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Abstract

We investigate a ferrimagnetic/ferroelectric bilayer in which a mixed-spin Heisenberg ferri-
magnet is coupled to a three-state ferroelectric layer allowing for a nonpolar state. Using
Monte Carlo simulations, we analyze how magnetic and electric single-ion anisotropies,
together with interfacial magnetoelectric coupling, control phase transitions and hysteresis
properties. We show that electric anisotropy, by tuning the population of nonpolar ferroelec-
tric sites, strongly shifts the ferrimagnetic critical temperature, while magnetic anisotropy
reciprocally affects the ferroelectric transition. Increasing the magnetoelectric coupling
enhances both ordering temperatures and may induce a common transition. At fixed
temperature, magnetic and electric hysteresis loops evolve from square to slim and nearly
reversible shapes as anisotropies are varied. These results highlight the relevance of three-
state ferroelectricity for describing polarization suppression and tunable magnetoelectric
response in hybrid bilayers.

Keywords: magnetoelectric coupling; ferrimagnetic—ferroelectric bilayer; three-state
ferroelectricity; electric anisotropy; Monte Carlo simulations; hysteresis

1. Introduction

Multiferroic and magnetoelectric hybrid systems attract strong theoretical and ex-

perimental interest because they couple electric and magnetic functionalities within
W) Check for updates . . .. . . .
nanoscale architectures, making them promising for nonvolatile memories, spin-based
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Recent experiments [8-10] have further demonstrated that ferroelectric or piezoelectric
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layers can provide an efficient electrical handle to tune magnetic switching in nanoscale
This article is an open access article

distributed under the terms and heterostructures, including ferroelectric-assisted spin—orbit-torque switching in heavy-
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theoretical models that isolate generic interfacial magnetoelectric mechanisms and their
impact on phase transitions and hysteresis.

Considerable progress has been made in understanding ME phenomena in layered
structures, particularly bilayers and superlattices incorporating ferromagnetic (FM) or
ferrimagnetic (FI) components. In these systems, magnetic layers are commonly described
by Heisenberg or mixed-spin Hamiltonians, while ferroelectric layers are often modeled
using classical two-state Ising-type dipoles (1) [11-14]. These discrete models successfully
capture order-disorder transitions, hysteresis, and interface-mediated coupling and remain
computationally tractable for large-scale Monte Carlo (MC) simulations.

However, conventional two-state ferroelectric models impose a fully polarized local
configuration at low temperature and therefore cannot capture intermediate nonpolar
regions or partial polarization suppression commonly observed in real ferroelectrics, par-
ticularly in thin films and relaxor systems [15-18]. A more flexible approach introduces an
additional nonpolar state, p = 0, as in spin-1 Blume-Capel-type ferroelectric models [19-21].
The associated crystal-field controls the relative stability of polar and nonpolar configu-
rations and enables richer phase behavior, including broadened susceptibility peaks and
relaxor-like features [22,23].

While Blume-Capel-type ferroelectric models have been successfully applied to purely
electric systems and to the study of structural phase transitions, their implementation in
hybrid magnetoelectric bilayers remains limited. Most existing magnetoelectric studies rely
on two-state Ising ferroelectrics [11-14], including recent FI-FE-FM trilayer models in which
the ferroelectric layer is restricted to p; = %1 [24]. In this context, a bilayer combining
a ferrimagnetic Heisenberg layer with a three-state ferroelectric layer explicitly governed
by a single-ion electric anisotropy and coupled through an interfacial magnetoelectric
interaction has not yet been systematically investigated. Such a framework is particularly
well suited to describe polarization suppression, reduced interfacial coupling, and the
emergence of slim hysteresis loops in ultrathin hybrid structures.

In this work, we fill this gap by formulating and simulating a minimal FI/FE bilayer
where the magnetic layer consists of two anti-aligned Heisenberg sublattices (S = 3/2 and
o = 1), while the FE layer follows a three-state pseudo-Ising model (p; = —1,0, +1). The
ME interaction is implemented as a direct interfacial coupling between the FE dipoles and
the out-of-plane magnetic components. Monte Carlo simulations are used to explore the
thermodynamic and hysteretic properties of the system, emphasizing the effects of the
crystal-field parameter and the magnetoelectric coupling.

