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We report a theoretical study of the nonlinear magnetoelectric response of GdFeO; through an analytical
approach combined with a Heisenberg model, which is fitted against first-principles calculations. Our theory
reproduces the nonlinear change of polarization under applied magnetic field reported experimentally such that
it allows us to analyze the origin of the large responses in different directions. We show that the nonlinear
character of the response in these materials originates from the fact that the antiferromagnetic order of Gd atoms
changes nonlinearly with respect to the applied magnetic field. Our model can be generalized to other materials
in which the antiferromagnetic ordering breaks inversion symmetry.
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I. INTRODUCTION

Magnetoelectric (ME) materials are compounds in which
there is a coupling between magnetic field (magnetization)
and electric field (polarization) [1,2]. Magnetoelectricity is a
sough-after material’s response because it allows controlling
the magnetic properties using an external electric field or, the
other way around, to control the polarization using an external
magnetic field and, hence, it can have a plethora of possible
applications in spintronics, sensors, etc. [3—5]. In particular,
these materials can be used to improve memory devices by
enhancing the speed of the device performance together with
reducing its energy consumption [5,6].

Since the first experimental observation of the ME effect
by Astrov [7] there have been many works to find the ME
effects in other materials but it appeared that most of these
ME responses were very small to be considered practical
[4,5,8,9]. So far, the discovered ME materials have either a
small coupling [10], or a very low-performance temperature
[11], which hinders putting them into applications. Different
paths are introduced to enhance the ME response of materials.
To name a few, we have structural softness through epitaxial
strain [12,13] or solid solutions [14] or making artificial struc-
tures and superlattices [15,16].

Bulk multiferroic (MF) materials are a subclass of MEs
in which there exist two ferroic orders in the same phase,
i.e., ferroelectricity along with ferromagnetic (FM) or anti-
ferromagnetic (AFM) order [17]. This class of materials are
divided into two groups, namely, type-I and type-II [18].
Type-II MFs are materials in which the magnetic ordering is
the mechanism that breaks the inversion symmetry causing
ferroelectricity. Hence, in type-II MFs a strong coupling be-
tween magnetism and polarization is present by construction
(since the magnetization breaks inversion symmetry, the po-
larization is sensitive to a magnetic field), resulting in strong
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ME responses with respect to type-I MFs where the coupling
is more indirect. The reported ME responses for these materi-
als show that indeed the strongest ME responses are found in
type-1I MFs [11,19-22]. In a type-II MF, the ME response
can result from either noncollinear spin ordering, in which
we expect small polarization since it arises from spin-orbit
coupling (SOC) (1072 ,uC/crnz); or it can result from inversion
symmetry breaking due to collinear ordering of the spins. In
the latter case, the mechanism can be other than SOC, like ex-
change striction, which typically yields large polarization (one
to two orders of magnitude larger) compared to the first mech-
anism. Some of the rare-earth orthoferrites (e.g., GdFeOs3)
are of type-II multiferroics, in which the collinear ordering
of spins creates the polarization. Hence, they have larger
polarization compared to other type-II MFs as well as larger
ME responses [23]. Although the temperature at which the
multiferroicity appears in rare-earth orthoferrites is very low
(it requires that the rare-earth spins become ordered), their ME
responses are sizable [21,22]. These rare-earth orthoferrite
materials have such a strong coupling that makes it possible to
control ferroelectric order using magnetic fields or to control
the magnetic ordering using electric fields [21]. However, the
exact origin of their large responses have not been fully under-
stood from first-principles or model Hamiltonian. The lack of
such calculations is due to the complexity associated with the
presence of two different and coupled magnetic sublattices.
Besides, the rare-earth magnetism comes from f electrons,
which are difficult to handle within density functional theory
(DFT) calculations [24,25].

