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Bismuth-substituted ferrite garnets possess magneto-optical (MO) properties and are used as spatial light modula-
tors and indicators. The paper studies the influence of magnetic and electric fields on the structural characteristics
of thin epitaxial films of bismuth-neodymium ferrite garnet (Bi: NIG) deposited on glass and gallium gadolinium garnet
(GGG) substrates. Dynamic properties of polarization, relaxation in a magnetic and electric field are considered,
which is an important task for getting a deep insight into the mechanisms of electromagnetic phenomena in solids.

Dependence of the magnetostriction coefficient on the magnetic field and dependence of a relative change in the
length of the film on the electric field at different temperatures are obtained. A change in the sign of magnetostriction
constants with respect to temperature was found. The electric polarization in a periodically applied electric field
of 400 V / cm with a frequency of 10 MHz is determined for various magnetic field orientations of 12 kOe and in the
absence of a magnetic field. Anisotropy of polarization in a magnetic field and a functional dependence of the polariza-
tion relaxation on time are found. These materials can be used as sensors of the magnetic field in a spacecraft.

Keywords: bismuth ferrite films, magneto elastic interaction, electric polarization, relaxation.
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Bucmym samewennvie peppumsi-epanamor obradarom macnumoonmuyeckumu (MO) ceoticmeamu u npumensiomcsi
8 Kauecmee NPOCMPAHCMBEHHBIX MOOYISIMOPO8 C8emd, UHOUKAmMOpos. B pabome ucciedyemcs euusHue MAaeHUmMHO20
U NEKMPUYECKO20 NoJel Ha CIMPYKIMYpPHble XapaKmepucmuKky mOoHKUX SNUMAKCUATbHBIX NJIEHOK GUCMYM-HEOOUMOBO20
¢eppuma-epanama (Bi:NIG), namecennvix na nooaodcku u3 cmekia u 2eaiiuii-eadonunuesoco epawama (GGG).
Paccmampueaiomes Ounamuueckue c8OUCMEA NOMAPUZAYULU, DELAKCAYUS 8 MASHUMHOM U DJIeKMPUYECKOM NOJISX,
YUMo S6NIAEMCsL 8ANCHOU 3a0ayetl Olsl 0eMalbHO20 NOHUMAHUSL MEXAHUZMOG INEKMPOMACHUMHBIX SIGLEHULL 8 MBEePObIX
menax.

THonyuenvr 3asucumocmu KO3Qhduyuenma MacHUMOCMPUKYUY OM MASHUMHO20 NOJISL U 8EIUYUHBL OMHOCUMENbHO20
U3MeHeHUs. ONUHbL NIAEHKU OM INEKMPUYECKO20 NoJs npu pasHelx memnepamypax. Haiioena cmena 3maka xoncmanm
Maznumocmpurkyuu no memnepamype. Onpedenena s1eKmpudecKkas NOIAPU3AYUs 6 NepuoOUdecKy NPUKIAObI8AeMoMm
anexmpuyeckom noae 400 B/cm ¢ wacmomoii 10 mI'y npu pasiuuHblx OpueHmMayusx MASHUMHO20 NOJSL GeIUYUHOU
12 kOe u 6 omcymemauu macnumnozo nois. Obnapysicena anuzomponus NOAAPU3AYUY 8 MASHUMHOM noJle U PYHKYUO-
HAbHAS 3A6UCUMOCTb PENAKCAYULU NOJAPUIAYUL OM 8peMeHU. J[{annble Mamepuaibl MO2ym UCHOIb308AMbCS 8 KAYeC-
8¢ CEHCOPOB MACHUMMHO20 NOJISL 8 KOCMUYECKUX annapamax.

Kniouesvie cnosa: nienku gpeppuma sucmyma, macnumoynpyzoe 83aumooeticmsue, d1eKmpuyeckas noaapusayus,
penakcayus.
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Introduction. Multiferroics attract interest both from
the practical, and from the fundamental point of research
of interaction mechanisms between magnetic and electric
subsystems [1-5].

Unique combination of magnetic, optical and mag-
neto-optical properties makes bismuth ferrite garnets an
attractive material both for theoretical researches and for
technological applications. These materials can be used as
sensors of the magnetic field in spacecrafts and in writer-
reader devices resistant to radioactive effects.

