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In order to enhance the performance of calculators, multilevel cell (MLC) memories have been proposed
as an alternative solution to improve the communication speed between their processors and memories, and
also in order to increase the effective storage density of memory devices. In this Rapid Communication,
we propose a model of MLC memory based on a multiferroic (MF) composite material. We introduce a
one-dimensional trilayer ferromagnetic/ferroelectric/ferromagnetic MF composite material through which we
investigate theoretically the dynamics of an electromagnon excitation displaying a soliton structure with an
envelope shape. It emerges from this study based on barium titanate (BaTiOs3) and iron (Fe) that, for suitable
values of the parameters of a single initial polarization excitation, some propagation scenarios display the
encoding of the states of a system of two magnetic bits, i.e., the 11, 10, 01, and 00 states. In addition to this
result, it is also realized that the system exhibits another scenario for which the signal propagating in the MF
material is alternately converted from an electrical signal into a magnetic signal and reversely. Such outcomes
suggest, on the one hand, the possibility to model a four-level MLC memory, and on the other hand, the modeling
of an electromagnetic oscillator, based on a MF composite material.
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Introduction. Computer memories could be seen as arrays
of memory cells in which we can store bits of data. For
conventional memories, the memory cells, so-called single-
level cell (SLC) memory, allow one to store only one bit
of data per cell, i.e., it allows one to encode the states 0
and 1. However, the increasing interest in obtaining better
performing calculators, i.e., higher-density chips and faster
communication between the processor and the memory, have
led to the development of a new class of memories that
include multilevel cell (MLC) memories, in which we can
store multiple bits of data in one cell [1,2]. For instance, with
a four-level cell memory, we can store two bits of data in one
memory cell, i.e., we can encode the states 11, 10, 01, and 00.
Nowadays, the MLC technique appears as one of the prevalent
techniques to achieve an extremely low bit cost in random
access memory (RAM) such as resistive RAM (RRAM),
phase-change RAM (PCRAM), spin-transfer-torque magne-
toresistive RAM (STT-MRAM), and Flash memory [3,4]. In
this Rapid Communication, our study is focused on explor-
ing the possibility of modeling a MLC memory based on
multiferroic (MF) materials, which are well acknowledged
to exhibit unusual physical properties. Indeed, MF materials
are peculiar materials that possess at least two ferroic orders,
among which are the ferroelectric (FE) order, the ferromag-
netic (FM) order, the ferroelastic order, and the ferrotoroidic
order [5]. In the particular case for which the ferroelectric
and the ferromagnetic orders coexist in such materials, the
magnetoelectric coupling between these two orders allows
one to control magnetization (polarization) by means of an
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electric field (magnetic field) [6-11], which may be used for
new device applications [12—15]. So, from the application
point of view of MF composite materials, the energy from the
FE part may induce the magnetization reversal process in the
FM part. Such a process opens the way to the control of the
magnetization dynamics with an electrical excitation which is
less expensive in energy than that of an equivalent magnetic
excitation, which is one of the central issues of modern
magnetic device technologies. Hence potential applications
include quantum computers, devices for memory, magnetic
sensors, and so on. Several studies have been done on the
bilayer BaTiO3/Fe MF composite material, which allowed
one to well understand the magnetoelectric effect in this
structure [8,16—18], and to reveal new features based on the
dynamics of electromagnon excitations [19-21]. With the aim
to provide, from the application point of view, other features
of this MF composite material through the dynamics of elec-
tromagnon excitations, we introduce a trilayer MF composite
material. This model is composed of two FM components
of iron (Fe) separated by one FE component of barium
titanate (BaTiOs) (see Fig. 1). The outline of this Rapid
Communication is as follows. In Sec. II, the dynamics of
electromagnon excitations through the trilayer MF composite
material is modeled by means of the Landau-Khalatnikov-
Tani (LKhT) and the Landau-Lifshitz-Gilbert (LLG) equa-
tions, in a model of a one-dimensional chain. In Sec. III,
we present the results obtained by numerical simulations of
the equations generated in Sec. II, and we discuss them,
namely, a model of a four-level MLC memory and a model
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FIG. 1. A trilayer ferroelectric (orange) and ferromagnetic (blue) multiferroic composite material. As in the previous studies on the bilayer
model, the trilayer MF material is discretized in a coarse-grained approach. All cells are cubic cells of equal volume a*, with @ = 1[nm]; the
polarization P, is a one-component vector along the x axis, i.e., P, = (P,, 0, 0), whereas the magnetization described by the spins S, ; and the

spins S,.; are vectors that display three components, i.e., S, ; = (578757 and 5., =

and the magnetization are orthogonal in the equilibrium configuration [19,20]: P,

+;)- We also consider that the polarization
(0, 0,S), and Sw = (0,0, S). The indices

nj’ r]’

= (P,0,0), 8, =

[ and r refer to the left and right FM components, whereas n and i or j correspond to the site positions of the polarization and the spins in the

MF material, respectively.

of an electromagnetic oscillator. Section IV contains some
concluding remarks.

