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Abstract

Based on the Monte Carlo simulation, a mixed-spin (5/2, 2, 3/2) Ising model is
constructed  to  investigate the  dynamic  magnetic  properties  of
antiferromagnetic/ferromagnetic ' YMnO3/FM bilayer under the existence of a
time-dependent magnetic field. The effects of exchange interaction, oscillating
magnetic field as well as temperature are involved in this work. Masses of numerical
results of the dynamic order parameter, susceptibility, internal energy, and blocking
temperature are obtained with diverse physical parameters. Moreover, the phase
diagrams and the hysteresis loops of the system are discussed in detail as well for a

better understanding of the dynamic properties of the present system.
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1. Introduction

Multifunctional ceramics material, a kind of functional materials with rich
application, has received extensive attention and numerous research results in the past
decades [1-2]. In particular, multiferroics, a member of the multifunctional material
family, have been the protagonist of the studies because of the coexistence of electric
and magnetic orders in this material and some specific natural properties, which
guarantees the comprehensive applications in multifunctional nanodevices, e.g.
multiple-state memory devices, magnetoelectric transformers, and tunable microwave
devices [3-5]. With the development of technology, a novel type of multiferroic
material has been discovered that is YMnOs;. YMnO3 is a one-multiferroic compound
with perovskite crystal structure and it can exhibit antiferromagnetism and
ferroelectricity in magnetic field and electric field, respectively, at room
temperature[6-8]. The response of multiferroic thin films to magnetic and electric
fields is similar with that. Experimentally, antiferromagnetic/ferromagnetic (AFM/FM)
materials such as YMnOs-based composites have been successfully prepared applying
multiple methods, for instance, sol-gel method [9], solid-state reaction method [10],
and dp-coating [11].

On the other hand, it goes without saying that masses of experimental
phenomena should be analyzed from a theoretical point of view, which can better
explain the experimental results and provide a feasible direction for further

experiments. As an important role in the field of multiferroic materials, the AFM/FM



composites are also widely studied in theory. By means of Monte Carlo simulation
based on Metropolis algorithm, a theoretical calculation was implemented to study the
ground-state phase diagrams and the hysteresis circles of the perovskite YMnOj3 under
the influence of different physical parameters, such as external field, exchange
interaction, and crystal field [12]. And a theoretical investigation was performed by
Cao to investigate the magnetic entropy change properties of BiFeO; by dint of
quantum microscopic calculations, which depends on the Green's function, Maxwell's
relation, and the classical thermodynamical theory [13]. Other theoretical studies were
also taken to investigate the properties of such YMnO3 and BiFeOs; multiferroics as
well [14, 15].

Recently, much interest has been concentrated on AFM/FM bilayers such as
YMnOs3/FM and BiFeOs3/FM bilayer systems due to their superior application in
information storage, gas sensors, spintronic, and solar energy conversion [16-18]. As
for such system, lots of theoretical researches were implemented by a large number of
scholars majoring in the multiferroics domain. The important properties of a
BiFeO3/YMnOs bilayer was investigated by Masrour using Monte Carlo (MC)
simulations [19]. The various electric polarization and hysteresis cycle as the change
of the different exchange interaction and magnetic field, as well as the Curie and Neel
temperature of the system, were given. Applying the Monte Carlo method and
Metropolis dynamics, a simulation of a FM/FE multiferroic bilayer system was
performed by Ortiz-Alvarez et al. and aimed to investigate the magnetoelectric

interactions of the system [20]. In Refs. [21, 22], Ainane et al. deduced the hysteresis



behaviors and susceptibility under the influence of the exchange interaction and the
transverse field of a bilayer system constructing by transverse Ising model. Beyond all
doubt, the mixed-spin Ising model is an important theoretical model on the research of
low-dimensional ferromagnetism and ferroelectricity materials. To name a few, by
establishing the mixed spin (1/2, 1) core/shell structure, the dielectric properties of a
nanowire, were examined in Ref. [23]. The dielectric properties of mixed spins (S =
5/2 and ¢ = 2) model, which is constructed for a nanotube structure were studied by
Masrour et al. [24] via MC simulation for several sizes.

