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Results for the dependence of low-frequency magnetoelectric (ME) voltage coefficient
on the Ni/PZT structure type and contact preparation method are presented. Different type
of structure are applied by ion-beam evaporation, electrolytic deposition, and epoxy adhe-
sive connection of nickel plate and lead zirconate titanate (PZT) polarized ceramics. The
shift of the maximum ME effect towards weaker magnetic field observed in experiment is
accompanied by the increase of the coercive force and a change in mechanical @-factor of
composites. The comparison of ME coefficient for the bilayer and three-layer structures
has shown a increase in the ME response for Ni/PZT samples.

IIpencraBienbl pe3yJIbTAThI UCCJIELOBAHUSA 3aBUCUMOCTH HU3KOUYACTOTHOTO MarHUTOSJIEKT-
puueckoro MO Koa(pduiineHTa Mo HAMPIKEHUIO OT TUIIA CTPYKTYPHI U METOJa COeTUHEeHUS
crpykryp Ni/IITC. @opMupoBanme METANINYECKUX CTPYKTYD IPOBOAUIOCH MOHHO-JIYUEBBIM
pPacCIbLIeHNeM, JJeKTPOXNMUUYECKNM OCaKICHNEM M MEeXaHNYeCKHM COeIUHEHWEeM ILIACTUH
HuUKeJgsa ¢ noaspusoBaHHOil Kepamukoil I[TC. OxcrnepumeHTalbHO HAOJIIOZaeMO€ CMeIleHUE
mMakcumyma MO Koa(duiimenTa B 00JaCTh MEHBIIMX MACHUTHBIX II0JEeH COIPOBOKIAETCS
POCTOM KOSPIIUTUBHOI CHJBI 00pas3roB n uaMeHenueMm modporHocTu . CpaBHenume MO Koap-
GuIeHTa ABYyX— M TPEXCIONHBIX CTPYKTYpP IOKasaso Bodpacranue MO OTKJIMKA s o0pas-
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mos Ni/IITC.

1. Introduction

The direct magnetoelectric effect (ME)
consists in the appearance of an electric
field E in structures coupled by exchange
interaction which have been placed into an
external magnetic field H [1]. In composite
materials, polarization of a piezoelectric
component appears due to the mechanical
transfer of striction from a magnetostric-
tive phase which is subjected to the external
magnetic field [2]. This results in the ap-
pearance of a voltage U at the structure
surfaces.

The value of the ME response of a com-
posite structure is defined both by the fea-
tures of the magnetic field acting upon the
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structure (values, orientations and frequen-
cies of the alternating field) and by the
composite structure properties. The interest
of researchers in layered magnetoelectric
materials which has intensified in recent
years [3—5] is due to numerous reasons. The
material polarization is not restrained by
the magnetostrictive component conductiv-
ity. In such structures, it is possible to use
pure metals with magnetostrictive proper-
ties several orders of magnitude higher
than magnetostriction of ferrites. A possi-
bility is appeared to combine various meth-
ods to form the magnetic and piezoelectric
phases. In this case, the magnetic phase
structure and the properties of the contact
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at the heterostructure boundaries will effect
on the ME response of the obtained compos-
ite material.

2. Preparation of samples and
research methods

This work presents the experimental
study results on the dependence of low-fre-
quency ME voltage coefficient in metal-pie-
zoceramics structures in the external mag-
netic field up to 2 kOe on the metallic
phase type (thin film, thick layer, nickel
plate) and the kind of its contact with fer-
roelectric ceramics. The lead =zirconate-ti-
tanate (PZT 42) disks of 8.5 mm in diame-
ter thinned to 500 um thickness with both
surfaces polished to the rms roughness of
less than 100 nm were used as piezoelectric
substrates. Thin nickel films of up to
2.5 um thickness were deposited by the ion-
beam evaporation. The nickel layers were
obtained by forming a seed contact layer of
up to 0.5 ym thickness by ion-beam evapo-
ration followed by electrolytic deposition of
nickel films up to the preset layer thick-
ness. The mechanical connection of nickel
foil disks with a thickness up to 500 pum
and PZT was provided by epoxy resin appli-
cation followed by pressing and drying, re-
sulting in a contact of ferromagnetic/piezo-
electric bulk phases. The approach described
provided observation of the ME response
peak value in each case due to ensuring
maximum magnetostrictive properties of
the obtained ferromagnetic phase structure
[6, 7]. The study was carried out in dy-
namic conditions. The samples were placed
in alternating and constant magnetic fields
and the voltage change appearing in the
structure was measured. The ME voltage co-
efficient dE/dH was determined based on
the sample thickness &, the voltage rate dU
and the alternating magnetic field strength
dH: dE/dH = dU/(h-dH). The research at
1 kHz frequency was carried out for trans-
verse effect when the sample electric polari-
zation vector is directed transversely to ex-
ternal magnetic fields.

