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We present a systematic study of the structural, magnetic, and magnetotransport properties of
Co-doped Fe;0, films deposited on MgO (100) substrates by cosputtering technique. Transmission
electron microscopy images suggest that the undoped and Co-doped Fe;O, films are polycrystalline
in nature and consist of a well defined grain boundary network. The temperature dependence of
resistance also shows that the transport mechanism in our films is dominated by electron tunneling
across antiferromagnetically coupled grain boundaries. We observed that the magnetic properties of
the doped films are markedly sensitive to the Co doping concentration, with the magnetization
curves showing drastic changes in coercivity with increasing doping concentration. In-plane
magnetoresistance curves show linear magnetic field dependence for the undoped Fe;O, films while
a reduction in magnetoresistance and a departure from linear field dependence are observed for the
Co-doped films. © 2007 American Institute of Physics. [DOI: 10.1063/1.2404469]

I. INTRODUCTION

The magnetic and transport properties of half metallic
Fe;0, films'~ have been extensively studied due to its high
Curie temperature of 860 K and a predicted negative spin
polarization of 100% by band structure calculations using
local spin density approximation (LSDA) and self-consistent
augmented plane wave (APW) methods.®’ Fe;0, is a ferri-
magnet with a cubic inverse spinel structure, in which iron
cations occupy the interstitial sites of a face centered cubic
(fcc) closed packed frame of oxygen anions. Two kinds of
cation sites exist in the crystal; A sites are tetrahedrally co-
ordinated to oxygen and are occupied only by Fe’* ions,
while B sites are octahedrally coordinated to oxygen and are
occupied by an equal number of Fe?* and Fe?* ions.® A pos-
sible explanation for the observed ferrimagnetism in Fe;O, is
the double exchange interaction through Fe?* and Fe* ions
at the B sites, while the A and B site spins are antiferromag-
netically (AF) coupled. At room temperature, the high elec-
tronic conductivity of Fe;O, is attributed to rapid electron
hopping between the Fe’>* and Fe’* ions occupying the B
sites.

Recently, research has focused on modifying the compo-
sition of Fe;O, by doping, so as to study its effect on the
structural, magnetic, and transport properties. It has been re-
ported that ions such as Mn?* and Zn?** have a preference to
occupy the A sites, while Ni>* and Co** ions tend to occupy
the octahedral B sites in the inverse spinel structure.” Ish-
ikawa et al.'’ have successfully prepared epitaxial films of
Mn-doped magnetite (Mn,Fe;_,0,) using pulsed laser depo-
sition technique and have confirmed that the doped films are
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thermodynamically more stable than undoped Fe;O, films.
They also observed that as Mn concentration in the doped
film was increased, carrier concentration became lower, thus
indicating potential for field effect transistor (FET) or mag-
netization reversal by spin injection. In another study, Lie
et al.' have investigated the effect of Zn doping on the mag-
netoresistance (MR) of sintered Fe;0, ferrite and have dem-
onstrated a maximum MR ratio of 7% for small amounts of
doping. Chou et al.,"* have investigated the magnetic and
electron transport properties of Ni-doped Fe;O, ferrites
which were prepared by mixing Fe;O, powder with NiO
powder, followed by compressing into pellets and sintering
in Ar atmosphere. They observed that the MR value of bulk
Fe;0, can be enhanced by Ni doping, and the MR effect is
mainly due to spin-dependent tunneling of electrons through
insulating barriers. Doping Fe;0, with Co?* ions, however,
presents an extremely interesting study due to the high mag-
netic anisotropy of Co and its corresponding effects on the
inherent properties of Fe;0, films. In fact, the investigation
of Co,Fe;_, 0O, ferrites became the prototype for understand-
ing the large anisotropy of Co atoms in a spinel structure and
the role of directional ordering in induced anisotlropy.]3
Moreover, such ferrite films have also been used to provide
unidirectional exchange biasing to soft films."* Thus, a Sys-
tematic study of the effects of Co doping on Fe;O, films is of
interest both from a fundamental viewpoint and also due to
potential for applications.

In this work, we have used a simple cosputtering tech-
nique at room temperature to grow Co-doped Fe;0, films on
MgO (100) substrates. We have carried out a detailed study
of the effects of varying Co content on the structural proper-
ties and temperature-dependent magnetic and MR properties
of Fe;O, films. We observed that the Co-doped films are
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polycrystalline and have an inverse spinel structure. The
presence of well defined grain boundaries was confirmed in
the Co-doped films using transmission electron microscopy.
We observed that the Verwey transition does not appear for
our films and that the tunneling of electrons across AF
coupled grain boundaries dominates the transport properties
of the films. We also observed that the structural, magnetic,
and MR behavior of the doped films are markedly sensitive
to the Co doping concentration.

