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Functional signal transformer based on a composite multiferroic
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Nonlinear transfer functions of a voltage converter realized in a straintronic composite magnetic—piezoelectric
structure within the area of spin reorientation (SR) are studied numerically and analytically. It is shown that at
the SR critical point the transfer function has the shape of an inverse sigmoid. As the magnetizing field strength
decreases, the function transforms into a reversible hysteresis loop. Under a pulsed impact, the threshold effect of
generation of an opposite-polarity spike is displayed, which is followed by the system return to its initial state. When
the input represents a sequence of short pulses critical with respect to the time of impact, the system switches
between bistable spin states with inversion of the output voltage polarity. The qualitatively different functions of
nonlinear voltage transform can be performed in one and the same structure by controlling the magnetic field

strength and input signals’ parameters.
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Functional signal transformers serve as elements of analog
computing systems, program control systems, and automatic
and extreme control systems. During last years, the interest
in nonlinear functional transformations has increased sig-
nificantly because of advancement in analog neuromorphic
networks. Typical neuromorphic elements combine the
functions of weighted summation of input signals with
nonlinear transformation of the summed signal [1]. The
nonlinear transformation can involve the function of a
threshold element generating a response to an exceedance of
the preset impact parameters. To perform neural-like signal
transformations with the aid of electronic components,
different physical principles and techniques are used, which
are described, for instance, in review [2]. In some
cases, approaches developed earlier for the Random-Access-
Memory (RAM) systems [3-6] are being adapted to the
problem of neuromorphic networks. One of the promising
physical principles of the RAM implementation, which is
characterized by ultralow power consumption, is based
on the magnetoelectric interaction in solid-state structures.
During last years, a significant progress has been achieved in
the field of creating composite straintronic magnetoelectric
structures piezoelectric—magnetic in which the magneto-
electric coupling is induced by simultaneous deformation
of the piezoelectric and magnetostrictive components [7-9].
The magnetoelectric interaction is most efficiently realized
under the conditions of spin-reorientation (SR) transitions in
the magnetic system [10-12]. A background for considering
a straintronic structure as a functional signal converter was
the proposed and deeply developed fully magnetoelectric
read-and-write circuit [9,13]. Provided the memory systems
do not impose special requirements for the functional
coupling of the write and read signals, the transfer function
is the main characteristic of signal transformers.
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In this work there were studied the transfer func-
tions of the piezoelectric—magnetic—dielectric composite
structure whose magnetic subsystem undergoes the SR
transition. The structure’s schematic view is presented
in Fig. 1,a. As a piezoelectric we consider a (011)
crystal of Pb(Mg1/3Nb2/3)O3—PbTiO3 (PMN—PT) with
the size of 4 x4 x0.3mm in the X, Yy, z directions,
respectively; under appication of normal electric field, the
crystal undergoes anisotropic strain in the Xy plane. As
a material for magnetic layers, there was considered an
intermetallic heterostructure TbCo,/FeCo 150 um thick with
a uniaxial magnetic anisotropy being induced during the
fabrication [8]. The spin system of rare-earth compound
TbCo, ensures giant magnetostriction As= 10~%.  The
exchange coupling of the TbCo, and FeCo layers causes
general ferromagnetic ordering of the structure. The mag-
netic field application in the structure plane perpendicular
to the easy-magnetization axis (EA) provides conditions
for the SR transition. =~ The magnetic layers are able
not only to perform the function of nonlinear signal
transformation but also to play the role of electrodes for
detecting output voltage Vox. The dielectric layer 5um
thick provides decoupling of input voltages and weighted
summing of input signals for the multi-electrode excitation
system which simulates the functions of dendrites in
neuromorphic elements. In this case, the top magnetic
electrode simulates the axon function. The dielectric
parameters were assumed to be the same as those of
TiO,. Since the total charge at the input electrodes is
equal in magnitude to the opposite-sign charge at the
piezoelectric top cladding, the input voltage is defined
as Vin=>Y_Vici/ > cj, where V; is the voltage at the i-

1 I
th electrode, and C; is the partial capacity between the
electrode and top cladding.
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Figure 1. ¢ — schematic view of the composite structure. PMN—PT — piezoelectric layer, m — magnetostrictive layers, D — dielectric
layer, /—4 — input electrodes, Vi — potentials at the input electrodes, Voix — output voltage. The vector diagram indicates directions of
the easy-magnetization axis (EA), magnetic moment M, and magnetizing field H. » — calculations of the orientation-angle dependences

of strains and output voltage of the piezoelectric.

Nonlinear transfer functions relating the structure output
voltage to the input voltage get formed as a result of elastic
interaction of the magnetic and piezoelectric subsystems. In
the approximation of isotropic magnetostriction character-
ized by constant B, the magneto-elastic energy is defined
as

Fre = —Bsin 2¢(Uxx — Uyy) — 2B cos 2y, (1)

where U;j are the strain tensor components, ¢ is the de-
flection angle between the magnetization and the magnetic
field (see Fig. 1,a). The magnetic system of layers with
an effective field of uniaxial magnetic anisotropy Ha is
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described by constitutive equation

2B

H sin 1sin2
P P MHA

Ha 2

X | (Uxx — Uyy) 0829 — 2Uyy sin2¢p| =0.  (2)

The piezoelectric part of the (011) PMN—PT crystal in the
normally oriented electric field E is

Fp = —Es(e31Uxx + €32Uyy + €33U57), (3)

where €j are the piezoelectric modules. Notice that
modules €37 and €3 in PMN—PT have opposite signs,



30

L.M. Krutyansky, V.L. Preobrazhensky

which ensures in-plane piezo-strain anisotropy necessary for
coupling the piezoelectric and magnetic subsystems.

