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We present a systematic study of the transport and magnetic properties of half metallic Fe;0, films
grown on Si (100) substrates with a Fe,05 buffer layer using electron beam deposition technique.
Transmission electron microscope images show the presence of small grains that are well separated
by grain boundaries in our polycrystalline films. We observed that the Verwey transition does not
appear for our Fe;O, films and tunneling of spin polarized electrons across grain boundaries
dominates the transport properties of the films. Magnetic measurements show a reduced
magnetization in our films which does not saturate even at high fields. Coercivity of the films
increases with decreasing temperature, suggesting the existence of additional anisotropy at low
temperatures. Magnetoresistance curves show linear behavior at high fields which may be attributed
to second order tunneling through intermediate states in the grain boundaries. At lower fields, the
magnetoresistance behavior is governed by direct tunneling. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2170981]

One of the major steps in developing next generation
spintronic devices is the synthesis of magnetic materials with
high spin polarization, high electronic conductivity, and high
Curie temperature. Half metallic materials having 100% spin
polarization at the Fermi level are very attractive for spin-
tronic devices such as magnetic random access memory and
magnetic sensors since the magnetoresistance (MR) effect
depends on the spin polarization of the materials used.! Half
metallicity has been predicted for several materials such as
Cr0,,> (Co,_Fe)S,° NiMnSb,' Sr,FeMoOg,’ and
Lao_781r0.3MnO3.6 An impediment to using any of these half
metals in practical devices is their relatively low Curie tem-
perature. Recently, magnetite (Fe;0,) has attracted much in-
terest due to its fully spin polarized half metallic character,
relatively high electronic conductivity at room temperature,
and a high Curie temperature of 850 K. These characteristics
can be utilized in the development of tunneling magnetore-
sistance (TMR) based devices that would operate at room
temperature with high efﬁciency.7

Several works have focused on characterizing the mag-
netic and transport properties of different forms of Fe;O,
including single crystals, powders, epitaxial, and polycrystal-
line films. Tang et al.® have prepared nanocrystalline Fe;O4
films using pulsed laser deposition and observed a maximum
negative MR of 12% near 120 K in a field of 9 T. Park
et al.’ have grown single layer Fe;0, films of various thick-
nesses by reactive sputtering and attributed the MR in their
polycrystalline films to spin dependent tunneling between
contiguous grains that is only determined by the relative
alignment of the surface magnetization. Recently, Jain et
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al."® have investigated the effect of buffer layer on the elec-
tronic properties of Fe;O, grown using electron beam depo-
sition and observed that the Verwey transition temperature,
current-voltage characteristics, and growth mechanism of the
films is strongly dependent on the buffer layer material used.

In this work, we have investigated the temperature de-
pendent magnetic and transport properties of 40 nm thick
Fe;0, films deposited with a 20 nm Fe,O5 buffer layer on Si
(100) substrates at room temperature using the electron beam
deposition technique.

The films were deposited on Si (100) substrates using
electron beam deposition from Fe,O5; and Fe;O, pellets, re-
spectively. The base pressure of the chamber was better than
3X 1077 Torr before deposition while substrate temperature
was maintained at 35 °C. We deposited 40 nm thick Fe;O4
films on a 20 nm thick Fe,O; buffer layer. The deposition
rates for Fe;0, and Fe,0; were 0.3 and 0.1 A/s, respec-
tively. Phase identification and crystal structures of the films
were examined by conventional #-26 x-ray diffraction scans
using a Cu K, radiation and transmission electron micros-
copy (TEM). We observed that highly crystalline Fe;O, with
a preferred (440) orientation was obtained. Magnetic proper-
ties of the Fe;O, films were characterized using the vibrating
sample magnetometer. Electrical contacts to the films were
made using standard optical lithography, metallization of
200 nm Al, followed by lift off in acetone. A standard four-
probe configuration was used in all transport measurements
at various temperatures.

Figure 1 shows the bright field TEM image and selected
area diffraction (SAED) pattern for 40 nm of Fe;0, depos-
ited on 20 nm of Fe,O; buffer layer. We observed that the
film consists of nearly uniform grains of average size ~8 nm
that are randomly distributed and well separated by grain
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FIG. 1. Bright field TEM image of for 40 nm of Fe;O, deposited on 20 nm
of Fe, 05 buffer layer. (Inset) SAED pattern.

boundaries. The bright spot in the diffraction pattern comes
from the Si (100) substrate while the rings can be indexed to
Fe;0,4, which suggests that the film is polycrystalline. The
presence of grain boundaries can alter the magnetic and
transport properties of our polycrystalline Fe;O, films sig-
nificantly from those of bulk Fe;O,.

The Verwey transition 7', is a first-order structural phase
and metal-insulator transition in which the cubic symmetry
of the Fe;O, crystal is broken by a small lattice distortion."
Shown in Fig. 2 is the temperature dependence of resistance
for 40 nm of Fe;O, deposited on 20 nm of Fe,O; buffer
layer. We observed that the Verwey transition, which is usu-
ally observed in single crystal samples and relatively thick
epitaxial films, does not appear for our Fe;O, film. This dis-
appearance of the Verwey transition in thin films of Fe;04
has been interpreted as being due to several factors such as
the small size of ferromagnetic domains and grains12 and the
large density of grain boundaries in the film.” From our TEM
analysis, we have confirmed the small size of grains and the
presence of grain boundaries in the film. Other factors such
as residual strain in the Fe;O, film resulting from the Fe,05
buffer layer, small departure from precise Fe;04
stoichiometry,'3’l4 lattice mismatch between the Fe;O,4 film
and the substrate, the presence of impurities at the interface
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FIG. 2. Resistance as a function of temperature for 40 nm of Fe;O4 depos-
ited on 20 nm of Fe,O; buffer layer.
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FIG. 3. Magnetization curve for 40 nm of Fe;0, deposited on 20 nm of
Fe,05 buffer layer measured at 300 K.

between the Fe;0, film, and the Fe,O5 buffer layer and for-
mation of other weakly coupled phases of Fe such as FeO
during deposition of the film may also result in the disap-
pearance of the Verwey transition.