Bismuth-substituted ferrite garnets possess magneto-
optical (MO) properties and are used as spatial modula-
tors of light, indicators and also other MO of devices in
the field of visible light [6-9]. It is established that the
increase in replacement of bismuth leads to an increase of
MO effects. Thus, for completely substituted Bi3Fe5012
(BIG) the Faraday spinning effect reaches 25 °/micron for
530 nanometers of the light wavelength. Thereof the gar-
nets substituted with a large amount of bismuth become
an attractive material for MO applications. Magnetic ani-
sotropy of films depends on a substrate, the constant of
film grating has 0.2 % change when filming on a
Gd3Ga5012 substrate in directions (111) and (100) [10].
Also, in Bi:NIG films Seebeck spin effect was found [11]
which can be used in new thermoelectric devices applying
the spin current generated by a temperature gradient.

In BisFesOy, applying the method of ferromagnetic
resonance with the electric field modulation linear mag-
neto-electric effect with maximum under 450 K was
found, mechanism of which has not been determined,
however, it has a direct connection with bismuth ions
presence [12]. In this regard, the research of interrelation
between magnetic and electric properties, having been
carried out earlier in a number of connections, [13—16] is
relevant for bismuth ferrite garnets as well.

Materials and research methods.

Epitaxial films Nd;BiFes0;, (450 nm)/Nd,Bj;
Fe,Ga 0, (90 nm) were examined on the glass substrate
and Nd, sBi, sFesO,, (450 nm) — on single-crystalline sub-
strate. GGG, grown in crystallographic direction (111).
Films were produced applying the method of metal-
organic compound decomposition of solution (MOD) [17]
at the Technological University of Nagaoka (Japan). The
process of film formation consisted of the following
stages: applying solution on the metal-organic compounds
blended so as to meet Stoichiometry requirements to
a film structure on the centrifuge at 3000 rot/min within
60 sec. — drying under 100 °C within 10 minutes — pre-
burning under 450 °C within 10 minutes in the open
air — repeating the processes from putting metal-organic
solution on the centrifuge before preliminary burning so
as to obtain the required film thickness — burning at
650°C for 1 hour in the open air. As a buffer layer on a
non-directional glass substrate the film Nd,Bi;Fe,Ga 0,
was formed in advance with 90 nm thickness. Schematic
diagram of the process MOD is shown in fig. 1.

Values of constants electro- and magnet- strictions
were defined as a relative film deformation under the
influence of electric and magnetic fields dL = (R (H;E) —
RMH=0; E=0))/R (H=0; E=0)), where R (H;E) —
strain gage resistance in electric or magnetic field,
R (H = 0; E = 0) — strain gage resistance without external
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fields. The ZFLA-3-11 strain gage was used. Polarization
was defined as a pyroelectric charge (Q) divided into the
area of contact (A) P = Q/A. Charge was measured apply-
ing the Keithley 6517B electrometer.

Results and discussions. Interaction of a magnetic
and elastic subsystem can be implemented as a result of
the single-ion mechanism, spin-orbit interaction and de-
formation dependence of exchange on the distance. The
latter mechanism is found in the field of magnetic phase
transition. Film magnetostriction constants on glass and
GGG depending on the external magnetic field directed
perpendicular to a film are measured. In fig. 2 and 3 tem-
perature dependences of magnetostriction coefficient in
magnetic field of 12 kOe for two films applied on differ-
ent substrates are presented.

For a film on glass in the range of room temperatures
the nonlinear dependence A is observed (N). Lower than
310 K a magnetostriction constant in magnetic field
of H = 12 kOe changes the sign. At a temperature of 200 K
the maximum film compression is observed. When cool-
ing from 200 K the constant magnetostriction value de-
creases and at 80K falls dramatically. A small anisotropy
of magnetostriction is observed, so that film lengthening
in the magnetic field, perpendicularly applied to a film,
exceeds the film lengthening in the direction of the field.
Under the film rotation relative magnetic field
film lengthening reaches a maximum at coal 24 °. Lower
than 280 K a minimum and a maximum of magnetostric-
tion is reached at 30 ° respectively and perpendicular
to the film.

The film on GGG substrate at 7> 300 K linearly ex-
pands in magnetic field and contracts below room tem-
perature. With the temperature decrease magnetostriction
changes the sign, passes through a minimum at 7= 160 K
and similarly to glass practically does not depend on tem-
perature at further cooling (fig. 3). Change of magnetic
field orientation hardly influences the magnetostriction
constant.