Theoretical formulation. We describe the dynamics of the
electromagnon excitations through the MF composite material
by means of the LKhT [22,23] and the LLG equations [16,17],
for the polarization and the magnetization, respectively. Using
the free energy of the system (see the Appendix), these
equations lead to the following dimensionless equations,

d*p,
drl; = —ap, — ﬁpf, + C(Pus1 — 2P0 + Pn-1)
+)»,,Sf,M5n,1 +)\psi18n,Nv (l)
dst, . :
d_; = J[s (57 im + S0 ie1) = (55 84
- 2Ksiisii, 2
ds),
d_;, = J[s7: (57 1+ i) = sii(sTimy + 5701
+2Ks7 ;57 ; — AsP18] yySimts 3)
ds; ; i ,
d_; = J[S?,i(sf,i—l + s?,H—l) - S?,i(s'lv,i—l + si.H—l)]
+ AsP18) 4y 0im 4)
ds)’ij z (Y z <
7 = J[Sr, ( V Si]-',-l) rj(sr,j—l + Sr,j+1)]
—2Ks, ;55 ), %)
dsij X (& z z (¢*
0 =I5 57 ) = (s 57 )]
+ 2K, ;s — AsPNSy 8j1s ©)
ds: . . Yl
d_l:j ZJ[S'Z,j(Sr,j—l +‘S/:.j+1) =8 ( Sij-‘rl)]
+)\.SpNSi18jyl. @)

The dimensionless parameters that appear in these equations
are related to the real parameters as follows: p, = P,/P,

o 3 . 2 - 2~

S0 = 510/S. 50y = S5/8. t = wotls], @ = @, = 15B,
— S o7 _vS§ _ _S 3 _ yPy

= sz; K=2KJ="70J 4= Mwél,)\, As = 5-A. Here,

the parameters P, S, u, and y are the values of polarization

and spins at the equilibrium configuration, a kinetic coeffi-

cient, and the gyromagnetic ratio, respectively. The parame-
ters & and B correspond to the coefficients of the Ginzburg-
Landau-Devonshire (GLD) potential and the ¢ parameter is
the coefficient of the linear intersite coupling energy for the

polarization, whereas wy = ,/ 1% is a characteristic frequency.

The parameters K, J, and X are set for the coefficients of the
anisotropy energy, the exchange energy, and the magnetoelec-
tric coupling energy, respectively.

Numerical results and discussion For the numeri-
cal simulations, we used an envelope soliton excitation
as the initial condition of the polarization, i.e., p, =
Acos[g(n — ng)]sech[(n — ng)/L], with A, L, and ¢q the
amplitude, the width, and the wave number, respectively.
The parameter ng is the initial position of the excitation in
the FE part of the MF material. Then we chose the values of
the dimensionless parameters of the MF material as follows:
a=028=01,¢=1,K=06,J=1,and A, =X, =1
[19,21]. The estimated values in SI units of the related real
parameters are given in the Appendix. Finally, we used fixed
boundary conditions, i.e., s70(t) = 0 and s,,5/4+1(t) = 0, to the
edges of the MF material. The energy density plotted corre-
sponds to the local dimensionless values of the MF Hamilto-

nian H = F + Zn 1[5 F’nz]a3, with F corresponding to the
free energy of the MF composite material (see the Appendix)
and the sum on # representing the kinetic energy of the FE part
[19,20]. The time displayed on the figures is in dimensionless
units (d.u.), and the time in SI units (in seconds) is obtained
via the relation f[d.u.] = wot[s]. In Refs. [19,20,24], wq is
given by wy ~ 102 s—1, therefore ¢[s] ~ 10~'%¢[d.u.]. Thus,
the timescale on the figures displayed is of the order of
~107%s

a. Multilevel cell memory Let us remind that, generally
speaking in classical information, a bit is the elementary
information unit. It can be realized by a system that can
remain only in two states, which are encoded traditionally by
0 and 1. For instance, a bit may correspond to a capacitor
(charged/discharged), an interceptor (on/off), the magneti-
zation or the polarization of one domain (up/down), and so
on. Thus, the left and the right FM components of our MF
material could appear as a system of two magnetic bits for
which the state 1 or 0 of each bit corresponds to the presence
or the absence of a solitary wave, respectively. From this
point of view, some results obtained in our study show the
possibility to control electrically the states of both bits with
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FIG. 2. Modeling of a four-level MLC memory with a trilayers FM/FE/FM MF composite material: Simultaneous control of two magnetic
bits by means of an electrical excitation. The electrical excitation, i.e., the excitation of the polarization, is done at the middle of the FE part of
the MF material. The two bit states on(a)—(d) correspond to the wave number values ¢ = 1, ¢ = 1.2, ¢ = 0.85, and g = 3.1, respectively. We

setA=2and L = 10/3.

