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Theoretical prediction of multiferroicity in double perovskite Y,NiMnOg
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We put forward double perovskites of the R,NiMnOg family (with R a rare-earth atom) as a distinct class of
multiferroics on the basis of ab initio density-functional calculations. We show that changing R from La to Y
drives the ground state from ferromagnetic to antiferromagnetic with 71 | | spin patterns. This E*-type order-
ing breaks inversion symmetry and generates a ferroelectric polarization of few microcoulomb per square
centimeter. By analyzing a model Hamiltonian, we understand the microscopic origin of this transition and
show that an external electric field can be used to tune the transition, thus allowing electrical control of the

magnetization.
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I. INTRODUCTION

Materials with simultaneous magnetic and ferroelectric
ordering—multiferroics—are attracting enormous scientific
interest due to their potential for applications in memory and
data storage devices.!> Multiferroics with magnetically in-
duced ferroelectric order are particularly interesting due to
their strong magnetoelectric coupling, which is required for
an electric (magnetic) control of magnetic (electric) order
parameter: a very desirable property from a technological
point of view.? Therefore, the search for new multiferroics
with the ferroelectric order driven by the magnetic order is
currently a very active and important field of research.

Although the term “multiferroic” has become popular
only in the last decade, the topic of simultaneous existence of
ferroelectricity and magnetism in solids is not new.*~% It was
realized early on that the order parameters for the ferroelec-
tric and ferromagnetic (FM) order are often chemically
incompatible.” The possibility of magnetoelectric coupling in
Cr,0O5 was predicted by Dzyaloshinskii and confirmed later
by Astrov.? In addition, the existence of weak ferromag-
netism induced by ferroelectric polarization in BaMnF, was
shown by Fox and Scott.'>!! More recently, a large number
of discovered multiferroics belong to the class where a ferro-
electric order is induced by a nontrivial magnetic state. The
possibility to design novel materials where ferromagnetism
can be induced by the interplay between polarization and
Dzyaloshinskii-Moriya interaction has been suggested
recently.!? Finally, many Pb- and Fe-based compounds have
also been proposed as potential multiferroics.!3-16

In this paper, we show, by using first-principles density-
functional theory (DFT) calculations and a model Hamil-
tonian analysis, that the magnetic order in the double-
perovskite compounds R,NiMnOg (RNMO) changes from
ferromagnetic for R=La and Sm to the E*-type for R=Y.
The E*-type magnetic structure consists of T-T-]-] spin
chains along the cubic perovskitelike directions (see Fig. 3),
or equivalently, zigzag FM spin chains antiferromagentically
coupled in-plane to the neighboring zigzag chain, with an
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out-of-plane FM coupling.!” E*-type magnetism breaks in-
version symmetry and thus allows a ferroelectric polarization
to occur. We will show using Berry-phase (BP) approach that
indeed Y,NiMnOyg is multiferroic with a electric polarization
of few microcoulomb per square centimeter. We will show
that vice versa the magnetic transition from ferro to E*-type
can be tuned by an external electric field, thus allowing elec-
tric control of the ferromagnetic order parameter. The E* spin
configuration, together with the checkerboard arrangement of
Ni?*-Mn** ions leads to inversion-symmetry breaking and
gives rise to a ferroelectric polarization in Y,NiMnOg, which
we explicitly compute using DFT methods. To the best of our
knowledge, Y,NiMnO4 (YNMO) and Sm,NiMnO, (SNMO)
have never been synthesized. Therefore, our work goes into
the direction of first-principles materials design, aimed at
achieving multiferroicity in advanced compounds by tuning
their chemical composition and, in turn, their structural,
ferroelectric and magnetic properties.

The rest of the paper is organized as follows: in Sec. II,
we discuss the details of the computational ab initio method.
The results of DFT calculations are presented in Sec. III. A
model Hamiltonian analysis, with the essential parameters
taken from the DFT results, is presented in Sec. IV. Section
V is devoted to the results on ferroelectric polarization using
the Berry-phase approach and a discussion, and conclusions
are presented in Sec. VI.

