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Abstract

Bismuth ferrite films have been synthesized by the burst-mode deposition of the BiFe, ;Co, ,05 solid solutions onto object
glasses. The surface morphology of the BiFe 3Co,, ,0; films has been examined. The effect of electron doping implemented
by substitution of cobalt for iron in the BiFe; ¢Co, ,05 films on their magnetic, electrical, and galvanomagnetic properties
has been investigated at temperatures of 77—600 K in magnetic fields of up to 12 kOe. The negative magnetoresistance
has been observed, which changes its sign in the region of formation of magnetically heterogeneous states and attain its
maximum value above room temperature. It has been established that the magnetoresistance is caused by the competition of
electron hoppings and localization of electrons in a magnetic field. Using the Hall measurements, the carrier type has been
determined. A model of the change in the curriers sign upon heating due to the shift of the chemical potential relative to the

impurity subband has been proposed.

1 Introduction

Multiferroics are promising for solving applied problems of
modern engineering as materials for electronic elements [1,
2]. The interplay of the electric and magnetic subsystems in
multiferroics, which manifests itself as the magnetoelectric
effect, makes it possible to manipulate the magnetic prop-
erties of the materials by an electric field and, vice versa,
change their electrical properties by a magnetic field. The
BiFeO; (BFO) compound is one of the most wide-spread
materials currently used in data processing and storage
devices due to its bright room temperature magnetoelectric
properties and the high temperature of the phase transitions,
including ferroelectric one occurring at 7~ = 1143 K and
antiferromagnetic one observed at Ty = 643 K [3, 4]. The
BFO crystal structure is described well by the rhombohe-
dral space group R3c. The low-temperature (7= 140.3 K)
surface phase transition observed in the BFO nanotubes was
accompanied by a drastic change in the lattice parameter and
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surface charge density [5]. The BFO compound is charac-
terized by the G-type short-range antiferromagnetic order,
in which the Fe* ion is surrounded by six ions with the
opposite spin orientation [6]. The BFO magnetic structure
represents a spin cycloid with a wave period of k = (0.0045,
0.0045, 0) or a period of about 620 +20 A. The magnetic
moments of iron ions rotate in the (110) plane along the
[110] direction of the cycloid [7]. The suppression of the
spin cycloid by adding the 3d and 4f impurities and the
transition from bulk samples to thin films in bismuth ferrite
enhance the magnetoelectric effect [§—11]. The coexistence
of the magnetoelectric effect and conductivity makes it pos-
sible to control the current by both magnetic and electric
field [12]. The giant magnetoresistance (GMR) properties
can be very useful for application, e.g., in magnetoresistive
sensors and magnetic read heads. A significant GMR value
was detected in the Co/Cu, CoFe/Cu, NiFe/Cu, NiCo/Cu,
and other film multilayers [13—15]. The value of the effect
was found to depend on the layer thicknesses or concentra-
tion of, e.g., Fe, in the CoFe/Cu films [16-18].

The electrical properties of the BFO multiferroics can
be changed by doping the material with lanthanum (La),
samarium (Sm), chromium (Cr), manganese (Mn), lead (Pb),
titanium (Ti), niobium (Nb), holmium (Ho), strontium (Sr),
etc. [19, 20]. The Sr doping qualitatively changes the ac
conductivity of the material. It was established that the con-
ductivity is implemented via electron hoppings over oxygen
defects, and the critical concentration of the transition to the
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metal state was determined [21]. The La doping turns the
BiLaFe,Og system into an insulator with a bandgap narrower
than in the initial BFO compound [22].

The substitution of manganese for iron in the BFO sys-
tem leads to the formation of a half-filled impurity sub-
band located above the valence band by 0.9 eV, accord-
ing to the local density approximation (LDA) calculation
of the [Bi4(Fe;sMn)O,g] cluster with the rhombohedral
symmetry R3 [23]. The Mn doping increases the conduc-
tivity described using of the polaron model [24]. In the
BiMnyFe,_5O; films, the migration-type electric polariza-
tion was found, which is related to the space charge accu-
mulation on the crystal and magnetic domain walls [24].
The diode effect found in the BiMnyFe,;_yO; system in the
infra-red (IR) range is caused by the asymmetry of quantum
wells resulting from the electric polarization of the film and
band bending at the film surface. The difference between
the times of carrier thermalization and electron and hole
recombination in quantum wells leads to the formation of
the p—n junction under the IR irradiation [25]. The Mn dop-
ing improves the room temperature ferroelectric polarization
and magnetoelectric coupling.