a single excitation. Indeed, as we can see in Fig. 2, suitable
values of the parameters of the initial polarization excitation
allow one to get some propagating scenarios which allow one
to encode the states 11, 10, 01, and 00, as follows: One pinned
solitary wave in both the left and the right FM parts of the
MF components [i.e., the 11 state, see Fig. 2(a)], one pinned
solitary wave in the left part and no solitary wave in the right
part [i.e., the 10 state, see Fig. 2(b)], no solitary wave in the
left part and one pinned solitary wave in the right part [i.e., the
01 state, see Fig. 2(c)], and finally no solitary wave in both
the left and the right FM parts of the MF material [i.e., the
00 state, see Fig. 2(d)]. These propagating scenarios could be
explained as follows. Owing to the fact that a planar wave can
be modulated spontaneously in a nonlinear medium [25], the
initial excitation in our system can also undergo a spontaneous
modulation due to the harmonics that emerges because of the
nonlinearity of the medium. This modulation can continue
until the initial excitation is split into wave packets. There are
two wave packets in our case, each spreading with its own
frequency. Indeed, the amplitude modulation of a wave can
lead to two waves whose frequencies, usually called lateral
frequencies, are symmetrical in relation to the frequency w of
the initial signal: w — dw and w + §w [26]. For our system,
dw stands as the frequency offset due to the effects of the

nonlinear property of the medium [19]. From the foregoing,
owing to the nonlinear nature of the system, when one of the
components of the initial excitation acquires a frequency that
belongs to the FM frequency band, it is transmitted in the
FM part of the MF material, since it is resonant with the FM
excitation modes. If not, it is reflected at the FE/FM interface.
As a result, for the 11 state, the frequencies of both com-
ponents of the initial excitation belong to the FM frequency
band. For the case of the 10 state, only the frequency of the
left component belongs to the FM band, while for the 01
state, only the frequency of the right component belongs to
the FM frequency band. However, the 00 state is obtained
when the initial excitation does not possess enough kinetic
energy to escape from the GLD potential. It is then trapped
and the system displays a stationary solitary wave. In Fig. 3,
we display explicitly these four states at the times before and
after the pinning of the solitary wave at the FM edges. Based
on these results, our trilayer MF composite material appears
as a MLC memory (four-level cell memory) in which we can
store two bits of data. Unlike the case of memories based
on SLC, those with MLC offer singularly the advantages to
get higher-density storage and lower cost per bit. These types
of memories enable also a faster communication between
the processor and the memory. This is based on the fact
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FIG. 3. The 11, 10, and 01 two-bit state profiles at a time (a)—(c) before and (d)—(f) after the pinning of the solitary wave at the FM edges,

and the 00 two-bit state profile at (g).

that the number of memory cells enabling access for writing
and reading data is reduced. However, such memories also
display disadvantages on energy consumption and lack of
sustainability. Meanwhile, the model of MLC memory that
we propose could serve to solve these two inconveniences. For
instance, the fact that we use an electrical excitation to write
the data and not a magnetic excitation allows us to achieve
a considerable energy gain. It could display also a better
sustainability because it is composed of two components, each
of which supports only two states as a single bit, and not as
in some previous models that are composed only with one
component supporting all the states of the MLC memory.

b. Electromagnetic oscillator Besides the results shown
in Figs. 2 and 3, the outcome displayed in Figs. 4(a) or
4(b) shows a system in which the information appears and
disappears alternatively in the FM components and the FE
component of the MF material. Indeed, contrary to the pre-

vious cases, the solitary wave is not pinned at the edges of
the MF material. It is reflected at the edges, allowing then
its propagation along the material from one edge to another.
Thus, during the propagation of the solitary wave in the MF
material, considering its conversion into a magnetic signal,
i.e., the presence of the solitary wave in the left or in the
right FM component, as state 1 of the MF material, and its
conversion into an electrical signal, i.e., the presence of the
solitary wave in the FE component, as state 0, the MF material
appears as an oscillator, whose states alternate in the time
between one electrical state and one magnetic state, as seen
in Fig. 4(c). Let us notice that these oscillations are produced
by a single excitation of the polarization, and they can last for
a while. However, if we need to maintain the electromagnetic
oscillations of the system, we can reexcite the polarization to
refresh them every time that the oscillations tend to vanish.
From an application point of view, such an electromagnetic
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FIG. 4. Modeling of an electromagnetic oscillator with a trilayer FM/FE /FM MF composite material. (a) or (b) display an electromagnetic
oscillator in which the information is transformed alternately into an electrical signal and into a magnetic signal, during its propagation
through the MF material. The excitation of the polarization that is responsible for these oscillations is done in the middle of the FE
component. Its amplitude and its width are fixed to A = 0.7 and L = 10/3. For (a) the wave number is fixed to ¢ = 5 and for (b) it is fixed to
g = 1.5. (c) displays the evolution in a logic representation of the states of the electromagnetic oscillator displayed in (a) or (b). The magnetic

alternations of the signal last twice as long as the electric alternations.

oscillator can be used as a converter of electrical signals into
magnetic signals, and reciprocally. It can also be used simply
as an oscillator to generate a clock signal for applications in
logic circuits.