When the ferromagnetic and ferroelectric materials were applied to a
time-dependent magnetic or electric field, it is practical and interesting to investigate
the dynamic properties of these systems theoretically. Deviren et al. investigated the
dynamic properties, thermal and hysteresis behaviors, as well as correlations of a
cylindrical Ising nanotube under the influence of a time-dependent oscillating
magnetic field by EFT and the Glauber-type stochastic dynamics approach [25]. In
Ref. [26], a tow-dimensional ferromagnetic kinetic Ising model was established to
study the influence of next-nearest neighbor interactions on the system in the presence
of external field. It was concluded that this model can perform an interaction induced
transition from a deterministic to a stochastic state. For a two-dimensional
ferrimagnetic system, the dynamic phase transition temperature, dynamic
compensation points as well as dynamic hysteresis behaviors in a oscillating magnetic
field were investigated based on dynamic mean-field theory [27]. The nonequilibrium

dynamic properties of a mixed-spin ferrimagnetic system with a time-dependent



magnetic field were studied. The phase transition and dynamic critical temperature of
the system were discussed in detail [28]. Moreover, unique dynamic magnetic
properties were discovered in other mixed-spin systems in the time-dependent
magnetic field [29-32].

In our previous works, much effort was made on the magnetic and dielectric
properties of the low-dimensional mixed-spin nano-systems using Monte Carlo
simulations [33-38]. In addition, such BiFeOs3/FM bilayer system was also
investigated [39-41]. However, to the best of our knowledge, little energy is devoted
to the dynamic properties, such as dynamic order parameter, internal energy,
susceptibility, and dynamic hysteresis behaviors of YMnO3/FM systems. Especially,
few studies reported the properties of this system in an oscillating magnetic field.
Therefore, in this work we investigate the dynamic properties of a mixed-spin (5/2, 2,
3/2) YMnO3/FM bilayer system under the existence of a time-dependent oscillating
magnetic field. The organization of the rest part of the article is as follows: In section
2, the model and method are defined. In section 3, the detailed results and discussions
are presented. Eventually, a conclusion is included in section 4.

2. Model and Method

We should mention that there are lots of works about the magnetic, dielectric,
dynamic properties and hysteresis behaviors of the magnetic or electric
low-dimensional nano-systems, which are constructed on various extended
mixed-spin Ising systems [42-44]. Therefore, in the present work, we propose a

mixed-spin (5/2, 2, 3/2) Ising model to study the dynamic properties of such a



YMnOs3/FM bilayer system, which is constructed on the honeycomb lattices in Fig. 1.
It consists of the AFM (YMnO:3) top layer and the FM bottom layer. The red balls
represent the Mn atoms with spin-2 on the top layer, and the green and yellow balls
denote the atoms with spin-3/2 (such as Co) and spin-5/2 (such as Fe') in the bottom
layer, respectively. The number of sublattices in each layer and the thickness of the
bilayer are described by N and L, respectively. Obviously, the value of L takes L=2 for
such a bilayer system. Additional numerical simulations were performed just to
determine the definite value of N, no significant difference was found in the
simulation results when N changed from 20 to 100. Therefore, in order to save time
and reduce the possible errors in a complex simulation process, we decide to set
2x20x%20%2 as the number of total sublattices in such bilayer. The Hamiltonian of the

system is given as following:
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where, S;,S},, 0, and u;, denote the z-components of the Ising spins of

sublattices a, b, ¢ and d, respectively. They can take the spin values of

, Mo = i%,iz,i%, namely. Here, <...> indicates the

[8)
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2
summation of nearest-neighbor spins in the same sublattice and between the
sublattices located in different adjacent layers. Then, J.»(<0) denotes the intralayer
AFM exchange interaction constant between sublattices a and b in the top layer.

