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Abstract—Semiconductor BiFe( 9sCo (505 thin-film compounds have been synthesized by a burst tech-
nique. The film surface morphology and the effect of electronic doping via substitution of cobalt ions for tri-
valent iron on the optical, magnetic, and kinetic properties have been investigated in the temperature range
of 77—600 K in magnetic fields of up to 12 kOe. Two electron relaxation channels have been found in the
impedance spectrum in the frequency range of 0.1—1000 kHz. The negative magnetoresistance in the anom-
alous magnetization region and the maximum magnetoimpedance in the vicinity of the surface phase transi-
tion have been established. Using the Hall measurements, carrier types dominating in the magnetoresistance
and magnetoimpedance effects have been determined. The magnetization anomalies have been explained in the
model of superparamagnetic clusters and the magnetoresistance, by the carrier scattering by spin fluctuations.
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1. INTRODUCTION

Multiferroics evoke interest both in view of their
application in spintronics, sensing technology, and
data recording [1—4] and for establishing fundamen-
tals of the magnetoelectric coupling. Bismuth ferrite
with a perovskite structure is one of the most popular
compounds that serve as a basis of novel magnetoelec-
tric materials. Bismuth ferrite BiFeO; (BFO) has high
temperatures of the electrical (7, = 1083 K) [5] and
magnetic (7y = 673 K) ordering [6] and undergoes a
series of phase transitions accompanied by magneto-
electric anomalies [7, 8].

The conductivity of BFO determined by magnetic
and ferroelectric domain walls is higher than the
domain conductivity by several orders of magnitude
[9]. An increase in the conductivity of bismuth ferrite
in the region of a domain wall is caused by a potential
barrier near the interface and a decrease in the band
gap by 3%. The conductivity of a domain wall can be
switched by an electric field, changing its value by
more than an order of magnitude, which makes it pos-
sible to create memristor devices [10].

The BFO magnetic structure is a spin cycloid; the
magnetic moments of iron ions rotate in the (110)
plane along the [110],,., direction. The destruction of
the cycloid leads to the occurrence of a weak ferro-

magnetic moment and enhancement of the magneto-
electric effect [10]. In strong magnetic fields, the spin
cycloid is suppressed [11] upon substitution of 3d ele-
ments, e. g., Fe [12] and Mn [13], and during synthesis
of'the bismuth ferrite-based thin-film compounds [ 14,
15]. The magnetization of the BFO films can be con-
trolled by an electric field [17].

The properties of a thin film material can be sig-
nificantly different from the properties of the same
material in the bulk state [18]. For example, bismuth
ferrite nanotubes undergo a low-temperature surface
phase transition at 7= 140.3 K, which is accompanied
by a change in the lattice parameter and charge density
on the surface [19].

In the previously investigated manganese-substi-
tuted bismuth ferrite BiMnyFe, _ yO; (0 < X < 0.15)
films, a photoinduced diode effect was found in the
near-infrared and violet spectral regions in a wide
temperature range [20]. The temperature, wavelength,
and illumination power dependences of the diode
effect have been established. The observed low-tem-
peratures anomalies in the magnetic and dielectric
properties were attributed to the elimination of degen-
eracy of the 3d states of cations due to the spin-orbit
interaction and the formation of a Coulomb gap in the
spectrum of impurity electron excitations. The calcu-
lation and experimental studies reported in [21, 22]
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showed that the magnetic and electrical properties of
BFO can be significantly improved by Co doping
in the B sites and the total magnetic moment of a unit
cell was ~0.93u; for BiFe4;Coy;0;. The strong

exchange interaction between Co’" and Fe’" in the
BiFe, _ yCoyO; (BFCO) system can significantly
affect the interplay of the electrical and magnetic
properties. In addition, almost the same ionic radii of
Fe3* (0.64 A) and Co** (0.54 A) make it possible to
synthesize a BFCO solid solution with a bismuth iron
garnet crystal structure [23]. The magnetodielectric
effect (ME) detected on the BiFej4Coj0oMng 4,03
samples is six times stronger than in the initial BFO
compound [24]. The ME was found in cobalt-doped
nanostructured BFO above room temperature in the
low-frequency range [25]. The investigations of the
structural and electrical properties of the BFCO and
Bi, _ yNdyFeO; (BNFO) thin-film compounds syn-
thesized on the Pt/Ti/Si0,/Si(111) substrates by
chemical deposition from solution showed a signifi-
cant improvement of the ferroelectric properties upon
cobalt doping [26].

