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Chapter 1

Introduction

1.1 Strain-induced properties in epitaxial transi-

tion metal oxide compounds

Crystalline materials containing transition metal atoms exhibit a large va-
riety of physical properties. Some of them are metals, others are insulators,
a few show metal – insulator transitions. Also their magnetic properties are
extremely diverse. The type of magnetic ordering, for example, varies from
ferro- or ferri-magnetic to antiferromagnetic. In addition, certain electric
and magnetic phenomena are typical for transition metal oxide compounds.
Examples are the colossal magnetoresistance, high-temperature supercon-
ductivity and heavy fermion behavior. The wide range of properties in tran-
sition metal oxide compounds is primarily related to the localized nature of
the d electrons. Consequently, the (one-electron) d bands are narrow, the
electrons are not “independent” but “correlated” and the excitation spectra
very complex [1].

Small changes of parameters like chemical composition, temperature
and pressure may drastically modify the physical properties of a transi-
tion metal oxide compound. Illustrative examples of the effect of the first
two factors are the manganese oxide perovskite compounds, where very rich
phase diagrams are observed as function of doping level and temperature
[2, 3]. Besides doping and temperature, pressure can also be employed to
induce remarkable changes in the electronic structure and properties. For
example, the transition temperature towards the superconductive state in
HgBa2Ca2Cu3O8+δ increases from 133 K at ambient pressure to 164 K at
31 GPa [4], the highest up to date.

Effects similar to those induced by high pressures, i.e., the modification
of the crystalline and electronic structure, can be also attained by epitaxial
growth. Epitaxial strain has a number of advantages over just hydrostatic
pressure. By choosing the sign of the lattice mismatch between substrate
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4 Chapter 1. Introduction

and film not only compressive, but also tensile stress can be applied. Sec-
ondly, a strain of few percent can be easily realized by epitaxial growth
as long as the thickness of the layer is smaller than the critical thickness
for spontaneous dislocation. A strain of 2%, for example, corresponds to
a pressure of about 10 GPa, which is comparable to the pressure reached
with diamond anvil cells. There is of course a basic difference between epi-
taxial and hydrostatic strain. In epitaxial growth, the sample is allowed to
expand or contract along the direction perpendicular to the surface. This
implies that the unit cell of the film is slightly deformed, e. g., a cubic cell
becomes tetragonal. This effect may also induce changes of certain physical
properties of a transition metal compound.

Many examples of strain-induced modification of various physical prop-
erties of transition metal oxide compounds can be found in the literature.
Recently Wang et al. [5] reported an enhancement of the room-temperature
spontaneous polarization in epitaxial compressively strained thin films of
the ferroelectric compound BiFeO3. The crystal structure of these films
was found to be monoclinic, in contrast to that of the bulk material which
is rhombohedral. Locquet et al. [6] found that the transition temper-
ature towards the superconductive state can be doubled in underdoped
La2−xSrxCuO4 under compressive strain. Bozovic et al. [7] observed that
the critical temperature can be increased up to 40 K in La2CuO4 films under
tensile strain with no Sr doping. Thin films of manganese oxide compounds
have often a different Curie temperature and also an enhanced magnetore-
sistance coefficient as compared to the bulk material [2, 8, 9, 10, 11]. The
electric conductivity of these films can be drastically modified by the sub-
strate. For example, thin films of La1−xSrxMnO3 are metallic under tensile
strain, whereas under compressive strain they become insulating [12].

Furthermore, epitaxial strain may give rise to new phases, not found
in the bulk. For example, in La0.67Ca0.33MnO3 films, Biswas et al. [13]
reported the existence of a strain-driven low-temperature charge-ordered
insulating state which is not observed in bulk samples. Different phases than
those corresponding to the bulk material are sometimes observed in binary
transition metal oxide thin films. Examples are CrxO epitaxially grown on
substrates having a rocksalt or perovskite lattice1 [14], Fe1−xO1−yNy, an
oxynitride in which oxygen has been replaced by up to 25% of nitrogen [15]
and the γ phase of Fe2O3, which can be stabilized on a cubic substrate
such as MgO [16]. We note that these are metastable phases stabilized by
interface interactions.

In this thesis we show that the epitaxial strain can substantially modify
the electronic structure and properties of a simple, rocksalt transition metal
oxide. VOx was chosen as a model system because within the first-row tran-

1Actually CrO does not exist as bulk crystal.



1.2. The VOx system 5

sition metal monoxides is known to be at the brink of metallic and insulating
behavior. The use of the epitaxial strain induced by the substrate makes
it possible to modify several properties of bulk VOx and, when changing
the substrate, even to obtain a “fine tuning” of some of these properties.
In the next section we present the most relevant physical properties of the
bulk VOx system, as reported in a number of experimental and theoretical
studies.

1.2 The VOx system

VO and TiO are considered to be the only metallic compounds among the
monoxides formed by the first-row transition metal elements [17, 18]2 . The
electric conduction in these materials is usually discussed in terms of strong
metal t2g – metal t2g orbital overlap [19, 17, 18]. Stoichiometric VO and TiO
contain approximately 15% of both metal and oxygen vacancies, randomly
distributed. It is believed that the large amount of vacancies induces a
contraction of the crystalline lattice, leading thus to smaller interatomic
distances and higher orbital overlap [19]. The other material known to
contain such a large number of vacancies is the metallic 4d compound NbO,
with 25% anion and cation vacancies which are ordered. Under certain
conditions, i.e., high pressure and high temperature, vacancies also order in
TiO, but not in VO.

Vanadium monoxide, VOx, crystalizes in a cubic rocksalt structure and
is stable over a wide stoichiometry range, 0.8 < x < 1.3. The electric
conductivity data reported by Morin [20] in the early 60’s suggested that
vanadium monoxide undergoes an abrupt metal – insulator transition with
a jump in resistivity of about the same order of magnitude as observed
at the phase transition in V2O3 [20, 21]. Later conductivity measurements
[22, 23] seemed to confirm the findings of ref. [20]. However, the existence of
a metal – insulator transition in VO was questioned by Warren et al. [24],
on the basis of x-ray diffraction (XRD) and nuclear magnetic resonance
(NMR) analysis. The XRD measurements showed actually that the sam-
ple studied in ref. [23] consisted mainly of V2O3. The results reported in
the early paper of Morin [20] were also questioned since no detailed study
was performed in order to determine the actual composition and crystalline
structure of his samples.

A thorough investigation of the physical properties of bulk VOx and
TiOx was carried out by Banus et al. [25], for x values varying between 0.8
and 1.3 . This work did not confirm the data reported for vanadium mono-
xide in refs. [20, 22, 23]. However, Banus and coworkers observed in VOx

2VOx displays, however, a gradual transition from a metallic to a semiconducting state
around x≈1.05, see next paragraphs and chapter 3 of this thesis.



6 Chapter 1. Introduction

a gradual transition from metallic to semiconducting behavior for x=1.05.
In contrast, TiOx is a metallic paramagnet over the entire stoichiometry
range. In VOx the Seebeck coefficient changes at x = 1.05 from negative
to positive values [25], indicating indeed the presence of a pseudogap [19].
The temperature dependence of the magnetic susceptibility follows a Curie –
Weiss law, suggesting that electrons are partially localized [19, 1]. Another
difference between VOx and TiOx concerns the modification of the lattice
parameters when changing the stoichiometry: the lattice constant in VOx

increases when increasing the oxygen content, whereas in TiO it decreases.

The transport properties of VOx can not be understood on the basis of
the standard band model because the material, having the 3d states only
partially occupied, should have been metallic. Shortly after the experi-
mental results of Banus et al. [25] were published, two theoretical papers
appeared, see refs. [19] and [26], where the electric properties of the VOx

system were discussed by taking into account both electron correlation and
vacancy-induced effects. In ref. [26] Mott discusses the electric conduction
in VO in terms of two overlapping Hubbard bands and a low density of
current carriers in the overlap region. He argues that Anderson localization
[27]3 occurs in the overlap region, due to the random field produced by the
presence of vacant sites. This can explain the temperature dependence of
the resistivity, ρ ∼ exp(1/T 1/4), at low temperatures. In ref. [19] Goode-
nough assumes again a finite on-site Coulomb repulsion U which is large
enough to split the t2g band into two parts and open a small energy gap.
Further, he anticipates that at least one electron (hole) is trapped near each
anion (cation) vacant site. Goodenough suggests that for x > 1 the Fermi
energy EF remains pinned between the two t2g subbands; the transition to a
more itinerant behavior for x<1 indicates that electron trap-states overlap
EF .

Although these theoretical papers represent very important contribu-
tions towards an understanding of the electronic structure of the VOx sys-
tem, they still do not give definitive answers to a number of issues like: the
mechanism responsible for the stabilization of such a large number of va-
cancies, the lack of vacancy ordering and the effect of the vacancies on the
valence electronic structure. Unfortunately, following the above mentioned
studies [19, 25, 26] the VOx compound did not receive much attention.
There were a number of experimental investigations in connection with the
enhanced catalatic activity shown by titanium supported vanadium oxides,
i.e., VO2 and V2O5 [28, 29], but no attention was paid to the investigation
of the electric and magnetic properties.

3Anderson pointed out that when the periodic potential is perturbed, localized states
occur at some critical value of randomness [27].
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1.3 This thesis

This thesis is devoted to the investigation of a number of structural, spec-
troscopic, electric and magnetic properties of the vanadium monoxide com-
pound, prepared as epitaxial, monocrystalline thin films. A main concern
of this thesis work is to explore the influence of the epitaxial strain on these
physical properties. The use of epitaxial strain is believed, see ref. [19], to
modify both the vacancy concentration4 and the t2g – t2g orbital overlap,
influencing thus the properties of the material.

The experimental techniques employed for growth and for structural,
spectroscopic and electric characterization of the VOx films are presented
in chapter 2.

Chapter 3 describes the structural and electric properties of VOx thin
films epitaxially grown on MgO substrates. In this chapter, 18O2 - RBS
(Rutherford backscattering spectrometry) is introduced as a convenient
method to determine the stoichiometry of our samples. We investigate
the electric properties as function of the oxygen content x and discuss the
results by comparison to the bulk material. We found that the electric con-
ductivity of our films is much lower than the conductivity of bulk samples,
which we attribute to a decreased orbital overlap in the coherently tensile
strained layers.

In chapter 4 we further study the possibility of tuning the structural and
electric properties of epitaxially grown VOx films via strain effects induced
by different substrates. First, we have chosen SrTiO3 because this substrate
has a smaller lattice constant. The VOx films may be thus “forced” to
grow under compressive strain. Second, we employed MgAl2O4, which can
provide an almost strain free growth. We discuss the results in comparison
with the data for films grown under tensile strain on MgO, presented in
chapter 3.

In chapter 5 we present an analysis of the positive magnetoresistance,
up to 70% in a magnetic field of 5 T, observed at low temperatures in
compressively strained VOx/SrTiO3 metallic films. We discuss two effects
that could determine such a large positive magnetoresistance in VOx: strong
electron – electron interactions in the presence of strong disorder and the
proximity to a magnetic instability.

Chapter 6 describes results of optical absorption measurements which
give strong evidence for the opening of a band gap in nearly stoichiometric
VO films. Our experimental findings confirm the results of recent density
functional band structure calculations within the LSDA+U scheme, which
predict that stoichiometric VO is an insulator.

4Goodenough argued that the application of pressure should reduce considerably the
amount of vacancies [19].
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Chapter 7 is devoted to the characterization of V2O3 films epitaxially
grown on Al2O3 substrates. V2O3 was employed as calibration sample in
the 18O2 - RBS experiments performed for determining the stoichiometry of
the vanadium monoxide films. We present structural and spectroscopic data
which prove the high quality of our V2O3 films.
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Chapter 2

Experimental techniques

2.1 Introduction

A clear understanding of various physical phenomena occurring at surfaces
was for a long time limited by the fact that it is almost impossible to
properly characterize surfaces and interfaces in the ambient atmosphere.
Clean surfaces are normally very reactive towards gas molecules and other
particles and therefore change rapidly. A proper study of surfaces and
interfaces became possible in the last decades due to the development of
ultra-high vacuum (UHV) techniques [1]. In this chapter we describe a
number of experimental techniques intensively used for the preparation and
characterization of transition metal oxide thin films in general. We employed
such techniques to investigate the physical properties of vanadium oxide thin
films.

2.2 Molecular Beam Epitaxy

Polycrystalline metal films can be easily prepared on a substrate in ultra-
high vacuum (UHV) by evaporation and subsequent condensation. De-
pending on the characteristics of the substrate surface and the evaporation
conditions, sublimated films can also be monocrystalline. Monocrystalline
thin films are called epitaxial if the film crystalizes with a close geometric
fit to the substrate. High-quality epitaxial, monocrystalline films can be
prepared by Molecular Beam Epitaxy (MBE) [2]. Molecular Beam Epitaxy
is a well suited growth technique for binary oxide systems, assuring a fine
tuning of the oxygen content. When the monocrystalline film grows on a
substrate of a different material the process is called heteroepitaxy and when
the substrate and the film are of the same material it is called homoepitaxy.
Epitaxial films prepared under UHV conditions are ideal for surface stud-
ies since they are clean and monocrystalline. Their stoichiometry can be

11



12 Chapter 2. Experimental techniques

controlled during the growth process.
Our MBE system consists of three separate chambers. The first chamber

is used for deposition experiments. This chamber is equipped with several
evaporation cells, an electron-beam evaporator (Omicron EFM3), an elec-
tron gun for reflection high-energy electron diffraction (RHEED) measure-
ments, a quadrupole mass spectometer for rest-gas analysis and a quartz
crystal oscillator for monitoring the film’s thickness. The evaporation is
achieved by electron bombardment heating of a vanadium rod that is con-
nected to high voltage. The electrons emitted from a tungsten filament are
accelerated under a voltage of the order of 1000 V before reaching the tip of
the rod. The electron-beam evaporator is water cooled, so the background
pressure can be maintained in the low, 10−10 mbar, regime during the evap-
oration process. The sample manipulator has five degrees of freedom, i.e., x,
y and z translation, rotation around the normal to the substrate surface and
rotation around an axis in the surface plane. The sample temperature can
be controlled between 77 K and 1000 K. Oxygen or other oxidizing agents
can be introduced into the evaporation chamber via a leak valve. The sec-
ond, middle chamber is used as preparation chamber and has facilities for
Ar-ion sputtering and electron-beam annealing of the substrate. The third
chamber is equipped with a x-ray source (Mg Kα and Al Kα radiation)
and a low-energy electron diffraction (LEED) apparatus.