Il. EXPERIMENTAL DETAILS

The Co-doped Fe;0, films were grown on MgO (100)
substrates by cosputtering Fe;0, and Co targets at room tem-
perature in a process pressure of 5X 107 Torr. The base
pressure of the chamber was better than 3 X 1078 Torr before
deposition. The MgO substrates were ultrasonically cleaned
in acetone and alcohol for 15 min and rinsed in de-ionized
(DI) water prior to deposition. The rf power supply for the
Fe;0, target was kept constant, while the dc power of the Co
target was varied so as to have different Co doping concen-
trations. The thickness of the films was kept at ~50 nm.
Microstructures of the doped Fe;O, films were examined by
transmission electron microscopy (TEM). Phase identifica-
tion and crystal structures of the doped films were character-
ized by conventional 6-26 x-ray diffraction (XRD) scans us-
ing Cu K, radiation. The magnetic properties of the Fe;0,
films were characterized using a vibrating sample magneto-
meter (VSM). Electrical contacts to the films were made us-
ing standard optical lithography, metallization of 200 nm Al,
followed by lift-off in acetone. The magnetotransport prop-
erties of the doped films were measured as a function of
temperature in the standard four probe configuration.

IIl. RESULTS AND DISCUSSION
A. Structural characterization

We have carried out systematic XRD measurements in
order to investigate the effect of Co doping on the crystal
structure of the films. Shown in Fig. 1 are the representative
6-26 XRD scans of the doped Fe;O, films, as a function of
Co doping concentration. From the XRD patterns, we ob-
served that all peaks in both the undoped and Co-doped
Fe;0, films can be assigned to the inverse cubic spinel struc-
ture of Fe;O4. This indicates that the crystal structure of the
Co-doped films is similar to that of Fe;O,. It has been sug-
gested that the XRD pattern of Co,Fe;_, 0, (0=x=<0.3) is
experimentally indistinguishable from that of Fe;O, and
COF6204.15 Moreover, we did not detect any crystal orienta-
tion corresponding to Co in the doped films. This observation
indicates further that Co ions possibly substitute Fe ions in
the inverse spinel structure of Fe;O, to form a polycrystal-
line Co ferrite. It should also be noted that the strongest peak
in our samples is (400) followed by (222). This indicates that
the films have a preferred growth direction as compared to a
truly random crystalline orientation which results in the
strongest peak as (311) followed by (440) and (220). Inter-
estingly, we also observed that the relative intensity of the
(222) to the (400) peak increases as we increase the Co dop-
ing concentration. This may be attributed to the fact that
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FIG. 1. (Color online) XRD patterns for Co-doped Fe;0, films as a function
of Co doping concentration.

incorporation of Co in the inverse spinel structure of Fe;O,
enhances the Co/Fe ratio in the films, which leads to a modi-
fication of the preferred growth direction and structural an-
isotropy of the doped films.

We have studied the microstructure of the undoped and
17% Co-doped Fe;0, films. Figure 2(a) shows the high reso-
lution bright field TEM image for the undoped Fe;O, film.
We observed well defined grains with a mean grain size of
about 12 nm. Another noticeable feature in the image is the
presence of a large density of grain boundaries separating the
grains. For the 17% Co-doped Fe;O, film [Fig. 2(b)], the
grain boundary network is still existent, while the mean grain
size decreases. These grain boundaries have uniform width
and a consistent contrast which may be attributed to the pres-
ence of an amorphous Fe-oxide phase at the boundary.16
Shown in Fig. 2(c) is the selected area electron diffraction
(SAED) pattern for the 17% Co-doped Fe;O, film. The
bright spots in the diffraction pattern come from the MgO
substrate, while the rings indicate that the Co-doped film is
polycrystalline in nature. We detected no diffraction rings
from Co in the doped films.
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FIG. 2. TEM bright field image for (a) undoped and (b) 17% Co-doped
Fe;0, film, and (c) SAED pattern for 17% Co-doped Fe;0, film.

B. Transport properties

Fe;0, exhibits a characteristic order-disorder phase tran-
sition known as the Verwey transition at ~120 K.'” In order
to investigate the effect of Co doping on the intrinsic metal-
insulator Verwey transition in Fe;O,4, we have analyzed the
resistance of the undoped and Co-doped films as a function
of temperature. As shown in Fig. 3, we observed that the
undoped Fe;0, film exhibits an extremely smooth R-T curve
with a continuously changing slope, when compared with a
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FIG. 3. (Color online) Resistance vs. temperature for Co-doped Fe;0, films
as a function of Co doping concentration. Inset shows the corresponding
logarithmic resistance as a function of T~"2.

sharp Verwey transition in which the resistance jumps by two
orders of magnitude. This disappearance of the Verwey tran-
sition could be attributed to a variety of factors such as non-
stoichiometric growth of Fe;O, due to room temperature
deposition. It has been shown previously that an increased
degree of nonstoichiometry in Fe;(;_50,4 gives rise to a low-
ering and broadening of the Verwey transition, with the tran-
sition disappearing for 6~ 0.02."%° The disappearance may
also be due to substrate induced stress as a consequence of
lattice mismatch between Fe;O, and MgO, which results in
an in-plane expansion of the Fe;O, lattice accompanied by
compression in the perpendicular direction.”' It has also been
suggested that the presence of a large density of grain
boundaries® and small size of ferromagnetic domains or
grains5 may result in the disappearance of the Verwey tran-
sition in thin films of Fe;0,.