We observed that the resistance does not follow either an
exp[(1/7)]"* law or an exp[(1/T)] law. The former is ob-
served in the variable range hopping model below 7'y, while
the latter is applicable to activated conduction through the
Coulomb gap above TV.15 The disappearance of the Verwey
transition suggests that the transport properties of our Fe;O,
films are grain boundary controlled. The resistance approxi-
mately follows the relation of R~ exp [(1/7)]"2. This behav-
ior is expected for a granular system where tunneling occurs
through grain boundaries between the grains. A similar de-
pendence has been observed in other granular systems in
which grain boundaries act as tunnel barriers for electron
tunneling between adjacent grains.]6

Shown in Fig. 3 is the typical in-plane magnetization
curve measured at 300 K for 40 nm of Fe;0, deposited on
20 nm of Fe,Oj5 buffer layer. The coercivity H of the film is
178 Oe at room temperature and increases to 350 Oe at
120 K. We observed that the magnetization of the Fe;O4
films was unsaturated above 8 kOe at all temperatures,
whereas the magnetization is expected to saturate near the
anisotropy field Hg of bulk Fe;0, ~310 Oe."” Similar
anomalous behavior was also observed in nanocrystalline
Fe;0, films deposited on Si substrates by pulsed laser
deposition,8 Fe;0, films grown on MgO substrates by dc
magnetron reactive sputtering,18 and Fe;0, films epitaxially
grown on MgO substrates.”” It has been suggested that the
anomalous magnetic behavior originates from exchange in-
teractions across antiphase boundaries (APBs)." By analogy
to the APBs, we suggest that there exists antiferromagnetic
(AF) coupling in our polycrystalline films through grain
boundaries.

The magnetization value measured at 8 kOe field was
~200 emu/cm?, which is lower than the typical bulk value
of 471 emu/cm? for Fe;0, crystal. The existence of strong
AF coupling within the grain boundaries causes a reduction
in the magnetization of our films. Another possible reason
for this low magnetization is the formation of other phases
such as wiistite, which is paramagnetic at room temperature
and becomes antiferromagnetic at low temperatures. The
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FIG. 4. Coercivity as a function of temperature for 40 nm of Fe;O, depos-
ited on 20 nm of Fe,O; buffer layer.

presence of a Fe,O; buffer below the Fe;O, film may also
introduce strain which results in reduction of the overall
magnetization. Moreover, the magnetization of Fe;O, thin
films is also reduced due to the presence of voids between
grains and APBs.”’

We have performed temperature-dependent magnetiza-
tion measurements for our Fe;0, films and extracted the co-
ercivity values at various temperatures. Shown in Fig. 4 is
the temperature dependence of coercivity for 40 nm of
Fe;0, deposited on 20 nm of Fe,O; buffer layer. We can
clearly see that the coercivity of our sample increases with
decreasing temperature. It should be noted that the mobility
of hopping electrons in the Fe;O, drops sharply while the
magnetocrystalline anisotropy increases considerably as the
lattice structure changes from cubic to monoclinic below the
Verwey transition.”' The increase in coercivity with decreas-
ing temperature suggests the existence of additional aniso-
tropy beyond the bulk value. In Fe;O,, the magnetocrystal-
line anisotropy which originates from the octahedrally
coordinated Fe?* ions varies strongly with temperature. This
causes a modification of the magnetic domain structure as
temperature decreases, and results in an increase in coerciv-
ity.

Shown in Fig. 5 are the transverse MR curves for 40 nm
of Fe;0, deposited on 20 nm of Fe,O; buffer layer as a
function of temperature up to a maximum magnetic field of
4 T. The MR curves show a very weak saturation trend for

Field (T)

FIG. 5. Magnetoresistance curves as a function of temperature for 40 nm
Fe;0, deposited on 20 nm of Fe,O; buffer layer.
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magnetic fields upto 4 T. At room temperature, a large MR
of —7% was observed. MR increases with decreasing tem-
perature and reaches a value of —12.6% at 150 K. We ob-
serve that the shape of our MR curves resembles that of
intergrain magnetoresistance (IMR). This phenomenon oc-
curs when a network of spin polarized ferromagnetic grains
are separated by insulating grain boundaries acting as tunnel
barriers. The large degree of spin polarization of half metal-
lic Fe;O, enhances the scale of the IMR effect. We can
clearly distinguish between two different regimes in our MR
curves; for fields below 1 T, the resistance drops rapidly
with applied field while at higher magnetic field, a linear MR
is observed. The abrupt low field MR can be qualitatively
interpreted within the direct tunneling models applied to
ferromagnet/insulator/ferromagnet tunnel junctions.l’22 The
linear behavior of MR in the high field regime maybe inter-
preted following the model of Lee et al. for second order
tunneling through an intermediate state in the grain bound-
ary. It is suggested that direct tunneling could be superim-
posed with second order tunneling, thus resulting in two par-
allel conduction channels whose conductivities should be
linearly added.
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