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Abstract

Objectives. Atopical task in the design of magnetoelectric (ME) devices based on composite ferromagnetic—piezoelectric
heterostructures involves reducing their dimensions to increase their operating frequencies and optimize their integration
in modern electronics. The study set out to investigate the influence of in-plane dimensions on the characteristics of ME
effects in stripe and periodic nickel-lead zirconate titanate heterostructures manufactured via electrolytic deposition.
Methods. Lead zirconate titanate disks with Ag-electrodes were used for manufacturing the ME heterostructures;
Ni was deposited on one Ag-electrode only.

Results. While a reduction in stripe size leads to an increase in the frequency of the resonant ME effect, it is followed
by a decrease in ME conversion efficiency. The ME coefficient for the periodic heterostructuresis about ~1V/(Oe-cm).
By increasing the angle between the magnetic field H and the Ni-stripe axis from 0° to 90°, a 2.5-fold increase in the
optimal field H,, and a 4-fold drop in the maximum amplitude of ME voltage u,,,,(H,,) was achieved.

Conclusions. In periodic heterostructures, the frequency of the resonant ME effect is determined by the substrate’s
size, while ME conversion efficiency depends on the width of the Ni stripes and the distance between them. The
observed anisotropy of the ME effects in the investigated heterostructures is explained in terms of demagnetization
effects. In the future, the anisotropic ME effect in the periodic heterostructures could be used to develop magnetic
field sensors that are sensitive to field orientation.
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HAYHYHAA CTATbA

MarautodiekTpudeckuii 3 PeKT B ABYXCIOMHBIX
MOJIOCKOBBIX U EPUOANYECKUX IeTEPOCTPYKTYPaX
HUKEJIb — UUPKOHAT-TUTAHAT CBUHIA

®.A. denynos @,
A.B. CaBensbes,
A.B. YawwuH,
B.U. LUNWwKuH,
10.K. PeTucos

MUWP3A — Poccuiicknii TEXHOJIOrn4eckuii yamepcutet, Mockea, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: ostsilograf@ya.ru

Pe3iome

Llenun. AkTyanbHOWM 3agadvert Npu COo34aHuMM MarHmutoanekTpudeckmx (M3) yCTpoOMCTB Ha OCHOBE KOMMO3UTHbIX
reTepoCTPYKTYP PeppoMarHeTUK-Nbe3031EKTPUK ABASETCA YMEHbLUEHME UX Pa3MEPOB, YTO MO3BOJSIUT MOBLICUTb
paboyre 4acToTbl YCTPOWCTB U MHTEMPMPOBAThb MX B COBPEMEHHYIO 9NIEKTPOHUKY. Llenb paboTel — nccneposaHue
BINSIHMSA Pa3MEPOB Ha XapakTepnctTnkn M3 addekToB B MOIOCKOBbLIX 1 NEPUOANYECKUX FTETEPOCTPYKTYPaX HUKESb —
LIMPKOHAT-TUTAHAT CBMHLA, U3rOTOBIEHHbLIX METOLOM 31IEKTPOINTUHECKOIO OCaXOEHMS.

MeTopabl. 115 n3rotosneHns 06pa3sLLoB UCMOIb30BaNM OUCKM LMPKOHATa-TUTaHaTa CBMHUA ¢ Ag-anekTpogamu. Ha
O[HY MOBEPXHOCTb AMCKa anekTponutmnieckmn HaHocunu cnoii Ni. lccnepoBanu pe3oHaHCHYo Yactoty MO addek-
Ta, K0O3ddULUMeHT MO npeobpaszoBaHMs Ha ATOM YACTOTE U BEIMYNHY ONMTUMaSIbHOrO MarHUTHOMO MOt CMeLLeHUs!
L1591 MOSTyYEeHHbIX 06Pas3LLoB.

