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Abstract
The idea of half-metallic ferromagnets was first introduced by de Groot et al. in 1983
based on their calculations. The density of state at the Fermi level for half-metallic
ferromagnet is completely polarized, meaning that only one of the spin up or spin down
channel exists and has metallic behaviour while the other spin channel behaves as a
semiconductor or insulator. This unusual electronic structure can be seen in different
materials including Sr2FeMoO6, CrO2 and Mn-based Heusler alloys. The high spin
polarization degree of the half-metallic ferromagnets makes them a perfect candidate to be
used as a spin-injector/detector in spin-based electronics device (spintronics). However, the
degree of spin polarization of these materials, particularly in the multilayered structure
spintronic devices, strongly depends on the surface/interface quality and the presence of
defects, which was the subject of the present study. Pulsed laser deposition (PLD) has been
used to grow two examples of the half-metallic ferromagnets, namely, Sr2FeMoO6 and CrO2.
The effects of the growth conditions (deposition temperature, gas pressure, laser power,
target-to-substrate distance, post-annealing) and of the substrate lattice mismatch and
thickness evolution have been studied. By optimizing the growth conditions, nanocrystalline
Sr2FeMoO6 films have been grown on a Si(100) substrate for the first time. This singlephase Sr2FeMoO6 film was obtained at a temperature as low as 600°C, and it exhibits a high
saturation magnetic moment of 3.4 μB per formula unit at 77 K. By using glancing-incidence
X-ray diffraction with different incident beam angles, the crystal structure of the film was
sampled as a function of depth. Despite the lack of good lattice matching with the Si
substrate, a preferential orientation of the nanocrystals in the film was observed for the asgrown Sr2FeMoO6 films thicker than 60 nm. Furthermore, effects of the deposition
temperature on the epitaxial growth of the Sr2FeMoO6 films on MgO(001) have been studied
by means of high-resolution X-ray diffraction. The film grown at 800°C was post-annealed
in oxygen, producing epitaxial films of SrMoO4 on top of the Sr2FeMoO6 film. The
corresponding magnetization data showed that the post-annealing treatment lowered the
saturation magnetic moment from 3.4 µB per formula unit (or /f.u.) for the as-grown
Sr2FeMoO6 film to 1.4 µB/f.u. after annealing. X-ray photoemission measurements as a
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function of sputtering time further revealed the presence of SrMoO4 on both the as-grown
and annealed films, and their corresponding depth profiles indicated a thicker SrMoO4
overlayer on the annealed film. The intensity ratios of the 3d features of Mo4+, Mo5+, and
Mo6+ for Sr2FeMoO6 remained unchanged with sputtering depth (after 160 s of sputtering),
supporting the conclusion that the observed secondary phase (SrMoO4) was formed
predominantly on the surface and not in the sub-grain boundaries of the as-grown
Sr2FeMoO6 film. The epitaxial growth evolution of Sr2FeMoO6 films of different thickness
on substrates of MgO(001), SrTiO3(100) and LaAlO3(100) have also been studied. For each
thickness, surface morphology, grain size, film epitaxy, and crystal quality were determined
by atomic force microscopy and X-ray diffraction (ω-2θ scan and reciprocal space mapping).
For thicker films (~120 nm), high resolution X-ray diffraction studies revealed that SrMoO4
and other parasitic phases tend to forms on SrTiO3 and LaAlO3 substrates, but not on those
grown on MgO substrates.
As a second part of the project, single-phase CrO2 nanostructured thin films have
been grown for the first time directly on MgO(001) by PLD from a metallic Cr target in an
O2 environment. X-ray diffraction shows that these films are strained and consist of CrO2
crystallites with two possible epitaxial relationships to the substrate: either CrO2(110) or
CrO2(200) is parallel to MgO(001). X-ray photoemission further confirms that the films are
primarily CrO2 covered with a thin CrO3 overlayer, and indicates its complete synthesis
without any residual metallic Cr.
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Chapter 1
Half-Metallic Systems: Background and Applications

1.1 Motivation and structure of the thesis
The discovery of Giant Magnetoresistance (GMR) has been cited as the first
demonstration of a nanoscience application and has been awarded the Physics Nobel Prize in
2007 [1]. The idea of GMR has generated a new field of spin-based electronics, or
“spintronics”. Spintronics refers to phenomena where the spin degree of freedom of the
electron should be taken into account for electronic transport properties, and in the last 10
years it has had a huge impact on the data storage industry [2]. Using spintronic devices can
have several advantages [3,4]:
•

Enhanced multifunctionality of devices, since data storage and processing is not
operating with electric charge alone.

•

Electric/magnetic field or current can be easily used to manipulate the devices.

•

Long coherence and relaxation time of the spin have potential for producing non-volatile
memory.

•

Devices can be smaller, faster, and consume less energy.
Attempts to replace current microelectronic devices with nanoscale devices has led to

a search for new materials with multifunctional properties (multitasking materials that can be
manipulated by independent sources). In this regard, transition metal oxides are of great
interest due to their wide variety of physical properties, including ferromagnetism,
antiferromagnetism, ferroelectricity, superconductivity and many more. They are good
candidate materials for fabricating a spintronic device.
The magnitude of any spintronic effect depends strongly on the degree of spinpolarization of the density of states of magnetic materials at the Fermi level. Transition
magnetic oxides, in particular, half-metallic ferromagnets (e.g. CrO2, Sr2FeMoO6 and Fe3O4),
are ideal candidates to be used as a source of electrons with a desired spin orientation. One
of the challenges in the fabrication of spintronic devices is growing defect-free multilayer
films with high-quality interfaces. These high-quality interfaces are crucial to prevent
1

scattering during extraction of polarized spins, therefore achieving a higher magnetic
switching ratio. Studies of surface/interface quality, including surface defects, formation of
secondary phases, grains and grain boundaries, are therefore very important. Physical vapor
deposition techniques, such as pulsed laser deposition (PLD), can be used not only to
fabricate multilayer films in-situ by using different feed gases and targets, but also to develop
high- quality interfaces in appropriate material systems. Moreover, the formation of
metastable phases in PLD is possible because the deposition takes advantage of nonequilibrium thermodynamics and processes. In addition to obtaining further insights into the
physics of these fascinating half -metallic materials, the goal of my project was to understand
how the surface/interface quality of these films grown on different substrates and with
different growth conditions affects the physical properties of these magnetic oxides. The
structure of this thesis is as follows: first an introduction about transport properties and the
density of states in magnetic transition metals, the history of GMR (Giant magnetoresistance)
and Tunneling magnetoresistance effect, and it will be following by an overview of half
metals and transition magnetic oxides. The second chapter will have a short overview of the
experimental apparatus and techniques have been used in this thesis. There will also be short
description about the uncommon techniques that have been used in this project.
Two particular half-metallic materials, Sr2FeMoO6 and CrO2, will be discussed in
Chapter 3 and Chapter 4, respectively. Chapter 3 will start with an introduction and review of
some relevant papers about Sr2FeMoO6 (Section 3.1) and then the major results of this thesis
will be presented in three sections. First, successful growth of single-phase Sr2FeMoO6 on
Si(100) substrates, and studies of the growth conditions including deposition temperature and
deposition time (Section 3.2). In Section 3.3 and 3.4, the epitaxial growth on the different
substrates was the focus of the project. In Section 3.3, the growth condition of the MgO was
systematically studied and optimized growth conditions have been obtained. The depth
profiles of chemical state for the near-surface regions have also been studied for the best
quality film grown on MgO before and after annealing (Section 3.3). In Section 3.4,
Sr2FeMoO6 films were epixially grown on three substrates of MgO(001), SrTiO3 (100) and
LaAlO3, the influence of lattice matching of these substrate on the growth evolution of the
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Sr2FeMoO6 films will be discussed. Chapter 4 will present work on CrO2, first with the
history and background about this binary alloy followed by the major results of this project
regarding the CrO2 sample. Finally, Chapter 5 will offer the major conclusion of the present
work and discussion of future work.

3

1.2 Background and introduction
The recipients of the 2007 Nobel Prize in Physics, Albert Fert [5] from France and
Peter Gruenberg [6] from Germany, independently discovered a very large
magnetoresistance effect in magnetic multilayered films. This effect is called giant
magnetoresistance (Section 1.2.1) by Fert’s group in their original Physical Review Letters
paper [5]. The idea of magnetoresistance in ferromagnetic materials, which is the basis of
read-out head memories and magnetic field sensors, came from W. Thomson [7] (Lord
Kelvin) in 1856, little substantial improvement in this technology occurred in the first 150
years after Thomson’s discovery.
In the late twentieth century, development of new experimental setups where one has
more control on the growth procedure (e. g. molecular beam epitaxy (MBE), laser ablation,
chemical vapour deposition) and characterization methods (e.g. magneto optic Kerr effect
and scanning probe microscopy ) has led to new advances in science, particularly in Physics
and Materials Science.
The GMR effect was observed in a combination of Fe and Cr thin layers and the
magnitude of the GMR effect strongly depends on the thickness of the layers. The similar
crystal structure of Fe and Cr making it possible to form a super-lattice, and careful control
of the epitaxial layer-by-layer film growth by MBE. Furthermore, controlling the interface
thickness was very important because the thickness of the barrier must be less than the mean
free path of the travelling spin orientation.
1.2.1 Resistance and magnetoresistance
Electrical resistance is the response of a metal to an applied electric current and it can
be due to several scattering processes. In a crystal, the vibration of the atoms around their
equilibrium positions may scatter the conduction electrons. The existence of impurities and
crystal defect will also cause scattering. In normal, non-magnetic metals, thermal vibrations
will decrease, with decreasing temperature and there will be less scattering of the conduction
electrons and thus the resistance will decrease, as well. In ferromagnetic metals below the
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Curie temperature an increase of directional ordering may result in less scattering [8]. There
is also a change in the resistance due to applied magnetic field called magnetoresistance. The
magnetoresistance ratio is MR =

RH − R0 ΔR
=
, where RH is resistance of the material in an
R0
R0

applied magnetic field and R0 is resistance in zero magnetic field. In ferromagnetic materials,
the Fermi level crosses the d and/or s orbitals and conduction electrons can come from either
or both of these orbitals. Sir Nevill Mott studied the conductivity in d orbital transition
elements and noticed higher resistivity in magnetic elements. He suggested that conductivity
mainly comes from the 4s electrons since they have a wider energy state. However, in
magnetic elements the d orbitals are not full, and the 4s electrons can also scatter into the d
states at the Fermi level resulting higher resistance [9]. A large magnetoresistance effect (~
2%), or so called anisotropic magnetoresistance, was seen in ferromagnets. The anisotropic
magnetoresistance quantifies the change of the resistance depending on the direction of the
applied magnetic field with respect to the current [8]. Spin-orbit coupling, which was first
explained by Kondo, has been known as the origin of anisotropic magnetoresistance [10]. A
typical MR effect was a few percent, and MR was a research topic of many groups for a long
time. Great progress has been made studying the effect of spin direction on the electrical
transport properties [11], finally resulting in the GMR effect [5,6] with an order of magnitude
higher than MR, as can be seen in Figure 1-1. In GMR devices, two ferromagnetic layers
sandwich a nonmagnetic layer, and the magnitude of the coupling of the magnetic moments
of the two layers (antiferromagnetic or ferromagnetic) depends on the thickness of the nonmagnetic layer. For any given thickness at zero magnetic field, the two magnetic layers will
couple antiferromagnetically. This coupling results in a higher resistance since up-spin
electrons are scattered by regions of down spin electrons and vice versa. By applying an
external magnetic field, the magnetic moments of the both layers can be made parallel and
conduction electrons with the same spin will be able to move through the heterostructure
with minimal scattering, and therefore the overall resistance will decrease (Figure 1-1).
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Figure 1-1: Magnetoresistance of Fe/Cr superlattices at 4.2 K. The magnetic field is applied
along the [110] axis of the layers. The Figure is adapted from Ref. [5].

1.2.2 Ferromagnetic metals
The origin of magnetism in d orbital transition metals, e.g. Fe, Ni and Co, comes from
the filling of the d orbitals. In 3d transition metals, the 4s and 3d orbitals are host to the
valence electrons. The 3d orbitals are rather narrow in energy (4-7 eV), whereas the 4s
orbitals are wide and spread out over a large range of energy (15-20 eV), so that there is an
overlap between neighboring atoms. In the ground state, all the lowest energy levels are
filled by electrons in accord with the Pauli Exclusion Principle (i.e. each level can have just
two electrons, each with opposite spin). The highest occupied energy level is called the Fermi
energy EF. In a nonmagnetic metal (paramagnet), as shown in Figure 1-2, spin up and spin
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down electrons occupy an equal number of states and there is no net magnetic moment.
However, in ferromagnetic metals, even though the densities of states available between up
and down electrons are nearly the same, the states are shifted in energy with respect to each
other. This shift is the source of a net magnetic moment and results in an unequal filling of
the energy bands [12]. This is quantified by the spin polarization factor known as

P=

N↑ − N↓
, where N ↑ is the number of electrons with spin up and N ↓ is number of
N↑ + N↓

electrons with spin down at the Fermi level.

1.2.3 Half-metals
A half-metallic material is a solid with unusual electronic structure at the Fermi level.
The density of states for one of the electron channels with spin up or down has metallic
behavior while there is gap in the energy band at the Fermi level in the other channel, leading
to behavior as a semiconductor or insulator for one spin orientation [13,14]. One of the
hallmarks of half-metallicity is that the magnetic moment is always an integer number of
Bohr magnetron per unit cell. In a half-metallic antiferromagnet, the net magnetic moments
of the two different sublattices cancel each other and the net magnetic moment is zero [8].
Half metals respond differently to external electric or magnetic fields. There is no high field
magnetic susceptibility but there is an electric conductivity response. The hybridization of d
and s orbitals plays an important role in the electronic structure of solids. Even though
ferromagnets are spin polarized to a certain degree not all of them are half-metallic. For
example, in ferromagnets such as Co and Ni, all the 3d spin up bands, are filled and only 3d
spin down electrons exist at the Fermi level. Even though they are spin polarized [12], Co
and Ni are therefore not half-metals since their Fermi level also crosses the unpolarized 4s
bands. In order to have a half metal from spin polarized material it is necessary to prevent
the 4s band from crossing the Fermi level. This is usually achieved by hybridization of the
4s band. All half-metals therefore contain more than one element. CrO2[15], double
perovskites such as Sr2FeMoO6 [16], Mn-based Heusler alloys [13] and sulfides are all
examples of half-metal oxides. Of all of these, CrO2 has the simplest binary structure [13].
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Figure 1-2 shows the schematic density of states for nonmagnetic, ferromagnetic and halfmetallic metals. On the left of Figure 1-2 is a schematic of the density of states for a nonmagnetic metal, the numbers of states are equal and the polarization factor is zero. The
middle figure shows the density of states for a ferromagnetic material, the density of spin up
electrons are more than spin down electrons and P>0. The figure on the right is a schematic
diagram for the density of states of a half metallic material, where electrons with spin up
behave as a metal whereas and semiconducting gap can be seen for spin down electrons.

Figure 1-2: The left figure is a schematic diagram of density of states for a non-magnetic
metal. The number of states is equal and polarization factor is zero. The middle figure shows
the density of states for a ferromagnetic material. The density of spin up electrons is more
than spin down and P>0. The right figure is schematic diagram of a half metallic material.
Electrons with spin up direction behave as a metal whereas a semiconducting gap can be seen
for spin down electrons.
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One of the fundamental devices operating based on the GMR effect is the spin valve.
Figure 1-3 shows a schematic picture of a spin valve. There is a thin barrier layer, in this case
a non-magnetic metallic layer (shown in yellow, light shaded area), sandwiched between two
layers of ferromagnets. The resistance of the device depends on the direction of magnetic
moments of the ferromagnetic layers. When the magnetic moments of both ferromagnetic
layers are parallel, there is less spin scattering and therefore the total resistance is lower,
whereas for antiparallel magnetic moments the total resistance is higher. In the actual spin
valve devices, one of the ferromagnetic layers is the so-called soft layer and its magnetic
moment is easy to reverse, while the other hard layer is difficult to reverse. The soft layer is
sensitive to the change of the magnetic field and it can be used to control the valve [12].

Figure 1-3: Schematic of the spin valve. This diagram shows the magnetic configuration in a
multilayer junction-. The metal layer sandwiched between two ferromagnetic layers in
parallel states with lower resistance (left) and in antiparallel states with high resistance
(right). The picture is adapted from Ref. [12].

Magnetic tunnel junction [17] is another type of spin valve where the ferromagnetic
layers are altered by insulating layers as shown in Figure 1-4. The thickness of the insulating
layer should be only a few atomic layers thick so that the electrons can tunnel through the
barrier without losing their spin information. This can lead to tunneling magnetoresistance,
which is not a new effect and in fact it has first been observed in 1975 by Jullliere [18].
Julliere’s experiment was done at low temperature and the tunneling MR effect was 14%. He
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proposed that the spin is conserved during the tunneling and the tunneling current is
proportional to the available density of states. Since then, considerable progress had been
made after reports of the GMR effect. In 1995, Moodera et al. [19,20] were able to observe
the tunneling MR effect at room temperature.
As discussed in Section 1.1, one of the main challenges regarding fabrication of spinbased devices particularly tunneling-based device is the quality of the interface. It has been
shown that the role of the ferromagnet-insulator interface and the nature of their bonding not
only are crucial to controlling the magnitude of the spin polarization factor but also will
change the sign of polarization [21]. The goal of this thesis was to seek better understanding
of the effect of growth parameters on the physical properties of the half-metallic magnetic
oxides (Sr2FeMoO6, CrO2 ) and on the interface quality.