2.3 In-situ characterization

2.3.1 RHEED and LEED

In surface science a standard method for studying the surface structure and
monitoring the epitaxial growth is based on elastic scattering, or diffraction
of electrons. Two different electron diffraction techniques exist for sur-
face structural analysis, namely reflection high-energy electron diffraction
(RHEED) and low-energy electron diffraction (LEED). Both techniques are
used to determine the characteristics of the periodic two-dimensional (2D)
arrangement of atoms at the surface. The Bragg diffraction condition is
not fulfilled along the normal to the surface because the periodicity in this
direction is lost. This relaxation of the conditions for diffraction leads to
the possibility of diffracted beams occurring at all energies. Because the
incoming electrons are strongly scattered inside the crystal, the electron
diffraction pattern will only contain information about the structure of the
outermost atomic layers. RHEED and LEED are thus very well suited for
studying surfaces and thin overlayers [1, 3].

In RHEED, the primary electron beam (10 – 30 keV) is incident at graz-
ing angles of 1 – 3◦; the diffracted beams are observed at similar angles on a
fluorescent screen. Due to the fact that there is no translational symmetry
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Figure 2.1: Experimental geometry of the RHEED method.

in the direction perpendicular to the surface, the reciprocal lattice consists
of an ordered arrangement of rods normal to the surface. At high energies
the electron wavelength is small and thus the radius of the Ewald sphere
|k0 | (|k0 |=2π/λ) is large as compared to the reciprocal lattice constant.
The RHEED pattern consist of long streaks, equally spaced, normal to the
shadow edge of the sample, see Fig. 2.1 [4]. Intense Kikuchi patterns are
observed in RHEED due to multiple scattering processes in the bulk [1].
These Kikuchi RHEED patterns can be used for the determination of the
three-dimensional structure. The geometry of our MBE system permits
to monitor the growth in-situ by RHEED. Usually, the intensity of the
specular reflection spot is plotted as a function of time. During a layer-
by-layer growth mode strong RHEED intensity oscillations are observed.
These oscillations are used to determine the growth rate, film’s thickness
and composition. The period of one oscillation corresponds to the growth
of one monolayer [4].

In the LEED measurements a beam of electrons with primary energies
between 50 and 1000 eV is sent normal onto the surface. The elastically
backscattered electrons give rise to diffraction spots that are imaged on a
spherical screen. The condition for the occurrence of an “elastic” Bragg
spot is given by the relation K‖ = k

′
‖ − k‖ = G‖, i.e., the component

of the scattering vector parallel to the surface must be equal to the 2D
surface reciprocal lattice vector. This condition is fulfilled for every point
at which the Ewald sphere crosses a reciprocal lattice rod. From the LEED
pattern one can deduce the symmetry of the reciprocal lattice and extract
information about the quality of the sample.
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Figure 2.2: Geometry of the XRD measurements.

2.3.2 XPS

X-ray photoelectron spectroscopy (XPS) is also a standard analysis tech-
nique in surface and interface physics. It can provide valuable information
about the electronic structure of the film [5]. XPS can also be used to check
the chemical composition and to determine the stoichiometry. In XPS mea-
surements the radiation is usually obtained from x-ray tubes with Mg or
Al anodes (Mg Kα – 1253.6 eV, Al Kα – 1486.6eV) [6]. Photons interact
with atoms in the surface region by photoelectric effect. A photoelectron
ejected into vacuum has a kinetic energy Ekin = hν − Eb − φs, where hν
is the energy of the incoming photon, Eb is the atomic binding energy and
φs is the sample work function. The measured photoelectron kinetic en-
ergies yield thus information about the binding energies of electrons and
allow to identify different elements in the sample. The mean free path of
the escaping electron is usually in the range of 5 – 20 Å, which makes XPS
a surface sensitive technique. A rather complete in-situ characterization of
a surface can be attained by combining XPS with either RHEED or LEED
measurements.

2.4 Ex-situ characterization

2.4.1 XRD

X-ray diffraction (XRD) is widely used for structural characterization. The
XRD measurements provide information about the long-range order in the
sample. When the incident x-ray beam is specularly reflected from a family
of lattice planes at the Bragg angle, the intensity of the scattered beam
has a sharp maximum. The interplanar distance can be determined then
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from the Bragg law, knowing the scattering angle [7, 8]. For the XRD mea-
surements we used a Philips MRD diffractometer, equipped with a hybrid
mirror/monochromator for Cu Kα radiation, a 4 - circle goniometer and a
programmable slit in front of the detector. In order to analyze the structure
of our films we performed θ−2θ wide scans and reciprocal space mapping
measurements. Reflectometry, by means of θ−2θ scans at very low an-
gles (0 < θ < 4◦), was employed to measure the thickness and estimate the
roughness of the layers. In the θ−2θ mode, the x-ray beam is incident at
an angle θ with respect to the surface plane, see Fig. 2.2. The intensity of
the reflected beam is measured at an angle 2θ with respect to the incident
beam. This type of scan allows to identify the elements present in the sam-
ple and to determine the lattice parameter in the direction perpendicular
to the surface. Information about the growth mode and the in-plane lat-
tice parameters are acquired by performing a set of θ−2θ versus ω scans
at different angles ω around a non-specular reflection common to the film
and the substrate. 2θ and ω are the detector and sample orientations with
respect to the direction of the incident beam.

2.4.2 RBS

Rutherford backscattering spectroscopy (RBS) is an ion-scattering tech-
nique normally used for depth profiling of elements present in a sample,
atomic mass identification and stoichiometry determination [9].

In the RBS measurements the beam bombarding the sample consists of
H+ or He+ ions with an energy in the range of 1−4 MeV. The interaction
between an ion of the incident beam and an atom in the sample is governed
in this energy range by the Coulomb repulsion. The energy transfer in this
process is calculated by applying the principles of energy and momentum
conservation. This technique is most suited for probing atoms with Z ≥ 10.
Useful structural information about surfaces and interfaces can be obtained
when the angle of incidence coincides with a low index direction (the so-
called channelling condition).

In this thesis work, RBS was used as a convenient method to determine
the stoichiometry of our VOx films. To grow the films we employed 18O2

instead of 16O2. The use of a high-energy He+ beam (1.5−2 MeV) ensures
a good mass separation between the 16O and 18O species, corresponding to
the substrate and the film, respectively. RBS measurements were performed
under random incidence condition. In this case many subsurface atomic
layers are hit and backscattering occurs from deeper lying atoms. The
backscattered ions were detected simultaneously at scattering angles of 105,
135 and 165 degrees. The measurements were carried out in a high vacuum
chamber with a base pressure of 5 x 10−8 mbar.
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Figure 2.3: Schematic representation of the Hall effect. An electric field Ey along
the y axis balances the Lorentz force which electrons (holes) experience in the
presence of a z oriented magnetic field.

2.4.3 Magneto-transport measurements

Resistance and magnetoresistance measurements were performed in a com-
mercial PPMS system. Temperature can be varied between 2 and 340 K.
The PPMS is equipped with a superconducting magnet and a maximum
of 7 Tesla magnetic field can be reached. The sample can be rotated on a
special holder (rotator) such that the magnetic field can have any orienta-
tion. The resistance and magnetoresistance measurements were performed
in the standard four-point geometry. Electric contacts consisting of Cr
metal, 10 nm thick, were deposited on the substrates prior to deposition of
the vanadium oxide films. The resistance was measured for temperatures
between 5 and 300 K. For the magnetoresistance measurements the mag-
netic field was applied either perpendicular or parallel to the surface of the
sample.

Hall effect measurements were performed in the so-called van der Pauw
square geometry [10]. The Hall effect is related to the Lorentz force, the
force that a charged particle moving in the presence of an external magnetic
field experiences normal to the directions of both field and velocity [11].
When a current of density jx flows along the x axis in the presence of a z
oriented magnetic field, see Fig. 2.3, the charge carriers experience a force
which deflect them in the negative y direction. This generates an electric
field Ey along the y axis, the so-called Hall field. Its magnitude is

Ey = −H

ne
jx ,

where jx is the current density, H is the magnetic field, n is the bulk carrier
concentration and e is the elementary charge. The Hall coefficient is defined
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as

RH =
Ey

jx H
.

Therefore, one obtains the following relation for the Hall coefficient as a
function of charge carrier concentration:

RH = − 1

ne
.

The Hall coefficient is negative if the carriers are electrons and positive for
holes. The geometry used for our Hall measurements is shown in Fig. 2.4.
The current I flows through the opposite pair of contacts 1 and 3 and the
Hall voltage VH is measured across the remaining pair of contacts 2 and 4.
Once the carrier concentration is known, one can calculate the Hall mobility

µ =
1

enρ
.

The resistivity ρ of the sample can be conveniently determined by applying
the van der Pauw method [10], where the current is applied between the
pair of contacts 1 and 4 and the voltage measured between the parallel pair
2 and 3. If the sample is symmetric, then the resistivity is given by the
following expression [10]:

ρ =
πd

ln 2
R ,

where d is the thickness and R is the measured resistance in the van der
Pauw geometry.

There are several practical aspects which must be considered when car-
rying out Hall measurements. Primary concerns are the quality and the size
of the ohmic contacts, the sample uniformity, an accurate determination of



18 Chapter 2. Experimental techniques

the sample’s thickness and the use of an uniform temperature. The sample
lateral dimensions must be large compared to the size of the contacts and
the sample thickness.

2.5 Synchrotron radiation techniques: XAS

The synchrotron radiation is electromagnetic radiation emitted when charged
particles are accelerated to relativistic velocities. Initially, synchrotron ra-
diation was an unwanted product in particle accelerators and storage rings.
It took, however, little time to realize that the synchrotron radiation has
excellent characteristics for a wide range of experiments [12]. The emission
spectrum ranges from far-infrared to the x-ray region. In the third gener-
ation synchrotrons, the intensity of the emitted radiation is enhanced by
insertion devices which consist of periodic arrays of permanent magnets.
Two kinds of such devices are employed, namely “wigglers” and “undula-
tors”. For the former, the radiation is emitted in a broad band; a narrow
energy window and a small solid angle are characteristic to the latter [8, 13].

The x-ray absorption process implies the excitation of a core electron
to an empty state above the Fermi level. The x-ray absorption spectrum
(XAS) provides thus valuable information on the valance electronic struc-
ture. However, a full understanding of the spectra requires the solution of
the many electron problem [14, 15, 16]1 .

The XAS measurements we present in this thesis were performed at
the 11A Dragon beamline [17, 18] at the Synchrotron Radiation Research
Center Taiwan, in the total electron yield (TEY) mode. The probing depth
is 40 – 60 Å.

1The absorption spectra of transition metal compounds are determined by several effects:
interactions between the excited electron and metal 3d (and ligand 2p) electrons, core–
valence interactions and relaxation effects following the excitation process.
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Chapter 3

Growth and characterization of
epitaxial VOx thin films with

controlled stoichiometry

We have succeeded in growing epitaxial films of rocksalt VOx on MgO(001) sub-
strates. The oxygen content was determined using 18O2-Rutherford backscat-
tering spectrometry and the vanadium oxidation state by x-ray absorption spec-
troscopy. The upper and lower stoichiometry limits we found are similar to those
known for the bulk material, 0.8 < x < 1.3. We estimated from the reflection
high-energy electron diffraction oscillation period a large number of vacancies
for both vanadium and oxygen, approximately 16% for stoichiometric VO. These
numbers are, surprisingly, very similar to those for the bulk material, i.e., rather
strain-insensitive. X-ray absorption spectroscopy measurements reveal that the
presence of vacancies induces strong non-cubic crystal field effects. The electric
conductivity of the films is much lower than the conductivity of bulk samples,
which we attribute to a lower V t2g – V t2g orbital overlap in the coherently ten-
sile strained layers. The temperature dependence of the conductivity is consistent
with a so-called variable range hopping mechanism.

3.1 Introduction

One of the major challenges in transition metal oxide thin film research
is to grow the material in single crystal form with controlled oxygen stoi-
chiometry. This is not a trivial task, especially when the transition metal
ion displays several possible oxidation states. The variation of the oxygen
content leads then to rich and complex phase diagrams. Examples of such
materials are some binary oxide systems like the vanadium and titanium
oxides [1, 2, 3, 4, 5]. The most common and accessible growth methods
in thin film research such as the pulsed laser deposition and the sputtering

21
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techniques are not appropriate for these compounds because the use of high
substrate temperatures and high oxygen pressures does not allow a fine tun-
ing of the oxygen stoichiometry. These techniques are obviously a method of
choice for ternary and quarternary oxides, where one can obtain the desired
composition by tuning the concentration of one of the constituent cations
while keeping that of the oxygen fixed. For binary oxides, however, best
suited is the molecular beam epitaxy (MBE) because it allows a precise
control of the oxygen flux in order to “balance” the metal evaporation rate
and obtain the desired stoichiometry.

We employed the MBE technique for the growth of single crystal thin
films of vanadium monoxide VOx. Bulk vanadium monoxide has many in-
triguing properties that are closely related to the issue of stoichiometry.
Vanadium monoxide crystalizes in a simple fcc rocksalt structure. A wide
range of varying oxygen concentrations is characteristic to this system: val-
ues of x between 0.8 and 1.3 have been reported for bulk VOx [6]. Quite
remarkable is the presence of a large number of both cation and anion va-
cancies, even for x = 1, in which case the concentrations are as high as
15% [6]. Stoichiometric bulk VO always remains disordered; ordering of the
vacancies was only reported for x values between 1.2 and 1.3 [7].

A systematic investigation of the physical properties of polycrystalline
VOx has been carried out by Banus et al. [6] in the early 70’s. These
authors found that VOx shows an interesting transition from metallic to
semiconducting behavior at x ' 1. The temperature dependence of the
magnetic susceptibility can be described by a Curie –Weiss law, suggesting
that the V 3d electrons are partially localized [3]. Several models have been
proposed to explain these properties, invoking either electron correlation or
vacancy-induced effects, see for example [8, 9, 10, 11] and references therein.

