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Abstract
Fe3O4 films with thicknesses of 2–200 unit cells were epitaxially grown on α-Al2O3(0 0 0 1)
substrates by laser molecular beam epitaxy at room temperature. The fine streaky pattern and
clear intensity oscillations were observed by in situ reflection high-energy electron diffraction,
indicating that the films are perfect two-dimensional layer-by-layer epitaxial growth. X-ray
diffraction and atomic force microscope measurements reveal that the Fe3O4 films have
high-pure crystal phase and atom-level-smooth surface. The experimental results demonstrate
that the structural, electrical and magnetic properties of the room-temperature epitaxial Fe3O4

films strongly depend on the film thickness.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Room-temperature epitaxial growth of functional film
materials has been highly requested from the viewpoint of
applications in heterostructures, microelectronic devices and
spintronics devices, etc, because it not only avoids atomic
interdiffusion at the heterointerface but also reduces the film
deterioration and the effects of substrate materials resulting
from the thermal treatment. The pulsed laser deposition (PLD)
method is an effective way to reduce the growth temperature
because the film precursors ablated from the target have high
enough kinetic energies to impinge, immigrate and nucleate on
the surface, and form epitaxial film further [1]. In recent years,
room-temperature epitaxy of some films on well-matched
substrates by PLD has been reported, for instance, GaN on
ZnO [2], InAlN on ZnO [3], AlN on SiC [4], GaN on
ZrB2 [5]. In some cases, epitaxial films can grow in ideal
layer-by-layer mode at room temperature rather than at higher
temperature [6, 7].

Magnetite (Fe3O4) is a famous half-metallic ferrimagnet,
which has high Curie temperature (858 K) [8] and high spin
polarization (nearly 100%) [9]. Its potential application to

serve as a ferromagnetic layer in spintronics devices, such as
spin valve and magnetic tunnelling junctions (MTJs), attracts
a lot of attention to the investigation of epitaxial Fe3O4

films [10, 11]. Epitaxial Fe3O4 films have been generally
prepared by PLD, molecular beam epitaxy (MBE) and
magnetron sputtering [12–14]. In the course of the research
on Fe3O4 film materials, some anomalous physical properties
of epitaxial Fe3O4 films deviating from bulk materials, for
example, superparamagnetic behaviour of ultrathin films
[15], unsaturated magnetization in high field [16], thickness-
dependence of film resistivity [17], have drawn extra interest.
In general, these properties are always attributed to a natural
growth defect—antiphase domain boundaries (APBs), which
are not found in the Fe3O4 bulk [15–17]. However, almost
all of the Fe3O4 film samples used in the above research
works were fabricated at higher substrate temperature. In this
paper, we report the room-temperature layer-by-layer epitaxial
growth of Fe3O4 thin films with a thickness ranging from 2
to 200 unit cells (u.c.) on α-Al2O3 substrates. The structural,
electrical and magnetic properties of the Fe3O4 thin films were
studied in detail. The experimental results show that the room-
temperature epitaxial Fe3O4 thin films not only have similar
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physical properties to those of the Fe3O4 films fabricated at
high temperature but also have atom-level-smooth surfaces.
The physical properties of the Fe3O4 thin films are strongly
dependent on the film thickness.

2. Experimental details

A series of Fe3O4 thin films with various thicknesses from 2
to 200 u.c. layers were epitaxially grown on α-Al2O3(0 0 0 1)
substrates by laser molecular beam epitaxy (Laser-MBE) [18].
The base pressure of the epitaxy chamber was 1 × 10−5 Pa.
A high-purity iron ingot (>99.99%) was used as target. The
target-to-substrate distance was fixed at 70 mm. Commercial
α-Al2O3(0 0 0 1) substrates were annealed in air at 1200 ◦C for
2 h in advance to obtain the step-and-terrace surface structure.
The beam of a XeCl excimer laser (308 nm, 20 ns, 2 Hz)
was focused on the iron target with an energy density of
about 1.5 J cm−2. During the entire preparation process, the
substrates were kept at room temperature (∼300 K), and the
oxygen pressure was maintained at 1 × 10−3 Pa.