Figure 1-4: The schematic diagram of the band diagram in a magnetic tunnel junction (MTJ).
Two ferromagnet layers are separated by the insulating barrier. Since the direction of the spin
is conserved during the tunneling process, it is easier for the spin to tunnel in the parallel
state (left figure) rather than antiparallel (right figure). This Figure have been modified from
Ref. [17].
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Chapter 2
Experimental Techniques

2.1 Pulsed laser deposition system
Pulsed laser deposition (PLD) [22] is a powerful yet very simple technique with a
wide range of applications. The system consists of a high power laser as an external source
to vaporize the material for deposition, a set of optical components to focus and raster the
laser beam on the target surface and a vacuum chamber to grow the film material. The laser
beam is often intense enough to vaporize the hardest and most heat resistant materials. The
high laser energy and short pulse duration produce high heating rates (108 K/s) on the target
surface, and therefore materials are dissociated from the target surface and ablated on the
substrate surface with nearly the same stoichiometry as the target. Maintaining the target
stoichiometry is one of the important features of PLD and it enables one to fabricate complex
oxides films. In contrast to the simple system set-up, the nature of the deposition process is a
complex phenomenon. The process involves the interaction of the laser radiation with the
target surface, the dynamics of the ablated materials, and the nucleation and growth of the
ablated material on the substrate surface. Each step in this process is important in
determining the epitaxial growth quality of the thin films (stoichiometry, defects, and surface
roughness).
The set-up used in this work was a NanoPLD system (PVD Products) as shown in
Figure 2-1 with a base pressure better than 5×10-7 Torr achieved by a turbomolecular pump.
The system is equipped with a 248-nm excimer laser (Lambda Physik COMpex 205) with a
maximum laser fluence of 600mJ/pulse and a maximum repetition rate of 50 Hz, which is
used to ablate the targets. A set of optics focus, raster and direct the laser beam inside the
chamber. The black box underneath the optical set-up shown in Figure 2-1 is the control
electronics of the system. It is equipped with a gas flow meter for 2 different feed gases, a
current source for the substrate heaters, and a monitor to read the substrate temperature.
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Figure 2-2 shows inside the chamber, where six rotating target holders for in-situ multilayer
deposition can be seen. In order to keep the targets cold, the targets were covered by a watercooled cold plate. The maximum growth temperature was 900°C and it was produced by
infrared lamps irradiating the back side of the substrate. The temperature was monitored by
an optical pyrometer and a thermocouple connected to the back of the substrate holder. One
of the main problems in thin film growth by PLD is particulate deposition on the films.
Since the size of these particulates is sometimes on the order of microns, it can affect the
quality of the films. In order to minimize particulate growth, the target surface was sanded
down using 2400 grit sandpaper and ethanol before each deposition. During deposition,
rastering the laser beam on the target surface, rotating the target, and vertical positioning of
the substrate with respect to the target surface normal also proved to be helpful.
The whole process was controlled by commercial software written in Labview but
modified here at WATLab. Two different 1-inch diameter targets of Sr2FeMoO6 (99.95%
purity, MTI Corp.) and metallic Cr (99.95% purity, ACI Alloys) were obtained
commercially. Oxygen and/or Ar were introduced into the chamber by a variable leak valve
to a typical growth pressure of 0-400 mTorr. The substrates (5×5 mm2 and/or 5×10 mm2
and/or 10×10 mm2 all 0.5 mm thick) used in the present work were cut from wafers of
MgO(001), SrTiO3(100), and LaAlO3(100) substrates (MTI), and from wafers of
Al2O3(0001) or Si(100) (University Wafers, all with 99.99% purity). The target-to-substrate
distance can be varied between 36-58 mm and thin films were deposited for a preselected
period of time (5-60 min).
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Figure 2-1: Photograph of Pulsed laser deposition system (PVD product) at WATLab.

Thermocouple
Shutter
Target
Cold plate
Substrate
Target holder

Figure 2-2: Photographs of the PLD system, depicting the growth chamber, shutter, cold
plate, target holders and substrate holder inside.

2.2 Morphology analysis of the surface
The surface morphology of the samples was studied by Atomic Force Microscopy
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(AFM, DI Nanoscope IV) operated in tapping mode and contact mode. AFM [23,24,25]
measures the atomic forces (~10-9 N) between the probe (cantilever tip) and the sample. The
motion of the laser light on the cantilever is monitored by the system and a feedback loop is
used to maintain a constant tip-sample force (contact mode) or constant tip oscillation
(tapping mode) during scanning.

Figure 2-3: A typical AFM set-up. The figure has been adapted from Ref. [25].

The resolution of the AFM is limited by the sharpness of the tip. For a contact tip
(SiN), the diameter of the tip is 30-50 nm while a tapping tip (Si) gives a higher resolution
with a tip diameter of ~10 nm. In tapping mode, the tip is oscillating at its resonance
frequency (~ 300 kHz) across the sample surface with constant oscillation amplitude. In
contrast to contact mode, there is less chance to damage the sample due to lateral forces in
tapping mode. However, tapping tips are more expensive and scan speeds are slightly lower
than in contact mode. Since AFM operates based on tip-surface forces, it can be easily used
for insulating samples with nanometer resolution. AFM can also provide information about
the height of the particles, the grain sizes and the roughness of the sample. In tapping mode,
two images can be obtained, one contains the topographical information about the sample,
and the other one called the phase image. Phase imaging is the mapping of the phase lag
between the original signal that has been sent to drive the cantilever and the signal that comes
back from the cantilever. Changes in this phase lag often indicate changes in the properties
of the sample surface, including variation in composition, adhesion, friction, viscoelasticity,
electric and magnetic response.
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In this thesis, magnetic force microscopy (MFM) [23] was used to map the local
magnetic moments in some samples. MFM needs a special probe (tip), which is mostly a
tapping tip sputtered with ferromagnetic material such as Co-Cr. The operation procedure is
similar to tapping mode except for an additional step of lift mode, which is needed due to the
long range nature of the magnetic field. In step 1, the cantilever oscillates near the resonance
frequency (~ 70 kHz) and it senses changes of the force on the surface and gives
topographical information. In step 2, the tip is lifted up about 10-100 nm from the surface,
and the sensor can feel the interaction between the magnetic moments of the tip and the
magnetic domains of the film. MFM measurement has been performed for most of the
samples in the present work. However, due to artifacts such as a rough surface or the
formation of secondary/stable phases on the surface, only a few samples showed a magnetic
contrast.

Figure 2-4: MFM tip coated with a magnetic film, interacting with the domain structure of
the magnetic thin film. This picture has been adapted from Ref. [23].
For conductive samples, the morphology of the resulting films were also
characterized by field-emission scanning electron microscopy (FE-SEM, LEO 1530) and
Energy dispersive X-ray spectroscopy (EDAX) [26].
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2.3 Structural characterization of crystals
The crystalline structure of the epitaxial films was analyzed by using a highresolution X-ray diffractometer (XRD, PANalytical X’Pert Pro MRD), equipped with a twobounce hybrid monochromator and a Cu Kα source. In order to determine the crystalline
quality of the sample, rocking curves were performed by fixing the incident beam at the
desired 2θ position and rocking the detector around the ω (or θ) angle (Figure 2-5). Any kind
of defect or imperfection would broaden the peak width. For the nanocrystalline samples,
glancing-incidence X-ray diffraction (GIXRD) measurements was performed. The GIXRD
set-up is equipped with a X-ray mirror as the incident beam optics and a parallel plate
collimator as the diffracted beam optics. Figure 2-7 illustrates the glancing incidence and Xray reflectivity set-up.

Figure 2-5: Schematic diagram of high resolution and reciprocal space map set-up and
possible scanning orientation. This Figure is adapted from Ref. [29].
GIXRD is a surface sensitive technique useful for studying the crystal structure of
surfaces and thin films [27,28]. The geometry of this diffraction process preferentially
probes the surface and near-surface region of a film, allowing detection of a much smaller
amount of material than is possible with a conventional powder scan. In GIXRD, the
incident X-ray beam is fixed at a small angle of αi near αC, where αC is the critical angle for
total reflection. When the X-ray beam strikes the surface at a small incident angle, part of
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the beam is reflected ( Figure 2-6). If αi < αC, part of the incident beam becomes evanescent,
propagating parallel to the surface with a penetration depth of a few nanometers (Figure 2-6).
On increasing αi, part of the beam becomes refracted and the penetration depth increases to a
few hundred nanometer. This portion of the X-ray (both evanescent and refracted) can be
diffracted by the sample and can be measured by scanning 2θ. The process is shown by the
schematic diagram in Figure 2-6.

Incident

Reflected

wave

wave
ki

n = 1-δ+iβ
n=1
Vacuum

kf
αi αf
α’

k’

Refracted
wave

Figure 2-6: The figure on the right side is a schematic diagram of the glancing incidence
process and evanescent scattering. ki is the incident beam and kr and kf are the diffracted
beams. This Figure is adapted from Ref. [28]. The left figure is a schematic diagram of the
Incident, Refracted and reflected beam at the interface, where n is the index of refraction, δ
is the dispersion term and β is the absorption constant.
To measure the thickness of an epitaxially grown film, X-Ray Reflectivity (XRR)
was performed using a divergence slit of 1/16°, an X-ray mirror to produce a parallel beam
geometry and an automatic beam attenuator for the incident beam, and a parallel plate
collimator for the reflected beam as is shown in Figure 2-7. XRR is similar to diffraction,
but the incident beam is reflected from the interfaces with different density, composition and
refraction indices. Samples can be either crystalline and/or amorphous and/or multilayered.
The thickness of the measured layers can range from the nanometer to micrometer scale [29].
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In reflectivity experiments, the X-ray reflection of a sample is measured around the
critical angle. Above this angle the penetration depth increases rapidly. At every interface
where the electron density changes, a part of the X-ray beam is reflected. The XRR pattern is
the interference of these reflected beams from different interfaces and it contains information
about film thickness, density and roughness of the films and the interfaces. The thickness of
the film (t) is related to the separation between interference fringes (δω) with the following
formula: t=λ⁄(2δω) where λ is the wavelength of the X-rays. Despite of well-established
physics behind the XRR process, obtaining good data can be difficult, because getting a good
XRR interference pattern depends strongly on the surface/interface roughness, and having
highly parallel layers.

Figure 2-7: Schematic diagram of glancing incidence and X-ray reflectivity instrumental setup. The
XRR scan is an ω-2θ scan. This diagram has been adapted from Ref. [29].

To study strain relaxation, crystalline quality and lattice distortion, Reciprocal Space
Mapping (RSM) has been conducted using a Panalytical X-Pert-Pro MRD X-ray diffractometer
(XRD), with the Cu Kα source operated at 45 kV tension and 40 mA current. A Ge(220) 2-bounce
hybrid monochromator with a 1/2° slit and a channel-cut Ge(220) analyzer in the triple-axis section
for the diffracted beam optics. In RSM, the lattice misfit and degree of relaxation is independent

of the ω and 2θ scanning ratio and the miscut of the diffraction lattice planes with respect to
the surface. A triple-axis diffractometer can provide high enough resolution to resolve closelying features in a RSM [30]. As shown in Figure 2-8, the diffraction pattern in reciprocal
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space for single-crystal samples consists of a family of planes (e. g. 224, 2 24, 2 2 4, 2 2 4)

with different directions but same length of d * =

1
, where d* and dhkl are d-spacing in
d hkl

reciprocal space and real space, respectively [31]. The RSM consists of a series ω-2θ scans
around a particular plane, as shown in Figure 2-9. The broadening seen in the RSM carries
information about the crystalline quality, and if the broadening is in the ω-2θ direction, it
indicates microstrains and crystallite size, while broadening in ω is due to misorientation and
mosaic properties of the film.

Figure 2-8: Reciprocal lattice of powder vs. single crystal configuration. This Figure has
been adapted from Ref. [29].
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Figure 2-9: An epitaxially grown film (large circles) on the single crystal substrate (small
circles) shown on the left figure. Reciprocal space map of this epitaxially grown film shown
on the right figure. Direction of ω-2θ, ω and 2θ scans are indicated on the right figure. The
grey area shows the diffraction forbidden regions for ω≤0 and 2θ≤ω. This Figure has been
adapted from Ref. [29].

The reciprocal space map is usually presented in terms of Qx and Qy. The relation
between the scan parameters ω and 2θ and the reciprocal space vectors Qx is given by the
following formula:
Q x = K [cos ω − cos(2θ − ω )]
Q y = K [sin ω + sin(2θ − ω )]
where K=2π ⁄ λ and is the magnitude of the X-ray wave vector, ω is the angle between
primary X-ray beam and the sample surface, and the 2θ is the angle between incident and
diffracted X-ray beam [27]. The commercial software from Panalytical called Expert Epitaxy
was used to analyze the data.
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2.4 Chemical state and electronic structure analysis

The chemical-state composition of the film was studied by using a X-ray
photoelectron spectrometer. X-ray Photoelectron Spectroscopy[32] (XPS), also known as
Electron Spectroscopy for Chemical Analysis (ESCA), is a technique widely used to identify
the chemical composition of the surface and near surface regions. It is a surface-sensitive
technique (~ 2 nm depth) and the process is based on photoelectric effect. The energy of the
ejected electrons is given by the Einstein equation: BE=hv-KE-Φ, where KE is the kinetic
energy of the photoelectron, hv is the photon energy of the X-ray, BE is the binding energy
of the photoelectron and Φ is the work function of the spectrometer. XPS spectral lines show
from which shell the electrons are ejected and each element has its own characteristics coreshell spectral lines. The system used in this work was a Thermo-VG Scientific ESCALab 250
Microprobe, equipped with a monochromatic Al Kα X-ray source (1486.6 eV) operated at a
typical energy resolution of 0.4-0.5 eV full-width-at-half-maximum. For the non-conductive
samples, a sample holder with a metallic clip was used to mount the sample, and an electron
flood gun was used in order to compensate for the lack of electrons on the surface. In order to
obtain depth information, the samples were sputtered down by Ar ions in specified steps. The
collected XPS data were fitted, where appropriate, with a combination of GaussianLorentzian lineshapes, after correction with the Shirley background by using the CasaXPS
software.
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2.5 Bulk magnetic and transport properties

The total magnetic moment of the selected samples was measured using a
superconducting quantum interference device (SQUID) magnetometer manufactured by
Quantum Design[33]. The Quantum Design magnetometers at Brock University and at
McMaster University were used in this work. A SQUID is used to measure the magnetic
moments as a function of temperature or applied magnetic field up to 5.5-7 T. The sensitivity
of the system is 2× 10-6 emu. In order to obtain the magnetization (M(H)) curve for the
ferromagnetic layers, the linear diamagnetic or paramagnetic contribution of the substrates at
higher applied magnetic field were subtracted from the total magnetic moment.
The magnetoresistance measurements were also performed at Brock University for
selected samples using 4- probe method. To measure the resistance of the samples, the
sample was mounted on a home-made probe and inserted inside SQUID magnetometer. The
magnetic field up to 5.5 T was applied by the SQUID magnet. The current of 10 mA was
supplied by a current source and the voltage drop across the samples was measured to
calculate the resistance. In order to eliminate the thermal voltage, each data point was
calculated from the difference between the voltage as a direct and reversed polarity of the
current source.
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Chapter 3
Pulsed laser ablation of double perovskite Sr2FeMoO6

3.1 Introduction

The double perovskite Sr2FeMoO6 has long been known as a conducting ferromagnet
(or ferrimagnet) with a relatively high Curie temperature (TC) of 410-450 K[34]. In 1998, a
report by Kobayashi et al.[16] showed that Sr2FeMoO6 has a low-field magnetoresistance
(LFMR) response at room temperature, drawing attention to the spin and electronic
properties of this type of double perovskite as a potential material for spintronics
applications. Their electronic structure calculations further showed that ordered Sr2FeMoO6
is half-metallic (Figure 3-1), and it exhibits tunneling-type magnetoresistance (MR) at room
temperature. According to the Web of Science, Kobayashi’s paper has been cited more than
753 times. In 2007, Serrate et al. [35] published a review paper entitled: “Double
perovskites with ferromagnetism above room temperature”. In this review paper, they
compared much of the theoretical and experimental results published about transition metal
based double perovskites. In order to compare physical properties of these double
perovskites, there has been a large amount of work on the double perovskites A2BxB’(1-x)O6,
where A is divalent or trivalent and B and B’ are different transition metals
[36,37,38,39,40,41,42,43,44,45,46,47,48,49]. In general, the saturation magnetic moments
and TC of almost all doped double perovskites are lower than that of Sr2FeMoO6. The crystal
structure of Sr2FeMoO6 is tetragonal [34] and it consists of Fe and Mo ions where each FeO6
linked to six MoO6 and vice versa (Figure 3-1). The large distance between the Fe sites has
provoked intriguing questions about the nature of the mechanism controlling the magnetic
and electronic properties that result in the half metallic ground state. The arrangement of
magnetic moments consists of the Fe3+, 3d5, µFe=5 µB per formula unit (/f.u.), magnetic
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moments antiferromagnetically coupled to the Mo5+, 4d1, µMo=1 µB/f.u. moments to give a
total saturation magnetic moment of 4 µB/f.u. at low temperature [16]. However, some
experimental results indicate that a Fe2+ (3d6, µFe=4 µB/f.u.) and Mo6+ (4d0, µMo=0 µB/f.u.)
configuration is responsible for the magnetic moment of 4 µB/f.u.[50,51], while others
propose a combination of these two pictures [52]. The strong antiferromagnetic coupling
between the localized electron of Fe3+ and the delocalized electron of Mo5+ gives rise to a
high Tc and it has been explained by a superexchange or a standard double exchange [16,53]
mechanism.

Figure 3-1: The left figure is the crystal structure of Sr2FeMoO6. The structure is colorcoded by atomic species. Green circles (small circles) represent Fe atoms, red (midium sized
circles) are Mo and O atoms are represented by blue circles (large circles). The possibility of
misplacing the Fe and Mo atoms is shown by the arrows. The crystal has a tetragonal lattice
structure with a=b=5.5870 Å and c=7.9180 Å and the space group of p4/2m. The a, b and c
axes are indicated by the arrows in bold. The figure on the right shows the density of states
of Sr2FeMoO6, as calculated by Kobayashi [16]. The Fermi level crosses the spin-down
bands but not the spin-up bands, suggesting the half metallic nature of this material. This
Figure has been modified from Ref. [16].
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Experimentally, it has been difficult to prepare Sr2FeMoO6 samples with this high
magnetic moment of 4 µB/f.u. [54,55,56,57,58,59]. One possible explanation for this
difficulty is the presence of antisite defects. When the Fe3+ cation is misplaced with the Mo5+
cation, an antisite (AS) defect is formed, changing the transport and magnetic properties of
the resulting material. Balcells et al. [54] studied batches of bulk polycrystalline samples
annealed at different temperatures. Using X-ray diffraction patterns, they found that the
antisite defect density can be determined by the ratio of the (112) and (002) peak intensities
to the (101) peak intensity of Sr2FeMoO6. Their result shows that samples grown at higher
temperatures have less antisite defects and higher magnetic moments (Figure 3-2). GarciaHernandez et al. [60] reported that disorder at the Fe and Mo sites is responsible for the linear
dependence of the saturation magnetization on the LFMR. By annealing the Sr2FeMoO6
samples in H2/Ar at different temperatures, Navarro et al. [61] produced samples with
different concentrations of antisite defects. They suggested that antisite defects could
promote magnetic frustration and lower the magnetic moments, and could also be responsible
for the high-field MR. Saha-Dasgupta et al. [62] used ab-initio band structure calculations to
show that the presence of antisite defects destroys the half-metallic nature of Sr2FeMoO6 and
reduces the magnetic moments at the Fe sites. Stoeffler et al. [63] also used ab-initio
calculations and they showed that while an antisite defect density of 15% can lower the
magnetic moment by 1 µB/f.u., where oxygen vacancy of 8.5 % lower the magnetic moment
by 2 µB/f.u. Furthermore, Monte Carlo calculations by Ogale et al. [64] demonstrated that
both the saturation magnetic moment and TC of Sr2FeMoO6 strongly depend on the antisite
defect density, and that the oxygen content could play an important role in the magnitude of
the magnetic moment, especially in samples with more disorder.
The other common types of defects that could account for LFMR in Sr2FeMoO6 are
the presence of secondary phases and antiphase grain boundaries [16,53,57,65,66,67,68,69].
Sarma et al. [68] measured high-field and low-field MR for ordered and disordered
Sr2FeMoO6 samples, and showed that the disordered sample was not half metallic and only
the ordered sample exhibited a sharp LFMR peak. They concluded that the observed LFMR
is dominated by intergrain spin-dependent scattering of highly polarized charge carriers in
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this half metal. For Sr2FeMoO6 grown on SrTiO3(100) bicrystals, Yin et al. [57] also
attributed the LFMR to spin-dependent scattering across grain boundaries and not to an intragranular effect. In contrast, Huang et al. [56] compared the transport and magnetic properties
of a series of Sr2FeMoO6 samples with different grain sizes and disorder and also with homocomposite samples (consisting of mixtures of perfectly ordered Sr2FeMoO6 as the main
component and less-ordered Sr2FeMoO6 as the second or third component). Those samples
with larger grain size and lower disorder were found to have higher saturation magnetic
moments and MR. The homo-composite samples with a large amount of grain boundaries
also showed high LFMR. They therefore concluded that both inter- and intra-granular effects
are responsible for LFMR (Figure 3-3). Niebieskikwiat et al. [65] showed that for
polycrystalline Sr2FeMoO6+δ samples, the magnetization and lattice parameters were the
same but the MR was enhanced for δ=0.04. This latter result led them to propose that extra
oxygen near the surface of the grain boundary is responsible for the enhancement. Zhong et
al. [69] used a wet-chemistry method to produce Sr2FeMoO6 bulrush-like nanostructures.
They showed that the MR can be improved by controlling the grain size and the
concentration of SrMoO4 at the grain boundary. The presence of the SrMoO4 at the grain
boundary was also suggested by MacManus-Driscoll et al. [67].
Due to the sensitivity of the magnetic and transport properties to crystal defects such
as the aforementioned antisite defects and grain boundaries, the methodologies and
conditions of sample preparation are very important for controlling the physical properties of
the Sr2FeMoO6 films. While solid-state synthesis is one of the most common methods for
growing polycrystalline Sr2FeMoO6 [65,66], magnetron sputtering [70] and wet-chemical
methods [56,71] can also be used to produce single-crystal film and bulk polycrystalline
samples, respectively. However, the deposition temperatures in almost all of the reported
cases were higher than 800°C. Furthermore, many of the reported samples have been postannealed at even higher temperatures. Manako et al. [59] studied effect of the oxygen
pressure and growth temperature on growth by pulsed laser deposition (PLD), in order to get
epitaxial Sr2FeMoO6 on SrTiO3(100) and SrTiO3(111). The phase diagram reported by them
shows that only a narrow range of oxygen pressures (10-5-10-6 Torr) and temperatures higher
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than 900 °C (which is not easy to access by PLD) lead to a single-phase, good quality
samples (Figure 3-4). In contrast, Santiso et al. [72] also studied the effect of growth
conditions on the formation of secondary phases of Sr2FeMoO6 on SrTiO3 substrates. Their
results show that for Sr2FeMoO6 films grown at 950 °C in ultra high vacuum (pressure less
than 10-8 mbar), metallic iron precipitates can form, whereas in a flow of oxygen (pressure of
10-6 mbar), iron oxides can be obtained. Their in-situ XPS analyses suggest the presence of
secondary phases including SrMoO4 and SrFeO3 on their samples grown at lower pressures
(above 10-4 mbar).

