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Hybrid Improper Ferroelectricity in Multiferroic
Superlattices: Finite-Temperature Properties and Electric-
Field-Driven Switching of Polarization and Magnetization

Bin Xu,* Dawei Wang, Hong Jian Zhao, Jorge Ifiguez, Xiang Ming Chen,

and Laurent Bellaiche>

The so-called hybrid improper ferroelectricity (HIF) mechanism allows to create
an electrical polarization by assembling two nonpolar materials within a super-
lattice. It may also lead to the control of the magnetization by an electric field
when these two nonpolar materials are magnetic in nature, which is promising
for the design of novel magneto-electric devices. However, several issues of fun-
damental and technological importance are presently unknown in these hybrid
improper ferroelectrics. Examples include the behaviors of its polarization and
dielectric response with temperature, and the paths to switch both the polari-
zation and magnetization under electric fields. Here, an effective Hamiltonian
scheme is used to study the multiferroic properties of the model superlattice
(BiFeO;),/(NdFeO;),. Along with the development of a novel Landau-type poten-

1. Introduction

The quest for room-temperature multifer-
roics, ideally for the low-power applica-
tions that utilize the electric field control
of magnetization, remains very attrac-
tive after intensive efforts in the past
decade.3l Unfortunately, in typical fer-
roelectric (FE) oxides such as BaTiOs, the
spontaneous electric polarization is not
compatible with magnetism, due to the
empty 3d orbitals of the transition metal
cation. Only a handful of multiferroics are
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tial, this approach allows to answer and understand all the aforementioned
issues at both microscopic and macroscopic levels. In particular, the polariza-
tion and dielectric response are both found to adopt temperature dependences,
close to the phase transition, that agree with the behavior expected for first-
order improper ferroelectrics. And most importantly, a five-state path resulting
in the switching of polarization and magnetization under an electric field, via the

reversal of antiphase octahedral tiltings, is also identified.
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known, but most of them are not suitable
for practical applications, either because
the polarization or magnetization is
small (or only exist at low temperature) or
because their mutual coupling is too weak.

Interestingly, a specific class of mate-
rials—the so-called hybrid improper fer-
roelectrics (HIF)—holds great promise
toward the realization of room-temper-
ature multiferroics.! Of special interest
are superlattices (SLs) combining two per-
ovskites that (1) both present antiferroelectric (AFE) displace-
ments and (2) are stacked alternately as (ABO;);/(A’BOs);.>%
In these HIF systems, the spontaneous polarization is induced
by another type of structural distortions, namely oxygen octa-
hedral tiltings, which are also known to couple strongly with
the magnetization, therefore providing an indirect coupling
between polarization and magnetism.-8l

Several works based on density functional calculations have
been devoted to better understand and characterize HIF,F% and
an atomistic theory has been developed to clarify its microscopic
energetic origin.'%1! Nevertheless, all these previous theoretical
and computational studies are limited to 0 K properties,>!
and the finite-temperature behavior of HIF materials remains
largely uninvestigated. For instance, one may wonder how
the polarization and dielectric response evolve with tempera-
ture, whether it is similar to other types of ferroelectrics (e.g.,
proper,['Z improper, ' or triggered-typel'*'®)) or not. Moreover,
while they are crucial to the great expectations that HIF is cre-
ating, the switching mechanisms of the polarization and mag-
netization under electric fields remain an open question.