Only very little work on films of VOx has been done up to now. Metal
supported vanadium oxide films were investigated by a number of authors
in connection with their catalytic properties. Thin vanadium oxide films
deposited on Cu(100) [12, 13], Ni(110) [14], Rh(111) [15] and Pd(111) [16,
17] were found to consist either of V2O3 or a mixture of VO and VO2.
Sambi et al. [18, 19, 20] grew thin films of VOx on TiO2 substrates in
connection to the enhanced catalytic activity shown by titania-supported
vanadium oxides [21]. Ultrathin VOx films were deposited on TiO2(110)
by evaporating metallic vanadium at room temperature and subsequent
annealing in vacuum for a short period of time in order to promote the
uptake of oxygen from the substrate. X-ray photoelectron diffraction (XPD)
measurements confirmed the growth of short-range ordered VOx films for a
thickness of up to 4 monolayers (ML).

In the studies mentioned above the vanadium oxidation state was estab-
lished on the basis of the position and shape of the V 2p3/2 photoemission
line. However, since the binding energies of the V 2p3/2 lines for different
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oxidation states are very close, the stoichiometry reported for these vana-
dium oxide films is questionable. For example, a comparison between data
obtained in ref. [12] and in [18] shows several discrepancies. Also, an anal-
ysis of the electric or magnetic properties of the VOx thin films is missing
in these studies.

The preparation of vanadium monoxide single crystal films is difficult
because VOx oxidizes easily to V2O3. However, the use of appropriate sub-
strates and optimum evaporation conditions can lead to the stabilization
of the VOx phase. In this chapter we describe the successful growth of co-
herent epitaxial VOx monocrystalline thin films on MgO(100) substrates.
The experimental conditions and the experimental setup are presented in
section 3.2. In section 3.3 we analyze the characteristics of the growth pro-
cess on the basis of reflection high-energy electron diffraction (RHEED) and
low-energy electron diffraction (LEED) in-situ measurements. X-ray pho-
toelectron spectroscopy (XPS) measurements were also performed in order
to check the composition of the films. We determine in section 3.4 the
stoichiometry of our VOx films by using Rutherford backscattering spec-
trometry (RBS). Further structural details are revealed by ex-situ x-ray
diffraction (XRD) in section 3.5. The important issue of vacancy concen-
tration is addressed by using combined RBS and RHEED data in section 3.6.
We further discuss the problem of vacancy ordering in section 3.7. The va-
lence electronic structure of the V and O ions is investigated in section 3.8
by means of x-ray absorption spectroscopy (XAS). In section 3.9 we analyze
the transport properties of our VOx films. Finally, we compare the proper-
ties of our VOx thin films to those of the bulk material and predictions of
existing theoretical models.

3.2 Experimental

The experiments were performed in an ultra-high vacuum (UHV) MBE sys-
tem with a base pressure below 1x10−10 mbar. The system is equipped with
RHEED, LEED and XPS facilities. Ex-situ RBS and XRD measurements
were also performed for characterizing the films. We chose MgO(100) as
substrate because it has the same cubic rocksalt structure as VOx, with a
mismatch of about 3%. MgO blocks were cleaved ex-situ and immediately
introduced into the UHV chamber. The substrates were further cleaned by
annealing at 650◦ C for 2 hours in a 1x10−6 mbar oxygen atmosphere in or-
der to remove hydrocarbon contamination. Clean and well-ordered surfaces
were obtained, as confirmed by XPS, RHEED and LEED measurements.
High purity (99.99%) vanadium metal was evaporated using an electron-
beam evaporator Omicron EFM3. The deposition rate of vanadium, mea-
sured with a quartz balance, was set to 0.7 – 0.8 Å/min. The vanadium
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was simultaneously oxidized by a beam of 18O2 (99.99%). The oxygen was
supplied through a leak valve into a small buffer volume connected to the
vacuum chamber through a 35 cm long and 1 cm wide stainless steel pipe,
ending at a distance of 10 cm from the substrate [22]. The pressure in the
buffer volume was monitored with a Baratron capacitance manometer. The
pressure fluctuations in the buffer chamber were less than 1% during depo-
sition. VOx films with different stoichiometries were grown by varying the
18O2 buffer pressure while keeping the vanadium evaporation rate constant.
During evaporation the background pressure was 2x10−8 mbar or lower.
The V and 18O2 beams can be abruptly and simultaneously stopped. After
closing the 18O2 valve the background pressure dropped below 10−9 mbar
within seconds, insuring a well defined oxygen exposure of the sample. All
the samples were grown while keeping the substrate at room temperature
(RT).

To monitor the film deposition we employed RHEED. Oscillations in the
RHEED specular beam intensity, where each oscillation corresponds to the
formation of one new atomic monolayer (ML), allows for a rigorous control
of the film thickness. The film thickness was also determined ex-situ by
means of x-ray specular reflectivity (XRR) measurements [23, 24] and good
agreement with the RHEED results was obtained.

XPS measurements were performed using nonmonochromatic Al Kα ra-
diation. The total energy resolution of the electron analyzer in combination
with the photon source is about 1 eV. To avoid ex-situ postoxidation, a thin
MgO cap layer (20 Å) was grown for protection, by deposition of Mg metal
in an 18O2 atmosphere of 1x10−8 mbar at room temperature. All ex-situ
measurements, i.e., RBS, XRD, XAS and electric transport measurements,
were thus performed on capped VOx samples.

The oxygen content was determined by RBS measurements. For cali-
bration we employed a V2O3 epitaxial thin film grown on an Al2O3(0001)
substrate, with the oxygen partial pressure and the substrate temperature
set at 10−6 mbar and 550◦ C, respectively [25, 26, 27]. All the measure-
ments were performed in a so-called random orientation with respect to
the crystalline axes, using a He+ beam with an energy of 1.5 MeV. The
backscattering yields were detected at an angle of 165◦.

The XRD measurements were carried out using a Philips MRD diffrac-
tometer equipped with a hybrid mirror/monochromator for Cu Kα radia-
tion, a 4-circle goniometer and a programmable slit in front of the detector.

The XAS measurements were performed at the 11A Dragon beamline
[28, 29] at the Synchrotron Radiation Research Center Taiwan, using the
total electron yield mode. The light has a degree of linear polarization of
98% and an energy resolution of 0.16 eV for photon energies between 500
and 550 eV. The spectra are normalized to the photon flux measured using
a gold mesh. The angle of the incident light is normal to the VOx films.
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Figure 3.1: RHEED patterns recorded at an electron energy of 15 kV with the
beam incident along the [100] direction: (a) clean MgO(100) substrate; (b) 20 Å
VOx(100) thin film grown on MgO(100) substrate using a 0.18 mTorr oxygen
buffer pressure while keeping the substrate at room temperature. The picture is
inverted in order to observe better the Kikuchi lines.

Resistivity measurements were performed in a commercial Quantum De-
sign PPMS system in constant voltage mode. The current was measured
along the [100] direction in both two- and four-point geometries. In order
to measure the electric resistance of the as-grown VOx films, electric con-
tacts consisting of 10 nm of Cr metal were evaporated ex-situ on the MgO
substrates prior to introduction into the MBE system.

3.3 Epitaxial growth of VOx thin films

The epitaxial growth of the VOx thin films on MgO(100) substrates was con-
cluded for a wide range of incident oxygen fluxes from in-situ RHEED and
LEED analysis. The geometry of our MBE system allows for an efficient de-
tection of changes in surface structure during film growth by RHEED. This
low-angle electron diffraction technique is particularly suited to thin film
growth because it is highly sensitive to the surface morphology. RHEED
patterns of a clean MgO(100) surface and of a 20 Å thick VOx film deposited
on MgO(100) are shown in Fig. 3.1. The beam was incident along the [100]
direction. The basic RHEED pattern did not change during growth, indicat-
ing that the film continues to grow on top of the underlying substrate with
a rocksalt structure. Sharp streaks and the presence of the Kikuchi lines
indicate that the surface is still smooth after deposition of 10 monolayers of
VOx.

The oscillations observed in the intensity of the specularly reflected beam
are characteristic for a layer-by-layer growth mode, each oscillation corre-
sponding to the formation of one atomic layer. We mention that the RHEED
oscillations were observed at room temperature, which is considered to be
a very low temperature for oxide systems [30]. An example of such growth



26
Chapter 3. Growth and characterization of epitaxial VOx thin films with

controlled stoichiometry

Figure 3.2: RHEED intensity oscillations of the specularly reflected electron
beam observed during deposition of VOx on MgO(100). The electron beam was
incident along the [100] direction, with a primary energy of 15 kV.

oscillations is given in Fig. 3.2. In Fig. 3.3 we show a sequence of RHEED
patterns which were recorded after deposition of about 50 monolayers of
VOx using different oxygen fluxes. The oxygen content x is indicated on
each RHEED pattern. The x values were determined by RBS spectrom-
etry, as described in section 3.4. The oxygen pressure used to grow each
of these films is also given in the caption of Fig. 3.3. Epitaxial growth is
obtained for oxygen buffer pressures between 0.12 and 0.20 mTorr, which
corresponds to oxygen contents 0.82 < x < 0.97. Sharp streaks can still
be observed after deposition of 50 ML of VOx. The distance between the
VOx streaks is the same as between the MgO streaks. This is consistent
with a coherent growth, as confirmed by ex-situ XRD. We shall discuss the
XRD measurements in section 3.5. The rocksalt structure of the VOx thin
films was also confirmed by LEED. The LEED pattern displays the same
square symmetry and periodicity as for a MgO(100) surface. For oxygen
pressures between 0.22 and 0.30 mTorr, i.e., 1.1<x<1.3, the MgO RHEED
streaks fade away quickly after starting the growth and three dimensional
(3D) transmission spots appear, suggesting considerable roughening of the
surface. The absence of a LEED pattern for the x=1.28 and x=1.31 cases
indicates that the surface morphology is becoming increasingly disordered
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Figure 3.3: Sequence of RHEED patterns observed after deposition of 50 ML
VOx on MgO(100) at different oxygen fluxes while keeping the substrate at room
temperature. The oxygen buffer pressure was varied between 0.10 and 0.30
mTorr: (a) 0.30 mTorr; (b) 0.27 mTorr; (c) 0.24 mTorr; (d) 0.22 mTorr; (e)
0.20 mTorr; (f) 0.18 mTorr; (g) 0.16 mTorr; (h) 0.14 mTorr; (i) 0.12 mTorr; (j)
0.10 mTorr. The electron beam was incident along the [100] direction, with a
primary energy of 15 kV.
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Figure 3.4: V 2p and O 1s XPS spectra of (a) V2O3 on Al2O3 (0001), (b) VOx

on MgO(001) and (c) vanadium metal on MgO(001).

for x values above 1.28. Nevertheless, the presence of RHEED oscillations
shows that the growth still is layer-by-layer like. For oxygen buffer pres-
sures below 0.12 mTorr, i.e., x < 0.8, powder rings and extra spots were
observed in RHEED. This is due to the fact that the vanadium atoms were
not completely oxidized, as we actually deduced from the analysis of the
XPS core level intensities. We mention that attempts to prepare VOx films
at higher substrate temperature were unsuccessful. The RHEED pattern
quickly disappeared or became very diffuse from the very beginning of the
growth process.

V 2p and O 1s XPS spectra are shown in Fig. 3.4, for three different
films, i.e., vanadium metal on MgO(100), VOx on MgO(100) and V2O3 on
Al2O3(0001). The spectra were corrected for charging effects by assigning
an energy of 531 eV to the O 1s peak [31]. Also, the spectra were corrected
in the standard manner for the satellites due to the Al Kα3α4 components
in the incident beam [32].

The binding energies of the V 2p3/2 peaks are given in the figure. The
binding energy corresponding to the V 2p3/2 peak in the VOx film was found
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Figure 3.5: RBS spectra of 1.5 MeV He+ ions scattered from a V2O3 film epi-
taxially grown on an Al2O3(0001) substrate. The 18O peak can be clearly distin-
guished.

to be between those corresponding to V metal and V2O3, respectively, see
Fig. 3.4. The vanadium oxidation state can be in principle determined from
the position and shape of the V 2p3/2 feature. Nevertheless, because to
different vanadium oxidation states correspond rather similar 2p3/2 binding
energies [33], we did not perform a quantitative analysis of the XPS data. In
order to determine precisely the stoichiometry we have adopted a different
route, which will be presented in the following section.

3.4 Stoichiometry determination

We determined the oxygen content of the films from RBS data. As already
mentioned in section 3.2, in order to distinguish the oxygen peaks corre-
sponding to the film and to the substrate, we employed for film growth 18O2

instead of 16O2. The use of a 1.5 MeV He+ beam ensures a good mass sep-
aration between the 16O and 18O species. This can be observed in Fig. 3.5,
that shows the RBS spectrum of a V2O3 thin film grown epitaxially on an
Al2O3(0001) substrate. The V2O3 film was used for calibration purposes. A
clear hexagonal LEED pattern characteristic of the corundum structure was
observed, proving the high quality and long-range order of the V2O3 film.
In Fig. 3.6 we plot part of the RBS spectra of capped and uncapped VOx
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Figure 3.6: RBS spectra of 1.5 MeV He+ ions scattered from a VOx film de-
posited on MgO(100): (a) with a thin (2nm) MgO cap layer; (b) without cap
layer. An extra 16O feature is observed in the latter case due to postoxidation.

layers on MgO(001) substrates. One can notice a well separated 18O peak
in both spectra. For the uncapped layer, an additional shoulder appears at
energies corresponding to the 16O species as a result of postoxidation. The
absence of this shoulder in the spectrum of the capped layer proves that
capped VOx films are indeed protected from postoxidation. We calculated
the O/V ratio in the VOx films with the following relation:

x =
3

2

[
AO

AV

]
V Ox[

AO

AV

]
V2O3

AO and AV were determined by integrating the V and 18O peaks of the
VOx and V2O3 samples. In the case of the 18O peak we subtracted the linear
background due to magnesium. The area of the 18O peak was also corrected
for the contribution of the cap layer, using the thicknesses of the VOx film
and of the Mg18O cap layer as determined from the RHEED data. The
resulting x values are plotted for two series of samples in Fig. 3.7, as function
of the oxygen pressure in the buffer chamber. One can observe that the x
values are nicely reproducible. The error of our estimations is about 3%.
The upper and lower stoichiometry limits are similar to those known for the
bulk material. For the x=0.45 sample, the XPS measurements indicate that
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Figure 3.7: The oxygen content x as function of the oxygen pressure in the buffer
chamber as determined from RBS data for two series of VOx samples.

the vanadium is not completely oxidized. For x larger than 1.3 a mixture
of two phases was found. In the latter case powder rings were observed in
RHEED, suggesting that these films are becoming polycrystalline.