Figure 3-2: (a) Magnetization curve as a function of applied magnetic field for
polycrystalline Sr2FeMoO6 samples grown at different temperatures. (b) Dependence of
saturation magnetic moment to the antisite defect density (left). Analyzing the antisite defect
by comparing the I(112)+I(200))/I(101). Growing at higher temperatures leads to a larger
diffracted signal from the (101) planes, and thus a lower antisite defect density (right
figures). Graphs have been adapted from Ref. [54].
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Figure 3-3: Figure on the left shows magnetization curve as a function of applied magnetic
field for polycrystalline Sr2FeMoO6 sintered in the temperature range of 900-1150ºC (sample
A-F), where F sample had the longest annealing time. Figure on the middle shows low-field
MR for the same (A-F) samples. (c) Figure on the right shows the low-field MR for
homocomposite samples. x is the weight ratio of the highly ordered samples to the disordered
samples . Graphs have been adapted from Ref. [56].

Figure 3-4: Diagram of crystal quality dependence of oxygen pressure and growth
temperature. Good quality single phase Sr2FeMoO6 films are shown by closed circles, single
phase with antisite disorder shown by open circles. Triangles show a mixed phase of the
samples, while x shows nothing was detected by XRD. The grayed area shows the optimum
growth conditions. This Figure has been adapted from Ref. [59].
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Another important factor that can affect the crystal quality of the Sr2FeMoO6 films is
the choice of substrate. In magnetic oxide films (e.g., LaxSr(1-x)MnO3), it is possible to
control the formation of domains and secondary phases by manipulating the lattice
parameters with different growth conditions (temperature, deposition time), hydrostatic
pressure, or use of substrates with a different crystal lattice mismatches to the films
[73,74,75,76,77]. The most popular substrate for growing Sr2FeMoO6 films is SrTiO3(100)
due to the close lattice matching between the two materials [57,58,59,78]. However, the
possible presence of oxygen vacancies [79] and low-level magnetic impurities in the SrTiO3
substrate could lead to unusual electrical behaviour, potentially causing difficulties in
interpreting the data. Other substrates including MgO(001) and LaAlO3(100) [57,70,80]
have also been used to obtain epitaxial films of Sr2FeMoO6. Yin et al. [57] found their
magnetic and transport properties to be independent of the substrates. However, Asano et al.
[70] and Borges et al. [80] showed that the magnetic and transport properties of epitaxial
Sr2FeMoO6 films on SrTiO3 and MgO are different, with smaller magnetic moments found
on MgO (1.0 μB/f.u. at 300 K [70] and 2.3 μB/f.u. at 20 K [80]) than on SrTiO3 (1.3 μB/f.u. at
300 K [70] and 3.5 μB/f.u. at 20 K [80]).
Despite the huge amount of work that has been done on Sr2FeMoO6, the results are
still controversial and many problems remain unanswered. In particular, as it was discussed
earlier, one of the most important considerations for fabrication of the multilayered
spintronic devices is the surface/interface quality of the films. The growth parameters
including various substrates with different lattice mismatch can affect the growth evolution
and therefore the quality of the surface. Another obstacle that can slow down the process of
using these materials as a source of spin injector is the high growth temperature and
complicated growth process required, which has been partially address by earlier work [59].
For applications in the microelectronic industry, a lower deposition temperature is generally
preferred. In the present work, it will be shown by optimizing the other growth parameters it
is possible to obtain good quality films at considerably lower deposition temperatures.
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In this chapter, three different subjects in the general area of Sr2FeMoO6 growth
evolution and surface/interface properties will be discussed. In Section 3.2, it will be shown
that by optimizing the growth condition, single-phase, polycrystalline Sr2FeMoO6 can be
grown directly on Si(100) at a temperature as low as 600°C. This is the first time that
successful growth of Sr2FeMoO6 on Si has been achieved by using the PLD method. In this
section, it will also be shown that despite the lack of lattice matching, partially oriented
growth of nanocrystals in the Sr2FeMoO6 film can be obtained on Si(100). The present
results open up the prospect of integrating these oriented, nanocrystalline Sr2FeMoO6 films
into Si device fabrication.
In Section 3.3 will be demonstrated that the Sr2FeMoO6 films can be deposited by
PLD on MgO(001) from 400°C to 800°C, and epitaxially grown films can be obtained at a
temperature as low as 600°C. MgO is chosen as the substrate because MgO has a reasonably
good lattice match to Sr2FeMoO6 (6.2%). MgO is non-magnetic and therefore will not
introduce any magnetic signature, and it can be used as an inert support for constructing spinbased devices. The saturation magnetic moment is found to be almost the same (3.4 μB/f.u.)
for Sr2FeMoO6 samples grown at 600°C and 800°C, with the coercivity field of the former
higher than the latter. The high quality of the Sr2FeMoO6 films grown at 800°C is indicated
not only by the low coercivity field and high saturation magnetic moment, but also by the
narrow width (0.3°) of the rocking curve of the (004) plane. In addition to the growth
temperature, post-annealing in oxygen could also affect the near-surface quality of the
Sr2FeMoO6 samples. A detailed study of the electronic structure and chemical-state
composition of the Sr2FeMoO6 film as grown on MgO(001) at 800°C and upon annealing in
oxygen will be provided by depth-profiling XPS. The XPS analyses for the as-grown and
post-annealed samples both show the existence of SrMoO4 as a secondary phase
predominantly on the film surface and not in the sub-grain boundaries in the bulk.
In section 3.4, the effect of the substrate-induced strain on the Sr2FeMoO6 films
grown epitaxially on MgO(001), SrTiO3(100) and LaAlO3(100) will be discussed. In this
section, the PLD was used to deposit Sr2FeMoO6 films with different thicknesses on the
aforementioned substrates, in order to provide a systematic study of the strain/relaxation
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induced by the substrate-film lattice mismatch and of their effects on the growth evolution.
The optimized growth conditions to obtain epitaxial single-phase Sr2FeMoO6 films on MgO
(Section 3.3) have been employed. Furthermore, to minimize variations in the growth
conditions, the Sr2FeMoO6 films are deposited simultaneously on all three substrates (MgO,
SrTiO3 and LaAlO3). Their surface roughness and morphology are determined by atomic
force microscopy (AFM), while the lattice parameters and crystal quality are characterized
by high-resolution X-ray diffraction with ω-2θ scans and reciprocal space mapping.
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3.2 Formation of Nanocrystalline Film of Sr2FeMoO6 on Si(100) by Pulsed Laser
Deposition: Observation of Preferential Oriented Growth1
3.2.1 Experimental detalis

A NanoPLD system (PVD Products) with a base pressure better than 5×10-7 torr was
used for the film growth experiments. A laser fluence of 400 mJ/pulse was used and the
repetition rate was set to 10 Hz. The Si(100) substrates (99.99% purity, Waferworld), 10×10
mm2 in size, were mounted on the substrate holder. The 1-inch diameter Sr2FeMoO6 target
(99.95% purity) was obtained commercially (from MTI). With the target-to-substrate
distance set to 42 mm, thin films were deposited on the Si substrates for a preselected period
of time, with the substrates held at a fixed temperature between 400°C and 800°C. For each
growth condition, the morphology of the resulting film was characterized by field-emission
scanning electron microscopy (FE-SEM, LEO 1530) and atomic force microscopy (AFM, DI
Nanoscope IV) operated in tapping mode. The local magnetic moments were measured by
magnetic field microscopy (MFM) using a Co-Cr tip. The total magnetic moment was
measured by using a SQUID magnetometer (Quantum Design). The structure of the film
was analyzed by glancing-incidence X-ray diffraction (GIXRD) in a PANalytical X’Pert Pro
MRD system, equipped with a X-ray mirror as the incident beam optics and a parallel plate
collimator as the diffracted beam optics.
3.2.2 Results and Discussion
3.2.2.1 Effect of growth temperature on the crystal structure and magnetic properties
The Figure 3-5a shows the GIXRD data collected at an incidence angle ω=0.5° for

the films grown on Si(100) at three different temperatures. For a laser fluence of 400
mJ/pulse [4-5 J/cm2]2 and a deposition time of 30 minutes, the resulting film thicknesses are
estimated to be 114 nm by lift-off lithography and AFM. For the sample grown at 800°C, we

1

2

This work is being published in J. Appl. Phys. (In press 2009).
The laser energy density reported here was measured on the target surface. We have noticed phase
separation of the Sr2FeMoO6 for higher laser fluences of 550 mJ/pulse [5.5-7.5 J/cm2] .
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observe a series of peaks at 2θ = 32.0°, 39.5°, 45.8°, 66.8° and 76.0° (identified by • in
Figure 3-5a), corresponding respectively to the (112), (202), (004), (224), and (116) planes of
Sr2FeMoO6 (JCPDS 70-4092), and a small feature at 2θ=44.6° (identified by { in Figure
3-5a) that is attributed to the (110) plane of α-Fe (JCPDS 87-0721). The presence of metallic
iron has been observed previously by Besse et al. in a PLD-grown Sr2FeMoO6 film on a
SrTiO3 substrate at 856°C [78]. For the sample grown at 600°C ( Figure 3-5a), the α-Fe
feature is not evident and only single-phase Sr2FeMoO6 is observed. The weak features
generally found in the 2θ=50-60° region (shown in the inset of Figure 3-5a) can be attributed
to the Si substrate, because they are also observed solely on bare Si substrates [81]. The
prominent peak at 2θ=45.0° observed for the sample grown at 400°C (identified by ▲ in
Figure 3-5a) can be assigned to the (204) plane of SrMoO4 (JCPDS 70-2537). Upon
searching the PDF database, the remaining two peaks at 2θ=31.4° and 65.6° (denoted by ∆ in
Figure 3-5a) can be attributed to SrxFeMoOy, with the best match being Sr3FeMoO6.5 (JCPDS
52-1715). Evidently, the growth at a lower temperature (400°C) does not produce the
stoichiometric Sr2FeMoO6 phase.
The corresponding SEM and AFM images for the Sr2FeMoO6 films grown on Si(100)
at the respective temperatures are also compared in Figure 3-5. The film grown at 400°C
appears to be fairly smooth ( Figure 3-5d), with a root mean squared (RMS) roughness of 1.8
nm for a 4 μm2 sampling area as determined by AFM. On the other hand, the largely
Sr2FeMoO6 films grown at 600°C ( Figure 3-5c) and 800°C ( Figure 3-5b) look more
granular, with RMS roughnesses of 6.9 nm and 34.3 nm for a 4 µm2 sampling area,
respectively. Accordingly, the average grain size for the film grown at 600°C (Figure 3-5c)
as estimated by AFM (210 nm) is found to be less than half of that for the film grown at
800°C (540 nm, Figure 3-5b). The morphology of the Sr2FeMoO6 film grown at 600°C in
the present work ( Figure 3-5c) is very similar to that obtained by other groups [56,82].
Energy dispersive X-ray analysis at 20 kV has also been used to identify the elemental
stoichiometry of the as-grown films. In particular, the ratio of the atomic percent of Fe to
Mo changes from 0.7 to 1.2 to 0.9 for the films grown at 400°C, 600°C and 800°C,
respectively. This is consistent with the GIXRD results (Figure 3-5a) that show the film
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grown at the lower temperature (400°C) contains additional Mo-rich crystalline phase such as
SrMoO4.
By applying the Scherrer analysis to the prominent diffraction peaks at 2θ=45.05°,
45.66°, and 45.88° for the films grown at 400°C, 600°C and 800°C respectively, we estimate
the respective grain sizes to be 66.2 nm, 68.8 nm and 172.5 nm, which follow the similar
trend of increasing grain size with increasing growth temperature as depicted by the SEM
and AFM images (Figure 3-5). This is also consistent with the increasing roughness with
increasing growth temperature seen with AFM. However, the average grain sizes for the
films grown at 800°C (540 nm) and 600°C (210 nm), as shown in their respective SEM
images (Figure 3-5b and Figure 3-5c), appear much larger than that obtained by the Scherrer
analysis, which suggests that the grains in the SEM and AFM images may consist of multiple
nanocrystals and/or contain a substantial number of defects. On the other hand, for the
primary SrMoO4 film obtained at 400°C, the average grain size as depicted by SEM and
AFM appears smaller than that obtained by the Scherrer analysis. The results shown in
Figure 3-5 illustrate that a good-quality, single-phase Sr2FeMoO6 film can be obtained on a
Si substrate at a growth temperature as low as 600°C. Figure 3-6a shows the corresponding
magnetic moment as a function of applied magnetic field up to 5 T, measured at 77 K using a
SQUID magnetometer. The magnetic field is applied parallel to the film surface. The
diamagnetic contribution from the Si(100) (a linear contribution with slope of -6.04×10-9
emu/T) substrate has been subtracted from the data. A saturation magnetic moment of
3.4±0.1 µB per formula unit (after appropriate normalization to the film volume) is observed.
The corresponding coercive field is found to be 1.5 kOe. For the film grown at 800°C, we
also obtain the same saturation magnetic moment (of 3.4 ±0.1 µB per formula unit) but a
lower coercive field of 0.8 kOe. With 1-2% of Fe second phase in the film grown at 800°C,
the actual magnetic moment of the Sr2FeMoO6 film is still 2.84-2.27, as determined using
the analysis of Besse et al. [78]. The larger coercive field found for the film grown at 600°C
is consistent with the smaller grain size obtained at this lower temperature.
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Figure 3-5: GIXRD spectra recorded at incident angle ω=0.5° (left column), SEM (centre
column) and AFM images (right column) for samples grown on Si(100) with a laser fluence
of 400mJ/pulse for 30 minutes at (a,b) 800°C, (a,c) 600°C, and (a,d) 400°C. Features
corresponding to Sr2FeMoO6 (JCPDS 70-4092), SrMoO4 (JCPDS 70-2537), α-Fe (JCPDS
87-0721) and a rarely observed Sr3FeMoO6.5 phase (JCPDS 52-1715) are identified by solid
circles (•), solid triangles (▲), open circles ({) and open triangles (∆), respectively. The yaxis is in log scale. For the AFM images (b), (c) and (d), the respective RMS roughness
parameters are 34.3 nm, 6.9 nm and 1.8 nm.
Figure 3-6b and Figure 3-6c show the corresponding AFM and MFM images (taken
at room temperature) for the film grown at 600°C, respectively. In accord with the SEM
image (Figure 3-5c), the AFM image (Figure 3-6b) reveals an uniform distribution of
regularly shaped grains with an average size of 210 nm. With the magnetic tip magnetized
prior to the measurement, several MFM images have been recorded at different lift heights of
30, 50, 80 and 120 nm. All of these MFM images are found to be similar except for the one
at 120 nm lift height that shows very low contrast. A lift height of 30 nm has been used for
collecting the MFM image shown in Figure 3-6c, which clearly reveals ferromagnetic

35

behaviour at room temperature. The magnetic domains appear to have an irregular,
elongated shape of 0.5×1 μm2, which is considerably larger than the grain size (210 nm),
indicating that the Sr2FeMoO6 grains are well connected electromagnetically. For the
samples grown at 400°C and 800°C, we were not able to obtain a MFM image. This is
consistent with the lower coercive field for these films, as obtained by SQUID magnetometer
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Figure 3-6: (a) Magnetic moment as a function of applied magnetic field collected at 77 K for
the Sr2FeMoO6 film grown on Si(100) at 600°C, and the corresponding (b) AFM image, and
(c) MFM image obtained at a lift height of 30 nm, both collected at room temperature. The
height contrast range for the AFM image is 50 nm full-scale.
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3.2.2.2 Effects of deposition time

In order to study the growth evolution of Sr2FeMoO6 on Si(100) at 600°C, we have
obtained films for different deposition times of 1, 10, 20, 30 and 60 minutes. We
characterize the morphology of the as-grown films, their respective film thicknesses and
average crystal sizes by using SEM, AFM and GIXRD, respectively. The growth
characteristics of these films are summarized inTable 3-1. Evidently, the corresponding
growth rate appears to have stabilized at ~ 4 nm/minute after about 20 minutes of deposition.
The film thicknesses were determined by lift-off lithography and AFM, and while there is
some scatter in the data, Table 3-1shows that the film thickness increases linearly with
deposition time. The respective SEM and AFM images for the as-grown films shown in
Figure 3-7 all reveal uniform distributions of grains. The film with the shortest deposition
time (1 minute) exhibits the smallest grain size, with a RMS roughness of 0.8 nm over an
area of 4 μm2 (Figure 3-7a). Above a deposition time of 10 minutes, the RMS roughness of
the thicker film appears to be relatively constant (Table 3-1). For the 60-minute film (Figure
3-7e), a network of cracks is seen to develop over the entire film surface, which may be due
to differences in the thermal expansion characteristics between the Si(100) substrate and the
thick Sr2FeMoO6 film. Furthermore, the average crystal size has been deduced from the full
width at half maximum (FWHM) of the (004) peak of Sr2FeMoO6 by using the Scherrer
analysis. The average crystal size is found to clearly increase with increasing deposition time
(Table 3-1).
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Table 3-1: Film thickness, RMS roughness and crystal size for Sr2FeMoO6 films grown on
Si(100) at 600°C with different deposition times.