Conclusion. Through a one-dimensional trilayer MF com-
posite material (FM/FE/FM) based on barium titanate
(BaTiO3) and iron (Fe), we studied the dynamics of an
electromagnon excitation which has an envelope shape of
a soliton excitation. For suitable values of the parameters
of the initial polarization excitation, we showed theoreti-
cally by numerical simulation that with a single polariza-
tion excitation, it is possible, on the one hand, to encode
simultaneously the states of a system of two bits, which
correspond to the right and left FM components of the MF
material, i.e., to model a four-level MLC memory, and, on
the other hand, to model an electromagnetic oscillator. The
outcome of this investigation is interesting enough to re-
alize powerful devices for calculations and memory opera-
tions, with MF materials. However, from the results obtained
here, many other investigations, both theoretical and exper-
imental, need to be engaged in order to synthesize MLC
memories based on this model. For instance, we suggest the
study of the effect of long-range dipolar interactions and
the effect of nonlinear magnetoelectric coupling for higher-
energy excitations. Other studies based on other models with
the use of asymmetric FM electrodes such as iron and cobalt,
and the use of lead zirconate titanate (PZT) as an alternative
to BaTiO; needs to be engaged. All these issues will be
considered in our subsequent investigations.
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Appendix. To describe the dynamics of electromagnon ex-
citations in the MF composite material, we use the following
Landau-Khalatnikov-Tani (LKhT) and Landau-Lifshitz-
Gilbert (LLG) equations,

PP _ g 1F @D
I'L dt2 - n — a3 aﬁna
ds;; .. - 1 oF
— =—ySiAH ;i =—ySiiAN|——, A2
ar ySii AN Hi, YSu.i ( pe BSL,-) (A2)

S _ —y8,  AH. ;= —y5.; A L )
rj rj rj e 3§r,j
In these equations, we neglected the damping terms, consid-
ering as in Ref. [20] that the dissipation has no qualitative
effects for the so considered length and the timescale signal
transmission (~10~? s). The parameters En, ﬁl,i, I-7r, j» 4, and
y appearing in these equations correspond to the effective
electric field acting on the on-site polarization P,, the effec-
tive magnetic fields acting on the on-site magnetization §1,,»
and §,, j» a kinetic coefficient, and the gyromagnetic ratio,
respectively. F is the free energy of the trilayer MF composite
material, and it corresponds to the sum of the FE, FM, and the
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TABLE I. Estimated values of the parameters of the iron and
barium titanate components of the multiferroic material [19,20,24].

Parameters Values Units
@ 2.77 x 107 Vm/C
B 1.7 x 10 vm’/C?
13 1.3 x 108 [Vm/C]
Ja? 3.15 x 10720 J
Kd? 6.75 x 107! J
y 1.76 x 10" (Ts)™!
x Parameter V m?
a 1x107° m
o ~10"2 57!
P 0.265 C/m?
M=yS 1.71 x 10° A/m
magnetoelectric free energies [16,19],

F = Fp + Fs, + Fs, + Fps. (A4)
The FE free energy is given by

N - ~ ~
G5 Ba, fis 5V
Fp = Z |:§Piz + ZPi4 + §<Pi+1 - Pi) ]613- (AS)

i=1

The terms with & and B parameters correspond to the

Ginzburg-Landau-Devonshire (GLD) potential and the terms

with the ¢ parameter are the linear intersite coupling energies.
For the left and the right FM parts, the free energies are

M

Fs, =Y (=K (S ii;)* = J5,:81.101)a’, (A6)
i=1
M

Fs, = Y [-K(S,ii:)* = IS, ;S ji1la’. (A7)

j=1

The terms with the parameter K are set for the anisotropy
energy while the others with the J parameter correspond to
the exchange energy.

The magnetoelectric coupling energy corresponds to

Fps = (—=AP S))a’ + (—iByS, 1), (A8)

where the parameter A represents the magnetoelectric cou-
pling coefficient. In Table I we give the estimated values of the
parameters appearing in the free energy of the system, and the
values of polarization and magnetization in the equilibrium
configuration.
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