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The magnetoresistance �MR� behavior of epitaxial magnetite Fe3O4 grown on low-vicinal �small miscut� and
high-vicinal �large miscut� MgO substrates is compared. Magnetization measurements on Fe3O4 films on
high-vicinal substrates showed reduced magnetic moment as compared with the films grown on low-vicinal
MgO, which correlates well with the expected reduction in magnetic moment due to step edge induced
additional antiphase boundaries �APBs� with out-of-plane shift vectors. The MR is significantly higher �12.3%
at 2 T� for a 45 nm Fe3O4 film on high-vicinal substrate than that observed �7.2% at 2 T� for a film on
low-vicinal substrate. A strong anisotropy in the MR is observed in correlation with the direction of atomic step
edges. In addition to the increase in MR, the field dependency of the MR is also modified. The observed
modification in the magnetotransport behavior of epitaxial Fe3O4 films is attributed to an enhanced spin
scattering arising due to the presence of atomic height steps that lead to the formation of a greater density of
antiferromagnetically coupled APBs.
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INTRODUCTION

Recently, there has been a considerable amount of activity
in the area of spin-dependent transport studies in magnetic
nanostructures. The interest is driven by intriguing funda-
mental physics issues involved and the technological poten-
tial of such materials for spin electronic devices.1,2 Among
others, the simplest devices are spin valves and magnetic
tunnel junctions, which are realized by separating two ferro-
magnetic electrodes by a normal metal or an insulating bar-
rier, respectively.3,4 Half metallic ferromagnetic �HMFM�
materials possess 100% spin polarization and are expected to
play an important role in spin-electronic devices. Some ex-
amples of half metallic ferromagnetic materials are: rare
earth doped manganites, double perovskites, CrO2, magnetite
�Fe3O4�, several Heusler alloys, etc.5–7 Consequently, there
are several reports on investigation of tunnel junction and
spin valve devices made from these materials.8–10 Alternative
methods for growing biepitaxial junctions on step edges, bi-
crystals, and patterned surface have been utilized to attain
better low-field magnetoresistance �MR� response.11–13 An
understanding of the mechanisms which govern the MR in
these systems is complicated since they depend on many
factors such as magnetic impurities, structural disorder, band
structure, interfacial roughness, etc.14,15

Magnetite �Fe3O4� is an important half metallic ferromag-
net with a high Curie temperature �Tc=858 K�.16 Because of
its small lattice mismatch �−0.34% � with MgO, epitaxial
growth of Fe3O4 thin films can be readily achieved on these
substrates using a variety of deposition techniques.17–23 The
epitaxial growth of Fe3O4 on MgO suffers from the forma-
tion of antiphase boundaries �APBs�, which are formed as a
natural growth defect due to differences in the translational
and rotational symmetry between Fe3O4 and MgO.18,20,23

The presence of APBs in epitaxial Fe3O4 films introduces
local structural modifications and alters the magnetic
interactions at the boundary making them predominantly
antiferromagnetic.24 This strongly affects the magnetic and

electronic properties of the epitaxial Fe3O4 films. Because of
the presence of APBs magnetization shows an anomalous
behavior and it is difficult to saturate the films even with
strong magnetic fields of up to several T, although the aniso-
tropy field is only �300 Oe for bulk Fe3O4.18 Ultrathin
Fe3O4 films �below 5 nm� exhibit super-paramagnetic
behavior.20 The MR behavior of magnetite thin films has
been widely studied in films on different substrates such as
MgO and MgAl2O4.21,25–27 Compared to bulk magnetite, ep-
itaxial Fe3O4 films show a greater MR, which is difficult to
saturate even in strong magnetic fields. So far, the magnitude
of MR observed in epitaxial films has not exceeded 8% for a
magnetic field strength of 2 T. The unusual MR behavior of
Fe3O4 films is attributed to the presence of APBs, and a spin
valve mechanism was proposed by Eerenstein et al.25 They
have modeled the observed MR across the APBs employing
a hopping conductivity model in which the spin-polarized
transport occurs across the antiferromagnetic interface be-
tween two ferromagnetic chains. This model predicts a large
MR effect across a single boundary. However, due to the
random network of APBs obtained in Fe3O4/MgO heteroepi-
taxy, this effect is greatly smeared and it is not possible to
obtain any quantitative information.