Linearity of the elasticity equations allows independent
calculation of the piezo-effect and magnetostriction con-
tributions to the strain. Fig. 1,b presents the calculated
dependence of strains averaged over the magnetic volume
on the magnetization direction. The simulation was carried
out by using the COMSOL Multiphysics code. Parameters
of the materials were taken from [14-17]. The function of
summing the input signals was demonstrated via calculation
of output voltages (5.15, 10.33, 15.52 and 20.67 V) for the
case of applying voltage of 25V to the input electrodes from
one to four, respectively.

Taking into account the contribution of voltage at the
piezoelectric Vo, the following relations were obtained for
the strains:

(Uxx — Uyy) — OpVout + 9y sin 29,

(Uxy) = g% cos 29, (4)

where
gp=-0.07-107°V~!, gV=—10"% g¥=-3.1-10"%.

Voltage Vo created by input signal Vi, and magnetostriction
was obtained in the following form:

Vou = OvVin + g sin 29 + Vo, (5)

where g§) = —14V, gy = 0.78.

Numerical coefficients in equations (4) and (5) were
determined from the calculations presented in Fig. 1,b.
Parameter Vg is a ratio between the alternating charge
on the piezoelectric top cladding and total capacity of the
piezoelectric and dielectric. The charge is caused by the
finite leakage resistance in the dielectric and piezoelectric
layer. Accounting for the leakage resistances is necessary
to determine the magnetic system equilibrium state in the
absence of input signal. The charge relaxation equation is

apP 1 . 11
ﬁ_—?(P—K51n2g0)—U.n<;—T—l), (6)

where dimensionless variables are P = 2VpQ,B/MHaj,
Uin = 2Vin0pOvB/MHa, & = —29,0%'B/MH,, while 7
and 7; are the charge relaxation times in the piezoelectric
and dielectric layers, respectively. In further calculations, re-
lation 2B/MHa = —3 - 10° was used. In the same variables
Uouwt = 2VourdpB/MHa and equation (2) gets transformed to

Hi sing — %sin2<p = [P +Uin — (k + 1) sin 2¢] cos 29,
A

(7)
where 7 = — (g — 2g%')2B/MHa,

The results of simultaneous solution of equations (5)—(7)
are presented in Figs. 2,3. In further analysis of the
solutions, by the input and output voltages are assumed
to be dimensionless quantities Ui, and Ugy. When
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Figure 2. Transfer functions of the structure at two magnetizing
fields and respective equilibrium orientation angles of the magnetic

moment. @ — H = 1.18Ha, o = —0.22; b — H = 1.05Ha,
@o = —0.43. Arrows indicate the output voltage switch directions.

magnetostriction is ignored, the field strength critical for
the SR transition is Hc = Ha. According to equation
(6), stable equilibrium in the absence of input signal
is characterized by equation Po = ksin2¢@q relating the
charge at the piezoelectric top cladding to the magnetization
direction. Along with this, spontaneous magnetostrictive
strains in the structure at ¢y = 0 and n # 0 enhance the
SR transition critical field to He = 1.24 Ha. At the critical
point, the spin system susceptibility to piezoelectric’s voltage
Uout increases abnormally, which is typical for second-order
phase transitions. However, the spin system remains stable
with respect to input signal U;, which changes quite rapidly
as compared with the charge relaxation rate, while the
transfer function becomes cubic.

With abnormally increasing susceptibility, the instability
shifts towards weaker fields H = 1.18 Ha, while the equi-
librium magnetization deflects from the magnetizing field
by angle @9 = —0.22. The transfer function takes the
shape of an inverse sigmoid shown in Fig. 2,a. Further
decrease in the magnetizing field gives rise to a hysteresis
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Figure 3. Pulsed transfer functions of the structure and time dependences of the magnetization orientation angle at H = 1.05Ha,
@o = —0.43. a — input pulses of short duration compared to the charge relaxation time (top panet), sub-threshold mode Uin < 0.043
(middle panel), post-threshold negative-voltage spike caused by the magnetization motion under the bistability conditions at Uiy = 0.043
(bottom panel). b — input signal in the form of short pulses (top panel), time-threshold inversion of the magnetization direction and

output voltage polarity (bottom panel).
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transfer function presented in Fig. 2,56 for H = 1.05Ha
(po = —0.43). The input signal increase to threshold level
Uin = 0.04 Ha results in formation of a negative spike in the
output voltage. The input signal switch-off turns the system
to the equilibrium state.

In the case of pulsed input signals with characteristic
times much shorter than the charge relaxation times, which
is illustrated in Fig. 3,a, the output voltage increases
monotonically with increasing input voltage and has a
magnitude close to latter’s (middle curve). At the end of the
input pulse, the system returns to its initial state. When the
threshold input voltage is exceeded (Ui > 0.04), a negative
output voltage spike gets formed, after which the system
also restores its initial state (lower curve in Fig. 3,a).

When the system is excited by a sequence of short
pulses approximated by a periodical function, it exhibits
the cumulative effect and threshold switching at the times
comparable with those of charge relaxation (Fig. 3,5). In
this case, the spin system irreversibly turns from one bistable
state to another. The reverse transition may be achieved by
inversion of the input pulse polarity.

The presented results demonstrate high functionality of
nonlinear signal transformation with the aid of a straintronic
multiferroic whose transfer function is being varied by
controlling the magnetizing field without changing the
device design.
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