The goal of this study is twofold. First, we examine how the inclusion of a nonpolar
ferroelectric state modifies the thermodynamic behavior of a magnetoelectric bilayer. Sec-
ond, we quantify how the single-ion anisotropies and the interfacial ME coupling jointly
control magnetic and electric hysteresis properties.

By comparing our results with previous Monte Carlo studies of magnetoelectric
heterostructures using two-state ferroelectric models [11] and with recent experimental and
first-principles works on multiferroic bilayers and 2D multiferroics [25], we demonstrate
that the three-state ferroelectric description preserves the main qualitative trends in more
conventional models while naturally accounting for features typically associated with
polarization suppression and relaxor-like behavior. This paper is structured as follows.
Section 2 presents the Hamiltonian model and the simulation method used. Results are
presented and discussed in Section 3. Finally, conclusions and perspectives are given
in Section 4.
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2. Materials and Methods

We consider a bilayer composed of a ferrimagnetic (FI) layer described by two Heisen-
berg mixed-spin sublattices, S = 3/2 and ¢ = 1, and a ferroelectric (FE) layer of the same
lateral size L x L, where each site carries a three-state dipole p € {—1,0,+1}. Periodic
boundary conditions are applied in the xy-plane and free boundaries along the out-of-
plane direction. Figure 1 displays the schematic structure of the bilayer system studied in
this work.

Ferroelectric layer (],, D,)

Z4 Ferrimagnetic layer (f,,, D)

L

Figure 1. Schematic representation of the ferrimagnetic/ferroelectric bilayer. The system consists of a
mixed-spin ferrimagnetic layer and a spin-1 ferroelectric layer, each forming an L x L square lattice,
coupled through an interfacial magnetoelectric interaction.

2.1. Hamiltonian

The total Hamiltonian which governs the system is given as:
H = Hgp + Heg + Humg (1)

where Hypj, Hpg and Hyg are Hamiltonians of the ferrimagnetic layer (Heisenberg spins),
the ferroelectric layer (three-state pseudo-Ising model) and the interfacial magnetoelectric
coupling, respectively, expressed as:

Her = Jm), Sioj+ D) ((S57)" + (7)) =Hm)_ (Si+ i), (2)
(i.j) i f

with ], < 0 representing the antiferromagnetic coupling between the two sublattices.
D, denotes the Blume-Capel single-ion magnetic anisotropy along the z axis, and

5
Hp (H x, Hy, Hz) is the external magnetic field vector acting on spins 3/2and 1. N =L x L
is the total number of spins in a layer.

N N ) N
Hrg = —Je)_ pipj + De)_ pi — He)_pi (3)
(i) i i

Je > 01is the nearest-neighbor ferroelectric coupling. D, represents the Blume-Capel
single-ion electric anisotropy, controlling the stability of the polar states. H, is the external

electric field.
2N

N
Hme = —Gme ), Pk Si;jr 4)
(i)
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where polar sites in the FE layer interact with the z-component of the magnetic spins
directly adjacent at the interface. Gime denotes the magnetoelectric couplings between py
and its nearest neighbors from the ferrimagnetic layer. G is assumed to take positive and

— N .
negative values for interactions through S and ¢ spins vectors, respectively.

2.2. Monte Carlo Simulation

We employed Monte Carlo simulation combined with the Metropolis algorithm to
compute quantities of interest. For Heisenberg spins in the FI layer, a random rotation is
proposed. For FE dipoles, one of the three states —1, 0, +1 is proposed randomly. Moves
were accepted with probability:

Picc = min 1,e_AE/(kBT) . (5)

Here, AE is the energy difference between the new and old configurations, kg denotes
the Boltzmann constant set to unity (kg = 1) and T represents the temperature expressed
in reduced (dimensionless) units. As a result, T does not correspond to a direct physical
temperature scale such as Kelvin or degrees Celsius.