In this study we have employed a new approach, which
allows for a selective extraction of the contribution of the
antiphase boundaries from the total MR. In our study the
MgO substrate has a miscut with respect to a low-index
plane �100�. In this case the islands of Fe3O4 forming at
different atomic terraces nucleate independently from each
other. Consequently, as the nucleation islands grow there is a
significant chance that antiphase boundaries are formed
along the step edges of the atomic terraces. This provides a
unique way to engineer the APB density and their orientation
in epitaxial magnetite films through the control of the miscut
angle of the substrate. As the density of the APBs aligned
along the step edges is greater than in the perpendicular di-
rection, one expects to find a difference in the MR for current
driven along and perpendicular to the direction of the step
edges. It is important to emphasize that in the case of the film
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grown on the MgO �100� substrate the crystallographic an-
isotropy makes no contribution to the measurements. Indeed,
the two orthogonal directions on the �100� surface of a cubic
crystal always correspond to equivalent crystallographic di-
rections �e.g., �110� and �1–10��. Consequently, we decided
to perform experiments on the MgO �100� substrate. In this
study we measure the MR of Fe3O4 thin films for different
substrate miscut angles and compare the results of MR along
and perpendicular to the step edge direction.

We should point out that there has been some effort to
improve the MR properties of magnetite films by utilizing
bicrystal substrates28 and microscopic step edge array on sur-
faces patterned by means of lithography.29,30 The authors ob-
served an enhancement in the MR that was not high in the
low fields and was due to the spin-dependent electron trans-
port across the magnetic clusters formed at the step edges.
The studies28–30 were not concerned with the APBs and in-
deed in the case of Fe3O4/MgAl2O4 the APBs are not
formed as the film and substrate have the same kind of sym-
metry.

EXPERIMENTAL

Fe3O4 thin films used in the present study have been
grown on �100� oriented MgO single crystal substrates using
an oxygen plasma assisted molecular beam epitaxy �MBE�
�DCA MBE M600, Finland� with a base pressure 5
�10−10 Torr. We used two kinds of MgO �100� substrates:
the first ones are low-vicinal �100� oriented single crystal
substrates with a nominal miscut ±0.5° along an arbitrary
direction and the other set of substrates had a 2° miscut on
�100� oriented substrate along �011� direction within the ac-
curacy of ±0.1°. The substrates were chemically cleaned
prior to their insertion into the growth chamber and then
cleaned in situ at 600 °C in UHV for 1 h followed by an-
nealing in 1�10−5 Torr oxygen for 6 h duration. Growth of
the Fe3O4 films has been carried out by means of electron
beam evaporation of pure metallic Fe �99.999%� in presence
of free oxygen radicals generated by the ECR �Electron Cy-
clotron Resonance� plasma source �OSPrey Plasma Source,
Oxford Scientific, UK�. The plasma source was operated at
80 W in an oxygen atmosphere of 1�10−5 Torr. Substrate
temperature during growth was 250 °C. Details of the
growth procedure are given elsewhere.31 Reflection high-
energy electron diffraction �RHEED� was employed to con-
firm the epitaxial growth and establish the growth mode. The
presence of the RHEED intensity oscillations confirms that
the films grow in a layer-by-layer mode �0.3 Å/s�.

For electrical resistivity and magnetoresistance measure-
ments a standard dc-four probe technique has been em-
ployed. The sample is mounted on a copper block fitted onto
a cold finger of the closed cycle refrigerator. Temperature of
the sample stage is monitored using a GaAlAs thermometer
and controlled within ±0.05 K. For magnetotransport mea-
surements, the cold finger is inserted into a variable field
permanent magnet �Multimag, Magnetic Solutions, Ltd., Ire-
land�. Using this magnet, it was possible to vary the strength
�maximum field of 2 T� and orientation of the magnetic field
in a desired direction. The magnetoresistance results reported

here are obtained by keeping the direction of magnetic field
and current parallel to each other unless otherwise stated.
The MR is defined as MR% = �R�H�−R�0� /R�0��*100,
where R�H� and R�0� are the resistances of the sample with
and without field, respectively. To determine the magnetore-
sistance anisotropy, the measurements have been carried out
by passing current in two directions, which are orthogonal to
each other, i.e., along and perpendicular to the direction of
miscut �MC�.

The miscut of the samples has been measured using the
high-resolution x-ray diffraction �HRXRD� technique. To de-
termine the miscut of the sample, the �-rocking curves for
�200� Bragg reflection of the substrate are measured at sev-
eral azimuths. From the variation in incidence angle required
to achieve the Bragg condition with the sample azimuth and
fitting it using a sine function we determine the amplitude
and direction of miscut.

RESULTS AND DISCUSSIONS

In the present study we provide comparative results on
two 45 nm thick Fe3O4 films grown on low- and high-vicinal
MgO �100� substrates, hereafter referred to as samples 1 and
2, respectively. Low- and high-vicinal samples had a miscut
of 0.5° and 2.0°, respectively, along the �011� direction. In
Figure 1 we show the RHEED images of the high-vicinal
MgO �100� substrate recorded at room temperature after the
UHV heat treatment �Figs. 1�a� and 1�b��. These images
were recorded in �011� directions. Small changes observed in
the separation of vertical streaks are due to variations in
incidence angle of the electron beam for different azimuths.

