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ABSTRACT

The Nd1Bi2Fe5O12/Nd2Bi1Fe4Ga1O12 polycrystalline films on the glass substrate

and the Nd0.5Bi2.5Fe5O12 epitaxial films on the single-crystal gadolinium gallium

garnet substrate have been investigated by impedance and dielectric spec-

troscopy. The inductive contribution to the impedance and two relaxation

channels related to ferroelectric domains and migration polarization have been

established. The magnetocapacitance and magnetoimpedance have been

determined. The conductive and polarization currents and the phase difference

between them for the films of two types have been determined. The critical

temperatures of the polarization disappearance and hysteresis I–V have been

found. A model of the polarization caused by the piezoelectric effect and flex-

oelectric interaction has been proposed. I–V hysteresis is explained by the

presence of ferroelectric domains near the interface and is associated with the

hysteresis of the electric polarization.

1 Introduction

Study of materials for spintronic [1, 2] and memristor

[3, 4] devices are interesting for both fundamental

research and application. In recent years, along with

conventional storage devices, much attention has

been paid to the resistive memory, which combines

the advantages of fast random-access memory and

nonvolatility of programmable memory. The resis-

tance of a memristor depends on the charge passed

through it. Most memristors are based on metal–in-

sulator–metal tunnel structures with the oxygen

nonstoichiometry [5, 6]. The ion drift under the

applied voltage changes the electrical resistance.

Another fundamental problem is how the current

can be controlled by electrical polarization. Ferro-

electrics are dielectrics. The conductivity and ferro-

electricity are two mutually exclusive factors. This

problem can be solved by creating electrically inho-

mogeneous states. In part of the volume of the

material, electric polarization is realized, the other

part is a semiconductor. The coexistence of ferro-

electric and semiconductor properties can be

observed in multiferroics with the magnetoelectric

coupling. The magnetoelectric coupling was
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observed in the bismuth ferrite garnet films [7]. The

Curie temperature has been estimated to be around

650 K [8].

In the 10-μm-thick (BiLu)3(FeGa)5O12 films grown

by the liquid-phase epitaxy on a Gd3Ga5O12 substrate

with the (210) orientation, the motion of magnetic

domain walls under the action of an electric field [9]

and switching of their electric polarization in a

magnetic field [10] were found, which are not

observed in films with the (111) substrate orientation.

These effects are explained by the inhomogeneous

magnetoelectric interaction and the magnetic aniso-

tropy variation in an electric field [11–13]. The

anomalously strong linear magnetoelectric effect was

observed in the ferrite garnet epitaxial films in mag-

netic fields of up to 5 kOe in [14] and attributed by

the authors to the nonuniform film straining caused

by the substrate. The linear magnetoelectric (ME)

effect with a maximum at 450 K found in the 90-nm-

thick Bi3Fe5O12 films by electric field-modulated fer-

romagnetic resonance was explained by the strong

spin–orbit coupling and the formation of local mag-

netic inhomogeneity and directly attributed to bis-

muth ions [15]. The linear ME effect is determined

from the magnetization variation in an electric field.

The electric polarization of the magnetic field-in-

duced bismuth iron garnet (BIG) films is caused by

the bilinear EH and quadratic EH2 effect [16].

The electric polarization can be caused by struc-

tural deformation leading to the violation of the

inversion center under epitaxial stresses in a film on

the substrate or cationic substitution over dodecahe-

dral sites, surface electronic states, and a magnetic

domain structure caused by demagnetizing fields

and the spin–orbit interaction. The electric polariza-

tion results from the piezoelectric effect, which can be

induced by an electric field in a nonpolar (cen-

trosymmetric) dielectric. An electric field, due to

electrostriction, transforms the structure of any iso-

tropic dielectric into noncentrosymmetric one,

inducing the electromechanical coupling (piezoelec-

tric activity) in it. The piezoelectric effect in dielectrics

can be induced by an electric field.

The strain gradient can also lead to the polarization

due to the flexoelectric effect. According to the

microscopic theory of the flexoelectric effect, in the

case of a static deformation gradient, it was found to

be weaker by four orders of magnitude than the

experimental value for the coupling between the

polarization amplitudes and the deformation

gradient in an acoustic wave in diamond-type

structures [17]. Since the elastic stresses are almost

always induced in films, this effect must be taken into

account in the presence of weak polarization. The

effect of epitaxial stresses can be elucidated using two

types of substrates and different substitutes (neody-

mium and gallium).

The calculation of the BIG electronic structure

using the electron density functional theory with

allowance for the relativistic corrections showed the

enhancement of the spin–orbit coupling due to the

hybridization of 6p bismuth orbitals with oxygen and

iron ions [18]. The experimental splitting value t2g of

the states of iron ions under the spin–orbit interaction

is 39.4 mV [19]. The nuclear magnetic resonance

(NMR) study of the Bi3Fe5O12 compound showed a

magnetic moment of 0.1µB per bismuth atom due to

the hyperfine interaction and sp hybridization of the

Bi–O orbitals [20]. The electron density shift on the

Bi–O bond will induce the dipole moment and elec-

tric polarization.