Here, taking the (BiFeOs);/(NdFeOs); SL as a representative
and relevant example of the most interesting HIF materials,
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we extensively investigate its finite-temperature and switching
behaviors, using a numerical scheme we have recently devel-
oped.'®! We choose the (BiFeO;);/(NdFeOs); SL, because (1)
the Pnma phase, characterized by AFE distortions and aa¢c*
oxygen octahedral tiltings in Glazer’s notation,'”! is the ground
state for NdFeO; (NFO)!819 and it is a metastable phase of
BiFeO; (BFO) that is close in energy to the ground-state R3c
phase;?% (2) both BFO and NFO adopt a G-type AFM with high
Néel temperatures (643 K for BFO! and 760 K for NFO;?22
and (3) weak ferromagnetism due to spin canting exists in
both BFOI?>-2%I and NFO,1?-?8] via a Dzyaloshiskii—Moriya (DM)
interaction.l?>% In the following, we first discuss the tempera-
ture dependence of various properties of (BiFeOj3);/(NdFeOs);
superlattice, and compare them with those of BiysNd,;FeO;
disordered solid solution. In particular, it is found that both the
polarization and dielectric response exhibit, close to the phase
transition, temperature behaviors being identical to those of
first-order improper ferroelectrics. A Landau-type formalism is
then proposed, which reproduces well, and thus allows us to
understand, such behaviors. Finally, we investigate the reaction
of the SL to an applied electric field, and identify a five-state
pathway that results in a deterministic switching of both the
polarization and magnetization, thus attesting the promise of
HIF materials for the design of future magnetoelectric devices.
Strikingly, the observed switching mechanism relies on the
presence and combination of three different trilinear energy
couplings that we discuss in detail below.

2. Results and Discussion

2.1. AFE-Type Phases in BigsNdgsFeOs: Alloy Versus
Superlattice

Here, we use the effective Hamiltonian numerical scheme
recently developed in ref.l'%! and detailed in the Experimental
Section, in order to investigate finite-temperature behaviors of
Nd-substituted BFO (BNFO) in both disordered and ordered
forms. Disordered BNFO consists of a (Biys;Ndys)FeOs solid
solution in which Bi and Nd ions are randomly distributed
within the A-sublattice of the ABO; perovskite structure. In
contrast, ordered BNFO is constructed as the 1/1 superlattice
with BFO/NFO layers alternating along the [001] pseudocubic
direction (see the top left inset of Figure 2). As indicated in the
Experimental Section, both systems are modeled by 16 x 16 x
16 supercells (thus containing 20 480 atoms), and the x-, y-, and
z-axes are chosen to lie along the pseudocubic [100], [010], and
[001] directions, respectively.

Figure 1a—c shows the temperature dependence of different
structural and dielectric properties in the disordered solid solu-
tion. These properties are: (i) the supercell averages of the
local modes (upper panel), with ur and u, characterizing the
electrical polarization and AFE distortions associated with the
X-point of the first Brillouin zone, respectively; (ii) the super-
cell averages of the axial vectors quantifying the oxygen octa-
hedral tilting, with @y and @y corresponding to the rotations
in antiphase and in-phase (also known as antiferrodistortive or
AFD motions), respectively. Note that the directions of wg and
) indicate the axes about which the antiphase and in-phase
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Figure 1. a,d) Temperature dependence of the supercell averages of the
local modes (ur and u, characterizing ferroelectricity and antiferroelec-
tricity, respectively); b,e) antiphase and in-phase oxygen octahedra tilting
vectors (g and my); ¢,f) and the in-plane dielectric susceptibility of a—c)
BigsNdosFeO; disordered solid solution and d—f) 1/1 superlattice. The
inset of (f) shows the inverse of the dielectric susceptibility of the 1/1
superlattice.

octahedral tiltings, respectively, occur, while their magnitudes
are the rotation amplitudes; and (iii) the average in-plane
dielectric susceptibility element, y = (¥11 + X22)/2, where the
indices “1” and “2” correspond to the pseudo-cubic [100] and
[010] directions, respectively. Similar data are displayed in
Figure 1d-{, but for the superlattice.

Figure la—c indicates that the calculations correctly predict
the ground state of disordered (Biys;Nd,s)FeO; solid solu-
tions,?13% ie., a nonpolar orthorhombic Pnma state that is
characterized by an X-type AFE vector lying along the pseudo-
cubic [110] direction, antiphase tilting about this [110] direction
and in-phase tilting about the perpendicular, pseudocubic [001]
direction. These figures also show that such a Pnma state trans-
forms into a cubic phase in which all antiferroelectric displace-
ments and oxygen octahedral tiltings vanish, via a first-order
transition (as especially evidenced by the significant jump in
y) at about 1420 K.