a
b

c

Deposition

Film

RMS

Crystal sizeb

time

thicknessa

roughness

(nm)

(minute)

(nm)

± 2 (nm)

1

7

0.8

c

10

60

7.6

12.3

20

84

6.6

33.2

30

114

6.9

86.3

60

268

8.1

123.2

The accuracy of the film thickness measurement is ±5 nm.
The average crystal size is obtained by applying the Scherrer analysis to the (004)
diffraction line of Sr2FeMoO6. The (110) diffraction line of a strain-free W target at 2θ=
40.26° with FWHM=0.4° has been used as a standard.
For the 1-minute film, no diffraction lines are observed.
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Figure 3-7: SEM (left) and AFM images (right) of the Sr2FeMoO6 films grown on Si(100) at
600°C with a laser fluence of 400 mJ/pulse for deposition times of (a) 1, (b) 10, (c) 20, (d)
30, and (e) 60 minutes. The height contrast range in all the AFM figures is 70 nm, except for
the film grown for 1 min shown in (a) with a height contrast range of 10 nm.
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In addition to providing the average crystal size, GIXRD can also be used to obtain
the composition of the crystal phase and orientation as a function of depth by varying the
incident angle. This technique has been used to study the residual strain and stress in thin
films and to characterize crystalline phases and structures of the near-surface in thin films
and organic materials [83,84,85]. The dependence of X-ray 1/e penetration depth, D, as a
function of the incident angle, ω, can be determined by the following equation:
λ ⎛⎜ (ω − ω ) + 4β + ω − ω
4π ⎜
2
⎝
2

D(ω) =

2 2
c

2

2

2
c

⎞
⎟
⎟
⎠

1
−( )
2

Equation (1)

where λ is the wavelength of the X-ray (1.54 Å for Cu Kα radiation), ωc is the critical angle
where total reflection occurs, β =

μλ
and μ is the corresponding mass attenuation
4π

coefficient (1175 cm−1) [83,84,86]. Depending on the material, the typical value for ωc
ranges from 0.2° to 0.6° for Cu Kα radiation. D(ω) has been measured and calculated for
different materials [83,84,85,87], and it generally ranges from a few nanometers for ω=0.1°
to a micrometer for ω=1°. For our Sr2FeMoO6 samples, the critical angle has been found to
be ωc=0.34°±0.02° by a reflectivity measurement on an epitaxial film grown on a MgO(001)
substrate in a separate experiment [88]. The corresponding penetration depth increases from
57 nm for ω=0.1° to 560 nm for ω=1.0°.
For the sample obtained by the 1-minute deposition (Figure 3-7a), no diffraction
features are found at incident angles larger than ω=0.2°, which is consistent with a very thin
film (~7 nm, Table 3-1). A small diffraction peak at 2θ=28.5° is observed for ω=0.2° (not
shown) and it could be assigned as SrO2(101). However, there is no trace of the
corresponding higher-intensity (110) peak of SrO2, which makes the nature of this film
uncertain. Figure 3-8 a compares the GIXRD spectra recorded with different incident angles
for the samples obtained with 10-minute (Figure 3-7b), 30-minute (Figure 3-7d), and 60minute depositions (Figure 3-7e). For the thinner 10-minute film (60 nm, Table 3-1), two
peaks at 2θ=31.8° and 2θ=45.7°, corresponding respectively to the (112) and to the (004) and
possibly (220) planes of Sr2FeMoO6, are observed at the surface of the film with ω=0.2°.
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For higher incident angles of 0.5° and 0.9°, both diffraction features appear to shift to a lower
2θ angle. The width of the shifted (112) peak is unchanged while that of the shifted
(004)+(220) feature becomes larger, suggesting the presence of a second phase of α-Fe with
the (110) line at 2θ=44.6° (JCPDS 87-0721). The peak shift observed with increasing X-ray
penetration depth into the film is consistent with the crystal lattice expansion of the film in
the Sr2FeMoO6/Si interface region. This could be caused by a number of factors, including
different thermal expansion coefficients3 [51,22] between Sr2FeMoO6 and Si, and local
oxygen deficiencies due to the presence of native silicon oxide. For the thicker 30-minute
(114 nm,Table 3-1) and 60-minute films (268 nm, Table 3-1), the same two Sr2FeMoO6
features for the (112) and (004)+(220) planes can be seen at ω=0.2° (Figure 3-8a). At higher
incident angles, additional features attributed to Sr2FeMoO6(002) at 2θ=22.4° and α-Fe(110)
at 2θ=44.6° become evident. The peak shifts for the 30-minute and 60-minute films are less
than that observed for the 10-minute film. This is to be expected because the Sr2FeMoO6/Si
interface region contributes a smaller percentage of the total diffraction signal for these
thicker films.
In Figure 3-8b, we show the corresponding intensity ratio of the (004)+(220) to (112)
lines as a function of the incident angle for the three films. For the 10-minute film, this ratio
(0.4±0.1) is found to be close to the literature values for randomly oriented, polycrystalline
Sr2FeMoO6 powders (0.442). In contrast, the relative intensity ratio found for the 60-minute
film is much larger, and decreases almost monotonically from 2.2 to 1.4, as the incident
angle is increased from 0.3° to 0.9°. There is some scatter in the data below the critical
angle, ωc=0.34°. As the X-rays should be reflected below ωc, diffraction peaks below ωc
could be caused by imperfections in the sample surface (i.e. surface roughness) and artifacts
of sample geometry, which also lead to the larger intensity scatter observed in this region.
The intensity ratios for films grown with intermediate thicknesses (e.g. the 30-minute film)
follow a progression from the thin-film value (0.4) to the thicker-film value (1.4). This
suggests that the grain orientation differs throughout the thickness of the film, where the
Thermal expansion coefficient for Si is 2.6×10-6 ˚C-1 [22] and for double perovskite Sr2FeMoO6
reported to be around 10×10-6 ˚C-1 [50].

3
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Sr2FeMoO6 grains are more oriented at the film surface than the Sr2FeMoO6/Si interface.
For the thicker films, we also see an increase in the intensity of the (002) peak at 2θ=22.4°.
These results indicate preferential growth of (001) oriented Sr2FeMoO6 grains, during
long film depositions. Since the GIXRD data is convoluted with sample imperfections such
as surface roughness and possible parasitic second phases (including metallic iron and
SrMoO3), it is difficult to estimate the extent of the preferential growth. The observed
preferential oriented growth may be due to the influence of the laser plume on the
Sr2FeMoO6 film growth during the PLD process, similar to the well-known ion-beam
assisted deposition PLD technique, which has been used to introduce textured films on nonepitaxially matched substrates. Furthermore, developing the capability of synthesizing a
high-quality oriented Sr2FeMoO6 film on Si will open up prospects for many potential
applications. More detailed understanding of the mechanism behind this preferential growth
will be presented in future work, as we investigate how the oriented growth depends on other
variables including laser fluence, substrate-target distance, and gas enviroment during
growth.
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Figure 3-8: (a) GIXRD spectra collected at different incident angles, ω = 0.2°, 0.5° and 0.9°,
for Sr2FeMoO6 films grown on Si(100) for 10 minutes (top), 30 minutes (middle) and 60
minutes (bottom) deposition time. The y-axis is in log scale. (b) shows the corresponding
intensity ratios of the (004)+(220) to (112) diffraction lines as a function of ω for the three
films.
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3.2.3

Concluding Remarks

Using PLD, we have deposited and fully characterized Sr2FeMoO6 thin films on
Si(100) substrates under different growth temperatures and deposition times. In contrast to
the earlier work, nanocrystalline, single-phase Sr2FeMoO6 films could be obtained at a lower
growth temperature (600-800°C). Furthermore, the ferromagnetic films on Si(100) grown at
600°C are found to be of high quality, with saturation magnetic moments (3.4 μB per formula
unit at 77 K) that are comparable to the best Sr2FeMoO6 films epitaxially grown on latticematched substrates (such as SrTiO3 and MgO) reported to date. As revealed by MFM, the
as-grown film also exhibits micrometer-sized magnetic domains at room temperature, which
are signficantly larger than the grain sizes (200-250 nm). The low growth temperatures and
the non-magnetic nature of the Si substrate are useful for reducing chemical diffusion that
may impair the magnetic properties of the Sr2FeMoO6 film. Moreover, by changing the Xray incident beam angle, we also measure the diffraction patterns and determine the
respective crystal structures of the film as a function of depth. For the as-grown Sr2FeMoO6
films thicker than 60 nm, a preferential orientation of the nanocrystals in the film is observed.
The mechanism for the preferential oriented growth on Si, despite the lack of lattice
matching, is unknown and additional studies will be conducted to further investigate this
intriguing effect.
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3.2.4 Preliminary results on target-to-substrate distance effect: Preferential orientation
of nanocrystalline Sr2FeMoO6 growth on Si

The origin of the preferential orientation growth on nanocrystalline Sr2FeMoO6
remained a puzzle when we submitted the above work to J. Appl. Phys. In order to further
investigate the origin of this effect, additional experiments were done. In particular, films
were deposited at exactly the same conditions (60 min deposition time) as discussed in
Section3.2.1, but the target-to-substrate distance was changed from 34 to 58 mm. The
GIXRD result of those films is chosen in Figure 3-9. The distance between the target and the
substrate clearly affects the ratio of the (004)+(220) to (112) lines, and at d=42 mm, the
highest ratio can be obtained.

Intensity (a.u.)

d=58 mm

d=50 mm

ω=0.9°
ω=0.5°
ω=0.2°

(a1)
(a2)

d= 42 mm

(a3)

d=36 mm

(a4)

(b)

2.4
2.0
1.6

d=42 mm

1.2

d=50 mm

0.8

d=58 mm

0.4

d=34 mm

I(004)+I(220)/I(112)

Target to sub- distance (d)

0.0
20 25 30 35 40 45 50
2θ (degree)

0.2 0.4 0.6 0.8 1.0

ω (degree)

Figure 3-9: (a) GIXRD spectra collected at different incident angles, ω = 0.2°, 0.5° and 0.9°,
for Sr2FeMoO6 films grown on Si(100) for target to substrate distance of (a1) d= 36 mm, (a2)
d=42 mm, (a3) d=50 mm and (a4) d=58 mm. (b) The corresponding intensity ratios of the
(004)+(220) to (112) diffraction lines as a function of ω for the four films.
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3.3 X-ray photoemission study of Sr2FeMoO6 and SrMoO4 films epitaxially grown on
MgO(001): Near-surface chemical-state composition analysis4
3.3.1 Experimental Details

A NanoPLD system with a laser fluence of 400 mJ/pulse was used for the film
growth experiments. An 1-inch diameter Sr2FeMoO6 target was obtained commercially
(MTI Corp.). A 5×10 mm2 MgO(001) epi-polished substrate was mounted face-down above
the target with a target-to-substrate distance of 42 mm. The substrate was heated by infrared
lamps irradiating the back side, and the substrate temperature was monitored by a
thermocouple and an optical pyrometer. With the substrate held at a preselected temperature
between 400°C and 800°C, deposition was performed in vacuum for 30 min. For the postannealing experiment, the sample was held at 800°C in 10 mTorr of O2 gas at a flow rate of
20 sccm for 40 min, followed by 2 hours of annealing at the same temperature in vacuum.
The morphology and stoichiometry of the as-grown and post-annealed films were
characterized by using scanning electron microscopy and energy-dispersive X-ray
spectrometry (EDX), respectively. To obtain the crystal structures of the as-grown films,
high resolution X-ray diffraction (XRD) data were collected with ω-2θ scans. by using a
PANalytical X’Pert Pro MRD X-ray diffractometer, equipped with a two-bounce hybrid
monochromator and a Cu Kα source for the incident beam optics and a triple-axis section as
the diffracted beam optics. To determine the film thickness, an X-ray reflectivity
measurement was made with an X-ray mirror as the incident beam optics and a parallel-plate
collimator as the reflected beam optics. Magnetization data of the as-grown films were
obtained by using a SQUID magnetometer (Quantum Design) capable of operating at a 7 T
magnetic field. The chemical-state composition of the films were studied by using a
Thermo-VG Scientific ESCALab 250 X-ray photoelectron spectrometer (XPS), equipped
with a monochromatic Al Kα X-ray source (1486.6 eV) at a typical energy resolution of 0.40.5 eV full-width-at-half-maximum (FWHM). For the depth-profiling experiments, argon

4

This work has been submitted to Phys. Rev. B (Dec 2008).
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sputtering was performed over a rastered area of 3×3 mm2 of the sample at an ion beam
energy of 5 keV. The collected XPS data were fitted, where appropriate, with a combination
of Gaussian-Lorentzian lineshapes, after correction for the Shirley background, by using the
CasaXPS software.
3.3.2 Results and Discussion

A series of Sr2FeMoO6 film samples were grown in vacuum at several temperatures
of 400°C, 500°C, 600°C, 700°C, and 800°C, and the resulting as-grown films all appeared as
black. The SEM images for the films grown at 400°C, 600°C, and 800°C shown in Figure
3-10 reveal generally smooth surfaces, with root-mean-square roughness of 0.6, 7.1, and 8
nm over 12 µm2, respectively, as measured by atomic force microscopy. Randomly
distributed nanoparticles (<20 nm in size) are also found on top of the latter two films.
Consistent with the XPS data, they may be attributed to oxides of Fe and Mo segregating on
the surface during the deposition. The film grown at 800°C has also been further annealed in
O2 using the procedure discussed earlier. Unlike the other as-grown films, the post-annealed
film appeared yellow-brown in colour and was non-conducting. The corresponding SEM
image (Figure 3-10d) also shows a smooth surface with a greater number of larger
nanoparticles (20-100 nm in size) mostly with a cubic shape. The presence of these cubic
nanoparticles has also been reported by Besse et al. [89], who attributed them to be iron
oxide based on their XRD measurement. We also deposited a Sr2FeMoO6 film at 800°C in
an argon atmosphere of 10 mTorr (not shown), and the resulting film did not show any
discernible difference from the film shown in Figure 3-10c, which was grown in vacuum.
Figure 3-11a shows the ω−2θ XRD scans for films grown at 600°C, 700°C, and
800°C before and after annealing in O2. In addition to the strong (002) peak of the MgO
substrate at 42.9° (JCPDS 4-0829), the strong peak at 45.7° and the weaker peak at 22.4° can
be attributed respectively to the (004) and (002) planes of Sr2FeMoO6 (JCPDS 70-4092).
Evidently, a single-phase epitaxial Sr2FeMoO6 film has already been formed at a deposition
temperature as low as 600°C. Rocking curve analysis of the (004) plane of the as-grown
films (not shown) indicates that the peak width narrowed from 1.1° FWHM for the film
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grown at 600°C to 0.3° FWHM for the film grown at 800°C, consistent with improved
crystal quality for films grown at a higher temperature. Before post-annealing in O2, the asgrown film at 800°C consists of Sr2FeMoO6 oriented with the (001) direction parallel to the
MgO(001) plane. After post-annealing in O2, the amount of Sr2FeMoO6 is reduced, and two
new peaks at 29.7° and 61.5° attributed to the (004) and (008) planes of SrMoO4 (JCPDS 702537) are observed (Figure 3-11a, top curve). This indicates the formation of a significant
amount of an oriented SrMoO4 phase, with its (001) plane parallel to the MgO(001) plane [as
well as to the (001) plane of Sr2FeMoO6], upon post-annealing in O2. For the samples grown
at temperature lower than 600°C (e.g. Figure 3-10a), no features other than the substrate
peaks are observed, despite the presence of discernible films on the substrates. The lack of
any observable Sr2FeMoO6 peaks may be due to the Sr2FeMoO6 forming an amorphous film
on the MgO(001) substrate.
Figure 3-11b shows the φ-scans for the Sr2FeMoO6(112) plane, corresponding to the
diffraction peak at 2θ=32.01°, ω=16.00° and ψ=45.0°, for the films grown at (A) 600°C, (B)
700°C, and (C) 800°C. The presence of four equally spaced diffraction peaks indicates that
the Sr2FeMoO6 films form epitaxial single crystals on the MgO, and not just c-axis aligned
polycrystalline films. A similar φ-scan for the SrMoO4(112) plane, corresponding to the
diffraction peak at 2θ=27.67°, ω=13.84° and ψ=57.6°, for the 800°C sample post-annealed in
O2 is shown as (D). As with Sr2FeMoO6, the 4-fold symmetry of the (112) plane for SrMoO4
indicates that this material is also epitaxially aligned with the MgO substrate.
The magnetization curves for the as-grown film at 800°C before and after annealing in O2
have been measured at 5 K for a magnetic field up to 5 kOe by using a SQUID magnetometer
and are shown in Figure 3-12a. The diamagnetic signal due to the MgO(001) substrates has
been removed from the data. In order to calculate the saturation magnetic moment, the film
thickness is required and may be deduced from a measurement of the X-Ray reflectivity for
the as-grown film, shown in Figure 3-12b. The thickness of the film (t) is related to the
separation between interference fringes (δω) by the formula: t =

λ
, where λ is the
2δω

wavelength of the X-ray (1.54 Å for Cu Kα). The presence of well-defined fringes also
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indicates that the film thickness is almost constant over the entire film, and the film surfaces
are smooth. Using the film thickness obtained from the reflectivity measurements (98 nm)
and the dimensions of the sample measured by a micrometer, the maximum saturation
magnetic moments were found to be 3.4±0.1 μB/f.u. for the as-grown film and 1.4 ±0.1

μB/f.u. upon post-annealing. The saturation magnetic moment of the Sr2FeMoO6 film asgrown on MgO(001) is therefore considerably larger than the values reported earlier (1.0

μB/f.u. at 300 K [70] and 2.3 μB/f.u. at 20 K [80]), which indicates the superior quality of the
as-grown film. The formation of SrMoO4 upon post-annealing of the as-grown film reduces
the saturation magnetic moment (the effect of the antisite disorder cannot be excluded),
which could also account for the lower saturation magnetic moment found in the earlier
work. However, the coercive fields (0.56 kOe) for both the as-grown and post-annealed
films are found to be the same (Figure 3-11a), supporting the result from the φ-scans in
Figure 3-11b that post-annealing in O2 has no effect on grain formation. The coercive field
for the film grown at 600°C was also measured (not shown), and the larger value (1.2 kOe) is
consistent with the rocking curves with larger FWHMs found in samples grown at a lower
temperature.