The linear response of the ME susceptibility is

caused by the spin–orbit interaction and the ME

effect quadratic in the magnetic field is driven by the

exchange striction. The bismuth–neodymium ferrite

garnet films are characterized by a maximum in the

magnetostriction, which changes its sign upon tem-

perature variation [21]. Carriers in the single-crystal

film are induced by the film growth defects; in the

polycrystalline film, defects can occur at the grain

boundaries in the anionic subsystem.

The aim of this study is to establish the mechanism

of electric polarization and the possibility of existence

of a conductive current in bismuth-substituted ferrite

garnet films, since the conductivity and ferroelec-

tricity are two mutually exclusive factors.

2 Electron and optical spectroscopy
investigations

The object of study was the Nd1Bi2Fe5O12/Nd2Bi1-
Fe4Ga1O12 polycrystalline films on a glass substrate

and the Nd0.5Bi2.5Fe5O12 epitaxial films grown on a

single-crystal gadolinium gallium garnet (GGG)

substrate in the (111) crystallographic direction. The

films were obtained by decomposition of the met-

alorganic compound from melt [22]. The method of

metal organic decomposition (MOD) consists in spin

coating a solution of organometallic compounds,
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mixed in accordance with the required stoichiometry

of the film composition and followed by annealing.

MOD, unlike dc sputter deposition, does not require

expensive vacuum equipment. It is difficult to obtain

films with the necessary stoichiometric composition

and high substitution of bismuth by the method of

sputtering on direct current [23], due to the high

volatility of Bi. Homogeneous highly Bi-substituted

iron garnet films can be prepare using only MOD

method. Impurity phases were found in polycrys-

talline BIG films prepared by reactive ion beam

sputtering method [24].

The magnetic hysteresis loops were recorded in

fields of up to 2 kOe applied perpendicular and

parallel to the film surface. The magnetic moment

saturation field was 0.75 kOe and the saturation

magnetization in the film plane was stronger than the

magnetization along the film normal by 15% [26]. A

bilayer film is deposited onto the glass substrate.

Using the bilayer film enable to switch the direction

of the magnetic moment and modulate the value of

the Faraday angle of rotation in a magnetic field [27].

The Faraday effect depends on the magnetization of

the films, which is determined by the magnetic ani-

sotropy. The film NdBi2Fe4GaO12 on glass have per-

pendicular magnetic anisotropy and showed large

Faraday rotation angles. The Nd1Bi2Fe5O12 film has

in-plane magnetic anisotropy and a smaller Faraday

rotation angle.

Specimens for the transmission electron micro-

scopy (TEM) investigations on a Hitachi FB-2100

focused ion beam system were prepared in the cross-

sectional geometry. The TEM study was carried out

on a Hitachi HT 7700 microscope at an accelerating

voltage of 110 kV. The TEM data are presented in

Fig. 1. The film on the GGG substrate has a thickness

of about 380±10 nm and grows epitaxially, which

was confirmed by the microdiffraction pattern, but

contains microcavities from several to tens nanome-

ters in size. The presence of bubble inclusions in the

structure of the films may be due to gassing of CH3

found by IR spectra in the process of decomposition

of organometallic decomposition during annealing

[25]. The filtered high-resolution image shows a

sharp interface between the film and the substrate.

Diffuse spots in the diffraction pattern are indicative

of the mismatch between the lattice parameters of the

film and GGG substrate.

Defect states are determined from IR spectra. The

IR absorption spectrum of the polycrystalline film on

glass was measured by an FSM2202 IR Fourier

spectrometer in the frequency range of 2000–

7500 cm−1; below 2000 cm−1, glass strongly absorbs

the far-IR radiation (Fig. 2). The absorption line at a

frequency of 3570 cm−1 is asymmetric and related to

the vibrations of the OH groups. In water, the O–H

bond vibrations have three peaks at frequencies of

3080, 3440, and 3670 cm−1 at the qualitatively pre-

served symmetry relative to the central peak [28]. The

frequency of the vibrations of hydroxyl groups in the

water molecule increases upon heating under stan-

dard conditions [29]. In the films, the absorption

frequency is temperature-independent up to 500 K.

The difference of the spectra from water is caused by

the fact that, in the vapor phase, the average size of a

cluster containing H2O molecules is 630 molecules

[30]. The distance between oxygen atoms is 0.45 nm

[31]; then, a film microcavity contains one cluster and

the liquid–vapor transition does not occur up to

500 K. The weak absorption maximum at a frequency

of 6020 cm−1 (1.66 μm) is related to bivalent iron ions

split by a low-symmetry crystal field. The triplet 5T2g

state of Fe2? ions in a tetrahedron with triclinic lattice

distortion is split into a 5Eg1 doublet and an Ag sin-

glet. In the model of the crystal field with parameters

10Dq=9500 cm−1, trigonal splitting C=500 cm−1, the

electronic transition to Ag—
5Eg at a wavelength of

1.66 μm in the tetrahedron in the ferrite of the grant is

calculated [32]. Thus, the conductivity is due to the

divalent iron ions. The absorption peak at a fre-

quency of 2750 cm−1 corresponds to the symmetric

stretching vibrating of C=H atoms in methane.

