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a b s t r a c t

The structural, magnetic, transport, and magnetotransport properties of Fe3O4 thin films with thick-
nesses from 38 nm to 95 nm are systematically investigated. The occurrence of the Verwey transition in
these films at a temperature of about 120 K is established. It is found that the temperature dependences
of the magnetic moment have a feature near 40 K, which can be attributed to the multiferroic phase.
According to the X-ray diffraction data, the film structure represents a (001) texture. As was established
using transmission electron microscopy, the height and width of texture crystallites increase with film
thickness. Analysis of the temperature dependences of the resistivity showed that the dominant carrier
transport mechanism in the films is thermoactivated tunneling. The thermoactivation energy, along with
the room-temperature resistivity, decreases with increasing film thicknesses, which is most likely related
to the variation in the crystallite size, especially in the crystallite width. The field dependence of
magnetoresistance behaves similarly over the entire temperature range and has a positive MR peak in
weak fields, which is related to spin-dependent tunneling through Fe3O4 grains and antiferromagneti-
cally coupled antiphase boundaries.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magnetite (Fe3O4) is a well-known magnetic material with a
Neel temperature of TN ¼ 860 K and the cubic inverse spinel
structure, in which Fe3þ ions occupy the tetrahedral A sites and
octahedral B sites and Fe2þ ions, only the octahedral B sites.
Magnetite is a ferrimagnet, since the magnetic moments of iron
ions in the A and B sites are antiparallel and uncompensated. Since
at high temperatures Fe2þ and Fe3þ ions are dynamically distrib-
uted over the crystal, the resistivity of magnetite is relatively low
due to hopping conductivity between Fe2þ and Fe3þ ions. Below
120 K, the resistivity sharply increases due to the charge ordering of
ics, Russian Academy of Sci-
Fe2þ and Fe3þ ions, which is accompanied by the crystal symmetry
change from the cubic inverse spinel Fd3m to noncentrosymmetric
monoclinic Cc; i.e., the Verwey transition occurs [1e3]. However,
the Verwey charge ordering hypothesis [1] is correct to the first
approximation. As was shown in recent works [4,5], electrons are
not completely localized, but distributed over three B sites with the
formation of a charge density wave along the infinite B chain. One
more transition of unclear origin is observed below 40 K. According
to the experimental data reported in Refs. [6,7], below 40 K
magnetite exhibits the multiferroic properties.

In addition, magnetite is interesting for application in spintronic
devices, since it has the extremely high (~80% [8e10]) degree of
spin polarization of conduction electrons and high TN. Magnetite
can be epitaxially grown on semiconductor substrates with a sub-
layer [11]. Moreover, the electrical spin injection into GaAs by a
magnetite spin injector has recently been demonstrated [12]. In
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view of this, the attention of researches has been focused upon the
transport and magnetotransport properties of the magnetite films
[13e17] andmultilayered structures [18e20]. It was shown that the
magnetoresistance (MR) of magnetite can be negative in epitaxial
[13] and polycrystalline films [14], positive in weak magnetic fields
and negative in strongmagnetic fields; i.e., theMR in epitaxial films
changes its sign with increasing magnetic field [15e17]. These ef-
fects are attributed to the antiferromagnetically coupled antiphase
boundaries (AF APBs) and structural defects, which are formed in
the {110} planes and characterized by the (1/4)a[110] crystal
translation [21]. In this case, antiferromagnetic ordering is estab-
lished at the interface between two ferrimagnetic regions. The
formation of such defects underlies the occurrence of the anoma-
lous magnetoresistance.

The aim of this studywas to investigate the structural, magnetic,
transport, and magnetotransport properties of textured Fe3O4 thin
films of different thicknesses reactively deposited onto Si wafers.
Magnetic field dependences of MR behave similarly over the entire
temperature range and contain a positive MR peak in weak fields.
The observed MR effect is attributed to spin-dependent tunneling
across Fe3O4 grains and AF APBs, whose concentration in the pre-
pared textured Fe3O4 (001) films can be sufficiently high.

2. Experimental

Fe3O4 thin films with thicknesses from 38 to 95 nm were syn-
thesized by reactive deposition of Fe onto the SiO2/Si(001) surface
in the O2 atmosphere at a substrate temperature of 300 �C. The
experiments were carried out in an ultra-high vacuumMBE system
equipped with a 20-keV reflection high-energy electron diffraction
(RHEED) and spectral ellipsometry tools. During deposition, the
partial molecular oxygen gas pressure was kept constant at a level
of about 3 � 10�6 Torr. Iron was thermally evaporated from an
alumina crucible at a rate of 2.5 nm/min. The n-Si(001) wafers with
a doping density of ND ¼ 6�1014 cm�3 (resistivity of 7 U cm) were
used as substrates. Before loading into a vacuum chamber, the
Si(001) substrates were coated with an ultrathin (~1.5 nm) SiO2
layer grown by boiling the Si substrate in nitric acid for 5 min.