The aim of this study is to increase the conductivity
in comparison with that of bismuth ferrite and estab-
lish the effect of a magnetic field on the kinetic prop-
erties of the BiFe, ¢sCoy (sO; thin-film bismuth ferrite
multiferroic compound via electron doping with
cobalt ions without changing the crystal structure.

2. MEASURING TECHNIQUE

The phase composition and crystal structure of the
synthesized BiFe4sCo((50; thin-film compounds
were examined at room temperature on a DRON-3
X-ray diffractometer (CukK, radiation) in the
pointwise data collection mode. The cross section of
the BiFe ¢sCoy (505 samples was studied by transmis-
sion electron microscopy (TEM) on a Hitachi
HT7700 microscope. The structure of the IR spectra
of the BiFej¢sCo,(s0O; films recorded on an FSM
2202 IR Fourier spectrometer was investigated and
identified. The measurements were performed in an
optical cryostat in the temperature range of 77—500 K
at frequencies of 450—7000 cm~!. The optical absorp-
tion spectrum was recorded on a Cary500Scan spec-
trophotometer at 7= 300 K. The magnetic properties
were studied by the Faraday method in the tempera-
ture range of 77—600 K in magnetic fields of up to
8.6 kOe. The electrical measurements were performed
in magnetic fields of up to 12 kOe in the temperature
range of 77—400 K and the frequency range of ® =
0.1—1000 kHz. The effect of a magnetic field on the
transport characteristics was determined from the
magnetic field dependence of the electrical resistivity
and from the /—V characteristics measured at constant
temperatures in zero magnetic field and in a field of
12 kOe. The electrical resistivity and /—V characteris-
tics were measured on the parallelepiped samples in a
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dc current by a four-probe method. The Hall voltage
was measured in the temperature range of 100—400 K
in a magnetic field of 12 kOe. The measurements took
into account the contributions of parasitic emf
induced by side galvanomagnetic and thermomag-
netic effects and the asymmetry of contacts (the zero
magnetic field measurements).

3. STRUCTURAL, OPTICAL,
AND MAGNETIC PROPERTIES

The bismuth ferrite solid solution films were pre-
pared by sputtering of the pre-synthesized
BiFe( ¢sCo, 505 solid solutions onto object glasses
using the burst technique. The procedure of the syn-
thesis of these thin-film compounds was described in
detail in [27]. The deposition was performed in a
UVN-71R-2 vacuum system. The pressure in a reac-
tion chamber during deposition was maintained at
1073 Pa. The temperature of a tantalum evaporator was
~2000°C. The substrates were located at a distance of
10 cm from the evaporator and their temperature was
varied within 250—300°C. The precursors were pow-
ders with a grain size from 0.1 to 0.3 mm; their X-ray
diffraction pattern is shown in Fig. 1. The films had
geometric sizes of 14 X 17 mm. The X-ray diffraction
pattern of the BiFe;45;C0,(s0; powder compound
contains, along with diffraction reflections of the syn-
thesized compound, the reflections that can be
attributed to the primary BiFeO; phase with a rhom-
bohedral structure.

The analysis of high-resolution microphotographs
and electron diffraction patterns (Figs. 2a, 2b) shows
that the synthesized BiFe ¢sCo (sO5 films are nano-
crystalline. The cross-sectional TEM study of the
samples showed that their thickness was d ~ 330 nm.

The presence of crystal lattice defects and crystal
phases of different symmetries and the electronic
structure can be established by IR spectroscopy.

400
5
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Fig. 1. X-ray diffraction data on the BiFe; _ yCoyO; sys-
tem with X'= 0.05 at 300 K.
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Fig. 2. (a) Electron diffraction pattern and (b) cross-sectional microphotograph of the BiFe 95Co (505 thin film.

