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ABSTRACT

Magnetite (Fes0a) has great potential for use in the new field of spintronics due to its interesting physical
properties, e.g., half-metallic ferromagnetic nature and metal-insulator transition (Verwey transition). Therefore,
a basic understanding of these properties is essential for applications in spintronics devices, especially

as the film thickness is reduced. In this work, the transport and magnetic properties of stoichiometric ultrathin
epitaxial Fe3Oafilms have been investigated. The Fe3Oafilms were grown on MgO (001) substrates

using molecular beam epitaxy under optimal growth conditions. Low energy electron diffraction and X-ray
photoemission spectroscopy confirmed that the films are single phase Fe30a. The Verwey transition has

been investigated using both transport and magnetization measurements. The magnetization measurements
show a sharp Verwey transition in all of these films, which indicates that the films have properties comparable

to the bulk. Furthermore, the magnetization measurements at room temperature show that the ultrathin

films with thickness t < 20 nm are ferromagnetic with magnetization values greater than those for bulk magnetite.
Such enhanced magnetization in ultrathin Fe3Oafilms is very promising for spin injection and other

applications.
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1. INTRODUCTION

The studies and applications of magnetite (Fe304_ thin
films have progressed over the last decades due to its
unique and interesting electrical and magnetic properties.
Fe304is an excellent candidate for the realization

of spintronics devices_1-3_due to its high Curie temperature
(858 K),_4_high spin polarization, and a metalto-

insulator transition (Verwey transition) occurring at

=125 K._s-6_ The epitaxial magnetite thin films have

been prepared by different methods on magnesium oxide
(MgO) as well as other substrates with various deposition
parameters. 7-12_ The transport and magnetic properties

of FesOshave been studied in both bulk and thin films. 6_11-25_
However, the epitaxial thin magnetite films

are known to exhibit different magnetic and transport
properties from the bulk._10_24-26_In particular, increased
resistivity with decreasing film thickness, 10_27-28 broadened
Verwey transition, 28_31-32_superparamagnetism in
ultrathin films, 11_1s_decreased saturation magnetization,
unusual magnetic anisotropy, and the coercivity field. 33-36_
As example at room temperature, the magnetic anisotropy
decreases with decreasing Fe304thickness and vanishes
below 5 nm. 37. These anomalies have been attributed

to the film microstructure, stoichiometry, and the presence
of structural growth defects called antiphase boundaries
APBs. 38-39_

In this work, we have investigated the transport and
magnetic properties of stoichiometric epitaxial Fe304
ultrathin films grown by MBE technique on MgO (001)



substrates. The purpose of this work is to explore the
effect of reduced dimension (thickness) and the ordering
of Fez2+ /Fes+ in ultrathin magnetite on the transport and
magnetic properties. Understanding this effect is becoming
critical for design and improving the performance of
spintronic devices in small size. In order to get films of
high-quality, molecular beam epitaxy (MBE) under ultrahigh
vacuum was employed. The films were characterized
in-situ by low energy electron diffraction (LEED) and

X-ray photoemission spectroscopy (XPS) as well as ex-situ
transport and magnetic measurements.

2. EXPERIMENTAL DETAILS

The Fe304films were grown by molecular beam epitaxy
(MBE) on MgO (001) substrates using a reactive method.
This method is ideal for controlling the film thickness

and stoichiometry. Molecular beam epitaxy was performed
in an ultra-high vacuum chamber with the base pressure

lower than 3_0x10-10torr.

Magnetite thin films of 20 nm, 10 nm, and 5 nm thickness
were prepared under optimal growth conditions using
reactive MBE as listed in Table I. An optimal and controlled
growth process is a crucial requirement for the

accurate study of the magnetic and electronic properties of
ultrathin Fes304 films and their application. For this purpose,
pure iron rods were thermally evaporated at a deposition
rate of 3.33 A/min with substrate temperatures 250 _C

and 265 _C to avoid interdiffusion of magnesium ions from
the substrate into the film. 40_ The details of growth and
optimal parameters have been obtained previously. 41_ The
crystal and electronic structures of the films were studied
by LEED and XPS (Mg-K__, respectively. Finally, the surfaces
of samples were capped with a very thin layer (2 nm)

of MgO, in order to avoid transformation to another iron
oxide phase.

