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This present work reported here the influence of miscut angle of vicinal MgO (100) substrates (with
miscut angle between 1-5°along <011> direction) on the magnetoresistance (MR) behavior of epitaxial
magnetite (Fe304) films. By varying the miscut angle, we are able to control the step-terrace periodicity
of the substrate surface, which allows us to tailor the density of the step-edges induced antiphase

boundaries, APBs (nanoscale liner defects formed during growth due to coalescence of neighbouring
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domains), in epitaxial Fez04 films. We found that the contribution from the step-edges induced APBs to
the magnetoresistance (MRsg) in Fe304 films increases with increase in miscut (up to 2°) and decreases
for larger miscut angles. From temperature dependent studies, we observed that the magnitude of MRsg
increased with decrease in temperature and peaks at the Verwey transition. The decrease in MRs for
larger miscut samples is attributed to the influence of APB strain-fields on the degree of spin-

polarization of Fe3z04 regions on terraces.

1. Introduction

Recently, oxide heterostructures have attracted a lot of attention as they
display a vast range of physical phenomena like conductivity, magnetism,
or even superconductivity [1-7]. In most cases, these effects are caused by
electron correlations and are also interesting for studying fundamental
physics. Many of the observed phenomena are affected by the presence of
defects (grown in and interfacial defects) [8-10]. This is due to the fact that
any disturbance to the crystal structure is liable to significantly alter
properties such as conductivity and magnetic ordering. Altered local
crystal structure and symmetry affects the electron hopping mechanisms
and super exchange interactions. In previous studies efforts have been
made to manipulate the defect density at the interface and in the overlayer
by tailoring the surface topography of substrate. In fact by appropriate
control of the surface topography has been demonstrated to greatly
influence the structure and properties of the interfaces and thin films
[1,911,12].

Many oxide based heterostructures have been studied which includes
half metallic oxides (Fe304, CrO2, manganites etc.) and other oxides (NiO,
MgO, SrTiO3, LaAlOs etc.) [1-12]. Fe304 is highly ranked as a possible
candidate to be used as spin electrode in the field of spintronic owing to
its high Curie temperature and half metallic nature [7,11,15]. Fe304 has
been grown successfully on variety of substrates using pulsed laser
deposition and molecular beam epitaxy techniques. Commonly used
subsrtae for epitaxial growth of Fe304 is MgO (100) [7, 11-14]. The Fe304-
MgO (100) heteroepitaxial system suffer from the formation of
structurally shifted domains called antiphase boundaries (APBs). The
APBs are formed as a natural growth defect due to differences in the
translational and rotational symmetry between Fez04 (Fd3m) and MgO
(Fm3m). Typically in a Fe304-MgO heteroepitaxial system, the APBs will
form at random locations and lead to unsaturated or reduced
magnetization (due to antiferromagnetic exchange at the boundary) [16]
and enhanced magnetoresistance (spin polarized tunneling across the
boundary) [17]. In our previous study we have shown that by exploiting
the surface topography of vicinal MgO (100) substrates (which are miscut
from the low index plane along <011> direction) one can intentionally
induce the APBs in Fe30sand arrange them in a parallel array to obtain
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enhanced magnetoresistance [11]. The layered inverse spinel crystal
structure of Fe304 and step-terrace periodic structures of the MgO (100)
substrate (with miscut either along <001> or <011> direction) facilitate
the formation of structurally shifted domains (APBs) in the growth
direction. In another report Sofin et al. [18] reported a large anisotropy in
the MR in Fe304 films on MgO (011). They claimed that the difference in
number of APB defects produced along <011> and <001> directions was
responsible for the observed MR anisotropy. Here, we present a
systematic study to understand the influence APB density on the
magnetoresistance behavior of Fe304-MgO heteroepitaxial system. The
density of APBs in Fe304-MgO heteroepitaxial system is controlled by
manipulating surface step-terrace periodicity through the miscut angle of
Mg0(100) substrates which have miscut along the <011> direction. The
observed dependency of MR on miscut angle and temperature are
described on the basis of spin dependent scattering across the atomically
sharp interfaces of APBs and influence of strain on the spin polarization of
the film region in its vicinity.