Figure 3-10: SEM images of Sr2FeMoO6 PLD-grown on MgO(001) in vacuum at (a) 400°C,
(b) 600°C and (c) 800°C, and (d) of sample (c) after post-annealing in O2.
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Figure 3-11: (a) ω−2θ scans of Sr2FeMoO6 films PLD-grown on MgO(001) in vacuum at
(A) 600°C, (B) 700°C, and (C) 800°C. The top curve (D) corresponds to sample (C) postannealed (P-A) in 10 mTorr of O2. (b) shows the corresponding φ-scans of (A,B,C) the
Sr2FeMoO6(112) plane (2θ=32.01°, ω=16.00° and ψ=45.0°) and (D) SrMoO4(112) plane
(2θ=27.67°, ω=13.84° and ψ=57.6°). All data are plotted with a logarithmic y-axis, with the
curves offset for clarity.
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Figure 3-12: (a) Magnetization as a function of applied magnetic field for a Sr2FeMoO6 film
PLD-grown on MgO(001) in vacuum at 800°C and upon post-annealing in O2. (b) X-ray
reflectivity measurement of the as-grown Sr2FeMoO6 at 800°C as a function of incident
angle. Since we could not calculate the thickness of the SrMoO4 overlayer, the uncertainty
remains in the calculation of the saturation magnetic moment for the post-annealed sample.
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Figure 3-13 compares the XPS spectra of the valence band and O 1s regions as a
function of sputtering time for the as-grown Sr2FeMoO6 film before and after annealing in
O2. For the as-grown Sr2FeMoO6 film, three well-defined features at 0.9 eV, 5.7 eV and 8.3
eV can be observed (Figure 3-13b). Sputtering the film for 10 s appears to remove the
feature at 0.9 eV and strengthen the features at 5.7 eV and 8.3 eV, and to expose two new
features at 1.8 eV and 11.3 eV. Further sputtering for 40 s sharpens all four features, and a
small shoulder is seen to emerge at 0.4 eV. Continued sputtering for extended periods (over
160 s) substantially reduces the feature at 8.3 eV, while all other features at 0.4 eV, 1.8 eV,
5.7 eV and 11.3 eV remain essentially unchanged. The depth profiles of these valence-band
features suggest that the “overlayer” region, with a discernibly different composition from
the bulk region, can be removed after ~40 s of sputtering. The observed features at 0.4 eV,
1.8 eV, 5.7 eV, 8.3 eV and 11.3 eV are found to be in good accord with the photoemission
measurement made for polycrystalline Sr2FeMoO6 by Ray et al. [90]. Their ab-initio
calculations further showed that their observed features near 0.4 eV, 1.8 eV, 5.6 eV, and 8.3
eV originate from the Mo 4d, Fe 3d, O 2p and Mo 4d bands, respectively. Similar
assignments have also been made by Kuepper et al. [91] in their combined study involving
XPS and a local-density-approximation band structure calculation of polycrystalline
Sr2FeMoO6.
For the Sr2FeMoO6 film after the annealing treatment, the evolution of the observed
features with sputtering (Figure 3-13d) appears to be similar to that of the as-grown film
(Figure 3-13b). The notably stronger relative intensity of the feature at 8.3 eV for the postannealed film (Figure 3-13d) than that of as-grown film after 40 s of sputtering (Figure
3-13b) suggests a thicker overlayer region for the former.
The difference in the overlayer region of the as-grown Sr2FeMoO6 film before and
after annealing can be better illustrated in their respective O 1s XPS spectra. In particular,
two peaks at 530.4 eV and 532.0 eV with nearly equal intensities can be observed for the asgrown film (Figure 3-13a). Just 10 s of sputtering appears to reduce the feature at 532.0 eV,
and to substantially enhance the feature at 530.4 eV. The spectrum becomes essentially
unchanged after further sputtering for 40 s. In contrast, the O 1s spectrum of the annealed
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film exhibits a singular, intense feature at 532.0 eV (Figure 3-13c). Only after sputtering for
160 s has the feature at 532.0 eV been reduced sufficiently to expose the feature at 530.4 eV,
the intensity of which remains unchanged upon further sputtering. The observed evolution of
these O 1s features with respect to sputtering time (depth) is consistent with a thicker
overlayer found for the annealed film than that for the as-deposited film, as inferred earlier
from the valence-band spectra (Figure 3-13b, d). Based on the XRD spectra of the annealed
film (Figure 3-11, Curve D), the overlayer can be attributed to SrMoO4. Given the detection
limit of XRD is about 1% (for the bulk), the lack of SrMoO4 XRD features in the as-grown
film (Figure 3-11) is consistent with the thin SrMoO4 overlayer as reflected in the depthprofiling XPS spectra (with a detection limit of 0.5% for the surface). It should be noted that
the notable increase in the overall spectral intensity for the 10-s spectra (for both as-grown
and annealed films) relative to the original spectra (i.e. before sputtering) is due to the
removal of surface carbonaceous layer commonly found on materials exposed to air.
Figure 3-14 shows the corresponding XPS spectra of Sr 3d and Fe 2p regions for the
as-grown Sr2FeMoO6 film before and after annealing. Evidently, both samples exhibit a
doublet of Sr 3d5/2 (3d3/2) at 133.7 eV (135.5 eV), with a spin-orbit splitting of 1.8 eV and an
intensity ratio of 3:2 (Figure 3-14b, d). The binding energy positions of these Sr 3d features
are in good accord with the literature values for Sr2+ in a perovskite structure [92,93].
Sputtering did not appear to change the overall intensity or the profile of the doublet, which
indicates that the SrMoO4 overlayer and the Sr2FeMoO6 film have similar local chemical
environments for the Sr atoms. Sr is coordinated to four Mo atoms in the tetragonal hole in
SrMoO4 [94] and to four Mo and four Fe atoms in the tetragonal hole in the Sr2FeMoO6
lattice. However, given the fact that a Mo atom is larger and has more electrons that a Fe
atom, the local Sr chemical environment in Sr2FeMoO6 is expected to be dominated by the
larger Mo atoms. The prominence of the Mo electron densities in Sr2FeMoO6 apparently
leads to Sr 3d binding energy shifts that are too small to be distinguishable from those in the
SrMoO4 overlayer and therefore not detectable by our present XPS system.
The depth-profiling Fe 2p XPS spectra for the as-grown Sr2FeMoO6 film (Figure
3-14a) are also found to be essentially the same as those of the film after annealing (Figure
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3-14c). In particular, the as-deposited film exhibits a doublet of Fe 2p3/2 (2p1/2) at 710.8 eV
(723.8 eV), the intensity of which becomes reduced upon sputtering above 10 s. A new
doublet at 708.8 eV (722.0 eV) emerges upon sputtering, first appearing as a shoulder after
10 s of sputtering and increasing in intensity with increasing sputtering time. In accord with
the literature values for the Fe 2p binding energies of FeO and Fe2O3 [95], we can assign the
Fe 2p3/2 (2p1/2) features at 710.8 eV (723.8 eV) and 708.8 eV (722 eV) to Fe3+ and Fe2+
oxidation states, respectively. After sputtering for 40 s, a sharp doublet at 707.4 eV (720.5
eV) is found and becomes the prominent feature upon further sputtering above 160 s. This
lowest-binding-energy feature can be attributed to metallic Fe (Fe0), which is produced by
reduction of the higher Fe oxidation states due to Ar ion sputtering [96]. It should be noted
that the lack of a metallic Fe peak for the as-grown film (Figure 3-14a) confirms the high
film quality of the present PLD-grown Sr2FeMoO6 film and the absence of any significant
amount of Fe phase in the film, in contrast to the earlier work that reported an additional
metallic Fe peak for their as-deposited film [97]. The as-grown film is found to have mixed
oxidation states, with Fe3+ as the majority oxidation state relative to the Fe2+ oxidation state.
Furthermore, the nearly identical intensity evolution with respect to sputtering time found for
both as-grown and post-annealed films suggests that the cubic nanoparticles seen in the postannealed film in Figure 3-10c consist of Fe2O3, which has the same Fe3+ oxidation state as in
Sr2FeMoO6. The decrease of the saturation magnetic moment in the post-annealed film
(Figure 3-12a) is consistent with the nanoparticles mainly consisting of antiferromagnetic αFe2O3.
Figure 3-15 compares the XPS spectra of the Mo 3d region as a function of sputtering
time for the as-grown Sr2FeMoO6 film before and after annealing, both of which depict
evolution of rather complex sets of peaks. In Figure 3-15c, we select the spectrum for the asgrown film after 40 s of sputtering as the spectrum representative of the interface region, in
order to illustrate the fitting of the complex spectral envelope into four sets of Mo 3d5/2
(3d3/2) doublets. A spin-orbit splitting of 3.1 eV [98] and a 3d5/2:3d3/2 intensity ratio of 3:2
have been used for the fitting, after appropriate correction of the background with a single
Shirley (Gaussian-step) function. Using the literature values for different Mo oxides
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[95,99,100] we assign the observed Mo 3d5/2 (3d3/2) features at 228.5 eV (231.6 eV), 230.8
eV (233.9 eV), 232.2 eV (235.3 eV), and 233.7 eV (236.7 eV) to Mo0 (i.e. metallic Mo),
Mo4+, Mo5+, and Mo6+ states, respectively. An excellent fit has been obtained when the peak
widths for the Mo0, Mo4+ , Mo5+ and Mo6+ features were set to 1.0±0.2 eV, 2.4±0.2 eV,
1.2±0.2 eV and 1.3±0.2 eV FWHM, respectively.5 Although the peak widths are inherently
related to the natural lifetimes of the states, the larger widths found for the Mo4+ features
could be due to the presence of close-lying many-body states or defects states as
hypothesized by Kuepper et al. [91]. It should be noted that the Mo 3d spectrum shown in
Figure 3-15c is in excellent accord with the experimental [53,91] and calculated spectra [53]
of polycrystalline Sr2FeMoO6 reported in the literature.
The depth profiles of the fitted areas for the Mo0, Mo4+, Mo5+, and Mo6+ 3d5/2 features
with respect to the total area of the spectrum are shown for both as-grown and post-annealed
films in a. Before sputtering, the as-grown Sr2FeMoO6 film exhibits primarily the strong
Mo6+ features (Figure 3-15a), with the other Mo features appearing only as a weak shoulder
at the lower binding energy side. Upon sputtering for 10 s to 160 s, the intensities of the
Mo6+ features are reduced while those for the Mo5+ features are enhanced dramatically. In
the meantime, the removal of the prominent Mo6+ features has exposed the underlying Mo4+
features. The intensities of which appear to undergo a more gradual reduction upon
sputtering for 10 s to 160 s than those for Mo6+ features. Further sputtering above 160 s
appear not to affect the relative intensities of the Mo4+, Mo5+, and Mo6+ (Figure 3-16a), and
the spectral envelope remains relatively stable (Figure 3-15a). Like the Fe 2p features
(Figure 3-14), the emergence of the metallic Mo0 features at 228.5 eV (231.6 eV) after 40 s
of sputtering (Figure 3-15) can be attributed to reduction of the higher oxidation states by Ar
ion sputtering. The metallic Mo features could also introduce additional uncertainty to the
relative intensities of the other Mo states for the spectra with sputtering for longer than 40 s.

5

The residual standard deviation of the fit for all the spectra was 1-2. In order to keep the same
FWHM for all the oxidation states, two additional peaks were needed in the fitting to obtain nearly
the same goodness of the fit. Clearly, more complicated fitting strategies can be used in conjunction
with elaborate calculations, e.g. Ref. [54]. However, this will not affect the main observation that the
relative populations of these features reach their constant values shown in Figure 3-16.
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The intensities of the metallic Mo features also become nearly constant after sputtering
longer than 460 s.
For the Sr2FeMoO6 film post-annealed in O2, the corresponding spectral evolution of
the Mo 3d5/2 (3d3/2) features as a function of sputtering time, shown in Figure 3-15b and
Figure 3-16b, is found to be similar to that of the as-grown film (Figure 3-15a, Figure 3-16a).
In particular, the relative intensities of the Mo4+, Mo5+, and Mo6+ states appear to reach
nearly the same stable values after 460 s of sputtering for the film before and after annealing.
Interestingly, a similar observation has been made for polycrystalline Sr2FeMoO6 grown on a
Si substrate [101]. These results suggest that the SrMoO4 growth occurs largely on the
surface and not in the subgrain boundaries of the bulk, which confirms our earlier hypothesis
that the reduction in the saturation magnetic moment (Figure 3-12a) is due to SrMoO4 on the
surface and not in the bulk. A notable difference between the two depth profiles (Figure
3-16) is that there appears to be a latent period (of ~10 s of sputtering) before the on-set of
the changes for the post-annealed film (Figure 3-16b). Consistent with the presence of
SrMoO4 in the XRD data of the post-annealed film (Figure 3-11a), this indicates a thicker
SrMoO4 overlayer for the post-annealed film, which primarily gives rise to the Mo6+ features.
The similarity of Mo 3d spectra for the as-grown film before and after annealing without any
sputtering (Figure 3-15a, b) suggests that the formation of SrMoO4 on the surface of the asgrown Sr2FeMoO6 film occurs readily upon exposure to air.
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Figure 3-13: XPS spectra of (a,c) O 1s and (b,d) valence-band (VB) regions as a function of
sputtering time for the PLD-grown Sr2FeMoO6 film on MgO(001) at 800˚C (a,b) before and
(c,d) after post-annealing in O2.
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Figure 3-14: XPS spectra of (a,c) Fe 2p and (b,d) Sr 3d regions as a function of sputtering
time for the PLD-grown Sr2FeMoO6 film on MgO(001) at 800˚C (a,b) before and (c,d) after
post-annealing in O2.
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Peak fitting of the spectrum for the as-grown Sr2FeMoO6 film after 40s of argon sputtering.

59

Fractional Area (%)

80

(a) As-grown at
60

Mo6+

40
20

(b) PostMo4+

Mo6+

Mo0

Mo0

Mo5+

Mo5+

0
0

100

Mo4+

500 1000 0

100

500 1000

Sputtering Time (s)

Sputtering Time (s)
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3.3.3 Concluding Remarks

In summary, thin films of Sr2FeMoO6 have been grown on MgO(001)
substrates at several temperatures (400°C, 500°C, 600°C, 700°C, and 800°C) by pulsed laser
deposition. High resolution X-ray diffraction studies reveal epitaxial growth of a singlephase (double perovskite) Sr2FeMoO6 film on MgO(001) at a temperature as low as 600°C,
with the best film quality obtained at 800°C. The film grown at 800°C was subsequently
annealed in O2, producing an additional epitaxial overlayer of SrMoO4 on the Sr2FeMoO6
film. The magnetization data showed that the post-annealing treatment lowered the
saturation magnetic moment from 3.4 µB/f.u. to 1.4 µB/f.u. with no discernible change in the
observed coercive fields (0.56 kOe). This result indicates that post-annealing in O2 has no
notable effect on the grain formation in the bulk and suggests that the (thicker) SrMoO4
overlayer is responsible for the observed reduction in the saturation magnetic moment.
Furthermore, the lower optimal saturation magnetic moment (3.4 µB/f.u.) obtained for the asgrown Sr2FeMoO6 film than the expected value (4.0 µB/f.u.) could also be due to the
presence of a thin SrMoO4 overlayer that formed upon exposure to air. To study the film
quality and chemical-state composition of the near-surface region, depth-profiling X-ray
photoemission measurements of the valence-band, O 1s, Sr 3d, Fe 2p and Mo 3d regions
have been performed on the as-grown and post-annealed films. The similarity in the
respective depth profiles supports the formation of SrMoO4 overlayers on the surfaces of
both the as-grown and post-annealed Sr2FeMoO6 films, the thickness of which was found to
be greater in the post-annealed film. Furthermore, the intensity ratios of the 3d features of
Mo4+, Mo5+, and Mo6+ for Sr2FeMoO6 remain unchanged with sputtering depth (after 160 s),
supporting the model that the observed secondary phase (SrMoO4) is formed predominantly
on the surface and not in the subgrain boundaries of the as-grown Sr2FeMoO6 film.
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3.4 Growth evolution of laser-ablated Sr2FeMoO6: Effects of substrate-induced strain
and of film thickness on the film quality and presence of secondary phase
3.4.1 Experimental Details

A NanoPLD system equipped with a KrF excimer laser was used for the film growth
experiments in a base vacuum better than 5×10-7 torr. The laser was operating at a repetition
rate of 10 Hz and a laser fluence of 400 mJ/pulse, delivering a power density of 4-5 J/cm2.
MgO(001), SrTiO3(100) (STO) and LaAlO3(100) were used as substrates for growing the
epitaxial films, with a 1-inch diameter Sr2FeMoO6 (SFMO) target. With the substrates held
at a fixed temperature of 800°C and a target-to-substrate distance set to 42 mm, thin films
were deposited on all three substrates simultaneously for a preselected period of time (5, 10,
30, 40 and 50 minutes). For each growth condition, the morphology of the resulting film was
characterized by atomic force microscope (AFM) operated in tapping mode. To study
strain/relaxation and crystalline quality of the film, high-resolution powder diffraction and
reciprocal space mapping (RSM) were carried out using a X-ray diffractometer. For powder
XRD studies, a Ge(220) 2-bounce hybrid monochromator with a 1/2° slit and a triple-axis
section with a 1/16° slit were used to define the incident and diffracted beams, respectively.
For RSM measurement, the 1/16° slit was replaced by a channel-cut Ge(220) analyser in the
triple-axis section for the diffracted beam optics (without changing the incident beam optics).
3.4.2 Results and Discussion

To minimize the strain induced by the STO(100), LAO(100) and MgO(001)
substrates, the growth direction along the c-axis of SFMO will be parallel to the c-axes of the
substrates [70,80,89,102], with the a and b axes of SFMO lying in the (110) and (1 1 0)

directions, respectively, of the substrates. Figure 3-17 shows a schematic diagram depicting
the crystallographic relation of the SFMO film with respect to the substrate lattice. The
lattice mismatch between the SFMO (a=b=5.5870 Å, c=7.9180 Å, JCPDS 70-4092) and
cubic substrates of MgO (a=b=c= 4.2100 Å, JCPDS 4-0829), STO (a=b=c=3.9051 Å, JCPDS
5-0634) and LAO (a=b=c=3.7890 Å, JCPDS 85-0848) can be calculated by using the
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following expression:

a substrate −

2
a SFMO
2
, where asubstrate and aSFMO are the lattice

a substrate

parameters of the substrate and SFMO, respectively. The lattice mismatch values obtained
for MgO, STO and LAO, are +6.2% , −1.2% and −4.3%, respectively. An alternative
epitaxial relationship with SFMO on STO has been observed by Borges et al. [80], where the
(surface normal) c axis of the substrate is parallel to the SFMO(220) direction, and the
SFMO c-axis lies along the STO(a,b) surface. This type of orientation also gives a low
mismatch strain, but was not observed in our films. While it is difficult to distinguish the
(004) and (220) peaks from the powder (ω-2θ) scan alone, we confirmed the identification of
the (004) peak by registering the presence of the high intensity (112) peak in a position
consistent with a c-axis aligned film.
Figure 3-18 shows the AFM images of the SFMO films grown on MgO, STO and
LAO for selected deposition times of 5, 10, and 50 minutes. Based on our previous analysis
[101], the rate of deposition was estimated to be 4±2 nm/minute. Although the films were all
grown simultaneously under the same growth conditions, there are clear differences among
the morphologies of the films on the three substrates. The AFM image of the SFMO on
MgO (Figure 3-18a) shows a large number of square terraces with an epitaxial relationship to
one another, and presumably with the MgO substrate. After 10 minutes of growth (Figure
3-18b), the SFMO terraces have become larger, along with emerging growth spirals. At a
higher deposition time (Figure 3-18c), the surface looks smooth but with cuboid
nanoparticles atop. Given that the XRD measurement for this film does not reveal any peaks
other than SFMO (002) and (004), either the amount of these nanoparticles is not sufficiently
large to be detected by XRD or these nanoparticles are not crystalline. Further analysis is
required to determine the nature of these nanoparticles. For the SFMO film growth on STO,
the 5-minute film appears to have layered structures with larger square terraces (Figure
3-18d), which have evidently become layers in the 10-minute film and the resulting surface
appears smooth (Figure 3-18e). Similar morphology has been noticed by Manako et al. [59].
The elevated square features in Figure 3-18d and Figure 3-18e have also been observed by
other groups [103,104]. The resulting film on STO after 50 minutes of deposition remains
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smooth with atop nanoparticles (Figure 3-18f), as was similarly observed for MgO (Figure
3-18c).
Figure 3-18g shows flake-like nanostructures for the 5-minute SFMO film grown on
LAO, which become larger in the 10-minute film (Figure 3-18h). The surfaces of these films
appear to be the least ordered relative to the corresponding films grown on MgO and STO,
with the largest density of nucleation sites and few obvious terraces or growth spirals. The
50-minute SFMO film grown on LAO appears smooth (Figure 3-18i), with a discernibly
larger density of cuboid nanoparticles than films grown on MgO and STO. The differences
in morphology among the SFMO films grown on the three substrates are most obvious for
the thinner films, and the appearances of the films become similar with increasing deposition
time. The presence of nanoparticles on the 50-minute films grown on all three substrates
suggests that these nanoparticles could originate from the same particulate formation
mechanism possibly due to changes in the surface condition of the SFMO target after
extended ablation.
The AFM data indicate that SFMO grows differently on different substrates. The
SFMO films deposited on STO (Figure 3-18d,e,f) and, to a lesser extent, on MgO (Figure
3-18a,b,c) tend to grow more two dimensionally as in Frank-van der Merve or StranskiKrastanov growth, while the films on LAO (Figure 3-18g,h,i ) tend to show the VolmerWeber growth mode, where there is isolated island growth in three dimensions [105].
The root-mean-square (RMS) roughness determined over the 12 μm2 scanned area of the
respective AFM images of the films grown on the three substrates is plotted as a function of
deposition time in Figure 3-19. While all the films deposited on MgO, STO and LAO have
similar RMS roughness of 3-4 nm after 5 minutes of growth, SFMO films grown on MgO
and STO show greatly increased roughness after 10 minutes of growth. The increased RMS
roughness for the SFMO films after 10 minutes growth on the MgO and STO substrates is
consistent with the larger terraces and growth spirals observed in Figure 3-18b and Figure
3-18e. As the growth of these films continues to 40 minutes of deposition, the reduction in
their RMS roughness parameters is in accord with the layer-by-layer growth mode. On the
other hand, the SFMO films grown on LAO have a relatively constant roughness up to 40
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minutes of growth, which is consistent with the Volmer-Weber growth mode observed in
Figure 3-18. The sudden increase in the RMS roughness for the SFMO films grown on all
three substrates after 50 minutes of deposition can be attributed to particulate formation as
noted above. The layer-by-layer growth seen in the SFMO film on STO is expected due to
the low strain caused by small lattice mismatch (−1.2%) between STO and SFMO.
However, layer-by-layer growth is also found for the SFMO film on MgO, where the lattice
mismatch is considerably larger (+6.2%). This is surprising especially when the VolmerWeber growth is observed for SFMO film growth on LAO, where the lattice mismatch
(−4.3% ) is smaller.

