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A systematic study of the electronic properties of Fe3O4 films grown directly on Sis001d substrates
and on Ta, Ti, and SiO2 buffer layers using electron beam deposition is presented. The effect of the
buffer layer on the Verwey transition temperature and on the current–voltage characteristics of
Fe3O4 has been studied in detail. We observed that for a fixed Fe3O4 film thickness, the Verwey
transition temperature is strongly dependent on the buffer layer materials. Transmission electron
microscopy reveals that the growth mechanism of the Fe3O4 films is strongly dependent on the type
of buffer layer used. The contribution of long range and short range charge ordering below the
transition temperature has also been investigated. We observed an insulator-like gap structure in the
density of states below the transition temperature which gradually disappears with increasing
temperature. ©2005 American Institute of Physics. fDOI: 10.1063/1.1889247g

INTRODUCTION

Half metallic ferromagnetic materials, characterized by
100% spin polarization and having only one spin-subband at
the Fermi level, have been the subject of interest for more
than a decade.1–4 Among all the half metallic ferromagnets,
magnetitesFe3O4d has gained enormous attention due to its
high Curie temperaturesTcd of 858 K. Band structure calcu-
lations indicate that this spinel ferrite has only minority spin
electrons at the Fermi level, indicating the half-metallicity of
magnetite.5,6 This means that for one spin orientation, Fe3O4

acts as a metal, while for the opposite orientation, it acts as
an insulator. This property, in addition to theTc, makes mag-
netite very attractive for room temperature applications in
various spin-electronic devices, such as magnetic tunnel
junctions for magnetic random access memory applications.
The order-disorder transition at the Verwey point for magne-
tite is known to take place at,120 K.7 This metal–insulator
transition of Fe3O4 makes its magnetoelectronic properties
very interesting to investigate.

Several attempts have been made to characterize the
bulk properties of Fe3O4 at low temperatures. Weiet al.8

have studied the half metallic properties of epitaxially grown
Fe3O4 films on s001d oriented MgO substrate using scanning
tunneling spectroscopy. They observed that the half-metallic
density of states of epitaxial Fe3O4 films exhibited a split in
the energy spectra below the transition temperature. In an-
other study, Ziese and Blythe9 investigated the resistivity de-
pendence with temperature for single crystal Fe3O4 and
Fe3O4 films deposited on MgO substrates using Pulsed laser
deposition. They established the relationship of conductivity
with the Arrhenius law as a function of temperature below
the metal–insulator transition. Recently, Liuet al.10 reported
a grain boundary dominated electron tunneling mechanism

for the change in resistivity as a function of temperature for
polycrystalline Fe3O4 films prepared by reactive sputtering.
They observed that the Verwey transition associated with
Fe3O4 materials does not appear for all the thicknesses of
Fe3O4 films deposited. This was attributed to the fact that the
resistivity of the Fe3O4 films is grain boundary controlled.

In this article, we have investigated, in a systematic way,
the correlation between the metal–insulator transition of
Fe3O4 films and the buffer layer materials. The films were
grown directly on Sis001d substrates and also on Ta, Ti, and
SiO2 buffer layers. We observed that the metal–insulator
transition of Fe3O4 is significantly modified by the buffer
layer materials. This may be due to the stress imposed by the
buffer layer and by impurity conduction. Transmission elec-
tron microscopy shows that the Fe3O4 growth is markedly
influenced by the type of buffer layer used. For Fe3O4 films
deposited on an SiO2 buffer layer, the growth is columnar in
contrast to other buffer layers. We have also investigated the
current–voltagesI –Vd characteristics of Fe3O4 as a function
of temperature for each of the buffer layers. We observed
that the low temperature conductivity of Fe3O4 is mediated
by the exchange of ferrous and ferric ions, and is strongly
dependent on the buffer layer materials.