FIG. 1. RHEED images of high-vicinal MgO �100� substrate
after the UHV heat treatment measured in �011� azimuths at room
temperature with an incident electron beam direction �a� along and
�b� perpendicular to the step edges direction, respectively. �c� and
�d� are the RHEED images after the growth of 45 nm Fe3O4 film
with an incident electron beam along and perpendicular to the step
edges, respectively. Variations in streak separation are due to small
changes in incidence angle of the electron beam for different azi-
muths. The dashed line in image �b� represents the shadow edge.
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Figures 1�a� and 1�b� correspond to the case when electron
beam is incident parallel or perpendicular to the step edge
directions, respectively. For the case when the electron beam
is incident along the step edges, the vertical lattice rods and
sharp Kikuchi lines are observed. Sharp horizontal Kikuchi
lines are observed only when the direction of incident elec-
tron beam is perpendicular to the step edges, which repre-
sents increased inelastic scattering due to the presence of
atomic steps. These horizontal Kikuchi lines were found to
have a tilt with respect to the shadow edge and were used to
determine the average miscut angle of the substrate, which
comes out to be 2.05°. We also checked the surface tilt from
the position of the two diffracted spots marked with arrows
in Fig. 1�b� with arrows using the following relation32:

�c =
��e�

2�/sd − 1
, �1�

where ��e� represent the average exit angle of the two dif-
fraction spots, d is the planer spacing, and s denotes the spot
separation in reciprocal lattice units. This gives a miscut
angle of 2.1°. In Figs. 1�c� and 1�d� we show the RHEED
pattern recorded after the growth of 45-nm Fe3O4 film on
high-vicinal MgO�100� substrate. Additional streaks corre-
sponding to Fe3O4 are situated in the middle of the MgO
streaks. Other features are quite similar to those of the sub-
strate for the case when the electron beam is incident along
the step edges. For the incident beam direction perpendicular
to the step edges there are additional features observed, and
there are slashes alongside the vertical rods due to the
additional periodicity arising from the terrace width. The
average terrace width determined from the separation be-
tween the slashes and the diffraction streaks for the film is
5.69 �±0.5 nm� nm. The average miscut for sample 1 was
found to be 0.5° within the accuracy of RHEED measure-
ments. However, due to the larger terrace width of 24.05 nm
for this sample, the additional slashes corresponding to the
terraces were not observed. Instead, a broadening of streaks
was noted. The estimated values of average miscut angles for
both the samples were in good agreement with the results
obtained through HRXRD measurements. HRXRD results
showed that the average miscut angle for the substrate and
the film after the growth were the same.

Figure 2 shows the �-2� rocking curves measured at
room temperature for �200� and �400� Bragg reflections of
the substrate and thin film respectively for samples 1 and 2.
The horizontal axis in the figure is shown with reference to
the Bragg angle for symmetric �200� reflection of MgO sub-
strate. The curves are shifted along the vertical axis for clar-
ity. From the separation between the film and substrate Bragg
peaks we determine the out-of-plane lattice constant. For
both the samples it is found to be 0.8372 nm. The full width
at half maximum �FWHM� for the thin film peak is found to
be 0.065 and 0.077 degrees for samples 1 and 2, respec-
tively. Larger FWHM of the thin film peak for sample 2
represents additional scattering contribution arising from the
presence of step edges. The in-plane lattice parameters of the
films were determined from the asymmetric �622/311�
Bragg reflections �not shown�. We find that the in-plane lat-

tice constant of Fe3O4 thin film �0.84236 nm� is twice that of
the MgO substrate �0.4213 nm�. Weak shoulder observed
near the substrate peak for the �-2� rocking is Keissing
fringe indicating a sharp interface between film and sub-
strate. From the in situ RHEED and ex situ HRXRD charac-
terization, we infer that the films grow pseudomorphically
and maintain one-to-one registry with the MgO substrate.
The unit cell volume of the film is a good indication of the
film stoichiometry and is consistent with bulk magnetite sug-
gesting that the films are stoichiometric.

Figure 3 shows the in-plane hysteresis loops measured
at room temperature for both samples. Magnetization �M�
values attained for samples 1 and 2 at 1 T field were found to
be 468 and 445 emu/cm3. These values are smaller
than the saturation magnetization value of bulk Fe3O4
�480 emu/cm3�. It was not possible to saturate both the
samples with the maximum available field strength of 1 T
with the measurement set up. Observation of reduced mag-
netization and finite slope seen at higher fields is indicative
of the presence of areas with frustrated exchange. Observa-
tion of reduced M and inability to saturate epitaxial Fe3O4
films is attributed to the presence of APBs.18,20 The reduction
in M was found to increase with the miscut angle and we
relate this to the presence of step edges which enable the
formation of additional APBs.

