightly increased lattice constant. Very similar behav-
ior has also been reported subsequently for StMnO; and
BaMnO;.'*!! These calculations thus predict a new class of
multiferroics, which could be synthesized, for example, as
epitaxial thin films, where strain can stabilize the perovskite
structure with enlarged lattice constant. However, the question
of what is the driving force behind the ferroelectric instability
in the corresponding systems, in particular whether it is related
to the above-described charge transfer mechanism, has not
been addressed in these previous studies.

Within a predominantly cubic crystal field, the d* case of
CaMnOj; can also be interpreted as eg electron configuration,
analogously to the d° configuration found in most perovskite
ferroelectrics. In this case the empty e, states can in principle
provide the increase in bond energy required for the ferroelec-
tric instability, whereas the partial filling of the 1, states can
create a local magnetic moment. While the resulting gain in
bond energy is probably smaller than that for the case of a
d® TM cation, it is not obvious that this gain is necessarily
always smaller than the opposing effect of the short-range
repulsion.”*!! In fact, exactly this scenario has already been
discussed in Ref. 2, and arguments were given that, in addition
to the usual repulsive forces, the Hund’s rule coupling would
further disfavor the ferroelectric instability in these cases.

Here we address the question of what is the driving force
behind the ferroelectric instability in CaMnO3; and related
systems. We clarify whether the ferroelectric distortion in these
materials is driven by charge transfer between the TM cation
and its surrounding oxygen anions, similar to the conventional
d’ perovskite ferroelectrics. In order to investigate whether
this effect is a peculiarity that is specific to the Mn** cation,
or whether a similar polar instability can also be observed
in other magnetic perovskites, we compare the case of
CaMnO; with LaCrOj3. Under equilibrium conditions LaCrO3
exhibits a Pbnm-distorted perovskite structure and G-type
antiferromagnetic order,'? similar to CaMnOj;. Furthermore,
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the Cr’* cation on the perovskite B site has a d> electron
configuration that is isoelectronic to the Mn*" cation in
CaMnOs.

We calculate phonon frequencies and eigenmodes at the "
point and at selected zone-boundary wave vectors for LaCrO3
in the ideal perovskite structure at different volumes, and
we then calculate and compare Born effective charges for
LaCrO3, CaMnOs3, and the nonmagnetic ferroelectric BaTiOs.
Furthermore, we analyze the driving force for ferroelectric
displacements in these three systems by decomposing the
Born effective charges into contributions of individual Wannier
functions.

II. COMPUTATIONAL DETAILS

All results presented in this article are obtained using the
Quantum ESPRESSO package, employing a plane wave basis
set and ultrasoft pseudopotentials.'®!* A plane-wave kinetic
energy cutoff of 35 Ry (420 Ry) is used for the expansion of
the wave functions (charge density). The 3s and 3 p semi-core
states of Cr, Mn, and Ca, as well as the 5s and 5p states of
La, are included in the valence. Convergence with respect
to the k-point mesh density is achieved using 8 x 8 x 8§,
14 x 14 x 14, and 16 x 16 x 16 grids for the calculation of
phonons, Berry phase, and Wannier functions, respectively.
These values correspond to the five atom primitive unit
cell of the cubic perovskite structure and are appropriately
reduced if larger unit cells are used, e.g., to accommodate
the G-type antiferromagnetic order in the case of LaCrO3 and
CaMnO;. Calculations are performed using the Generalized
Gradient Approximation (GGA) according to Perdew, Burke,
and Ernzerhof,'> as well as the corresponding GGA + U
approach.'® For the latter a typical value of Ut = 4 eV is
applied to the TM d states.

III. RESULTS

A. Phonon calculations

Similar to Ref. 9, we first identify potential phonon
instabilities in cubic LaCrO3 by calculating eigenfrequencies
of all zone-center and various selected zone-boundary modes
at different lattice constants. We investigate variations of
+3% around an average lattice constant @ = 3.89 A, which
corresponds to the same volume per formula unit as in the
experimentally observed Pbnm structure of LaCrO;.!? The
relevant zone-boundary modes are selected by decomposing
the structural distortion between ideal Pm3m symmetry and
the experimental Pbnm structure into symmetry adapted
modes and then identifying the main components in this
decomposition. The ISODISPLACE utility is used for the mode
decomposition.!” The dynamical matrix is obtained from the
calculated forces created by small finite displacements of the
individual ions.