The resistivity measurements were carried out using
closed cycle refrigeration (CCR) system at the University
of Connecticut. The magnetization measurements

were carried out using a superconducting quantum
interference device (SQUID) from Quantum Design at

both Brookhaven National Lab and the University of
Connecticut.

Table L. The resistivity, saturation magnetization, and temperature of
the Verwey transition Tvfor (high-quality) Fe304films grown on MgO
(01) substrates with different thicknesses.

Substrate M
Thickness p(0z) temperature Resistivity Tvemu/cmsHc Tv

(nm) (torr) (_C) (_-cm) (K) =30 (Oe) (K)
20 7x10-7250 0.0064 122 480 260 121
10 1x10-62500.0516 115 680 160 115

57%10-7265 0.112 No 7,820 250 100
Bulk - - 0.005 125 480 - 124



3. RESULTS AND DISCUSSION

3.1. Structural Properties

The surface crystal structure of the films with different
thickness was characterized by LEED. All of the films

showed the (V2xV2) R45_surface reconstruction relative

to the primitive surface unit cell of magnetite. 42_ Figure 1
shows the sharp LEED pattern obtained from a clean MgO
(001) substrate and a 5 nm Fe304 thin film on a MgO

(001) substrate, indicating a clean and well-ordered surface
structure. Furthermore, the XPS survey spectra over

the complete kinetic energy range from 0 to 1253.6 eV

of the X-ray (Mg-K_) anode were recorded to check the
cleanliness of the surfaces and investigate the composition
of the substrates and iron oxide films. All MgO (001) substrates
and the iron oxide films were observed to be of

good quality and free of contamination.

Fe 2p core-level XPS spectra were recorded for Fe304

films with thicknesses 20 nm, 10 nm, and 5 nm as shown

in Figure 2. It is well known that the various iron oxide
phases (_-Fe203, Fes

04, FeO, and Fe) can be distinguished

by their characteristic satellite peaks._s_40-41_The






Fig. 1. Low energy electron diffraction pattern with an electron
energy of 137 eV for: (a) A clean MgO (001) substrate. (b) An epitaxial
5 nm Fe304(001) film grown on an MgO (001) substrate under

an oxygen pressure p(Oz_ = 7x10-7torr at a substrate temperature
265 C.

Fig. 2. Fe 2p photoemission spectra obtained with Mg-K_ X-ray radiation
for: Epitaxial Fes04films with thickness 20 nm, 10 nm, and 5 nm
grown on MgO (001) substrates.

Fe 2p spectra studied here show no signs of a satellite
structure or any metallic Fe clusters, which is taken as an
indication of stoichiometric Fe304. However, the 2p peak
broadens with decreasing the film thickness, due to the
substrate effect, in which some of the XPS charges transfer
from the film to the substrate and loose their energy.

3.2. Transport and Magnetic Properties

In order to explore the stoichiometry of the films with
reduced thickness, the Verwey transition was investigated
using both transport and magnetization measurements.
This transition is accompanied by a structural change

from a high-temperature cubic phase with the easy magnetization
axis along a [100] axis to a low-temperature

monoclinic phase with the easy axis aligned along the
c-axis. The most prominent feature in the electric transport
measurements of bulk magnetite is the Verwey transition,
observed as a sharp change in resistivity occurring at

120 K, which is attributed to a charge ordering at the octahedral
sites. The temperature dependence of the resistivity

for the films grown with various thicknesses is shown in
Figure 3.