3.5 Structural characterization

As discussed in the previous section, the RHEED and LEED experiments
indicate that the VOx films grow epitaxially on MgO(100). To analyze the
epitaxy and crystal structure of the films in a more quantitative way, we
also performed ex-situ XRD analysis.

The measurements were carried out on samples capped with a thin
(20 Å) epitaxial MgO film. θ−2θ scans show only weak diffraction peaks
in the vicinity of the (002) and (004) peaks of the MgO substrate, proving
that the VOx films have a rocksalt structure. The reflections are broadened
due to the finite thickness of the film. There are no peaks corresponding to
other phases. Moreover, for those samples prepared with oxygen buffer pres-
sures varying between 0.12 and 0.22 mTorr a number of subsidiary thickness
fringes were observed, indicating a well defined composition and thickness
of the film, see Fig. 3.8.

To determine whether the growth is fully coherent or partially relaxed,
the most convenient procedure is to measure the intensity profile around
a non-specular reflection common to the substrate and the overlayer. This
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Figure 3.8: θ−2θ x-ray diffraction measurement of a 10 nm thick VOx film with
x=0.94. Only the (002) and (004) diffraction peaks characteristic of the rocksalt
structure can be observed. The peaks of the film are broadened due to the finite
thickness of the film. Subsidiary fringes indicate a well defined composition and
thickness of the film.

can be achieved by performing a set of θ−2θ versus ω scans at different
ω, 2θ and ω being the detector and sample orientations with respect to
the direction of the incident beam. These scans can be easily mapped
onto the reciprocal space. An example of such mapping for the region in
the reciprocal space around the (113) reflection is shown in Fig. 3.9. The
horizontal and vertical axes are k vectors parallel (k‖) and perpendicular
(k⊥) to the surface plane, respectively. The intensity scale in the figure
is logarithmic. The feature corresponding to the VOx film can be clearly
distinguished. The elongated shape of the MgO reflection perpendicular to
the radial direction is due to the mosaic spread. The peaks corresponding to
MgO and VOx are at the same k‖ value, which demonstrates that the growth
is fully coherent. The VOx/MgO thin films experience thus a compressive
strain in the perpendicular direction.

The lattice constant normal to the substrate surface can be determined
from θ−2θ scans around the MgO (002) or (004) peaks using the Bragg
law. 2θ values were determined by fitting the peaks to a Gaussian function.
The perpendicular lattice constant is plotted in Fig. 3.10 as function of the
oxygen content.

In contrast to the behavior reported by Banus et al. [6] for bulk VOx, we
found that the perpendicular lattice constant and also the average lattice
constant decrease with increasing oxygen content. We note that the layer
thicknesses determined from x-ray specular reflectivity measurements were
in good agreement with the values obtained from the RHEED intensity
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Figure 3.9: XRD reciprocal space map around the non-specular (113) reflection
of a 10 nm thick VOx film with x=0.94. The logarithm of the diffracted intensity
as function of the in-plane k‖ and out-of-plane k⊥ reciprocal lattice vectors is
plotted. The x and y axes are in units of 4π/λ, with λ=0.15015 nm.

oscillation period.

3.6 Vacancy concentration

As already mentioned in section 3.1, a large number of both vanadium and
oxygen vacancies is characteristic to bulk VOx. An estimation of the amount
of vacancies present in our VOx thin films can be made by using a combina-
tion of RHEED and RBS techniques. We determined the RHEED oscillation
period for all the VOx samples and also for a V2O3/Al2O3(0001) calibration
sample. The samples were grown using the same value of the vanadium flux
(atoms/m2s). From the RHEED oscillation period one can determine the
concentration of metal atoms in one monolayer. By comparing the time
needed to grow one monolayer of VOx and V2O3, and assuming that V2O3

is stoichiometric and free of vacancies, the fraction of vacant vanadium sites
VV in VOx can be easily calculated. The oxygen vacancy concentration VO

can be also obtained because x is already known from RBS, by using the
following expression:

x =
1− VO

1− VV

As illustrated in Fig. 3.11, the vanadium vacancy concentration increases
with increasing oxygen content x, while the oxygen vacancy concentration
decreases. The total number of vacancies VV +VO is also decreasing with x.
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Figure 3.10: Perpendicular lattice constant of VOx films with different oxygen
content as determined from XRD. The perpendicular lattice constant decreases
with increasing x.

Close to the stoichiometric value we found about 16% vacant sites of both
vanadium and oxygen.

3.7 Vacancy ordering

In some cases, when the number of vacancies is large, clustering and/or
ordering of the vacancies may occur. Defect clustering has been studied
extensively in Fe1−xO. Magnetic and x-ray diffraction measurements suggest
the occupation of tetrahedral sites [34, 35], which are normally empty in a
fcc rocksalt structure. In TiOx long-range ordering of the vacancies occurs
at about 1200 K over the entire stoichiometry range [36]. In contrast, in VOx

ordering of the vacancies was reported only for x values varying between 1.2
and 1.3 [7]. Morinaga et al. [7] suggested that the superstructure observed
by x-ray diffraction in bulk VOx with x ' 1.3 results from an ordering of
defect clusters. These clusters should consist of vanadium vacancies at the
corners of a regular tetrahedron and a vanadium atom at the center, i.e., in
an interstitial position.

We have carried out annealing experiments around 700 K for three dif-
ferent samples, i.e., x ' 0.9, x ' 1 and x ' 1.3. For the x ' 1.3 sam-
ple, after 10 minutes annealing in vacuum, we observed superstructure pat-
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Figure 3.11: Vanadium and oxygen vacancy concentrations in VOx as deter-
mined from the period of the RHEED oscillations. The number of vanadium
vacancies is increasing with x, whereas the number of oxygen vacancies is de-
creasing.

terns in both RHEED and LEED. The RHEED and LEED patterns of the
x ' 1.3 sample are shown in Fig. 3.12, immediately after the deposition
of the VOx layer (Fig. 3.12 (a)) and after 10 minutes annealing in vacuum
(Fig. 3.12 (b),(c)). The electron beam was incident along the [100] direc-
tion in Fig. 3.12 (b) and along the [110] direction in Fig. 3.12 (c). A 2x2
reconstruction is visible in both directions. Clear satellite spots, also found
in the LEED pattern, see Fig. 3.12 (d), were observed when the beam was
incident along the [110] direction.

In order to determine whether this superstructure is due to the VO film
itself or to a surface reconstruction, we have performed XRD measurements.
The ex-situ XRD data reveal that the observed superstructure is in fact a
bulk-like effect, see Fig. 3.13. The extra reflections seen in RHEED and
LEED appear also in the XRD measurements, except the satellites spots.
We believe that these satellite spots are due to a surface reconstruction.
The XRD picture presented in Fig. 3.13 is based on series of θ−2θ scans
for different tilt angles ψ of the sample with respect to the reflection plane,
see section 2.4.1. The intensity scale in the figure is logarithmic and the
axes are in reciprocal lattice units. The vertical axis is perpendicular to the
surface and the horizontal axis is parallel to the [110] direction. The intense
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Figure 3.12: (a) RHEED pattern recorded with the beam incident along the
[100] direction for a VOx'1.3 film. (b) RHEED pattern recorded along the [100]
direction after 10 minutes annealing in vacuum at 700 K. (c) RHEED pattern
recorded along the [110] direction after 10 minutes annealing in vacuum at 700 K.
(d) LEED pattern observed after 10 minutes annealing in vacuum at 700 K.

spots correspond to the substrate, whereas the weak spots correspond to
the VOx film. Our XRD data is consistent with a spinel-type configuration.
These results were confirmed by subsequent x-ray diffraction measurements
using synchrotron radiation. We conclude that the observed superstructure
is due to an ordering of the vacancies, as previously reported for bulk VOx

by Morinaga et al. [7]. No superstructure was observed for x≤1.

3.8 Valence state of the V ions by XAS

In order to determine the valence state of the vanadium and oxygen ions,
we performed XAS measurements. O K -edge XAS spectra are displayed in
Fig. 3.14, for samples with the oxygen content x (as determined from RBS)
between 0.8 and 1.3. For comparison, we have also included the spectrum
of a V2O3 film, in the top part of the figure. The O K -edge absorption
spectra correspond to dipole-allowed transitions from the O 1s core to the
O 2p shell, which is partially empty due to hybridization with V 3d states.
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Figure 3.13: Areal XRD picture of the x' 1.3 VOx film after 10 minutes an-
nealing in vacuum. The vertical axis is perpendicular to the surface and the
horizontal axis is along the [110] direction. The x and y axes are in units of
4π/λ, with λ=0.15015 nm.

The spectral structures that can be observed in the 528−534 eV photon
energy range are dictated by these V 3d states, as previously discussed for
example in refs. [37, 38, 39, 40]. For photon energies higher than 535 eV,
the oxygen of the MgO cap layer contribute as well to the XAS signal [40].

The distinct peak observed at energies of about 532 eV in the O K -edge
XAS was assigned to transitions into empty V 3d−e↑g states [39]. Structures
at higher photon energies were attributed to transitions to the higher lying
V 4s and 4p bands. Important to note is that for the most oxygen deficient
VOx samples, i.e., x∼0.82÷0.94, the lowest spectral structure is given by the
532 eV peak, indicating that the lower lying V 3d−t↑2g states are completely
occupied. Therefore, the oxidation state of the V ion should be 2+ or less.
For samples with higher oxygen content, i.e., x>1, a clear low-energy peak
is observed at about 530 eV. This indicates that the V 3d−t↑2g states are
not fully occupied and the V valence is higher than 2+. We propose this
interpretation by comparison with the O K -edge XAS spectrum of V2O3,
formally a V3+ 3d2 system, where transitions to both t↑2g and e↑g states occur
[39]. Our O K -edge XAS measurements show that the crossover from less
than 2+ to more than 2+ vanadium valency occurs for (RBS) x values
of 0.94−0.97. These numbers are not far from 1.00 and can be taken as
indication of a good agreement between the XAS and RBS results.

We also carried out XAS experiments at the V L23 (2p → 3d) edges.



38
Chapter 3. Growth and characterization of epitaxial VOx thin films with

controlled stoichiometry

Figure 3.14: O 1s x-ray absorption spectra of VOx samples with the oxygen
content varying between 0.8 and 1.3.

The results are shown in Fig. 3.15. We also included in this figure the
spectra of V2O3 and Cr2O3, for reference purposes. In going from x =
0.8 to x = 1.3 we can observe a gradual change of the spectra. Extra
distinct and sharp structures start to develop for x ≥ 1. The similarity
of these structures with those in the V L23 absorption spectrum of V2O3

is remarkable. This indicates that for x ≥ 1 V ions in a 3+ valence state
are present, consistent with the interpretation of the O K -edge absorption
spectrum, see the previous paragraphs.
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x=1

Figure 3.15: V L23 x-ray absorption spectra of VOx samples with the oxygen
content varying between 0.8 and 1.3. Bottom: theoretical spectrum for x = 1,
model Hamiltonian configuration interaction calculations for a [VO6]

10− cluster
[41], and the experimental Cr L23 XAS spectrum of Cr2O3, which is also a 3d3

system.
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We note that the 3d-like spectral features are quite broad for x values
close to 1. In the simplest approximation, i.e., stoichiometric VO with a for-
mal V2+ 3d3 ground state electronic configuration and Oh local symmetry,
one would expect a spectrum with the typical atomic multiplet structure of
a 2p63d3 → 2p53d4 transition, as predicted by model Hamiltonian configu-
ration interaction calculations [41], see Fig. 3.15, bottom. This curve has
been calculated with the standard parameters, e.g., 10Dq ' 2 eV, employed
normally for the analysis of transition metal oxide soft x-ray absorption
spectra [42, 43, 44]. The theoretical spectrum shows quite distinct features,
with several peaks and valleys. Clearly, the experimental V L23 spectra for
x ≈ 1 do not display these distinct features. Also, a comparison with the
experimental spectrum of Cr2O3 (see Fig. 3.15), a 3d3 system with nearly
Oh local symmetry, leads to the conclusion that the V L23 spectra in VOx

are anomalously broad.

We take this observation as an indication that in VOx≤1 an appreciable
amount of vanadium ions experiences strong non-cubic crystal field effects
related to the presence of a large number of oxygen vacancies. The mag-
nitude of these effects must be of the order of at least few tenths of eV, in
order to wash out completely the characteristic XAS multiplet structure of
a 3d3 ion in Oh symmetry. This matter will be discussed in more detail in
section 3.10.

3.9 Electric properties

Important information about the electronic structure of the VOx system can
be also obtained by investigating its electric properties. Resistivity data for
polycrystalline VOx samples have been previously published by Banus et al.
[6]. The bulk material exhibits a semiconducting behavior for x > 1, with
an activation energy rising to about 40 meV for x=1.3. A transition from
a semiconducting to a metallic state was reported in ref. [6] at x = 1.05.
For x < 1 the resistivity is almost constant and rather temperature and
composition independent, ρ ' 3 x 10−3 Ωcm.

The variation of the electric resistivity in VOx thin films with different
oxygen content is shown as a function of 1/T in Fig. 3.16. The resistivity
increases with decreasing T for all but the x = 0.82 sample, suggesting
a semiconductor-like behavior in the entire temperature interval that was
studied. However, it is evident in Fig. 3.16 that log ρ does not vary linearly
with 1/T . Fig. 3.17 shows the composition dependence of the activation
energy calculated from the slope of the (log ρ vs. 1/T ) plot close to room
temperature. We note that the activation energy decreases with decreasing
temperature.