Jea(>0) represents the FM exchange interaction constant between sublattices ¢ and d

in the bottom layer. J.. and Jps are the interlayer exchange interaction constants
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between the adjacent sublattices a and b, ¢, and d, respectively. In this work, the AFM
exchange interaction constant Ju» was used as the reduced unit of energy and
temperature and set |J.s| = 1. Finally, the time-dependent oscillating magnetic field is
described as:
h(t) = hp+ hosin (wt) (2)

Where 4, is the bias field of the oscillating field, 4y and @ stand for the
amplitude and the angular frequency of the oscillating magnetic field, respectively.

The numerical method we used in this work for the whole process is the standard
importance-sampling MC simulation based on the Metropolis algorithm [45]. In the
transverse direction (x-y plane) of the structure, a periodic boundary condition is taken
into account. And in the longitudinal direction (z-axis), a free boundary condition is
applied. The following is a description of the quantities we care about in this work.

The instantaneous sublattice magnetizations per spin, which are named as M, Mp,

M., and M, are described as:

1
M(t)=——<> S > 3
(=5 ey <25 3
1
M (t)=——<>'§:> 4
»(1) T NN Z b 4
1
M(t)=—<Y o > 5
(=T ; e (5)
M(z)——1 <> ui > (6)
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n

and the instantaneous magnetization of the total system per spin M is:

M, () +M,(1)+ M (1)+M,(t)

M(t)= y

(7)




Thus, the average dynamic order parameter per spin can be calculated by:
@
0 ="M (ryr (®)
2
The dynamical average internal energy per spin U is shown as:
@
U=—¢H(t)dt 9
s §H (1) ©)
Finally, the susceptibility y of the system per spin is:
=N p< QP> <0>) (10)

here f =kL, where k;z and T represents the Boltzmann constant and the

T

absolute temperature, respectively. In this work, we selectk,= 1 for the convenience
of calculation.
3. Simulation results and discussions
3.1 Dynamic order parameter, susceptibility, internal energy, and phase diagrams

In this subsection, the dynamic order parameter(Q), susceptibility(y), internal
energy(U), and the blocking temperature(73) of the present AFM/FM mixed-spin
system under the influence of the intralayer and interlayer exchange interactions as
well as the intrinsic parameters(/s, ho, @) of the time-dependent oscillating magnetic
field A(t) were presented.

Firstly, for the fixed values of J.s = 0.1, Jya = -0.5, @ = 0.02x, hp = 1.0 and A, =
0.5, the influence of J, on the O, y, U, and the blocking temperature 7 are presented.
In Fig. 2(a), six smooth curves are plotted in the (Q, 7) plane for different values of
Jue changed from 0.1 to 2.1. There is a noteworthy phenomenon that is just one
saturation (Q = 1.0) is observed when 7 is near zero and every Q curve has the similar

trend, that is, for lower 7, all of them decrease slowly, and then decrease sharply with
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the increase of 7, finally, stabilizing at a constant value because of the existence of
bias magnetic field 4,. Moreover, at a certain 7, the lager Ju is beneficial to the
increase of . The similar behaviors of O curves can be seen in the mixed spin-1/2
and spin-3/2 ferrimagnetic system [28] and a nano-graphene [31]. All of these results
mentioned above indicate that changes in intralayer exchange interaction Ju do not
easily cause changes in the spin state of the system. Fig. 2(b) illustrates the U curves
of the system. As it can be seen, all curves have a smooth trend from small to large.
And at a certain 7, as J, goes up, U goes down. This phenomenon can be physically
explained that when J,. increases, the mutual binding force between the spins of the
system would be greater, and obviously, the energy in the system would be reduced.
Similar phenomenon of U curves can be seen in Refs. [36, 37, 41]. The y curves of the
system is displayed in Fig. 2(c), as shown in the figure, every curve has a peak which
corresponds to a certain temperature, which is called the blocking temperature 75 [41].
Obviously, the peak of the curve moves to right with increasing J... The explanation
of this phenomenon is similar to that of the internal energy curve from a theoretical
point of view, that is, an increase in the mutual constraint between the spins due to an
increase in J, will also increase the 7p because the spins need a greater energy to flip.
Finally the phase diagram is shown in Fig. 2(d). It can be seen that the relation
between Tp and J, is almost linear, which is similar to the relation between 7 and
exchange interaction in Refs. [29, 37].