All simulations were carried out for a layer size of L = 32. Each run consisted of a
total of 180,000 Monte Carlo steps (MCs), with the first 100,000 steps discarded to ensure
thermal equilibration. Statistical uncertainties were evaluated using the blocking technique
in order to mitigate autocorrelation effects. The resulting error estimates were significantly
smaller than the symbol sizes in all figures. Consequently, error bars are omitted from the
Monte Carlo results presented throughout the paper for clarity.

Thermal averages were obtained by sweeping the temperature in small increments
and using the final configuration at a given temperature as the initial state for the next one,
which reduces critical slowing down near phase transitions. For hysteresis calculations,
the external magnetic or electric field was varied quasistatically along a closed cycle, with
sufficient Monte Carlo relaxation at each field value to approach equilibrium.

We computed the sublattice magnetizations of the ferrimagnetic layer and the total
polarization of the ferroelectric layer, as well as the associated magnetic and electric suscep-
tibilities and hysteresis loops. For clarity, we focus on the sublattice magnetizations and
the total ferroelectric polarization in the results in Section 3.

Sublattice magnetizations:

For each ferrimagnetic sublattice:

N/2 N/2 N/2 1/2
my/s = <§(2<s¢>2+ Y. (s1) + Z(s%f) > (6)

1 1

i

N/2 N/2 N/2 1/2
w3 (B ) Y] ) ?

The sublattice magnetization components are given by:
s 2 X7
My = N Z s (8)
1

2 N/2 X,Y,2
mg,y,z = N Z o; = )
i
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Polarization of the FI layer:
1 N
P = <N2pi>. (10)

Magnetic and electric susceptibilities:
Magnetic susceptibility:

((m?) — (m)?). (11)

Electric susceptibility:
(7" = (). (12)

Hysteresis loops were obtained at a fixed temperature T = 2.00 by quasistatically
cycling the external magnetic (or electric) field. From the resulting m(H,, ) loops, we extract
the coercive field H, and remanent magnetization R, and from the p(H,) loops the electric
coercive field and remanent polarization.

All model parameters are expressed in reduced (dimensionless) units. The ranges of
magnetic and electric anisotropies and of the magnetoelectric coupling are chosen to explore
physically relevant regimes, from weak to strong anisotropy and from negligible to domi-
nant interfacial coupling. They are not intended to provide a quantitative description of spe-
cific materials but to capture generic trends in hybrid ferrimagnetic—ferroelectric bilayers.

2.3. Limitations of the Model

The present model adopts a simplified description aimed at capturing the essential
mechanisms governing phase transitions and hysteresis in ferrimagnetic—ferroelectric bi-
layers. The ferroelectric layer is described within a discrete spin-1 framework, which
accounts for the coexistence of polar and nonpolar states but does not explicitly re-
solve polarization gradients or finite domain-wall widths. Similarly, the magnetoelectric
coupling is treated as a local interfacial interaction, focusing on short-range effects at
the interface.

Within this framework, long-range electrostatic or strain-mediated interactions, ex-
plicit structural disorder, and real-time switching dynamics are not included. These ef-
fects are expected to mainly influence quantitative aspects of the response, such as the
broadening of transitions, the smoothing of hysteresis loops, or moderate shifts in critical
temperatures, while the qualitative mechanisms identified here remain unchanged. Finite-
size effects may also lead to small shifts in the estimated critical temperatures and to a
smoothing of susceptibility peaks and hysteresis loops.

The present approach should therefore be regarded as a first step toward a more
comprehensive description of magnetoelectric bilayers. Extensions incorporating long-
range interactions, dynamical effects, or disorder represent natural directions for fu-
ture work aimed at achieving closer correspondence with experimentally realized
nanoscale heterostructures.