The electric properties of our films are rather similar to those reported
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Figure 3.16: Resistivity versus 1/T in VOx thin films (0.82 < x < 1.28), 100
Å thick, logarithmic scale. Resistivity is increasing with decreasing temperature
except for the x=0.82 sample, suggesting a semiconductor-like behavior.

for bulk VOx by Banus et al. [6]. However, we also observed few important
differences. Compared to the corresponding data for bulk samples, we found
a much higher absolute value of the resistivity. As shown in Fig. 3.16, the
transition from a metallic to a semiconductor type behavior is shifted from
x'1, as found in the bulk material [6], to x'0.8 in thin films. Moreover,
the activation energy calculated close to room temperature, see Fig. 3.17, is
larger. For example, for bulk stoichiometric VO, Banus et al. [6] obtained
an apparent activation energy of only 5 meV. For thin films we found a much
higher value, approximately 110 meV. In going from x = 0.94 to x = 0.97
a large increase in the activation energy can be observed. Although the
oxygen content is changing only by 3%, the activation energy is becoming
almost twice as large. For x ' 1.3 the activation energy rises to 180 meV,
as compared to 40 meV in ref. [6].

We found that the T -dependence of the resistivity is quite well described
by a so-called variable range hopping mechanism [45], according to the
following relation:

ρ ≈ exp

(
T0

T

) 1
4

This is evident from Fig. 3.18, where the normalized resistivity versus T−1/4

is plotted. In view of the large number of vacancies in the material, this
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Figure 3.17: Activation energy Ea versus x calculated for temperatures between
150 and 300 K in VOx thin films with 0.82<x<1.28.

result is not surprising. A random field caused by vacant sites can produce
localization of electrons near the Fermi level just like in amorphous mate-
rials, see for example ref. [46]. The parameter T0 can be extracted from
the slope of the curves in Fig. 3.18. T0 is related to the density of localized
states at the Fermi level N(EF ) by the following relation [47]:

T0 =
24α3

πN(EF ) kB

where α−1 is the decay length of the wave function associated to the charge
carriers and kB is the Boltzmann constant. Taking a reasonable value for
α−1 such as 5 Å [47] and knowing T0, N(EF ) can be easily calculated.
These quantities are collected in Table 3.1 together with the corresponding
x values. Clearly, one can observe that for the x=0.84 sample the density
of localized states at the Fermi level is high and starts to decrease when
increasing the oxygen content.
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Figure 3.18: Normalized resistivity in VOx thin films (0.82 < x < 1.28), 100 Å
thick, plotted as a function of T−1/4, logarithmic scale.

Table 3.1: T0 and N(EF ) parameters calculated from the resistivity versus T−1/4

curves.

x in VOx T0(K) N(EF ) (cm−3eV−1)
0.84 2×103 2×1023

0.89 5×104 8×1021

0.94 12×104 3×1021

0.97 5×106 1×1020

1.1 1×107 4×1019

1.28 2×107 2×1019

3.10 Discussion

The transport properties of VOx can not be understood on the basis of the
standard band model because the material, having the 3d states only par-
tially occupied, should have been metallic. Shortly after the experimental
results of Banus et al. [6] were published, two theoretical papers appeared,
see refs. [8] and [9], where the electric properties of the VOx system were dis-
cussed by taking into account both electron correlation and vacancy-induced
effects.

Mott [9] discusses the electric conduction in VO in terms of two over-
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lapping Hubbard bands and a low density of current carriers in the overlap
region. He argues that Anderson localization [48] occurs in the overlap re-
gion due to the random field produced by the presence of vacant sites. This
explains the temperature dependance of the resistivity, ρ ∼ exp(1/T 1/4),
at low temperatures. In Goodenough’s model [8] the electronic structure
of VOx is discussed more explicitly. The author assumes again a finite on-
site Coulomb repulsion U which is large enough to split the t2g band into
two parts and open a small energy gap. Further, he anticipates that at
least one electron (hole) is trapped near each anion (cation) vacant site.
Localized anion-vacancy, electron trap-states at the bottom of the upper
band and localized cation-vacancy, hole trap-states at the top of the lower
band may have energies overlapping this (pseudo)gap, since the vacancies
are disordered. These localized states in wings at the edges of the bands
are similar to those occurring in amorphous materials, as pointed out by
Mott [9]. Goodenough suggests that for x>1 the Fermi energy EF remains
pinned between the two t2g subbands; the transition to a more itinerant
behavior for x<1 indicates that electron trap-states overlap EF .

The presence of a large number of vacancies in VOx remains one of
the most puzzling characteristics. The only two other binary oxides with
this characteristic are the rocksalt TiOx and NbO oxides, with NbO having
about 25% vacancies [49]. Apparently the creation of vacancies stabilizes
the structure by reducing the Gibbs free energy. According to Goodenough
[8], the formation of vacancies leads to a reduction of the lattice constant,
thereby broadening the t2g bands. The resulting stabilization of the occu-
pied valence band states is counteracted by a reduction in the Madelung
energy, but this energy loss is assumed to be minimized by a certain de-
gree of localization of electrons and holes near the oxygen and vanadium
vacant sites, respectively. Goodenough [8] argues that the application of
hydrostatic pressure should considerably reduce the amount of vacancies.
He refers to experiments [50] which show that application of hydrostatic
pressure at high temperatures increases the cubic lattice parameter subse-
quently measured at atmospheric pressure. However, the authors of [50]
provide no data concerning the vacancy concentrations in these samples.

The VOx films we have grown epitaxially on MgO substrates are thin
enough to be coherent with the substrate and are under tensile stress. In
fact, the in-plane lattice constant is expanded by approximately 3%, while
the out-of-plane lattice constant is reduced due to the Poisson effect [51].
Applying Goodenough’s vacancy-induced lattice contraction arguments, we
would expect that the formation of vacancies will be less favored in our
thin films. The energy gain associated with the lattice contraction induced
by the creation of vacancies is restricted due to the fact that the lattice
constant of the film is fixed by the substrate. We found, however, that
both the cation and anion concentrations are not much affected. For a
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Figure 3.19: Relative geometries of atomic orbitals and atomic vacancies in VOx,
taken from ref. [8]

stoichiometric VO film, these values are even slightly higher, by 1 – 2%,
than in the bulk material.

We agree with Goodenough, nevertheless, that the mechanism for va-
cancy formation must be searched for in terms of energy arguments. Ac-
cording to Goodenough [8], the t2g orbitals of cations neighboring a cation
vacancy, see Fig. 3.19, are destabilized by the presence of this vacant site, as
a result of less V t2g –V t2g bonding. Therefore, an isolated cation vacancy
removes appropriately symmetrized orbitals from the lower V t2g subband
and raises them as trap-states towards the Fermi energy EF . On the other
hand, the energy of the formally antibonding eg orbitals of vanadium ions
next to an oxygen vacancy are lowered as trap-state levels below the bottom
of the upper t2g band. To our knowledge, ab initio calculations have not
yet been carried out in order to study the stability of vacancy formation in
this material. In the next paragraphs we discuss a different effect induced
by the presence of a large amount of vacancies, i.e., the stabilization of the
V 3d states as a result of large low-symmetry crystal field splittings. We
note that our x-ray absorption measurements, see section 3.8, suggest that
such crystal field effects are rather strong in VOx, of the order of at least
few tenths of eV.

We will first discuss the case of oxygen vacancies. Adjacent 3d metal ions
are surrounded by five oxygen ligands in a square pyramidal arrangement
with nearly C4v symmetry1 . The t2g and eg levels will be split into three
non- and one doubly degenerate levels, respectively, see Fig. 3.20. With
two electrons being trapped at or near the vacancy, we have one extreme

1We neglect the fact that in our VO films the in-plane V– O distance is larger than the
V– O distance along the axis perpendicular to the film’s plane. We also neglect lattice
relaxation effects around an oxygen or vanadium vacancy.
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Figure 3.20: Schematic energy diagram of the 3d levels of a vanadium ion, see
text. With the adjacent oxygen vacancy on the z axis, left side of the figure, the
eg 3r2−z2 component may be situated below the xy level. With a next nearest
neighbor vanadium vacancy in the xy plane, right side, the lowest t2g component
is xy.

possibility where both electrons are trapped at the vacant site, forming a
so-called F -center. The other possibility is that the excess electrons are
trapped at neighboring d-metal sites. Assuming that at least a fraction of
the excess electrons resides on adjacent d-metal sites, the average number of
d electrons will be larger than three for V ions next to an oxygen vacancy. In
both cases a relatively strong stabilization of the doubly degenerate levels
is expected, probably of the order of half eV. Also, the energy of the eg

3r2− z2 component might be lowered below the xy level, see Fig. 3.20.
Accurate ab initio total-energy calculations are thus highly desirable in
order to determine the ground state electron configuration and the nature
of the stabilizing mechanism.

Considering now the case of d-metal vacancies, we may speculate that
two excess holes are trapped near such a vacant site. One extreme possibility
is that the holes are residing at oxygen neighbors. Following a suggestion
of Elfimov et al. [52], this could give a stable configuration in which the
holes are in a triplet state localized at the oxygen coordination polyhedron
around the vacancy. However, in contrast to the case of CaO discussed by
these authors, in a transition metal compound there is also the possibility
that the two holes are located at next nearest neighbor transition metal
ions. The presence of the cation vacancy leads to a lowering of the local
symmetry at these neighboring cation sites, from Oh to C2v. Nevertheless,
the splittings induced by this symmetry lowering are expected to be smaller.

Although a lower V t2g –V t2g orbital overlap does not have a major
effect on the concentration of vacancies, it will still reflect in the electric
properties of the material. The use of a substrate with a larger lattice
constant like MgO decreases the metal t2g orbital overlap and the bandwidth
and, therefore, increases the band gap. This explains the lower conductivity
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and higher room-temperature activation energies found in our films. The
conductivity data for our films is consistent with the data reported for the
bulk material [6]. The main difference is that both the resistivity and the
activation energies of our films are much higher. Also, the transition from
semiconducting to metallic behavior is shifted to lower x values, i.e., from
x ' 1 in bulk samples to x ' 0.8 in thin films.

3.11 Conclusions

We have successfully grown epitaxial VOx films on MgO(100) substrates,
with 0.8<x<1.3. Up to at least 120 Å the growth is coherent and layer-by-
layer -like. 18O2-RBS was introduced as a convenient method to determine
accurately the stoichiometry of these ultrathin layers. Once the stoichiom-
etry is known, the vacancy concentration of both vanadium and oxygen
can be calculated from the time to grow one monolayer as determined from
RHEED. The amount of vacancies turns out to be very similar to that
known for the bulk material. This implies that the occurrence of a high
concentration of vacancies is not necessarily related to a broadening of the
t2g band as a result of a vacancy-induced lattice contraction, like previously
suggested by Goodenough [8]. Accurate total-energy calculations are highly
desirable in order to determine the energy stabilization due to non-cubic lig-
and field effects induced by the symmetry lowering at metal sites near an
oxygen vacancy. The XAS data suggest that such effects are important in
our VOx films, see section 3.8. Nevertheless, the reduction of the inter-site
V t2g – V t2g overlap and the concomitant increase of the size of the gap be-
tween the lower and upper t2g subbands is held responsible for the much
larger electric resistivity in our strained VOx films as compared to the bulk
material.
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Chapter 4

Electric properties of epitaxial
VOx thin films on SrTiO3

We have grown VOx thin films on different substrates in order to investigate
the influence of epitaxial strain on the transport properties. We found that
the electric conductivity is much larger for the films grown under compressive
strain on SrTiO3 substrates, as compared to the bulk material and especially
to VOx films grown under tensile strain on MgO substrates. A clear crossover
from metallic to semiconducting behavior is observed when increasing the oxygen
content x. The concentrations of both vanadium and oxygen vacancies are rather
strain-insensitive, as previously observed for VOx films grown on MgO.

4.1 Introduction

One important difference between epitaxially grown thin films and the bulk
compound is that the lattice mismatch between film and substrate induces
strain in the film. This may substantially modify the physical proper-
ties of the material. For example, Jin et al. [1] studied the influence of
various substrates as well as the effect of the film thickness on the elec-
tric and magnetic properties of manganite thin films. In La0.87Ca0.33MnOx

films epitaxially grown on LaAlO3 they found that the magnetoresistance
coefficient is strongly dependent on the film thickness. In other mangan-
ite, Nd1/2Sr1/2MnO3, the metal – insulator transition temperature is shifted
to significantly lower temperature in going from bulk to thin films [2].
Nd2/3Sr1/3MnO3 thin films grown on SrTiO3 also have a different ferromagne-
tic-to-paramagnetic transition temperature and a different magnetoresis-
tance coefficient as compared to the bulk material, due to the lattice mis-
match between the film and the substrate [3]. In the case of copper oxide
compounds, in underdoped La2−xSrxCuO4 the superconducting transition
temperature can be doubled under compressive epitaxial strain [4].

51
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(a) (b)

Figure 4.1: RHEED patterns recorded at an electron energy of 15 kV with the
beam incident along the [100] direction: (a) clean STO(100) substrate; (b) 100
Å VOx(100) thin film on a STO(100) substrate.

In this chapter we investigate the possibility of “tuning” the structural,
electric and magnetic properties of epitaxially grown VOx films via strain-
induced effects by different substrates. First, we have chosen SrTiO3, since
this substrate has a smaller lattice constant, a=3.905 Å1 . The VOx films
may be thus “forced” to grow under compressive strain. Second, we em-
ployed MgAl2O4 as substrate, that can provide an almost strain free growth.
These two substrates have a cubic crystal structure, which ensures an epi-
taxial growth of the VOx films. We discuss the results in comparison with
data for films grown under tensile strain on MgO, see chapter 3. We refer
to the previous chapter for details concerning the experimental techniques
we employed.