The film electrostriction value Bi: NIGNA on a glass
substrate was measured in electric field up to 400 V / cm.
The film slightly expands in the external electric field
at 7= 80 K. Above 7= 120 K the film contracts not line-
arly and reaches the maximum size of compression in
fields of 300400 V/cm at T > 200 K. At temperatures
above room there are two competing mechanisms: the
first is connected with the film contraction, the second -
with expansion. Magnetostriction in this area of tempera-
tures changes the sign. Film deformation does not depend
on the electric field sign. Electrostriction under absolute
value increases at temperature rise, passes through
a maximum at 200 K and decreases under a further tem-
perature rise up to 360 K.

Polarization of Bi:NIG films is measured in the elec-
tric field of 400 V/cm amplitude with a frequency
of 10 MHz in the form of a rectangular impulse under
various magnetic field orientations. In fig. 4 and 5
dependences of polarization on time are represented at
different temperatures for both films.

Over time electric polarization of the film on glass
smoothly grows in external electric field. At switching off
the field, polarization falls abruptly and changes the sign
from positive value to negative below room temperature.
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At temperatures over 300 K residual polarization coin-
cides with external electric field by sign (fig. 4).

The time dependence of film polarization on garnet
qualitatively differs from films on glass (fig. 5). Under
switched off electric field residual polarization remains
positive and smoothly increases over time.

Observed effects are explained by charged defects on
the film-substrate interface which are compensated by the
shift of oxygen ions along certain directions in crystal.

Organic solvent

External electric field removes degeneration in the direc-
tion of polarization, leads to turning of the local dipolar
moments across the field and to the formation of residual
polarization. In films on glass there are two interfaces and
double electric layer is formed causing the polarization
sign change after switching off the field.

In films on glass and on garnets the anisotropy of elec-
tric polarization in magnetic field which is caused by
magnetoelectric effect is observed.
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Organometallic solution
application in a centrifuge
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Drying ~100-2002C
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CO,+H,0
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Preliminary annealing
~450-550°C
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Fig. 1. Sketch flowchart MOD

Puc. 1. Dcku3nas cxema TexHoI0ruueckoro npouecca MOD
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Fig. 2. Dependence of the magnetostriction coefficient
on temperature in Bi: NIG on a glass substrate

Puc. 2. 3aBucumocth K03 GHUILIHEHTa MATHUTOCTPHKIIH
ot Temreparypsl B Bi:NIG Ha momnoxke u3 crekia
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Fig. 3. Dependence of the magnetostriction coefficient
on temperature in Bi: NIG on a GGG substrate

Puc. 3. 3aBucumoctb K03 PHIHEHTa MATHUTOCTPUKIHN
ot temmeparypsl B Bi:NIG na nognoxke uz GGG
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Fig. 4. Polarization of Bi: NIG film on glass over time:
a — at temperatures ¢ = 120° KH = 0 (1), in magnetic fields /= 12 kOe when the magnetic field is oriented relative to the surface normal
at angles @ = 90° (2), ¢ = 180° (3), ¢ = 360° (4); b — at temperatures ¢t =200° KH = 0 (1, 6), in magnetic fields / = 12 kOe when
the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2), ¢ =90° (3), ¢ = 180° (4), ¢ = 360° (5); ¢ — at temperatures
t=280°KH =0 (1, 6), in magnetic fields H = 12 kOe when the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2),
¢ =90°(3), 0=180°(4), o =360°(5); d — at temperatures ¢ = 360° K H = 0 (3), in magnetic fields H = 12 kOe when the magnetic
field is oriented relative to the surface normal at angles ¢ =90° (1), @ =360° (2)