Pe3ynbTaTbl. [10Ka3aHO, 4TO yMEHbLUEHME pa3Mepa B MJI0CKOCTU MOSIOCKOBbLIX CTPYKTYP 40 ~1 MM NpMBOAMUT K POCTY
4acToTbl pe3oHaHCcHOro M3 addekrta o ~1 My, 1 0AHOBPEMEHHO K CHMXEHUIO apdekTnBHOCTN M3 npeodpaso-
BaHUS. M3 k0oapPUUMEHT AN NEPUOAMYHECKNX FreTEPOCTPYKTYP C WwnpuHom Ni-nonocok ~100 MKM 1 paccTOsTHUEM
Mexay Humn 20—-100 mkm coctaBngaeT ~1 B/(3 - cm). [NokadaHo, 4TO Npu yBENMYEHWN YT1a (P MEXAY HanpaB/ieHNEM
nocTosHHOro nona H n ocekto Ni-nonocok ot 0° 4o 90° BesMyMHa onTMansHoro nons H, Bospactaet B ~2.5 pasa,
a MakcumasbHas amnanTyaa Hanpskedns u, o (H, ) naaaet B 4 pasa.

BbiBOAbI. B neproamnyecknx CTpyKTypax 4actota pesoHaHcHoro M3 addekta onpenensetcs pa3aMmepoM NoasoxKN
1 MOXET COCTaBNATb eAnHULbI KL, @ 3dpDEKTUBHOCTbL Npeobpas3oBaHms Noner 3aBUCUT OT LWMPUHBLI Ni-nonocok u
paccTosHus mexay HuMmu. OBHapyxeHa 1 06bsicCHEHa aHN30TPONUSA xapakTepnctuk M3 addekToB B nccnenoBaH-
HbIX FETEPOCTPYKTYpax, BO3HMKaLAa n3-3a addeKToB pasmarHnyimeaHus. AHnsotponusa M3 adpdekTa B nepmo-
LMYECKNX FETEPOCTPYKTYPaxX MOXET ObITb MCMOMb30BaHA A1 CO34aHUS AATYMKOB NOCTOSHHbLIX MAarHUTHbIX MNONEN,
YYBCTBUTESIbHbIX K OpUEHTauUM Nons.

KnioueBble cnoBa: MarHMTO3NEKTPUYECKU 3DPEKT, MarHUTOCTPUKLUMS, Mbe303NEKTPUYECKN apdekT, aHn-
30TPONUS, 4aTYMK MArHUTHOIO NONS

e Moctynuna: 24.11.2021 » Aopa6oTaHa: 18.02.2022 ¢ MpuHATa k ony6nukoBaHuio: 18.04.2022

Ana untupoBanus: Peaynos @.A., Casenbes [.B., Hawwnn 4.B., WunwkuH B.U., ®etncos t0.K. MarHutoanekTpuye-
ckunii apdekT B ABYXCNOMHbIX NOJIOCKOBbIX 1 NEPUOANYECKUX FeTEPOCTPYKTYPaX HMUKENb — LIMPKOHAT-TUTaHaT CBUHLA.
Russ. Technol. J. 2022;10(3):64—-73. https://doi.org/10.32362/2500-316X-2022-10-3-64-73

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTAB/EH-
HbIX MaTepuanax uim meTogax.

ABTOpPbI 3aABNAIOT 00 OTCYTCTBUN KOHDNMKTA MHTEPECOB.
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INTRODUCTION

In recent years, much research attention has been
attracted to the study of magnetoelectric (ME) effects
in composite heterostructures containing ferromagnetic
(FM) and piezoelectric (PE) layers due to the possibility
of developing valuable devices based on these
structures. Prototypes of highly sensitive ME sensors for
determining constant and variable magnetic fields can
be used in electrically controlled devices for processing
radio signals, as well as in autonomous electrical energy
sources [1-3]. It has been shown that ME effects arising
in FM-PE structures due to mechanical coupling
between the FM (magnetostriction) and PE (layers
piezoelectricity) [4] are manifested in the generation of
an alternating electrical voltage u by the structure under
the action of an alternating magnetic field /# (direct
effect) or a change in the magnetization of the structure
m under the action of an alternating electric field e
(reverse effect). It has been shown that the efficiency
of the ME field conversion increases by ~2 orders of
magnitude when the frequency of the exciting field
coincides with the acoustic resonance frequency of
the structure [5]. At present, the main challenge lies in
miniaturizing the ME elements to increase the operating
frequencies of devices and integrate them into modern
electronics and microsystems technologies. In addition,
it is necessary to study the interaction of ME elements
as part of spatially distributed structures for measuring
magnetic fields in biology and medicine [6]. It has
been experimentally shown that a decrease in the size
of FM—PE heterostructures in the plane to ~0.5-1.0 cm
leads to an increase in the acoustic resonance frequency
of the structure f, and a decrease in the amplitude of the
generated ME voltage u(f,)) at this frequency [7].