The selection of the layered heterostruc-
ture materials is conditioned by the intrin-
sic properties of ferromagnetic and piezo-
electric components. The main advantage of
nickel is the saturation of magnetostriction
in the external field of less than 0.5 kOe.
Besides, nickel is convenient in processing,
has a low oxidation rate and is suitable to
formation of various type coatings. The
PZT powder ensures good piezoelectric prop-
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Fig. 1. Field dependences of the low-fre-
quency ME voltage factor in three-layered
structures obtained by ion beam evaporation
(a), electrolytic deposition (b), and mechani-
cal coupling of the components.

erties of workpieces during sintering and
processing by traditional and available ce-
ramic technologies. After the ceramic syn-
thesis, the PZT workpieces were polarized
in silicone fluid for two hours at 150°C in
the field 4 kV/mm with the subsequent cool-
ing in this field.

3. The study results and
discussion

The field dependences of three-layer
Ni/PZT/Ni structures are shown in Fig. 1.
The plot a in Fig. 1 describes the behavior of
the low-frequency ME voltage coefficient for
the structure obtained by ion-beam evapora-
tion of nickel film. This method of metalliza-
tion provides contact between phases of a
composite at the nanoscale level [8]. The
nickel layer thickness at each side was 2 um.

The dependence of the ME voltage coeffi-
cient for a sample with 80 um thick nickel
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Fig. 2. The cross-section microstructure of
Ni/PZT samples with nickel layer obtained by
ion beam evaporation (left) and electrochemi-
cal technique (right).

layers at each side prepared by electrolysis
is presented by the plot & in Fig. 1. The
electrolyte composition and the deposition
modes were selected according to the data
[6] to obtain the maximum magnetostriction
at the largest possible film thickness. Ac-
cording to the models discussed in [6], the
nickel magnetostriction inerement with the
increase of ferromagnetic layer thickness is
provided due to formation of the columnar
layer structure. The view of the investi-
gated heterostructure cross-section is shown
in Fig. 2.

Fig. 1, ¢ describes the ME voltage coeffi-
cient behavior for a structure where the ce-
ramic substrate is in mechanical contact
with nickel at both sides. The magnetostric-
tive disks of cast nickel were annealed for
two hours in hydrogen medium at a tem-
perature of 500°C. The structure of the
bulk ferromagnetic phase in this case is iso-
tropic and has minimal internal stresses as
compared to other investigated types.

The experimental research has shown
that structures with thin nickel layers ex-
hibit the greatest coercive force (44 Oe)
(Fig. 1, a). The coercive force decreases to
39 Oe in the structures with nickel layers
(Fig. 1, b). The internal stresses in the elec-
trolytic films is much lower than those in
thin nickel films obtained by the ion-beam
evaporation, thus allowing the magne-
tostrictive coating thickness to be increased
up to tens of micrometers. In the samples
connected mechanically (Fig. 1, ¢), the an-
nealed nickel disks possess minimum inter-
nal stresses, as a result, the disks have
minimal coercive force up to 5 Oe.

The observed shift of the ME coefficient
maximum towards weaker magnetic fields
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Fig. 3. Microstructure of piezoelectric PZT
42 ceramics.

accompanied by the increase in the sample
coercive force is explained by the depend-
ence of nickel layer properties on its forma-
tion method by and the peculiarities of the
boundaries between the ferromagnetic and
piezoelectric phases in each investigated
case. The microstructure images of the
nickel layer obtained by electrolysis show
that the average width of its transverse
structure columns is 150 nm. In the ion-
beam evaporated films, the maximal width
of the columns does not exceed 110 nm. The
described coating structure changes are in
correlation with the grain size of PZT 42
ceramics (Fig. 8) and define the phase con-
tact total area. This results in the observed
peculiarities of the change in magnetoelec-
tric properties. This conclusion is further
confirmed basing on the ME characteristics
comparison for the heterostructures of
three-layer (described above) and bilayer
(Ni/PZT) type.

The ME response in the three-layer sam-
ples obtained by the electrolytic deposition of
55 um thick nickel films at each side was
140 mV/(cm-Oe). This value exceeds by a fac-
tor of 1.5 the ME effect value for the bilayer
samples, the ferromagnetic to piezoceramics
volume ratio being the same. In case of the
mechanical contact, the ME effect value for
the three-layer structures corresponded to
390 mV/(cm-Oe). In the bilayer samples, it
was 190 mV/(cm-Oe). The thickness of each
nickel disk was 125 um for the three-layer
sample and 250 um for the bilayer one.