X-ray diffraction (XRD) investigations were carried out on a
PANalytical X'Pert ProMPD diffractometer with a PIXcel high-speed
detector and graphite monochromator (CuKa radiation) in the
angular range of 28e60� 2Q. The degree of preferred orientation
and cubic lattice parameter were determined by the full-profile
derivative difference minimization (DDM) method [22]. In
Fig. 1. XRD and AFM images of the 55-nm-thick Fe3O4 film on the Si(001) wafer. (a) XRD pat
profiles, reflection positions and indices. (b) AFM image and cross-sectional profile for two
addition, the film structure was studied by atomic force microscopy
(AFM) and cross-sectional transmission electronmicroscopy (TEM).
The magnetic properties were studied on a PPMS-9 Physical
Property Measurement System. Ferromagnetic resonance (FMR)
spectra were measured using a Bruker ELEXSYS E580 system in the
X band (9.45 GHz). Resistivity and MR were measured in the four-
probe configuration on an original facility comprising a helium
cryostat, an electromagnet, and a Keithley's-2400 precision cur-
rent/voltage source meter.

3. Results and discussion

3.1. Structural characterization

Fig. 1a shows an XRD pattern of the 55-nm-thick Fe3O4 film. The
absence of any peaks, except for the Fe3O4 reflections, indicates that
the film contains no impurities or foreign phases. The full-profile
DDM refinement of the XRD pattern revealed the best agreement
between the observed and calculated diffraction intensities for a
model of preferred orientation of the Fe3O4 crystallographic plane
(001) with an orientation degree of 30%. The calculated lattice
constant is 8.398(6) Å, which is consistent with the lattice constant
of the bulk crystal (8.396 Å) within the experimental error [23].

Fig. 1b shows an AFM image of the sample surface. One can
clearly see grains about 70 nm in size. This surface morphology
characterizes all the investigated films. To analyze the films
microstructure in more detail, we carried out TEM investigations.
Cross-sectional TEM images of the Fe3O4/SiO2/n-Si structures are
presented in Fig. 2. The dark-field TEM imagewas obtained for (311)
and (222) Fe3O4. First, one can see the film of uniform thickness
with crystallites of nearly the same height (Fig. 2a and b). Second,
under stronger magnification, the atomic planes of the Fe3O4
crystal and the SiO2 layer can be clearly seen (Fig. 2c and d). Third,
the height and width of crystallites increase with film thickness
(Fig. 2deg). This correlation, however, can be followed only until
the thickness of 55 nm; as the thickness increases from 55 to 95 nm,
the crystallite width does not proportionally grow. These details
were not revealed by AFM study, probably, because of the canti-
lever curvature radius of ~20 nm.

3.2. Magnetic properties

The magnetic properties were measured in a magnetic field
parallel to the film plane. Zero-field-cooling (ZFC) and field-cooling
terns after full-profile DDM refinement. (1) Observed, (2) calculated, and (3) difference
grains.



Fig. 2. (a) Dark- and (b, c) bright-field cross-sectional TEM images of the Fe3O4(55 nm)/SiO2/n-Si structure at different magnifications. (deg) Images of the films with thicknesses of
38, 46, 55, and 95 nm.
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(FC) curves M(T) were obtained in a magnetic field of 2 kOe (Fig. 3).
First, we observe a sharp decrease in the magnetic moment upon
cooling, which is indicative of the occurrence of the Verwey tran-
sition [1] caused by charge ordering of Fe3þ and Fe2þ ions and the
symmetry lowering to the noncentrosymmetric monoclinic Cc
symmetry. In the investigated film with a thikness of 55 nm, this
transition occurs at a temperature of ~120 K, which is very close to
the value for the bulk single crystal [2] and other magnetite thin
films [24e27]. The Verwey transition around 120 K proves high
quality and good stoichiometry of the film. The other feature is
observed in the magnetization curves at a temperature of about
40 K and can be related to another transition, which can be
Fig. 3. FC and ZFC temperature dependences of magnetization in a magnetic field of
2 kOe (left axis). Temperature dependence of FMR out-of-plane resonance field (right
axis).
accompanied, along with the magnetic moment variation, with the
spontaneous electric polarization onset and susceptibility and
permittivity peculiarities [6,7,28,29]. Ziesse et al. [7] showed that at
this temperature magnetite transforms to the multiferroic phase.