In this paper we report a simulation study of the micro-
scopic origin of the large nonlinear ME response of GdFeOs.
Experimentally it has been observed that the polarization goes
from 0.12 uC/cm? to 0 uC/cm? under an applied magnetic
field of 3.7 T [21]. If we extrapolate an effective linear re-
sponse in the unit of ps/m by calculating % between 0
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and 3.7 T, we obtain an effective amplitude of about 406
ps/m, i.e., the same order of magnitude as in the linear ME
crystal TbPOy4 (730 ps/m, which is among the largest linear
ME responses observed in single crystal) [26]. Although this
response is not the strongest nonlinear ME response reported
in materials [27,28], understanding its microscopic mecha-
nism will help in designing and engineering other large ME
materials. To tackle this problem from a simulation view-
point, we first derive an analytical form of the ME response
of this material using a Heisenberg Hamiltonian and fit the
parameters by DFT calculations. Then, we report the results
obtained through classical spin dynamics to calculate the ME
response and the polarization of these materials under an
applied magnetic field. Our results reproduce the response
observed experimentally on GdFeOs, i.e., the fully nonlinear
response and the appearance of two regimes, associated with
a magnetic phase transition under the applied magnetic field.

II. TECHNICAL DETAILS

In this paper, we have used a Heisenberg model that has
been derived previously by us in Ref. [29], which includes
both rare-earth and transition metal site interactions [superex-
change and Dzyaloshinskii-Moriya interactions (DMI)]. This
model is fitted against DFT calculations [30,31] of the Pna2,
phase of GdFeOs;. We used the Vienna Ab Initio Simula-
tion Package (VASP) [32,33] and its projected augmented
wave implementation [34]. We used the so-called general-
ized gradient approximation (GGA) of the PBEsol flavor [35]
for the exchange-correlation functional and added a Hubbard
U correction [36] on Fe and Gd of respectively 4 eV and
5 eV as well as a J parameter of 1 eV on Fe. Since the
behavior that we are interested in is arising from exchange
interactions, we have chosen Hubbard interaction parameters
(U) so that we get the closest Néel temperature compared to
experiments. All the calculations were done considering non-
collinear magnetism and including the spin-orbit interaction.
The calculations were converged with a 6x6x4 mesh of k
points for sampling the reciprocal space and cut-off energy on
the plane wave expansion of 700 eV (giving a precision of less
than 5 weV on the single-ion anisotropy and the DMIs).

The calculations of the superexchange interactions were
done using Green’s function method as implemented in the
TB2J code [37]. In this method the maximally localized Wan-
nier function [38] as implemented in WANNIER90 [39] are
calculated using DFT (VASP interface to Maximally localized
Wannier functions) and, using these Wannier functions and
the Green’s function method, the superexchange parameters
are calculated. Some of these superexchange interactions were
compared to the ones calculated using total energy to en-
sure the consistency of the method. To determine the DMI
amplitudes, we have calculated the energy of different spin
configurations as described by Xiang et al. [40]. All of the
fitted magnetic interaction parameters were used to do spin
dynamics with the VAMPIRE code [41]. In this code the
Landau-Lifshitz-Gilbert (LLG) equation for the spin dynam-
ics

aS; Y i i
o W[S,- X By + 25 x (Si x Bg)] (D)

is solved numerically. The ground state (lowest energy solu-
tion at T = 0 K) for each of the calculations (with applied
magnetic field) is found by minimizing the energy with re-
spect to the magnetic order.

The calculation of the polarization is done using the Berry
phase approach as implemented in VASP [42,43]. In GdFeO3,
the main magnetic ground state of Fe sublattice is a G-type
AFM ordering with a modulation vector of [0.5,0.5,0.5] (with
respect to the 5 atoms cubic perovskite unit cell). On the top
of this main G-type AFM order there are also canting due
to the DMI (giving either a weak FM canting, or F-type, a
weak A-type AFM canting with [0.5,0,0] modulation vector
or a weak C-type AFM canting with [0.5,0.5,0] modulation
vector). The Gd atoms also order in G-type at temperatures
lower than 2.5 K.

To find the change of polarization as a function of the
G-type order, we rotated the magnetic ordering of the Gd
sublattice from G-type in the x direction (i.e., G,) to the F-type
in the z direction (i.e., F,). The process of the rotation is done
by constraining the magnetic order [44] on the Gd sublattice
and relaxing atomic structure and Fe sublattice magnetic mo-
ments. At each step, we have used the berry phase to calculate
the polarization of the magnetic structure.