In addition, the increased optimal bias magnetic
field H  arising due to demagnetization effects must be
applied to the structure [8]. When using heterostructures
having the form of long stripes, shape anisotropy
becomes strong [9], which can be used to develop sensors
for determining constant magnetic fields taking field
direction into account [10]. To the best of the present
authors’ knowledge, no studies of the characteristics of
ME effects in periodic structures containing a set of ME
elements have been carried out to date.

The purpose of this work was to study the
characteristics of ME effects in stripe and periodic
heterostructures with an FM layer of nickel (Ni) and
a PE layer of piezoceramic lead zirconate titanate
(PZT) of millimeter and submillimeter dimensions
in the plane. The choice of materials stems from the
possibility of using electrodeposition technology to
deposit thick layers of Ni to provide a sufficiently high
magnetostriction in low magnetic fields. The first part
of the work describes a method for fabricating Ni-PZT

heterostructures in the form of separate stripes and a
method for fabricating periodic structures in the form of
a grating of Ni stripes on the surface of a PZT substrate,
as well as measurement techniques. The second part
presents the results of experimental studies of the ME
characteristics of individual Ni—PZT stripes with linear
dimensions of ~1—15 mm. In the third part of the work,
the ME characteristics of Ni-PZT heterostructures with
Ni-gratings with periods of 0.12—0.20 mm are described,
including frequency, field, and amplitude dependences.
According to the developed theory, the occurrence of a
strong anisotropy is explained in terms of the ME effect
in periodic structures taking into account the magnetic
interaction between individual grating stripes. On the
basis of the main conclusions, recommendations for
future research are formulated.

MATERIALS AND METHODS

In order to experimentally study the influence
of the linear dimensions of the ME structure on the
characteristics of the direct resonant ME effect,
structures of two types were fabricated. The first type
consisted of two-layer composite heterostructures
with layers of piezoelectric ceramics of lead zirconate
titanate  PbZr, 5, Tij; 440, (PZT) and Ni, whose
schematic view and photographs are shown in Figs. la
and 1b, respectively. Piezoceramic PZT was selected
due to being a widely-available, isotropic and easily
machined material. The ceramic piezoelectric modulus
was dy; = 175 pC/m, and the permittivity € = 1700.
Ferromagnetic Ni layers have a high magnetostriction
Ag = =30 - 107° and saturate in low magnetic fields
Hg = 1 kOe. The samples were fabricated using
commercially available PZT disks of 25 mm in diameter
and a, = 200 um thick with Ag electrodes of ~2-um
thick (Elpa Research Institute, Moscow, Russia). A layer
of Ni with a thickness of @, = 10 um was deposited on
one surface of the disk by electrolytic deposition from
an aqueous solution of NiCl, and NiSO, salts [11]. At
a current density of 1 A/cm?, the Ni deposition rate was
1 um/min. Stripes 1 mm wide were cut from the central
part of the disk. Then structures with lengths L = 1.2,
2,4,6,8,10, 15, and 23 mm were fabricated from the
stripes. By using the electrolytic deposition method,
it was possible to fabricate monolithic structures with
in-plane isotropic properties and good mechanical
bonding between the layers.