Let us now pay attention to the properties of the ordered
system depicted in Figure 1d—f. One most noticeable difference
between the SL and the disordered solid solution appears in the
ordered phase, as the former possesses a spontaneous electrical
polarization lying along the pseudocubic [110] direction, evi-
denced by the nonzero ur = ur,, Cartesian components. Such
polarization makes the ground state transform from a nonpolar
Pnma space group in the disordered material to a polar Pmc2;
space group in the superlattice. This polarization is the essence
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Figure 2. Temperature dependence of the layer-resolved supercell aver-
ages of the local modes (ur characterizing the local ferroelectricity) for the
BFO and NFO layers of the (BiFeOs);/(NdFeO;); superlattice. The insets
illustrate the superlattice structure with light gray and dark gray arrows
indicating the local dipoles of Bi- and Nd-centered sites, respectively.

of the hybrid improper ferroelectricity®®!!l and, on a micro-
scopic level, arises from the fact that the (larger) motions of Nd
atoms parallel to the [110] direction are not fully compensated
by the (smaller) displacements of the Bi atoms in the opposite
direction—as revealed by Figure 2, which displays the layer-
resolved temperature dependences of the averaged local modes
of BFO and NFO layers. As shown in Figure 1d, such non-
compensation generates values of ur, = ury = 0.0077 in lattice
units at 10 K, according to our Monte Carlo (MC) simulations.
Such values are numerically found to correspond to a sponta-
neous electrical polarization of 7.43 uC cm™ along the [110]
direction, which agrees rather well with the net polarization of
6.91 pC cm2 obtained when performing a direct density func-
tional theory (DFT) investigation of the SL ground state at 0 K.
Note that these DFT computations also confirm that the magni-
tude of the Nd ions’ displacement along [110] is larger than that
of the Bi ions in the opposite direction within the considered
1/1 BFO/NFO superlattice, which further attests the accuracy
of our effective Hamiltonian method. (In the SL we also obtain
a very small nonzero ur, (Figures 1d and 2), and accordingly a
small nonzero component of the antiphase tilting (Figure 1le).
These out-of-plane distortions are at least one order of magni-
tude smaller than the corresponding in-plane components, as
also consistent with the DFT calculations we conducted. They
will therefore be neglected in the discussion below.) Figure 2
also indicates that this hierarchy between the magnitude of the
Nd and Bi ions’ displacements remains valid when heating the
superlattice up to T¢ = 1420 K, and accompanies the resulting
decrease of the polarization with temperature as shown in
Figure 1d. At that latter critical temperature, Figure 1d,e
reveals that the polarization, along with the AFE vector and the
antiphase and in-phase tiltings, suddenly disappears via a first-
order transition to a nonpolar (P4/mmm) state. Such simul-
taneous disappearance is a consequence of the fact that, at a
macroscopic level, the spontaneous polarization in HIF mate-
rials originates from a trilinear energy coupling between this
polarization and these two different types of oxygen octahedral
tiltings.>11 Tt is also important to realize that the polarization
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shown in Figure 1d is numerically found to be a square-root
function of the temperature just below T.. We will come back
to that point later.

It is also interesting to examine how the dielectric response—
resulting from this new form of ferroelectricity and associated
trilinear coupling—behaves as a function of temperature. In
particular, does this dielectric response (i) exhibit Curie—Weiss
behavior above and below T as in proper ferroelectrics; or
(ii) is it constant with temperature above and below T, with a
discontinuity occurring at the transition point as in second-
order improper ferroelectrics;*¥ or (iii) roughly follows the
Curie-Weiss law below T, while suddenly decreasing at Tg,
and then becoming a constant above T, as in triggered-type fer-
roelectrics;!'*! or (iv) inversely depends on the square-root of
temperature below T, and drops to a constant above T, as in
first-order improper ferroelectrics?!3! Figure 1f, which displays
the behavior of the calculated dielectric susceptibility, , of the
superlattice as a function of temperature, provides an answer
to this question. As a matter of fact, one can see that y is basi-
cally a constant above T, unlike in case (i). Moreover, y varies
with temperature below T¢, which also rules out case (ii). Fur-
thermore, the dielectric response shown in Figure 1f possesses
a discontinuity at the transition temperature, which seems to
be similar to case (iii), but the temperature dependence deviates
apparently from the Curie-Weiss law (inset of Figure 1f). Inter-
estingly, it rather shows a close resemblance to case (iv) close to
the phase transition, which will be inspected quantitatively in
next section. We also notice that the maximum magnitude of the
dielectric susceptibility in HIF is much less than that reported
for the nonproper PTO/STO SL (=600),** and a comparison
between y shown in Figure 1c for the disordered solid solution
and in Figure 1f for the superlattice reveals that these two die-
lectric responses are essentially identical to each other except at
temperatures a few tens of Kelvin below T (for which the dielec-
tric response of the SL varies strongly and displays a peak). Such
surprising result therefore demonstrates that HIF and its associ-
ated trilinear coupling have basically no effect on the dielectric
response, except when being very close to the transition point.