Figure 3 presents IR spectra of the polycrystalline
BiFe, _ yCo4O; films. The cationic substitution of
cobalt for iron leads to the appearance of a maximum
in the absorption spectra near an energy of 0.072 eV,
which vanishes above 320 K. This peak is related to a
low-energy electronic transition from the localized
states to the edge of the mobility level (Fig. 2a). A
decrease in the intensity with increasing temperature
can be attributed to the depletion of the impurity level
with delocalization of electrons. The band gap E, of
the BiFe 4sCo (5O thin-film compounds was deter-
mined from the optical absorption spectra (Fig. 3b). It
was found that the E, value determined by extrapolat-

ing the straight portion of the dependence of (0t4v)? on
the photon energy up to intersection with the abscissa
axis is about 2.8 eV. The cationic substitution of cobalt,
in contrast to the substitution of manganese, leads to
an increase in the gap energy, which is E, = 2.4 eV for
BiFe; ¢sMn, ;505 [20].

The magnetic phase transition temperature 7. =
560 K was determined from the temperature depen-
dence of the magnetization of the BiFe;¢5C0g (505
film measured in a magnetic field of 8.6 kOe (Fig. 4).
In the o(7) curve, one can distinguish two tempera-
ture ranges of the anomalous magnetization in the
vicinity of 140 and 400 K. The magnetization variation
in the low-temperature region is caused by the surface
phase transition found in the initial BFO [19]. The
temperature dependence of the magnetization is qual-
itatively described in the molecular field approxima-
tion M = My(1 — T/T,)"/? (curve 2 in Fig. 4). In the
temperature range of 250—500 K, the experimental
o(7) data exceed the theoretical values due to the for-
mation of inhomogeneous magnetic states. The
anomalous behavior of the magnetization in this tem-
perature range can be described in the model of super-
paramagnetic clusters with a random distribution of
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Fig. 3. (a) IR spectra measured at 7 = (1) 80, (2) 160,
(3) 240, (4) 320, (5) 440, and (6) 480 K. (b) Optical
absorption spectra of the BiFe( 95Co (503 film measured

at 7= 300 K.
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Fig. 4. Temperature dependences of the magnetization for
the BiFe( 95Coy (503 thin-film compounds in a magnetic

field of H= 8.6 kOe (curve 7). Temperature dependence of
the magnetization in the molecular field approximation
(curve 2) and the resulting magnetization described by
Eq. (2) (curve 3). Power dependence of the cluster magne-
tization on temperature (curve 4).

the anisotropy fields [28]. In the BFO films with the
rhombohedral symmetry, the magnetic anisotropy is a
power-law function of the magnetization. Below room
temperature, the magnetic moments are frozen and,
upon heating, tend to align in the external magnetic
field direction.

In the model of a superparamagnet with anisotropy
field H, in external magnetic field H, we estimate the
contribution of the magnetization formed by inhomo-
geneous states. We represent the energy of a super-
paramagnetic cluster in the form W = MyHcos0 +
MpH,cos(y — 0), where the angle 0 indicates the
magnetic moment direction relative to the applied
magnetic field and 7y is the angle between the applied
magnetic field and anisotropy field directions. The
direction of the magnetic moment is determined by
tan® = H siny/(H + H cosY). The longitudinal mag-
netic susceptibility at Y= 1t/2 has the form

X% = Mpcos(0) = My /(H\(+ (H,/H))). (1)

We present the cluster magnetization vs tempera-
ture by the power function My = my(1 — T/T.p)"?,
where T, is the critical temperature of a cluster. The
anisotropy field vs temperature also has the power-law
form H, = K(1 — T/T,p)". The experimental data are
well-described with an exponent of n = 2. The result-
ing magnetization consists of the homogeneous part
M= my(1 — T/T,)"? and the inhomogeneous part

Mres = mOV(l_T/T(':)
+ mop A= T/ T )N+ (KA =T/ T,0) /H)?).

()
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The experimental data are satisfactorily described
by function (2) with a critical temperature of T,z =
480 K (curve 4 in Fig. 4). The replacement of iron by
cobalt shifts the magnetic phase transition below the
temperature of the magnetic phase transition of
BiFeO;.