We find two strongly unstable antiferrodistortive zone-
boundary modes (R5 and M;F), which are responsible for
the experimentally observed Pbnm ground state structure,
and a soft polar (I'y) mode, which is unstable for larger
lattice constants.'® The corresponding results are presented
in Fig. 1 for both the ground state G-type antiferromagnetic
order and the ferromagnetic case. Similar to CaMnOs;, the
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FIG. 1. (Color online) Calculated eigenvalues w” of the dynami-
cal matrix of cubic LaCrO; for selected modes as function of cubic
lattice parameter a using U = 4 eV. The upper panel corresponds
to G-type antiferromagnetic order (G-AFM); the lower panel to
the ferromagnetic case (FM). Negative w? indicates a structural
instability.

antiferrodistortive modes are rather insensitive to volume,
whereas the polar mode is strongly volume dependent. It
can also be seen that ferromagnetic order leads to a further
destabilization of all modes. This is a result of the fact that
the antiferromagnetic superexchange interaction is strongest
for an ideal 180° TM-O-TM bond angle. In the magnetically
unfavorable ferromagnetic case the energy of the system can
therefore be lowered by distorting the bond angle away from
180°.

It is clear from these results that qualitatively LaCrO3
behaves very similarly to CaMnO;. However, on a quanti-
tative level, the polar instability is significantly weaker in
LaCrOs than in CaMnO3 (w? = —0.11 x 10° cm™2 for +3%
expansion in lattice constant, compared to * = —0.36 x 10°
cm~2 for +2% expansion in CaMnOs). Even at rather large
volume, the polar instability in LaCrO3; never dominates over
the antiferrodistortive modes.'”

B. Born effective charges

To further analyze the differences and similarities between
LaCrO; and CaMnOs, we calculate the Born effective charges
(BEC:s) of the B-site cations in both systems. The BEC tensor
Z},p describes the change in polarization component Py

resulting from a displacement of ion i along Cartesian direction
:2021
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Here, €2 is the unit cell volume and e is the electronic charge.
Anomalously enhanced BECs (compared to the formal charge
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TABLE I. Born effective charges Z7, of the TM cations in the
three systems under consideration, calculated using the Berry phase
approach, and compared to previously reported values and to the
corresponding formal charges.

BaTiO3 LaCrO3 CaMnO3
Formal charge 4 3 4
Ugr =0eV 7.31 3.62 7.61
Uyt =4 eV 3.58 7.66
Previous work (U = 0 eV) 7.252! 3.76% 8.16°
6.898 6.998

value) indicate that the corresponding displacements lead to
strong changes in hybridization with the surrounding ions
and are generally interpreted as a “smoking gun” for the
charge transfer mechanism toward ferroelectricity described in
Sec. 1.2021

We calculate BECs from the change in polarization corre-
sponding to small finite displacements of the TM cations along
the cubic axes. The electric polarization is calculated in two
different ways: (i) by using the Berry phase approach?>?} and
(i1) by constructing maximally localized Wannier functions
(MLWFs) and monitoring changes in the centers of gravity of
the individual Wannier orbitals.>>?® The BECs obtained using
the Berry-phase approach are listed in Table 1. In addition to
the BECs of the Mn and Cr cations in CaMnO3; and LaCrOs,
respectively, the BEC for the Ti** cation in the prototypical
ferroelectric BaTiOs is also calculated.?’

It can be seen from Table I that the effect of U.y on
the BECs is small and that all calculated values agree well
with previously reported data. Furthermore, in agreement with
Ref. 9, the BEC of Mn** in CaMnOj is very strongly enhanced
compared to the formal charge of +4. The anomalous part
of the BEC amounts to about 90% of the formal charge (or
~3.65 electrons), very similar to the enhancement observed
for the Ti** cation in BaTiOs. On the other hand the BEC
of Cr** in LaCrOs is only increased by a factor of 1.2 (or
0.6 electrons) compared to the formal charge of +3. Thus,
the differences in the BECs between LaCrO3; and CaMnO;
seem consistent with the significantly weaker polar instability
of LaCrO; compared to CaMnO3;. However, we also point
out that there is no straightforward relationship between the
magnitude of the BECs and the tendency of a certain material
toward ferroelectricity (otherwise CaMnOj3 should be just as
ferroelectric as BaTiOs3).