ME structures of the second type comprised gratings
of parallel Ni stripes deposited on the surface of a PZT
substrate. The same disks of 25 mm in diameter and
a, = 200 um thick with 2-um thick Ag electrodes on
the surfaces were used as the PZT substrate. A grating
of Ni stripes was fabricated by the following method.
First, both electrodes of the PZT disk were coated with
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Fig. 1. View and schematics of researched composite Ni—-PZT heterostructures (a)—(d)
and block-diagram of the setup for measurements (e)

a layer of positive photoresist CRC Kontakt Chemie
Positiv 20/200 (Belgium) having a thickness of ~2 pum.
One of the surfaces was exposed through a 16 x 16 mm
photomask in the form of parallel stripes to ultraviolet
radiation for 60 s. Then, the exposed areas of the
photoresist were removed with an aqueous solution
of sodium hydroxide having a concentration of 6 g/L.
After that, a Ni layer with a thickness of @, = 10 um was
electrolytically deposited on the free sections of the Ag
electrode. The cross section of the fabricated samples
is shown schematically in Fig. 1c, while in Fig. 1d the
visual appearance of one of the samples is depicted.
This method was used to fabricate several structures
with a grating of Ni stripes w = 100 pm wide and having
a distance between stripes 7 = 20, 50, and 100 pum,
respectively. For comparison, one of the surfaces of a
sample was covered with a continuous layer (7' = 0) of
Ni having a thickness of a = 10 pm. The saturation
magnetization of Ni measured on this sample was
Mg = 5900 G; the saturation magnetostriction reached
Ag=-30" 107° in the saturation field Hg = 1kOe.

The block diagram of the setup for studying ME
effects is shown in Fig. le. The samples were placed
between Helmholtz coils with a radius of 15 cm
connected to an Agilent 33210A generator (Agilent
Technologies, USA). The coils generated an alternating
exciting magnetic field Acos(2nft) with a frequency f
from 1 kHz to 2 MHz and an amplitude up to # =4 Oe.
A constant magnetic field H = 0-2 kOe was created
using an electromagnet having a pole diameter of 50 mm
connected to a TDK GENH600-1.3 power supply unit
(TDK-Lambda Corporation, Germany). The H field was
measured with a Lake Shore 421 Teslameter (Lake Shore
Cryotronics, Westville, Ohio, USA). The fields # and H
were applied in the plane of the structure and parallel to
each other. In studying the anisotropy of the ME effect, the
heterostructure with the Ni grating was rotated around the
vertical axis by changing the angle ¢ between the fields
and the axis of the Ni stripes. The voltage u, generated due

to the ME effect between the electrodes of the PZT disk,
was measured using an AKIP 2401 voltmeter having an
input impedance of 10 MQ. The dependences of the ME
voltage on the excitation field frequency f and the bias
field strength H were recorded for different orientations
of the structure (angle ¢). The setup was operated in
automatic mode under the control of a specialized program
in the LabVIEW environment'. The magnetostriction
of the FM layer of the structure was measured using a
strain gauge glued to the surface of the Ni film; the
magnetization curves of the Ni film were measured using
a Lake Shore 7407 vibrating magnetometer (Lake Shore
Cryotronics, Westville, Ohio, USA).

MAGNETOELECTRIC EFFECT
IN Ni—-PZT STRIPES

At the first stage, the linear ME effect was studied
in two-layer Ni-PZT heterostructures taking the form
of stripes of different lengths L. Figure 2 shows the
measured dependences of the ME voltage amplitude u
on the frequency f of the exciting magnetic field with
an amplitude 2 = 1.3 Oe for structures of different L.
For each sample, the measurements were carried out in
the optimal constant field / directed along the stripe
axis at which the ME conversion is most efficient.
As L decreases from 23 to 1.2 mm, the resonant
frequency f, increases from 68.7 to 1380 kHz, while
the signal amplitude at the resonant frequency drops by
~12 times. The quality factor of the resonances Q = f/Af
(where Af is the bandwidth at a level of 0.7) was
0 ~ 100 for structures with L = 4-23 mm and then
dropped to Q=67 and Q =~ 150 as L decreased to 2.0 and
1.2 mm, respectively. Figure 2b shows the dependence

! The environment for creating applications for the
collection, processing, and visualization of information received
from instruments, laboratory facilities, process control and
devices, was developed by National Instruments, USA. https://
www.ni.com. Accessed November 22, 2021.