In order to estimate the contribution of step edges induced
APBs to the observed reduced magnetic moment, one needs
to work out their probability of formation along a given step
edge. These estimates rely on certain assumptions in relation
to the mechanism of nucleation of magnetite on MgO.
Before going into the analysis in detail, it could be helpful to
remind the reader that the crystal structure of magnetite is
based on the fcc oxygen sublattice, similar to the oxygen
sublattice of MgO. In this sublattice some of the tetrahedral
interstices �so-called A sites� and some of the octahedral in-
terstices �so-called B sites� are occupied by the Fe2+ and Fe3+

ions. The �100� atomic planes containing A and B sites are
positioned in alternation and are separated by 0.1049 nm.
Thus, the separation between the planes containing the like

FIG. 2. The �-2� rocking curves of samples 1 and 2 measured
relative to the �200� Bragg reflection of MgO.
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sites �A-A or B-B�, is 0.2099 nm. In the atomic planes con-
taining B sites the Fe ions are positioned in rows along the
�110� directions. The separation between the ions within the
rows is 0.3 nm and the separation between the rows is
0.6 nm.

The key assumption in calculating the probability of APB
formation is nucleation mechanism of magnetite. For ex-
ample, if the nucleation on one of the two terraces separated
by step edge starts at the atomic plane of A sites, and the
nucleation on the other one starts at the atomic plane of B
sites, then ABP is formed with certainty. This is clear be-
cause in the structure of magnetite, atomic planes separated
by 0.2099 nm are planes of like interstices. Yet the body of
experimental evidence coming from, e.g., the scanning tun-
neling microscopy �STM� studies, suggests that there is a
large energy difference between the surfaces of A- and B-site
terminations. Usually the B-site terminated surfaces are
observed.33,34 The type of surface termination is sensitive to
the sample preparation conditions. Regardless of any prepa-
ration procedure, the two terminations are virtually never
observed simultaneously on the same surface. Most of the
STM data have been obtained on single crystals of magne-
tite, and not on Fe3O4/MgO films. Still, the data suggest that
the likelihood of nucleation by A- and B-site planes simulta-
neously can be discounted. Let us first consider the case of
nucleation by B sites that is preferred by the STM studies.
Across a monoatomic step on the �100� surface of magnetite
there are 32 possible combinations of positioning the nucle-
ation islands on two neighboring terraces of MgO. To see if
they result in the formation of the APB, we need to compare
the positions of atoms in the third Fe atomic layer on the
lower terraces with the positions of the atoms of the first Fe
layer on the upper terrace. Of the 32 possible combinations,
16 have the nucleation rows of B sites on the upper terrace
parallel to the ones on the lower terrace. All 16 combinations
result in the formation of APBs. The remaining 16 combina-
tions have the rows on the upper plane perpendicular to the
rows on the lower plane. Of these 16 combinations, 8 result
in the formation of the APBs and the remaining 8 do not.
Therefore, there is 75% chance of forming an APB along the
step edge if the nucleation starts at the B sites. Considering
the second case when the nucleation starts at the A sites, it is

possible to have 64 combinations, out of which only 8 com-
binations do not form APBs. So the total chance of forming
APBs in this case will be 87.5%. Whether the magnetite
nucleates at A or B sites, or even if there is nucleation at both
sites simultaneously, one could see that there is a very high
chance of formation of APBs along the step edge.

For 0.5° and 2° miscut along the �011� direction of MgO
�100� substrate the average terrace width is 24.05 and
5.96 nm, respectively. This corresponds to a step density of
4.9�105 and 1.6�106 cm−1, resepectively, for samples 1
and 2. By considering this number density of APB and a
width of 0.42 nm �by assuming that at the APB one bond
from each side of the boundary contributes to the frustrated
exchange� we estimate the area of the frustrated volume to be
�1.52 and 5.6% for samples 1 and 2, respectively. However,
we observe a 2.28 and 7% reduction in magnetic moment for
samples 1 and 2, respectively. The additional enhancement of
area with frustrated magnetic moment is possibly due to the
presence of natural shifted APBs at the terraces. From
RHEED and magnetization results we infer that the films
grown on low- and high-vicinal substrates possess APBs
formed due to the step edges. Now, we turn our attention to
the magnetoresistance results obtained on these samples.