2.2. Landau Model and Hybrid Improper Ferroelectricity

In order to gain a deeper understanding of the results provided
by our numerical microscopic approach, we decided to develop
a phenomenological Landau theory for which the free energy of
our SLs is of the following form

F=A(T-T,))0” + A0 + Aw®
+ C X0r0y + C, X + C3Pwg 0y + C, P? (1)
+Cs(P’wi + P’} )- PE

. Wg O
where o is defined as (ﬁ’ﬁ’wM
with wg and oy being the macroscopic (averaged) magnitudes
of the antiphase and in-phase oxygen octahedra tiltings, respec-
tively. Note that using a single order parameter for the tilting
in the Landau model is based on our numerical observation
that the two tiltings (wp and ) change coherently with

) in the Cartesian basis,
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temperature. X and P are the macroscopic (averaged) magni-
tudes of the AFE vector corresponding to the X-point of the first
Brillouin zone and the electrical polarization, respectively. E is
the external electric field. Finally, T, is the critical temperature
associated with @, and the A and C coefficients are all tem-
perature independent. Equation (1) implicitly assumes that, as
consistent with first-principles calculations,® the primary order
parameters are the oxygen octahedral tiltings (w or equivalently
wr and y), whose temperature dependences are explicitly
given by the prefactor of the quadratic term, ie., A; (T — Tp).
Equation (1) includes even terms up to the sixth order in these
tiltings to account for the first-order character of the transition
depicted in Figure 1. Only two terms involving the AFE vector
are considered in Equation (1): the quadratic term C,X* and the
trilinear term C;Xwrwy that has been derived in refs. 1% to
explain the universal coupling between AFE and AFD motions.
As demonstrated in refs.®?, such trilinear coupling can be
rather strong, which explains why we neglect biquadratic
expressions of the form X’w; and X’wy in Equation (1). On
the contrary, the polarization appears via three different types
of energy terms in Equation (1): the harmonic energy C,P?,
the trilinear energy C;Pwywy (which, as shown in ref.!!], can
be rather weak as compared with C,Xwrwy) and the biquad-
ratic interactions of the form Cs (Pza)lzz +P2wf,[) . Note that the
strength of the P’wi and P’wy; interactions are supposed to
be characterized by the same Cs coefficient because these inter-
actions can be assumed to have the same atomistic origin.?°!

Equation (1) naturally implies that both X and P are sec-
ondary order parameters that can only appear via their tri-
linear coupling with antiphase and in-phase octahedra tiltings
(assuming that the C), Cy, and Cs coefficients are all positive).
Note that in many materials of interest (e.g., Bi-based perovs-
kites) the off-centering of the A-site cations (and, thus, the asso-
ciated FE and AFE modes) may constitute instabilities of the
high-symmetry structure; yet, in the orthorhombic compounds
investigated here, we can assume that the structural phase tran-
sition occurs at very high temperatures at which these modes
are still stable and, thus, their energy can be described by a
positive quadratic term.

Minimizing the proposed Landau energy with respect to X
leads to

X=———wr0
2c, (2)

In other words, the AFE vector should be directly dependent
on the product between antiphase and in-phase tilting angles,
with the coefficient of proportionality being independent of
temperature. Figure 3a reports the behavior of X as a function
of wrwy resulting from our MC simulations in the investigated
superlattice for all computed temperatures below Tc. A linear
dependence is indeed observed, as consistent with the phenom-
enological Equation (2).