The absorption spectrum in the optical range was

measured on a Cary500Scan spectrophotometer

(Fig. 3). The bandgap Eg was determined as a dif-

ference between the electron and hole localization

thresholds [33].

a ¼ A hv� Eg

� �1
2

hv
ð1Þ

where A is the parameter, hν is the photon energy, Eg

is the optical bandgap energy, and α is the absorption

coefficient. The energy bandgaps of the films esti-

mated from the tangent lines in the plot of (αhν)2

versus photon energy hv for direct-gap semiconduc-

tors (Fig. 3a) are Eg=2.34 eV for the films on GGG and

Eg=2.27 eV for the films on glass. In the films on the

GGG substrate with the high (16%) neodymium

content, the maximum in the conduction band is

observed.
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This maximum consists of two peaks with energies

of 2.66 and 2.81 eV, which are caused by the elec-

tronic transitions 4I4/2–
4G9/2 and

4I4/2–
4G11/2 on Nd3?

ions [34]. With increasing concentration of neody-

mium ions, the splitting of terms vanishes due to the

hybridization of the electronic states with iron ions

and formation of the band states. Substitution of

neodymium for bismuth slightly narrows the band-

gap as compared with a value of Eg=2.85 eV for the

Bi3Fe5O12 film [35].

According to the results of the fully relativistic

ab initio calculation using the density functional

theory [18, 36], the bismuth subbands with 6P J=1/2

and J=3/2 split into dE=1.3 eV. The lower subband

width is 1 eV and the absorption minimum should be

observed above 4 eV. In the bandgap of the film,

there are small absorption maxima at frequencies of

ω1=9300 cm−1 (E1=1.15 eV) and ω2=14,100 cm−1 (E2=

1.74 eV). The electronic transitions between the Nd3?

multiplets in GGG do not occur in this frequency

Fig. 1 Morphology and X-ray
of a film on a garnet (down) on
glass (up) using a transmission
electron microscope

Fig. 2 IR absorption of a polycrystalline film on glass. Inset: IR
absorption in the frequency range 4000–7000 cm−1
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range [34] and the low-frequency transitions
6A1→

4T2,
4E, and 4T1 in YGG: Fe (6.2 at %) on iron

ions in the octahedral positions with E1=1.3 eV and

E2=1.77 eV are observed [37]. The occurrence of these

transitions points out that the investigated com-

pounds belong to Mott semiconductors with a charge

gap formed by oxygen ions. The charge is transferred

through the Fe–O–Fe bond. The presence of oxygen

vacancies will lead to the growth of the conductivity.

3 Impedance and capacitance

Impedance spectroscopy provides information on the

interface and electric charges with different degrees

of localization. Figure 4 shows the active (R=

ReZ) and reactive (X=Im Z) parts of the impedance of

the film on the GGG substrate as functions of tem-

perature measured in the configuration with two

contacts on the film surface (the ac current along the

film). The X(T) behavior in the range of 103–106 Hz is

frequency-independent and the normalized values of

the reactive part of the impedance X(T)/X (T=80 K)

hit one curve. In the temperature range of 180–215 K,

the reactance decreases by 5% and the active resis-

tance at frequencies of ω[100 kHz doubles. In this

temperature range, the thermal expansion coefficient

has a maximum. The mismatch between the substrate

and film lattice parameters induces elastic stresses

and shear strains at the interface, which leads to a

change in the magnetic anisotropy. The energy of

magnetic anisotropy in most garnet ferrites consists

of two parts that are comparable in magnitude: the

magnetic anisotropy of the undeformed crystal lattice

and the anisotropy caused by the magnetoelastic

interaction, which differ in sign. This leads to an

anomalous temperature dependence of the aniso-

tropy constant, namely, to a change in sign. A change

in the sign of the magnetostrictive deformation at

300 K in films [38] will lead to a spin–reorientation

transition. In rare-earth ferrite garnets Re3Fe5O12 (R=

Tb, Er, Sm), spontaneous orientational transitions are

observed at T � 200 K, 66 K [39].

The experimental data can be qualitatively descri-

bed using the Debye model:

ReZ xð Þ ¼ A

1þ xs1ð Þ2 þ
B

1þ xs2ð Þ2 ;

Im Z xð Þ ¼ Axs1

1þ xs1ð Þ2 þ
Bxs2

1þ xs2ð Þ2
ð2Þ

where A and B are the constant parameters and τ1,2
are the relaxation times the temperature dependence

of which is described by the exponent τ1,2=τ1,2,0 exp

(ΔE1,2/T) with activation energies of ΔE1=69 mV

(560 cm−1) and ΔE2=180 mV (1450 cm−1). The lowest

activation energy corresponds to the vibrations of the

tetrahedral group in the yttrium iron garnet at a

frequency of 620 cm−1. Substitution of heavy element

bismuth for yttrium reduces the vibration frequency

in the lattice. The quantity ΔE2 characterizes the

energy of the elastic stress gradient in the film.