Figure 3-17: Two-dimensional schematic diagram of the cubic lattice structure of the
substrate (open circles) with a and b lattice vectors, and the (110) plane of Sr2FeMoO6 (solid
circles) with a’ and b’ lattice vectors. The c axes are out of plane.
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Figure 3-18: AFM images of Sr2FeMoO6 films grown for selected deposition times of 5
minutes (left column), 10 minutes (centre column), and 50 minutes (right column) on
MgO(001) (top row), SrTiO3(100) (middle row) and LaAlO3(100) (bottom row). The ranges
for the height contrast for the AFM images of 5-, 10- and 50-minute films are 30, 30 and 60
nm, respectively.
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Figure 3-19: Root-mean-square (RMS) roughness as a function of deposition time for
Sr2MoFeO6 films grown on MgO(001) (open squares, ), SrTiO3(100) (solid circles, z) and
LaAlO3(100) (solid triangles, S). The RMS roughness is obtained over the 12 μm2 scanned
area of the respective AFM image.

To further investigate the crystal quality of the SFMO films grown on the three
substrates, detailed X-ray diffraction studies were carried out. Figure 3-20 shows the ω-2θ
scans for selected SFMO films deposited for 10 and 50 minutes on MgO(001), LAO(100),
and STO(100). Evidently, in addition to the (100) substrate peaks, two prominent SFMO
planes of (002) and (004) can be observed, which indicate that the SFMO films were all
epitaxially grown along the c-axis of the substrates. For the films grown on MgO, no other
feature can be seen regardless of the deposition time. However, for the films deposited on
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STO and LAO, even though thinner films (with deposition time less than 20 minutes) are
single phase, increasing the deposition time promotes the parasitic phases with a predominant
SrMoO4 phase (JCPDS 70-2537), and minor Fe2O3 (JCPDS 40-1139) and MoO2 phases
(JCPDS 32-0671). This result is in contrast with the work by Boucher [106], who grew
SFMO films with different thicknesses on several substrates and measured their cation
compositions. He concluded that the compositions of the thicker films are the same
regardless of the substrate, but those of the thinner films were affected by the MgO and LAO
substrates.
Rocking curve analysis has been performed to extract the peak widths of the (004)
plane of SFMO films grown on the three substrates for different deposition times, shown in
Figure 3-21. STO has the best lattice match with SFMO and therefore gives the lowest value
for the FWHM of the rocking curve (0.34°±0.1°). There is no significant change in the
FWHM for the longer deposition times, indicating the consistent crystalline quality even for
thicker films. For the SFMO films grown on MgO, the corresponding rocking curve has a
larger FWHM value of 0.63°±0.1° for the 5-minute deposition, and then decreases slowly to
0.37°±0.1° for 50-minute deposition, indicating an improvement in crystal quality for thicker
films. Consistent with the AFM images presented in Figure 3-18, the SFMO films on LAO
exhibit the largest FWHM values between 0.9° and 1.7°, and no trend in the FWHM value
with deposition time was evident.
In order to study the evolution of the crystal quality during epitaxial growth,
reciprocal space map measurements were performed to extract in-plane and out-of-plane
lattice parameters for all the samples. In RSM, the lattice mismatch and degree of relaxation
are independent of the ω and 2θ scanning ratio and the miscut of the surface with respect to
the diffraction lattice plane. By using the Ge(220) analyser in the triple-axis section to
condition the diffracted beam, it is possible to achieve high enough resolution to resolve
close-lying features [30]. A series of ω-2θ scans around the symmetric SFMO (004) plane
and asymmetric SFMO (112) plane were performed to construct the RSMs. The
relationships between the scan parameters, ω and 2θ, and the reciprocal space vectors, Qx and
Qy, are given by the following formulae:
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Q x = K [cos ω − cos(2θ − ω )]
Q y = K [sin ω + sin(2θ − ω )]

where K (=2π ⁄ λ) is the magnitude of the X-ray wavevector, ω is the angle between
primary X-ray beam and the sample surface, and the 2θ is the angle between incident and
diffracted X-ray beam [27]. Commercial software, Panalytical Expert Epitaxy, was used to
analyze the data. It should be noted that different colour contrast indicate different intensities
in a log scale, and because the step sizes and dwell times were not the same for the scans in
all the measurements, the intensities from map to map are not comparable. In each of the
RSMs shown in Figure 3-22, shows the RSMs for the SFMO (004) plane, each of which
depicts an intense (002) substrate peak and a considerably weaker and broader (004) SFMO
peak. Evidently, the positive lattice mismatch between MgO and SFMO puts the SFMO film
under tensile strain. On the other hand, the negative lattice mismatches between the STO and
LAO substrates with the SFMO films induces compressive strains in the SFMO films. The
size of the SFMO lattice with respect to those of the substrates is clearly reflected by the
relative location of the SFMO(004) peak with respect to the (002) peak of the substrate. The
SFMO(004) peak lies at a larger Qy value than the MgO(002) peak (with a +6.2% lattice
mismatch) but at a smaller Qy value than the STO(002) peak (with a −1.2% lattice mismatch)
and LAO(002) peak (with a −4.1% lattice mismatch). The characteristic twinning of the
(002) peak along the Qx direction for the LAO substrate can also be observed. Furthermore,
the SFMO peak is moving along the Qy direction, towards the location of the substrate peak
with increasing deposition times (for the STO and LAO substrates), indicating that the c axis
lattice length of the SFMO film is undergoing rearrangement to approach that of the bulk
SFMO. For the STO (Figure 3-22, middle row) and LAO substrates (Figure 3-22, bottom
row), the emergence of a second weak feature in the broad SFMO peak along the Qy
direction can be clearly observed after 30 minutes of growth, which indicates the formation
of a secondary phase, as also observed in the corresponding ω-2θ scans for STO and LAO in
Figure 3-20. The creation of this secondary phase appears to release the strain, allowing the
SFMO film lattice parameters to more closely approach those of bulk SFMO.
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The behaviour of the SFMO film lattice parameters during growth on the three
substrates can be quantified by examining the changes in the a, b and c-axis lengths as a
function of deposition time, as shown in Figure 3-23. From the RSM in Figure 3-22, the caxis length can be determined from the separation of the film and substrate peak positions.
From the RSM of the Sr2FeMoO6 (112) plane (not shown) and the c-axis length determined
from Figure 6, we obtain the corresponding a and b axis lengths [107]. For the STO
substrate, despite its smallest lattice mismatch (−0.9%), the c-axis lengths of the SFMO films
are found to be the largest, in agreement with the earlier work [108,102,106,103,109,110].
This large c-axis strain is consistent with a high degree of epitaxy and the quasi-2-D growth
observed in Figure 3-18d and Figure 3-18e. Furthermore, the decrease in the c-axis length
toward to the bulk value [obtained for SFMO powder, 7.918 Å (JCPDS 70-4092)] with
increasing deposition time can be viewed as strain relief in a thicker film. Similar trends in
the a and b axis lengths are also observed, where the a and b values for the 50-minute film
reach the bulk values (5.58 Å). For the SFMO films grown on LAO (with a lattice mismatch
of −4.3%), the c-axis length also follows a decreasing trend with increasing deposition time
from 10 minutes to 50 minutes of deposition, similar to that found for the SFMO films on
STO. The corresponding a and b-axis lengths, however, do not follow the same trend (as that
on STO), with the a and b values becoming even smaller than the bulk values for the longer
deposition times. It may be that the poorer crystal quality of the SFMO films grown on LAO
can introduce some uncertainty in locating the SFMO peak maxima in the respective RSMs,
especially for the shorter deposition times. While Boucher [106] did not determine the a and
b axis lengths, he also found that the c-axis lengths for the SFMO films on LAO are smaller
than those for SFMO films on STO. Interestingly, the a, b and c-axis lengths for the SFMO
films on MgO (with a lattice mismatch of +6.2%) are found to be the closest to the bulk
value, and they appear almost constant and independent of the film thickness. Using the
lattice parameters, the unit-cell volumes of the SFMO films have been calculated. For the
SFMO grown on STO, the volume increases from 248.6 Å3 (for the 10-minute film) to 250.1
Å3 (for the 50-minute film), while the corresponding volume for the SFMO films grown on
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MgO was almost constant (249.4±0.3 Å3). The unit cell volume values obtained for all the
SFMO films grown on different substrates are larger than the bulk value of 246 Å3.
For all the SFMO films, the c-axis length is larger than the bulk value. The larger
out-of-plane lattice (c) constant for SFMO films has also been noted by several other groups
[103,108,109,110], although few groups have also determined the SFMO a and b axis
lengths. The observed larger value has been attributed to several origins, including a change
in the ordering of the Fe and Mo atoms in the lattice [110], thermal strain induced by
different thermal expansion coefficients upon cooling from the growth temperature [109],
changes in the oxygen concentration during growth [108,110], lattice mismatch for the
SFMO grown on STO [108,109], or existence of parasitic phases [106]. In particular,
Sanchez et al. [103] reported the variation of c-axis length for SFMO on STO as a function of
growth temperature and film thickness. Their results showed that the c-axis length decreases
towards the bulk value with increasing growth temperature and led them to state that the film
quality improves at a higher growth temperature. However, several other groups have noted
the growth of different parasitic phases, such as SrMoO4 [102,103], at high temperatures and
different background oxygen pressure. As we observe in the RSM (Figure 3-22), the
formation of the secondary phases could help to relief the strain, therefore reducing the c-axis
length. For SFMO films on LAO (−4.3%), because its lattice mismatch is much larger than
that on STO (−1.2%), one might expect the former films to also have larger c-axis lengths
than those on STO. On the other hand, the SFMO films on LAO are found to have more
nucleation sites and more defects than those on STO, as seen from the rocking curve data in
Figure 3-21. The presence of more defects in the former films therefore helps to relieve the
strain caused by the lattice mismatch and reduce the c-axis lengths. For the SFMO films on
MgO, the tensile strain (as a result of a positive lattice mismatch of +6.2%) would lead one to
expect the SFMO c-axis length to be less than the bulk value, in contrast to that observed in
Figure 3-22. Furthermore, the c-axis length is found to be relatively constant with increasing
film thickness. Boucher also observed the near-independence of the c-axis length with
thickness for SFMO films deposited on MgO by magnetron sputtering [106]. He attributed
this result to reorganization of the SFMO films on MgO, similar to what was seen in
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La0.7Sr1.3MnO3 on MgO by Gommert et al. [111]. In La0.7Sr1.3MnO3, the mismatch strain
with MgO was found to be completely compensated in a narrow interface region of the
substrate, after which the film grows with few defects and little strain. The observation from
Figure 3-23, that the SFMO unit cell volume is increased for all the films from that of the
bulk, would tend to support the hypotheses that found the changes in c-axis length are due to
more than just lattice mismatch (strain) effects, and the film quality of epitaxially grown
films is strongly influenced by additional factors such as Fe/Mo ordering, oxygen
concentration, lattice defects (vacancies and interstitials), and substrate-film interdiffusion.

72

Fe2O3
V MoO2
10 min
50 min

Intensity (a.u.)

¡ Substrate
z Sr2FeMoO6
S SrMoO4
STO
LAO
MgO

20

30

40

50
60
2θ (degree)

70

80

Figure 3-20: (ω−2θ) scan of Sr2FeMoO6 films PLD-grown on MgO(001) (bottom),
LaAlO3(100)(middle) and SrTiO3(100) (top) in vacuum with a laser fluence of 400 mJ/pulse
at temperature of 800°C for 10 min (darker lines) and 50 min (lighter lines). Features
corresponding to Sr2FeMoO6 (JCPDS 70-4092), SrMoO4 (JCPDS 70-2537), Fe2O3 (JCPDS
40-1139), MoO2 phase (JCPDS 32-0671) and the substrates are identified by solid circles
(z), solid triangles (S), open rectangular ( ), open triangles (V) and solid lozenge (¡),
respectively.
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Figure 3-21: FWHM of the SFMO(004) peak in the rocking curve measurement as a function
of deposition time for S2FeMoO6 films grown on MgO(001) (open squares, ), SrTiO3(100)
(solid circles, z) and LaAlO3(100) (solid triangles, S).

74

Figure 3-22: Reciprocal space maps of the (004) plane of Sr2FeMoO6 films grown on the
(002) plane of MgO (top row), SrTiO3 (middle row) and LaAlO3 (bottom row) for deposition
of 5 minutes (left column), 30 minutes (centre column) and 50 minutes (right column).
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Figure 3-23: c-axis length (top) and a and b-axis lengths (bottom) as a function of deposition time
for Sr2FeMoO6 films grown on MgO(100) (open squares,
LaAlO3(100) (solid triangles, S).
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3.4.3 Conclusion
Using pulsed laser deposition, we have grown epitaxial SFMO films on three different
substrates with different lattice matches: MgO(100) (+6.2%), STO(100) (−1.2%) and LAO(100)
(−4.3%). In order to study the effects of strain induced by substrates on the growth evolution of the
SFMO films, we have deposited films on all three substrates simultaneously (under the same growth
conditions) for different deposition times, corresponding to different film thicknesses of 20 to 200
nm. Using AFM, we observed different evolution of surface morphology with increasing film
thickness on the three substrates. In particular, SFMO grown on LAO has the highest number of
nucleation sites and three-dimensional growth can be clearly observed from the early stage. For
SFMO grown on MgO and STO, even though MgO contains more nucleation sites than STO, the
observed growth trends were similar to each other. For both substrates, the SFMO films tend to grow
layer by layer in the early stage, with a large number of square terraces forming an epitaxial
relationship with the substrate. This initial layer-by-layer growth is followed by spiral growth
clusters and three-dimensional growth at longer deposition times.
We also performed high-resolution XRD and reciprocal space mapping measurements, which
indicate that the c-axis oriented growth of Sr2FeMoO6 films on the three substrates. Rocking curve
analysis shows that the SFMO films on STO and LAO have the smallest and largest FWHMs,
respectively. Although SFMO and MgO have the largest lattice mismatch, the FWHM of the SFMO
film on MgO lies between the STO and LAO values, suggesting a different growth mechanism for the
former. While the lattice parameters (a, b, c-axis lengths) of the as-grown SFMO films on STO and
LAO are found to converge to the bulk value, reflecting the reduced strain on the as-grown SFMO
films, with increasing film thickness, those for SFMO on MgO remain relatively constant. The cell
volume for all the films is greater than that determined for bulk SFMO. Interestingly, for films
thickness greater than ~120 nm, reciprocal space mapping revealed phase separation on the STO and
LAO. The powder XRD measurements showed that a higher deposition time promotes the formation
of a parasitic phase (i.e. SrMoO4) on STO and LAO, but not on those grown on MgO substrates. The
formation of a second phase may provide strain relief for SFMO films grown on STO and LAO. The
present work shows that MgO, despite its large lattice mismatch, appears to be fully relaxed at the
early growth stage, therefore offering the best substrate for growing high-quality, epitaxial, singlephase SFMO films.
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Chapter 4
Pulsed laser deposition of CrO2
4.1 Introduction CrO2

Chromium dioxide is known to be the only ferromagnetic, metallic, binary oxide
[112,113], and it has long been a technologically important material, widely used as a
particulate recording medium for magnetic tapes. The crystal structure of CrO2 is shown in
Figure 4-1. CrO2 has a tetragonal structure with lattice parameters of a=b=4.41Å and
c=2.91Å. It is ferromagnetic at room temperature, with a Curie temperature at TC=395 K and
a saturation magnetic moment of 2µB/f.u. [113,114]. In 1986, Schwarz [115] predicted that
CrO2 was half-metallic from density-of-states calculations. A year later, this half-metallic
property of CrO2 was partially confirmed by Kämper et al. [116], who observed nearly 100%
spin polarization within 2 eV below the Fermi edge by spin-polarized photoemission.
Theoretical calculations and experimental results of other groups also confirmed the highly
polarized spin of CrO2 [117,118,119].