Setting now to zero the first-order derivative of the free
energy of Equation (1) with respect to P yields

_ E—-Ciormy
2C, +2Cs(wp + a3y) &)
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Figure 3. Verification of the applicability of the Landau model (dashed
lines) to reproduce and understand the numerical output data of the
MC simulations (discrete points) for the (BiFeO;);/(NdFeOj3); superlat-
tice. a) u, (characterizing antiferroelectricity) as a function of wrwy, the
dashed line is from the linear fitting predicted by Equation (2); b) wrwy/P
as a function of @g + @y, the dashed line is from linear fitting given
by Equation (3); ¢) 2/(xn+ Xx2) as a function of @? + w?, the dashed
line is from linear fitting associated with Equation (4); d) i + % as
a function of temperature, the dashed curve is fitted with Equation (6);
e) P as a function temperature, the dashed curve is fitted with Equation
(7); ) 2/(xn+ x22) as a function of temperature, the dashed curve is
fitted with Equation (5).

This latter equation indicates that the ratio wgwy/P should
be directly proportional to @} + @y when there is no external
electric field (E = 0). Except close to the phase transition, and as
revealed by Figure 3b, such dependence is indeed confirmed by
the results of the MC simulations in the SL.

It is also important to realize that, as consistent with
refs. 11, the “only” distinction between the SL and disordered
solution within the phenomenological model concerns the Cj;
coefficient of the trilinear coupling: this coefficient is finite for
the superlattice while it vanishes for the disordered solid solu-
tion. As a result, the existence of the C; parameter in Equation
(3) provides a successful explanation of why the spontaneous
polarization can only appear in the superlattice (when E = 0).

Our phenomenological model also allows the derivation of
the dielectric susceptibility via y = dP/dE with the polarization
being given by Equation (3). The resulting inverse of the dielec-
tric susceptibility is

1
—=2C, +2Cs(wi + 0f) (4)
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when assuming that the tiltings do not depend on the electric
field.

Equation (4) implies that (i) the dielectric response should
be a constant for temperature above T since the antiphase and
in-phase tiltings vanish there; (ii) the inverse of the dielectric
susceptibility should be linearly dependent on g +wj; for
temperatures below Tg; and (iii) the dielectric response should
“jump up” when heating the system and then crossing the
transition temperature (i.e., when wg and wy; suddenly disap-
pear via a first-order transition) because the Cs coefficient is
positive, as consistent with the typical biquadratic repulsion
between polarization and tilting of oxygen octahedra (see, e.g.,
ref. [35], and references therein). Our MC simulations confirm
that point (i) is satisfied in both the SL and disordered alloy (see
Figure 1cf). Point (i) is also found to be obeyed in these two
systems, except at temperatures slightly below T in the SL (see
Figure 3c). Moreover, point (iii) is only followed in the disor-
dered alloy, i.e., it is not valid in the SL (see Figure 1c,f). As
shown in Figures S1 and S2 (Supporting Information), the dif-
ference in dielectric response in the vicinity below T between
the SL and disordered solid solution comes from the fact that
the assumption (that led to the derivation of Equation (4)) that
the oxygen octahedral tilting are independent of electric field
does not hold in the SL close to the phase transition. Further
derivations detailed in the Supporting Information (and going
beyond the aforementioned assumption) reveal that the dielec-
tric response of the SL should, in fact, obey the following equa-
tion rather than Equation (4), close to the phase transition

1 (ofy
T )
Xst 2JAI-3AA,(T-T,)

where C; is proportional to C; (see definition in the Sup-
porting Information). Interestingly, this latter dependence of
the dielectric response in the SL is indeed confirmed by our
MC simulations (c.f. Figure 3f) and also explains why the die-
lectric response is strongly enhanced just below T¢ in the SL
while not in the disordered solution since Equation (5) involves
the Cj coefficient (which is nonzero only in the SL).

The Supporting Information further shows that, just below
T¢, the temperature dependence of AFD tiltings and polariza-
tion can be derived to be

A JAI3AA(T-T)
3A; 3A;

(©)

_ AC, CGJAI-3AA(T-T,)

= (7)
6A;C, 6A;C,

As demonstrated by Figure 3d,e, good fittings of the MC
results in a temperature range extending about 200 K below the
phase transition can indeed be obtained by Equations (6) and
(7), respectively, with T, being found to be 1370 K. Note that
the fact that T is lower than T¢ is consistent with the first-order
nature of the transition.