3. Results and Discussion
3.1. Thermodynamic Behavior at Zero External Fields

In calculations, the intra-layer couplings were fixed to J,, = —1 for the antiferromag-
netically coupled ferrimagnetic sublattices and J. = +1 for the ferroelectric layer so that
the main control parameters are the single-ion anisotropies D;, (magnetic), D, (electric)
and the magnetoelectric (ME) interfacial coupling G, together with the external fields Hy,
and H, (set to zero in this subsection).
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In the three-state ferroelectric layer, the electric anisotropy controls the relative pop-
ulation of polar and nonpolar states. Large negative D, strongly penalizes the nonpolar
configuration and favors a fully polarized ferroelectric at low temperature, whereas positive
D, stabilizes p = 0 and tends to suppress the local polarization. Analogously, the magnetic
anisotropy D,; enhances or suppresses the out-of-plane components of the Heisenberg
spins, thereby modulating both ferrimagnetic order and its coupling to the ferroelectric
layer. This competition between anisotropies and interfacial ME coupling is at the origin of
the diverse phase behavior discussed below.

3.1.1. Effect of Electric Anisotropy on Magnetic Ordering

Figure 2 shows the temperature dependence of the sublattice magnetizations m3,, and
my of the ferrimagnetic layer and the corresponding magnetic susceptibilities for several
values of electric anisotropy D, = —4.00, —2.00, 0.00, +2.00, +4.00, at fixed J,, = —1.00,
Je = +1.00, |Ge| = +1.00, D, = —1.00 and vanishing external fields. For all D,, the mag-
nitudes m3/, and m; decrease monotonically with temperature and vanish at a well-defined
critical temperature T/?, signaling the ferrimagnetic-paramagnetic transition (Figure 2a).
The critical temperatures extracted from the peaks of the magnetic susceptibilities are
Ti" =281, 2.71, 2.51, 2.41, and 2.01 for D, = —4.00, —2.00, 0.00, +2.00, and +4.00, respec-
tively (Figure 2b). Thus, making D, more negative systematically enhances the magnetic
critical temperature, whereas increasing D, to positive values reduces it.

1.5 4

1.0 4

—=—D_=-4.00 14 |—=—D,=-4.00 (b)
—e—D,=-2.00 |—e—D_=-2.00
——D_= 0.00 12 {—a—D_= 0.00

—v—D,= 2.00 |=—D,= 2.00
10 4
_ —+—D,= 4.00 —+—D,= 4.00
£ 0.5 - 1
& E
S X
E 0.0
-0.5 1
-1.0 4
0.0 0?5 110 1I.5 210 2!5 3!0 3!5 4!0 4.5 00 05 10 16 20 25 30 35 40
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Figure 2. Temperature dependence of the magnetic properties of the ferrimagnetic layer for different
values of the electric anisotropy D, = —4.00, —2.00, 0.00, +2.00, and +4.00, with [, = —1.00,
Jo = +1.00, Gye = +1.00, D;; = —1.00, and H;; = H, = 0.00. (a) Sublattice magnetizations
msz/, and mj as functions of temperature. (b) Corresponding magnetic susceptibilities as functions
of temperature.

This behavior reflects the role of the ferroelectric layer as an effective environment
for the magnetization via the ME coupling. For negative D,, the ferroelectric layer re-
mains strongly polarized at low and intermediate temperatures, so that the ME interaction
produces an additional effective field on the magnetic spins which stabilizes the ferrimag-
netic order and shifts T* upward. For positive D,, a large fraction of sites adopts the
nonpolar state p = 0; the interfacial ME coupling is then locally switched off, and the
effective magnetic field mediated by the FE layer is weakened, leading to a reduction in T7".
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This mechanism is consistent with Monte Carlo and mean-field studies of Blume-Capel-
type ferroelectrics, where an increasing crystal-field term promotes nonpolar states and
reduces the effective ordering field acting on coupled subsystems [26]. Similar suppres-
sion of magnetic critical temperatures induced by polarization depletion at the interface
has also been reported in FI/FE heterostructures modeled with multistate ferroelectric
layers [11].

The magnetic susceptibility curves in Figure 2b exhibit sharp peaks at T/, characteristic
of a second-order transition, but also display an additional low-temperature anomaly
around T ~ 0.61 for D, = —4.00, —2.00 and 0.00. This secondary peak, which disappears
for positive D,, indicates a change in the internal spin configuration of the ferrimagnetic
layer while the global long-range order persists. In the present three-state FE model, this
anomaly can be attributed to the onset of a finite population of nonpolar FE sites when
temperature is increased from very low values, which locally reduces the ME coupling
and slightly rearranges the ferrimagnetic sublattices without fully destroying the order.
Low-temperature susceptibility anomalies associated with partial depolarization or local
decoupling have been previously observed in spin-1 Blume-Capel systems and interpreted
as crossover effects within the ordered phase rather than true phase transitions [22,27].