The temperatures of the broad R(T) maxima and

the X(T) inflection points in the range of 260–275 K

are weakly frequency-dependent. This can be related

to an orientational transition of the magnetization in

the bulk of the film. The magnetostriction constant

Fig. 3 Optical absorption
spectrum of Nd0.5Bi2.5Fe5O12

films on a GGG single-crystal
substrate (1), Gaussian
function: peak 1 (2), peak 2 (3)
and sum (4) (a) and
Nd1Bi2Fe5O12/
Nd2Bi1Fe4Ga1O12 on a glass
substrate (b)
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changes its sign from negative to positive [21] and the

quadratic ME effect dominates in the magnetoelectric

interaction [16]. The temperature behaviors of the

capacitance C(T=80 K)/C(T) and reactance (Fig. 4b)

are qualitatively different. The relaxation time τ1=τ0
exp(ΔE1/T) determined from the capacitance has the

lower activation energy: ΔE1=35 mV. This difference

is caused by the change in the inductance, since the

reactive part of the impedance is caused by the

capacitance and inductance. The inductive contribu-

tion occurs from the change in the magnetic induc-

tion dB/dt=dM/dt related to the polarization M=aP?

bP2 via the magnetoelectric interaction. The induction

voltage εi= −dФ/dt=c?dP is determined by the ten-

sor of the linear and quadratic ME interaction. The

inductance jump in the range of 180–215 K is caused

by the magnetic order rearrangement at the film–

substrate interface. The change in the elastic stresses

at the interface upon heating results in the change in

the anisotropy field. The orientational transition at

the surface leads to an increase in the amplitude of

the magnetic moment oscillations.

The impedance components for the polycrystalline

film on the glass substrate are temperature-indepen-

dent up to 225 K and have a jump at 302 K with a

slight anomaly at 370 K (Fig. 5). Above 150 K, the

inductive contribution is added to the reactive part of

the impedance, so the difference [X(T)/X(T=80)]−[C
(T=80)/C()] is 0.6%, which is twice as small as the

value for the film on GGG. The ME interaction tensor

changes its sign in the polycrystalline film above

room temperature [16], which leads to the change in

the inductance sign. Above 300 K, the temperature

dependence of the impedance components is descri-

bed using Debye model (2) with the same activation

energy as in the case of the film on GGG. Therefore,

the impedance anomaly and relaxation time are

independent of the substrate type and are driven by

the same mechanism. The impedance jump is caused

by the inductive contribution resulting from the spin–

reorientation transition.

Since the reactive part of the impedance is higher

than the ac resistance by two orders of magnitude,

the frequency dependence of the impedance quali-

tatively coincides with Im(Z). At T=300 K, in the

frequency range of 102−106 Hz, at ωτ[[1, Eq. (1) is

reduced to Im(Z)=A/ωτ. In the model of equivalent

circuits, the impedance hodograph of the film on

glass is described by one RC contour (Fig. 6). Using

the impedance hodograph, we find the relaxation

times τ=RC to be τ=0.08 s at T=340 K and τ=0.003 s

at 380 K (Fig. 6b). These values are typical of the

migration polarization.

The effect of the magnetic field on the impedance

components is observed in the high-frequency region

ω[100 kHz, which exceeds a frequency of migration

polarization of 105 Hz. Figure 7 shows the impedance

components Im(Z) and Re(Z) as functions of the

Fig. 4 Normalized value of
active Re (Z)/Re (Z (T=80 K))
(a) and reactive Im (Z)/Im
(Z (T=80 K)) (b) resistance of
a single-crystal film on GGG
versus temperature at
frequencies ω=5 kHz (1),
10 kHz (2), 50 kHz (3),
100 kHz (4), 300 kHz (5). The
normalized value of
capacitance C (T=80 K)/
C (T) (6) versus temperature at
a frequency ω=5 kHz (b).
Fitting functions in the Debye
model (2) (lines)
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magnetic field at a frequency of 300 kHz. A decrease

in the real part of the impedance in a magnetic field is

well described by the function

Re Z Hð Þð Þ
Re Z H ¼ 0ð Þð Þ ¼ 1� AH2

1þH2
ð3Þ

and the functional Z(H) dependence correlates with

the magnetization curve of the BIG films [26]. This

Fig. 5 Normalized value of
active Re (Z)/Re (Z (T=80 K))
(a) and reactive Im (Z)/Im
(Z (T=80 K)) (b) resistance of
the polycrystalline film on
glass versus temperature at
frequencies ω=1 kHz (1),
5 kHz (2), 10 kHz (3), 50 kHz
(4), 100 kHz (5), 300 kHz (6).
The normalized value of
capacitance C (T=80 K)/C
(T) (7) versus temperature at a
frequency ω=5 kHz (b).
Fitting functions in the Debye
model (2) (solid line)

Fig. 6 Reactive part of the
film impedance on glass versus
frequency at T=300 K (1),
340 K (2), 380 K (3) (a). The
hodograph of the film
impedance on glass without a
magnetic field (1) and in the
field (2) at T=340 K.
Equivalent circuit RC circuit
(line) (b)
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effect can be explained using the model of ferroelec-

tric domain wall with a resonance oscillation fre-

quency of 1−10 MHz. Upon approaching the

resonance frequency, the absorption of electromag-

netic radiation increases. The ferroelectric walls

interact with magnetic domain walls and a part of the

energy of vibrations of the ferroelectric walls passes

into the magnetic system. With an increase in the

magnetic field, the density of magnetic domain walls

decreases, which weakens the absorption of electro-

magnetic radiation. The reactive part of the impe-

dance has the form Im(Z)=XL−XC, where the

inductive resistance XL is determined by the mag-

netic domains and domain walls. Therefore, in a

magnetic field, the reactive part of the impedance

decreases (Fig. 7b).