The growth process of each Fe3O4 film was monitored
by in situ real time reflection high-energy electron diffraction
(RHEED). The RHEED monitor provides us with useful
information about the thickness and the surface structure of
the Fe3O4 films. The RHEED intensity oscillations enable us
to control the film thickness exactly. The crystal structures
of the films were characterized by x-ray diffraction (XRD)
with Cu Kα radiation. The Fe 2p core-level spectra were
checked using x-ray photoelectron spectroscopy (XPS) with
Mg Kα radiation. Surface morphology was scanned by an
atomic force microscope (AFM). The resistance measurements
were carried out by the standard four-probe method using a
Keithley 2400 SourceMeter. The resistivity versus temperature
curve was measured by a physical property measurement
system (Quantum Design, PPMS-9 T). Magnetic domains
were observed with a magnetic force microscopy (MFM).
Magnetic hysteresis loops were measured by vibrating sample
magnetometry (VSM, PPMS-9 T).

3. Results and discussion

3.1. Structural properties

Figure 1 displays the in situ RHEED intensities of a specularly
reflected beam as a function of growth time for the Fe3O4

films with thickness of 2 u.c., 5 u.c., 8 u.c., 10 u.c., 20 u.c. and
40 u.c., respectively. The clear RHEED intensity oscillations
demonstrate the perfect two-dimensional (2D) layer-by-layer
growth, and show the exact u.c. layer numbers of the films. We
can evaluate the average growth rate is about 60 laser pulses per
u.c. layer from the RHEED intensity oscillation curves. The
inset of figure 1 shows a typical RHEED pattern of Fe3O4 films,
and the RHEED pattern keeps unchanged even though the
thickness reached 200 u.c layers. The bright RHEED streaks
and the uninterrupted RHEED intensity oscillation indicate
that the Fe3O4 films can maintain a very smooth surface during
the epitaxial growth. The presence of (1/2, 1/2)-type rods in the
RHEED pattern indicates the formation of the inverse spinel

Figure 1. RHEED intensity oscillations during the
room-temperature epitaxial growth of Fe3O4 films on
α-Al2O3(0 0 0 1). The inset shows a typical RHEED pattern of the
Fe3O4 film.

Figure 2. (a) XRD θ–2θ profiles of Fe3O4 films with the thickness
of 2 u.c., 5 u.c., 10 u.c., 20 u.c., 40 u.c., 100 u.c. and 200 u.c. layers,
respectively. (b) Fe 2p core-level XPS spectra of 40 u.c. and 200 u.c.
Fe3O4 films.

structure for the Fe3O4 film [19]. In addition, the RHEED
streaky pattern reappears after rotating the substrate by 120◦,
implying a threefold symmetry axis of the Fe3O4 film, which
may correspond to the [1 1 1] crystal axis.

Figure 2(a) shows the XRD θ–2θprofiles for the Fe3O4

films with thicknesses of 2, 5, 10, 20, 40, 100 and 200 u.c.
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Figure 3. AFM 2D images (2 × 2 µm2) and the corresponding height profiles along the solid lines in the 2D images of the Al2O3 substrate
and the Fe3O4 films: (a) Al2O3 substrate; (b)–(f ) 2 u.c., 10 u.c., 40 u.c., 100 u.c. and 200 u.c. Fe3O4 film, respectively.