The dielectric properties of the cluster glass, nano-
particles, and films with Fe partially replaced by Co
(BiFe( 95Coq 0503) were studied [26-29]. The chemical
substitution significantly affects the magnetic and dielectric
properties of BiFeOs;, since it breaks the cycloidal spin and
ensures the high permittivity and magnetization. The mul-
tilayer films can be fabricated by electrodeposition, which
is one of the most flexible techniques due to its low cost
[30, 31]. In [32], the BiFe( 4sCo, (sO5 films were made to
form on the Pt/Ti/SiO2/Si(111) substrates by chemical solu-
tion deposition (CSD). These films exhibited a significantly
lower leakage current as compared with that in the pure BFO
samples. However, a drawback of this method is the pres-
ence of secondary phases. Therefore, the novelty of our work
consists in the choice of a method for synthesizing thin films
(the burst-mode deposition of the solid solutions onto object
glasses) and studying the galvanomagnetic properties of the
films with the high substitution concentration.

The aim of this study is to establish the magnetoresis-
tive effect in the electron-doped BFO multiferroics. Electron
doping was implemented by the substitution of cobalt ions
for iron ones with an additional electron in the 7,, shell. In
the model of strong electron correlations, this corresponds
to the filling of the upper Hubbard subband. The maximum
concentration of current carriers can be obtained within one
crystal structure of the BFO in the region of the critical con-
centration of the crystalline phase transition.
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Fig. 1 XRD pattern of the BiCoyFe;_yO; (X=0.2) film at 7=300 K

2 Experimental data and discussion

The cobalt-doped bismuth ferrite films were obtained
by the burst-mode deposition of the synthesized
BiFe, 4Co, ,05 solid solutions onto object glasses. The
BiFe,;_xCoxO; compositions were prepared from high-
purity Fe, Co, and Bi,0;. The stoichiometric amounts
of the initial components were dissolved in diluted (1:1)
nitric acid evaporated to wet salts. Then, they were dis-
solved in water and a mixture (aqueous solution) of bis-
muth, cobalt, and manganese nitrates was obtained. The
solution of citric acid and ethylene glycol was used as a
gelling agent, which was added to the solution of the stoi-
chiometric amounts of the nitrates. Organic compounds
were removed by heating the product to 450 °C. After that,
bulk samples in the form of tablets with a diameter of 8
mm and a thickness of 1.5 mm were obtained by crushing
the powders and subjecting them to cold isostatic pressing
(~ 2 kbar), followed by annealing at 850 °C for 10 min. To
obtain precursors, the bulk tablets were ground into poly-
crystalline powders with a grain size from 0.1 to 0.3 mm.

The films were deposited in a UVN-71R-2 vacuum
facility. The pressure in a reaction chamber during dep-
osition was 1073 Pa and the temperature of a tantalum
evaporator was kept around 2000 °C. The substrates were
placed at a distance of 10 cm from the evaporator and
their temperature was changed between 250 and 300 °C.
The films were 13X 17 mm in size and had a thickness of
660 nm. The phase composition and crystal structure of
the synthesized BiFe, sCo,,05 films were examined on a
DRON-3 X-ray diffractometer (CuK_ radiation) at 300 K
in the pointwise data accumulation mode. According to the
X-ray diffraction data, the main phase of the synthesized
samples is the BiFe,_yCoyO; (BFCO) compound with the
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rhombohedral structure (sp. gr. R3¢) and crystal lattice
parameters of a =b=0.558 nm and ¢ = 1.380 nm (Fig. 1).
Along with the main BFCO phase, the X-ray diffraction
pattern contains reflections (marked by the asterisk in the
figure) corresponding to the Bi,sFeO5y paramagnetic phase
with a selenite structure (more than 5%) [33].

The surface morphology of the BiFe, 3Co,0; films
was examined by scanning electron microscopy (SEM) on
a Hitachi SU3500/Model3500 microscope and a Hitachi
S-5500 high-resolution electron microscope. The micro-
structure of the samples was characterized on a Hitachi
HT7700 transmission electron microscope (TEM).

The enlarged SEM images of the BiFe, ¢Co,,0; film
surface are presented in Fig. 2. The qualitative and semi-
quantitative composition of the samples was determined
(Table 1). The semi-quantitative composition of the
samples studied on a SEM microscope was found to be
consistent with the expected presence of Co ions in the
BiFe, 4Co, ,0; samples. The elemental composition of the
investigated film is given in Table 1. The elemental map-
ping in the wave and energy dispersion modes reflects the
distribution of elements in the sample. According to the
morphological analysis, coarser grains with wide inter-
grain spacings were observed for the pure BFO thin film

SU3500 20.0kV.5.5mm x30.0k SE

e’