The Co-doped Fe;O, films also exhibit a smooth R-T
curve without any discontinuity. It has been suggested that
Co?* ions usually replace the Fe?* ions at the octahedral B
sites of the inverse spinel structure.”> Mdssbauer spectros-
copy experiments have shown that for Co,Fe;_,0,, all Co**
ions are situated at the octahedral B sites.”>*** As a result,
the ionic distribution of the doped films can be expressed as
(Fe**){Co?*Fel* Fe**}03". Here () denotes tetrahedral A lat-
tice sites and { } denotes octahedral B lattice sites. The Ver-
wey transition occurs at 120 K when the ordering energies of
the Fe?* and Fe®* ions at the B sites overcome the thermal
disturbance of these ions. The ordering accompanies the
crystalline distortion which is caused by the difference of
ionic radii of Fe?* and Fe** ions. For the doped films how-
ever, the Co’* ions act as obstacles to the crystalline
distortion.”® In addition to the factors mentioned previously,
this obstruction to the crystalline distortion could also con-
tribute to the disappearance of the Verwey transition in the
Co-doped films. The presence of a well defined grain bound-
ary network in the undoped and Co-doped films, as revealed
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from the TEM bright field images shown in Fig. 2, suggests
that the transport properties of our films should be grain
boundary controlled. In the inset of Fig. 3, we replot the
temperature dependence of resistance as InR vs T2, We
observed that the resistance approximately follows the rela-
tion of R~exp [(1/T)]"2. This linear relation between In R
and T'? is expected for a granular system in which tunneling
occurs through grain boundaries separating adjacent
grains. 2272

C. Magnetic properties

We have investigated the effect of Co doping on the
magnetic properties of Fe;O4. Shown in Fig. 4 are the rep-
resentative room temperature magnetization curves for the
Fe;0, films measured as a function of Co doping concentra-
tion for magnetic fields applied parallel to the film surface.
We observed low remanence and a coercive field of 140 Oe
for the undoped Fe;O, film when magnetic field is applied
parallel to the film plane. For the doped films, we observed
an enhancement in coercivity of the in-plane magnetization
curves from 323 to 478 Oe as the Co doping concentration is
increased from 9% to 17%. This enhancement may be attrib-
uted to the increasing anisotropy in the doped films with
increasing Co content. It should be noted that the Co®* ion in
the octahedral site of the inverse spinel structure contributes
highly to the anisotropic character of our doped films.
Further insight into the anisotropy contribution of Co** can
be obtained from the “one-ion model” proposed by
Slonczewski,30 on the basis of orbital angular momentum of
the ground state. The crystal electric field produces a degen-
erate ground state with an orbital angular momentum fixed
parallel to a (111) trigonal axis. The spin-orbit interaction
tends to align the spin magnetic moment parallel to this
trigonal axis, thus resulting in high anisotropy for the doped
films.

We have also investigated the effect of temperature on
the magnetic properties of Co-doped Fe;O, films. Figure 5
shows the dependence of coercivity on temperature for 9%
and 17% Co-doped Fe;O, films. We can clearly see that for
both doping concentrations, a large coercivity is observed at
low temperatures, which decreases rapidly with increasing
temperature. This suggests the occurrence of superparamag-
netic effect in our Co-doped Fe;O, films. The magnetic an-
isotropy of the doped films also has strong temperature de-
pendence. The anisotropy energy constants for Co
substituted ferrites, K; and K,, are extremely sensitive to
temperature and increase with decreasing temperature, thus
resulting in higher anisotropy at low temperatures. This may
be attributed to two main factors; namely, increase in both
the exchange field due to neighboring spins and the effect of
spin-orbit coupling, with decreasing temperature.31

D. Magnetoresistance

We have investigated the MR properties of the undoped
and Co-doped Fe;0, films in detail. Shown in Figs. 6(a) and
6(b) are the MR curves for the undoped Fe;O, films as a
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FIG. 4. Room temperature magnetization curves as a function of Co doping
concentration for magnetic fields applied parallel to the film plane.

function of temperature, with magnetic field applied both
parallel and perpendicular to the film plane. The MR ratio is
defined as
R Ry — Ry
g, - 2HTH0