First, we present the magnetoresistance results obtained
from sample 1 �45 nm thick Fe3O4 film grown on low-
vicinal MgO �100� substrate having a miscut of 0.5° along
the �011� direction�. Sample 1 exhibited a Verwey transition
at 108 K and its magnetoresistance was studied as a function
of temperature. Figure 4�a� shows the magnetoresistance
measured in the �001� direction at 150 and 108 K as a func-
tion of magnetic field applied in the film plane. The MR is
found to increase with decreasing temperature and is sub-
stantially higher near the Verwey transition temperature �Tv�.
Figure 4�b� shows the MR results obtained for this sample
measured at the Verwey transition �108 K� in the �010� di-
rection, along and perpendicular to the step edges. The MR
at 2 T field measured across the step edges is found to be
7.54%, which is 2.69 and 1.93 % higher than the MR along
the �010� and step-edge directions, respectively. The en-
hancement in the MR is more prominent at lower tempera-
tures particularly in the Verwey transition region. Some dif-
ference between the curves measured along the �100� and the

FIG. 3. Hysteresis loops of �a� sample 1 and �b� sample 2 measured at room temperature with an in-plane applied field.
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miscut directions is expected. Indeed, these two directions
are crystallographically inequivalent as the miscut direction
is effectively along the �110� direction. However, two direc-
tions, along and perpendicular to the miscut, are crystallo-
graphically equivalent, consequently no anisotropy in the
transport properties between these two directions is ex-
pected. We suggest that the anisotropy results from the pref-
erential alignment of APBs along the step edges as explained
in the introduction. Thus, formed APBs enhance the spin-
dependent scattering and influence the MR properties.

Our results on sample 1 demonstrate that it is possible to
control the MR properties of magnetite thin films and intro-
duce MR anisotropy provided the density and orientation of
APBs is controlled. In Fig. 5 we show the temperature varia-
tion of resistivity ��� measured along and perpendicular to
the step edges for sample 2 �45-nm-thick Fe3O4 film grown
on high-vicinal MgO �100� substrate having a miscut of
2 degrees along the �011� direction�. The Verwey tempera-
ture for both directions is found to be 109.8 K. The resistiv-

ity across the step edges is about 2 times greater than the
resistivity along the step edges �at 130 K � was found to be
8.6 and 13.6 m� cm along and across the step edges, respec-
tively�. The resistivity versus temperature dependency for the
Fe3O4 films shows an activated behavior with an activation
energy of �30 meV above the Verwey transition temperature
for both directions. Below the Verwey transition temperature
the activation energies are found to be 56 and 61 meV along
and across the step edges respectively. The resistivity aniso-
tropy remains persistent throughout the whole temperature
range. The enhancement in resistivity across the step edges is
due to a significant increase in the density of APBs formed at
the step edges that produces an additional scattering of
charge carriers traversing across the step edges. This substan-
tially reduces the mobility of charge carriers across the step
edges and an anisotropic mobility with respect to the relative
direction of current and step edges is observed. The resitivity
for sample 1 showed similar behavior. At 130 K the resistiv-
ity was found to be 4.68 and 5.09 m� cm when measured
along and across the step edges. The lower resistivity ob-
tained for sample 1 as compared with sample 2 demonstrates
that the step edges facilitate the formation of APBs. This
further supports our conclusion based on magnetization re-
duction. Conduction properties of Fe3O4 thin films possess-
ing APBs have been studied by Eerenstein et al.25 within the
framework of a one-dimensional hopping model. The con-
ductivity predicted by this model is proportional to t2, where
t �t= t0 cos �nn� is the transfer integral. According to this
model the presence of local structural and spin disorder at the
APB reduces the transfer integral. This suggests that in the
case of vicinal substrate where the APBs are formed pre-
dominantly at the step edges, one expects a reduction in the
conductivity along the MC direction, which is in line with
the experimental observations.

Magnetoresistance of sample 2 was studied as a function
of temperature along and across the direction of the step
edges. Figure 6 shows the representative MR curves for
sample 2 measured along and across the step edges at 130,

FIG. 4. �a� Magnetoresistance of sample 1 at 150 and 108 K
with the magnetic field applied in the film plane. �b� Magnetoresis-
tance measured at the Verwey transition temperature �108 K� in the
�010�, along and perpendicular to the step-edge directions.