Figure 8 shows the magnetocapacitance ΔC/C=(C

(H)−C(0))/C(0) for the films on GGG and glass. The

ΔC/C value has anomalies at 200 and 350 K for the

film on GGG and at 300 K for the film on glass. The

magnetocapacitance vanishes in the range of 450–

470 K. The capacitance growth in a magnetic field is

related also to the ME effect P=αE?bM2, where b, in

the general case, is a tensor and determined by the

variation in the exchange under the elastic stresses

(the exchange striction mechanism). The value of

tensor b depends on temperature [16]. Below, we

show that the electric polarization vanishes above

460 K, which leads to the disappearance of the

magnetocapacitance.

In the temperature range of 370–390 K, the capac-

itance of the film on the GGG substrate has a kink

and the dielectric loss is maximum (Fig. 9). The

absorbed electromagnetic radiation power decreases

with increasing frequency. At these temperatures, the

dc resistance decreases stepwise by 10%. The capaci-

tance and the dissipation factor are described using

the Debye model as

Ree xð Þ ¼ A

1þ xs1ð Þ2 ; Ime xð Þ ¼ Axs1
1þ xs1ð Þ2 ; ð4Þ

where τ1 is the relaxation time, the temperature

dependence of which is described by the Arrhenius

law τ1=τ0 exp(ΔE1/kT) (Fig. 9) with an activation

energy of ΔE1=70 mV and a relaxation time of τ1=
10−3 s at T=390 K.

The polycrystalline film on glass exhibits several C

(T) anomalies at T=300, 375, and 420 K without

dielectric loss maxima at 300 and 420 K (Fig. 10). The

small maxima and C(T) jumps are related to the

change in the thermal expansion coefficient of the

film relative to the glass [21]. In particular, at 420 K,

the expansion of the film changes for its compression.

Fig. 7 Normalized values of
active R (H)/R (H=0) (a) and
reactive X (H)/X (H=0)
(b) parts of the impedance at
temperatures T=160 K (1),
200 K (2), 240 K (3), 300 K
(4), 340 K (5), 380 K (6)
versus the magnetic field at a
frequency of 300 kHz. The
fitting function on the basis of
expression (3) (solid line)

Fig. 8 Magnetocapacitance ΔC/C of the film on glass (1) and on
garnet (2) versus temperature at a frequency ω=100 kHz

J Mater Sci: Mater Electron



The temperature of the anomalies in the dielectric

characteristics at 375 K is independent of the sub-

strate type and correlates with the temperature of a

sharp change in the electrical resistance of the films

by 17% and 10% (Fig. 13). The anomalies in the

electrical and dielectric properties observed at this

temperature are characteristic of the film itself and

independent of the substrate type. Perhaps these

anomalies are associated with the Jahn–Teller tran-

sition in Fe2 ? ions in tetrahedra and electron delo-

calization upon heating. The high temperature C

(T) and D(T) maxima at T � 475 K are almost fre-

quency-independent in the range of 1–50 kHz and

disappear at higher frequencies (Fig. 10). In the case

of the single-crystal film, there is no anomaly in this

temperature range. This effect is related to the

migration polarization over anion vacancies found in

the IR spectra.

The electric polarization induced by the piezo-

electric effect and the migration polarization have

different frequencies. We establish the polarization

types from the frequency dependence of the permit-

tivity. Figures 11 and 12 shows the frequency

dependences of the capacitance and the dissipation

factor. Up to room temperatures, the C(ω) dispersion
is not observed up to ω=105 Hz for both films. In the

high-frequency range, the permittivity of the films on

both GGG and glass is well described by Debye

model (1) with a relaxation time of τ=(1–3) ·10−7 s

and, in the low-frequency range, by the relaxation

time spectrum with τ1=3·10
−4 s, τ2=4·10

−5 s, and τ3=
2·10−7 around room temperatures. At T[400 K, the

dielectric loss in the low-frequency region is several

times higher than the loss in the high-frequency

region (inset in Fig. 11) and decreases in a magnetic

field. In the megahertz range, the capacitance and

dielectric loss decrease by a factor of 2 upon heating

above 400 K. The capacitance and loss are induced by

domains with the dipole polarization and, at T[
300 K, the contribution of migration polarization is

added. The migration polarization dominates above

400 K.

Fig. 9 Normalized value of
capacitance per capacitance at
T=100 K (a) and the dielectric
loss tangent (b) of a film on a
garnet at frequencies ω=1 kHz
(1), 5 kHz (2), 10 kHz (3),
50 kHz (4), 100 kHz (5),
300 kHz (6) versus
temperature. Fitting function
in the Debye model (4) (solid
line)

Fig. 10 Normalized value of
the capacitance per
capacitance at T=100 K
(a) and the dielectric loss
tangent (b) of the film on glass
at frequencies ω=5 kHz (1),
50 kHz (2), 100 kHz (3),
300 kHz (4) versus
temperature
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In the polycrystalline film on glass, defects and

vacancies near which the impurity electrons are

localized are distributed mainly inside grain bound-

aries. Annealing of the film in an external electric

field can reduce the electric charge inside the

boundaries. Upon cooling in an electric field applied

perpendicular to the film, the capacitance changes.