Figure 4-1: Rutile structure of CrO2 (Left side) and the density of states of CrO2 Figure
adapted from Ref. [120] (Right side).
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A schematic diagram of the density of states of CrO2 is shown in Figure 4-1. The
large carrier spin polarization seen in Figure 4-1 could make CrO2 a very useful electrode for
giant magnetoresistant spin valves and spin-dependent tunnel junction devices [112,121,122].
CrO2 is metastable under ambient conditions and it has a tendency to convert to
Cr2O3, which is more stable. The phase diagram of CrOx in high oxygen pressures has been
reported previously [123,124] and several different oxidation states can be achieved by
varying the oxygen pressure and temperature (Figure 4-2). Some of these chromium oxides
have technological applications as catalysts, gas sensors, and as and protective layers for
preventing oxidation [125,126,127,128]. The metastable nature of CrO2 at room temperature
makes its synthesis difficult. To date, high quality, single crystal CrO2 films could only be
grown on highly lattice-matched substrates, and by using specialized growth techniques such
as high-pressure synthesis [129,130] or atmospheric pressure chemical vapour deposition
(CVD) [122,131,132]. For many proposed spintronic devices, multilayer epitaxial films with
high quality interfaces are necessary in order to preserve and extract the spin polarization
information. Physical vapor deposition (PVD) techniques, such as molecular beam epitaxy
(MBE) or pulsed laser deposition (PLD), are commonly used to fabricate multilayer films insitu and to develop high-quality interfaces in other material systems. Several groups have
therefore attempted to prepare CrO2 films on TiO2(100), Si(100), Si(111), LaAlO3(100), and
Al2O3(0001) by using MBE [133,134] and PLD [135,136,137]. Since the most stable
chromium oxide phase is Cr2O3, these groups have focused on reaching higher oxidation
states by either reacting Cr metallic vapour with atomic oxygen in MBE [133] or by using
oxygen-rich chromium oxide targets (CrO3 and Cr8O21) in PLD [136]. Thus far, these efforts
have led to films that either exhibit weak and broad XRD features (indicating poorly aligned
crystallites) or contain a mixture of various chromium oxide phases, including Cr2O3, CrO2,
and CrO3. Although successful epitaxial growth of CrO2 by CVD on MgO(001) and Si(100)
has been reported, these groups have used a TiO2 buffer layer prior to the chromium oxide
growth [138,139].
In Section 4.2, we investigate the use of the PLD technique for the growth of a singlephase CrOx film (particularly CrO2), with focus on the nature of the resulting nanostructured
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films grown on different substrates, including MgO(001), Al2O3(0001), SrTiO3 (100),
LaAlO3(100), and Si(100). Our goal was to develop a set of optimized growth conditions for
producing an epitaxial, single phase (high-quality) film. We systematically varied the
substrate temperature, the O2 pressure, the laser fluence, and the target-to-substrate distance.
Unlike the previous PLD studies that did not produce a single-phase CrOx film [140,141], the
present work shows that single-phase CrOx films could be obtained for the first time on
MgO(001) under a narrow set of conditions. In Section 4.3, we focus on the formation of
different chromium oxides on MgO (100) substrates and study the surface quality of the
sample. In conclusion, we determine the key parameters to produce single phase CrO2 films
by PLD. The key points are to use a compatible substrate (MgO(001)) and sufficient oxygen
pressure during growth.

Figure 4-2: Pressure versus temperature phase diagram of CrOx (a) adapted from Kubota et
al. [123] and (b) from Shibasaki et al. [124].
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4.2 Pulsed Laser Deposition of Chromium Oxides: Substrate Effects6
4.2.1 Experimental details

The PLD experiments were conducted in a turbomolecular-pumped NanoPLD system
with a base pressure better than 5×10−7 torr. A 248-nm excimer laser with a laser fluence of
350-550 mJ/pulse was used to ablate the Cr metal target (99.95% purity, 1 inch diameter) at a
repetition rate of 10 Hz. Oxygen was introduced into the chamber by a variable leak valve to
a typical growth pressure of 10-400 mTorr. The use of higher substrate temperature, laser
fluence and O2 pressure is found to be important to achieving a single-phase film. The
present system allows for film growth at higher temperatures and higher oxygen pressures
than that have been previously attempted [140,141]. The substrates (5×10 mm2, or 10×10
mm2) used in the present work were cut from wafers of MgO(001), SrTiO3(100), and
LaAlO3(100) substrates, and of Al2O3(0001) and Si(100). The morphology and topography
of the as-grown films were characterized by using scanning electron microscopy and atomic
force microscopy, respectively, while the corresponding crystal structure was analyzed by
high-resolution X-ray diffraction.

4.2.2 Results and discussion
4.2.2.1 Morphology

Various growth conditions have been attempted to develop a homogenous, singlephase CrOx film. Of these experiments, we found that single-phase CrOx films were more
readily obtained at substrate temperature of 480°C, 400 mTorr O2 pressure and laser fluence
of 550 mJ/pulse. Except for the film grown on Si(100) that appears to be silvery black in
colour similar to that of bare Si, the resulting films obtained on Al2O3(0001), SrTiO3(100),
and LaAlO3(100) are brownish in colour while that on MgO(001) appears grayish. Figure
4-3 shows the corresponding SEM images of the as-grown CrOx films on different substrates

6

This work has been published in Mater. Res. Proc. Symp. Proc. 998 (2007).
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at the aforementioned conditions. Except for the Si(100) sample, silver paste was applied to
the side of all of the other (insulating) samples to minimize the effect of charging. For the
insulating samples, we show in Figure 4-4 their corresponding AFM images in order to better
illustrate their morphologies. Evidently, needle-like nanostructures with an average size of
300 nm (wide) × 1-2 µm (long) and 30-40 nm in height (Figure 4-4a) are found.
Furthermore, these needles are distributed in an orthogonal cross pattern (Figure 4-3a, Figure
4-4a), suggesting that these nanostructures are epitaxially grown with respect to the surface
registry of the MgO(001) substrate at 400 mTorr O2 pressure. However, at a lower O2
pressure of 10 mTorr (Figure 4-4b) and also at 100 mTorr (not shown), the as-grown film
appears to be smooth and devoid of nanostructures. It should be noted that the films obtained
at a lower O2 pressure (10 mTorr, 100 mTorr) on MgO(001) are found to be yellow-green in
colour. For all other substrates, smooth films decorated with nanoparticles of various sizes
and shapes and number densities are observed. In particular, randomly oriented
nanoparticles of 10-30 nm in size and nanorods with a typical length of 100 nm are found on
Al2O3(0001) (Figure 4-3c, Figure 4-4b) and Si(100) (Figure 4-3f). For SrTiO3(100) (Figure
4-3d,Figure 4-4c) and LaAlO3(100) (Figure 4-3e, Figure 4-4d), the nanoparticles are
generally less dense, larger (100-300 nm) and irregular in shape.

4.2.2.2 Crystal structure analysis

To further characterize the nature of CrOx and their crystallinity, we collected highresolution XRD data for all the samples shown in Figure 4-3. For the Al2O3(0001) (Figure
4-3c), LaAlO3(100) (Figure 4-3e), and Si(100) samples (Figure 4-3f), no features other than
the substrate peaks are observed, despite the presence of the discernibly visible films on the
substrates. This suggests that the as-grown films are amorphous (or extremely thin). For the
MgO(001) samples, the corresponding XRD patterns reveal additional features attributable to
CrO2 (Figure 4-5a) and Cr2O3 stressed films (Figure 4-5b) grown with O2 pressures of 400
mTorr and 10 mTorr, respectively. For the sample grown on SrTiO3(100) with 400 mTorr
O2 pressure, weak features attributable to CrO3 and Cr3O4 (Figure 4-5c) are evident. At an
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O2 pressure of 100 mTorr, no Cr related features are observed for the brownish film on the
SrTiO3(100) substrate.
In Table 4-1, we show the space group and lattice parameters of the substrates and
possible chromium oxide films [142]. Evidently, all three lattice parameters of CrO2 closely
match with those of TiO2, while all but the c parameter match with those of MgO. The
earlier CVD studies on CrO2 epitaxially grown on TiO2 [138,143,144] indicate that the asgrown CrO2 film consists of well-defined needle structures, in close resemblance to the
needle structures on MgO shown in Figure 4-3a. The presence of the observed needle
structures on MgO in the present case is therefore in accord with the closely matched a and b
lattice parameters between CrO2 and MgO. At the lower O2 pressure, the formation of Cr2O3
is not surprising due to the insufficient amount of oxygen present to allow the stoichiometric
formation of CrO2. The very weak intensity of the Cr2O3 feature observed in the XRD
pattern (Figure 4-5b, note log scale) suggests that this may be due to randomly aligned
crystalline precipitates, as suggested by the nanoparticles observed in the corresponding
AFM image (not shown). In the case of SrTiO3, we observe both Cr3O4 and CrO3 peaks, also
with very weak intensities.

4.2.3 Conclusions

PLD method was found to be a versatile technique to grow CrOx nanostructured films
using Cr metal as the target on several different substrates, including MgO(001),
Al2O3(0001), SrTiO3(100), LaAlO3(100), and Si(100). The CrOx films obtained on most of
the substrates are found to be either amorphous [Al2O3(0001), LaAlO3(100), and Si(100)] or
consisting of more than a single phase [SrTiO3(100)], or both. A single-phase nanostructured
film of epitaxially grown CrO2, decorated with the characteristic needle morphology, was
found only on MgO(001). The present work also shows that the use of high O2 pressure and
high laser fluence is essential to the production of these novel needle nanostructures.
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Figure 4-3: SEM images of CrOx grown on MgO(001) with O2 pressure of (a) 400 mTorr and
(b) 10 mTorr, and on (c) Al2O3(0001), (d) SrTiO3(100), (e) LaAlO3(100) and (f) Si(100) with
O2 pressure of 400 mTorr, all at 480°C and with 550 mJ/pulse laser fluence.
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Figure 4-4: AFM images of CrOx nanostructured films grown on (a) MgO(001), (b)
Al2O3(0001), (c) SrTiO3(100), and (d) LaAlO3(100) at 480°C with O2 pressure of 400 mTorr
and 550 mJ/pulse laser fluence. The topography line scan of each image is also shown in the
panel below the respective AFM image.
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Figure 4-5: (θ−2θ) scan of CrOx nanostructured films grown on MgO(001) with O2 pressure
of (a) 400 mTorr and (b) 10 mTorr, and on (c) SrTiO3(100) with O2 pressure of 400 mTorr,
all at 480°C and 550 mJ/pulse laser fluence.
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Table 4-1: Lattice parameters of selected substrates and chromium oxides.
Material

Space Group

Cr

Lattice Parameters
a (Å)

b (Å)

c (Å)

Im-3m

2.9

2.9

2.9

Cr3O4

141/amd

6.1

6.1

7.5

Cr2O3

R-3c

4.9

4.9

13.6

CrO2

P42/mnm

4.41

4.41

2.91

CrO3

Ama2

5.7

8.5

4.8

TiO2

P42/mnm

4.59

4.59

2.95

MgO

Fm-3m

4.21

4.21

4.21

Al2O3

R-3c

4.76

4.76

13

SrTiO3

Pm-3m

3.90

3.90

3.90

LaAlO3

R-3m

5.36

5.36

13.11

Si

Fd-3m

5.43

5.43

5.43

87

4.3 Fabrication of epitaxial CrO2 nanostructures directly on MgO(001) by Pulsed Laser
Deposition7

4.3.1 Experimental details

A NanoPLD system with a base pressure better than 5×10-7 torr was used for the film
growth experiments. The MgO(001) substrates 5×10 mm2 (or 10×10 mm2) in size, were
mounted on the substrate holder with silver epoxy. Metallic Cr (99.95% purity) was used as
the target, with a target-to-substrate distance set to 42 mm. The pressure of O2 was kept
constant between 10 and 900 mTorr by using a mass flow controller during growth, and the
substrate temperature during growth could be fixed between 300°C and 780°C by using a
temperature controller. The films were grown for 20 minutes, with the laser running at a 10
Hz repetition rate and its fluence typically set at 350-550 mJ/pulse (with the higher laser
fluence 550 mJ/pulse producing more crystalline films).
For each growth condition, the morphology of the resulting film was characterized by
field-emission scanning electron microscopy (FE-SEM) and atomic force microscopy
(AFM), operated in tapping mode. The structure of the film was analysed by using a highresolution X-ray diffractometer (XRD). The chemical-state composition of the film was
studied by using a X-ray photoelectron spectrometer (XPS). The collected XPS data were
fitted, where appropriate, with a combination of Gaussian-Lorentzian lineshapes, after
correction with the Shirley background by using the CasaXPS software.
4.3.2 Results and Discussion

Since the earlier PLD studies on chromium oxide film growth suggest that a higher
oxygen pressure is necessary for CrO2 growth [135,136,137] we performed the initial PLD

7

This work has been published in Applied Physics Letters, 91, 253102 (2007).
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growth on MgO(001) with a relatively high O2 pressure of 400 mTorr but at several substrate
temperatures, including 300°C, 400°C, and 480°C. Only the samples grown at 480°C exhibit
XRD features that could be attributed to CrO2, while the other two samples show no XRD
peaks. With the substrate temperature held at 480°C, we repeated the growth at different O2
pressures, including 10 mTorr, 100 mTorr, and 900 mTorr, and the XRD data of the resulting
films are shown in Figure 4-6. The samples grown at 10 mTorr and 100 mTorr both appear
yellow-green in colour, while the samples obtained at 400 mTorr and 900 mTorr are grey and
semi-transparent, respectively.
In addition to the intense MgO(200) substrate feature at 2θ=42.9° found for all the
films, the film grown at 10 mTorr exhibits a small peak at 2θ=35.5° that can be attributed to
Cr2O3(110) (JCPDS 38-1479, Figure 4-6a). This weak feature, together with the lack of
other intense peaks typically found in the Cr2O3 powder pattern (i.e. Cr2O3(104), Cr2O3(116))
suggest a poorly crystalline film. The yellow-green color of the film is also typical of Cr2O3.
On the other hand, no XRD peak was observed for the other yellow-green film grown at 100
mTorr (Figure 4-6b), which suggests an amorphous Cr2O3 film. For the semi-transparent
film grown at 900 mTorr O2 pressure, the very weak peak observed at 2θ = 31.1° can be
assigned to CrO3(200) (JCPDS 32-0285, Figure 4-6d).
For the grey sample grown at 400 mTorr, there are two strong XRD peaks that could
be attributed to the film (Figure 4-6c). We assign the peaks at 2θ=27.1° and 2θ=41.2° to
CrO2(110) and CrO2(200), respectively, according to the powder XRD pattern (JCPDS 90332), which, however, shows that the CrO2(110) peak is the most intense while the
CrO2(200) feature has a relative intensity of only 8%. Other intense peaks, including the
CrO2(101) and CrO2(211), in the powder pattern are not observed in the present work (Figure
4-6). This data suggests that the as-grown film consists of CrO2 crystallites with two possible
epitaxial relationships with the MgO(001) surface: CrO2(110) || MgO(001), and CrO2(200) ||
MgO(001). From the relative intensities of the two CrO2 peaks, we estimate that
significantly more crystallites are oriented with CrO2(200) || MgO(001). Furthermore, the
CrO2(110) peak is found to be shifted from the powder value reported in the literature
(JCPDS 9-0332), consistent with a 4.8% expansion of the lattice of the as-grown film. The
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CrO2(200) peak is also slightly shifted from the powder value, consistent with a 0.7%
compression of the lattice.
Of the large number of possible chromium oxides, few have diffraction peaks near the
positions that we observe for the film grown at 400 mTorr (Figure 4-6c). The closest
alternative assignment for the peak at 2θ=27.1° would be Cr2O5( 2 2 1) (JCPDS 36-1329).
However, the corresponding Cr 2p XPS envelope is found to consist of a single peak (shown
below), in marked contrast to the Cr2O5 envelope reported in the literature [145]. The
observed differences in our XPS result can therefore be used to rule out the formation of
Cr2O5 in the present work.
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MgO (200)

CrO3(200)

×2
CrO2(110)

CrO2(200)

×2
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Figure 4-6: 2θ−ω XRD spectra for the CrOx films grown on MgO(001) substrates at O2
pressure of 10, 100, 400 and 900 mTorr. The intense feature at 2θ=42.9° corresponds to the
MgO(200) substrate peak.
The corresponding SEM images for the CrO2 film grown on MgO(001) at 400 mTorr
(Figure 4-6c) are shown in Figure 4-7 Needle-like nanostructures (Figure 4-6a) with an
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average size of 300 nm (wide) × 1-2 µm (long) and 30-40 nm in height are found mostly near
the edges and corners of the sample. These needles are distributed in an orthogonal cross
pattern, suggesting that these nanostructures are epitaxially grown with respect to the surface
registry of the MgO(001) substrate. For the rest of the sample, we observe micropallet
structures with a rectangular footprint, with an average edge size of 0.6-1.2 µm and height of
30-50 nm (Figure 4-7b). The heights of these nanostructures are obtained from AFM
measurements (not shown). Needle structures similar to those shown in Figure 4-6 are also
found at the edges of some of the micropallets. While these morphological features are
highly reproducible in the films grown at 480°C and 400 mTorr O2 pressure on the
MgO(001) substrate, they were not observed on films grown under similar conditions on
other substrates, including LaAlO3(100), Al2O3(100), SrTiO3(100) and Si(100) [146]. Given
that the a and b lattice parameters for MgO (a=b=c= 4.21 Å) are similar to those of CrO2
(a=b=4.41 Å, c=2.91 Å), this result suggests that lattice matching is important for obtaining a
highly oriented CrO2 film.