Fig. 3(a)-(d) presents the O, U, y, and phase diagram under the influence of Jys

on the condition of J.s = 1.0, Joc = 0.8, @ = 0.027, hp= 1.0 and 5, = 0.5. When 3 < T <



10, six Q curves are clearly seen and the values of them become greater as Jes
increases at a certain temperature, which is also seen in Fig. 2(a). Six U curves, which
are similar to that in Fig. 2(b) is plotted in Fig. 3(b), the big difference between them
is Jpqs has a more obvious influence on U than J,., which can be summarized from the
relatively dispersed curves in Fig. 3(b). The y curves are presented in Fig. 3(c) and the
change in 73 under the influence of Jys is shown in fig. 3(d). We should mention that
there exists a sharp decrease in the 73 curve when Jps < -1.5. Actually, with the
gradual decrease of the absolute value of Jps, most of the spins bounded by the
exchange interaction are released and reverse in a higher energy state, so 73 will
decrease sharply correspondingly. These have a high degree of similarity to the results
in Refs. [19-21, 43, 46].

Then, let us discuss the effect of interlayer exchange interaction J.qon the Q, U,
x, Tsof the system with the fixed values of J.c = 0.8, Jpa = -0.5, @ = 0.027%, hp = 1.0
and /,= 0.5. As shown in Fig. 4(a), the shape of all Q curves are the same as that
shown in Fig. 2(a) and Fig. 3(a). A phenomenon should be noticed that when T is
lower (T < 1), all Q curves tend to be constant, and as J.; increases, the temperature
range corresponding to a constant O continuously increases, such as when J.qis 2.0,
the temperature range is about 0 < 7' < 5. From a physical point of view, O exists
under the competition between temperature, exchange interaction and magnetic
field, and the larger J.s is more dominant in the competition among the three. It can
bind the spin to a fixed state which is not easy to change, thus leading to the stability

and invariability of O [33-38, 41]. In Fig. 4(c), an interesting phenomenon has been
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observed that there is a maximum in the low-temperature zone in the y curve labeled
Jea=0.1, which is the result of the rapid drop in the Q in Fig.4(a). The T3 curve is
shown in Fig. 4(d) and as J.sincreases, T3 goes up continuously and slowly, and then
goes straight up when J.s reaches 1.0, which obviously means that larger J.s is more
conducive to the stability of the system.

The following three Figs. 5-7 describe various magnetic properties of the system
under the effects of the intrinsic parameters of the time-dependent oscillating
magnetic field. First of all, Fig. 5(a)-(d) reveals the variation of O, U, y, and Tz under
the influence of A, with J.o = 1.0, Jue = 0.8, Jpa = -0.5, @ = 0.02zw and Ay = 1.0.
Obviously, in Fig. 5(a), these Q curves have different values when the temperature is
high, which originates from the existence of a bias magnetic field /,. Some similar
results with this phenomenon are shown in Refs. [31, 47, 48]. When the temperature
is low and 4, is greater than 1.8, a maximum appears on the Q curve and increases
with the increase of /. This fact can be attributed to fluctuations in temperature [49,
50]. As shown in Fig. 5(b), the augment of /4, is advantageous for the enlargement in
U. Fig. 5(c) and (d) reflect the influence of the change of /; on T. For visual intuition
and convenience of expression, we discuss Fig. 5(d) directly. An amazing
phenomenon is discovered in the (s, T3) plane, that is, Tp increases as A, increases,
and the relationship is almost linear, which is the opposite of the behavior of 73 under
exchange interactions (see Figs. 2(d), 3(d), 4(d)). The reason for this is that the
increase of /1, would enhance the magnetic order of the system, therefore, to break this

order, more thermal energy is needed so that it can reach the paramagnetic phase.