Interestingly, the temperature dependences of the polari-
zation and dielectric response given by Equations (7) and (5),

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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respectively, are exactly those expected in first-order improper
ferroelectrics.¥) In particular, our findings suggest that the
studied superlattice should be described as a regular (first-
order) improper ferroelectric rather than as a “hybrid” one.”]
This conclusion relies on the fact that the free energy (close to
the phase transition) given in Equation (1) of the Supporting
Information is very similar to the one introduced in the “clas-
sical’ paper of improper ferroelectrics,¥! with an identical
temperature dependence of the two primary order parameters
and the same trilinear coupling between these two order para-
meters and the polarization.

2.3. Switching Mechanism

Let us now determine if the HIF polarization can be switched
by an electric field.

First, we use the effective Hamiltonian described above
and apply an electric field along the [110] direction (i.e., oppo-
site to the initial net polarization), continuously increasing
its magnitude. Our numerical results (not shown here) show
that the electric dipoles in the BFO and NFO layers are rela-
tively unresponsive to this field, and continue to be oriented
along the [110] and [110] directions, respectively (as shown
in Figure 2). At the same time, the Bi-related dipoles become
larger than those associated to the Nd off-centering. As a result,
the net polarization reverts its sign while the AFE vector does
not. Moreover, during this process, the oxygen octahedral tilt-
ings are found to be almost unchanged, and the system returns
to its initial state when the electric field is removed. Hence, by
applying an electric field in this particular way we succeeded in
changing the sign of the polarization, but the system did not
reach an equilibrium state; hence, the switching did not actu-
ally occur.

This impossibility to go from one equilibrium state to an
equivalent equilibrium state of the energy, by applying an
electric field opposed to the initial polarization, suggests that
a large energy barrier exists between these two minima when
following this path.

One may thus wonder whether there are alternative polariza-
tion switching paths that can allow the system to jump between
two equilibrium states with the same energy, a process that—
because of the trilinear coupling C,Pwr®y —will necessarily
involve a reversal of one of the rotational distortions. In par-
ticular, we want to check if the mechanism identified in ref.(’
and involving the rotation of the polarization is feasible. For
that, we consider a five-state process. First we apply an electric
field, at 10 K, along the [110] direction (which is thus perpen-
dicular to the polarization of the initial state), and progressively
increase its magnitude (up to 4.0 x 10° V m™). Figure 4a shows
that the polarization rotates from the [110] direction toward the
[110] direction, and grows in magnitude, when this field con-
tinuously increases from 0 to 3.4x10° V m™ (note that the
mimicked electric fields in the MC simulations are typically
larger than the corresponding experimental fields by a factor
of about 258 and that, nevertheless, a field of 10° V m™! has
recently been applied to BFO films in some measurements 1*7);
hence, our simulations correspond to an experimentally
achievable situation). Then, at this critical field, a first-order

Adv. Funct. Mater. 2015, 25, 3626-3633
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Figure 4. The five-state switching mechanism for (BiFeOj3);/(NdFeOs); superlattice. a,b) The local modes (upper panel: ur; lower panel: u, character-
izing ferroelectricity and antiferroelectricity, respectively); c) oxygen octahedra tilting vectors (wg and wy characterizing antiphase and in-phase tiltings,
respectively); d) the AFM vector; and e) the weak FM vector under a sequence of applied electric fields, i.e., 1) an increasing field along the [110]
direction (perpendicular to the initial polarization); 2) field removed; 3) an increasing field along the [110] direction (antiparallel to the initial polariza-
tion); 4) field removed. The insets show schematics of the five-state switching mechanism.

