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Using first-principles density-functional calculations, we determine and analyze the Born effective charges
Z* that describe the coupling between electric field and atomic displacements for ferromagnetic double-
perovskite compound, La,NiMnOg4. We find that the Born effective charge matrix of Ni in La,NiMnOg, has an
anomalously large antisymmetric component, whose magnitude reduces substantially upon change in the
magnetic ordering between Ni and Mn, showing it to be a magnetism-dependent electrostructural coupling. We
use a local picture of the electronic structure obtained with Wannier functions, along with its band-by-band

decomposition to determine its electronic origin.
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I. INTRODUCTION

There has been a surge of interest in materials exhibiting
magnetoelectric couplings, such as CdCr,S,,! multiferroic
BiMnO3,2 and Bi,NiMnOy.? Recently, La,NiMnOg,* a ferro-
magnetic (FM) insulator in the ordered double-perovskite
structure, was shown to exhibit a room-temperature magne-
tocapacitance, a coupling between magnetization, and elec-
tric polarization. A recent calculation® showed that it is pos-
sible to drive this compound ferroelectric by alloying with
Lu at La site, giving rise to simultaneous presence of two
order parameters: ferromagnetism and ferroelectricity. While
such materials have tremendous potential for technological
applications, they are relatively rare and it is fundamentally
interesting to understand microscopic mechanisms behind
their properties.

La,NiMnOg (LNMO) occurs in a distorted double-
perovskite structure with a high-temperature phase with
rhombohedral symmetry [see Fig. 1(a)]. The magnetic-
susceptibility measurements of La,NiMnO, (LNMO) in an
applied magnetic field of 1 T show a magnetic transition* at
~280 K, demonstrating the onset of ferromagnetic long-
range ordering in an insulating compound at a temperature as
high as about room temperature. Further, its dielectric
constant* measured as a function of temperature exhibits a
jump at T, The temperature Tj,py, shifts toward the ferro-
magnetic transition temperature upon application of a small
magnetic field, indicating the near room-temperature magne-
tocapacitive behavior of the compound. Most of the dielec-
tric response of LNMO was found to arise from its low-
energy IR-active optical phonons, which were shown to
couple strongly with its magnetic order.®

Dielectric response of a phonon is determined primarily
by its frequency and the electric-dipole moment p. The latter
is given by the Born effective charge’ (BEC) tensor waﬁ
through the relationship:

Pa= Zi,aBTK,ﬁ’

where 7, 5 is the movement of an ion « along the direction 8.
Physically, Z* measures the microscopic current flowing
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across the sample while the ions are adiabatically displaced.
Such currents are responsible for building up the spontane-
ous polarization when ions are displaced from the cen-
trosymmetric position to the ferroelectric structure.®

In another physical interpretation, it gives the force F' the
ion feels in direction « through interaction with electric field
E in direction S,

Frw= Z;aﬁEﬁ.

Z" is therefore a measure of the strength of electrostructural
coupling of an insulating material. Being related to dynami-
cal changes of the hybridization between various ions,’ val-
ues of Z* are often found to be highly nontrivial and can
reach values twice as large as the static nominal ionic
changes. While in simple high-symmetry insulators, the Z*
matrix is typically isotropic with only nonzero identical di-
agonal components for a general case Z* can have both di-
agonal and off-diagonal components which need not to be
even symmetric.

