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ABSTRACT ARTICLE HISTORY
Downscaling of magnetoelectric random access memory device Accepted 27 April 2018
(MELRAM) is considered by studying an example of the hybrid structure

based on ferroelectric-magnetostrictive metal. Elastic mechanism of ~ KEYWORDS
magnetoelectric interaction is analyzed by numerical modeling taking ~ Feroelectric; magnetoelec-
. . I A . . . tric memory;

into account inhomogeneous distribution of anisotropic strain, ferroelec-

R .. s magnetostriction; inhomo-
tric polarization and electric field. The proposed shape of the cell allows geneous strain; dynamic

to decrease the inhomogeneity of the strain in the magnetic subsystem parameters;
and to achieve remarkable dynamic characteristics for a nanometric energy efficiency
device sized 50 x 50 x 400 nm> we adopted an input voltage of

Vo =90 mV and obtained a switching time ts= 1.1 ns, an output readout

voltage Ve =4.7mV, and an ultra-low energy consumption 13 aJ/bit.

1. Introduction

Professor Petzelt has brought a valuable contribution to the area of ferroelectrics and
related materials as well as to experimental methods of their properties investigation
[1-3]. Nowadays, the family of ferroelectric materials is extended to hybrid nanostruc-
tures containing magneto-ordered components in addition to ferroelectric materials
[4-8]. Such a kind of structures, known as composite or artificial multiferroics, is of
interest for various applications due to a strong coupling between electric and magnetic
subsystems mediated by the elastic strain. In particular, the strain-mediated magneto-
electric interaction is one of the most prospective principles of random access memory
that ensures ultra-low energy consumption of the devices [9-11]. This principle allows
writing information in the magnetic subsystem as well as detecting the magnetic states
by means of electric field pulses [12,13]. The design of the magnetoelectric memory
(MELRAM) requires a detailed study of the strain-mediated interaction at the nano-
scopic scale. In the present paper, we report the results of simulation for the strain dis-
tribution in the MELRAM nano-cell and of expected dynamic parameters of the device.

2. Magneto-electric interaction in the ferroelectric-magnetic nanostructure

As a basic constituent of the cell, we consider a ferroelectric nano-pillar
(200 x 75 x 500 nm?) shaped on the crystal substrate PMN-PT <011 > (see Figure la).
The specific symmetry of the crystal provides a strongly anisotropic piezoelectric stress
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Figure 1. Strain distributions: (a) on the surface of the MELRAM cell; (b) over the section x=0. The
inset shows orientations of the easy axis (EA), magnetizing field H, and magnetic moment M in both
stable states.

in the plane normal to the dielectric polarization and to the applied electric field. As a
magnetic component, we propose an intermetallic multilayer with giant magnetostric-
tion N*(TbCo,/FeCo) (50 x 50 x 400 nm?), deposited on the pillar. The anisotropy of
the piezoelectric stress is a necessary condition for elastic coupling of ferroelectric and
magnetic subsystems via magnetostriction [14]. The intermetallic multilayer acts also as
the top electrode. On the other hand, the bottom electrode is located on the substrate
around the pillar. The principle of MELRAM assumes the bistability of the magnetic
subsystem and the switch of the magnetic moment from one stable state to another
performed by an electric pulse tension applied to the electrodes. The bistability is
created by uniaxial magnetic anisotropy induced in the multilayer during the deposition
process and by the application of a static magnetic field of suitable value and orienta-
tion, as discussed below. Equilibrium orientations of magnetization in the film are
shown on the inset in Figure la (see the arrows labeled “0” and “1”). At the nanoscopic
scale the elastic and electrodynamic boundary conditions affect essentially the parame-
ters of devices. The shape of the cell presented in Figure 1 is chosen to reduce as much
as possible the inhomogeneity of the strain distribution induced in the magnetic subsys-
tem by the piezoelectric stress. The numerically simulated strain distribution on the sur-
faces of the pillar and magnetic film is shown in Figure la by a color map. The slice
presented in Figure 1b illustrates the correspondent strain distribution in the volume of
the cell.

The strain is generated by application of the voltage V. =0.2 V between the electro-
des. The calculation was made by means of the COMSOL Multiphysics software using
the set of elastic, piezoelectric and electric parameters for PMN-PT <011> crystal
given, for instance, in [15]. The Young modulus of the magnetic film was assumed
equal to 126 GPa, its density was 9.6 x 10° kg/ms, and the Poisson’s ratio was 0.345.