-t
V=T

B T i L
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Fig.2 SEM images of the BiCoy,Fe 95O film obtained on a Hitachi
SU3500/Model3500 SEM with resolutions of a 10000x HV:20 kV
and b 20.0 kV 5.5 mm x 30.0 k and on a Hitachi S-5500 high-resolu-
tion electron microscope with resolutions of (¢) 5.0 kV 0.5 mm x20.0
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Table 1 Spectrum: pointwise semiquantitative analysis

Element AN Series norm. C (wt. Atom. C (at.
%) %)
Bismuth 83 L-series 79.75 29.6
Oxygen 8 K-series 12.25 59.4
Iron 26 K-series 6.59 9.16
Cobalt 27 K-series 1.4 1.85
Total 100 100

[34]. The Co doping of BFO significantly affects the mor-
phology of the BiFe 4Co, ,O; thin films. A similar situa-
tion was observed in the multilayer films containing nickel.
The Ni content influenced the surface morphology of the
multilayer films [35]. The morphology images (Fig. 2)
show that the grain boundaries in the BiFe, 3Co ,05 sam-
ples are significantly reduced as compared with the origi-
nal BFO compound. A decrease in the grain microparti-
cles can improve the electrical properties of the samples.
The surface of the spray-deposited BiFe, 3Co,, ,05 films is

Table 1. Spectrum: Pointwise semi-

quantitative analysis
Element AN norm. C Atom. C
[wt.s] [at.5%]
Bismuth 83 L-series 79, 15 29,60
Oxygen 8 K-series 12;25 59,40
Iron 26 K-series 6,59 9,16
| Cobalt 27 K-series 1,40 1,85

100,00 100,00

Series

Total:

k and (d) 5.0 kV 0.5 mm x 100 k. Inset in (c): TEM images of the
BiCoy ,Fe 9505 film obtained on a Hitachi 7700 microscope and the
film cross-section. Table 1 pointwise semi-quantitative analysis
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highly smooth, which is confirmed by the TEM data. The
cross-sectional images of the BiFe, ;Co,, ,O; thin films are
shown in the inset to Fig. 2c. The analysis of the cross-
sectional TEM images showed that thickness of the films
on glass substrates is about 660 nm.

The magnetization (M) of the BiFe, 3Co,05 film was
measured by the Faraday method in the temperature range of
77—600 K in a magnetic field of 8.6 kOe (Fig. 3). The tem-
perature dependence of magnetization has a small maximum
near 360 K, which is caused by the formation of a magnetic
inhomogeneity. Upon heating above this temperature, the
magnetization smoothly decreases and tends to zero at 600
K, which corresponds to the temperature of the magnetic
phase transition. The formation of a magnetic inhomogene-
ity is caused by the destruction of the spin cycloid.

The substitution of cobalt for iron forms electrically het-
erogeneous states, including the local electric polarization
regions. The trend to the formation of inhomogeneous elec-
tronic states below the temperature of the magnetic phase
transition will lead to the change in the electrical properties
as a result of the chemical potential shift. The resistivity
and I-V characteristics were measured on the samples by
dc two- and four-contact methods in zero field and in a field
of 12 kOe. The temperature dependence of the resistivity of
the polycrystalline BiFe, 3Co, ,05 film at H = 0 is presented
in Fig. 4. In the low-temperature region, the p(T) depend-
ence has a minimum caused by the surface phase transition
observed in the initial BFO compound [11]. As the tem-
perature increases, the resistivity grows due to the carrier
scattering by magnetic inhomogeneities.

The effect of the magnetic field on the transport charac-
teristics of the samples was studied using the field depend-
ences and /-V characteristics measured in zero magnetic
field and in a field of 12 kOe at fixed temperatures between
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Fig.3 Temperature dependence of the magnetization for the
BiCo ,Fe( 9505 film in a magnetic field of H=8.6 kOe
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Fig.4 Temperature dependence of the electrical resistivity for the
BiCoyFe,_xO; (X=0.2) sample in zero magnetic field

80—390 K. Figure 5 presents field dependences of the
magnetoresistance measured at 7=300, 330, 360, and
390 K. In the temperature range of 340—370 K, the mag-
netoresistance changes its sign from negative to positive,
which is consistent with the temperature of the maximum
magnetization. Upon approaching the temperature of the
magnetic phase transition, the negative magnetoresistance
increases in the absolute value. A significant contribution
to the negative magnetoresistance will be made by hop-
pings of electrons over the lattice with the matrix elements
depending on the mutual orientation of spins on the sites.
The hopping probability increases when the magnetic
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Magnetoresistance

-0.04
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Fig.5 Field dependence of the magnetoresistance 6y = %}l;(m for

film BiCo,Fe, 4505 at (1) 300K, (2) 330K, (3) 360K and (4) 390K.
The solid line shows fitting by Eq. (1) at temperatures of 300, 330,
and 390 K and by Eq. (2) at 360 K
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Table 2 Magnetoresistance in

an electric field of 600 V/cm T® Ou (%)
80 2.5
300 —0.11
330 0.04
390 —0.38

moments are parallel and decreases at their other direc-
tions. The field dependence of the negative magnetoresist-
ance is described by the function [36]

(p(H) — p(0))/p(0) = exp (—BHE/kgT) — 1 (1)

where B is determined by the combination of the energy of

the Coulomb interaction of electrons in the impurity band,
H is the external magnetic field, and £ is the electron locali-
zation radius.