Before analyzing the results obtained with the fitted model,
we start with an analytical discussion of the magnetic interac-
tions present in GdFeOs.

III. THEORETICAL DERIVATION

In this section, we derive an analytical expression of the
ME response of the GdFeOs;. This ME response is originat-
ing from the exchange striction. To derive the ME response,
we use the fact that the interaction between the G-type (or
A-type) magnetic order of the Gd sublattice and the G-type
(or A-type) order of the Fe sublattice is the driving force that
breaks the inversion symmetry, which causes the polarization
in rare-earth orthoferrites [21,23,45]. Hence, we will consider
the polarization to be a function of the G-type order of the
Gd site such that we can expand the polarization in terms of
the corresponding order parameter (Fe G-type is considered
to be constant in this process). From this assumption, we can
write the ME response in these structures using the following
relations:

op_ __ 9b 8Gf 2)
d] -_ aj
9B — 9GF aBT

where B}™" is the applied magnetic field in the / direction, P,
is the polarization in the i direction and G’; is the magnitude

of the G-type order on rare-earth site in the j direction.
To probe the variation of G-type order with respect to the

. Gk .
magnetic field, 5z, we use the general Heisenberg model
1

developed by us for RMO; crystals (R = Rare-earth, M = Fe
or Cr) [29] but using the data fitted from DFT calculations
done on GdFeOs;.

In deriving the ME response, we have neglected the
changes of the Fe sublattice. The magnetic field should move
the Fe sublattice from the AFM order to the FM order but
this competes with the strong superexchange interactions be-
tween Fe atoms that maintain the G-type AFM order. The Fe
sublattice has a Néel temperature larger than 600 K, which
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corresponds to an effective magnetic field of the order of 10> T
(due to the superexchange). Hence, this effective magnetic
field is much larger than the fields relevant in this work (up
to 5 T) and we can neglect the Fe sublattice changes in our
theoretical model with a good approximation. additionally,
our spin dynamics simulations confirm that the magnetic order
of the Fe sublattice is almost not affected by the range of
magnetic fields that we are interested in (see Fig. 3).

The energy of rare-earth spins per formula unit can be
derived from the Heisenberg Hamiltonian to obtain:

Hij, = =3I%(GY)” + 378 ()’

—K*(GF)’ — BIPFf5; — BRFRS,;,  (3)
where JX is the exchange interaction between rare-earth sites
and Gf and Ff are the G-type AFM and weak FM orders on
rare-earth in the i and j directions respectively, K is the single
ion anisotropy in the i direction. The interaction of Gd and Fe
spins can be reduced to an effective magnetic field BX™, which

can be written as follows [29,46]:
BN = 8JRMEM 1 8(dfM G, )

This formula represents the effective field in m direction on
Gd sublattice from Fe. J® is the exchange interaction be-
tween Gd and Fe and the df* is the y component of DMI
between rare-earth and transition metal cations (DMI has the
largest component in y direction [29]). G , represents G-type
order in direction m’ that is perpendlcular to m and y. We
consider the effective magnetic field B2 to be in the same
direction as the applied magnetic field, or small compared
to it such that it can be neglected. In the case where the
applied field is in the z direction and the rare-earth orders in G,
order, the BRM and the applied magnetic field are in the same
direction [29,46]. When the applied field is in the x direction,
BEM and the applied field are perpendicular to each other
before the phase transition (in which we can consider B to
be negligible compared to the applied magnetic field), while
after the phase transition they will be in the same direction.