2. Experimental Methods

Epitaxial Fe304 films used in the present study are of 45 nm thickness
and grown on MgO (100) substrates using an oxygen plasma assisted
molecular beam epitaxy (MBE) system having a base pressure of 5 x 10-10
Torr (DCA MBE600). The MgO substrates had a varying degree of miscut
(1 to 5°) along the <011> direction. Prior to film growth the substrate
surface was pretreated with an optimized annealing sequence to obtain
the desired step-terrace periodic structure, details of which are described
in a previous report [12]. The growth was carried out at a substrate
temperature of 250 °C. We grew four samples of epitaxial Fe304 using the
optimized growth conditions on vicinal MgO (100) substrate having
miscut of 1, 2, 3.4 and 5 degrees along the <011> direction. In situ
reflection high-energy electron diffraction (RHEED) was used to
determine the growth rate and growth mode (STAIB). It was also used to
determine the extent of miscut as well as step terrace periodicity. Details
of the film growth procedure are given elsewhere [12]. The X-ray rocking
curves for the symmetric (002) and asymmetric (311) Bragg reflections
was performed using a high resolution X-ray diffractometer (Bede-D1)
operated in the triple-axis configuration. The field and temperature
dependence of electrical resistivity and magnetoresistance (MR) were
performed in the standard dc-four probe technique using a physical
property measurement system(PPMS) equipped with a 14 T
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superconducting magnet (PPMS 6000, Quantum Design). The sample
rotator probe on the PPMS system facilitates orientations dependence

studies. The MR is defined as MR(%) = % x 100, where R(H) and

R(0) are the resistances of the sample with and without field (H),
respectively. The MR results reported here are obtained by keeping the
direction of magnetic field in-plane and parallel to the current direction.
To determine the MR 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 step-edges (SE) denoted
as SE and PSE respectively.

3. Results and Discussion

Prior to discussing the results of magneto-transport studies and their
correlation with the APBs density, we would like to mention that in our
previous studies we have reported in detail the procedure to obtain
regular step-terrace periodicity on vicinal MgO (100) substrates [12]. The
procedure involves annealing the substrate under UHV conditions
followed by high temperature anneal in the presence of oxygen plasma.
The step terrace periodicity of the substrate and film was confirmed from
in-situ RHEED. Through detailed high resolution cross-sectional TEM
investigations, we observed that the films possess the epitaxial
relationship with the substrate and step-terrace periodicity propagated
through the entire thickness [11, 14]. Magnetization studies of Fe304 films
on vicinal MgO revealed an in-plane uniaxial magnetic anisotropy induced
by step-edges with an easy axis along the PSE direction for temperatures
above the Verwey transition [19]. Whereas, for temperatures below the
Verwey transition there was a transition of easy axis from PSE to SE, which
was also found to be thickness dependent. We further discussed the
possibility of formation of APBs related to the shift vectors in Fe304 layers
on stepped surface and related the observed magnetic anisotropy to the
altered magnetic interactions at the APBs [19].

The ©-26 rocking curves measured at room temperature for (200) and
(400) Bragg reflections of the MgO and Fe30. respectively for Fes04 thin
films grown on 1 and 2 degree miscut substrates are shown in Fig. 1. The
horizontal axis in the figure is shown with reference to the Bragg angle for
symmetric (200) reflection of MgO substrate. The out-of-plane lattice
constant determined for both the films is found to be 0.8372 nm. The full
width at half maximum (FWHM) for the thin film peak is found to be 0.064
and 0.079 degrees for 1 and 2 degree miscut samples. For higher miscut
samples out-of-plane lattice constant was found to be same (0.8372 nm)
and the FWHM was comparable to that of 2 degree miscut sample. Larger
FWHM of the thin film peak for samples with 2 degree and higher miscut
samples represents additional scattering contribution arising from the
presence of step edges. The asymmetric (622)/(311) Bragg reflections
(not shown) measured for all the samples were used to determine the in-
plane lattice constant of Fe304 thin films and found to be 0.84236
(£0.00004) nm, which is twice that of the MgO substrate (0.4213 nm). This
confirms the Fe304 films grow epitaxially and maintain one-to-one registry
with the MgO substrate.
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Fig. 1 The ®-26_rocking curves of Fe304 films on 1 and 2 degree miscut MgO (100)
substrates (curves a and b respectively) measured at room temperature and relative
to the (200) Bragg reflection of MgO