In the following, we report density-functional-theory
(DFT) -based first-principles investigation of the Born effec-
tive charges of LNMO in the high-temperature rhombohedral
symmetry identifying its microscopic origin. Our computed
Born effective charges for LNMO show presence of large
off-diagonal components at the Ni site, which are totally an-
tisymmetric and sensitive to changes in magnetic ordering
between Ni and Mn. The work by Massidda et al.' in this
context carried out for transition-metal monoxides showed
the effect of magnetic anisotropy on Z* in terms lowering of
symmetry of the magnetic space group; while in the current
example, as elaborated in the following, the magnetic order-
ing changes the hybridization and therefore influences the
magnitude of the components of Z* without effecting the
symmetry. The effect described in the following is therefore
of different origin than what has been described in Ref. 10
and to best of our knowledge has not been reported previ-
ously. We note that while change of the coordinate system
can change the tensor elements of Z* as discussed in Ref. 11
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FIG. 1. (Color online) (a) Crystal structure viewed along the pseudocubic [111] direction revealing the high-temperature thombohedral
structure of La,NiMnOyg. The violet (dark gray) and orange (light gray) colored octahedra denote the NiOg and MnOg octahedra, respectively.
The La atoms shown as big balls sit in the hollow formed by NiOg and MnOg octahedra. The NiO4 and MnOg octahedra connected by corner
sharing O atom are tilted with respect to each other. The Ni, Mn, and the connecting O atoms therefore do not sit in a straight line; rather
they form a triangle with Ni-O-Mn angle of 157°. (b) Energy level positions of Ni and Mn d levels with respect to Fermi energy Ey as
obtained in DFT calculation. The upper (lower) panel corresponds to ferromagnetic (ferrimagnetic) spin arrangement between Ni and Mn

spins.

the totally antisymmetric part of Z*, as observed for LNMO,
does not change under similarity (coordinate) transformation
and therefore reflects the fundamental property of the mate-
rial.

The rest of the paper is organized in the following man-
ner. Section II is devoted to brief description of the compu-
tational techniques employed in the work. Section III pro-
vides the main result of the paper, namely the Born effective
charges of LNMO. In Sec. IV, we attempt on a microscopic
understanding of the calculated Born effective charges. Sec-
tion V discusses the comparison with other compounds. Sec-
tion VI concludes the paper.

II. METHODOLOGY

The computation of Born effective charges has been car-
ried out with the plane-wave pseudopotential method as
implemented in the ABINIT code.!> We used a spin polarized
generalized gradient approximation (GGA) (Ref. 13) to the
exchange-correlation functional. The wave functions were
expanded in the plane-wave basis with a kinetic-energy cut-
off of 80 Ryd. Reciprocal space integration was carried out
with a k mesh of 5X5X35.

In order to gain insights on the electronic origin of com-
puted Born effective charges, we have employed the muffin-
tin orbital (MTO) based Nth order MTO-downfolding
technique.'* This technique creates few-band Hamiltonians
out of a full DFT Hamiltonians through energy-selective pro-
cedure of integrating out degrees of freedom. If the chosen
low-energy bands form an isolated set of bands, as in the

example of transition-metal d states of LNMO, the underly-
ing orbitals span the same Hilbert space of the corresponding
Wannier functions, giving rise to Wannier functions gener-
ated a direct manner. Such technique has been employed in
past in generation of Wannier functions in high-T, cuprates,
in pyrochlore compound T1,Mn,O; (Ref. 16) and in low-
dimensional quantum spin systems.!” The accuracy of the
NMTO calculation has been checked through a comparison
with plane-wave calculations.

Further, we have carried out the analysis of the contribu-
tion of the different set of bands to the BECs of different
ions, a technique known as band-by-band decomposition.'®
In this technique, individual contributions are obtained by
considering the Bloch functions associated with a particular
set of bands as elements of overlap matrix.

III. BORN EFFECTIVE CHARGES IN LA,NIMNOg¢

Our calculated BECs of La, Ni, and Mn (shown in Table
I) follow the rhombohedral site symmetry, with a threefold
axis along pseudocubic [111] direction, while that at the O
site is lowered, leading to strong anisotropy of the oxygen Z*
tensor. We find anomalously large charges at Mn site (+6—
+7, significantly larger compared to its nominal valence of
+4), similar to earlier report on CaMnO5.'° The striking fea-
ture appears in the Born effective charges of Ni, which show
anomalously large antisymmetric off-diagonal components in
the Born effective charge matrix, though the diagonal ele-
ments have a value close to the nominal charge of Ni(+2).
More interestingly we found that the largeness of these anti-
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TABLE I. Calculated Born effective charge tensors at the La,
Ni, Mn, and O sites of La,NiMnOg at FM and FiM phases. Note the
presence of large off-diagonal elements which are antisymmetric
specially in case of Ni. Changing the magnetic ordering between Ni
and Mn from FM to FiM has profound effect in terms of making the
antisymmetric off-diagonal components at Ni weaker.