C. Wannier decomposition of BECs

To further analyze the origin of the enhanced BECs in
the three investigated systems, we decompose the electric
polarization calculated via MLWFs into contributions of the

individual Wannier orbitals |w,,):2
le]
P = Pionic core — 5 Z(wn|r|wn>' ()

n

This translates into a corresponding decomposition of the
BECs:

YA Zionic core T Z Z:a (3)
n
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TABLE II. Decomposition of Born effective charges Z7, of
the B-site cation in contributions of individual Wannier centers.
Contributions of oxygen-centered MLWFs are averaged over both
spin projections, whereas TM f,, contributions correspond to the
local majority spin projection. All values are calculated for Uy = 0.

BaTiO; LaCrO; CaMnO;
Mn/Cr dey(1) —1.081 —1.019
Mn/Cr d../d,.(1) —1.111 —1.002
O(z) Dx/ Py 0.853 0.239 0.516
O(z) P: 0.330 0.347 1.067
O(z2) s 0.267 0.212 0.331
O(y) Dx —0.0812 —0.059 —0.088
O(y) Dy —0.141 —0.217 —0.300
O(y) D- —0.092 0.023 0.165
O(y) s —0.072 —0.129 —0.124
Total valence 3.065 —2.760 0.451
Semi-core —-7.716 —7.628 —7.877
Tonic core 12.000 14.000 15.000
Total BEC 7.349 3.612 7.573
Formal 4 3 4
with
Ar
zr— 2 @)
Arion

Here’ Arn = <wn(Ari0n)|r|wn(Ari0n)> - <wn(0)|r|wn(0)> is
the displacement of the Wannier center n resulting from the
ionic displacement Ariyy.

For each of the three systems under consideration, the
occupied valence and semi-core states form energetically
isolated groups of bands with a specific dominant atomic
and orbital character: TM semi-core 3s and 3 p, A-site cation
semi-core s and p, and oxygen 2s and 2p. In the case of
LaCrO; and CaMnOs, the oxygen 2p bands are intermixed
with the local majority spin TM #,, states. We construct
separate MLWFs for each isolated set of occupied bands using
the Wannier90 code.?® The resulting MLWFs exhibit a clear
atomic and angular momentum (/m) character, albeit with a
certain amount of admixture of other atomic orbitals on the
surrounding ions due to hybridization (see Fig. 3 for some
examples). We use this atomic and orbital character to label
each MLWF. The individual contributions to the TM cation
BEC:s of all individual valence MLWFs as well as the sum over
all semi-core contributions are listed in Table II. O(z) and O(y)
denote the two symmetry inequivalent oxygen anions situated
along and perpendicular to the displacement direction of the
TM cation (see Fig. 2). It can be seen that the values for the total
BEC:s calculated via MLWFs which are listed in Table II are in
good agreement with the values calculated via the Berry-phase
approach listed in Table I. The individual contributions to the
BEC:s for BaTiOj; are also in good agreement with the results
of a similar decomposition presented in Ref. 30.

Within a completely ionic picture, i.e., without intersite
hybridization, the contributions to the BECs from the occupied
TM 1, orbitals in LaCrO;/CaMnO3 would be exactly equal
to —1, whereas the contributions from all oxygen orbitals
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FIG. 2. (Color online) Geometry for the calculation of BECs
listed in Table II. O(y) and O(z) are the oxygen anions situated
adjacent to the displaced TM cation along the y and z directions,
respectively. The thick arrow indicates the displacement direction
(z direction). This picture was generated using VESTA.?®

would be identically zero. In addition, with the core/valence
separation used in our pseudopotentials, the total contribution
of all semi-core states would be exactly equal to —8 for all
three systems. The f,, contributions to the BECs in both
LaCrO; and CaMnOj; are indeed very close to the nominal
value of —1, and the semi-core contributions to Z* are also
close to —8, deviating only by about 0.1-0.4 electrons from this
value. In contrast, strong anomalous contributions are found
for the oxygen s and p orbitals, with the largest contributions
resulting from the p orbitals corresponding to the oxygen
anions O(z) situated above and below the B-site cation along
the displacement direction (z direction, see Fig. 2).