4. IMPEDANCE, ELECTRICAL RESISTANCE,
AND HALL EFFECT

According to the magnetic measurement data, sub-
stitution of cobalt for iron forms magnetically inho-
mogeneous states in the BiFe;¢5Coy(sO5 thin-film
compound. The existence of these states can also be
established by impedance spectroscopy. For the
BiFe, 4sCo, (sO; bismuth ferrite films, the real (active
resistance R) and imaginary (reactance X) parts of the
impedance were measured and the complex imped-
ance Z was determined. It was found that, with an
increase in temperature, the R and Z values decrease
and their frequency dependences (Figs. 5a, 5b)
change. The frequency dependence of the imaginary
part X of the impedance is linear.

Z(H) - Z(0)
Z(0)
the relative impedance variation in a magnetic field
was determined (inset in Fig. 5b). Its maximum value
(1.5%) was found in the region of the surface phase
transition in the low-frequency range. With an
increase in temperature and frequency, the magneto-
impedance changes its sign to positive and tends to
zero at high frequencies. The frequency dependence of
the impedance is described by a function with two
relaxation times in the frequency ranges of @ > 5 %

10° Hz and o < 5 x 10° Hz (Fig. 5b)

A] A2
2 + 2°
1+ (w1)” 1+ (01,)

Using the formula 8(2) = x 100%,

Z(w) = 3)

where parameters 4, , remain constant and tempera-
ture-independent and T, , are the relaxation times.
The inset in Fig. 5a shows the relaxation times, which
decrease with increasing temperature and take the
minimum values in the region of formation of inho-
mogeneous magnetic states. The relaxation of con-
duction electrons is related to the energy transfer to the
Spin subsystem.

The magnetically inhomogeneous state is found in
the temperature dependence of the resistivity p mea-
sured at a dc current. In the temperature range of 260—
400 K, a decrease in the p is observed (Fig. 6a), which
is caused by delocalization of carriers from the impu-
rity states determined from the IR spectra. An increase
in the resistance at 7"= 400 K is related to the carrier
scattering by spin fluctuations in the vicinity of the
magnetic phase transition, which is confirmed by the
linear dependence of the resistivity on the squared
magnetization (inset in Fig. 6a). The experimental
Vol. 63
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Fig. 5. Frequency dependences of (a) the active resistance and (b) impedance of the BiFe(, 95Co (503 films measured in zero
magnetic field and in a field of 12 kOe at 7= (1) 80, (2) 120, (3) 280, and (4) 360 K. Fitting functions, Eq. (3) (solid line). Inset
in (a): temperature dependence of relaxation times T;(1) and 7,(2). Inset in (b): temperature dependence of the relative imped-

Z(H =12 kOe) — Z(H = 0)

ance variation 6(2) =
@ Z(H =0)

data on the resistivity are in good agreement with the
theoretical calculation in the dynamic molecular field
(DMF) approximation [29, 30]. In this model, the
resistivity depends on the magnetization according to
the law [31]

p(M)

— PP _y_cm?
p(M =400 K)

4

where Cisthe temperature- and magnetic-field- inde-
pendent numerical constant. Thus, the functional
p(T, H) dependence arises through the magnetization
M= M(T, H). This means that the electrical resistivity
is fully determined by the carrier scattering by fluctu-
ations of the magnetic order. In the weak-coupling
limit, we have J; < W (in the Born approximation),
C =1 [32]; however, in the case of a strong coupling
Jy> W and, as follows from the DMF calculation,
C > 1[33]. Inthe BiFe, _ yC0;0; system with a substi-
tution concentration of X=0.05, we have C = 0.4 and
the weak coupling is implemented.

The behavior of the temperature dependence of the
impedance measured on an ac current is qualitatively
different from the behavior of the resistivity measured
on a dc current (Fig. 6b). As the temperature rises, the
Zvalues decrease and depend on frequency. There are
two Z(T) anomalies. In the temperature range of 156—
175 K, the impedance grows and the temperature of
the minimum is frequency-independent, which is typ-
ical of structural phase transitions. The other anomaly
in the form of a step is 0.5% and manifests itself at
T=1360 K.
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x 100% measured at frequencies of (7) 102, 2 104, and (3) 10° Hz.