II. COMPUTATIONAL METHOD

The double perovskite La,NiMnO, (LNMO) is a ferro-
magnetic insulator with a Curie temperature close to room
temperature (7,.~280 K). The structure of LNMO changes

from rhombohedral (R3) at high temperature, to monoclinic
with P2,/n symmetry group at low temperature.'®!® DFT
has been successful in understanding the FM insulating be-
havior and the dielectric anomalies observed experimentally
in LNMO.”>?! We work in the framework of density-
functional theory, using the Vienna ab initio simulation
package,?? in which the Kohn-Sham equations are computed
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FIG. 1. (Color online) (a) Density of states in P2,/n symmetry
for FM-type magnetic structure in LNMO; (b) density of states in

P2, symmetry for E*-type magnetic structure in YNMO. Zero en-
ergy is set to be Fermi level.

using the projector-augmented wave method and solved de-
scribing electronic exchange and correlation in the general-
ized gradient approximation (GGA), using the functional in-
troduced by Perdew, Burke, and Ernzerhof (PBE).?> The
plane-wave cutoff was chosen as 400 eV. A [3,6,5] mesh was
used for the Brillouin-zone sampling. In the BP approach, we
integrated over strings parallel to a,b,c axes, each of them
divided in eight k points. Self-consistent calculations and
structural relaxations were iterated until a convergence crite-
ria of 0.01 meV was reached. No symmetry constraints were
imposed during the relaxation.

III. DFT RESULTS

The spin-resolved density of states (DOS) of LNMO is
shown in Fig. 1(a) and they agree well with the one in Ref.
20. The octahedral surrounding of Mn and Ni atoms split the
Mn 3d and Ni 3d manifolds into the 7,, and e, levels. In the
spin-up channel, the Ni7,, and Ni e, are found within the
range of 2 eV below the Fermi level (Er) mixed with O 2p
and the Mn 1,, states, the latter being localized between the
Ni 1,, and the Ni e,. The Mn e, remain empty, separated by
~2.5 eV from the Mn7,,. In the down-spin channel the
Ni7,, states are located between the O 2p and the Fermi
level while the Ni e, lie above the Fermi level along with the
Mn 1,, and the Mn e,. This distribution of states corresponds
to the nominal valences Ni’* (@®) and Mn** (d°): the mag-
netic moments in our simulations are indeed found to be
1.4 up and 2.9 up, respectively, close to the experimental
values.*

Calculating the DFT total energies of the different mag-
netic structures on the relaxed crystal structure of LNMO
and using a least-squares mean method to fit their values by
an effective Heisenberg Hamiltonian (as in Ref. 25), we ex-
tract the magnetic couplings J;;. Note that the spin-orbit cou-
pling, which is not included here, might change slightly the
values of J;; (see Ref. 20).

Experimentally, the unit-cell parameters of double perovs-
kites R,NiMnO, with R=Sm and Y are unknown. Since the
theoretical lattice parameters of LNMO obtained within
GGA are very close to the experimental estimates (see also
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TABLE 1. Values of the exchange interactions, J;; (in meV/ ,uB)
for RleMnO6 (RNMO) with rare earths R=La, Sm, and Y: Jllmf\]Nl),
J‘Il\(lyﬁ Mn)» SN L(Nl M) and JH(N[ M) denote the in-plane Ni-Ni second-
nearest neighbor, in-plane Mn-Mn second-nearest neighbor, out-of-
plane Ni-Mn nearest-neighbor and in-plane Ni-Mn nearest- neighbor
exchange constants, respectively. The ratio (Q) between J“(Nl i) and

J”(Nl_Mn) is reported in the last column.