As the thickness of the Fe304 films is reduced, the Verwey
transition broadens and vanishes for the 5 nm film,

which is indicative of the breaking of long range charge
ordering associated with this transition. Furthermore, it

is observed that the Fe30a film resistivity increases with
decreasing thickness. It was reported that the impact on
scattering due to imperfections in the vicinity of the surface
and interface with the substrate will be larger for the thinner
films relative to the thicker ones. 10_36_Thus, it is to be
expected that the thinner films will have higher resistivity.
The higher resistivity values for the Fe304 films

with thickness <20 nm compared to the bulk, the

reduction of Ty, and the broadening of the Verwey
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Fig. 3. (a) Semilog plot of resistivity (ohm-cm) versus temperature

(K) during warming of the 20 nm, 10 nm, and 5 nm Fe304

films grown on MgO (001) substrates. (b) Semilog plot of resistivity
(ohm-cm) versus 1000/temperature (1/K) during warming for the same
Fe304films.

transition may be attributed to increase the antiphase
boundaries (APBs) density, thus a significant decrease in
domain size. 10_11_3s_45_It was reported that the increase

of the resistivity with decreasing film thickness and the
absence of the Verwey transition in films thinner than

25 nm may be also related to very small structural domain
size._10_In contrast, a recent study still observed a clear
Verwey transition in 10 nm thick film._s6_

In conclusion, it seems that determination of the Verwey
transition by transport measurements is difficult in
ultrathin films, due to the film discontinuity, the decreased
domain size, and the presence of the surface and/or interface
with the substrate._47_ Therefore, since the magnetic
measurements are less affected by the domain size, in the
next section we will focus on magnetization studies of the
effect of the reduced thickness on the properties of ultrathin



films.
The temperature dependence of the zero fieldcooled
(ZFC) and field-cooled (FC) magnetization curves
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Fig. 4. Total magnetic moment (emu) versus temperature (K) during
heating (red circles), and subsequent cooling (blue circles), for
Fe304films grown on MgO (001) substrates with various thicknesses
(a) 20 nm, (b) 10 nm, and (c) 5 nm, oxygen pressure and substrate
temperature values are indicated.

measured for different film thicknesses are shown in
Figure 4. The measurements were made with a magnetic
field of 300 Oe applied in the (001) plane of the film.

A sharp Verwey transition was found in all of the films.
The first derivative of ZFC curve for the 20 nm, 10 nm,
and 5 nm films suggests that the Verwey transition occurs
atabout 121 K, 115 K, and 110 K, respectively. Figure 5
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Fig. 5. Temperature derivative of the data of Figure 3(a) for 20 nm
Fe304film grown on a MgO (001) substrate under oxygen pressure

7x10-7torr.

shows the first derivative of the ZFC curve for the 20 nm

film grown with p(0z) = 7_0x10-7torr.

Magnetic hysteresis loops for the Fe304films were measured
at 300 K by applying the magnetic field in the

(001) plane of the film. All of these films exhibit ferromagnetic
behavior. Figure 6(a) shows the total magnetic

moment for the three samples with different film thickness
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Fig. 6. (a) Total magnetic moment (emu) versus magnetic field (Oe),
hysteresis loops, obtained at 300 K for the 20 nm,10 nm, and 5 nm films
grown on MgO (001) substrates. (b) Film magnetization (emu/cms_,
obtained from the data in (a) corrected for the MgO substrate contribution.
(c) The magnetic field behavior around the origin for the films.

while Figures 6(b) and (c) show the film magnetization

and coercivity. The small coercivity (Hc) observed in our

films is representative of a weak pinning of the magnetic
domains. 47_ The magnetization of 20 nm, 10 nm, and 5 nm

films were found to be 480 emu/cms3, 680 emu/cms, and

820 emu/cms, respectively. The 10 nm, and 5 nm Fe304

films have enhanced magnetization compared to the bulk

value, which might be promising for the spintronics applications
such as spin injunction into semiconductors. This

result is in contradiction with some earlier studies that suggest
a dead interface layer or a superparamagnetic behavior

for ultrathin films of magnetite caused by the APBs. Voogt
etal. 28 and Eerenstein et al. 31 showed that the ultrathin
Fe30a4films are superparamagnetic. Table I summarizes

the transport and magnetic properties for high-quality

Fe304 films grown on MgO (001) substrates with different
thicknesses.