Ferromagnetic Ferrimagnetic
452 00 0 457 —0.11 0
z; 0 00 452 0 0.11 457 0
0 0 438 0 0 431
248 323 0 203 122 0
Zy D 323 248 0 ~122 203 0
0 0 224 0 0 1.64
644 —037 0 751 —098 0
Zy, D 037 644 0 098 751 0
0 0 652 0 0 654
~370 —048 091 367 021 093
Z5, D 048 -228 -035 021 -2.54 —0.22
091 035 -2.92 1.01 —0.18 —2.80
264 0.14 -0.15 —264 038 -028
Zp, D 1.09 -335 097 038 -3.59 0.92
076 062 -2.92 ~035 097 -280
—264 —1.09 -0.76 ~3.03 -0.60 —0.65
Zp, D ~0.14 -335 —0.62 ~0.60 -321 —0.70

-0.15 -097 -292 -0.66 —0.79 -2.80

symmetric off-diagonal components depend sensitively upon
the magnetic ordering between Ni and Mn. While the change
in magnetic ordering from FM to ferrimagnetic (FiM) state
affects almost all the matrix elements of Born effective
charge tensor, the most significant change occurs in the off-
diagonal component of the Born effective charge of Ni. This
implies that the anomalous and antisymmetric Born effective
charge of Ni is intimately connected with the magnetic cou-
pling between Ni and Mn, thereby giving rise to a
magnetism-dependent electrostructural coupling.

We note that the Z* of oxygen atoms also undergo inter-
esting changes due to their hybridization with metal ions.
The antisymmetric components of Z* of oxygen atoms
weaken (almost vanishes) significantly in the FiM state rela-
tive to FM one. Focusing on to Mn, we find that both diag-
onal and off-diagonal antisymmetric components are en-
hanced in the FiM phase compared to that in FM phase.

IV. ELECTRONIC ORIGIN

We now turn to determine the electronic origin of these
anomalous antisymmetric charges. We first summarize, the
salient features of the electronic structure of double-
perovskite compound LNMO as found in -earlier
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communications.>® The transition-metal ions Ni and Mn in
d%(2+) and d°(4+) configurations are octahedrally sur-
rounded by oxygen atoms. This causes crystal-field splitting
of Ni and Mn d states into #,, and e, symmetries. The pres-
ence of finite magnetic moments at both Ni and Mn sites also
causes spin splitting of 7,, and e, states. Ni being in d® state
and in S=1 spin configuration, both #,, and e, states in the
majority-spin channel are filled while only the #,, states are
occupied in the minority-spin channel. In the spin $=3/2
configuration of Mn ion, only f,, states are fully occupied in
the majority-spin channel, and both #,, and e, states remain
empty in the minority-spin channel. The energy-level posi-
tions of Ni and Mn d states in the ferromagnetic and ferri-
magnetic alignment of Ni and Mn spins, as obtained in DFT
calculations within the framework of GGA, are shown in the
upper and lower panels of Fig. 1(b). The insulating solution
is obtained for both FM and FiM phases in the DFT-GGA
calculations with the Fermi energy lying in the gap between
Ni e,(Ni t,,) and Mn e,(Mn 1,,) states in the majority (mi-
nority) spin channel for FM phase and between Ni e,(Ni #,,)
and Mn #,,(Mn e,) states in the majority (minority) -spin
channel for FiM phase. The hybridization between Ni and
Mn mediated by oxygen with a superexchange mechanism
allows only the states of same symmetry and spin to interact.

To understand the microscopic origin of anomalous be-
havior of Born effective charge, we have constructed Wan-
nier functions corresponding to Ni and Mn d energy bands
using NMTO-downfolding technique'* which involves inte-
grating out degrees of freedom expect for the d- orbitals of
Ni or Mn. The constructed Wannier functions have the cen-
tral symmetry as that of Ni or Mn d orbitals while the tails
are shaped according to the symmetries of the integrated out
orbitals, which is O p and Mn or Ni d states. Previous work®
in connection with contributions of change in hybridization
to the anomalous charge has shown that it originates prima-
rily from a modification of the interactions between occupied
and unoccupied electronic states. Examination of level dia-
gram [Fig. 1(b)] reveals that such situation arises in case of
interaction between Nif,, and Mnt,, symmetries, with
Ni 1,, states being filled and Mn 1,, states being empty for
the minority-spin channel in ferromagnetic case and for the
majority-spin channel in case of ferrimagnetic spin align-
ment. Similarly it arises between Ni e, and Mn e, symme-
tries, with Ni e, states being filled and Mn ¢, states being
empty for the majority-spin channel for both ferromagnetic
and ferrimagnetic cases.