R Tiniwy  imwn Dl N ©
La ~100 3 44 47 2.13
Sm 72 3 27 25 2.88
Y ~57 2 1 12 475

Ref. 20), we infer a good accuracy for the prediction of
structural properties. Therefore, we determine the lattice pa-
rameters and the internal coordinates of the ions for R=Sm
and Y by carrying out the first-principles volume and shape
optimization for the monoclinic phases upon imposing a FM
spin configuration. The PBE theorethical lattice parameters
are for R=Sm: a=5.309 A, b=5513 A, ¢=7.574 A,
p=90.218°, for R=Y: a=5.239 A, bh=5490 A,
c=7.494 A, B=90.437°. Our results may provide basis to
refine the crystallographic structures experimentally. A gen-
eral trend is found: a smaller size of the radius of the rare
earth is such to decrease the Ni-O-Mn angles increasing the
octahedral distortions, which in turn reduces the effective
interactions between Ni and Mn ions. Following this proce-
dure, the total energies of different magnetic structures as
considered above for R=La reveal a transition from a FM
(for R=La,Sm) to the E*-type magnetic structure (for
smaller rare-earth ions R=Y).26 RNMO with R=Sm and Y
are found to be insulators with electronic structures very
close to that of LNMO. We show in Fig. 1(b) the spin-
resolved DOS of YNMO in the E*-type magnetic structure.
Small differences are found in the values of the band gaps
and magnetic moments at Ni and Mn sites between the con-
sidered magnetic structures in all RNMO studied in this
work. The magnetism is governed by the superexchange in-
teractions due to the Hund’s rule and energy gain allows
virtual hopping of parallel spins and forbids antialigned spins
between half-filled Ni e, and empty Mn e, orbitals as ex-
pected in an extended Kugel-Khomskii model.?*?” The su-
perexchange path is active via the O 2p orbitals giving rise
to a residual moment on the oxygen sites. The trend of the
exchange parameters with changing R is reported in Table
1.28 In-plane exchange interactions between Mn sites are neg-
ligible compared to Ni sites. The ratio between the antiferro-
magnetic next-nearest-neighbor (NNN), J‘I‘\(JEFNI) and FM NN
JH(Nl Min) interactions increases and explains the stabilization
of E*-type magnetic structure: a frustrated -7-]-] Ising-
type spin chain in ab planes.!** Magnetic couplings changed
by intercalation of rare earth with smaller ionic radius gives
the possibility to achieve a polar state in RNMO. We recall
that the E-type magnetic structure is known to produce large
polarization along the short b axis due to the noncentrosym-
metric collinear spin arrangement which breaks the inversion
symmetry in RMnO; and RNiO5.!:30-33

There is an interesting similarity between the results pre-
sented here and the phenomena observed in the undoped
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manganites RMnQO5.3*% In the RMnOj3, one finds a sequence
of transitions from an A-type AFM (for R=La, Sm) to a spin-
spiral (R=Tb,Dy) and finally to an E-type state (R=Ho).
While the A-type phase is paraelectric, both the spin-spiral
and the E-type phases are ferroelectric. In the case of double-
perovskites RNMO, one starts with a FM state for R=La,
which differs from LaMnO; only in the c-axis coupling. We
predict that YNMO is E*-type AFM and supports a finite
macroscopic polarization similar to the case of HoMnOs.
The other difference between the RMnO; and the RNMO
family is the existence of charge ordering in the latter. Since
we do not consider noncollinear states, we cannot rule out
the possibility of spin-spiral states. We believe that the pos-
sibility to find spin-spiral state is suppressed in the present
case due to the anisotropic NNN hoping between Ni-Ni,
which strongly favors the E*-type state. Nevertheless, if spin-
spiral states indeed exist for some members of the family
RNMO, these will very likely turn out to be ferroelectric
much like the TbMnO; and DyMnOs;. Following the change
in effective exchange parameters J;; in Table I, one expects a
reduction in transitions temperatures similar to the case in
RMnO;. Taking into account the difference between mag-
netic moments at Ni and Mn sites, we estimate the 7 in
LNMO to be ~330 K, very close to the experimental value
of 280 K. Comparing the energies of FM and E*-type phases,
we expect the transition temperatures for R=Sm (R=Y) to
be a factor of 2 (10) lower than that for R=La.