It has been suggested that the enhancement of the magnetization

for Fe304films <10 nm is due to the presence

of APBs defects which contribute to the unusual

magnetic properties of Fe304 thin films, such as broadening
of the Verwey transition, and the non-saturation of
magnetization, even at a very high magnetic field. 28 4s8-50_
This interesting phenomenon was observed recently in
Fe304films. s0_s51. However, the origin of such high magnetization
is still under debate. On the one hand, it was

suggested that APBs and the uncompensation of spin
moments at the surface are main factors contributing to

the observed enhanced magnetic moment. 47_ On the other
hand, it was attributed to the presence of Fe impurities

in the substrate that enhanced the magnetization. 51_

In the very recent study, s2_it was revealed by using that
the magnetization enhancement is due to spin-flipping of
valence spins in tetrahedral-Fes+ at Fe304 grain boundaries
via oxygen, enhancing the overall double-exchange

and suppressing the super-exchange interactions. From
these previous studies, it is clear that the magnetization
property of magnetite thin film strongly depends on the
method of preparation, nature of defects and the defect
density.

It is imperative to recognize whether or not our observation
of such a large magnetization for the thinner (<20 nm)
magnetite films is real or not. The first possibility for

error is related to the film thickness. This is ruled out

due to the fact that the growth rate and the thickness values
of the films are accurately measured (90-95%) using

XPS. The second possibility is the contribution of impurities
in the MgO substrate, which has been corrected for

yielding a signal that is attributed to the film itself. Magnetization



measurements on a MgO substrate treated and

annealed in the same environment as those used for the
growth of the Fe304films showed an absence of any magnetic
contamination at room temperature and low temperatures.
Furthermore, the possibility of a non-stoichiometric

phase or any Fe clustering is also ruled out. No evidence

for the presence of any other iron oxide phase or unreacted
Fe was found from LEED and XPS studies. Moreover,

the transformation of magnetite to the Fe203 or FeO

phase would lead to a reduction in the magnetization as
both of these phases have a smaller magnetization than

the Fe304 phase. In addition to structural investigations,

we also investigated the stoichiometry of these films using
the Verwey transition through magnetic measurements as
shown in Figure 4. The growth temperature is low and,
therefore, the possibility of Mg interdiffusion into the
films_s3_is also ruled out. Furthermore, the tendency of
Mg-+2ions to substitute at octahedral (B)-sites, will lead a
reduction in the magnetic moment rather than enhancing it.
4. CONCLUSION

In summary, high quality epitaxial Fe304 ultrathin films

(£20 nm) were grown on MgO (001) substrates using a

reactive MBE under the optimal conditions for each thickness.
In this work, the effect of reduced thickness on the

transport and magnetic properties of high quality epitaxial
Fe304 ultrathin films has been investigated. By characterizing
the films structurally, a complete picture of epitaxial

Fe304 ultrathin films was obtained. Since the magnetic and
transport properties of Fe304 are strongly correlated with
quality of crystal structure.

The resistivity of ultrathin Fe304films with thickness

<20 nm showed very high value compared to the bulk,

with a broadening of the Verwey transition; and the transition
vanishes in the 5 nm film. However, the magnetization
measurement showed a sharp Verwey transition in all of

the films. Furthermore, the ultrathin Fe304films displayed

a ferromagnetic behavior with saturation magnetization
values that are much greater than that of bulk magnetite,
particularly for thicknesses <20 nm. This observation of

an enhanced magnetization in ultrathin magnetite film is
very promising for the spintronics application such as spin
injection.
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