The magnetite ferrimagnetic state is confirmed by the presence
of hysteresis loops (Fig. 4). In addition, Fig. 4 shows two groups of
dependences with different coercivities HC, which are separated by
the Verwey transition temperature TV. Above this temperature, HC
is about 300 Oe, and below this temperature, about 900 Oe. These
values are higher than HC of the bulk single crystal, but typical of
the epitaxial thin films [30,31]. The significant difference between
Fig. 4. Field dependences of magnetization for the Fe3O4/SiO2/n-Si structure at
different temperatures.
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the HC values below and above TV is caused by the change in the
magnetocrystalline anisotropy constants at the transition at 120 K
[32,33]. We attempted to find these variations by measuring the
angular dependences of the parameters of FMR spectra and
analyzing their behavior (not shown here). The azimuthal de-
pendences of FMR parameters were found to be isotropic.
Comparative analysis of the polar dependences of the FMR pa-
rameters below and above TV showed no output of the easy
magnetization axis from the plane. Possibly, themagnetocrystalline
anisotropy variation was not directly observed because the films
are textured and their orientation degree is only 30%. Nevertheless,
the temperature dependence of out-of-plane resonance field Hr
agrees well with the M(T) behavior (Fig. 3).

3.3. Transport properties

Temperature dependences of resistivity r were measured for
four samples with thicknesses of 38, 46, 55, and 95 nm in the
temperature range of 80e273 K (Fig. 5). At 300 K, resistivity r for
the two thinner samples was about 25 mU cm; for the 55-nm-thick
sample, 10 mU cm; and for the 102-nm-thick sample, 8 mU cm,
which is somewhat higer than the resistivity r ¼ 4 mU cm of the
bulk Fe3O4 crystals [2]. An increase in the resistivity with
decreasing thickness can be explained by a decrease in the grain
size, especially in the crystallite width, and an increase in the
number of grain boundaries with decreasing thickness. The ob-
tained temperature dependences do not contain a sharp resistivity
jump below TV, which would be characteristic of single-crystal
magnetite. Only a slight inflection in the ln(r) vs 1/T curve can be
observed in a narrow temperature range around TV (inset in Fig. 5).
At the same time, over the entire temperature range the resistivity
curves can be approximated by the equation of thermoactivated
tunneling between nearest grains in a granular system [34].

r ¼ r0 exp

"
2
�
C
kB

�1=2
T�1=2

#
; (1)
Fig. 5. Temperature dependences of resistivity of the magnetite films. Insert: ln(r) vs
1/T plot (solid line) with the linear fitting (dashed line).
where C is the activation energy and kB is the Boltzmann constant
(Fig. 6). This equation describes carrier transport in granular sys-
tems and magnetite polycrystalline films [26,35,36].

Taking into account that the dependence of ln(r) on (1/T)1/2 is
linear and the resistivity does not sharply increases below 120 K, it
would be reasonable to suggest that the dominant carrier transport
mechanism is tunneling across the interface between two adjacent
grains. In this case, the grain boundaries are possibly misoriented
and electron tunneling occurs through the amorphous Fe3O4 phase.

Using Eq. (1), we extracted the fitting parameter A ¼ 2ðC=kBÞ1=2
and C for all the films and the entire temperature range of
80e273 K. In addition, using the Arrhenius law, we calculated the
activation energy Ea (r ¼ r0exp(Ea/kBT)) for temperatures from 125
to 200 K. The approximation data are given in Table 1. Comparing
the C and Ea values, we can understand why we did not observe a
sharp resistivity jump below TV. The intergrain tunneling energy
exceeds the polaron hopping energy by a factor of about 7 for all
films thicknesses. As for the Ea value, it is slightly higher than the
values typical of the epitaxial films (50e70 meV [35,37]), which is
no surprise, since our films are textured. In addition, as can be seen
from Table 1, both the C and Ea parameter decrease with increasing
film thickness; for C, this occurs faster than for Ea. As in the case of
the room-temperature resistivity, this behavior is consistent with
the TEM data. Obviously, as the crystallite width is increased with
increasing film thickness, the number of grain boundaries and,
consequently, their contribution to the resistivity, decrease and
both the intergrain tunneling energy and polaron hopping energy
lower. The data on the transport properties show that the equiva-
lent resistivity of grains is lower than the equivalent resistivity of
the interface and, as a result, the features of the electrical properties
of magnetite are barely observed.
3.4. Magnetotransport properties

To studymagnetotransport properties of the films, wemeasured
field dependences of MR at temperatures of 300 and
77 K (MR ¼ 100% � [R(H) � R(0)]/R(0)) (Fig. 7). In our experiment,
Fig. 6. ln(r) vs 1/T1/2 in the temperature range of 80e273 K.



