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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. 
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Висмут замещенные ферриты-гранаты обладают магнитооптическими (МО) свойствами и применяются 

в качестве пространственных модуляторов света, индикаторов. В работе исследуется влияние магнитного  

и электрического полей на структурные характеристики тонких эпитаксиальных пленок висмут-неодимового 

феррита-граната (Bi:NIG), нанесенных на подложки из стекла и галлий-гадолиниевого граната (GGG).  

Рассматриваются динамические свойства поляризации, релаксация в магнитном и электрическом полях,  

что является важной задачей для детального понимания механизмов электромагнитных явлений в твердых 

телах. 

Получены зависимости коэффициента магнитострикции от магнитного поля и величины относительного 

изменения длины пленки от электрического поля при разных температурах. Найдена смена знака констант 

магнитострикции по температуре. Определена электрическая поляризация в периодически прикладываемом 

электрическом поле 400 В/см с частотой 10 мГц при различных ориентациях магнитного поля величиной  

12 kOe и в отсутствии магнитного поля. Обнаружена анизотропия поляризации в магнитном поле и функцио-

нальная зависимость релаксации поляризации от времени. Данные материалы могут использоваться в качест-

ве сенсоров магнитного поля в космических аппаратах. 

 

Ключевые слова: пленки феррита висмута, магнитоупругое взаимодействие, электрическая поляризация, 

релаксация. 
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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 Bi3Fe5O12 

(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 

Gd3Ga5O12 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 Bi3Fe5O12 applying the method of ferromagnetic 

resonance with the electric field modulation linear mag-

neto-electric effect with maximum under 450 К 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 Nd1Bi2Fe5O12 (450 nm)/Nd2Bi1 

Fe4Ga1O12 (90 nm) were examined on the glass substrate 

and Nd0.5Bi2.5Fe5O12 (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 °С within 10 minutes → pre-

burning under 450 °С 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°С for 1 hour in the open air. As a buffer layer on a 

non-directional glass substrate the film Nd2Bi1Fe4Ga1O12 

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) – 

R (H = 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 

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 λ 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 T > 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 T = 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 T = 80 K. Above T = 120 K the film contracts not line-

arly and reaches the maximum size of compression in 

fields of 300–400 V/cm at Т > 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. 

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.  

 

 

 
Fig. 1. Sketch flowchart MOD 

 

Рис. 1. Эскизная схема технологического процесса MOD 
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Fig. 2. Dependence of the magnetostriction coefficient 

on temperature in Bi: NIG on a glass substrate 

 

Рис. 2. Зависимость коэффициента магнитострикции 

от температуры в Bi:NIG на подложке из стекла 

 

Fig. 3. Dependence of the magnetostriction coefficient  

on temperature in Bi: NIG on a GGG substrate 

 

Рис. 3. Зависимость коэффициента магнитострикции  

от температуры в Bi:NIG на подложке из GGG 
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Fig. 4. Polarization of Bi: NIG film on glass over time:  
a – at temperatures t = 120º KH = 0 (1), in magnetic fields H = 12 kOe when the magnetic field is oriented relative to the surface normal  

at angles φ = 90º (2), φ = 180º (3), φ = 360º (4); b – at temperatures t = 200º KH = 0 (1, 6), in magnetic fields H = 12 kOe when  

the magnetic field is oriented relative to the surface normal at angles φ = 0º (2), φ = 90º (3), φ = 180º ( 4), φ = 360º (5); c – at temperatures  

t = 280º KH = 0 (1, 6), in magnetic fields H = 12 kOe when the magnetic field is oriented relative to the surface normal at angles φ = 0º (2), 

φ = 90º (3), φ = 180º ( 4), φ = 360º (5); d – at temperatures t = 360º K H = 0 (3), in magnetic fields H = 12 kOe when the magnetic  

field is oriented relative to the surface normal at angles φ = 90º (1), φ = 360º (2) 

 

Рис. 4. Поляризация пленки Bi:NIG на стекле от времени:  
а – при температурах t = 120º KH = 0 (1), в магнитных полях H = 12 кЭ при ориентации магнитного поля относительно нормали 

поверхности при углах φ = 90º (2), φ = 180º (3), φ = 360º (4); b – при температурах t = 200º KH = 0 (1, 6), в магнитных полях  

H = 12 кЭ при ориентации магнитного поля относительно нормали поверхности при углах φ = 0º (2), φ = 90º (3), φ = 180º (4),  

φ = 360º (5); с – при температурах t = 280º KH = 0 (1, 6), в магнитных полях H = 12 кЭ при ориентации магнитного поля относительно  

нормали поверхности при углах φ = 0º (2), φ = 90º (3), φ = 180º (4), φ = 360º (5); d – при температурах t = 360º KH = 0 (3), в магнит-

ных полях H = 12 кЭ при ориентации магнитного поля относительно нормали поверхности при углах φ = 90º (1), φ = 360º (2) 
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Fig. 5. Polarization of Bi: NIG film on GGG over time: 
а – at temperatures t = 120º KH = 0 (1, 6), in magnetic fields H = 12 kO when the magnetic field is oriented relative to the surface normal  

at angles φ = 0º (2), φ = 90º (3), φ = 180º ( 4), φ = 360º (5); b – at temperatures t = 160º KH = 0 (1, 6), in magnetic fields H = 12 kO when 

the magnetic field is oriented relative to the surface normal at angles φ = 0º (2), φ = 90º (3), φ = 180º ( 4), φ = 360º (5); c – at temperatures  

t = 280º KH = 0 (1, 6), in magnetic fields H = 12 kOe when the magnetic field is oriented relative to the surface normal at angles φ = 0º (2), 

φ = 90º (3), φ = 180º ( 4), φ = 360º (5); d – at temperatures t = 320º KH = 0 (1, 6), in magnetic fields H = 12 kOe when the magnetic  

field is oriented relative to the surface normal at angles φ = 0º (2), φ = 90º (3), φ = 180º ( 4), φ = 360º (5) 

 
Рис. 5. Поляризация пленки Bi:NIG на GGG от времени: 

а – при температурах t = 120º KH = 0 (1, 6), в магнитных полях H = 12 кЭ при ориентации магнитного поля относительно  

нормали поверхности при углах φ = 0º (2), φ = 90º (3), φ = 180º (4), φ = 360º (5); b – при температурах t = 160º KH = 0 (1, 6),  

в магнитных полях H = 12 кЭ при ориентации магнитного поля относительно нормали поверхности при углах φ = 0º (2),  

φ = 90º (3), φ = 180º (4), φ = 360º (5); с – при температурах t = 280º KH = 0 (1, 6), в магнитных полях H = 12 кЭ при ориентации  

магнитного поля относительно нормали поверхности при углах φ = 0º (2), φ = 90º (3), φ = 180º (4), φ = 360º (5);  

d – при температурах t = 320º KH = 0 (1, 6), в магнитных полях H = 12 кЭ при ориентации магнитного поля  

относительно нормали поверхности при углах φ = 0º (2), φ = 90º (3), φ = 180º (4), φ = 360º (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 E = 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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