IV. MODEL HAMILTONIAN ANALYSIS

In order to understand the transition from the FM to the
E*-type magnetic state at a more microscopic level, we ana-
lyze the following two-band model Hamiltonian®*37 for the
double perovskites:

B
-> tU,e(Czaa o+ H.c) + 2 €n; + UE RiaiMia)
(i))o

+(U +Jp) > NigiMip| + NipiTig) + (U = Ji) > NigtNipt
; i

+ Nig| Nip| — JH Z S o;+ )\2 (thsz + ta i T Qbini)

ieMn
+H,. (1)
Here, c¢;,, and cl‘w are annihilation and creation
operators for electrons with spin o in the e, orbital

a e {x*—y*(a),322-r*(b)}. t(oib) denotes the hopping ampli-
tudes between the two e, orbitals on NN and NNN sites. The
NN Ni-Mn hgpplng is given by®® r{, =8}, =1, 13,=85,=1/3,
fi,=15,=-1/3, and tlz—télzt/\B where x and y mark the
spatial directions. The NNN hoppings are parameterized by
t' such that tNNN—t tNg 3 €, denotes the on-site energy, and,
guided by the electronic structure shown in Fig. 1, we set
€(Mn/Ni)= * A. J, denotes the Hund’s rule coupling be-
tween the e, electrons and U’ (U) is inter (intra)band Hub-
bard repulsion with U=U'+2Jy. Since the Mn sites have a
half-filled #,, level, an additional Hund’s rule coupling
between the Mnt,, and the Mne, is included. The o;

denotes the electronic spin operator defined as
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at=3" .l T*

vo'Ciaol wo'Cias’» Where I'* are the Pauli matrices. N
denotes the strength of the electron-lattice coupling. Q,;,Q.;
are the Jahn-Teller (JT) distortions which are very weak
compared to the breathing mode (BM) dlstortlons Op;- The

Tyi =X (clao— lb0+cjbg tao’) and Tzi _Z (clao' Ciao™ 1bo’ ibo) aAre
the orbital pseudospin operators for the e, orbitals, and the
elastic energy for the distortions is included as
H,=(1 /2)(Q)2d+ Q§i+ Qii). Any deviation from collinear spin
arrangements is neglected. All energies are measured in units
of hopping parameter 7, which can be estimated as
1~0.2 eV from the e, bandwidth.

Ideally, one should also include in the model the hopping
between Mn the and Ni e, orbitals. However, this will lead to
a much more complex five-orbital model. Therefore, in order
to retain the simplicity of the analysis we ignore the hopping
between Iy, and e, orbitals. Moreover, we believe that the
qualitatively important term is the hopping between NNN
Ni e, orbitals, which has been explicitly included. Addition-
ally, since the c-axis magnetic coupling remains ferromag-
netic in nature, we consider only a two-dimensional (2D)
model which captures all the relevant effects occurring in the
in-plane parameters as inferred from the DFT data.

In spite of employing the simplifications discussed above,
the model Hamiltonian is rather involved with a large num-
ber of parameters. We identify the key parameters of the
model using inputs from DFT results. An important feature
from DFT calculations is the increase in the relative strength
of the NNN respect to the NN interactions as R changes from
La to Y (see Table I). Therefore, we focus on this variation,
keeping the other model parameters fixed to reasonable val-
ues guided by the DFT results.?’ A staggered pattern of the
BM distortions with Qp,=Q,e"™™"i is assumed following
the DFT results discussed earlier. A weak JT distortion is also
considered in order to test the robustness of the results. We
analyze the model Hamiltonian by employing a Hartree-Fock
decoupling of the interaction terms; replacing n;417,, by
(Migt i) +1ia1(Mig )= Mg XNia)), etc. The resulting model
is solved self-consistently by iterative numerical diagonaliza-
tion on a two-dimensional Ni-Mn square lattice starting from
different possible magnetic states, and the energies of the
converged states are compared to find the ground state. In
Fig. 2, we show the total energy per lattice site as a function
of the ratio t' between the NNN and the NN hopping
strengths. Panel (a) corresponds to the absence of JT distor-
tions while weak JT distortions are present for the results in
panel (b). The figure demonstrates that it is indeed possible
to drive a transition from a ferromagnetic to an E*-type state
by increasing the NNN hopping parameter. JT distortions
work in favor of the E*-type state as the ¢’ required for the
FM to E*-type transition reduces upon increasing Q, [see
Fig. 2(b)].