We can minimize the energy with the following constraint
using Lagrange multipliers (the constraint is coming from
considering the magnitude of the spin as normalized with the
spin magnetic moments of each atom, i.e., Sup for Fe and 7uup
for Gd):

(GF) + (FR) = 1. (5)

which gives us the G; and F;; orders as a function of the applied
magnetic field:

Beft\ 2
Gh=+[1- ( Jl ) (6)
P
Beff
FIR = Jl . (7)
P
off _ paPP | pRM (o RM _ 9G] _ 9G]
where B} =B, +B™ (since B;"= constant, T dBapp)

and Jp = 12JR + 2K® in our equations. From these expres-

sions we can obtain the following term:
B;eff
Ip
r)Belf - :F PBeff 2" (8)
-(F)
Now, we are left with the determination of the variation
of P with respect to GR Because the exchange striction

dGR
between the rare-earth site and the transition metal site is the
interaction responsible for polarizing the material [21,23], we
are going to use the energy expression for this interaction to
derive the 5 GR To derive this expression we use an energy
expression wrltten as a function of the change in the exchange
interaction due to atomic displacement and elastic potential
that resist against this deformation:

Ei = —4GEGY €] Ar + Lk(ar) ©)

where the change in exchange interaction (Ji’;M ) between R
and M atoms is written as €,’ Ar)’ (changes of JEM expanded
to linear order). In th1s relation €, is the constant of pro-
portionality and Arl is the magnitude of the change of /
component of the position vector between the atoms. k in
this equation represents the elastic constant. By minimizing
Eq. (9) we can write the equilibrium displacement as follows:
4GRGM
ij _ij i

Ar rn= 61 Tj (10)
If we expand the / component of the polarization and keep the
linear order with respect to the atomic displacements away
from the center of symmetry, we can write it as follows:

o=l AR (11)

From Eq. (11) and Eq. (10) we can write the polarization in /
direction as
P = 48/ GRGY (12)
Where we have used the (Sfj = C’jk—e’j If we consider the
isotropic exchange interactions in this equation (i.e., i = j),
we can derive the following relation:
;g; = 45/'GY. (13)

To determine the strength of the change of polarization as a
function of the magnitude of the G, ordering of rare-earth [as
Eq. (13)], we performed DFT calculations. We have calculated
the polarization for different magnetic ordering of Gd atoms
by changing their spin order from G, to F, by rotating it
slowly. In Fig. 1 we report the results, i.e., the change of polar-
ization as a function of the G, order magnitude of Gd atoms as
we go from G, to the F; order. We can notice the linear relation
between G-type order magnitude and the polarization, which
proves that the Eq. (12) is a good estimation of the polarization
of the materials as a function of G-type order magnitude.

By fitting the Eq. (13) with the results of Fig. 1, we can
extract the coefficients of this equation. From this, we obtain
ag,g =0.328 uC cm’zu, with the polarization in the z di-
rection, which is perpendicular to G, magnetic ordering (from
now on we will consider the polarization in the z direction).
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FIG. 1. Polarization of the GdFeOs; as a function of magnitude
of G, order in the material. We also have shown the fitted line with
the theory using dashed-orange line.

With this coupling term at hand, we can explore how the
crystal responds to an applied magnetic field with the Heisen-
berg model and deduce how the polarization changes, i.e., the
ME response. We use the same applied field conditions as
reported experimentally for GdFeO3 by Tokunaga et al. [21].

We can now have following analytical expression for the
ME response:

L peff
op 487G (,;%)z
aBeT T off | 2
)

where the negative and positive signs are for the positive and
negative direction of the applied magnetic field respectively.
In this equation, we consider B}“’ff < J),, which means the Gd
atoms are not completely FM ordered. This assumption is a
valid assumption, since we are studying the response of the
system in this regime.

Our derivation allows us to understand the origin of the
nonlinear behavior. Since the calculated ME response is from

. aGR
. "’—P;e and —) we can see that the ME
3G~ 9B

response is nonlinear because the AFM order changes nonlin-
R

early under an applied magnetic field (i.e., % term) and we

(14)

two terms, (i.e.

can expect this nonlinear behavior for all the cases where the
AFM order breaks the inversion symmetry (this should be the
case for the A-type AFM order and the E-type AFM order).
While the AFM order creates a nonlinear ME response, the
FM order that drives ferroelectricity will have a linear ME
response before magnetization saturation [since the FM order
changes linearly with respect to an applied magnetic field,
see Eq. (7)]. Another point to mention is the fact that the
A-type AFM ordering of the rare-earth site can also break the
inversion center in these structures and can induce nonlinear
polarization. If we consider the ME response from this order-
ing we should change the the value of J, (i.e., 12J% + 2K¥)
by 4J% 4+ 2K® in the ME response.