Table 1
Fitting parameters.

d, nm ln(r) ~ A$(T�1/2) C, eV ln(r) ~ A$(T�1) Ea, eV

38 173.42 0.64788 1027 0.0885
46 170.77 0.62823 1006 0.0877
55 163.76 0.57771 976 0.0841
95 160.16 0.55259 940 0.0810

Fig. 8. Field dependence of MR for the magnetite films and approximation by Formula
(2).
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themagnetic field was applied in the (001) film plane parallel to the
current (left inset of Fig. 7). For all film thicknesses, the field de-
pendences behave qualitatively similarly. The quantitative differ-
ence is observed only for the thickest film in magnetic fields over
1 kOe. ThemaximumMR values were obtained for the 95-nm-thick
film. The room-temperature MR of this sample in a field of 8 kOe
is �1.6%. As the temperature is decreased below TV, the MR value
grows and attains �2.6%.

In magnetic fields below 2 kOe, the hysteresis and positive MR
peak are observed in the MR curves (right-hand insert in Fig. 7). At
temperatures below TV, theMR peak shifts toward stronger fields in
accordance with the coercivity growth in the hysteresis loops
below TV. The similar field dependences of MR were obtained for
the epitaxial Fe3O4 films [15e17,38] and attributed, in particular, to
the spin-dependent carrier transport across the AF APBs, which
exists in both single crystals [39] and films [13,21,40]. In addition,
taking into account the 30% degree of crystallite orientation and
transport properties of the films, we should make allowance for the
spin-dependent tunneling between grains. Then, the field de-
pendences of MR can be described using the expression proposed
in Ref. [15] for the Fe3O4 films

MR �
X

AiðM=MSÞ2i; (2)

where M and MS are the magnetization and saturation magneti-
zation, respectively and Ai is the coefficient for different terms of
the sum. We fitted the experimental data obtained for all the films
at different temperatures to the data calculated using this equation.
Fig. 8 shows that the experimental MR cruve is fitted well by the
first two terms (A1 ¼ �1.10 and A2 ¼ �0.35) of Eq. (2). The use of
Fig. 7. Field dependences of MR for the magnetite films of different thicknesses at 300
and 77 K. Insert: the same dependences in weak magnetic fields.
only the first term of the sum, which corresponds to MR of
noninteracting granular systems, does not allow the observed de-
pendences to be correctly described. Therefore, we may assume
that the magnetotransport properties are determined not only by
tunneling across grains, but also by tunneling across the AF APBs
inside them. Matsuzaki et al. [38] obtained similar MR curves for
annealed Fe3O4(111) epitaxial thin film, where the MR peaks
appeared only below TV. In our curves, this effect is observed over
the entire temperature range. Recently, Dho et al. [17] reported the
positive room-temperature MR in the (110) plane in weak fields. In
Refs. [21], it was demonstrated using high-resolution TEM and
density functional theory calculations that APB defects in the {110}
planes are unusually stable and induce antiferromagnetic coupling
between adjacent domains. Note that in our experiment the MR
values were measured in the direction perpendicular to the {110}
planes. In other words, spin-polarized electrons can face many AF
APBs on their path. Thus, we can conclude that the observed MR
effect is related to spin-dependent tunneling across Fe3O4 grains
and antiferromagnetically coupled antiphase boundaries, the con-
centration of which in our Fe3O4 (001) textured films can be suf-
ficiently high.

4. Conclusions

The structural, magnetic, and magnetotransport properties of
Fe3O4 (001) thin films prepared by reactive deposition of Fe in the
oxygen atmosphere were investigated. Analysis of the XRD data
showed that the preferred orientation of the samples is (001) and
their orientation degree is 30%. Using the cross-sectional TEM
technique, we established that the crystallite height and width
increase with film thickness. Temperature dependences of the
magnetic moment have two features, one of them being observed
at 120 K and attributed to the Verwey transition and the other,
observed at 40 K and attributed to the ferroelectric phase [6]. The
resistivity measurements of the samples with thicknesses of 38, 46,
55, and 95 nm in the temperature range of 80e273 K showed that
the dominant carrier transport mechanism in the films is ther-
moactivated tunneling. The thermoactivation energy lowers with
increasing film thickness, which can be caused by the crystallite
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width variation. Meanwhile, the room-temperature resistivity of
the 55- and 95-nm-thick films is similar to the value for the bulk
crystals. At the same time, the specific shape of the field de-
pendences of MR indicates that spin-dependent tunneling occurs
across Fe3O4 grains and antiferromagnetically coupled antiphase
boundaries. Thus, using reactive deposition of Fe in the oxygen
atmosphere, we managed to obtain the high-quality films, which
exhibit all the main properties typical of the epitaxial magnetite
films. Nevertheless, the growth technology needs further
improvement.
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