Prior to discussing the MR results, we would like to mention that from
the analysis of the temperature dependence of resistivity for the sample
grown on 1, 2, 3.4 and 5 degrees miscut vicinal MgO substrates, we found
that the Verwey transition temperature (Ty) is not affected by the direction
of current flow with respect to miscut. This is in line with the previously
reported results [11, 19]. Value of the Ty for current parallel to SE are
found to be 110.5, 110, 109, 107 K respectively. However, the resistivity
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was found to be higher when measured across SE by 6, 8, 12, 15% as
compared to resistivity value measured along the SE for 1, 2 3.4 and 5
degree miscut respectively. The activation energies for the region above
and below the Ty were found to be in the range of 30-35 meV and 55-65
meV. Fig. 2 shows a representative MR curve as a function of magnetic
field (H) measured for both SE and PSE directions at 300, 130,110 and 100
K for the Fe304 sample grown on MgO (100) substrate with 1° miscut along
<011>. Magnitude of MR for both directions is found to increase with the
decrease in temperature and peaks at the Verwey transition temperature
(110 K). One also notices that the MR has a sharper field dependence at
lower magnetic fields (smaller than 0.5 T) than at higher magnetic fields.
This feature is more prominent at lower temperatures for PSE direction.
Temperature dependence of MR at 2 Tesla field for both the directions for
the same sample is shown in Fig. 3. The maximum value of MR (2T) is
found to be 10.4% at the Ty (110 K) for current flow in the SE direction and
is 4.6% greater than the corresponding MR value for SE direction.
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Fig. 2 Magnetoresistance (MR) as a function of applied in-plane magnetic field (H)
for a 45 nm thick epitaxial Fe304 films on 1° miscut MgO (100) substrate measured
at different temperatures with current direction along (a) SE and (b) PSE directions.
The direction of current and magnetic field are parallel to each other in both cases
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Fig. 3 Temperature dependence of MR at 2 Tesla field measured along (a) PSE and
(b) SE directions for a 45 nm thick epitaxial Fez0,4 films on MgO (100) substrate
having 1° miscut along the <011>
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Fig. 4 Temperature dependence of MRsg (step-edge induced MR) measured for all the
four samples having a miscut magnitude of (a) 1¢, (b) 2°, (c) 3.4 and (d) 5°

The difference in MR between the two directions (MRsg) represents the
MR contribution arising from the step-edges induced APBs. The MRs: as a
function of T is shown in Fig. 4 for all the four samples which are having
different degree of miscut. One notices that the MRsg peaks at Ty and its
magnitude is maximum for the 2 degree miscut (6.5% at 110 K). For
samples with higher miscut of 3.4 and 5 degrees, magnitude of MR and
MRse are decreased.
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The observed changes in MR as a function of miscut magnitude and
temperature can be qualitatively understood from the fact that in our case,
due to the presence of step-terrace periodic pattern with atomic height
steps (0.21 nm) on the MgO (100) surface, out-of-plane shifted APBs are
formed leading to additional spin scattering form the local structural and
spin disorder [19]. Presence of APBs modifies the transfer integral t; that
governs the electronic transport between Fe2* and Fe3* octahedral cations
[20, 21]. These periodic perturbations in the electronic structure at the
step-edges produce greater contribution of spin dependent scattering for
current flow along PSE than SE (parallel to terraces). Furthermore, the
strain field of the APBs alters (reduces) the degree of spin polarization of
the film region in its vicinity causing MR to decrease for both the
directions. The peak in MR was observed in the vicinity of the Ty results
from abrupt changes in the thermodynamic quantities accompanied with
the first order Verwey transition [20, 21].

To explain the MRsg dependence on miscut angle, one can consider that
with the increase in miscut, number of APBs formed by step-edges will
increase, leading to an enhanced MRse This explains the observed T
dependence of MRs: for miscut angles of upto 2 degrees. The observed
decrease in MR for larger miscut angles (>2 degrees), can be related to
the reduction in the terrace width with increase in miscut and subsequent
effect of strain fields associated with the APB on the Fe304 regions in its
vicinity. The estimated value of terrace width for miscut angles of 1, 2, 3.4
and 5 degree miscut are 8.4, 4.2, 2.52 and 1.68 nm respectively. As the
terrace width is only 2 and 3 unit cells of Fe304 for 3.4 and 5 degree miscut
samples respectively, the strain fields and modified cationic configuration
at the SE induced APBs will affect (reduce) the degree of spin-polarization
as well as magnetic exchange of FesO4region in its vicinity [7, 20, 21]. This
in turn will produce greater proportion of regions of reduced spin
polarization leading to a reduced MR for both the directions and lowering
of MRsg magnitude throughout the temperature range.

4. Conclusion

The results conclude that the step-edge induced APBs in Fe304 film on
vicinal MgO (100) substrates influences the spin-transport behaviour
significantly. The contribution to MR arising due to the step-edges induced
scattering is found increased with the increase in miscut angle (step-
density) and is optimum for the 2 degree miscut sample. The MRs is also
found to be temperature dependent with its magnitude being maximum at
the T.. The observed decrease in magnitude of MR and MRsg for larger
miscut (>2 degrees) samples is related to the strain fields experienced by
the Fe304 regions on the terraces originating from the step-edge induced
APBs, which cause the spin-polarization of FezO4regions to reduce leading
to a lower magnitude of MR and decrease of MRsg.
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