V. FERROELECTRIC POLARIZATION

Using the BP approach, we evaluate the first-principles
electric polarization P (Ref. 40) for YNMO. The purely elec-
tronic contribution to polarization, P,;,, can be calculated by
imposing the E*-type magnetic structure in the centrosym-
metric crystal structure with P2,/n symmetry, leading to
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FIG. 2. (Color online) Total energy as a function of the ratio ¢’
of the NNN to the NN hopping parameters, (a) in the absence and
(b) in the presence, of JT distortions. The E-type state (equivalent to
E* since the model is 2D) becomes lower in energy with increasing
t' in both cases. The other model parameters are A=2, U’'=4,
Jp=0.5,x=1, Q.=0, and Q,=1. (c) Total energy as a function of &t
for A=2.0, J;=0.5, Q,=0, and U’ =4. (d) Energy gap in the DOS
and the net magnetization as a function of dt. All energies are mea-
sured in units of hopping parameter t~0.2 eV.

P,,=0.75 uC/cm? along the b axis. The checkerboard pat-
tern due to Ni** and Mn** valence in the monoclinic P2,/n
crystal structure leads to the BM distortions of the NiOz and
MnO; octahedra, which contain three inequivalent oxygen
atoms (O, out of plane and O,, O; in plane) with correspond-
ing Ni-O-Mn (Ni-O,-Mn and Ni-O3-Mn) angles differing
slightly due to the monoclinic distortion of the unit cell [see
Fig. 3(a)]. The E*-type magnetic order further lowers the
crystal symmetry to P2;. The magnetic order couples to the
lattice and influences the ionic positions and the electronic
charge distribution, leading to a decrease in the electronic
contribution with respect to the purely electronic term
calculated for the centrosymmetric crystal structure.
However, the total polarization increases with respect to the
centrosymmetric crystal structure due to the ionic
contribution: Pyyyo=2.50 uC/cm? (P,,=0.51 uC/cm?,
Pionic=1.99 uC/cm?). The exchange energy in the P2, sym-
metry is minimized: (i) by increasing (decreasing) the dis-
tance between 1-7(7-|) along the 7-7-|-] spin chains [see

a)

PHYSICAL REVIEW B 82, 134429 (2010)

TABLE II. Details of optimized ionic structures within E*-type
(above) and ferromagnetic (below) structures. Please see Fig. 3 for
notations.

R d’ d”  N-Oy-M N-Oy-M N-O3-M N-O3-M
La 3.888 A 3.874 A 155.66° 159.63° 155.92° 159.50°
Sm 3.811 A 3.843 A 151.84° 148.55° 151.70° 149.35°
Y 3814 A 3776 A 147.70° 144.68° 147.98° 145.68°
R d N-O,-M N-03-M
La 3.881 A 158.06° 158.37°
Sm 3.827 A 150.48° 150.89°
Y 3795 A 146.31°  147.0°

d’, d” in Fig. 3(b)], which are identical in the original P2,/n
symmetry [see d in Fig. 3]; (ii) by further splitting from a
magnetic point of view of the oxygen ions into four in-
equivalent sites [see Ni-O,,-Mn, Ni-O,-Mn and Ni-O3,-Mn,
Ni-O3-Mn in Fig. 3(b)]. The inequivalent oxygen atoms O,
O, and O3, Oy are charge polarized with local dipole mo-
ments leading to a net polarization developing along the b
axis. The magnetic mechanism illustrated here has been
found to be active also in multiferroic RNiO5.3! Details of
the optimized structures for RNMO are given in Table II.
The Ni-O-Mn angles decrease with the ionic radius R from
La to Y, leading to a reduction in the effective overlap be-
tween NN Ni and Mn sites. This behavior explains qualita-
tively the change in the magnetic ground states upon chang-
ing the rare-earth ions similar to the observations in
RMHO3.34

The ionic displacements from the centrosymmetric to the
ferroelectric ionic state are such that all the ions contribute to
the final polarization P. Larger displacements are found for
Ni and O ions, excluding the possibility that P is driven by
A-site cations only as in Bi-based multiferroic systems.*!