grown on α-Al2O3(0 0 0 1) substrates. Only the peaks
corresponding to theα-Al2O3(0 0 0 6) and Fe3O4 (h h h)planes
are detected, with no trace of other diffraction peaks from either
secondary phase or randomly oriented grain. This means that
the Fe3O4 thin films are single phase and high-oriented, and
the epitaxial relationship is Fe3O4 (1 1 1) ||α-Al2O3 (0 0 0 1).
It should be noted that, compared with the α-Al2O3(0 0 0 6)
peak, the Fe3O4 diffraction peaks gradually shift to the
high-degree direction with decreasing film thickness when
the thickness is less than 100 u.c., meaning that the lattice
near the interface was expanded in the (1 1 1) plane. The
lattice parameter of α-Al2O3 is a = 4.76 Å, whereas the
surface unit cell constant is 5.92 Å for the Fe3O4(1 1 1) plane.
Gota et al [19] believe the epitaxial growth of Fe3O4 on α-
Al2O3 is guided by lattice symmetry, they also observed a
similar expansion of Fe3O4 on the α-Al2O3 substrate prepared
by MBE.

Figure 2(b) shows the typical Fe 2p core-level spectra of
Fe3O4 films with 40 and 200 u.c. obtained by XPS. The binding
energies of Fe 2p3/2 and Fe 2p1/2 are located at around 711 eV
and 724 eV, respectively. The values are very consistent with

those of the Fe3O4 films fabricated at a higher temperature
[20, 21]. The results point out the formation of Fe3O4 prepared
at room temperature.

Figure 3 shows the surface morphologies of the Al2O3

substrate and the Fe3O4 films. Figure 3(a) is a two-dimensional
(2D) AFM image of the as-processed α-Al2O3(0 0 01)
substrate in 2 × 2 µm2. The step-and-terrace structure
on the Al2O3 surface is very clear and the average step
height corresponds to the spacing of α-Al2O3 (0 0 0 6) planes
(0.216 nm). Figures 3(b)–(f ) display the 2D AFM images
(2 × 2 µm2) and height profiles for the Fe3O4 films with
thicknesses of 2 u.c., 10 u.c., 40 u.c., 100 u.c. and 200 u.c.,
respectively. We can see that the surfaces of the Fe3O4 films
maintain the original surface structures of the Al2O3 substrates
very well. The corresponding root-mean-square (rms) surface
roughness within a 2×2 µm2 area is 0.088 nm, 0.083 nm,
0.095 nm, 0.116 nm, 0.109 nm and 0.129 nm for the Fe3O4

films with thicknesses of 2 u.c., 10 u.c., 40 u.c., 100 u.c. and
200 u.c., respectively. Just as expected, the room-temperature
epitaxy of Fe3O4 films maintains the layer-by-layer epitaxial
growth mode and the atomic scale smooth surfaces.
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Figure 4. (a) The relation between resistivity and thickness of
Fe3O4 films measured at room temperature. The inset presents the
I–V curves of Fe3O4 films with thicknesses of 8 u.c., 10 u.c., 20 u.c.,
40 u.c., 100 u.c. and 200 u.c. at room temperature. (b) The
temperature-dependent resistivity for Fe3O4 films with thicknesses
of 10, 20 and 250 u.c.

3.2. Electrical properties

For the measurements of electrical properties, four indium
electrodes were contacted on every Fe3O4 film. First, we
measured the contact property between Fe3O4 films and the
indium electrodes with two electrodes at room temperature.
The inset of figure 4(a) presents the current–voltage (I–V )

curves of Fe3O4 films with thicknesses of 8, 10, 20, 40, 100
and 200 u.c. The linear I–V characteristics in figure 4(a)
indicate that the contacts between Fe3O4 films and indium
electrodes are good ohmic. Figure 4(a) shows the resistivity
as a function of thickness of Fe3O4 films obtained at room
temperature. The resistivity is too high to be measured when
the thickness is less than 7 u.c. layers, and it decreases rapidly
with the increase in film thickness from 7 to 12 u.c. layers. The
resistivity values are 152 � cm, 33 � cm, 6.5 � cm, 0.19 � cm,
0.096 � cm, 0.082 � cm and 0.06 � cm for the Fe3O4 films
with thickness of 7 u.c., 8 u.c., 10 u.c., 20 u.c., 40 u.c., 100 u.c.
and 200 u.c. layers, respectively. For the thinner Fe3O4 films,
the 7–20 u.c. layers (about 3.4–9.7 nm), the resistivity is higher
than that of 0.13 � cm for 3 nm thick film and 0.017 � cm for
12 nm thick film grown at a substrate temperature of 250 ◦C
reported by Eerenstein et al [17]. However, the resistivities
of 100 and 200 u.c. (∼48 and 96 nm) films grown at room