4.2 Experimental

VOx films with a thickness of 100 Å were grown in-situ by Molecular Beam
Epitaxy (MBE) on epi-polished SrTiO3(100) (STO) and MgAl2O4(100)
(MAO) substrates. The growth conditions and the experimental techniques
used for structural characterization were the same as those described in
chapter 3. Vanadium metal was deposited at room temperature and si-
multaneously oxidized by a controlled beam of 18O2. The stoichiometry of
the VOx films was determined using the 18O- RBS (Rutherford backscatter-
ing spectrometry) method. The structure was characterized in-situ using
reflection high-energy electron diffraction (RHEED) and ex-situ by x-ray
diffraction (XRD). The transport measurements were performed in a com-
mercial Quantum Design PPMS system, for temperatures between 4 and

1The lattice constant of bulk VOx≈1 is 4.06 Å [5].
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300 K. Electrical contacts of Cr metal, 10 nm thick, were evaporated on
each substrate prior to deposition of the VOx layers. All ex-situ measure-
ments, i.e., XRD, RBS and conductivity measurements, were performed on
VOx samples capped with a thin MgO layer (' 20 Å) as protection against
postoxidation.

4.3 Results and discussion

4.3.1 Structural characterization

In the previous chapter we showed that VOx grows epitaxially on MgO(100)
substrates with the same rocksalt crystal structure. In this chapter we show
that epitaxial growth can also be obtained on STO(100) substrates with a
cubic perovskite structure and a smaller lattice constant. The lattice mis-
match is approximately 4%. The epitaxial growth of rocksalt VOx films
on perovskite-type STO substrates was confirmed by RHEED and XRD
analysis. The quality of the films was excellent, the RHEED and XRD
measurements showing very high crystallinity and the absence of any sec-
ondary phases.

Figure 4.2: RHEED intensity oscillations of the specularly reflected electron
beam observed during deposition of VOx on STO(100). The electron beam was
incident along the [100] direction, with a primary energy of 15 kV.
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Figure 4.3: θ−2θ x-ray diffraction measurements on a 10 nm thick VOx film.
Only the (002) and (004) diffraction peaks, indicating a rocksalt structure, of the
VOx film are observed. No diffraction peaks are observed close to the (001) and
(003) peaks of the perovskite STO substrate. Reflections from the VOx film are
broadened due to the finite thickness.

In Fig. 4.1 (a) we show the RHEED pattern of a clean STO(100) surface
and in Fig. 4.1 (b) the RHEED pattern of a 100 Å thick VOx film deposited
on STO(100). One can clearly notice the difference between the perovskite
structure of the clean substrate, where the (10) and (1̄0) diffraction lines
are present, and the rocksalt structure of the film, with only the (20) and
(2̄0) lines visible. The oscillations in the intensity of the specularly reflected
beam observed during growth are characteristic for a layer-by-layer growth.
An example of such growth oscillations is shown in Fig. 4.2.

The epitaxial growth of the rocksalt VOx film on the STO substrate was
further confirmed by ex-situ XRD. All XRD measurements were carried out
on capped samples. In Fig. 4.3 a wide θ−2θ scan is shown. Only the (002)
and (004) diffraction peaks of the film were observed, indicating that the
VOx film grows with a rocksalt structure on top of the perovskite SrTiO3

substrate.

The growth of the VOx films on STO substrates is coherent, i.e., the
in-plane lattice matches with that of the substrate. In Fig. 4.4 we show an
XRD reciprocal space map around the non-specular (113) reflection of a 10
nm thick VOx film. The intensity scale in the figure is logarithmic. The
horizontal and vertical axes are k-vectors parallel (k‖) and perpendicular
(k⊥) to the surface plane, respectively. The feature corresponding to the
VOx film can be clearly distinguished. The peaks of the STO substrate and
of the VOx film are at the same k‖ value, which proves that the growth is
fully coherent. Compared to the VOx films grown on MgO under tensile
strain, discussed in chapter 3, the VOx films grown on STO substrates
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Figure 4.4: XRD reciprocal space map around the non-specular (113) reflection
for a 10 nm thick VOx film. The diffracted intensity as function of the in-plane
k‖ and out-of-plane k⊥ reciprocal lattice vectors is plotted on a logarithmic scale.
The axes are in units of 4π/λ, with λ=0.15015 nm.

experience a compressive in-plane strain. In section 4.3.3 we will discuss
the influence of this compressive strain on the electric properties.

The lattice constant normal to the surface can be calculated from θ−
2θ scans around the (002) or (004) peaks of the STO substrate by using
the Bragg law. The perpendicular lattice constant is shown in Fig. 4.5,
plotted as function of the oxygen content. Likewise the films grown on
MgO, the lattice constant in the perpendicular direction, and consequently
the average lattice constant, decreases with increasing oxygen content. The
thickness of the films was also determined from x-ray specular reflectivity
(XRR) measurements and confirmed the values estimated from the RHEED
intensity oscillation period.

4.3.2 x oxygen content in VOx films on SrTiO3

The method employed to determine the oxygen content of our VOx films was
described in chapter 3. Because vanadium ions in different oxidation states
have rather similar values of the V 2p3/2 binding energy, which makes XPS
rather ineffective as a method to determine the stoichiometry, we employed
the 18O-RBS technique. This was found to be very convenient, because the
use of 18O instead of 16O for film preparation makes possible a clear dis-
tinction between the oxygen corresponding to the film and to the substrate,
respectively. We present in Fig. 4.6 the RBS spectrum of a VOx film grown
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Figure 4.5: Perpendicular lattice constant as a function of the oxygen content x
as determined from XRD.

on STO substrate. Using a V2O3 film grown epitaxially on Al2O3 as cali-
bration sample, we have determined the x values for a series of VOx/STO
samples with the following simple relation:

x =
3

2

[AO

AV
]
V Ox

[AO

AV
]
V2O3

.

The x values determined with the relation above are plotted in Fig. 4.7.
The upper and lower limits of stoichiometry are similar to those obtained
for the VOx films grown on MgO and also to the values known for the bulk
compound [5]. For these determinations we estimated a relative error of
about 3%.

A peculiar characteristic of the VOx system is the presence of a large
number of vacancies, both anions and cations. We found that the con-
centration of oxygen and vanadium vacancies in VOx films grown under
tensile strain on MgO do not differ much from the values in the bulk, see
chapter 3 of this thesis. The fact that the number of vacancies is rather
strain-insensitive is also confirmed for the VOx/STO samples. VOx films
grown under compressive strain on STO substrates show very similar con-
centration of vacancies to those for bulk and VOx films grown on MgO. In
Fig. 4.8 we show the concentration of both vanadium and oxygen vacancies
determined from the RHEED and RBS data, as described in chapter 3. The
same trend is observed for VOx on STO as for VOx on MgO, i.e., the num-
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Figure 4.6: RBS spectrum of a VOx film grown on STO(100) substrate.

ber of oxygen vacancies decreases with increasing x, while the concentration
of vanadium vacancies increases with increasing x.

4.3.3 Transport properties

The most significant effect of the epitaxial strain was observed on the trans-
port properties. It is interesting to compare the effect of compressive strain
on electric transport to that of tensile strain. In chapter 3 it was shown
that VOx epitaxially grown on MgO under tensile strain displays a much
lower electric conductivity than the bulk samples. This was explained in
terms of a smaller orbital overlap in the coherently tensile strained lay-
ers. Consistently, we found that the compressively strained VOx films on
STO have higher conductivity. The VOx films grown on MgO are mostly
semiconducting-like; the gradual transition from metallic to semiconducting
behavior is shifted from x= 1 in bulk to 0.82 in the VOx/MgO thin films,
see Fig. 4.9 (a). Under compressive strain, the transition from metallic to
semiconducting behavior is much more clearer, see Fig. 4.9 (c).

The resistivity of the x=0.94 sample is temperature independent. For
x<0.94 the VOx films grown on STO show clear metallic conductivity, with
the resistivity decreasing with decreasing temperature. For x between 0.94
and 0.97 the resistivity increases with decreasing temperature. The most
metallic samples have a very low residual resistivity, between 10−5 and 10−6
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Figure 4.7: Oxygen content x for a series of VOx films as determined from RBS.

Ωcm at 5 K, the lowest measured temperature.

The conductivity data show indeed that certain physical properties of
the VOx films can be tuned via the epitaxial strain induced by the substrate.
The valence electronic structure itself is actually modified as a result of this
lattice mismatch between film and substrate. For VOx thin films grown on
MgO we found in chapter 3 that an expansion of the in-plane lattice constant
gives rise to a larger (pseudo)gap and lower conductivity as compared to
the bulk material. On the other hand, a smaller in-plane lattice constant
for VOx films grown on SrTiO3 determines a more pronounced metallic
character.

We have also prepared a series of VOx films using MgAl2O4 as substrate.
MgAl2O4 has a spinel crystal structure. However, epitaxial growth with a
rocksalt configuration is possible because both crystal structures are based
upon a fcc oxygen lattice. The continuity of the oxygen sublattice may
be thus preserved at the MgAl2O4/VOx interface. The lattice constant of
MgAl2O4 is 8.083 Å [6], which gives a very small lattice mismatch of about
0.5%. By RHEED and XRD measurements we found that the VOx layers
grow indeed epitaxially on MgAl2O4 and have a rocksalt structure. The
oxygen content in these series of samples was determined by RBS mea-
surements in the same way as described in chapter 3 and in the previous
section.

The temperature dependence of the resistivity is illustrated for several
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Figure 4.8: Vanadium and oxygen vacancy concentrations in VOx as determined
from the period of the RHEED oscillations. The amount of vanadium vacancies
increases with x, while the concentration of oxygen vacancies decreases. Dotted
lines correspond to the data for the bulk material, as reported by Banus et al.
[5].

VOx/MgAl2O4 samples in Fig. 4.9(b). For similar oxygen content x the
conductivity of the VOx/MgAl2O4 films takes intermediate values between
the values corresponding to films grown on MgO (Fig. 4.9(a)) and SrTiO3

(Fig. 4.9(c)). The results of our measurements on the VOx/MgAl2O4 sam-
ples are very similar to the data reported by Banus et al. [5] for the bulk
material.

An unexpected effect induced by the compressive strain was observed
for the magneto-resistive properties of metallic VOx/STO films. This effect
will be discussed in detail in the next chapter.

4.4 Summary

In summary, we have grown epitaxial VOx films on different substrates, in
order to investigate the influence of epitaxial strain on the transport prop-
erties. RHEED and XRD measurements indicate a high quality of the VOx

films. The oxygen content x was determined for each film using 18O-RBS
and the amount of vacancies was estimated by combining RHEED and RBS
techniques. In order to avoid size effects we prepared films with the same
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Figure 4.9: Resistivity of 100 Å thick VOx films with different oxygen content
x grown on: (a) MgO, under tensile strain; (b) MgAl2O4, nearly strain free; (c)
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thickness. As previously observed for films grown on MgO substrates, the
number of vacancies is rather strain-insensitive. The presence of epitaxial
strain is strongly reflected in the electric properties. VOx films grown under
compressive strain on SrTiO3 exhibit higher conductivity as compared to
VOx films grown under tensile strain on MgO. As expected, using MgAl2O4

substrates with a lattice constant comparable to VO, the conductivity is
much closer to the bulk values and in-between the values obtained for films
grown on SrTiO3 and MgO.
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Chapter 5

Magneto-transport in epitaxial
VOx thin films

We present magnetoresistance and Hall effect measurements on VOx thin films.
Giant positive magnetoresistance effect was observed in VOx thin films epitaxially
grown on SrTiO3 substrates. The magnetoresistance effect depends strongly on
temperature and oxygen content and is anisotropic. At low temperatures its
magnitude reaches a value of 70% in a magnetic field of 5 T. Strong electron –
electron interactions in the presence of strong disorder may qualitatively explain
the results. An alternative explanation, related to the existence of a possible
magnetic instability, is also discussed.

5.1 Introduction

The giant (negative) magnetoresistance effect (GMR) was first observed in
1988 by Baibich et al. [1] in Fe/Cr multilayers and subsequently in many
other multilayer systems, e.g., Co/Cu, Fe/Cu etc. [2, 3, 4, 5]. The mag-
netoresistance is intimately linked to a change in the magnetic structure of
the system in the presence of an external magnetic field. In such multilayer
structures, in zero field, adjacent magnetic layers are aligned antiferromag-
netically with respect to each other. When a magnetic field is applied, the
magnetization of every second single-domain layer reorients parallel to the
field. The resistance decreases and saturates when the net magnetization
saturates [6, 7]. Magnetoresistance, the variation of the electric resistance
in a magnetic field, is of interest to several areas of technology. Beyond
fundamental research, the GMR systems have attracted thus considerable
attention in connection with possible technological applications, such as
magnetic sensing, recording and data storage.

In 1992 Xiao et al. [8] have shown that the GMR effect is characteristic
not only to the multilayer systems, but can also occur in magnetically in-
homogeneous media containing “nonaligned” microscopic magnetic entities.

63
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The value of the magnetoresistance coefficient depends on the density and
the size of these entities.

Strong magnetoresistance effects were more recently observed in several
manganese oxide compounds, for a review see for example ref. [9]. Since
the magnitude of the effect is considerably larger than in the previously
discovered GMR (multilayer) systems, the effect has been called “colossal”
magnetoresitance (CMR) [10, 11]. The CMR in manganites was initially
explained in terms of two competing mechanisms, double-exchange, that
implies electron delocalization and ferromagnetic order, and Jahn–Teller
effects, responsible for charge localization through so-called Jahn–Teller po-
larons, where a valence electron stabilizes a local distortion of the oxygen
octahedron surrounding each transition metal ion [12, 13]. However, de-
spite an enormous experimental and theoretical effort, the nature of the
CMR in manganites still is a matter of debate. More recent theories pro-
pose a mechanism based on phase separation and concomitant percolative
transition from the metallic to the insulating state [14, 15, 16, 17].

Enhanced magnetoresistance was also observed in low carrier-density
ferromagnets such as Ti2Mn2O7 and Tl2−xScxMn2O7 [18, 19]. One aspect
characteristic to these systems is that the electrons responsible for the elec-
tric conduction are different from those responsible for the magnetic prop-
erties. The magnetoresistance effect occurs through the coupling between
itinerant electrons and localized spins, both of 3d character [20]. Varia-
tion of the resistance in the presence of external magnetic fields occurs only
around the Curie temperature and although the magnetoresistance can be
increased by chemical substitution, one drawback from a technological point
of view is that the Curie temperature Tc is lowered in this case.