The cooling–heating cycle performed in an external

electric field of 2000 V/cm reduces the capacitance by

2.6%. Cooling to 80 K in a field of 2000 V/cm

enhances the capacitance by 0.5% and, in a field of 12

kOe, by 0.9% (Fig. 11). The capacitance growth is

caused by the change in the polarization of ferro-

electric domains under the action of magneto- and

electrostriction. The magnetic capacitance at T=80 K

upon cooling in magnetic and electric fields decreases

by 30% and 20%, respectively (Fig. 11b). These facts

are indicative of a significant effect of the prehistory

of the polycrystalline film on its dielectric character-

istics, which can be controlled by external fields.

In the single-crystal film grown on GGG (Fig. 12),

the opposite trend is observed: upon cooling to 80 K

in an electric field, the 0.5% capacitance growth

exceeds the value observed upon cooling in a mag-

netic field. The heating–cooling cycle returns to the

initial state with a change in the capacitance by

smaller than 0.1%. The effect of the prehistory of the

single-crystal film on the capacitance is weaker by an

order of magnitude than in the polycrystalline film

on glass. The magnetocapacitance (C(H)–C(0))/C(0)

determined at a constant temperature grows upon

cooling in a magnetic field.

Fig. 11 Film capacitance on the glass (a) and the dielectric loss
tangent (b) versus frequency at T=300 K at T=80 К: cooled at E=
2000 V/cm (1), H=0 kOe cooled at H=0 kOe (2), H=12 kOe
cooled at H=12 kOe (3), H=0 kOe cooled at H=12 kOe (4); at T=
300 K: H=0 kOe heated at H=0 kOe (5), H=12 kOe heated H=0

kOe (6); at T=320 K: before cooling at E=2000 V/cm (7), after
cooling-heating at 2000 V/cm (8); The dielectric constant in the
Debye model with one relaxation time (10) and three relaxation
times (9)

Fig. 12 Film capacitance on the garnet (a) and the dielectric loss
tangent (b) versus frequency at T=300 K, H=12 kOe (1), T=
320 K (2), after cooling-heating at E=2000 V/cm (3), T=80 K,
after cooling at H=12 kOe, H=0 (5), H=12 kOe (4) after cooling

at E=2000 V/cm, H=12 kOe (6). The dielectric constant in the
Debye model with one relaxation time (7) and three relaxation
times (8)

J Mater Sci: Mater Electron



4 I–V characteristics and resistance

The dc electric properties of the films were examined

by the two-probe method using an Agilent Tech-

nologies 34410A multimeter at temperatures of 80–

500 K. The temperature dependences of the electrical

resistance of the films on glass and GGG become

drastically different below 400 K (Fig. 13): the

dependence R(T) for the film on GGG increases

stepwise, while the dependence for the film on glass

passes through a maximum. In a single-crystal film

on GGG, one can restrict oneself to two types of Fe2?

defects in octahedral and tetrahedral sites, which

form impurity states in the bandgap with two acti-

vation energies. At the heating, the chemical potential

pass through one of the levels, which leads to an

increase in the activation energy. In these films can be

determined the charge transport current and the

polarization current from the I–V hysteresis.

Figure 14 shows the I–V characteristics of the films

on GGG. We can see the I–V hysteresis shifted along

the voltage and current axes to 280 K; i.e., there is a

constant electric field, as in electrets, which induces a

weak current. The bias field determined as the hys-

teresis asymmetry relative to the origin of coordinates

passes through a maximum upon heating and shar-

ply decreases at 280 K (Fig. 15). Decreasing the bias

field in a magnetic field by a factor of 2 at low tem-

peratures is consistent in temperature with the crys-

talline symmetry lowering in yttrium iron garnet at T

=130 K [40] and with the maximum ME effect in the

films at 120 K. In the temperature range of 150–250 K,

the bias field weakly depends on the magnetic field,

which is stronger than the field of magnetization

saturation in the films by an order of magnitude and

is not related to magnetic domain walls. This field is

induced by bivalent ions Fe2? in octahedral sites. The

I–V hysteresis is observed at different external elec-

tric field strengths (Figs. 14 and 16) and caused by the

ferroelectric polarization. The resulting current con-

sists of the charge transport current Ich and the

polarization current Ip: I=Ich?Ip. The transport cur-

rent obeys the Ohm’s law (Ich=U/R) and the polar-

ization current is Ip=dP/dt. Thus, we have I=U/R?Ip
and the polarization current Ip=I–U/R passes through

the maximum in the voltage range (−Umin, Umax) (see

Fig. 14c and insets in Fig. 16a, b). The maximum Ip
value is attained near U=0. We establish the voltage

dependence of the electric polarization from the

relation j=dP/dt=(dP/dU) (dU/dt), where

P ¼ R
jdU= dU

dt

� �
, accurate to the constant factor.