The value of the anisotropic part of the strain tensor, averaged over the volume of
the film, was found as large as <u,, —u,,>=—3.26 x 10 *. The magnetoelectric cou-
pling factor of the cell defined as oyp=<u,—u,>/V, appeared to be
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Figure 2. Electric potential induced by the magnetostrictive stress versus distance from the bottom

of the ferroelectric pillar to the top of the magnetic layer. A zero potential is assumed on the elec-
trode surrounding the bottom of the pillar.

app=—1.63 x 107> V™', The anisotropic strain in the magnetic film is responsible for
the control and the switching of the magnetic moment between stable states “0” and
“1” via electric field. The polarity of the electric field defines the magnetic state after
application of the electric pulse for writing information.

On the other hand, the magnetic moment switching generates an elastic stress in the
ferroelectric pillar. The magnetically induced elastic stress is accompanied by the vari-
ation of ferroelectric polarization and by the generation of the electric pulse Vi
between the electrodes. This mechanism is used for magnetoelectric readout of informa-
tion [12]. The initial magnetic state is identified by the reaction of the ferroelectric sub-
system on the readout electric pulse of a fixed polarity. The response tension Vjs
appears only if polarity of the readout pulse provides switching of magnetization from
the initial state. Figure 2 shows the distribution of the electric potential generated in the
pillar by the elastic stress g, — g,, homogeneously induced in the magnetic film when
the magnetic moment switches from “0” to “1” or from “1” to “0”. The factor of trans-
formation of magnetostrictive stress to electric voltage on the cell defined as f,;5 =
Vis/(0xx — 0,y) is found equal to Bys= —4.56 10" V/MPa. Moreover, the calculated
electric capacitance of the cell is equal to C=1.57 fF.

3. Dynamic model of the MELRAM cell

The magnetic energy density F,, of the magnetic subsystem consists of Zeeman energy
related to the magnetic moment M interacting with the magnetic field H, the energy of
the uniaxial magnetic anisotropy, and, finally, the demagnetizing energy

Fn=-MH-—-—2(Mn)—-MH", (1)



FERROELECTRICS @ 163

M E
H X A
n 4 / §
45°

/

Figure 3. Geometry of the magnetic subsystem.

where n is the direction of the easy axis of magnetization, H4, and H™ are anisotropy
and demagnetizing field, respectively.

The geometry of the magnetic subsystem is shown in Figure 3.

The energy of isotropic magnetoelastic interaction is represented as

Fme = %MiMjuij, (2)
where B is the magnetostriction constant.

The electric field applied to the ferroelectric pillar parallel or antiparallel to the z-axis
generates in the plane of the magnetic subsystem a deformation u,, — u,,, which seeks
to impose the magnetization in directions parallel to the x-axis or antiparallel to the y-
axis (states “1” or “0”). In order to provide the stable states with equal energy for these
two orientations, the values and directions of magnetizing, demagnetizing and anisot-
ropy fields should be suitably chosen. As it is shown in Figure 3, the magnetizing field
should be directed at 45° with respect to the ferroelectric crystalline axes. The angle o
of the easy axis orientation depends on the ratio of demagnetizing and anisotropy fields.
For the shape of magnetic structure presented in Figure 1, we assume a simplified
model of a long magnetic bar with the following projections of the demagnetizing field:
HY' = —2nMy, H' = —2nM;, H} = 0. In this case, the easy axis orientation is deter-
mined by the ratio cos 2o = H" /Hy, where H" = 2nM.

The magnetic energy in Eq. (1) has the following representation in the coordinate
system associated with magnetizing field H

HZﬁ 2 2 T Hy 2
Fm:—HMq—m(Mé—Mn)—i—E L2 )Mz, (3)

where the effective anisotropy field is: Hzﬂ = Hy\/1—(H™/HA)?.

By considering the switch process of magnetic moment as a homogeneous rotation
from one equilibrium position to another under piezoelectric stress, we substitute inhomo-
geneous deformation in Eq. (2) by its mean value averaged over the magnetic layer vol-
ume. Under this assumption, taking into account the definition of the magnetoelectric
factor opr mentioned above, the magnetoelastic energy in Eq. (2) assumes the form

B
Fie = EO‘MEVc(t)Mf_Mn' (4)

For the description of the MELRAM dynamics, we follow the approach developed in
[13]. The magnetization switch under electric tension is described by the
Landau-Lifshitz-Gilbert (LLG) equation
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Figure 4. The electric scheme for magnetoelectric readout in the MELRAM cell. The magnetic state is
identified by the pulse signal Vj,: measured after application of a readout voltage pulse V.