EXPERIMENTAL DETAILS

Fe3O4 films were deposited using electron beam deposi-
tion from Fe3O4 pellets. The base pressure was maintained at
4310−7 Torr with substrate temperature at 50 °C. The
Sis001d substrates were first precleaned in acetone followed
by isopropanol before loading in the deposition chamber. We
deposited 150 nm thick Fe3O4 films at a rate of 0.8 Å/s di-
rectly on Sis001d substrates and on 20 nm Ta, Ti, and SiO2

buffer layers. The deposition rate for Ta was 0.15 Å/s, for Ti
it was 0.1 Å/s and for SiO2, the rate was 0.3 Å/s. Details of
the sample description are listed in Table I. Phase identifica-
tion and crystal structure of Fe3O4 films were examined by
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conventionalu–2u x-ray diffraction scans using Cu Ka ra-
diation. We observed that for Fe3O4 films deposited directly
on Sis001d, no obvious Fe3O4 peaks were found. However,
for films deposited on Ta, Ti, and SiO2 buffer layers, highly
crystalline Fe3O4 with a preferredk311l orientation was ob-
tained. This is in agreement with our earlier work.11

RESULTS AND DISCUSSION

The evolution during the metal–insulator transition has
been investigated by analyzing the variation in the film’s
resistance as a function of temperature. Shown in Fig. 1 is
the temperature dependence of the resistance for 150 nm
Fe3O4 films deposited directly on a Sis001d substrate and on
20 nm of Ta, Ti, and SiO2 buffer layers. We observed that at
high temperatures, the resistance of Fe3O4 films deposited
directly on Sis001d and on the Ta buffer layer is low. As the
temperature decreases, the resistance increases drastically,
nearly becoming an insulator. From theR–T curve, we have
determined the transitionsTvd for the Fe3O4 film on the Ta
buffer layer and on the Sis001d substrate to be 32.5 and
65 K, respectively. The transition temperature is measured
from the slopes of the curves obtained in Fig. 1. These
metal–insulator transition points are lower when compared
with the transition temperature proposed by Verwey7

s,120 Kd. This decrease inTv may be due to the impurities
present at the interface between the buffer layer and the
Fe3O4 films, thus making conduction possible even at such
low temperatures. Impurity concentrations of less than 4%
are known to increase the resistivity and also lower the tem-
perature of the Verwey transition.12 For Fe3O4 deposited di-
rectly on the Sis001d substrate however, we observed the

presence of weakly coupled phases of Fe like FeO and Fe2O3

at the interface between Si and Fe3O4 using transmission
electron microscopy. This unfavorable growth of an ionic
oxide on a covalent substrate explains the introduction of a
buffer layer between the Si substrate and Fe3O4 films. Thus,
the conduction of Fe3O4 at temperatures below the Verwey
transition temperature could be due to conduction through
FeO and Fe2O3. This has been shown in our previous work
where the different phases of Fe were also identified using
x-ray photoelectron spectroscopy.11

Figure 1 also shows the correspondingR–T curves for
Fe3O4 films deposited on Ti and SiO2 buffer layers. For
150 nm of Fe3O4 film deposited on a Ti buffer layer, how-
ever,Tv is deduced to be 123.5 K, which is very close to the
Verwey transition temperature. The increase in resistance
from high temperatures to low temperatures does not show a
sharp transition, but a gradual one. Surprisingly, for Fe3O4

films deposited on SiO2 buffer layers, Tv increases to
155.5 K. The resistance shows a sharp jump at the transition
temperature for the SiO2 buffer layer. One possible explana-
tion for the marked increase inTv could be attributed to the
stress induced by the buffer layer film. The transition tem-
peratures for all the samples are listed in Table II.