By integrating Eq. (14) with respect to the magnetic field,
we can calculate the polarization as a function of the magnetic

@) : i: (b)

F.C,G, (I') GAVF, (T'y)

FIG. 2. Schematic presentation of the two main magnetic phases
of GdFeOs: (a) I'; and (b) I'4. These orders are for Fe sublattice while
Gd sublattice ordering are presented by G A, and G, where inversion
symmetry is broken. In this figure the G-type is the main component
of the spin and the others letters represent the canted orders due to the
DMLI, the subscript gives the direction in which each order develops
[47].

field for these materials using the initial values obtained from
DFT. This integration gives the following final analytical ex-
pression:

ff ij M B?ff ’
P.(B") = 48/GY | /1 - ( 7 )

= 487G GX (15)

In the second equation, we are using Eq. (6). Now that
we have analyzed analytically the ME response of rare-earth
perovskites in the magnetic phases as present in ferrites and
chromites, in the next section we present our numerical results
coming from the simulations for GdFeOs.

IV. SIMULATIONS

In this section, we present the results of the spin dynamics
simulations to study numerically the effect of the applied mag-
netic field on magnetism and the resulting ME response. For
GdFeOs3, the magnetic ground state is as shown in Fig. 2(b)
in which the main spin component is G, [i.e., (G A,F;) for
Fe and (G,A,) for Gd] and it has a small FM canting in the z
direction (i.e., F;). When the magnetic field is applied in the z
direction, the magnetic ordering of the Gd sublattice changes
slowly from G, to F,. When the applied magnetic field is in the
x direction, it induces an FM order in the x direction, which
is not allowed by symmetry in the (G.A,F;) state. Hence, by
increasing the magnitude of the applied magnetic field in the
x direction, the magnitude of energy coming from the F, B’
interaction increases, and once this energy is large enough to
compensate the energy difference between the two magnetic
states (i.e., G, and G,) a phase transition takes place for the
Gd sublattice by rotating it from G, to G,. During this phase
transition, the magnetic order of the Fe sublattice stays in its
G,A,F, phase while the Gd sublattice changes to F;G;). This
spin-flip phase transition can be seen as a change in magnetic
anisotropy for Gd sublattice from x to z direction. We present
the results for two different regimes (i.e., B:*" and B3™") in the
two following sections.
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FIG. 3. Fe and Gd site magnetic ordering for spins in x and z
direction as a function of applied magnetic field in z direction. The
left panel shows the x component of the spins and the right one shows
the z component of the spins.

A. Magnetic fields perpendicular to the G, direction

In this part we discuss the ME response of GdFeO; for a
magnetic field applied perpendicular to the direction of the Gd
spins with G, order (i.e., magnetic field in z direction).

In Figs. 3(a) and 3(b) we show the spin dynamics results
of the effect of an external magnetic field on Fe sublattice.
We notice that the Fe sublattice does not change much as the
magnetic field is applied to the structure, we can only observe
a small change in its weak FM canting. This result shows
that we can neglect the Fe magnetic order changes effects on
the ME response since the effects for Gd sublattice are much
larger.

In Figs. 3(c) and 3(d) we report the effect of the applied
magnetic field in the z direction on the Gd sublattice. We can
see a continuous decrease of the G, ordering and an increase
of the F;. Hence, the applied magnetic field can fully mag-
netize the Gd parallel to the field direction. Beyond a critical
field of 4 T, we can see that the ground state G, order has
disappeared, the magnetic field having fully magnetized all
the Gd moments in the same direction. This transition is fully
consistent with the experimental results of Ref. [21].

To check the consistency of the spin dynamics results with
the analytical solution that we have obtained in the previous
section, we fitted the results of the FM order (z component
of the Gd spin) with Eq. (7) to obtain the JX, KX, and BfM
parameters. The orange-dashed line in Fig. 3(d) shows the
resulting fit that is in good agreement with the spin dynamics
results (blue dots). We then used these parameters and put
them in Eq. (6) and plotted the results in Fig. 3(c) for the G,
Gd spin. The values for the parameters obtain from the fit with
spin dynamics are close to the values calculated from DFT.
As we can see these results agree well with the spin dynamics
simulations.