Russian Technological Journal. 2022;10(3):64-73

67


https://www.ni.com/
https://www.ni.com/

Magnetoelectric effects in stripe- and periodic heterostructures

Fedor A. Fedulov,

based on nickel-lead zirconate titanate bilayers etal.
250 F J " N ] 250
1500
28MM 45mm Sample u(f)Contacts
200 | 10 mm 1 200
150 8 mm 1000 s
L N >
E 6 mm T €
=) “: :o
100 4mm - 100
500
50 | 2mm - 50
U L=1.2mm
0 1 .& n " Pt ol | L L 0 0
f, 100 1000
f, kHz

(a)

L, mm

(b)

Fig. 2. (a) Dependences of the ME voltage amplitude u on the frequency f of the exciting magnetic field
at a field amplitude h = 1.3 Oe for Ni—PZT stripes of different lengths L. The inset schematically shows the method
of fixing the specimens; (b) Dependences of the resonant frequency f, and voltage u, generated at the frequency 1,
on the length of the Ni—PZT stripe L. The points are the experimental data, the solid line is the calculation by formula (1),
the dashed line is the approximation

of the resonant frequency f, and the ME voltage at a
given frequency u, on the length of the structure L.
For a sample with a length L = 1.2 mm, the resonant
frequency f, = 1380 kHz is almost 5 times higher than
for a structure with a length of 5 mm described in [12].
The amplitude of the ME voltage, which remained
constant at u, = 230 mV for structures with a length
L =25-10 mm, then dropped approximately linearly to
uy =19 mV as L decreased to 1.2 mm.

Figure 3 shows the dependences of the ME voltage
u, on the constant magnetic field / for Ni-PZT stripes
of different lengths L. The shape of the dependences is
typical for the linear ME effect: initially, u, increases
linearly with increasing H, subsequently reaching a
maximum at /_, which is different for each sample, then
smoothly dropping to zero when the FM layer becomes
saturated. As the stripe length decreases, the field H
shifts to higher fields, while the voltage amplitude
u, drops by a factor of ~12 at H, .

1-L=1.2mm
200 | 2-2mm
3-4mm
150 L 4 -6 mm _
> 5-8mm
| 6- 10 mm
< 100

50

0 ) 600
H, Oe

Fig. 3. Dependences of the ME voltage u,,
on the constant magnetic field Hat h = 1.3 Oe
for structures of various lengths L. The field H
is only shown for a 15 mm long stripe

The most important characteristics of the ME effect in
heterostructures are the resonant frequency f,, the ME
conversion coefficient at this frequency ay = u(fO)/(aph),
and the magnitude of the optimal bias magnetic field /7.
The resonance frequency for the structures under study
can be estimated from the formula for the frequency of the
fundamental mode of acoustic oscillations of a free rod
Jo=@/ 2L)\JY /p [13]. The effective values of Young’s
modulus Y and density p for a Ni-PZT structure with two
Ag-electrodes are obtained as Y = }Y/>a, and
P = 2pu/2a;, where Y, p,, and a; are Young’s modulus,
density, and thickness of the corresponding structure layer,
respectively. Substituting the values of the layer parameters
into the formula (¥, =21.5 - 10" N/m?, Y,=7 1019 N/m?,
Y= 79-10"0N/m?%; P, =89- 103 kg/m’, p=77 103 kg/m?,
Pag = 10.5 - 10° kg/m* a, = 10 pm, a; = 200 pm,
dpg = 2 um), we obtain the dependence of the resonance
frequency on the sample length f, = 1570/L kHz, where L is
given in millimeters. The calculated dependence shown in
Fig. 2b by a solid line satisfactorily describes the
measurement data. We note that the frequency £, changed
slightly (<1%) when the magnetic field H was tuned due to
a change in the Young’s modulus of the FM layer of the
structure [14]. The maximum value of the ME coefficient
for Ni-PZT stripes 15 mm long was ay = 8.8 V/(Oe-cm).
The observed increase in the optimal field /| from ~120
to ~180 Oe along with a decrease in the length of the
heterostructure from 15 to 1.2 mm is explained by the
demagnetization effect [2]. The drop in the amplitude of
the ME voltage with decreasing length L (and increasing
frequency f;) of the structure is mainly due to an increase
in losses in the PZT layer caused by an increase in the
resonance frequency. A decrease in the acoustic quality
factor Q and the piezoelectric modulus dy, of the PZT
layer with an increase in the resonance frequency can also
lead to a voltage drop.
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MAGNETOELECTRIC EFFECT
IN PERIODIC Ni—PZT HETEROSTRUCTURES