Puc. 4. [onspuzannus mrenkn Bi:NIG Ha cTekie oT BpeMeHH:
a — nipu Temneparypax ¢ = 120° KH = 0 (1), B MaruutHbIX nonsix H = 12 kD npu OpueHTalyd MATHUTHOTO TTOJIsl OTHOCUTEIEHO HOPMAITH
MOBEPXHOCTH IIpH yrimax ¢ = 90° (2), ¢ = 180° (3), ¢ = 360° (4); b — npu Temnepatypax ¢ = 200° KH = 0 (1, 6), B MArHUTHBIX MOJIAX
H =12 kD npu opueHTalMy MAarHUTHOT'O MOJISi OTHOCHTENILHO HOPMaJIi MOBEPXHOCTH Mpu yriax ¢ = 0°(2), ¢ =90° (3), ¢ = 180° (4),
¢ =360° (5); ¢ — npu Temneparypax ¢ =280° KH =0 (1, 6), B MarauTHbIX nossix H = 12 kD npu OpUeHTaLM MarHUTHOT'O 110151 OTHOCHTEIIBHO
HOpMaJIi IIOBEpXHOCTH IpH yriaax ¢ = 0°(2), ¢ =90° (3), ¢ = 180° (4), ¢ =360° (5); d — mpu Temneparypax ¢ = 360° KH = 0 (3), B Maraut-
HBIX NoJAX /1 = 12 XD npu OpUEHTALMU MarHUTHOT'O HOJISL OTHOCHUTENBHO HOPMAJIM MOBEPXHOCTH IpH yraax ¢ = 90° (1), ¢ =360° (2)
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Fig. 5. Polarization of Bi: NIG film on GGG over time:
a — at temperatures ¢ = 120° KH = 0 (1, 6), in magnetic fields / = 12 kO when the magnetic field is oriented relative to the surface normal
at angles ¢ = 0° (2), 9 =90° (3), ¢ = 180° (4), ¢ = 360° (5); b — at temperatures ¢ = 160° KH = 0 (1, 6), in magnetic fields H# = 12 kO when
the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2), ¢ =90° (3), ¢ = 180° (4), ¢ = 360° (5); ¢ — at temperatures
t=280°KH =0 (1, 6), in magnetic fields H = 12 kOe when the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2),
®=90°(3), =180°(4), o =360° (5); d — at temperatures ¢ = 320° KH = 0 (1, 6), in magnetic fields /= 12 kOe when the magnetic
field is oriented relative to the surface normal at angles ¢ = 0° (2), @ =90° (3), ¢ = 180° (4), ¢ =360° (5)

Puc. 5. Honspuzauus mwienku Bi:NIG na GGG ot BpemeHH:
a — nipu Temneparypax ¢ = 120° KH = 0 (1, 6), B MmarautHbIX noisix H = 12 k3D npu OpHEeHTALKM MarHUTHOTO MOJIS OTHOCHTENILHO
HOPMAaJIH IIOBEPXHOCTH IpH yraax ¢ = 0° (2), ¢ =90° (3), ¢ = 180° (4), ¢ = 360° (5); b — npu Temneparypax ¢ = 160° KH =0 (1, 6),

B MarHUTHBIX NOJsIX [ = 12 kO npu opreHTaluy MarHUTHOTO 110/ OTHOCHTEIBHO HOPMAJI HOBEPXHOCTH IpH yriax ¢ = 0°(2),
®=90°(3), 0=180° (4), o =360° (5); ¢ — npu Temmneparypax ¢ = 280° KH = 0 (1, 6), B MaruuTHbIX nossix H = 12 kD npu opueHTanuu
MarHMTHOT'O MOJIsl OTHOCUTENIFHO HOpMaJTH MOBEPXHOCTH Ipu yriax ¢ = 0° (2), ¢ = 90° (3), ¢ = 180° (4), ¢ = 360° (5);

d — ipu Temnepatypax ¢ = 320° KH =0 (1, 6), B MarHuTHBIX n0o1stX H = 12 kD 1npu opHUeHTally MarHUTHOTO TIOJIS
OTHOCHTENILHO HOPMAJIX NMOBEPXHOCTH IpH yraax ¢ = 0°(2), ¢ =90° (3), ¢ = 180° (4), ¢ =360° (5)

Magnetic field orientation angle is defined relative to
a film surface normal. Dependence of polarization relaxa-
tion on time cannot be described by one functional de-
pendence like an exponent, a logarithm or a power func-
tion. Change of electric polarization in magnetic field,
under switching on and off electric field of £ =400 V/cm,
reaches 40 % and depends on the direction of magnetic
field relative to the film

Conclusion. Contraction of films below room tem-
perature has been found in magnetic and electric fields.
Magnetostriction sign change under temperature rise in
films on glass and on garnet has been revealed. Resid-
ual electric polarization after external electric field
switching off has been observed. The anisotropy of
polarization in external magnetic field has been found
which indicates magnetoelectric interaction in bismuth
ferrite films.
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