The I–V characteristics were measured for 100 s

with the linear time dependence of the voltage U=

−Umin?at and a linear increase in the current Ich=

−Im?at, where Im is the maximum current in absolute

value, t is the time, upon the voltage variation from

−Umin to Umax. The polarization current changes

according to the harmonic law Ip=Ipm·cos(ωt?φ),
where ω=1/T, T is the time for measuring the I–V

characteristics, and φ is the phase (Figs. 14c and 16a).

The hysteresis of the electric polarization and the

phase shift between the external field and the polar-

ization current are not observed in the single-crystal

film grown on GGG up to T=280 K. The electric

polarization P(U) saturates above 150 V (Fig. 14d). In

the polycrystalline film on glass, we observe the P

(U) hysteresis and phase shift between the polariza-

tion current and external field in this temperature

range (Fig. 16d). In particular, with an increase in the

external electric field, we have φ=0.4π, while with a

decrease in the field, φ= − π/2 (insert in Fig. 16b). In

the polycrystalline film, the displacement of domain

walls in the electric field direction has a phase delay

caused by their pinning on the grain boundaries.

Thus, the effective coercive field in the polycrystalline

film is stronger than in the film on GGG by 40%

(Fig. 15). The maximum polarization currents differ

by a factor of 1.5.

Upon heating above 280 K, the polarization current

increases and a phase shift occurs in the single-crystalFig. 13 Electrical resistance of the films on glass (1) and on
garnet (2) versus temperature
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film when measuring the I–V characteristics at high

voltages in the range of (− 200, 200) V, which is absent

in weak (− 50, 50 V) fields (Fig. 14c). The polarization

current Ip(U) in the single-crystal and polycrystalline

films is described by a harmonic spectrum with lower

frequencies and a phase shift of φ=π/2. The hys-

teresis of the I–V characteristic of the film on GGG

decreases at T=460 K by an order of magnitude. In

the polycrystalline film on glass, the nonlinearity of

the P(U) dependence vanishes at T[400 K.

5 Model

The ferroelectric properties are governed by the Bi–O

bond via displacing oxygen ions and changing the

electron density on sp orbitals of bismuth ions (alone

pair). The magnetic properties are mainly determined

by the exchange coupling of iron ions in the octahe-

dral and tetrahedral sites through an oxygen anion

(Fe–O–Fe). The bismuth ion is located in a dodeca-

hedron and surrounded by eight oxygen ions. The

compression, shear, or bending strain induced by the

magnetoelastic interaction or electric field-induced

piezoelectric effect will lead to the formation of an

electric dipole on the Bi–O bond. In the vicinity of the

cavity and at the film–substrate interface, the inver-

sion center is absent on a length of 5–10 nm and the

piezoelectric effect P=αE can occur; in the rest part of

the film, the piezoelectric effect is induced by elec-

trostriction. The strain is an even function of the

polarization: x=QP2=Q(εε0)
2E2.

In piezoelectrics, we have P=dx, where the piezo-

electric modulus coefficient is d � 10−12 C/N. The

relative change in the film linear sizes proportionally

to the electric field is X=KE, where K is the

Fig. 14 I–V characteristic of the film on garnet at T=120 K,
without field H=0 (1), H=12 kOe along the film (2), H=12 kOe
perpendicular to the film (3) (a), at T=380 K at different voltages
(b). The polarization current at T=380 K with increasing voltage
from−200 to 200 V (1), with decreasing voltage from 200 to−
200 V (2), Ip in the voltage range Um=50 V, (−Um Um) V (3);
fitting function Ip=Ip0 cos (ωt?ϕ) with ϕ=0 (4), ϕ=π/8 (5), ϕ=π/3
(6) (c). The polarization of the film on a garnet versus electric

voltage at T=120 K (1), T=300 K, Um=50 V (2), Um=200 V (3),
T=380 K, Um=50 V (4) (d) Insert (d): hysteresis of electric
polarization at T=380 K. On insert (a): polarization current in
absolute value at T=120 K with increasing voltage from−200 to
200 V (1), with decreasing voltage from 200 to−200 V (2); Fitting
function Ip=Ip0 cos (ωt) (solid line). Current according to Ohm’s
law (dash dot)
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electromechanical coupling coefficient K � 0.01. In

piezoelectrics, we have α=d/K � 10−10, which is larger

than a value of α=(1–3) 10−12 for our samples by two

orders of magnitude. This is related to the flexoelec-

tric effect Pfl=Adεβγ/dxϬ [17], where dεβγ/dxϬ is the

strain gradient.