Figure 4-7: SEM images of a CrO2 film grown at 480°C with 400 mTorr O2 pressure,
depicting both (a) nanoneedles near the edges and corners of the sample, and (b) plates near
the film center. (c) shows the magnetization (M) vs field (H) curve at 5 K, with H parallel to
the film surface. The paramagnetic contribution has been subtracted from the curve.
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Figure 4-8 shows the Cr 2p and O 1s XPS spectra for the center region of the CrO2 film
grown on MgO(001) at 480°C with 400 mTorr O2 pressure and as a function of sputtering
depth. For the as-grown film, the Cr 2p3/2 (2p1/2) envelope (Figure 4-8a) can be fitted to two
components at 576.6 eV (586.4 eV) and 579.3 eV (588.5 eV) corresponding to CrO2 and
CrO3, respectively [147,148]. The binding energy location of Cr 2p3/2 for the Cr(IV) state
observed in the present work is in general accord with the earlier results [149,150]. In
particular, Bullen and Garrett [147] observed the CrO2 2p3/2 feature at 576.4 eV for the CrO2
powder and that at 576.6 eV for a 850-nm thick CrO2 film grown on TiO2 by CVD. Brand et
al. [151] reported a Cr 2p3/2 feature at 577 eV for their 21-nm thick CrO2 film also grown on
TiO2 by CVD. Furthermore, Liu et al. [148] found the Cr 2p3/2 peak for bulk CrO3 located at
579.2 eV, which is in good agreement with the weaker feature in the present work. The
presence of CrO3 is expected due to the conversion of CrO2 to CrO3 under a high O2 pressure
in the chamber. Upon sputtering to 160 s, the Cr 2p3/2 (2p1/2) feature at 579.3 eV (588.5 eV)
for CrO3 is diminished while the corresponding CrO2 feature at 576.6 eV (586.4 eV)
strengthens. Further sputtering completely removes the CrO3 peak, leaving behind only an
intense CrO2 feature. The observed spectral evolution upon sputtering therefore suggests that
the film consists primarily of CrO2, covered by a thin CrO3 overlayer. The Cr 2p intensities
of the CrO2 features appear to reach a maximum after 330 s sputtering and then decrease
upon further sputtering, consistent with a relatively thin film (<50 nm) as illustrated by the
AFM images (not shown). It should be noted that despite using Cr metal as our target for
growing the present film, no Cr 2p3/2 features for metallic Cr located at 574.2 eV [152] are
detected, even after sputtering for 500 s. Because the sputtered chromium feature can be
fitted to a single peak, it is unlikely that the film contains other chromium oxide phases than
CrO2.
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Figure 4-8: XPS spectra of (a) Cr 2p and (b) O 1s regions of a chromium oxide film as grown
on MgO(001) at 480° C with 400 mTorr O2 pressure and upon sputtering for 80, 160, 250,
330, 400 and 500 s.
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4.3.3 Conclusions

Using pulsed laser ablation, we have grown CrO2 films directly on MgO(001)
substrates with a metallic Cr target in an O2 environment. The films were characterized by
XRD, SEM, AFM, and XPS. In a limited set of growth conditions (550 mJ/pulse laser
fluence, 480°C substrate temperature and 400 mTorr O2 pressure), we were able to
reproducibly grow very thin single phase CrO2 films (~50 nm thick) by PLD, as shown by
our XRD and XPS data. To our knowledge, this is the first demonstration that single-phase
CrO2 can be produced directly using a physical vapor deposition method. This was possible
likely because of the high laser fluence and high oxygen pressures used. With further
optimization, it should be possible to use the PLD method to produce high quality single
crystal CrO2 films as part of the multilayer structure appropriate for spintronic applications.
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Chapter 5
Concluding remarks and outlook for future work
Pulsed laser deposition has been used to grow two particular half-metallic oxide films
(Sr2FeMoO6 and CrO2) on different substrates. Effects of the growth parameters and lattice
mismatch on the crystal and surface quality of these films have been studied. For applications
in the microelectronic industry, silicon is the most widely used and desirable substrate for
fabricating integrated devices. Despite the large amount of work that has been done to grow
Sr2FeMoO6 on different substrates, no-one has to date reported successful single-phase
growth of Sr2FeMoO6 on Si. In Section 3.2, succesful deposition of Sr2FeMoO6 on Si(100)
substrate under different growth temperatures and deposition times has been disscussed. In
contrast to earlier work on other substrates (typically grown at temperatures ranging from
800°C-1100°C), nanocrystalline, single-phase Sr2FeMoO6 films were obtained at a low
growth temperature of 600°C. Lower growth temperatures are more desirable from an
industrial point of view. Under optimized growth conditions, these Sr2FeMoO6 films were
high quality with saturation magnetic moments (3.4 μB per formula unit (or /f.u.) at 77 K),
and they are comparable to the best Sr2FeMoO6 films epitaxially grown on lattice-matched
substrates (such as SrTiO3 and MgO) reported to date. As revealed by MFM, the as-grown
Sr2FeMoO6 films on Si also exhibit micrometer-sized magnetic domains at room
temperature, which are signficantly larger than the crystalline grain size (200-250 nm)
indicating that the Sr2FeMoO6 grains are well connected electromagnetically. In order to
better understand the growth mechanism of these polycrystalline films, several Sr2FeMoO6
on Si films of different thicknesses were grown and the crystal structures of these films were
probed as a function of depth using GIXRD. These X-ray diffraction measurements were
carried out where the incident angle of the X-ray beam was changed. Surprisingly, for asgrown Sr2FeMoO6 films thicker than 60 nm, a preferential orientation of the nanocrystals in
the film is observed. The mechanism for the preferential oriented growth on Si, despite the
lack of lattice matching, is related to the substrate-to-target distance as shown in Section
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3.2.4. While it is not clear how this oriented growth may occur, it is plausible that the
incident plume from the target resputters some of the Sr2FeMoO6 from the substrate, and this
re-sputtering depends on the Sr2FeMoO6 crystallite orientation. This is similar to the well
known IBAD (ion beam assisted deposition) process [153]. This type of oriented growth has
a lot of technological potential, as lattice-matched epitaxial crystal growth is expensive and
difficult for industrial applications that may take advantage of single crystal functionality.
In the second part (Sections 3.3 and 3.4) of the project, epitaxially grown films were
the focus of this research. Using pulsed laser deposition, the Sr2FeMoO6 films epitaxially
grown on MgO(001), SrTiO3(100) and LaAlO3(100). The effects of the growth parameters
have been studied and optimum growth conditions have been obtained. High resolution Xray diffraction studies revealed the single-phase Sr2FeMoO6 material can be epitaxially
grown on the MgO even at temperature as low as 600°C. However, higher deposition
temperature (800°C) can improve the crystal quality (Section 3.3). The film grown at 800°C
was annealed in oxygen, producing epitaxial SrMoO4 overlayer on the Sr2FeMoO6 film. The
corresponding magnetization data showed that the post annealing treatment lowered the
saturation magnetic moment from 3.4 µB/f.u. for as-grown Sr2FeMoO6 film to 1.4 µB/f.u.
after annealing, but the coercive field remains the same for both films. To study chemicalstate composition of the near-surface region, depth-profiling X-ray photoemission of the
valence-band and core shells of O 1s, Sr 3d, Fe 2p and Mo 3d regions has been conducted on
the Sr2FeMoO6 films, before and after annealing. In core-shell spectra, similar features have
been observed for both as-grown and post-annealed samples before sputtering. These results
suggest that SrMoO4 is a stable phase and it readily forms on the surface, which is an
important consideration for multilayered device fabrication. Furthermore, depth profile XPS
reveal that the intensity ratios of the 3d features of Mo4+, Mo5+, and Mo6+ for Sr2FeMoO6
(before and after annealing) remain unchanged with sputtering depth (after 160 s). This XPS
result, combined with magnetization data indicates that post-annealing in O2 has no notable
effect on the grain formation in the bulk and the observed secondary phase (SrMoO4) is
formed predominantly on the surface. This overlayer effect can be responsible for the
observed reduction in the saturation magnetic moment.
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In Section 3.4, in order to study the effects of strain induced by the substrates on the
growth evolution of the Sr2FeMoO6 films, films were deposited for different time intervals of
(5, 10, 30, 40 and 50 minutes). Substrates of MgO(001), SrTiO3(100) and LAO(100) with
lattice mismatch of 6.2%, -0.9 %, and -4.1 %, respectively, have been studied for this
section. Surface morphology, grain size, film epitaxy, and crystal quality were determined by
atomic force microscopy, X-ray diffraction, and reciprocal space mapping, and all these
parameters have been studied as a function of deposition time. Different types of growth
were observed. On SrTiO3, Sr2FeMoO6 tends to grow layer by layer in the early stage, and
then become more 3D for thicker films. On MgO, layer by layer growth is also observed, but
there are more nucleation sites, and more 3D growth. On LaAlO3, 3D growth was observed
for all film thicknesses. In agreement with earlier work, the FWHM of (004) plane of
Sr2FeMoO6 on SrTiO3 (for the films thinner than ~120 nm) had the narrowest width,
showing the higher crystal quality, which is expected due to the least lattice mismatch of the
substrate and film. However, interestingly, for films thicker than ~120 nm, reciprocal space
mapping revealed Sr2FeMoO6 phase separation on the SrTiO3 and LaAlO3. High resolution
X-ray diffraction studies showed that the parasitic phase, including SrMoO4 and Fe2O3, that
forms in thicker films grown on SrTiO3 and LaAlO3 substrates, but not on those grown on
MgO substrates. As is shown by the reciprocal space mapping, the formation of the
secondary phase helps the Sr2FeMoO6 films to release the stress originated from the lattice
mismatch with the substrates. Although MgO has the largest mismatch with the Sr2FeMoO6
films the surface energy and nature of the chemical bonding of the Sr2FeMoO6 and MgO
most probably prevent the phase separation.
As the results of Sections 3.3 and 3.4 show, MgO is the most promising candidate
substrate for Sr2FeMoO6 because of the low strain in the as-grown films, highly crystalline
film grown (with sharp rocking curves), wide temperature range 600-850ºC for good growth,
lack of phase separation, and high saturation magnetic moments. Moreover, MgO is nonmagnetic and therefore will not introduce any magnetic signature to the deposited film and it
can be used as an inert support for constructing devices.
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On a separate project, studying the growth parameters for the formation of CrO2 was
the focus of the research. To our knowledge, this is the first demonstration that single-phase
CrO2 can be produced directly using a physical vapor deposition method. In order to study
the effect of the substrates on the growth of CrO2, several different substrates were used,
including MgO(001), Al2O3(0001), SrTiO3(100), LaAlO3(100), and Si(100). Chromium
metal has been used as a target, and considering Cr2O3 is the most stable phase, oxidizing the
ablated Cr to the right oxidation state of +4 was quite challenging. Systematic studies of
different growth conditions showed that the deposition of CrO2 was possible in a narrow
window of growth temperature of 480 ºC, oxygen pressure of 400 mTorr, and high laser
power of 550 mJ/ pulse. The CrOx films obtained on most of the substrates were found to be
either amorphous [Al2O3(0001), LaAlO3(100), and Si(100)] or consisting of more than a
single phase [SrTiO3(100)], or both. A single-phase nanostructured film of epitaxially grown
CrO2, decorated with a characteristic needle morphology, was found only on MgO(001).
Morphology, crystal and electronic structure of all the films were characterized by XRD,
AFM, SEM and XPS.

Future plan
Magnetic tunnel junctions are a prototypical spintronic device and it consists of two
magnetic layers sandwiching a very thin insulating layer (Section 1.2.3). It has been shown
that [19] magnetic tunnel junctions with ferromagnetic metal (Fe, Cr) layers work well at
room temperature. Given the fact that oxides materials are generally multifunctional
materials and they may have better high temperature properties and higher spin polarization,
therefore replacing ferromagnetic metals layers with ferromagnetic oxide layers may improve
performance of this magnetic tunnel junctions. There have been a few groups, including
Asano et al. [154], Bibes et al. [155] and Fix et al. [156], who have fabricated the magnetic
junction. However, the formation of secondary phases on the surface was always a problem
and it lowered the efficiency of the system. It is also worth mentioning that all these oxide
magnetic tunnel junctions have been grown on SrTiO3 substrates. This thesis shows that in
order to minimize the amount of secondary phase on the surface, a high vacuum during the
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growth is one of the key requirements which makes in-situ fabrication the only way to grow
multilayer films. Furthermore, all the relevant work in this thesis [Sections 3.3, 3.4,
Appendix C] has shown that MgO is a better and more reliable substrate to grow Sr2FeMoO6
. Fabricating magnetic tunnel junctions of Sr2FeMoO6 has been attempted here, and the
preliminary result are promising (Figure 5-1, Figure 5-2). These magnetic tunnel junctions
consisted of four layers of Sr2FeMoO6 (15 nm)/MgO(5 nm)/Sr2FeMoO6 (20 nm)/Au(1nm).
The HRXRD (Figure 5-1) and reciprocal space mapping (Figure 5-2) show that the whole
stack was epitaxial. The well-defined fringes in the X-ray reflectivity data indicates the sharp
interface between layers (Figure 5-2). Since the efficiency of the magnetic tunnel junctions
depends on the thickness of the layers, especially the barrier layer, finding the optimum
thickness of the barrier in this structure could be worth while study.
Another project that can be done regarding Sr2FeMoO6 films is using Si substrates for
epitaxial growth. This possibly can be done by using buffer layers of MgO and SrTiO3
because of their good lattice match with the Sr2FeMoO6 films.
For the CrO2 project, although we have been able to grow epitaxial CrO2 on MgO, the
morphology analysis of the surface indicated that CrO2 is not a continuous film. Further
optimization of the growth parameters may produce more uniform, continuous films.
Finally, more detailed magnetic studies of these high quality Sr2FeMoO6 films. In
particular, by applying the magnetic field in parallel and perpendicular direction with respect
to the Sr2FeMoO6 c-axis at different temperatures, one can gain insight into how the various
defects (parasitic phases, strain and grain boundaries) influence the magnetic properties,
therefore allowing one to tailor these materials for spintronics applications.
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Figure 5-1: Schematic plot of the multilayer stack of Sr2FeMoO6 /MgO/Sr2FeMoO6 /Au
with their respective thickness (top figure).HRXRD of the multilayer film of
MgO/Sr2FeMoO6 /MgO/Sr2FeMoO6 /Au (bottom figure), y-axis shows the logarithmic scale
of the intensity of the peaks.
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Figure 5-2: X-ray reflectivity of the multilayer films. Well defined fringes show the sharp
interface between layers (left figure). Reciprocal space mapping of the Multilayer film,
epitaxially grown Sr2FeMoO6 and Gold on the MgO substrate.
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Appendix A
Effects of laser power
In order to find the optimum growth conditions for Sr2FeMoO6, the effects of
applying different laser powers of 300 mJ/Pulse, 400 mJ/Pulse and 500 mJ/pulse during the
growth process have also been studied. Figure 5-3 shows the ω−2θ XRD scans for the
Sr2FeMoO6 films grown on MgO(001) with laser power of 300 mJ/Pulse, 400 mJ/Pulse and
500 mJ/pulse at 600°C. The HRXRD shows epitaxially grown Sr2FeMoO6(002) on MgO
(100) for all laser powers. However, for the highest laser power of 500 mJ/Pulse, a well
defined peak due to diffraction from the (112) plane of Sr2FeMoO6 can be seen. It should be
noted that, this peak has the highest intensity in the diffraction pattern PDF file, suggesting
that by applying higher laser power, the thermodynamics of the system changed and the
deposited atoms have higher energy to overcome the surface registry. The φ-scan of the
optimally grown films shows the 4-fold symmetry. Interestingly, the XRD results of the
Sr2FeMoO6 films grown at a higher laser power show the emergence of a second set of 4-fold
symmetric peaks, which indicates that the higher laser power promotes the growth of two
different crystal orientation.
For the Sr2FeMoO6 samples grown on Si(100), applying different laser powers also
had some interesting results. As was discussed in Section 3.2, using the Si(100) substrate
and laser power of 400 mJ/pulse results in formation of polycrystalline Sr2FeMoO6, and the
optimum growth temperature was found to be 600°C. Applying higher laser power had two
significant effects on Sr2FeMoO6 films grown on Si. The first effect was the promotion of the
formation of the parasitic phase, SrMoO4. This effect can be clearly seen in the GIXRD
measurement shown in Figure 5-4. The second effect can be seen in the morphology of the
Sr2FeMoO6 films. As shown in Figure 5-5 applying a higher laser power reduced the
porosity on the Sr2FeMoO6 films, which is an interesting effect from the industrial point of
view.

102

Laser power
mJ/pulse

Intensity (a. u.)

SFMO on MgO
T= 600 °C

LP=300

(002)

LP=400
(004)

(112)

LP=500

10

20

30
40
2θ (degree)

60

Laser power
mJ/pulse

SFMO (112)
MgO,T= 600 °C

Intensity (a.u.)

50

LP=300

LP=400
×5

-90

LP=500

0
90
2φ (degree)

180

Figure 5-3: High resolution XRD (top) and Phi-Scan XRD (bottom) for Sr2FeMoO6
samples, grown at 600 ˚C, and different laser powers of 500 mJ/pulse, 400 mJ/pulse and 300
mJ/pulse shown by black curve (bottom curve), red curve (middle curve) and blue curve(top
curve), respectively.
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Figure 5-4: GIXRD of Sr2FeMoO6 grown on Si (100) with different laser power.
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Figure 5-5: SEM (left column), AFM (middle column) and MFM (right column) of the
Sr2FeMoO6 grown on Si (100) at different laser power.
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Appendix B
Comparison of XPS spectra of Mo 3d of Sr2FeMoO6 grown on different
substrates of MgO, SrTiO3 and Si
As is shown in Section 3.3, Sr2FeMoO6 can be grown epitaxially on MgO and SrTiO3
but not on Si, therefore expect single crystal with no or very low amount of grain boundaries
on the Sr2FeMoO6 films grown on MgO and SrTiO3 whereas a large amount of grain
boundaries are expected for the polycrystalline Sr2FeMoO6 films grown on Si. It has been
proposed by many groups that these grain boundaries contain secondary phases of SrMoO4
or SrMoO3. To investigate this further, the depth profile XPS of three samples were studied.
To analyze those films grown on SrTiO3 and MgO, films grown at a higher deposition
temperature were chosen because they had the best quality, whereas Sr2FeMoO6 films grown
at 600°C were chosen for Si (the magnetization data showed that the films deposited at a
lower temperature have a larger coercive field therefore more grain boundaries). Figure 5-6
shows the percentage ratio of Mo6+, Mo5+ and Mo4+ obtained from the respective fitted Mo
3d features for the films grown on MgO, SrTiO3 and Si using CasaXPS. Surprisingly, the
only difference that can be seen in these three graphs is a strong surface effect. For all the
samples, regardless of their crystalline form Mo6+ has the highest value on the surface due to
formation of SrMoO4 on the surface (as we discussed in Section 3.3). Since the ratio of Mo
ions for all the samples after approximately 160 s of sputtering time tend to have a constant
ratio, it suggests that the grain boundary does not contain a secondary phase and it has the
same nature as the grains.
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Figure 5-6: Relative intensity of Mox+ as a function of sputtering time for as-grown
Sr2FeMoO6 on MgO (top), SrTiO3 (middle) and Si (bottom).
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Appendix C
Comparison of magnetization and magnetoresistance of Sr2FeMoO6
deposited on MgO and SrTiO3 at different growth temperatures
The effects of strain induced by substrates on epitaxially grown Sr2FeMoO6 films on
MgO and SrTiO3 (Sections 3.3,3.4) have been studied. Effects of the growth temperature on
the physical properties of the Sr2FeMoO6 grown on these two substrates of MgO and SrTiO3
have also been studied. Figure 5-7 shows the ω-2θ scan of Sr2FeMoO6 films deposited on
(a) MgO(001) and (b) SrTiO3 (100). The laser fluence was 400 mJ/pulse and the samples
were grown at different temperature of 400°C, 600°C, 800°C. For the Sr2FeMoO6 films
grown on the MgO substrates (Figure 5-7a), a lower deposition temperature (T=400°C) does
not show any crystallinity and epitaxial growth can be observed for temperature higher than
600 °C. However, for the films grown on SrTiO3 (Figure 5-7b), partial epitaxial growth can
be seen at temperatures as low as 400°C. The magnetic properties of the two sets of films
grown at 600°C and 800°C are compared in Figure 5-8. As has been discussed in Sections
3.3 and 3.4, a few groups have compared the magnetic properties of the Sr2FeMoO6 films
grown on MgO and SrTiO3 [80,106]. These reports show that either the magnetic moment of
the film grown on MgO is smaller than that of the SrTiO3 or that the substrate has no effect
on the magnetic properties of the films. In contrast to the previous reports, our magnetization
data shows that the magnetic moment of the films grown on MgO at 600 °C or 800 °C is
clearly larger than the films grown on SrTiO3. Films grown on MgO at 600 °C have a much
larger coercive field compared to the film grown on SrTiO3, and for the deposited films at
higher temperature, the coercive field for both cases is the same. Figure 5-9 shows the
resistance of the Sr2FeMoO6 samples grown on MgO and SrTiO3, measured by a 4-point
probe, under different applied magnetic fields of (a) H=500 Oe and (b) H=55000 Oe. The
resistance of both films increase with decreasing temperature, showing semiconducting
behaviour. A small kink can be observed around 80 K for MgO independent of the applied
magnetic field, however for the film grown on SrTiO3 substrate this kink is not being
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observed at higher magnetic field. This kink has not been reported by other groups, and may
be due to the magnetic impurities in the substrate, or perhaps an experimental artifact. It can
be a subject of future studies.
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Figure 5-7: ω-2θ scan of Sr2FeMoO6 films deposited on (a) MgO (100) and (b) SrTiO3 (100)
in vacuum with a laser fluence of 400 mJ/ pulse at temperatures of 400°C, 600°C, 800°C.
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Figure 5-8: (a) Magnetization curve of Sr2FeMoO6 film deposited on MgO(001) and SrTiO3
(100) in vacuum with laser fluence of 400 mJ/ pulse at (a) 600°C and (b) 800°C. The applied
magnetic field was perpendicular to the c-axis of the Sr2FeMoO6 films.
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