At the second stage, the characteristics of the ME
effect in periodic heterostructures with Ni-gratings were
studied. As an example, Fig. 4 shows the dependences
of the ME voltage u on the frequency f of the exciting
field for structures in which the distance between the Ni
stripes 7= 20 pm and 7= 100 pm for a field 2= 1 Oe and
a constant field H =90 Oe is directed along the Ni stripes.
The resonance peak near the frequency f, = 2.74 kHz with
a quality factor Q = 150 at a level of 0.7 corresponds,
as shown below, to the excitation of the lowest bending
vibration modes of the structure. It can be seen that the
amplitude of the peak 1, decreases by several times, while
the frequency f, increases slightly with greater distance
between the Ni stripes. The value of the ME coefficient
for a periodic structure with 7= 20 pum at the resonance
frequency was o = 1.0 V/(Oe'cm), i.e., was of the same
order as in structures with a continuous Ni layer [11].

Figure 5 demonstrates the transformation of the
dependence u,(H) upon rotation of the direction of the
field H in the plane of the structure for a structure with
T =100 pum. As the angle ¢ between the field H and the
axis of the Ni stripes increases from zero to 90°, the value
of H_ canbe seen to increase from ~70 to ~230 Oe, while
the maximum voltage amplitude u_. (H ) decreases
monotonically from ~8 to ~2 mV.

max

20 T ! T
—T=20um ]
15 | —— T7=100um
>
g 10}
ST J
0 1 J 1
2.0 25 fo 3.0 3.5

f, kKHz

Fig. 4. Dependence of the ME voltage u on the frequency f
of the exciting field for periodic Ni-PZT heterostructures
with a distance between Ni stripes of 20 and 100 um
at a field H = 90 Oe directed along the Ni stripes

The angular dependences of the ME voltage u
for the structure with 7= 100 um shown in Fig. 6 are
constructed using data similar to those shown in Fig. 5.
The curve demonstrates a strong anisotropy of the
linear ME effect in the structure. Here the ME voltage
can be seen to reach a maximum when the structure is
magnetized along the Ni stripes (at ¢ = 0°) and drop by
a factor of ~4 when magnetized across the stripes (at
¢ =90°).

1 1
0 H 200 400 600
H, Oe

Fig. 5. Dependence of the voltage u, on the field H
for a periodic Ni—PZT structure with T= 100 um
for different orientations of the field H:
1:.9=0°,2: =30, 3: p=60°,4: p =90°

o
330° 30
sk
300° A , 60
4l y 1 )
>
E o} 90"
o
S
ab \ - ;
240° 120
.| Xe /-
210° 150

180°

Fig. 6. Dependence of the voltage u,
for a periodic Ni—PZT structure with T= 100 um
on the orientation angle ¢ of the field H in the plane.
Points—experiment, solid line—calculation

In order to clarify the nature of the resonance
peak shown in Fig. 4, the spatial structure of the
Ni—PZT vibrational mode of the disk was visualized
using the Chladni method. For this purpose, a thin
layer of TiO, powder with a particle size of ~2-3 um
was poured onto the surface of a Ni-PZT disk excited
at a resonance frequency f, = 2.74 kHz. The powder
collected near the line of zero vertical displacement has
the shape of a distorted circle as seen in Fig. 7a. The
distribution of deformations of the disk flexural mode
was also calculated using the COMSOL Multiphysics?
software (COMSOL Group, Sweden). Figure 7b shows
that the main oscillation mode has one nodal circle. The
calculated frequency of this mode, f,,; = 2.24 kHz, agrees
satisfactorily with the measured frequency of 2.74 kHz.
The difference between the calculated and measured
frequencies and the difference between the shape of the
nodal diameter and the circle can be associated with the
influence of the disk mounting location.