3.1.2. Effect of Magnetic Anisotropy on Ferroelectric Ordering

The reciprocal impact of magnetic anisotropy on the ferroelectric properties is illustrated
in Figure 3, which presents the temperature dependence of the total polarization p of the FE
layer and its electric susceptibility for various D,, = —4.00, —2.00, 0.00, +2.00, +4.00 at
fixed D, = —1.00, J,, = —1.00, Jo = +1.00 and G,e = +1.00.

(a) —s=—D_=-4.00 > | (b) —=—D_=-4.00
—e—D, =-2.00 304 —e—D, =—2.00
——D_= 0.00 ] ‘ ——D,_ = 0.00
} —v—D_= 2.00 251 —v—D_= 2.00
—+—D_= 4.00 —+—D_= 4.00

0 'Il 3 4 5 6 7 8

3
T T
Figure 3. Temperature dependence of the ferroelectric properties for different values of the magnetic
anisotropy D;, = —4.00, —2.00, 0.00, +2.00, and +4.00, with J,, = —1.00, Jo = +1.00, G, = +1.00,

D, = —1.00, and H;; = H, = 0.00. (a) Polarization P of the ferroelectric layer as a function of
temperature. (b) Electric susceptibility versus temperature.

For strongly negative Dy, the ferrimagnetic spins are tightly confined along the easy
axis, maximizing their out-of-plane components and, consequently, the ME interaction at
the interface. Under these conditions, the total polarization remains large up to relatively
high temperatures (Figure 3a), and the electric critical temperatures extracted from the
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susceptibility peaks are T{ = 3.31 and 3.21 for D, = —4.00 and —2.00 (Figure 3b). As D,
increases towards positive values, the easy axis gradually turns into a hard axis, the out-of-
plane spin components are suppressed, and the ME-induced field experienced by the FE
layer is reduced. Accordingly, T¢ decreases to 2.81, 2.51 and 2.21 for D;;, = 0.00, +-2.00 and
+4.00, respectively. Such reciprocal control of ferroelectric ordering by magnetic anisotropy
has been widely reported in magnetoelectric bilayers, where reducing the out-of-plane spin
component weakens the interfacial exchange field acting on electric dipoles [5,11].

These results demonstrate that the magnetic anisotropy can efficiently tune the fer-
roelectric order via interfacial coupling. First-principles and atomistic simulations of
oxide-based multiferroic bilayers similarly show that enhancing magnetic anisotropy
or interfacial coupling sharpens dielectric anomalies and shifts ferroelectric transition
temperatures upward [28].

3.2. Role of Direct Magnetoelectric Coupling

To disentangle the role of the direct ME exchange at the interface from that of the single-
ion anisotropies, we now vary Gy, while keeping D,, = D, = —1.00. The temperature
dependence of the ferrimagnetic sublattice magnetizations and the FE polarization for
|Gme| = 0.00, 1.00, 2.00, 3.00, 4.00 is displayed in Figure 4.

(a) (b) ——G,,,,=0.00
1.00 ——G,,,=1.00
— =
} G,,,=2.00
——G,_.=3.00
0.75 ; me
——G,,,=4.00
o
0.50
0.25 4
0.00 4
0 1 2 3 4 5 6 7 8 9
T
Figure 4. Temperature dependence of the magnetic and ferroelectric order parameters for different
magnetoelectric coupling strengths |G| = 0.00, 1.00, 2.00, 3.00, and 4.00, with J,, = —1.00,

Je = +1.00, Dy, = —1.00, D, = —1.00, and H;, = H, = 0.00. (a) Sublattice magnetizations mj3,, and
m as functions of temperature. (b) Total polarization p as a function of temperature.