To conclude our analysis, we compare the values of
Pynmo calculated within the BP approach and the so-called
point charge model (PCM). We find Piio=1.64 uC/cm?,
i.e., very close to the one calculated by DFT taking into
account quantum electronic effects. We deduce that the elec-
tronic rearrangement of the charge due to the symmetry
breaking is small. An interesting outcome from DFT calcu-
lations can also be the deviation of the Born effective

FIG. 3. (Color online) In-plane
arrangement of the ions and their
relative distances in the unit cell
in (a) P2;/c and (b) P2, symme-
try. Arrows indicate the magnetic
spin ordering in the E*-type mag-
netic structure.
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charges (BECs) from their nominal valencies looking at the
(2.2) components:*? Zy;=1.9¢,Zy,=4.85¢, Z =-2.87e,

Zgz,z—Z.Oe, Zg3,,=—3.65€, Zgz’,=—2.76e (for the labeling of

the oxygen sites see Fig. 3). The BEC are consistent with the
inequivalence of oxygen sites and they are rather close to the
nominal valences, providing a simple ionic picture of the
chemical bonds in YNMO. In our analysis of the BEC, we
did not consider the full tensor structure for the Z* for all the
atoms and assumed the (2,2) component to be most
relevant one for multiferroicity. We calculated the electical
polarization P also for SNMO and LNMO with
imposing E*-type magnetic structure using BP and
PCM:  PEMo=1.69 uC/em?, PSR =277 uC/cm?,
PPN ,=1.80 uC/ecm?, and PPR,,=2.87 uC/cm® Note
that the value of P in LNMO is larger than in YNMO, simi-
lar to what happens in E-type manganites.”

VI. DISCUSSIONS AND CONCLUSIONS

Finally, we demonstrate using the model Hamiltonian that
an external electric field can induce a magnetic transition in
this system. The main effect of an external electric field is to
change the on-site energies of the oxygen, which enter in
deriving the hopping parameters used in the model. To lead-
ing order the hoppings between Mn d and Ni d via the O 2p
orbitals are octzd/ A4 Due to the inequivalence of bridging
oxygens (O, and O, in Fig. 3), an external electric field
makes A, and hence the d-d hopping parameters staggered.
We use a parameter &t as a measure of this modulation, such
that the hopping in both x and y direction are spatially stag-
gered (1 £ 5t)tljg. Presence of an electric field (modeled as
parameter &f) leads to a change in the magnetic ground state
of the system from a FM to the E*-type, as seen in Fig. 2(c).
Figure 2(d) shows the discontinuous change in the total mag-
netization and the gap in the DOS across this transition. The
jump observed in the magnitude of the gap is consistent with
the DFT values for the two magnetic phases (see Fig. 1).

In conclusion, we have performed density-functional
theory and model calculations to elucidate the possibility to
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find novel multiferroics in rare-earths R,NiMnOg double per-
ovskites. The magnetic state changes from a FM (R=La) to
an E*-type (R=Y): the later being well known to assist in
ferroelectricity. Calculations on a two-band model combined
with inputs from DFT calculations describe this magnetic
transition. Y,NiMnO6 is shown to be polar in its magnetic
ground state with an intrinsic polarization comparable with
other magnetically driven ferroelectrics.*>**® We further
show that an external electric field can change the magnetic
ordering from FM to E*-type leading to a flip from a nonpo-
lar state with finite magnetization to a polar state with zero
net magnetic moment: a major effect that is of interest for
electronic devices. Similarly, an external magnetic field can
allow for a switching between polar and nonpolar states. A
similar switching of polarization with magnetic field has
been reported recently for other multiferroic oxides with the
potential of being a room-temperature device.*” An order of
magnitude estimate for the strength of field required to
change from polar to nonpolar state can be obtained by con-
sidering the energy difference of these states. Assuming the
hopping parameter t~0.2 eV, we find that a magnetic field
~14 T would be required to make this flip. We should how-
ever comment that this is only a zeroth order estimate since
it neglects the presence of defects, domain-wall dynamics,
pinning effects, etc., by which the actual switching process in
real materials is strongly affected. Nevertheless, we suggest
further experimental investigations to test our theoretical pre-
dictions.
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