Thus, as we expected, 7 increases as 4, increases. A comparison is made with those
in Ref. [41], and there is a high similarity between the two in the effect of bias field
on 7.

Next, Fig. 6(a)-(c) shows the Q, U, y as a function of 7 for selected 4y with other
parameters Jeq = 1.0, Jue = 0.8, Jpa = -0.5, w = 0.02w, h, = 0.5, and Fig. 6(d) is about
the phase diagram displayed in the (%9, T5) plane. In Fig. 6(a), it is so clear that all O
curves start with the same constant and also end up with the same constant, which is
different from the result obtained in Fig. 5(a) under the influence of /5. As shown in
Fig. 6(b), there exists a fluctuation in the U curves when T is lower. In the perspective
of theoretical, when the temperature is low, /¢ is dominant in the competition with the
temperature, and it has a greater influence on the thermodynamic properties of the
system, thus causing thermal agitation of the system at low temperature. Fig. 6(c) is
the y curves of the system, and Fig. 6(d) is an intuitive phase diagram. Just as we
expected, a continuous increase in hp will cause a gradual decrease in 7. As we all
know, Ao is the amplitude of the period oscillating magnetic field, and it has a direct
contribution to the disorder of the system. Thus, the greater /4y is, the less stable the
system is. And this means that the system needs a lower temperature in paramagnetic
phase. We should mention that some other studies also discuss the results, which is
similar to above, in detail [28, 31, 32, 47, 51].

Finally, Fig. 7(a)-(d) exhibits the effect of w on the O, U, y, and Tp investigated
with selected values of J.g = 1.0, Jue = 0.8, Jpa = -0.5, ho = 1.0, hp = 0.5. As Fig. 7(a)

shows, Q is sensitive to @ only over a very small temperature range (4 < 7 < 7), and



increases with the increase of w, however, when the temperature is relatively low (7' <
4) and relatively high (7> 7), the change of w affects Q very slightly. Apparently, for
relatively small @ (w = 0.0087), the oscillating magnetic field has a long period acting
on the system and relaxes the system easily to undergo phase transition, so the 7zis
lower. On the contrary, a relatively large @ means that a short period applies to the
present system, weakening the influence of the oscillating magnetic field on the
system and making the system keep order longer, so the 7p becomes higher. The
similar phenomenon is also shown in the study about nano-graphene bilayer [28],
two-dimensional square lattice [32], and double-layer cor-shell graphene nanoisland
[52]. Next, turn our attention to Fig. 7(b), there is an apparent result that @ has a
negligible effect on U. In order to have a more detailed observation, we enlarge the
figure partially, and find that @ helps to improve U comes into our eyes. From Fig.
7(c), we can infer the influence of w on T, and Fig. 7(d) is a figure about the change
of T3 under the influence of w and the increase of w will cause 73 to increase
continuously.
3.2 Hysteresis loops

Fig. 8 presents hysteresis loops of the system under the influence of various
exchange interactions with the fixed parameters of 4y = 1.0, ® = 0.02n, T = 0.05.
Firstly, four loops of the same area are observed in Fig. 8(a), which illustrates that J,c
has little effect on the hysteresis loops for fixed values of Jys = -0.5 and J.o= 1.0.
While, the effect of Jis on it, which is shown in Fig. 8(b) with fixed Ju.. = 0.8 and J.s =

1.0, is more stranger than J,.. As we can see, when J,q increases from -0.1 to -2.0, the



area of the loops get bigger first and than stay stable for J,s= -1.4, which means a
larger Jys will not make a significant change in loop. Then, let focus the effect of J.u
on hysteresis loop in Fig. 8(c) with the other two values Ju,c = 0.8 and Jps = -05. It
should be emphasized that different from the two Figs. 8(a) and (b), the area of the
loop has been changed and the area of the loop increases continuously and it does not
stay at a constant as J.s changes from 0.1 to 2.0, which is not similar to that in Fig.
8(b). In these sub-figures above, only single-loop hysteresis behavior can be found,
but there are no double loops or more multiple loops, the only thing that changes is
the area of the loops, which is similar to the results about it in Refs. [27, 53, 54]. We
can conclude that the effects of the exchange interactions on the hysteresis loop of the
system are Je4, Jpd, Jac in order from small to large.