2 The software for modeling constructions, devices, and
processes in engineering, production, and scientific applications.
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(a)

Deformation
1

0.5

Fig. 7. (a) Chladni figure for the Ni-PZT oscillation mode of the disk at the resonance frequency;
(b) Ni—-PZT disk flexural mode deformation distribution calculated in COMSOL Multiphysics

DISCUSSION OF RESULTS

To explain the characteristics of ME effects in
stripes and periodic Ni—-PZT heterostructures, we use
the theory of the low-frequency linear ME effect in
planar FM-PE structures [15]. The magnitude of the
ME voltage generated by the structure at the resonance
frequency is described by the simplified formula

dy AV
u(H)= 4Q="—h, (1)

where A4 is a constant coefficient depending only on the
dimensions and mechanical parameters of the layers; Q
is the quality factor of acoustic resonance; d;; and ¢ are
the piezoelectric modulus and permittivity of the PE
layer; AD(H)=0MN/0H | y is the piezomagnetic
coefficient; A(H) is the field dependence of the
magnetostriction of the FM layer; /4 is the amplitude of
the exciting magnetic field. At the resonance frequency,
the voltage amplitude increases by a factor of Q. It was
observed in the experiment. The shape of the dependence
uy(H) for the linear ME effect (see Fig. 3 and Fig. 5) is
explained by the field dependence of the piezomagnetic
coefficient A(D(H). The voltage reaches a maximum at
the optimal field H _ corresponding to the maximum A(1,
and then drops due to a decrease in the piezomagnetic
coefficient as the FM layer is saturated. The amplitude
of the generated voltage u increases linearly with the
field A.

The anisotropy of the characteristics of the linear
ME effect in the described structures arises due to
demagnetization effects. Let us first consider the effect
of demagnetization on the ME effect in one Ni stripe. It

is known that in an FM sample of an ellipsoidal shape,
the magnetic field inside the ferromagnetic H, is related
to the external field H by the relation [16]

H, = H-NM(H,), @)

where N is the demagnetizing factor along the main
axis of the ellipsoid; M is the magnetization of the
ferromagnet.

For Ni, the relation M = yH, = wH, is valid since
the magnetic permeability p = x + 1 and the magnetic
susceptibility y are much greater than unity.

Then from (2) we obtain the relation

H
Hinz >
1+ Nu

3)

that is, due to demagnetization, the field /; inside the
ferromagnet decreases by a factor of 1 + Np.

For a rectangular Ni stripe of ~20-mm long, 100-um
wide, and 10-um thick, the calculation [17] gives
demagnetizing factors N, =0.000002 and N, = 0.67 when
the field H is oriented in the plane along and across the
stripe axis, respectively. Let us decompose the field H
into two components H; = Hcos@, parallel to the stripe
axis, and H, = Hsing, perpendicular to the stripe axis.
Relation (3) is applicable for each component separately.

The total field inside the stripe Hy, = H2, + H2,.
In this case, when the FM stripe is tangentially

magnetized at an angle ¢ to its axis, the field inside the
stripe can be found as

sin2 @
(1+ Ny

cosZ @
(1+ M)

Hin(H,q))zH\/ “)
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Differentiating (4) with respect to the magnetic field,
we find the dependence of the piezomagnetic coefficient
AD(H, ¢) on the magnitude of the field / and the angle
¢ specifying the orientation of the field with respect to
the axis of the Ni stripes of the structure. It should also
be taken into account that the value of the excitation
field h;, inside the FM layer is similarly affected by
demagnetization. Calculations have shown that with an
increase in the angle ¢, the optimal bias magnetic field
H_ increases, while the magnitude of the ME voltage
generated in this case wuy(H ) decreases; this is in
agreement with the measurement data shown in Fig. 5.
The angular dependence of the ME voltage amplitude
uy(@) calculated by the described method using
expressions (1) and (4), the values of the parameters
corresponding to the experiment, as well as the fitting
coefficient 4, = 4.8 - 10'5 V2/m, are shown by the solid
line in Fig. 6. It can be seen that the proposed theory
describes the results of the experiment well. Thus, by
comparing the experimental data with the results of
calculations taking into account the demagnetization
in a single Ni stripe we conclude that the anisotropy
of the linear ME effect can be qualitatively described
in a periodic Ni—PZT heterostructure. Moreover,
the magnitude of the anisotropy of the ME effect in
structures with a grating-like Ni layer also depends on
the distance between adjacent stripes. It was shown
in [18-20] that the dipole—dipole interaction between
neighboring FM stripes leads to a weakening of the
demagnetization followed by an increase in the internal
field in a ferromagnetic material.