The smooth growth of the resistance in a magnetic field
at temperature 360 K is caused by the formation of magneti-
cally heterogeneous states. In the local region of film with
the maximum magnetization, electrons can localize with
the formation of the Landau levels [37]. The existence of
domain walls with the high carrier mobility leads to the lin-
ear dependence of the resistance on the magnetic field [38].
The magnetoresistance is governed by the two mechanisms
and expressed as

(p(H) = p(0))/p(0) = =1 + exp (-BHE/kgT) +aH  (2)

where a is the fitting parameter. This model satisfactorily
describes the experimental data and the maximum magne-
toresistance is related to the competition between the hop-
ping mechanism of electrons and their localization.

The I-V characteristics reveal a slight nonlinearity and
their slope changes with increasing temperature. The relative
change in the resistance (dy) calculated using the formula

= 1%?)1;(0), where R(H) is the electrical resistance in a
magnetic field and R(0) is the resistance without field are
given in Table 2. The growth of the electric field by two
orders of magnitude leads to a significant decrease in the
magnetoresistance absolute value due to the stronger delo-
calization of carriers and an increase in the carrier
mobility.

The observed difference of the behavior of the magneti-
zation and magnetotransport properties from those of the
initial BFO compound is caused by the microstructure vari-
ation induced by doping with Co ions. A similar difference
was observed in the multilayer films in [39].

The carrier type was determined using the Hall meas-
urements. The Hall voltage (Uy) was measured in the tem-
perature range of 100—400 K in a magnetic field of 12 kOe
(Fig. 6). In the measurements, the spurious internal voltages

@ Springer
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Fig.6 Temperature dependence of the Hall voltage Uy for the
BiCoyFe,_xO; (X=0.2) sample. Inset: the change in Uy in the tem-
perature range of 250—380 K

induced by side galvano- and thermomagnetic effects and the
asymmetry of contacts were taken into account. The change
in the Hall voltage sign from negative to positive in the tem-
perature range of 150—360 K was established. If the product
ny, = puy, of the concentration and mobility is independent
of the carrier type, at T = 360 K the positive magnetore-
sistance and maximum in the temperature dependence of
magnetization are observed. In the low-temperature region,
the temperature corresponding to the minimum Hall voltage
coincides with the temperature of the surface phase transi-
tion, which is indicative of an increase in the concentration
and mobility of electrons as compared with those of holes
[5]. The Hall voltage passes through the positive maximum
at T = 220 K, which is apparently related to the change in
the position of the chemical potential in the impurity region.

In heterogeneous semiconductors with the Coulomb
potential fluctuations, the conductivity is determined by
positioning of the chemical potential between the impurities
subbands for electrons and holes (Fig. 7a, b). In the poly-
crystalline BiFe ¢Co, ,O5 film with the high cobalt content,
the impurity subband forms from cobalt ions and the posi-
tion of the chemical potential changes with temperature. We
present the electron spectrum consisting of the valence band,
conduction band, and impurity subbands at temperatures
below and above 200 K. At 7<200 K, the chemical poten-
tial lies in the upper part of the impurity subband closer to
the conduction band edge, which is qualitatively confirmed
by the Hall measurement data and maximum growth of the
resistance (Fig. 7). Upon heating above 200 K (Fig. 7b), the
chemical potential shifts to the bandgap center due to the
change in the magnetic state of the film and the transport
properties are determined by the transition from the valence
band to the hole-type impurity band.
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Fig. 7 Electron spectrum consisting of the valence band (VB), con-
duction band (CB), impurity subbands, and chemical potential (u) for
the BiCo,,Fe 9505 sample at a T<200 K and b 7>200 K

3 Conclusion

The magnetoresistive effect near the critical concentration
X, = 0.2 of the structural transition in the BiFe;_4Cox0;
system with the multiferroic properties was established. The
microstructure of the BiFe;_yCoyOj; thin film were found to
be significantly affected by doping with Co ions. The cor-
relation of the maximum magnetoresistance and magneti-
zation temperatures was found. It was shown that, in this
temperature range, the resistance increases in a magnetic
field, which is caused by the competition between electron
hoppings and localization of electrons with the formation
of the Landau levels. The carrier type responsible for the
positive and negative magnetoresistance was determined.
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