In certain materials the resistance increases with increasing magnetic
field, leading to a positive magnetoresistance effect that may be compara-
ble in magnitude with the negative (giant) magnetoresistance observed in
the multilayer metallic systems. However, the physical mechanism is differ-
ent as compared to the GMR metallic multilayers or the CMR manganites.
Examples of such materials are the nonstoichiometric silver chalcogenides
Ag2Se and Ag2Te [21, 22, 23], Bi thin films and nanowires [24, 25], europium
hexaboride EuB6 [26, 27] and some inhomogeneous narrow-gap semiconduc-
tors like Hg1−xCdxTe [28].

The silver chalcogenides are an interesting class of nonmagnetic mate-
rials. In these systems a small amount of excess Ag or Se/Te may induce
changes in the electric resistivity as large as 400% in fields of a few tesla.
The effect is comparable in absolute magnitude to that observed in the man-
ganese oxide perovskites, but occurs here in an intrinsically nonmagnetic
material and is positive. Another peculiar feature is the linear field depen-
dence (most often the magnetoresistance displays at small fields a quadratic
behavior and is expected to saturate when the applied field is large [29]).
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The nature of the linear magnetoresistance effect in silver chalcogenides
has been investigated by several authors, see for example refs. [30, 31, 32].
However, the physics of these systems is poorly understood.

A large (250% at room temperature and 5T external field) positive mag-
netoresistance has been recently reported for semimetallic single crystal Bi
thin films [24]. The MR effect in Bi is the so-called ordinary magnetore-
sistance, caused by the curving of the carriers trajectories in a magnetic
field [33]. The size of the effect is determined by ωcτ , where the cyclotron
frequency ωc is inversely proportional to the effective carrier mass and the
relaxation time τ is proportional to the mean free path of the carriers. The
key factor in obtaining a large magnetoresistance effect in Bi thin films is
the small value of the effective carrier mass m∗ and the long mean free path
l, the latter being directly related to the sample’s quality.

Large room-temperature positive magnetoresistance was also observed in
the inhomogeneous narrow-gap semiconductor Hg1−xCdxTe [28]. The giant
magnetoresistance in Hg1−xCdxTe was initially believed to be a consequence
of the high carrier mobility [28]. However, more recently Solin et al. [34]
argued that the main contribution to the magnetoresistance is due to the
presence of inhomogeneities [35, 36].

In EuB6, close to the Curie temperature T c = 15 K, the magnetoresis-
tance is negative, with a value of about 100%. At lower temperatures, the
absolute value of the magnetoresistance decreases, passes through zero, and
reaches positive values as high as 700% at 1.7 K and 7 T [37]. This change
of sign is remarkable. The authors of ref. [37] argued that a second phase
transition occurs at about 1.7 K. However, the nature of this transition
could not be explained. An unusual phase transition coupled with positive
magnetoresitance effects was also observed in Na0.75CoO2 [38].

For some of the examples mentioned above it is important to recognize
the fundamental role played by disorder and/or non-stoichiometry. This is
most evident in the case of the silver chalcogenides. Stoichiometric Ag2Te
and Ag2Se show no magnetoresitance and, moreover, they are nonmagnetic
materials. Only the nonstoichiometric compounds, Ag2+δTe and Ag2+δSe,
exhibit unique magnetoresistive properties. Another example in this context
is Fe0.8Co0.2Si, a disordered ferromagnet that displays a positive MR effect of
about 10% below the Curie temperature T c =35 [39]. The parent compound
FeSi, a Kondo insulator, shows no unusual MR.

A class of materials where disorder influences in a distinctive way the
physical properties are the disordered metallic systems. In this category,
a remarkable example is the nonstoichiometric vanadium monoxide VOx.
The most striking experimental findings and theoretical models that could
possibly account for its unusual physical properties are presented in the
next sections.
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5.2 Theoretical concepts: weak localization and

electron interactions in disordered metallic sys-

tems

In solid state compounds disorder exists in varying degrees, ranging from
low-density impurities and defects in an otherwise perfect crystalline host
to the strongly disordered limit in alloys or glasses. The weak disorder limit
is traditionally described by the scattering of Bloch waves by impurities. In
a metal, this leads to a Boltzmann transport equation for the quasiparticles
[40]. If disorder is strong, some average periodicity is often considered in the
theoretical treatment, which allows the use of concepts normally applied to
ordered systems [41]. It has been realized, however, that certain physical
properties can not be explained by utilizing this method, but instead a
different approach is needed where disorder is explicitly treated.

The classical theory of transport fails to explain the low-temperature
behavior of the conductivity for several materials where a high degree of dis-
order exists. Well known examples are Pd [42], granular Al [43], semimetals
like Bi [44], strongly doped semiconductors like metallic n-InSb [45] and
amorphous metallic alloys such as Cu50Ti50 [46]. The unusual temperature
dependence of the conductivity at low temperatures in the systems men-
tioned above have attracted considerable interest. This matter has been
addressed by several authors, see for example refs. [40, 47, 48, 49], in terms
of two different aspects: the problem of Anderson localization in the pres-
ence of a random potential and the effects of interaction between electrons.
Best understood at the moment is the limit of weak disorder and weak
electron – electron interactions [40, 49].

In the standard theory of quantum liquids [50], the system is assumed
to be spatially homogeneous. Since the introduction of defects destroys
the homogeneity, deviations from this theory are expected. It turned out
that the fact that electrons are diffusive instead of “freely” propagating
leads to important modifications of the theory [40, 51]. The unusual effects
observed at low temperatures when studying the transport properties of
various disordered metallic systems, i.e., nontrivial temperature, external
field and thickness dependence, can be explained only by applying quantum
corrections to several physical quantities [52, 53]. These corrections are
due to the interference of scattering from different centers, that can not
be neglected if disorder exists in the system. The theories developed by
Altshuler and Aronov [47, 54, 55] and Fukuyama [48, 56] predict similar
behavior for the electric conductivity. On the other hand, the predictions
for the magnetoresistance and Hall effects are very different. One can thus
distinguish the contributions due to localization from those due to electron
interaction effects by performing measurements in external magnetic fields.
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Figure 5.1: Schematic representation of possible paths for a particle to move
from point A to point B. O is a point of path self-crossing.

5.2.1 Localization effects

At low temperatures the residual resistance of a metal is determined by
the elastic scattering of electrons from impurities and lattice defects. In
“good” conductors the wavelength of the electron λ is much smaller than
the mean free path l and in this case, between collisions, the electron moves
as a free particle [57, 58, 59]. In this classical picture the conductivity can
be described by the Drude expression:

σ =
e2τ

m
N =

e2l

mvF

N , (5.1)

where N is the electron density, m is the electron mass, τ is the time
between collisions (mean free time), e is the electron charge, l is the mean
free path (l = vF τ) and vF is the electron velocity at the Fermi surface.

If the concentration of defects in a normal metal is increased, at suffi-
ciently high concentrations the mean free path is larger than the wavelength.
Electrons become then localized and no longer contribute to conduction [60].
This transition from delocalized to localized states, which occurs with in-
creasing degree of disorder, is usually referred to as the Anderson transition
[61]. In the metallic regime far from the Anderson transition [52, 53, 62],
electron localization effects can be taken into account perturbativelly. How-
ever, quantum corrections can be added to the classical expression of Drude
even in the highly metallic regime where λ¿ l. Quantum corrections related
to so-called interference effects were discussed by Altshuler and Aronov in
ref. [47].

As depicted in Fig. 5.1, to propagate from point A to point B a particle
can move along different paths. The total probability W for a transfer from
point A to point B can be obtained by squaring the modulus of the sum of
all the probability amplitudes for a particle to pass along all possible paths



68 Chapter 5. Magneto-transport in epitaxial VOx thin films

[47]:

W = |
∑

i

Ai|
2

=
∑

i

|Ai|2 +
∑

i6=j

AiA
∗
j (5.2)

The first term represents the sum of probabilities for the particle to move
independently, the second the interference between them. Most of these lat-
ter terms can be neglected, because the mean value of the interference term
will vanish when summing over all paths, due to its oscillating nature [47].
However, for some specific paths, namely the self-intersecting paths, see
Fig. 5.1, a pair of amplitudes A1 and A2 can be assigned which correspond
to the passage of the loop clock- and counterclockwise. Since these two am-
plitudes are coherent, the interference of these waves should be taken into
account. As a result, the probability to find a particle at point O becomes

|A1|2 + |A2|2 + 2Re(A1A
∗
2) = 4|A1|2 ,

i.e., twice larger than when the interference is neglected. The neglect of in-
terference corresponds to a classical description of the electrons (Boltzmann
equation).

At non-zero temperatures, the electron diffusion length due to inelastic
scattering can be expressed as

LTh = (Dτin)1/2 ,

the so-called Thouless length [40]. Here τin is the inelastic scattering time,
τin ∼ T−p, where p is an index depending on the type of scattering mech-
anism and dimensionality, and D is the diffusion constant. Localization
effects are cut off beyond LTh. The localization theory developed by Alt-
shuler and Aronov [62, 63] and Fukuyama [48] in the weak disorder limit
treats noninteracting particles perturbationally. This theory predicts in the
two-dimensional (2D) case, for zero magnetic field and low temperatures, a
logarithmic temperature dependence of the electric conductivity. The quan-
tum correction to the conductivity, with LTh as the length cutoff, has the
following form:

σ(T ) = σ(T0) +
p

2

e2

~π2
ln

[
T

T0

]
(5.3)

In the three-dimensional (3D) case the conductivity displays at low temper-
atures a

√
T dependence [64].

As to the influence of an external magnetic field, Altshuler et al. [62]
predicted that the temperature dependence of the resistivity at low temper-
atures is suppressed even by very small magnetic fields. A magnetic field
introduces additional phase factors such as phase differences between waves
passing clock- and counterclockwise along a closed loop, ∆φ = 2πΦ/Φ0,
where Φ0 = hc/2e is the quantum of magnetic flux and Φ is the magnetic
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flux traversing the loop. The magnetic field destroys interference, reduces
the probability for a particle to return to a given point and, hence, reduces
resistivity. Electron localization effects lead thus to a negative magnetore-
sistance.

The field dependence of the conductivity is expressed in ref. [47] as

σ(H)− σ(0) ' e2

~
ln

eHDτin

~c
(5.4)

for the 2D case and

σ(H)− σ(0) ' e2

~

√
eH

~c
(5.5)

for the 3D case.
The effect in two dimensions is strongly anisotropic, i.e., the conductivity

is affected differently by transverse and longitudinal magnetic fields [49, 65].
This is because in a thin film the transverse and longitudinal trajectories
are strongly anisotropic: the transverse dimensions are of the order of film
thickness and the longitudinal dimensions are of the order of the diffusion
length.

It was shown first by Fukuyama [56] and later by Altshuler et al. [62] that
in the localization model no quantum corrections are predicted to the Hall
constant. The effect of spin – orbit scattering within the localization model
was theoretically investigated by Hikami et al. [66]. These authors predict
that the magnetoresistance coefficient changes from negative to positive
with increasing spin – orbit scattering. This prediction was experimentally
confirmed by Bergmann [67]. He found that the magnetoresistance coef-
ficient changes indeed sign when thin metallic films where the spin – orbit
coupling is negligible, e.g., Mg, are covered with submonolayers of heavy
metal atoms like Au.
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5.2.2 Electron interaction effects

The effects of electron – electron interactions in a disordered system in the
metallic regime were intensively investigated, both in two and three dimen-
sions. Early theoretical studies of the interacting electron gas were ham-
pered by the appearance of divergences that originate in the long range of
the Coulomb interaction. For example, a logarithmic divergence appears in
the Hartree – Fock type calculation of the specific heat of an homogeneous
electron gas. However, when screening is properly taken into account such
singularities are removed in the case of an uniform system, see, e.g., ref. [50].

It was shown by Altshuler and Aronov [54, 55] that interactions in a dis-
ordered Fermi liquid lead also to strong singularities near the Fermi level,
related not to the long range nature of the Coulomb interaction but to the
diffusive character of the electron motion. The authors of [54, 55] treated
the weakly disordered Fermi liquid by lowest order perturbational calcula-
tions and neglected localization effects. They found an unexpected singular
behavior in the density of states, with corresponding anomalies in the trans-
port properties.

According to refs. [62, 64], at low temperatures, electron interaction
effects in the presence of a random potential yield in the two-dimensional
case a ln T dependence of the conductivity,

σ(T ) = σ(T0) + (1− F )
e2

2π2~
ln

[
T

T0

]
, (5.6)

whereas in the three-dimensional case a
√

T dependence is predicted. In
the above relation F is a screening factor, defined as

F = (1/x) ln(1 + x) , (5.7)

where x=(2kF /k)2 and k and kF are the screening and Fermi wave vectors,
respectively. When 2kF /k tends to zero, F approaches 1, whereas F goes to
0 when 2kF /k diverges. Electron interaction effects in the presence of weak
disorder yield thus the same temperature dependence for the conductivity
as the effect of weak localization, see section 5.2.1.

On the other hand, the predictions for the magnetoresistance and Hall
effect coefficients are very different [68, 69]. Kawabata [68] was the first to
point out that electron – electron interactions give rise to positive magne-
toresistance. Lee and Ramakrisnan [40, 69] calculated the explicit expres-
sion for the magnetoresistance in the weak disorder limit, i.e., for (kF l)−1¿
1, by using diagrammatic perturbation theory [70]. These authors consider
the spin-splitting of electron energies in a magnetic field (Zeeman effect)
[40, 69]. In the presence of a magnetic field the lowest unoccupied spin-up
electron state is separated from the highest occupied spin-down electron
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state by an energy gµBH. According to refs. [40, 69], the field dependence
of the conductivity is given by

δσI(H, T )− δσI(0, T ) = −e2

~
F

4π2
g2(h) (5.8)

for the 2D case and

δσI(H,T )− δσI(0, T ) = −e2

~
F

4π2

(
T

2D

)1/2

g3(h) (5.9)

for the 3D case.
In the above relations h = gµBH/kBT and D is the diffusion constant. The
functions g2 and g3 can be computed numerically and they have the limiting
forms

g2 =

{
ln(h/1.3), h À 1
0.084h2, h ¿ 1

and

g3 =

{ √
h− 1.3, h À 1

0.053h2, h ¿ 1

The theory developed by Lee and Ramakrisnan [40, 69] predicts thus a
positive magnetoresistance that is proportional to

√
H for gµBHÀkBT and

to H2 for gµBH¿kBT . Spin – orbit interactions were ignored in this model.
The effect of spin – orbit scattering on magnetoresistance was discussed by
Millis and Lee [71]. Altshuler and Aronov [54], Larkin [72] and Fukuyama
[56] investigated the orbital contribution to the magnetoresistance effect.
They found that in the Coulombic interaction model this contribution is
considerably smaller than that related to the Zeeman effect.