(5)

where y is gyromagnetic ratio and ¢ is damping parameter. The torque vector T has the
form

T=-

{4 O(E, + Fme)} _ ©)

M x =

oM

For a better description of the nonlinear dynamics it is convenient to transform the

LLG equation to the angular representation thus using the notations

Mg = M cos 0sin ¢, M, = M cos 0 cos ¢, My = Msin 0, where ¢ and 9 are in-plane and

out-of-plane magnetization angles, respectively. The LLG equation in the angular repre-
sentation corresponds to the system of equations

9 _ _ [Tecos 0+ T:(sin 0sin ¢ — 6 cos ¢)]

81’ MA (7)
00 Y

%= " MA [T:5c05*0 + T¢(cos 0 cos @ + & sin 0 cos Osin @)],

where
A = cos*0 cos (1 + 6°), (8)

T:/M = _( eff — Hy _H’”) sin 260 cos p—H sin 6 + MocMEV . sin 20 sin @ o)
B
T:/M = —EHAﬁcos 0sin2¢ + H cos 0sin ¢ +MocMEVCc0526cos 2¢.

Since the magnetoelastic layer is mechanically coupled to the ferroelectric crystal, the
dynamic reorientation of the magnetization described by Eq. (7) induces variations of
the electric polarization in the ferroelectric subsystem.

Indeed, magnetically induced polarization contributes to the electric current J flowing
through the cell is

0
5

where the magnetic contribution is expressed through the magnetoelectric tension

J=C (Ve — Vi), (10)
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Figure 5. Reading and writing processes: (a) sequence of electric pulses used for the demonstration
of the principle of magnetoelectric writing and readout in the MELRAM cell; (b) switch of the magnet-
ization between equilibrium positions ¢ = —n/4 and ¢ =7/4; (c) magnetoelectrically induced read-
out pulses.

Vs = 2ﬁMS%M5M,1 = BusBsin 2. (11)

Here we used definition of the factor f5sp introduced above.

For the description of both writing and reading processes of information, the LLG
equation in the form of Eq. (7) should be completed by the electrodynamic equations
for the electrical circuit in which the magnetoelectric cell is embedded. Following [13],
we consider the simplest circuit constituted by a Wheatstone bridge, as shown in Figure
4. In this case, the V. voltage on the structure and the magnetoelectric signal Vg
across the diagonal of the bridge are described by the equations

Vv 1%
re2Ve VC—RCa M — vo(t)
ot ot (12)
aVME aVMS
RC Vye—RC =0
o T /ME ot ’

where R is the resistance of the bridge.
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4, Results and discussion

The results of the numerical solution of the system composed by Equations (7) and (12)
are presented in Figure 5. The following parameters of the system were assumed in the
calculations: M =200 emu/cm’, Hy=1.3 kOe, B=10MPa, RC=0.6ns, J =0.1. Writing
and reading operations, performed by electric field application, are demonstrated by
means of an example of a sequence of applied electric pulses, as presented in Figure 5a
using the dimensionless time scale yMt with yM = 3.5 10° s,

The magnetic moment rotation from orientation ¢ = —n/4 (state “0”) to orientation
@ =rm/4 (state “1”), under electric control, is shown in Figure 5b. The positive writing
pulse Vo=90mV generates a magnetization state “1”. Application of the second positive
pulse does not change the written state. To write the state “0”, the electric pulse with
negative polarity must be applied. Calculated switching time was found equal
to t,=1.1ns.

The written magnetic state can be identified by application of the readout electric
pulse. For example, the first positive pulse of the sequence shown in Figure 5a generates
a magnetic moment switch accompanied by the signal Vj;z=4.7mV in the bridge diag-
onal (see Figure 5c). The appearance of the signal indicates the initial state “0”. If neces-
sary, this signal can be used also for triggering the inverse writing pulse for the
restoration of the initial magnetic state. The absence of the signal Vs after the second
positive pulse indicates the initial state “1”. Thus, the appearance or the absence of the
Vume signal after application of the readout pulse of given polarity indicates the initial
state of the magnetic system. The calculated energy consumption for writing and read-
ing operations was found equal to E = 13 aJ/bit. This value is close to the previously cal-
culated one, based on the model of the effective magnetoelectric medium [13] and is
much lower than E =6 {]/bit, recently obtained experimentally in a MTJ-RAM of com-
parable size [16]. The stability of the equilibrium magnetic states “0” and “1” over time
is ensured by the energy barrier Ej, = (3 — 2v/2)vMH /4, where v is the volume of the
cell [11]. In the case under consideration, the long time stability of stored information
at room temperature is defined by the parameter E, /kgT = 73.

In conclusion, we can affirm that in the downscaling process of the MELRAM device
the mechanical and electrodynamic boundary conditions may significantly affect the
dynamic parameters of the memory cells. Nevertheless the appropriate design of the cell
allows achieving high speed and ultra-low energy consumption for the magnetoelectric
writing and readout of information.
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