We examine one of the Wannier functions centered on Ni
and having 1,, symmetry in minority (majority) spin channel
for the ferromagnetic (ferrimagnetic) phase for two cases: (a)
equilibrium rhombohedral structure and (b) a structure dis-
torted with Ni displaced by 1% of the lattice constant along
the crystallographic x axis (see Fig. 2). We notice the central
y'z" symmetry, defined in the local coordinate system with z’
axis pointing along one of the Ni-O bond, while the tails in
the immediate neighborhood are shaped according to oxygen
py and p,, orbitals which form antibonds with the central Ni
y'z" symmetry. The end of these tails consist of #,, orbitals
(largely unoccupied) of the next-nearest-neighbor Mn atoms,
leading to a finite mixing of orbitals of Ni and Mn. The
effective Ni-centered Wannier function is longer ranged in
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FIG. 2. (Color online) (a) Atomic structure of La,NiMnOg in the
equilibrium configuration compared to the structure where Ni atom
has been moved along the rhombohedral x axis. The green, yellow
and orange balls mark the positions of Ni, Mn, and O atoms. The
lighter and darker green balls indicate the positions of Ni at equi-
librium and that after displacement. The movement of Ni atom
strongly influences the ZNi—O-Mn, increasing it one quadrant
and decreasing it in the opposite quadrant from the equilibrium
/Ni—O-Mn. (b) The thombohedral global coordinate system and
the oxygen-based octahedral coordinate system. The unprimed and
primed coordinate systems represent the rhombohedral coordinate
system (z axis pointing along the pseudocubic [111] direction) and
the oxygen-based octahedral coordinate system (z' axis pointing
along one of the Ni-O bond and x’ axis pointing along the Ni-O
bond approximately perpendicular to it.) (c) Plot of effective Ni
y'z’ Wannier functions. Plotted are the orbital shapes (constant-
amplitude surfaces) with the lobes of opposite signs colored as red
(light gray) and blue (dark gray). The upper two panels correspond
to calculations in the equilibrium (left panel) and Ni displaced (right
panel) conditions in the ferromagnetic phase, while the lower panels
correspond to calculations in the equilibrium (left panel) and Ni
displaced (right panel) conditions in the ferrimagnetic phase. The
arrows marked in the Wannier functions in the ferromagnetic phase
show the sense of rotation of the orbital tails.

the ferromagnetic phase having a spread of =~3.6 A com-
pared to that in the ferrimagnetic phase, having a spread of
~2.7 A. This is due to the fact that [cf. Fig. 1(b)] Mn te
states are close in energy to Nit,, down-spin states (A
~1.6 eV) in the ferromagnetic phase while Mn 1,, states are
farther away from Ni #,, up-spin states (A~=~2.6 eV) in the
ferrimagnetic phase, resulting in stronger Ni-Mn hybridiza-
tion in the ferromagnetic phase.