In experiment, a greater ME voltage co-
efficient is observed in the three-layer sam-
ples for all the studied methods of layered
materials preparation as compared to the
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bilayer structures. This means that in the
ferromagnetic-piezoelectric-ferromagnetic
heterostructures, the response to the same
change of the external magnetic field ex-
pressed as the electric field increment ex-
ceeds at least by 1.5 times the response ob-
served in the piezoelectric-ferromagnetic
heterostructures under the experimental
conditions described above. The induced
electric field value in a sample depends only
on the strain of piezoceramics defined by
the change of ferromagnetic metal dimen-
sions. The ferromagnetic metal straining, in
its turn, is defined uniquely by the value of
the applied magnetic field. For this reason,
one can suppose that redistribution of the
sample relative strain occurs both in bilayer
and three-layer structures. Most probably
The ME properties of Ni/PZT/Ni type struc-
tures are defined most likely by longitudi-
nal strains of the sample. For bilayer
Ni/PZT heterostructures, radial and bending
strains are essential.

The mechanical @ factor was determined
at the frequency of ME resonance. In ion-
beam evaporated thin nickel films, its mag-
nitude attained 1200. At the mechanical
connection of nickel disks and piezo-
ceramics, it corresponded to 150. In the
samples obtained by electrolytic deposition,
@ increased from 300 to 700 when nickel
layer thickness decreased from 60 pum to
30 um.

It is known that the stronger is the in-
terconnection between the components of
the ferromagnetic/piezoelectric structures,
the higher is the @-factor of composite
structures [5]. The strongest interconnec-
tion between the heterostructure phases is
ensured in case of ion-beam evaporation of
thin nickel films onto PZT ceramics. As a
result, the @-factor attains values compara-
ble with the @-factor of bulk composite ma-
terials. At the mechanical contact of
phases, there is no direct contact between
the piezomaterial and ferromagnetic, so the
Q-factor is minimum in such structures.
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4. Conclusions

The experimental study of the PZT/Ni
heterostructures has shown a correlation be-
tween coercive force value, ME response
shift, @-factor, and the type of layered
structure. In all the cases, the observed pe-
culiarities in magnetoelectric properties
changes is explained by the dependence of
the magnetostrictive nickel layer properties
on its formation method and on the cou-
pling at the ferromagnetic/piezoelectric
phase interface. The described coating
structure changes are in correlation with
piezoceramics grain size and define the
phase contact total area. The measured
Q-factor values for the studied materials
also show an essential influence of near-
boundary interaction on the ME response
behavior of the composite material. Such a
conclusion is confirmed when comparing the
ME characteristics of the Ni/PZT/Ni and
Ni/PZT heterostructures. In this case, the
interconnection of magnetostrictive and pie-
zoelectric components in the near-boundary
layer acquires a decisive role resulting in
significant losses in the longitudinal ME
voltage coefficient value.
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3ajie;KHICTh MATHITOEJEKTPUYHOTO e(eKTy
y IMapyBaTHUX TeTePOCTPYKTypax
IMPKOHAT-TUTAHAT CBUHIIO/HIKeJb
BiJl TUIIy MMOBEPXHi KOHTAKTY

H.H.Iloddyo6nasn, B.M.JIanemin, A.I.Cmozniii, H.H.Hosuyvruil

ITogano pesynabTaTH DOCHIMKEHHS 3aJIe’KHOCTI HU3HLKOUYACTOTHOI'O MAarHiTOe/JeKTPUYHOTO
(ME) xoedimieHTa 3a Hampyrow Bifi TUIY CTPYKTYPU Ta cHOco0y 3 €¢IHAHHA CTPYKTYDP
Ni/IITC. ®@opmyBaHHS METAJIEBUX CTPYKTYP BUKOHYBAJOCS 1OHHO-IPOMEHEBHM DPOBIIMJIEH-
HAM, €JeKTPOXIMiUHMM OCa[KeHHAM Ta MeXaHIuHuM 3 €¢IHAHHAM ILJIACTHH HIiKeJI0 3 II0JA-
pusoBanoio Kepamikowo I[TC. 3cyB makcumyma ME koedinienra B 061acTh MEHIINX MArHiT-
HUX IIOJIiB, IO EKCIePEeMEHTAJbHO CIIOCTEePiraBCs, CYIPOBOIIKYETHCSA B3POCTAHHAM KOEPIH-
TUBHOI cmyiy 3pasdKiB Ta smiHoio moOporHocTi Q. 3icraBienus ME koedimieuris mis gBo- Ta
TPUIIAPOBUX CTPYKTYP mokasano 3pocranHsa ME Biaryxky muas spaskis Ni/IITC.
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