transition occurs, which results in a dramatic enhancement
of the in-plane polarization along the direction of the applied
electric field, along with the appearance of the z-component of
the polarization (state 2, see Figure 4a) and the disappearance
of the antipolar mode (cf. Figure 4b). At this critical field, the
antiphase AFD vector also changes abruptly, with its in-plane
component switching from the [110] to [110] direction—as
shown in Figure 4c—since this in-plane component wants
to be parallel or antiparallel to the in-plane component of the
polarization (i.e., it is energetically costly for a polarization and
antiphase AFD vector to be along orthogonal directions.'®)
A small out-of-plane component also appears for wy (due
to the fact that the polarization has also a z-component) and
the in-phase tilting wy drops to a very small value. Then the
large field is removed from state 2, which yields state 3, with
a polarization, AFE vector and antiphase and in-phase tiltings
that have precisely the same magnitude as their initial values
(i-e., state 1), but with the polarization and AFE vector having
all rotated from [110] to [110] while wg has switched from
[110] to [110] and wy remains oriented along the [001] axis.
Such evolutions are consistent with the action of the C;Pwywy
and C,;Xwrwy trilinear couplings indicated in Equation (1).
Starting from state 3, an electric field along the [110] direc-
tion (which is thus now opposed to the initial polarization) is
then applied, and increased up to 4.0 x 10° V m™. Figure 4a—c
shows that the structural response as a function of this field is
analogous to the one obtained when going from state 1 to states
2 and 3. For instance, there is a critical field of 3.4 x10° Vm™,
at which the FE, AFE vectors, and AFD motions all change
abruptly, yielding state 4. With the removal of the large elec-
tric field of 4.0x10° V m™! that is applied along the [110]
direction, we reach the final state 5 with the polarization and
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g being exactly equal in magnitude but opposed in direction
to those in the initial state (that is, corresponding to state 1)
while the in-phase AFD vectors of the initial and final states are
identical to each other—as consistent with the C;Pwrmy tri-
linear coupling. Interestingly, the AFE vector has also reversed
its direction from [110] to [110] between state 1 and state
5, as dictated by the other C,Xwyw, trilinear coupling. Such
reversal also implies that the (smaller) electric dipoles of the
BFO layers now lie along the [110] direction while those (larger)
coming from the NFO layers are now oriented along the [110]
direction. According to our Landau model described by Equa-
tion (1), the simultaneous switchings of P, X, and wr—while
@y remains unchanged—yield a final state that has the same
free energy as the initial state.

Let us now see if these switchings have some effect on mag-
netism. As shown in Figure 4d,e, the initial state has a G-type
AFM vector L lying along the [001] direction with a magnitude of
about 4ug, while the weak ferromagnetic moment M is along the
[110] direction with a magnitude of 0.027p;. This is the so-called
I', magnetic state, which is known to occur in orthoferrites.38401
Interestingly, during the whole aforementioned five-state pro-
cess, L remains unchanged while M undergoes striking changes
not only in magnitude but also in direction. For instance, in
state 5, M lies along the [110] direction that is precisely opposed
to its initial direction. In other words, the described five-state
switching process has resulted in the full reversal of the magneti-
zation. This is a remarkable magneto-electric effect clearly remi-
niscent of the recent finding that the weak ferromagnetism in
the R3¢ phase of pure BFO can be switched by an applied electric
field via a two-step polarization-rotation path.*!]

Interestingly, our presently discovered magneto-electric
effect can be easily understood when recalling a recent work
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showing that the magnetic vectors, L and M, couple to the
antiphase tilting vector g through a universal energetic term
of the form Kwy - (L X M), where K characterizes the strength
of this coupling.*”! Since L remains unchanged during the
five-state process, this universal coupling term implies that a
change in magnitude/direction of wg should automatically be
accompanied by a concomitant change in magnitude/direction
of M (provided that wy and L are not parallel to each other).
Figure 4c,e confirms that this is indeed the case. As schema-
tized in the right panel of Figure 4, this five-state process there-
fore allows a deterministic electric-field-induced reversal of
many quantities (namely, polarization, AFE vector, antiphase
tilting, and magnetization) thanks to the existence and com-
bination*?) of the three trilinear energy couplings C;Pwgrmy,
CiXwrwy, and Koy - (Lx M).[H!