temperature have the same order as Gong’s reported value of
∼0.03 � cm for the 150 nm thick Fe3O4 film deposited at a
substrate temperature of 350 ◦C [22].

The resistivity of the Fe3O4 film decreasing with
increasing thickness is a universal phenomenon that has
also been observed in Fe3O4 (1 0 0), (1 1 1) and (1 1 0)
epitaxial films grown by PLD or MBE [17, 23, 24]. It has
been well accepted that APBs play a very important role
in such a thickness-dependent property. At most APBs,
the superexchange interactions across the boundaries are
antiferromagnetic (AF) [17]. It is worth noting that Fe3O4

has nearly full spin polarization [25, 26]. So, these AF APBs
work as barriers for the polarized conduction electrons. As
a result, the presence of APBs enhances the resistivity of the
film. According to the magnetic force microscope (MFM)
measurements in figure 5, the density of APBs increases with
reducing thickness, which means the block behaviour for
conduction electrons is more serious in thinner films. As a
result, the resistivity in thinner films should be higher than in
thicker films. Furthermore, we consider the influence of lattice
distortion at the interface cannot be ignored. Because the
Fe3O4 crystal lattices close to the interface expand in the (1 1 1)
plane, the length of the in-plane Fe–O–Fe bond is elongated.
In consequence, the activation energy (the energy required for
the electrons to transfer from Fe2+ to Fe3+) is improved. As the
film thickness increases, the lattice distortion relaxes gradually
back to the normal state. Thus, the in-plane resistivity reduces
with increasing thickness of the Fe3O4 film.

Figure 4(b) shows the temperature-dependent resistivity
(ρ–T ) for Fe3O4 films with the thicknesses of 10, 20 and
250 u.c. in the temperature range 100–350 K. The resistivity
is low at high temperatures, and increases drastically as the
temperature cools down. The evolution of the metal–insulator
transition (MIT) was observed at about 130 K, 165 K and 280 K
for 250 u.c., 20 u.c. and 10 u.c. films, respectively. A typical
feature of Fe3O4 is the Verwey transition at the temperature
of ∼120 K, where an abrupt jump appears in the ρ–T curve
[27]. But we do not observe the discontinuous change in the
measured ρ–T curves. It seems that the Verwey transition is
unlikely to be observed in ultrathin Fe3O4 films [17], because it
is very sensitive to defects, residual strain and pressure [28, 29].

3.3. Magnetic properties

One of the typical properties of Fe3O4 epitaxial films is the
thickness-dependent density of APBs [17, 23]. We observed
the domain structures of the room-temperature epitaxial Fe3O4

films. Figures 5(a)–(d) present the MFM images of 200 u.c.,
100 u.c., 40 u.c. and 20 u.c. films in the area of 2 × 2 µm2,
respectively. One can see that the irregular magnetic domains
are very clear in the thicker films, but very obscure in the film
of 20 u.c.. With regard to the thinner films, when thickness is
less than 20 u.c., we cannot observe obvious domain structures.
This may be due to the weak magnetism or tiny domains. In
other words, the domain size decreases with decreasing film
thickness.

The solid curves in figures 6(a)–(f ) present the magnetic
hysteresis (M–H) loops of the 200, 100, 40, 20, 10 and
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Figure 5. MFM images of Fe3O4 films with the thicknesses of (a) 200 u.c., (b) 100 u.c., (c) 40 u.c. and (d) 20 u.c..