FIG. 5. Resistivity as a function of temperature measured �a�
along and �b� perpendicular to the step edges for sample 2 �45-
nm-thick Fe3O4 film on MgO �100� substrate with 2° miscut along
the �011� direction�.
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109, and 105 K, respectively. The MR is found to be
strongly anisotropic with respect to the direction of the step
edges: the MR across the step edges is significantly higher
than along the step edge direction. The magnitude of MR for
both directions is found to increase with a decrease in tem-
perature and peaks at the Verwey transition temperature
�109 K�. A further decrease in the temperature leads to a
lowering of the MR for both directions. The maximum value
of MR is observed in the Verwey transition region, which is
12.2% at 2 T field and 9.7% at 1 T field. These values of MR
are 5.4 and 4.4 % higher than the corresponding values ob-
served along the step edges. The MR at 1 T field for sample
2 is found to be 4.7% higher than that of the low miscut
sample. The difference in MR along and across the step
edges is significantly higher only at the low temperatures
mainly in the vicinity of the Verwey transition. The remark-
able result is that there is a significant enhancement in the
low field MR. The MR shows a steep rise up to a field of
0.7 T. For higher magnetic fields �	0.7 T� there is a cross-
over to shallower field dependence. However, the field de-
pendence of MR along the step edges did not show this

changeover. In Fig. 7, we show the temperature variation of
the MR �2 T� measured along and across the step edges. The
anisotropy in MR, MRSE=MR�−MR�, represents the contri-
bution arising due to the step edges and is shown in the inset
of Fig. 7. The anisotropy in MR is observed only below
150 K and peaks at the Verwey transition.

The observed values of MR are higher than any of the
previously reported MR values for epitaxial magnetite
films.25–30 Previous efforts by Ziese et al.29,30 to enhance the
MR of epitaxial Fe3O4 films grown on patterned MgO and
MgAl2O4 substrates having step edge array �80–120 nm step
height and 10–20 
m wide stripes� have not yielded sub-
stantial MR increase. They found that the anisotropy in MR
with reference to the step-edge direction was not large �1.8%
at 3 T,80 K� for the case of films grown on patterned MgO
substrates, whereas they obtained relatively larger MR aniso-
tropy for films grown on patterned MgAl2O4 �5% at
3 T,105 K�. They attribute the results on patterned MgO to
the presence of larger density of APBs within the stripe. For
films grown on patterned MgAl2O4, the disorder at step
edges enhances the spin scattering leading to a larger aniso-
tropy in MR, since the effect due to step edges is not
smeared by the APBs. Recently, Bollero et al.28 have re-
ported that due to the presence of APBs within the film,
Fe3O4 films grown on bicrystal MgO�100� substrate having a
28° grain boundary did not yield any enhancement in MR
across the grain boundary. In our case, due to the preferential
alignment of step edges along the direction perpendicular to
the miscut, APBs are formed due to the presence of atomic
height steps �0.21 nm� on MgO substrate �as described in
detail in the preceding discussion�. The terrace width �24.05
and 5.96 nm for 0.5° and 2° miscut, respectively� is quite
small in comparison to the width of step edge array used by
Ziese et al.29,30

The MR behavior of epitaxial magnetite thin films con-
taining APBs has been analyzed by Eerenstein et al.25 and
Zeise and Blythe26 within one-dimensional models. Concern-
ing the MR of the Fe3O4 films on vicinal substrates, we
noticed that contrary to the prediction of the models, the field

FIG. 6. Magnetoresistance as a function of applied in-plane
magnetic field for sample 2, measured at different temperatures �a�
along and �b� perpendicular to the direction of step edges. The
direction of current and magnetic field are parallel to each other.

FIG. 7. Temperature dependence of the MR �a� along and �b�
perpendicular to the step edges for sample 2. The inset shows the
difference in MR observed for both the directions representing the
step edge induced contribution to MR.
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dependence of MR deviates from a linear behavior below a
certain temperature �130 K�. The above models assume quite
a simplified spin structure of APB whereas the spin structure
could be more complex. The spin-dependent scattering
across the APB will be strongly influenced by spin structure
and the strain fields associated with it. Furthermore, to ex-
plain the temperature and field dependence of MR, variations
in the mismatch strain with the temperature and presence of
the Verwey transition also need to be considered. If the ad-
ditional MR induced by the step edges arises due to the spin
polarized tunneling �SPT� across the APBs, one expects the
MR to scale with the spin polarization P. The dependence of
spin polarization on magnetization �M� is complex but we
use Julliere’s model35 within the first approximation �P
�M�, this predicts the MR as

MR = P2/�1 + P2� . �2�

From Eq. �2�, one would expect the MR to follow the rela-
tion

MR � − �Mg/Ms�2, �3�

where Mg and Ms are the global magnetization and saturation
magnetization, respectively. This model is quite successful in
explaining the MR behavior of devices made of bicrystal or
grain boundary junctions.12,30,36 In Fig. 8 we plot the magne-
tization and MR in low field across the step edges. The MR
peaks at the coercivity fields of the film �Hc=205 Oe�. A
similar correlation with the coercive field was noted through-
out the temperature range. To check the validity of the model
yielding the dependence �3�, we plot MR against the squared
magnetization normalized to the saturation magnetization
−�Mg /Ms�2 �Fig. 9�. Only a small fraction of the observed
low field MR can be explained on the basis of relation �3�.
The observation of two-step transition from a sharp low field
MR to a gradual high field MR �the crossover field being
much greater than the coercive field� for our case cannot be
explained within the simplified picture of Julliere’s model.35