Fig. 9(a)-(b) shows the influence of the intrinsic characters @ and Ay of the
time-dependence oscillating field on hysteresis loop for fixed Jeq = 1.0, Jue = 0.8, Jpa =
-0.5, and 7= 0.05. In Fig. 9(a), when w is 0.02x, an interesting behavior is seen that
the increase of the amplitude /o will decrease the area of the loops, which is different
from the results under the influence of exchange interaction exhibited in Fig. 8. And
Fig. 9(b) is about the impact of @ on the hysteresis behavior when Ej is 1.0. The
similar behavior that is observed in Fig. 8(a) exhibits in Fig. 9(b) again, that is, no
matter how @ changes, the area, number and shape of hysteresis loop will not change
significantly.

Lastly, we discuss the temperature dependence of the hysteresis loop for other

parameters are Jeq = 1.0, Joe = 08, Jpa = -0.5, @ = 0.02x, and hp = 1.0. In Fig. 10(a)-(¥),



the area of the loops decreases with 7 increasing from 0.05 to 3.9, it can be concluded
that 7 has a negative effect on the dynamic hysteresis loops. Ultimately, the loop
vanishes when 7 > 3.9, which indicates the system turning into paramagnetic phase.
As far as we all know, the increase of 7 can magnify the disorder of the system
and dominates the competition among the exchange interaction and the magnetic field,
resulting in the diminution in the area of loops and the appearance of the
paramagnetic phase of the system. Similar results are found in some other researches,
such as the investigations about the ferroelectric or ferrielectric materials [23, 44],
BiFeO3/YMnOs bilayer [39, 40], BiFeOs/Co bilayer [41], and some magnetic
materials [38, 55-58].
4. Conclusion

In summary, in this paper, we successfully study the dynamic properties
including dynamic magnetic properties, phase transition as well as hysteresis loops of
an Ising mixed-spin (5/2, 2, 3/2) YMnO3/FM bilayer system under the existence of a
time-dependent oscillating magnetic field applying Monte Carlo simulation. The
effects of the exchange interaction and the external time-dependent magnetic field on
the dynamic properties of the present system are discussed in detail. The results reveal
that all the parameters we studied have a significant influence on the Q of the system.
Except for w, other parameters also have significant effects on U, which gradually
decreases with the increase of absolute values of the parameters. 75 can be improved
by increasing Juc, Jus, hp, and w, but the increase in /4y and the decrease in the absolute

value of Jys will make 7z go down. Moreover, the rich hysteresis loops are found,
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coming from the competition among the exchange interaction, temperature, and
time-dependent oscillating magnetic field. We genuinely hope that our theoretical
research results can provide references for other theoretical and experimental research

on AFM/FM bilayer.
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List of figure captions

Fig. 1 Schematic of an antiferromagnetic/ferromagnetic mixed-spin(5/2, 2, 3/2) Ising
model with the YMnOs3;/FM bilayer structure. Four exchange interactions are
considered in the structure. Ju» and Jes denote the intralayer antiferromagnetic and
ferromagnetic exchange interactions of different spins in the top layer between
sublattices a and b, and in the bottom layer between sublattices ¢ and d, respectively.
Jue and Jpq represent the interlayer exchange interactions between sublattices a and c,

b and d, namely.

Fig. 2 The temperature dependences of O, U, y, and the diagram of 73 for different J,c

with Jea = 1.0, Jpa = -0.5, 0 = 0.02m, hp = 1.0, and &, = 0.5.