The conductivity of magnetite film is known to be due to
the exchange of electrons between the ferrous and ferric ions
in the octahedral lattice sites, and thus the random distribu-
tion of the ions above the transition leads to an isotropic
conductivity. Below the transition, however, the conductivity
should be anisotropic. The energy required for the exchange
of ferrous and ferric ions for conductivity to take place is
called the activation energy. Table II lists the activation en-
ergiessEad for temperature ranges above and belowTv ex-
tracted from a fit of a thermally activated resistivity equation

r = r0 expsEa/kTd, s1d

whereEa is the activation energy,k is the Boltzman constant,
T is the temperature andr0 is the resistivity constant. For
sample A the activation energyEa, changes from 17 meV
aboveTv to 70 meV belowTv. The decrease of 53 meV in
the energy gap aroundTv is consistent with the 2 order of
magnitude conductivity jump. Similarly, for sample B,Ea

was deduced to be 40 and 170 meV, above and belowTv,
respectively. The change of 130 meV in theEa is large when
compared to Fe3O4 films deposited on Ta buffer layers
s53 meVd, and is probably due to impurity conduction. For
sample C, the conductivity activation energyEa increases
from 190 to 330 meV for temperatures above and belowTv.

TABLE I. Description of the various samples used in the experiments.

Sample name Film structures

A Sis001d /Fe3O4s150 nmd
B Sis001d /Tas20 nmd /Fe3O4s150 nmd
C Sis001d /Tis20 nmd /Fe3O4s150 nmd
D Sis001d /SiO2s20 nmd /Fe3O4s150 nmd

FIG. 1. Resistance vs temperature curves for 150 nm of Fe3O4 deposited on
a Sis001d substrate and on Ta, Ti, and SiO2 buffer layers.

TABLE II. Activation energiesEa calculated for Fe3O4 deposited on the
buffer layers, below and above the transition temperatureTv.

Sample name Tv sKd

Activation energysEad smeVd

T.Tv T,Tv

A 65.0 17 70
B 32.5 40 170
C 123.5 190 330
D 155.5 2 100
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Finally, for sample D, we observed an increase inEa from
2 to 100 meV, above and belowTv, respectively.

In order to get a comprehensive understanding of the
electrical properties of Fe3O4 at low temperatures, we have
investigated the conductivity of Fe3O4 on different buffer
layers by studying theI –V characteristics using the four
point probe method. By sourcing voltage and measuring the
tunneling current, we have observed a sharp transition from
an insulator gap to a peak structure around zero voltage.

It has been reported by Hibmaet al.13 that Fe3O4 has
antiphase boundaries with Fe grains surrounded by oxide
shells. At low temperatures, tunneling of electric charge into
the grains increases the Coulomb energy by a charging ef-
fect. This opens the Coulomb gap and strongly enhances the
tunnel resistance. TheI –V characteristics of such a configu-
ration display a current step known as the Coulomb gap or an
insulating gap that increases in width with decreasing tem-
perature. This gap has been detected by photoemission,14,15

optical,12 and tunneling spectroscopy. Figure 2 shows the
representative current–voltage plots for Fe3O4 deposited di-
rectly on an Sis001d substrate.

We observed a clear linear relationship between current
and voltage at room temperatureswell above Tvd. As the
temperature is decreased towardsTv, a region of low conduc-
tance starts to appear, in the form of a Coulomb gap or in-
sulating gap, as shown in Fig. 2sbd. Below Tv, the highest
Coulomb gap we observed was 3.2 V at 15 K.

Figure 3 shows the representativeI –V curves for
150 nm of Fe3O4 deposited on 20 nm of Ta buffer layer. At
temperatures aboveTv, Fe3O4 is a relatively good spin po-
larized conductor showing a linear relation between voltage
and current. However, as the temperature is decreased, the
conductivity of Fe3O4 also decreases as seen by the increas-
ing nonlinear behavior in current–voltage loops at 160 K.
The inset in Fig. 3sad shows the peak like structure aboveTv.
This peak structure gradually opens up in the form of an
insulating gap as the temperature decreases. At the onset of
Tv, the flat region around 0 V becomes more pronounced,
thus showing a sharp decrease in conductivity. From Fig.
3sbd the Coulomb gap is found to be 1 V at 50 K. We ob-
served a drastic change in the conductance of Fe3O4 in the
temperature interval from 30 to 10 K, corresponding to an
insulating gap of 5–10.5 V, respectively. A clear change in
the conductivity spectrum can be seen in the inset. The inset
in Fig. 3scd is the region of low conductance which sets in
belowTv. The abrupt change in the tunneling spectra from a
linear conductivity behavior aboveTv to the region of low
conductance belowTv is a manifestation of the metal–
insulator transition in the film. The threshold voltage for the
coulomb gap is observed to be symmetric around 0 V.