In the absence of interfacial coupling (G, = 0), the magnetic and ferroelectric layers
are essentially decoupled, and their critical temperatures are significantly lower than in
the coupled case: T[" ~ 1.71 and T{ ~ 1.91. The two transitions are well separated and
governed by the intrinsic intra-layer couplings J,; and J.. As soon as a finite ME cou-
pling is introduced, both critical temperatures increase monotonically with Gy, reaching
T ~ 4.61 and T¢ ~ 4.51 for G, = 4.00. The simultaneous enhancement and eventual
near-coincidence of the two transition temperatures indicate that the FI and FE layers
become strongly locked by the ME interaction, undergoing a joint order-disorder tran-
sition for sufficiently large Gu.. The locking of magnetic and ferroelectric transitions
induced by strong interfacial coupling has been identified as a hallmark of exchange-driven
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magnetoelectric systems, both in Monte Carlo simulations and in effective Hamiltonian
approaches [11,29].

For intermediate coupling (G = 1.00), an additional low-temperature anomaly
appears at T ~ 0.61, reflecting the same partial rearrangement of spin—dipole configura-
tions discussed in Section 3.1.1. In contrast to two-state ferroelectric models, the present
three-state description naturally accounts for these additional anomalies through the
temperature-dependent activation of nonpolar states, without invoking extrinsic disorder
or defects [19-21].

From an applications standpoint, the strong enhancement of both T/* and T¢ with
Gue implies that engineering interfaces with large ME coupling via, for instance, chemical
substitution, strain, or low-dimensional design, is a promising route to achieve room-
temperature multiferroic functionality. Recent high-throughput first-principles screenings
of two-dimensional multiferroics further support this trend, predicting robust magnetoelec-
tric coupling and enhanced ordering temperatures in interfacially engineered systems [28].

3.3. Magnetic Hysteresis and Anisotropy Tuning

We now turn to the quasistatic magnetic hysteresis loops of the ferrimagnetic layer at
fixed temperature T = 2.00, focusing on the dependence of the coercive field and remanent
magnetization on the single-ion anisotropies of both layers.

Figure 5 shows the hysteresis loops of the partial magnetizations m;3,, and m; as func-
tions of the external magnetic field H, for different magnetic anisotropies
D, = —4.00,—2.00, 0.00, +2.00,4+-4.00, at fixed D, = —1.00, ], = —1.00, J. = +1.00 and
zero electric field. For the spin-3/2 sublattice, the coercive field and remanence are
(He, Ryy) = (085, 1.38), (0.60, 1.30), and (0.10, 1.12) for D,, = —4.00, —2.00 and 0.00, re-
spectively (Figure 5a). For the spin-1 sublattice (Figure 5b), the corresponding values are
(He, Ryy) = (0.85, 0.88), (0.60, 0.84), and (0.10, 0.75). As D, is further increased to posi-
tive values (4-2.00 and +4.00), both coercivity and remanence vanish and the loops collapse,
indicating a transition to a magnetically soft or nearly paramagnetic state at this temperature.

1 5 |—=—D,,=—4.00 (a) (b) —=—D, =-4.00
|—=—D,=-2.00 91 107 —e—D,,=-2.00
10 l——D_= 0.00 ’,,,.—-"’"'"" —a—D_= 0.00
—~—b,_= 2.00 05 ——D, = 2.00
0.5 {/—+—D,,= 4.00 ——D_= 4.00
o -
E"’ 0.0 £ 0.0
-0.5 4
-054
—1.0—
-1.5 - 109
5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5
H, Hm

Figure 5. Magnetic hysteresis loops of the partial magnetizations of the ferrimagnetic layer at
temperature T = 2.00 for different magnetic anisotropies D, = —4.00, —2.00, 0.00, +2.00, and +4.00,
with [, = —1.00, J, = +1.00, D, = —1.00, H, = 0.00. (a) Hysteresis of the sublattice magnetization
msz/p (spin-3/2). (b) Hysteresis of the sublattice magnetization m; (spin-1).
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The progressive reduction in the coercive field and remanent magnetization with
increasing Dy reflects the lowering of anisotropy-induced energy barriers separating
metastable magnetic states, a behavior commonly observed in easy-axis to easy-plane
crossover regimes of mixed-spin and multilayer ferrimagnets [27,28].