The effect of the magnetic field on the transport
properties was determined from the /—V characteris-
tics measured in zero magnetic field and in a field of
12 kOe at temperatures of 300, 340, and 380 K
(Fig. 7a). The I—V characteristics are linear and
weakly depend on the applied magnetic field. This is
evidenced by the magnetoresistance determined by

w, where R(H) is the elec-
R(0)

trical resistivity in a magnetic field and R(0) is the
resistivity without field (inset in Fig. 7a). The negative
magnetoresistance exists in the region of magnetically
inhomogeneous states and its value increases with
temperature, attaining a value of —0.04% at T =
380 K. The R(H) dependences confirm a decrease in
the resistivity in a magnetic field. The normalized
resistance (1 —R(H))/R(0)) is shown in Fig. 7b.

the formula 6, =

To explain the experimental results, a model of
superparamagnetic clusters with a random orientation
of the anisotropy axis and orbital angular momenta
was used. A significant contribution to the resistivity
variation with the applied field will give rise to hop-
pings over clusters. The proposed model includes hop-
ping over a lattice with the matrix elements depending
on the mutual orientation of spins on the sites. The
hopping probability increases when the magnetic
moments are parallel and decreases at the other mag-
netization directions. The field dependence of the
normalized resistance is described by the function [34]

(R(H) - R(0))/R(0) = exp(-BHE/kgT) =1, (5)
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Fig. 6. Temperature dependence of (a) the electrical resis-
tivity measured at H = 0 kOe and (b) impedance at fre-
quencies of ® = (/) 1, (2) 50, and (3) 300 kHz for the
BiFe( 95Cog (503 film samples. Inset in (a): magnetization
dependence of the resistivity. Inset in (b): temperature
dependence of the Hall voltage for the same sample.

where B is determined by the combination of the ener-
gies of the Coulomb interaction of electrons in the
impurity region, H is the external magnetic field, and
€ is the electron localization radius.

The dominant contribution of electrons or holes to
the magnetotransport properties is determined by
measuring the Hall voltage in a magnetic field of
12 kOe.

The inset in Fig. 6b shows the temperature depen-
dence of Hall voltage Uy for BiFe;¢sCoy5O5. As the
temperature rises, two temperature ranges with a
change in the Hall voltage sign are distinguished. The
first region (100 K < 7'< 140 K) correlates with these
structural properties and corresponds to a low-tem-
perature surface phase transition. Upon heating, the
Hall voltage passes through a minimum at 320 K and
changes its sign from negative to positive at 7= 360 K,
which points out a change in the carrier type from
electrons to holes. Possibly, the change in the carrier
sign leads to the local compensation of ionized impu-
rities and to the impedance jump (Fig. 6b).
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Fig. 7. (a) I—V characteristics measured in zero magnetic
field and in a field of 12 kOe for the BiFe(, 95Coy (503 films
at 7= (1) 300, (2) 340, and (3) 380 K. (b) Field depen-
dences of the normalized resistance measured at 7 = (/)
300, (2) 320, and (3) 360 K. Inset in (a): temperature
dependence of the magnetoresistance dp

R(H =12 kOe) — R(H =0)

R(H =0)
described by Eq. (5) (solid line).

x 100%. Fitting function

5. CONCLUSIONS

Electron doping of iron with cobalt of the BFO
multiferroic in the BiFe,_ yCoyO; thin-film com-
pounds with a substitution concentration of X = 0.05
leads to an increase in the conductivity by several
orders of magnitude. We established a decrease in the
electrical resistivity upon variation in both the mag-
netic field and temperature in the region of existence
of the inhomogeneous magnetic states determined
from the temperature dependences of the magnetiza-
tion described in the molecular field approximation.
The resistivity growth in the vicinity of the magnetic
phase transition is caused by the carrier scattering by
spin fluctuations. In the absorption spectra, a maxi-
mum was observed near an energy of 0.072 eV, which
was attributed to the low-energy electronic transition
from the localized states to the mobility level edge.
The negative magnetoresistance was related to an
increase in the probability of the transition of electrons
Vol. 63
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between clusters with parallel orientation of magnetic
moments in a magnetic field.

The maximum change in the magnetoimpedance
was found in the low-frequency region in the vicinity
of the low-temperature surface phase transition. The
times of relaxation of conduction electrons related to
the energy transfer to the spin subsystem were deter-
mined. A change in the carrier sign in the region of the
magnetoimpedance and magnetoresistance maxima
was established. The correlation between the magnetic
and kinetic properties of the BiFe¢sCo, (505 films
upon temperature variation was found.
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