The large positive contributions of these orbitals indicate
that the centers of the corresponding MLWFs shift toward the
TM cation that is moved closer to the oxygen. This represents
a net electron flow from the oxygen anion toward the TM
cation. Figure 3 depicts the changes in the O(z) p MLWFs for
a displacement of the TM cation along +z by 1% of the cubic
perovskite lattice constant. We point out that this displacement
is much larger than the one used for the calculation of the BECs
(which was only ~0.2 %). A larger displacement was used in
Fig. 3 to make the small changes in the MLWFs more visible. It
can be seen that the displacement of the TM cation toward the
oxygen anion increases the amplitude of the corresponding
atomic d character in the O(z) p MLWFs compared to the
cubic case. (Note the small changes in the “d-like” lobes of the
MLWFs around the TM cations.) This change in hybridization
shifts the center of the Wannier function toward the closer TM
cation, leading to the anomalous contribution to the BECs.

In BaTiO3, where the Ti d states are empty and therefore do
not contribute to the polarization, the anomalous contribution
to the BECs listed in Table II are strongest for the m-type
(px/py) orbitals, i.e., for the p orbitals that are oriented
perpendicular to the Ti-O bond and hybridize with the empty
I, states on the Ti cation. The contribution of the o-type (p,)
orbital, which hybridizes with the Ti e, states, is more than a
factor of 2 smaller.

If we compare this to the case of LaCrOs;, where the
majority spin f,, states are filled, the relative contributions of
the two types of p states change significantly. The contribution
of the p, orbital is very similar to the case of BaTiOs3, but the
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FIG. 3. (Color online) Maximally localized Wannier functions
corresponding to w-oriented p, orbitals [(a), (b)] and o -oriented p,
orbitals [(c), (d)] centered on O(z) for BaTiO; (left column), LaCrO;
(middle column), and CaMnOs (right column). (a) and (c) correspond
to the cubic structures, whereas in (b) and (d) the TM cations were
displaced along +z by 1% of the cubic lattice constants. Shown are
cuts through the x-z plane. The positions of the oxygen anions/TM
cations are indicated by the solid small/large (red/blue) circles.

contributions of the p, and p, orbitals are strongly reduced
and are now smaller than the p, contribution.

This effect is related to a strong reduction of the d-like
“tails” in the O(z) px and p, MLWFs in LaCrO; compared
to BaTiOs, which can be seen from Figs. 3(a) and 3(b). In
BaTiOs, these tails represent the TM d character contained
in the nominal oxygen p bands, which, as discussed in
the introductory paragraphs, are bonding states that result
from hybridization between atomic TM d and oxygen
p orbitals. Once the corresponding antibonding states (or parts
thereof) become occupied, the different orbital contributions
can be separated into different MLWFs with appropriate orbital
character.

More specifically, we note that the MLWFs shown in Fig. 3
correspond to the global “spin-up” projection. For BaTiO3
the two spin-projections are of course identical, whereas for
the magnetic systems the “spin-up” and “spin-down” MLWFs
centered at O(z) are related to each other by space inversion.
For the specific cases shown in Fig. 3 the local magnetic
moment of the Cr/Mn cation located at +7Z relative to the
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central oxygen anion is parallel to the global spin-up direction,
whereas the local magnetic moment of the Cr/Mn cation
at —52 is parallel to the global spin-down direction. It can
be seen that the £, tails of the p, MLWFs at 4-5Z have
completely vanished. This is due to the effect described above,
i.e., the corresponding orbital character has been transferred
to the 75,(1) MLWFs. In addition, the #, tail at —3Z is also
significantly reduced, because the global spin-up direction at
this TM site corresponds to the local minority spin character.
The corresponding #,, states are therefore higher in energy,
which reduces the amount of p-f,, hybridization at this site.
As a result, the p,/p, MLWFs in LaCrO; resemble more
closely the corresponding atomic orbitals compared to the
Px/ Py MLWFs in BaTiO3, and the contributions to the BECs
become less anomalous.