To illustrate this point, a finite element simulation
was carried out in the COMSOL Multiphysics software.
The calculations were performed for a grating with
dimensions in a plane of 16 X 16 mm, consisting of Ni
stripes with a width W = 100 um, a length L = 16 mm,
and a thickness @, = 10 um. The distance between the

0 20 40 60 80 100
T, um

Fig. 8. Dependence of the internal field H,,
in the middle of the central Ni stripe on the distance
between the stripes of a grating magnetized in a field
H =90 Oe across (1) and along (2) the axis of the Ni
stripes. The inset schematically shows the cross section
of a Ni grating on a PZT substrate

stripes was changed from 7= 0.5 pm to 7= 100 um. The
magnitude of the external magnetic field and the relative
magnetic permeability Ni were taken to be H = 90 Oe
and p = 350, respectively. The internal magnetic field
was calculated in the middle of the central Ni stripe of
the grating. Figure 8 shows the calculated dependence of
the field H; on the distance T between the stripes when
the grating is magnetized perpendicular to the stripe axis
(curve 1).

At large distances T >> a_, when each Ni stripe can
be considered as isolated from the others, the field inside
the central stripe is H, = H/(1 + uN,) = 0.4 Oe, i.e.,
the external field is weakened due to demagnetization.
Figure 8 shows that the dipole—dipole interaction begins
to manifest itself at 7~ a, = 10 um. As T decreases
to zero (i.e., upon transition to a continuous Ni layer),
the internal field becomes equal to H,, = H/(1 + pN;) =
=79 Oe, where N; = 0.0004 is the demagnetizing factor
for a continuous Ni layer with in-plane dimensions of
16 x 16 mm and a thickness of 10 um [17]. When the
structure is magnetized along the Ni stripes (curve 2
in Fig. &), the internal field decreases insignificantly,
from H, = H/(1 + pN,) = 89.6 Oe (isolated Ni stripe)
to H,, = H/(1 + pN;) = 79 Oe (solid Ni layer). Since
the amplitude of the ME voltage depends on the internal
field in the FM layer, a decrease in the distance between
the Ni stripes leads to a decrease in the anisotropy of the
linear ME effect. Thus, by changing the distance between
the FM stripes in the grating, it is possible to control
the magnitude of the internal field in the stripes, and,
consequently, the anisotropy of the ME effect in periodic
heterostructures. The described anisotropic ME effect in
periodic heterostructures containing an FM layer in the
form of a grating can be used to create magnetometers
sensitive to the magnetic field orientation [21, 22].

CONCLUSIONS

It has been shown that the frequency of the resonant
ME effect and the ME conversion coefficient in stripes
based on Ni—PZT heterostructures are determined by the
dimensions of the stripe in the plane. As the stripe length
decreases from 23 to ~1 mm, the resonance frequency
increases to ~1.4 MHz, while the ME conversion
coefficient drops from oy = 8.8 V/(Oe:cm) to almost
zero. In periodic heterostructures taking the form of a
grating of Ni stripes on the surface of a PZT substrate,
the frequency of the resonant ME effect is determined
by the dimensions of the substrate in the plane, while
the ME conversion coefficient depends on the width of
the Ni stripes and the distance between the stripes. The
ME coefficient for periodic heterostructures with a Ni
stripe width of ~100 um and a distance between them of
20-100 pm is ~1 V/(Oe-cm). Thus, in order to explain the
anisotropy of the ME effect, it is necessary to change the
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theory to take into account the effects of demagnetization
when the orientation of the constant bias field relative to
the stripe axis. The anisotropy of the ME effect in periodic
heterostructures can be used to create sensors for constant
magnetic fields that are sensitive to field orientation.
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