3. Conclusions

In summary, an effective Hamiltonian numerical scheme
has been used to study finite-temperature properties of a
prototype of HIF, i.e., the short period (BiFeO;);/(NdFeOs);
superlattice. We have discussed in detail the temperature
dependence of the polarization, oxygen octahedra tiltings, and
dielectric susceptibility—always comparing our superlattice
results with those obtained for a disordered Bi,sNd,;FeO;
alloy—and described the main effects with a proposed
Landau-type free-energy formalism. In particular, we found
and explained that the polarization and dielectric response
behave, near the phase transition, in the same way as in first-
order improper ferroelectrics. Another important result is
the successful demonstration of a five-state switching mecha-
nism that allows to electrically control not only the sponta-
neous polarization and the magnetization, but also the AFE
vector and antiphase tilting, thanks to three different trilinear
energy couplings. We hope that our predictions will all be
experimentally checked soon and will open the door for the
design of novel devices.

4. Experimental Section

MC Simulation and Effective Hamiltonian: We study the finite-
temperature properties of BNFO with MC simulations, in which the
total energy is calculated using an effective Hamiltonian approach.
Both ordered (1/1 superlattice) and disordered (solid solutions)
BigsNdosFeO; are simulated with a 16 x 16 x 16 supercell (thus
containing 20 480 atoms). The 1/1 superlattice is constructed with
alternating BFO/NFO layers along [001] direction. In the 50% alloy
structure, Nd atoms are randomly distributed. Most calculations
adopted 20 000 MC sweeps for equilibration and an additional 20 000
MC sweeps for calculation of the statistical thermal averages, whereas
up to 200 000 MC sweeps were used for equilibration in some critical
points (where phase transition occurs) to ensure converged results. Our
effective Hamiltonian (H.g¢) approach for BNFO systems include the
following degrees of freedom: (1) the local mode {u} centered on the
A site i (i.e., on Bi or Nd ions), which are directly related to the local
electric dipole centered at the cell i*4*3]; (2) the homogeneous {n,} and
inhomogeneous {n} strain tensors*4; (3) the pseudovector {w} that
characterizes the oxygen octahedral tilting about the Fe site i*%; and
(4) the magnetic moment {m;} of the Fe ion located at the site i. o; being
equal to 0 or +1 is also introduced to account for the presence of a Bi or
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Nd ion at the A-lattice site j, respectively. We also define a local quantity
Nioc (i) centered on the Fe-site i as nloc(i)=6R%‘°"iCZO'jv where the

sum over j runs over the eight A nearest neighbors of elght Fe-site i and
ORionic represents the relative difference in ionic radius between Nd and
Bi ions. Mioc (i) is therefore different from zero only if at least one of
these eight A sites are occupied by the Nd ions, i.e., it vanishes for pure
BFO. The total energy of this H.g has two main terms

Eiot :EBFO({”i}v{nH}v{nl}v{wi}v{mi}) ®)
+Eqioy ({ui {0} {mi } Mo D)

where Egeq is the effective Hamiltonian of pure BFOZ46-#8 and E,,
characterizes the effect of substituting Bi by Nd ions. Details about this
method can be found in ref.'®l and references therein. Nevertheless, it
is worth to point out that, as demonstrated in ref.[11], the two trilinear
coupling terms existing in the proposed Landau model (C3Pwgrw)y, and
CXwrwy, in Equation (1)) result from the following energy term

AE =3 Y 2 Ky (1) B*my4n2)e gy ol 5O
i ,mn=01 a,f=xyz (9)
a#f

appearing in E,, where the summation over i runs over all the five-
atom unit cells, and x, y, z are chosen to lie along the pseudocubic
[100], [010], and [001] directions, respectively. @y, denotes the
octahedra tiltings that are within the reach from site i by a lattice
vector A(iX+my+nz) with [, m, n =0 or 1. In particular, the net
HIF polarization in the 1/1 superlattice arises from the difference in
the coefficient K;; for the sites containing Bi versus Nd ions. Note that,
for the solid solution, the net polarization is averaged out to be zero
due to the random distribution of the Bi and Nd cations. Moreover, the
universal coupling between the antiphase tiltings and the magnetism
Kog -(LxM) is also incorporated in E, via the following energy
terml#2l

AE=KY (0;-@;)-(m;—m)) (10)
ij

where i and j run over all the Fe sites with a cutoff distance up to the
first-nearest neighbors. K is a material-dependent coefficient that
characterizes this coupling strength. Note that Equation (10) resembles
the form of the Dzyaloshiski-Moriya interaction®3% D" (m; —m;),
such that the D’ vector is the difference of octahedral tiltings between
site i and site j.
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