As the angle Ni-O-Mn increases in one quadrant and de-
creases in the opposite quadrant upon displacement of Ni
atom [cf. Fig. 2(a)], oxygen-Mn bonding along the tails
strengthens along one direction and weakens along the op-
posite direction implying a net transfer of charge. The most
striking and key observation is that in addition to the net
charge-transfer effect, the Mn f,,-like tails rotate in quad-
rants that show accumulation of charge [see Fig. 2(c)]. This
mechanism is different from the charge transfer along a line
through unit cell, and gives a shift in the center of Wannier
function along y (—x) direction when Ni atom is off-centered
along x (y) direction. The center of gravity of Wannier func-
tion with 1% displaced Ni atom along x direction shows a net
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displacement of about 0.05 A along y direction, which is
about 1.5% of the lattice constant. Thus, this is responsible
for the large off-diagonal component of the Z* tensor of Ni.
Change in the alignment of Ni and Mn spins from FM to
FiM leads to weaker hybridization between Ni and Mn, and
hence a much smaller antisymmetric component of the Z*.
Examination of BEC tensor shows diagonal component of
Mn to be more anomalous compared to that of Ni, which is
explained in terms of the dynamical charge transport from/to
oxygen atoms. Mn being in @° state, is more d° like com-
pared to Ni, which is in d® state. Using simple criterion of
capacity of an orbital available to exchange charge with O%-,
one finds that the maximum permitted values for Ni** in d®
state is +2, and that for Mn>* in &° state is +3, allowing for
a maximum value of BEC of +4 and +8 for Ni and Mn,
respectively.

V. COMPARISON WITH OTHER COMPOUNDS

LiNbO;, very similar in structure with rhombohedral
symmetry to LNMO, was also reported® to exhibit a large
antisymmetric component of Born charge tensor of Nb. As
Nb is in the d@° state in LiNbO5, following the orbital filling
criterion, the magnitude of the diagonal components of Zy,
(8.3) is much larger than the off-diagonal ones (2.1), in con-
trast to LNMO. Due to symmetry, the antisymmetric compo-
nents of Z* of two Nb ions in LiNbO; are opposite in sign
and cancel, in contrast to very disparate magnitudes of the
antisymmetric components of Z* of Ni and Mn in LNMO.
The band-by-band decomposition technique'® for analysis of
Z" in case of LNMO reveals that the antisymmetric compo-
nent of Z*=3.2 of Ni arises primarily from O p and metal 3d
states with contributions of 5.5 and —1.8, respectively, con-
firming once again the role of the metal (Mn) 3d states. In
comparison, the antisymmetric charge of 2.1 for Nb in
LiNbO; is mostly contributed by oxygen p states. Impor-
tantly, Nb being in d° state does not exhibit the interesting
effects of magnetic nature as observed for LNMO. Referring
to Table I and comparing with Table VI in Ref. 20 we make
the interesting observation that upon changing the magnetic
ordering from FM to FiM in La,NiMnOy, the behavior to the
7" matrix becomes more akin to LiNbO;, with nearly sym-
metric off-diagonal components of Z* at oxygen sites and
nearly similar antisymmetric off-diagonal components of Z*
between Ni and Mn (in case LiNbO; they are identical be-
tween two Nb ions in the unit cell due to symmetry). Pres-
ence of large off-diagonal elements of Z* have been also
observed for relaxor PbMg,;Nb,;0;,!" but like LiNbOj it
also does not show the interesting effects of magnetic nature.

While the symmetry of the structure allows antisymmetric
Born charge in LNMO, its magnitude depends on the ener-
gies of the d orbitals and hence on the type of magnetic
ordering. Being motivated by this finding, we determined the
Born effective charges of another insulating double perov-
skite, namely, Sr,CrOsOg,2! which also has a rhombohedral
symmetry in certain temperature range. Though, we observe
antisymmetric off-diagonal Born effective charges at O s
site, driven by the symmetry of the rhombohedral phase, its
magnitude is found to be much smaller (=0.3). The observed
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case in LNMO is therefore a rare event where the geometry,
chemistry, and magnetism work hand-in-hand to produce
such a spectacular effect.

VI. SUMMARY AND OUTLOOK

In summary, we have provided a first-principles theoreti-
cal evidence for a magnetism-dependent electrostructural
coupling in La,NiMnOyg: it exhibits an anomalously large
antisymmetric component of the BEC matrix that depends
sensitively on the magnetic order. Fundamental understand-
ing developed here in terms of aspects of symmetry and elec-
tronic structure responsible for the fascinating properties of
La,NiMnOg should stimulate further efforts in designing
new materials exhibiting magnetism-dependent electrostruc-
tural coupling. This would lead to changes in the intensity of
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the IR spectra upon application of magnetic field as well as
rotation of the plane of vibration of Ni upon shining a plane-
polarized IR radiation, with respect to the plane of polariza-
tion of the incident IR radiation.
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