X 100. (1)
R Ry

We observed that for the undoped films, the in-plane MR
ratio reaches its largest value of —4.5% at 130 K, as shown
in Fig. 6(a). MR decreases with increasing temperature and
reaches a value of —3% at room temperature. The corre-
sponding out-of-plane MR has a maximum value of —3.8%
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FIG. 5. (Color online) Coercivity as a function of temperature for 9% and
17% Co-doped Fe;0, films.

at 130 K and reduces —2% at room temperature [Fig. 6(b)].
We can clearly see that the shape of the MR curves is inde-
pendent of temperature and they show a very weak saturation
trend for magnetic fields up to 3 T. We also observe that the
preferential growth of our films as confirmed by the XRD
results manifests itself in the form of totally distinct features
for the in-plane and out-of-plane MR curves. The in-plane
and out-of-plane MR curves show linear and quadratic be-
havior in the low magnetic field regime, whereas both vary
linearly with magnetic field in the high field range.

Eerenstein ef al.,”> have suggested a model for spin-
polarized tunneling of electrons across the AF interface be-
tween two antiphase domains to qualitatively explain the MR
behavior in our undoped Fe;O, films. According to their
model, the in-plane MR has been expressed as

MH

MR o (2)

War

For magnetic applied perpendicular to the plane of the film,
the out-of-plane MR has been expressed as

MR %

Field (Tesla)

FIG. 6. (Color online) MR curves as a function of temperature for (a)
undoped Fe;0, film with H parallel to the plane of the film, (b) undoped
Fe;0, film with H perpendicular to the plane of the film, (c) 17% Co-doped
Fe;0, film with H parallel to the plane of the film, and (d) 17% Co-doped
Fe;0, film with H perpendicular to the plane of the film.
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MH)?
H<Hah—>MRocu, (3)
4KW pp
M¢H - K
H>H,, — MR % ——| (4)
WAF

where WAFzAiF/AFdZ, Ar and Ay are exchange stiffness
constants, d is the distance between two neighboring spin
chains along the boundary, H,, is the uniaxial anisotropy
field, and K accounts for the uniaxial anisotropy energy. Ac-
cording to Eq. (2), the in-plane MR should increase linearly
with magnetic field H. For magnetic fields applied perpen-
dicular to the plane of the film, MR changes quadratically
with field until it equals the anisotropy field and is approxi-
mately linear for higher magnetic fields. Our experimental
observations for the undoped Fe;0, films are in good agree-
ment with this model. This suggests that the grain boundaries
in the undoped Fe;0, are AF coupled and have similar prop-
erties to antiphase boundaries (APB’s).

Figures 6(c) and 6(d) shows the representative in-plane
and out-of-plane MR curves for the 17% Co-doped Fe;0,
films as a function of temperature. We observed a maximum
in-plane MR of —3.4% at 85 K which reduces further to —1%
at room temperature. For magnetic fields applied perpendicu-
lar to the plane of the film, a maximum MR of -2.55% was
observed at 85 K which decreases to —0.5% at room tem-
perature. The decrease in MR ratio for the Co-doped films
when compared with undoped Fe;O, films may be attributed
to a reduction in spin polarization of Fe;O, as a consequence
of Co doping. We also observed that the in-plane MR curves
do not change linearly with the applied field H. It should be
noted that the model used to describe the MR behavior in
undoped Fe;O, films only takes uniaxial anisotropy into ac-
count and ignores the small magnetocrystalline anisotropy in
Fe;0,. Our Co-doped Fe;O, films, however, have a structure
similar to polycrystalline Co ferrites and thus have strong
cubic anisotropy. Consequently, linear in-plane MR behavior
as predicted by the model is not observed in the Co-doped
Fe;0, films. Preferential crystalline growth, however, results
in different features for the in-plane and out-of-plane MR
curves in the Co-doped Fe;O, films as well.

IV. CONCLUSIONS

In summary, we have investigated the structural, mag-
netic, and magnetotransport properties of Co-doped Fe;O4
films fabricated at room temperature by cosputtering on
MgO (100) substrates. XRD analysis suggests that the un-
doped and Co-doped Fe;0, films have a preferred crystalline
orientation. Transmission electron microscopy confirms the
presence of a well defined grain boundary network in the
undoped and Co-doped films. We observed that the Verwey
transition does not appear for our films. The magnetic and
transport properties of Fe;O, are markedly sensitive to Co
doping; the doped films exhibit highly anisotropic behavior
which is confirmed further by temperature-dependent mag-
netization measurements. MR behavior in the undoped
Fe;0, films shows linear magnetic field dependence for in-
plane measurements and quadratic dependence for out of
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plane measurements. These results are in agreement with the
model of spin-dependent tunneling across AF coupled grain
boundaries. For the Co-doped films, we observed that MR
ratio decreases with increasing Co content and that there is a
departure from linear field dependence for in-plane MR mea-
surements.
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