The comparison between mj3,, and m; loops also highlights the ferrimagnetic nature
of the bilayer: while both sublattices exhibit similar coercive fields for a given D, the
remanent magnetization of the spin-3/2 sublattice is systematically larger, reflecting its
higher spin magnitude and the antialigned configuration imposed by J,;. Such nearly
reversible hysteresis loops are characteristic of magnetically soft systems and have been
reported in Monte Carlo studies of ferrimagnetic multilayers when anisotropy becomes
insufficient to stabilize stable domain configurations at finite temperature [27].

Figure 6 emphasizes the influence of the electric anisotropy D, on magnetic hysteresis.
Here D,, = —1.00 is fixed, while D, is varied between —2.00, +2.00 and +5.00 at T = 2.00.
For the spin-3/2 sublattice (Figure 6a), (H, Ryy) evolves from (0.35,124) at D, = —2.00 to
(0.12,1.22) at D, = +2.00, and finally to an almost reversible loop with a vanishing coercive
field and remanence at D, = +5.00. The spin-1 sublattice follows the same trend with
slightly smaller remanence. The modest reduction in coercivity between D, = —2.00 and
+2.00 reflects a gradual weakening of the ME-induced pinning field as more nonpolar
states are allowed, while the abrupt collapse of the loop at D, = +5.00 indicates that the
ferroelectric layer is essentially nonpolar so that the magnetic subsystem behaves nearly as
an isolated ferrimagnet with reduced anisotropy and weak effective pinning.

1.0

0.8 1

0.6 1

0.4 1
0.2 1

0.0

1LY ]

-1.0 4

mq

_02 -
~0.4

—0.6 4

-0.8 4

-1.0

Figure 6. Magnetic hysteresis loops of the partial magnetizations of the ferrimagnetic layer at
temperature T = 2.00, for different electric anisotropies D, = —2.00, +2.00, and +5.00, with
Jm = —1.00, Jo = +1.00, Dy, = —1.00, and H, = 0.00. (a) Hysteresis of the sublattice magnetization
ms /. (b) Hysteresis of the sublattice magnetization ;.

Differences in remanent magnetization between inequivalent sublattices are a generic
feature of ferrimagnetic systems and can give rise to compensation effects and asymmet-
ric hysteresis when sublattice parameters or anisotropies are further tuned [27]. From
a magnetoelectric perspective, the sensitivity of magnetic coercivity to both magnetic
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and electric anisotropies highlights the indirect control of magnetic switching through
polarization-mediated interfacial pinning fields [5,11].

3.4. Electric Hysteresis and Cross-Control of Polarization

The electric hysteresis behavior of the ferroelectric layer is depicted in Figure 7, which
shows the polarization-electric field (p-H,) loops at T = 2.00 under different anisotropy
conditions. In Figure 7a, the magnetic anisotropy is fixed to D;;, = —1.00, while the electric
anisotropy is varied from D, = —4.00 to +4.00. For D, = —4.00 and —2.00, the loops are
wide and nearly rectangular, with coercive fields H, ~ 0.14 and remanent polarizations
Ry ~ 098. At D, = 0.00, the loop remains well defined but slightly slimmer, and the
remanent polarization decreases to R;; ~ 0.93, while H. remains almost unchanged. For
positive D,, both coercivity and remanence disappear, indicating that the system responds
almost linearly to the electric field with negligible remnant polarization once the field

is removed.

—=—D_=—4.00 —a—D,_=—4.00
10 l—e—D,=-2.00 1.0 1—e—D, =—2.00

—a—D_= 0.00 f—+—D,,= 0.00 ]
054T—D.= 2.00 05 —v—D,= 2.00

—e—D_= 4.00 —t—D,_= 4.00

o 00 o 00
-054 -05
-1.0 1.0 -......-JJ
(a) (b)
5 4 3 =2 1 0 1 2 3 5 -4 -3 -2 -1 0 1 2 3
He He

Figure 7. Electric hysteresis loops of the polarization of the ferroelectric layer at temperature
T = 2.00 with ], = —1.00, J, = +1.00. (a) Polarization-field loops for different electric anisotropies
D,, at fixed magnetic anisotropy D, = —1.00. (b) Polarization-field loops for different magnetic
anisotropies D,;, at fixed electric anisotropy D, = —1.00.