This model assumes that the extent of SPT depends on bar-
rier conductance and relative orientation of magnetization
directions of uniformly magnetized spin systems on each
side of the boundary, which are magnetically decoupled. In
our case, the situation is more complicated due to the reason
that the magnetization vectors across an APB are closely
related. Moreover, tunnelling probability could be affected
from the variations in local magnetization within the domain,
atomic arrangement and spin configuration of the APBs, ter-
race width, etc. Although, our observations are not in agree-
ment with the relation �3�, the MR contribution arising from
SPT cannot be completely ruled out. In order to explain the
MR in the films we consider spin-dependent scattering at the
antiphase boundaries. Such scattering results from the spin-
spin interaction. The second mechanism of the scattering
could be that the lattice deformation takes place at the APB
resulting from the magnetostriction. The magnetostriction is
altered by the external magnetic field that changes the scat-
tering. Needless to say, the scattering at the APBs is addi-
tional to the other spin-dependent scattering taking place
within the grains and thus outside the scope of this paper.
The misaligned direction of spins at the APB leading to the
spin scattering is a result of two factors: the frustrated ex-
change across the APB and the interaction with the domains
adjacent to the APB. With increasing magnetic field, the
magnetic domains adjacent to the APBs pull against the frus-
trated exchange interaction and reduce the magnetic inhomo-
geneity at the APB and consequently the scattering induced
by it. This model explains the observations in the higher
magnetic field �above 1 T� whereby the MR increases with
the field and yet the magnetization is virtually saturated. In-
deed the volume of the region with frustrated exchange at the
boundaries is very small by comparison with the overall vol-
ume of the sample. Therefore, the more collinear alignment
of the spins at the APB has no significant effect on the Mg.
Still, these APBs with increased co-linearity of the spins be-
come less effective in scattering electrons. The model is
schematically presented in Fig. 10. For simplicity, only one

FIG. 8. Magnetoresistance as a function of applied magnetic
field for sample 2 measured across the step edges at 109 K along
with the magnetization loop at the same temperature. Dashed and
solid arrows indicate the direction of field increase and the scales
corresponding to the curves, respectively.

FIG. 9. Magnetoresistance of sample 2 along with the bulk mag-
netization normalized to the saturation magnetization −�Mg /Ms�2,
as a function of applied magnetic field measured across the step
edges at 109 K. Dashed and solid arrows indicate the direction of
field increase and the scales corresponding to the curves,
respectively.

MAGNETORESISTANCE ENHANCEMENT IN EPITAXIAL… PHYSICAL REVIEW B 72, 134404 �2005�

134404-7



of the magnetic sublattices of magnetite is shown. The Figs.
10�a� and 10�b� schematically show the situation with
smaller and greater field values, respectively. Figure 10�b�
shows that the width of the area with misaligned spins is
reduced when a stronger magnetic field is applied. In a recent
investigation we have shown that the extent of exchange
coupling induced by the APBs depends on the thermomag-
netic history of the sample.37 Our results also suggest that the
APBs are nonstoichiometric with defects expected at both
cationic and anionic sublattices.38

The above mechanism is based on the same concept of
magnetoresistance caused by spin-dependent scattering as
applied in spin valves. An alternative mechanism of the an-
isotropy of MR can be constructed in particular with the
view to explain the temperature dependence of the magne-
toresistance. In our experiments the MR increases substan-
tially in the vicinity of the Verwey transition and the MR

anisotropy develops at the same time. The increase in MR at
the Verwey transition is not unusual and is reported by sev-
eral other researchers in thin films and bulk single crystal of
magnetite.26,27,39 To explain the presence of MR peak in the
vicinity of Verwey transition, Girdin and co-workers39 used
the established facts regarding the transport in Fe3O4 and
thermodynamic arguments related to the Verwey transition.
Tracing the discontinuous changes in enthalpy and entropy
with resistivity, they proposed that the jump in MR can be
described as �*=MH /kB�T1/2, where M is the change in
magnetization across Tv and �T1/2 is the full-width at half
maximum of the MR peak at Tv. They correlated the MR
peak amplitude with the discontinuous changes in magneti-
zation �0.1% decrease� and the width of transition. Small
decrease in magnetization could be related to the partial con-
densation of optical phonon modes. In a recent report, Ogale
et al.27 have reported the presence and absence of MR peak
in magnetite thin films of �100� and �111� orientations, re-
spectively. Their data emphasize the role of strong electron-
phonon coupling and polaronic correlation effects in context
of the carrier transport in Fe3O4. These observations explain
the gross feature of temperature dependence in our case, but
not the difference in the magnitude of MR for two directions
reported here. As discussed below, the observed results can
be explained by the anisotropy in magnetoelastic properties
of the films induced by the presence of APBs and the subse-
quent modifications to the polaronic states.