Figure 4 shows the current–voltage characteristics for
Fe3O4 films deposited on Ti buffer layers at various tempera-
tures above and belowTv. TheI –V characteristics near room
temperature show that the conduction spectra does not have a
peak like structure, suggesting the conductivity to be domi-
nated by antiphase boundaries with different interparticle
junction parameters. Furthermore, the conductance of Fe3O4

shows a broadened peak structure atTv, as seen in the inset
of Fig. 4sbd. We observed that the low conductivity region at

50 K, well below Tv, has an insulating gap of 19 V. This
large insulating gap could be attributed to the microstructure
of the Fe3O4 film deposited on the Ti buffer layer. Transmis-
sion electron microscopesTEMd analysis shows that the
grain size of Fe3O4 on the Ti buffer layer is very small,
explaining the above observation.

Figure 5 shows the representativeI –V curves as a func-
tion of temperature for Fe3O4 films deposited on SiO2 buffer
layers. As seen from the figure, the Coulomb gap is asym-
metric starting from 0 V when compared with the symmetric
behavior obtained for Fe3O4 films deposited on Ta and Ti
buffer layers. The asymmetric nature of the Coulomb gap

FIG. 2. I –V characteristics for 150 nm films of Fe3O4 deposited on Si at:sad
60, 80 K, sbd 30, 50 K, andscd 15, and 25 K.
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may be due to the presence of impurities and voids in the
grain structure. We observed that the Coulomb gap increases
from 200 mV to 1 V when the temperature is decreased from
140 to 120 K. BelowTv we observed the highest Coulomb
gap of 4.8 V at 105 K as shown in Fig. 5scd.

To investigate this asymmetric behavior of Fe3O4 when
deposited on SiO2 buffer layers, we characterized the inter-
face properties and growth mechanism of Fe3O4 using TEM.
Figure 6sad shows a cross sectional bright field TEM micro-
graph of Fe3O4 deposited on a SiO2 buffer layer. We clearly
observed the columnar growth of Fe3O4 which is in direct
contrast to the noncolumnar growth of Fe3O4 when deposited

on Ta or Ti buffer layerssnot shownd. The exact conduction
mechanism is still not known, but it is suggested that the
columnar growth of Fe3O4 may be responsible for the asym-
metric nature in theI –V characteristic curves. Figure 6sbd is
a high resolution TEM micrograph of the same sample.

CONCLUSIONS

We have presented the results of our investigation on the
effect of buffer layer materials on the electronic conductivity
of Fe3O4. We observed marked variations in the Verwey tran-
sition temperature for Fe3O4 films deposited on different
buffer layers. The low temperature conductivity of Fe3O4 has

FIG. 3. I –V characteristics for 150 nm films of Fe3O4 deposited on a Ta
buffer layer at:sad 70, 80 K, sbd 50, 60 K, andscd 10, and 30 K.

FIG. 4. I –V characteristics for 150 nm films of Fe3O4 deposited on Ti at:sad
170, 210 K,sbd 110, 150 K, andscd 50, and 90 K.
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been investigated usingI –V characteristic measurements. A
prominent Coulomb gap below the transition temperature
was observed. For Fe3O4 films deposited on Sis001d sub-
strates and on Ti and Ta buffer layers, the Coulomb gap is
symmetric, compared with the asymmetric gap observed for
films deposited on SiO2 buffer layers. We have thus shown
that the metal–insulator transition temperature can be signifi-
cantly modified by changing the buffer layer material.
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