Having calculated the required coefficients for the mag-
netic response, we can calculate the ME response from
Eq. (14). In Fig. 4 we report the evolution of the change of

0.00 1

—0.05

—0.10 1

—0.151

eff
z

—0.20 1

oP,/oB

—0.251

—0.301

——  0P,/aBE"

- 2

—0.351

—0.40 - T T r
-4 -2 0 2 4
BE™ (T)

FIG. 4. Nonlinear ME response of GdFeOs; orthofrrites plotted
according to Eq. (14) where we can see a divergence in the response
as applied magnetic field strength get closer to J,.

polarization versus the applied magnetic field. We can see
that the change of polarization response is negative (i.e., the
magnetic field reduces the polarization), symmetric for each
magnetic field direction, and diverges when approaching the
critical field where the Gd order goes from G, to F;. This criti-
cal field is directly related to the amplitude of the Gd exchange
interaction (J®), which governs the energy change associated
with the change of the Gd magnetic order. This corresponds
to the phase transition from the polar m'm2’ (Pna2,) phase to
the para-electric m'm’m (Pnma) phase.

In Fig. 5 we show the polarization versus the magnetic
field of GdFeO; as obtained from Eq. (15). We obtain that
the polarization decreases nonlinearly for both directions
of the field and reaches zero at the critical magnetic field
where the crystal goes to the Pnma para-electric phase. In this
figure, we have also included the magnetization of the crystal

-1.00
0391 H0.75
0.251 -0.50
o~ s
£ 0.201 r0.25 5
©
L 000 X
< 0.15 1 B
o -0.25 @
0.10 1 =
-0.50
0.05 1 L —0.75
0.00 1 - —1.00
-4 -2 0 2 4

BE™(T)

FIG. 5. In the figure, the blue curve represents the change of
polarization of GdFeOs3 as a function of the effective magnetic field.
The red line shows the magnetization of the GdFeO; coming from F,
ordering of Gd sublattice.
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FIG. 6. The Gd site magnetic ordering as a function of applied
magnetic field in x direction. For the magnetic field of more than
0.7 T, we can see the sudden drop of G, (the orange line in x
component of spin), which is accompanied by an increase in G, (blue
line in z component of spin).

coming from the Gd where we can see that when the Gd sub-
lattice is ferromagnetically ordered, the polarization vanishes.
This result is in very good agreement with the experimental
results of Tokunaga e al. [21], which also proves that our
model describes correctly the ME response of this material.

B. Magnetic field parallel to the G, direction

In this section we discuss the ME response of GdFeO; for
an applied magnetic field parallel to the direction of the Gd
G, magnetic order. Similar to the applied field along the z
direction, our simulations give that the magnetic ordering of
the Fe site is not strongly affected by the applied magnetic
field along the x direction such that we can neglect its changes.
In Fig. 6 we report the evolution of the Gd sublattice spin
when we apply a magnetic field in x direction. We can see
that for a critical magnetic field of about 0.7 T, the Gd goes
thorough a spin-flip phase transition from G, (orange line) to
G, (blue line). In this structure, the Gd atoms prefer to be in G,
state due to single-ion anisotropy and also the effective field
of Fe. By applying a magnetic field in the x direction we lower
the energy of the G, state by B, F, (where F, is a weak canted
moment characteristic of the G, state) and once this energy
is larger than the energy difference between G, and G,, we
will have a phase transition. Beyond this phase transition, the
Gd spins start to be more and more FM and it becomes fully
magnetized for the amplitude of the 4 T magnetic field.