Ferroelectric domains are formed in the vicinity of

the interface with polarization directed along the

diagonals of the cube [111] (Fig. 17). Under the action

of an external electric field, the domain width chan-

ges. The volume of the domain, the electric polar-

ization of which is directed along the field, increases,

and decreases with the opposite direction. Domain

boundaries are pinned at charged defects, at Fe2?

ions. In YIG, divalent ions are in tetra- and octahedral

positions [32]. The degenerate state of Fe2? in the

octahedron is lifted due to the spin–orbit interaction,

and when the spins are ordered along the [111] axis,

local trigonal distortion of the lattice occurs. The

uniaxial anisotropy constant due to the spin–orbit

interaction (λ), D=εαβ λ2/Δ, depends on the strain

tensor εαβ, Δ is the energy between the ground and

excited states. Electric polarization is proportional to

the displacement of ions P � U � λ2\Sz[2/(Δk), k is

the modulus of elasticity. This polarization induces

the electric field that lead to shift the hysteresis loop

in I–V characteristic.

Lowering the crystal symmetry to triclinic at 130 K

in YIG [41] will cause a decrease in the t2g splitting of

electronic states as a result of the spin–orbit interac-

tion, which will lead to a decrease in the polarization

and the electric field of bias.

Ionization of the Fe2?→Fe3? impurity state in the

octahedron in the temperature range 270–300 K leads

to anomalies in the impedance and capacitance of the

films and to the disappearance of the asymmetry of

the hysteresis loop. The change in the polarity of the

external electric field (E0) in the voltage range

ΔU does not change the sign of the electric current,

because the polarization current Ip=dP/dt exceeds the

charge transport current. Further heating of the film

on glass leads to the removal of elastic stresses in the

region of the film–substrate interface and to the dis-

appearance of electric polarization in the range of

375–400 K temperatures. As a results, I–V hysteresis

in a polycrystalline film is disappeared. This explains

the fact of a sharp decrease in dielectric losses in the

high-frequency region and electrical resistance above

400 K. Since the frequency of oscillations of magnetic

domain walls in the yttrium iron garnet is ωd �
106 Hz, the value for lower-quality crystals is ωd �
107 Hz [42]. In the films, the polarization oscillation

spectrum acquires a relaxation character. The

dielectric loss decreases with a sharp decrease in the

hysteresis width. The adhesion of the film on the

Fig. 15 Width of the I–
V characteristic hysteresis at
zero current in the film on
glass (a) and on garnet
(b) versus temperature without
field H=0 (1), in a field
directed perpendicular to the
film H=12 kOe (2) with Um=
200 V, at voltage change from
−Um to Um, with H=0, Um=
50 V (3), 100 V (4), 150 V (5).
Bias field (c) for a film on a
garnet without a field H=0 (1),
in a magnetic field
perpendicular to the film H=
12 kOe (2), along the film H=
12 kOe (3); for a film on glass
without a field H=0 (4), in a
magnetic field perpendicular to
the film H=12 kOe (5)
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GGG substrate is much higher than the adhesion on

glass; therefore, in a single-crystal film, polarization

disappears at a higher temperature.

6 Conclusions

Two relaxation channels were found and attributed

to the ferrite garnet lattice vibration modes and to the

vibrations of ferroelectric domains observed by the

tangent dielectric loss. A decrease in the impedance

components in the film depending on the magnetic

field is explained by the ME interaction induced of

ferroelectric polarization. Ferroelectric domains are

formed by elastic stresses as a result of the piezo-

electric effect and the piezoelectric modules induced

by electrostriction. Above room temperature, the

migration polarization with a relaxation time

spectrum was found from the impedance hodograph

and the frequency dependence of the permittivity. In

the megahertz frequency range, the dielectric loss is

caused by ferroelectric domains. Two current chan-

nels, including the charge transport current and the

polarization current, were found. The nonlinear

electric field dependence of the polarization and the

hysteresis were determined. The hysteresis of the I–

V characteristic and the bias field are found. The

hysteresis of the I–V is due to the polarization current

that exceeds the charge transport current.

The I–V hysteresis and domains with the electric

polarization in the polycrystalline film vanish at the

lower temperature than in the single-crystal film. In

the future, such films can be used in memristor

devices, in commutators for switching current due to

electric polarization.

Fig. 16 I–V characteristic of the film on glass at T=120 K,
without field H=0 (1), H=12 kOe perpendicular to the film (2) (a),
at T=340 K (b) at T=460 K (c) at various voltages Um=50 V (1),
Um=100 V (2), Um=150 V (3), Um=200 V (4). The polarization
of the film on a garnet versus electric voltage at T=120 K (1), T=
340 K (2) (d). Inset (a): polarization current in absolute value at T
=120 K with increasing voltage from−200 to 200 V (1), with

decreasing voltage from 200 to−200 V (2); Fitting function Ip=
Ip0cos(ωt?ϕ) with ϕ=−0.54π (3), ϕ=0.4π (4). Inset (b):
polarization current in absolute value at T=340 K with
increasing voltage from−200 to 200 V (1), with decreasing
voltage from 200 to−200 V (2); Fitting function Ip=Ip0cos(ωt?ϕ)
with ϕ=−0.4π (3). Current according to Ohm’s law (dash dot)
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