The transition from square to slim polarization loops with increasing Df is a direct
manifestation of the growing accessibility of the nonpolar state, which smooths polarization
reversal and reduces remanent polarization, as widely reported in spin-1 Blume—Capel
ferroelectric models [19-21,30].

For large positive D,, the nonpolar state dominates, the polarization is easily sup-
pressed, and the hysteresis loop nearly vanishes. Comparable loop slimming and po-
larization suppression have also been observed experimentally in relaxor ferroelectrics
and ultrathin ferroelectric films, where local nonpolar regions emerge under thermal or
field-driven fluctuations [15-18].

Figure 7b illustrates the reciprocal effect of magnetic anisotropy on the electric hystere-
sis at fixed D, = —1.00. For D;, = —4.00 and —2.00, the polarization loops remain wide
and almost symmetric, with remanent values R, ~ 0.95-0.97 and coercive fields close to
0.14. When Dy, is increased to 0.00 and beyond, the loops collapse, and both the coercive
field and remanence tend to zero.
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Because the FE layer is coupled to the out-of-plane component of the ferrimagnetic
spins, a strong magnetic anisotropy maintains a large interfacial ME field throughout the
switching cycle, thereby supporting robust polarization reversal. In contrast, for D;, > 0,
the spins tilt away from the z-axis, the ME field weakens and becomes poorly correlated
with the applied electric field, and the FE layer behaves almost as a decoupled spin-1
ferroelectric. At T = 2.00, it then lies close to its critical region and no longer shows a
pronounced hysteresis loop. This behavior confirms that magnetic anisotropy acts as an
effective control parameter for electric hysteresis by regulating the magnitude and stability
of the interfacial magnetoelectric field experienced by the ferroelectric layer [11].

Similar cross-control of polarization by magnetic degrees of freedom has been re-
ported in oxide superlattices and engineered multiferroic heterostructures, where interfacial
anisotropy engineering enables large magnetoelectric responses and tunable hysteresis
characteristics [31,32].

Although the hysteresis loops are expressed in reduced units, their qualitative evo-
lution can be directly compared with experimentally measured magnetization and polar-
ization loops in thin-film ferrimagnetic—ferroelectric heterostructures. In particular, the
transition from square to slim or nearly reversible loops reflects the progressive reduction
in anisotropy and interfacial pinning, as commonly observed in ultrathin films or when
approaching critical regimes. The trends observed here therefore mirror experimental
hysteresis behaviors at a qualitative level, without aiming at a quantitative description of
specific materials.

4. Conclusions

We used Monte Carlo simulations to investigate a ferrimagnetic/ferroelectric bilayer
in which a mixed-spin Heisenberg ferrimagnet is coupled to a three-state ferroelectric
layer through a direct interfacial magnetoelectric interaction. The spin-1 description of the
ferroelectric layer, controlled by an electric single-ion anisotropy, allows for a nonpolar
state and thus goes beyond conventional two-state ferroelectric models.

Our results show that the magnetic and electric single-ion anisotropies strongly and
reciprocally influence the ferrimagnetic and ferroelectric transition temperatures, while
the magnetoelectric coupling can significantly enhance both critical temperatures and, for
sufficiently strong coupling, lock the two order parameters into a common transition. At
fixed temperature, we find that both magnetic and electric hysteresis loops can be widely
tuned: coercive fields and remanent order parameters decrease and the loops evolve from
square to slim or nearly reversible shapes as the anisotropies are varied.

These findings demonstrate that incorporating three-state ferroelectricity into magne-
toelectric bilayer models provides a simple framework to capture polarization suppression
and tunable hysteresis while retaining the essential physics of magnetoelectric coupling.
The model thus offers a useful starting point for interpreting and guiding experiments on
hybrid FI/FE heterostructures where interface engineering and anisotropy control are key
design parameters.
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