As done previously for the applied field along the z direc-
tion, we can also calculate how the polarization is affected by
the applied field along the x direction and so the ME response.
In Fig. 7 we report the evolution of the polarization versus the
applied magnetic field along x. We encounter a nonlinear ME
response again where the polarization is decreased for both
directions of the field. We, however, observe two regimes, one
between 0 and £0.7T where the polarization is approximately
constant and not affected by the field. Exactly at £0.7 T
we observe a sharp polarization drop from 0.36 uC/cm? to
0.05 /,LC/CI’DZ, a reduction by a factor of 5 (calculated from
DFT) due to the transition of Gd sublattice from the G, to the
G, phase.

Then, beyond 0.7 T we have a nonlinear further reduction
of the polarization down to zero when the Gd is fully magne-
tized by the field along the x direction. The polarization will

B (T)

FIG. 7. Change of polarization as a function of applied magnetic
field in x direction where we can see the ordering of Gd site in G,
before phase transition and in G, with lower polarization after phase
transition.

change like Eq. (15) for the range of fields between 0.7 T and
4 T with a different exchange coupling: in the first case (for
B;,) we had both Gd and Fe atoms main spin component in

the x direction and we were considering §** = = instead,
now we will have 8 = = (Fe in G, and Gd in G,), which
is much smaller than the first §7* hence resulting in a smaller
polarization for this part. The ME response will also be similar
to Eq. (14) for magnetic fields higher than 0.7 T.

It has been experimentally claimed [21] that the Fe sublat-
tice rotates for an applied field in the x direction. Our DFT
calculations shows that if we rotate the Fe sublattice in the
same direction as the Gd sublattice, we will not have a sudden
drop of the polarization (because the polarization is directly
proportional to the exchange interaction and here J,, ~ J,).
The fact that the polarization drops in the experiment would
then come from the rotation the Gd sublattice alone. Hence,
based on our DFT calculations, we conclude that the Fe sub-
lattice does not rotate in this regime. Our results (with the
Fe sublattice not rotated) reproduce well the experiments of
Tokunaga et al. [21] where two regimes of nonlinear ME re-
sponse were also observed with a polarization drop around the
critical field of 0.7 T and a disappearance of the polarization
beyond a critical field of about 4 T.

V. CONCLUSION

In this paper, we have analyzed the magnetoelectric re-
sponse of the rare-earth orthoferrite perovskite oxides through
theoretical methods based on DFT calculations, Heisenberg,
and analytical models taking into account the exchange stric-
tion that induces the polarization. With this analysis, we have
shown that the nonlinear character of the magnetoelectric
response of GdFeOs is coming from the fact that the G-type
ordering that breaks the inversion center changes nonlinearly
with respect to an externally applied magnetic field. When the
applied magnetic field is along the z direction, the polarization
reduces down to zero at a field of 4 T, i.e., when the Gd spins
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are all aligned with the magnetic field in an FM state where
the exchange striction is absent. When the applied magnetic
field is along the x direction, the field is parallel to the main
Gd G-type spin direction such that we observe two regimes:
(1) from 0 to 0.7 T, the polarization is affected negligibly by
the field, and (ii) at 0.7 T the Gd spin directions change from
x to z direction (but keeping its G-type AFM ordering), which
induces a strong reduction of the polarization. From 0.7 T to
4 T the polarization is reduced nonlinearly down to 0 when
the Gd becomes ferromagneticaly aligned with the field along
x. These two regimes and the nonlinear evolution of the polar-
ization observed for the two directions of the applied magnetic
field in GdFeOs; is in good agreement with the experiments
such that we are confident about the validity of the developed
model.

Our analysis can be generalized to other rare-earth per-
ovskites in which the polarization arises from the AFM
ordering and the exchange striction effect. Our conclusions
are also general for all materials where the AFM order breaks
the inversion symmetry in the presence of two different mag-
netic sublattices. For example, Wang et al. [28] have reported

the ME response of Fe;Mo3;0g where the AFM order breaks
the inversion symmetry through the exchange striction effect.
The ME behavior is similar to what we have for GdFeOs, i.e.,
giant and nonlinear with similar shapes of the polarization
versus magnetic field curves. Additionally, for the systems
in which the FM order breaks the inversion symmetry, the
same analysis can be done but instead of having a nonlinear
response, we will have a linear response that will be observed.
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