The same hierarchy between the p,/p, and p. contribu-
tions as in LaCrOsz can be observed for CaMnQOs3, but the
overall magnitude of both contributions is strongly enhanced
in the latter. The contribution of the O(z) p, MLWF in CaMnOj
is even three times larger than the corresponding contribution
in BaTiO;.

D. Densities of states

The origin of the strong enhancement of the individual
contributions to the BECs in CaMnO3 can be rationalized by
looking at the differences in the electronic structure of the three
materials. The total and projected densities of states (DOS) for
BaTiO3; (nonmagnetic), LaCrOs;, and CaMnOj; (both G-type
AFM) are shown in Fig. 4. It can be seen that in BaTiO3
and LaCrOs3; the TM d bands are situated well above the
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FIG. 4. (Color online) Spin-resolved total and projected DOS
fur cubic BaTiO; (top), LaCrO; (middle), and CaMnO; (bottom),
calculated within GGA. The shaded curves represent the total DOS,
the bright/dark (red/blue) lines represent the ,, /e, projected DOS of
the B-site cations. Different spin projections are shown with different
sign. For better comparison, the DOS are aligned with the top of
the oxygen p bands. Midgap (Fermi) levels are indicated by dashed
vertical lines.
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oxygen p bands. In particular the bottom of the TM e, states
is about 3.5-4 eV above the top of the predominantly oxygen
p bands in both systems. On the other hand in CaMnO3 the
corresponding energy separation is much smaller, with the
bottom of the Mn e, states only about 0.5 eV above the oxygen
p bands. This small energy separation leads to very strong
hybridization between oxygen p and TM d levels in CaMnOs.
The much stronger hybridization in CaMnO3; compared to both
LaCrO; and BaTiO3 will thus enhance all resulting effects,
including the anomalous contributions to the BECs. The strong
hybridization in CaMnOj therefore compensates the reduced
Dx/py contribution relative to p, leading to the large total
BEC (of the same magnitude as in BaTiOs) and the rather
strong polar instability compared to LaCrOs.

As a final technical note, we point out that the weak effect
of U on the BECs in CaMnO3 and LaCrOs is a result of the
specific projection on (nonorthogonal) atomic orbitals used
for the GGA + U implementation within Quantum ESPRESSO.
For both LaCrO3 and CaMnOj the resulting orbital occupation
matrix element corresponding to the majority spin e, states
is approximately equal to 0.5. Since the GGA + U potential
shift of the TM d states is given by AV, = %(% —n9),16
the energy separation between the e, states and the oxygen
p bands is thus not affected by the value of Uk for ngg =
0.5. According to the preceding discussion it is essentially
this energy difference that determines the magnitude of the
anomalous contribution to the TM BECs in LaCrO; and
CaMnO3, which are therefore rather independent of ULg.

IV. SUMMARY AND CONCLUSIONS

In summary, we have shown that LaCrO3 exhibits a strongly
volume-dependent polar instability very similar to that of
CaMnOs;. However the polar instability is significantly weaker
in LaCrO; than in CaMnQs;. This is consistent with the
much less anomalous BEC of the Cr3t cation in LaCrOs;
compared to the strongly enhanced BEC of Mn** in CaMnOs.
By decomposing the BECs in contributions of individual
Wannier functions, we could show that in both cases the
largest anomalous contributions stem from o-oriented O p
states of the oxygen anions adjacent to the TM cation along
the displacement direction, whereas the corresponding m
contributions are reduced compared to the d° ferroelectric
BaTiOs. This reduction of the m-type contributions to the
BECs relative to the o-type contribution is due to the
occupation of the majority spin f,, states in LaCrOj; and
CaMnOs;. The strong overall enhancement of the anomalous
charges in CaMnOj; can be explained by the near degeneracy
of O p and TM d states in CaMnO3, which leads to very strong
hybridization and thus enhances all related effects.

The polar instabilities in both magnetic perovskites can
therefore be understood in terms of charge transfer between
T™ d and O p states, analogously to the standard d°
perovskite ferroelectrics. While the partial occupation of the
TM d orbitals reduces the net charge transfer, this does not
necessarily exclude the possibility of a rather strong tendency
toward TM off-centering, as in the case of CaMnQOj3. We hope
that the results presented in this work will therefore be helpful
for the future design and understanding of new multiferroics
and ferroelectrics containing either d° or non-d° TM cations.
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