5 u.c. Fe3O4 films measured at 10 and 300 K with the external
fields parallel to the film planes. Except for the 2 u.c. Fe3O4

film, which shows non-magnetism, all of the other films
show obvious ferromagnetism. The saturation magnetization
(MS) values are approximately 215 emu cm−3, 210 emu cm−3,
80 emu cm−3, 50 emu cm−3, 40 emu cm−3 and 40 emu cm−3at
300 K for the films of 200 u.c., 100 u.c., 40 u.c., 20 u.c., 10 u.c.
and 5 u.c., respectively. The MS values are smaller than that
of bulk Fe3O4 (∼477 emu cm−3). The MS value decreases
with reducing film thickness due to the increase in APBs
density [17, 30].

The exchange bias (EB) effect is very likely to be observed
when the system is cooled down through the Néel point of
AF part with an external field if a system contains both FM
and AF ingredients. In order to prove whether exchange
coupling occurs in the room-temperature epitaxial Fe3O4 films,
we measured the field-cooled (FC) M–H loops at 10 K. The
films were cooled from 300 to 10 K with a 5 kOe magnetic
field parallel to the film plane. The short dashed curves in
figure 6 also show the FC M–H loops of 200, 100, 40, 20,
10 and 5 u.c. Fe3O4 films. It is very clear that the FC M–H

loops are asymmetric and shift to the negative field direction,
which is a typical property of the EB effect. The EB field
(HE) reflects the shift magnitude of the M–H loop, which is
defined as HE = |HC− + HC+|/2, where HC− and HC+ are

the coercivities in the negative and positive field direction,
respectively. According to the FC M–H loops, HE values
are 735 Oe, 750 Oe, 969 Oe, 977 Oe and 1003 Oe for 200 u.c.,
100 u.c., 40 u.c., 20 u.c. and 10 u.c. film, respectively. In
comparison with the zero-field-cooled (ZFC) M–H loops at
10 K in figure 6, the coercive fields of the FC M–H loops are
apparently enlarged. This is another property of the EB effect.
The EB effect observed in the room-temperature epitaxial
Fe3O4 films is similar to that of the Fe3O4 films fabricated
at higher temperature [16, 31].

4. Conclusions

In summary, we have successfully grown epitaxial Fe3O4(1 1 1)
ultrathin films on α-Al2O3(0 0 0 1) substrates by laser-MBE at
room temperature. The room-temperature epitaxy of Fe3O4

films has very good repeatability. The measurements of
RHEED, XRD and AFM reveal that the room-temperature epi-
taxial Fe3O4 films have high crystal quality and ultra-smooth
surface. The structural, electrical and magnetic properties of
the films are strongly dependent on the film thickness. The
resistivity reduces with increasing film thickness. Meanwhile,
saturation magnetization increases with increasing film thick-
ness. All of the experimental results demonstrate that the
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Figure 6. The magnetic hysteresis (M–H) loops of Fe3O4 films with the thickness of (a) 200 u.c., (b) 100 u.c., (c) 40 u.c., (d) 20 u.c.,
(e) 10 u.c. and (f ) 5 u.c. The solid curves are M–H loops measured at 10 and 300 K, and the short dashed curves are field-cooled M–H
loops measured at 10 K with a cooled field of 5 kOe.

room-temperature epitaxial Fe3O4 thin films have similar phys-
ical properties to the films fabricated at higher temperature
[16, 17, 19–31]. In addition, the Fe3O4 thin films are able to
tolerate strong cleaning with ultrasonics or cotton balls, im-
plying that the Fe3O4 films have good binding property with
the α-Al2O3 substrates. The results suggest that the room-
temperature layer-by-layer epitaxial Fe3O4 films have great
potential applications in functional heterostructures, magnetic
electrode materials and magnetic tunnel junctions, etc.
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