For a start we should point out that the Verwey transition
in our films is of the first order as indeed expected for sto-
ichiometric magnetite. This is confirmed by the presence of
the hysteresis in the temperature dependencies of magnetiza-
tion and resistivity. In our recent study40 we have shown that
the presence of APBs affects the elastic property of the films
and enables them to maintain a fully strained state up to
thickness much greater than those estimated from the mis-
match strain, as there is compressive strain at the domain
boundaries. Because of the highly directional nature of step
edge induced APBs in the films grown on vicinal substrates
the elastic properties of the film will be anisotropic. This
suggests that the magnetoelastic response of these films will
depend on the relative orientation of the magnetic field and
step edges. Therefore, the magnetostriction anisotropy will
cause distinctly different modifications of internal stress and
correspondingly the phonon spectra for the two directions:
along and perpendicular to the step edges. In addition to
anisotropic elastic properties, the structural disorder associ-
ated with the APB modifies the cationic coordination and
affects the nearest- and next-nearest-neighbor Coulomb in-
teractions energies that are responsible for the short- and
long-range ordering of carriers.

Given the magnetoelastic coupling, the application of a
magnetic field will affect the coupled phonon-magnon modes
as well as the nearest- and next-nearest-neighbor interactions
energies differently along the two directions. Consequently,
this alters the electron-phonon coupling and broadens the
polaronic bands in an anisotropic way that directly affects
the formation of a charge ordered state. The polaronic hop-
ping energy, which is proportional to the inverse square of
the optical phonon frequency will be affected by the appli-
cation of a magnetic field via coupled phonon-magnon

FIG. 10. Spin structures for one of the magnetic sublattice of
magnetite across an antiphase boundary for �a� weak and �b� strong
magnetic fields, respectively, showing the variations in domain wall
widths with an applied magnetic field.
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modes. Decrease in activation energy across the step edges in
our case reflects the softening of magnon modes and corre-
spondingly the phonon-magnon modes due to applied mag-
netic field. Moreover, the variations in mismatch strain due
to differences in the thermal expansion coefficients of Fe3O4
and MgO and strain associated with the cubic-monoclinic
structural phase transition at the Verwey temperature will
also have an influence on the charge ordering process. In
light of the above suggestions, the application of a magnetic
field will suppress the formation of a charge ordered state
across the step edges to a greater extent than along them
leading to a larger amplitude of MR across the step edges.
The above physical picture explains qualitatively the ob-
served anisotropy in the MR peak magnitude, but the precise
mechanism is not clear at this time.

In our study we have also noticed that the MR enhance-
ment depends strongly on the way the substrate surface has
been treated prior to the growth of the magnetite film. This
subsequently determines the nature of the film microstructure
as well as the nature and density of APBs that will strongly
affect the MR properties. The detailed results will be re-
ported later.

CONCLUSION

In summary, we have observed a strong anisotropy in the
MR in close correlation with the direction of current and step
edges in epitaxial Fe3O4 films grown on vicinal MgO �100�
substrate. Magnetization measurements clearly demonstrate
the formation of a greater number of antiferromagnetically

coupled antiphase boundaries due to the presence of step
edges present on a vicinal substrate. We describe two mecha-
nisms for the observed difference in MR along two equiva-
lent crystallographic directions on the surface. The first one
is based on spin-dependent electron scattering along the
APBs. The second mechanism suggests a difference in the
reduction of magnetization values along and across the APBs
resulting from the difference in magnetoelastic properties.
The increase in the low field MR due to the step induced spin
scattering in Fe3O4 films is an important result to realize
future spin-electronics applications of magnetic nanostruc-
tures. We wish to point out that the differences in the values
of MR reported for Fe3O4 films are linked to the microstruc-
tural properties and strongly depend on the miscut magnitude
and direction. Antiphase boundaries are expected to form in
various other spinel materials as well as numerous nonspinel
films provided the substrate for the epitaxial film growth is
chosen correctly. Therefore, we suggest that the observed
increase in magnetoresistance is not necessarily limited to
magnetite films only. It is likely that magnetoresistance of
some other epitaxial films could be enhanced in the same
way if the films are grown on vicinal substrates and the pat-
tern of antiphase boundaries with preferential orientation is
formed.
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