Fig. 3 The temperature dependences of O, U, y and the diagram of 73 for different Jyq

on the condition of J.s = 1.0, J,c = 0.8, w = 0.02w, hp = 1.0, and s, = 0.5.

Fig. 4 The temperature dependences of O, U, y and the diagram of T for different J.q

with Jue = 0.8, Joa =-0.5, 0 = 0.02m, hp = 1.0, and A, = 0.5.

Fig. 5 The temperature dependences of O, U, y and the diagram of T for different 4,

with Jeg = 1.0, Jue = 0.8, Jpa = -0.5, 0 = 0.027, and Ao = 1.0.



Fig. 6 The temperature dependences of O, U, y and the diagram of T for different 4y

with Jea = 1.0, Joe = 0.8, Jpa = -0.5, @ = 0.02m and s, = 0.5.

Fig. 7 The temperature dependences of O, U, y and the diagram of 73 for different w

with Jea = 1.0, Jae = 0.8, Jpa = -0.5, hp = 1.0 and h» = 0.5.

Fig. 8 The hysteresis loops of the anferromagnetic/ferromagnetic bilayer for different
values of (a) Juc with Jps = -0.5, Jea = 1.0, hp= 1.0, @ = 0.02%, T = 0.05, (b) Jpa with Jyc
=0.8,Ja= 1.0, hp=1.0, » = 0.027, and T = 0.05, (¢) Jea With Juc = 0.8, Jpa =-0.5, ho =

1.0, @ = 0.02m, and 7'= 0.05.

Fig. 9 The hysteresis loops of the anferromagnetic/ferromagnetic bilayer for different
values of (a) hpwith w = 0.02x, Jea = 1.0, Jue = 0.8, Jpa = -0.5, and 7= 0.05, (b) w with

ho=1.0,Jca= 1.0, Juc = 0.8, Jpa=-0.5, and T'= 0.05.

Fig. 10 The hysteresis loops of the anferromagnetic/ferromagnetic bilayer for different

values of T'with Jes = 1.0, Joe = 08, Jpa =-0.5, @ = 0.027w, and 4y = 1.0.
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Figure 1

Schematic of an antiferromagnetic/ferromagnetic mixed-spin(5/2, 2, 3/2) Ising model with the
YMnO3/FM bilayer structure. Four exchange interactions are considered in the structure. Jab and Jcd
denote the intralayer antiferromagnetic and ferromagnetic exchange interactions of different spins in the
top layer between sublattices a and b, and in the bottom layer between sublattices ¢ and d, respectively.
Jac and Jbd represent the interlayer exchange interactions between sublattices a and ¢, b and d, namely.
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Figure 3

The temperature dependences of Q, U, x and the diagram of TB for different Jbd on the condition of Jcd =
1.0, Jac =0.8, w =0.02m, h0 = 1.0, and hb = 0.5.
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Jbd =-0.5, w = 0.02m, and h0 = 1.0.
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The temperature dependences of Q, U, x and the diagram of TB for different hO with Jed = 1.0, Jac = 0.8,
Jbd =-0.5, w =0.02rt and hb = 0.5.
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The temperature dependences of Q, U, x and the diagram of TB for different w with Jed = 1.0, Jac = 0.8,
Jbd =-0.5,h0 =1.0and hb =0.5.
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The hysteresis loops of the anferromagnetic/ferromagnetic bilayer for different values of (a) Jac with
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The hysteresis loops of the anferromagnetic/ferromagnetic bilayer for different values of (a) h0 with w =
0.02m, Jed = 1.0, Jac = 0.8, Jbd =-0.5,and T = 0.05, (b) w with h0 = 1.0, Jed = 1.0, Jac = 0.8, Jbd = -0.5,

and T = 0.05.
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The hysteresis loops of the anferromagnetic/ferromagnetic bilayer for different values of T with Jed =
1.0, Jac =08, Jbd =-0.5, w = 0.02m, and h0 = 1.0.
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