In contrast to the electron localization mechanism discussed in sec-
tion 5.2.1, electron – electron interactions determine at low temperatures
a logarithmic (temperature) dependence of the Hall constant. Therefore,
the contribution of each of these two mechanisms can be separated on the
basis of combined Hall effect and magnetoresistance measurements [73, 74].
The two mechanisms, i.e., electron localization and electron – electron in-
teractions, may contribute simultaneously to the transport properties. Ex-
amples where the experimental data could be explained only by taking into
account both contributions are bulk Si:P and Bi thin films, see refs. [75, 44].

The positive magnetoresistance we observe in metallic VOx thin layers
will be discussed in the next sections in terms of some of the theoretical
concepts introduced above.
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5.3 Giant positive magnetoresistance in metallic

VOx thin films

5.3.1 Introduction

Transition metal oxide compounds display an impressive variety of unusual
physical phenomena, such as metal – insulator transitions, high-temperature
superconductivity, colossal magnetoresistance, heavy fermion behavior etc.
Most of these properties can only be explained in terms of several, competing
physical effects and involve subtle couplings among the charge, spin and
lattice degrees of freedom. The strength of these couplings is controlled by
a number of chemical and structural factors, which makes the search for
new transition metal solid state compounds, where the fine tuning of the
chemical composition and steric parameters could yield new unexpected
electric and magnetic properties, of both fundamental and applied interest.

Amongst the “simplest” first-row transition metal oxides1 , vanadium
monoxide VOx represents an illustrative case where rather small changes of
composition, here the variation of the oxygen content x, have major effects
on properties like the electric conductivity or the magnetoresistance.

In this section we present an analysis of the positive magnetoresistance
effect (up to 70% in a magnetic field of 5 T) observed at low temperatures in
compressively strained metallic VOx thin films with 0.8<x<1. The positive
sign of the magnetoresistance coefficient, i.e., increased electric resistance
in external magnetic fields, implies a different physical mechanism as com-
pared to the so-called “giant” magnetoresistance metallic multilayers or the
“colossal” magnetoresistance manganite perovskites, where, as a rule, the
resistance decreases with field2 . We propose two different mechanisms that
could possibly determine such a large positive magnetoresistance in VOx:
strong electron – electron interactions in the presence of strong disorder or
the proximity to a magnetic instability.

5.3.2 Experimental

100 Å thick VOx films were grown on SrTiO3(001) (STO) substrates by
molecular beam epitaxy (MBE). To prevent after-oxidation, the films were
capped with a thin MgO layer. The oxygen content x was determined using

1We note that even the ground state electronic configuration of VOx is poorly understood.
Accurate ab initio electronic structure calculations for this material are hampered by the
presence of a large amount of both vanadium and oxygen vacancies, approximately 15%
at x=1 [76].
2Positive magnetoresistance is sometimes observed in layered materials, see refs. [77, 78,
79, 80].
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Figure 5.2: Resistivity of 100 Å thick VOx/STO films for different x values.

18O2 - RBS (Rutherford backscattering spectrometry), as described in chap-
ter 4. Single-phase VOx samples were obtained for x values varying from
0.80 to 1.22. The layer-by-layer growth of the VOx films, with the same
orientation as the underlying substrate, was verified in-situ by reflection
high-energy electron diffraction (RHEED). The high quality of our samples
was further confirmed by x-ray diffraction analysis, which shows that the
film grows in full coherence with the substrate, i.e., the in-plane film and
substrate lattice constants are identical (3.903 Å). The out-of-plane lattice
constant varies between 4.003 Å for x=0.80 and 3.974 Å for x=1.22. Re-
sistance and magnetoresistance were measured by the standard four-point
probe method in a commercial PPMS system equipped with a rotatable
sample holder, at temperatures between 2 and 300 K. For the magnetore-
sitance measurements the magnetic field was varied between 5 T and –5 T,
and applied either perpendicular to the film plane or in the film’s plane and
parallel to the current. The Hall coefficient was measured in the square
geometry using a conventional ac bridge. Electrical contacts of Cr metal
having a thickness of 10 nm were evaporated on the SrTiO3 substrates prior
to deposition of the VOx layers.
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Figure 5.3: The resistivity of a 100 Å thick VOx film with x=0.85 in zero field.
In inset we show the fit of the low-temperature conductivity by a

√
T law.

5.3.3 Results

In chapter 3 we show that the resistivity of VOx films grown under ten-
sile strain on MgO substrates is orders of magnitude larger than for the
bulk material. Consistently, we found also much lower resistivities for VOx

films grown under compressive strain on SrTiO3, see chapter 4. Following a
suggestion of Goodenough [81], this effect could be related to a larger over-
lap between the t2g orbitals of neighboring metal ions in the compressively
strained films. From Fig. 5.2 it is evident that there is a gradual transition
from metallic to semiconducting behavior at about x=0.94.

In Fig. 5.3 we show the temperature dependence of the resistivity for
the x = 0.85 film at temperatures between 2 and 300 K. The resistivity
drops towards a low residual value of ≈ 9.16x10−5Ωcm. A minimum with
a steep upturn is observed at very low temperatures. The decrease of the
conductivity below 25 K is well reproduced by a

√
T function, see the inset

in Fig. 5.3.

In Fig. 5.4 we compare the temperature dependence of the resistivity of
a VOx sample with x = 0.82 in zero magnetic field with that measured in
an external field of 5 T. The resistivity strongly decreases with decreasing
temperature, reaches a minimum of ≈ 8µΩcm at T = 25 K, and increases
steeply at temperatures below 25 K.
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Figure 5.4: The resistivity of a 100 Å thick VOx film with x=0.82 at zero field
and at H = 5 T. In inset, the temperature dependence of the magnetoresistance
is shown. The magnetic field is perpendicular to the current.

The strong T -dependence and also the extremely low residual resistiv-
ity imply that the electric resistance is mainly due to electron – electron
scattering. As to the field dependence, the two curves, ρ(T, H = 0) and
ρ(T, H =5 T), are indistinguishable down to '70 K. At lower temperatures
the application of a magnetic field increases the resistivity.

In the inset of Fig. 5.4 we show the temperature dependence of the
magnetoresistance, defined as [ρ(H) − ρ(0)]/ρ(0). The sign of the mag-
netoresistance coefficient is positive and its magnitude increases smoothly
with decreasing temperature. These features are in strong contrast with the
negative colossal magnetoresistance observed in manganites [82].

A representative field dependence of the magnetoresistance of the x =
0.85 sample at several selected temperatures is shown in Fig. 5.5. The curves
were obtained in all cases by increasing the field from zero to 5 T, sweeping
it then to –5 T and finally turning H back to zero. Under field cycles,
the magnetoresistance shows no hysteresis. Moreover, no sign of saturation
is observed up to 5 T. Except for small fields, the magnetoresistance is
proportional to

√
H at temperatures around 5 K, changes gradually to an

almost linear behavior for T ' 25 K and displays a quadratic dependence
for T ≥50 K, see Fig. 5.6.

A remarkable feature of the positive magnetoresistance in our VOx thin
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Figure 5.5: The magnetoresistance of a 100 Å thick VOx film with x=0.85 for
different temperatures. The magnetic field is perpendicular to the current.

films is its strong dependence on the oxygen stoichiometry, see Fig. 5.7. The
effect is largest in the sample with the smallest oxygen content, x = 0.80,
where the magnetoresistance coefficient amounts to 70% at a temperature
of 5 K and a magnetic field of 5 T. For higher x oxygen content the magne-
toresistance decreases and finally becomes unobservable for x>0.94, in an
apparent correlation with the crossover from the metallic to the semicon-
ducting regime.

A clear dependence of the magnetoresistance on the direction of the
applied field was found. In Fig. 5.8 we present the magnetoresistance of
the x=0.80 sample at T =5 K, with the magnetic field perpendicular and
also parallel to the film plane and current direction. A positive transverse
magnetoresistance (TMR) of about 70% and a longitudinal, still positive,
magnetoresistance (LMR) of 40% were observed in magnetic fields up to
5 T. We note that the transverse magnetoresistance is always larger than
the longitudinal magnetoresistance.

Some correlations were observed between the magnetoresistance and the
Hall effect data. We found that the Hall effect is quite strong, negative and
linear in fields up to 5 T. In Fig. 5.9 we plot the carrier concentration
and Hall mobility obtained from Hall effect and resistivity measurements
for the sample with x = 0.87. In the region of strong variation of the
magnetoresistance, i.e., for T ≤ 50 K, the carrier concentration is essentially
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Figure 5.6:
√

H dependence of the magnetoresistance at low temperatures for
an oxygen content x=0.85. The magnetic field is perpendicular to the current.

constant, whereas the mobility, which at low temperatures is rather high,
starts to decrease. The Hall measurements for x between 0.80 and 1.0 show
that the effective carrier concentration decreases with increasing x. The
Hall constant changes its sign for x>1.

In bulk VOx samples with x = 0.88, a very small positive magnetore-
sistance effect, 1 – 2% at 4.2 K and magnetic fields of about 150 kG, was
reported in ref. [83]. No magnetoresistance effect occurs for stoichiomet-
ric VO. The measured Hall coefficient was small as well, near the limit of
detection, negative and varied only slightly with the magnetic field.

We also measured the magnetoresistance of VOx films grown epitaxially
on MgO substrates. For the lowest oxygen content in our samples, x=0.82,
the magnetoresistance was negligible, less than 1%. For higher oxygen con-
tent, no variations of the resistance were observed when applying magnetic
fields.

Unfortunately, due to the small thickness and small total mass of our
films, it was not possible to measure their magnetization directly by SQUID
(superconducting quantum interference device). However, in order to bet-
ter understand the magnetic properties of our VOx films we measured the
electron spin resonance (ESR) signal, for samples with x ranging from 0.8
to 1.2. The ESR measurements were performed using a Bruker spectrom-
eter at a x-band frequency of 9.48 GHz and temperatures between 1.9 and
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Figure 5.7: Magnetoresistance of 100 Å thick VOx films at T =5 K for different
x values. The magnetic field is perpendicular to the current.

300 K. A set of representative spectra (field derivatives of the absorbed
microwave power dP (H)/dH) is shown in Fig. 5.10. The fingerprint of
the large positive magnetoresistance in the VOx/STO samples with x < 1
is the occurrence at low temperatures of an intense, broad microwave ab-
sorption consisting of several overlapping peaks. The signal emerges below
20 – 25 K. At even lower temperatures it increases in intensity and acquires
a well-defined structure, see Fig. 5.10 (a). Remarkably, in the same tem-
perature interval the resistivity shows an upturn, see Fig. 5.3. In contrast,
the samples with x>1 as well as the STO substrate itself are ESR “silent”
and show only a small spurious signal at Hres ' 3.3 kOe, see Fig. 5.10 (b),
which can be attributed to the small amount of paramagnetic impurities in
the substrate.

The signal observed in the VOx/STO films with x< 1 is similar to the
ferromagnetic resonance observed in strongly inhomogeneous ferromagnetic
films such as as-grown manganite La2/3Ba1/3MnO3 films [84]. Owing to an
inhomogeneous distribution of the magnetization across the film, multiple
broad lines occur in the spectrum, see ref. [84]. Apparently, a similar spec-
trum might be expected if the sample is not yet ferromagnetic but contains
randomly distributed mesoscopic spin clusters.

Spin-resolved photoemission experiments using circularly polarized soft
x-rays [85] would be extremely helpful in order to gain more information over
the nature of the short range magnetic order in our films. This technique is
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Figure 5.8: Comparison of the transverse and longitudinal magnetoresistance
for x=0.80 at 5 K.

sensitive to the direction of the magnetization axis, so is suitable not only
for ferromagnetic and antifferomagnetic materials, but also for paramagnetic
and crystallographically disordered systems.

5.3.4 Discussion

The positive magnetoresistance effect we found in our VOx thin films is un-
usual in several respects. First of all, surprising is the very large magnitude
of the effect. The ordinary positive magnetoresistance in metals is usually
quite small, less than a few percent. Its size is determined by ωcτ , where
ωc = eH/m∗c is the cyclotron frequency, τ is the relaxation time, propor-
tional to the mean free path l, e is the electron charge, m∗ is the effective
carrier mass and c is the speed of light. Even if in our samples the mean
free path l is relatively large, as indicated by the rather low value of the
residual resistivity, a magnetoresistance coefficient of 70% is unexpectedly
high. We note that the magnetoresistance is also large, about 40%, for the
parallel field geometry, see Fig. 5.6. A strong orbital contribution in such
thin films is quite unexpected.

Another interesting feature of our samples is the ρ versus H depen-
dence. The conventional magnetoresistance in metals depends quadrati-
cally on the magnetic field (only in the so-called ultraquantum regime it
may become linear, see ref. [31]), whereas in our VOx films this is not the
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Figure 5.9: Number of carriers per formula unit and the Hall mobility in a VOx

film with x =0.87 as function of temperature in a magnetic field of 5 T.

case, see Figs. 5.5, 5.6 and 5.7. As discussed above, the character of the
field dependence changes gradually with increasing T from a square root
type function to linear and finally quadratic behavior. In particular, the
low-temperature regime resembles the type of dependence observed in non-
stoichiometric Ag2±δSe and Ag2±δTe [21, 22, 23], where the positive mag-
netoresistance also displays a linear field dependence but is much larger in
magnitude.

The low-temperature resistivity of our VOx metallic films is proportional
to 1/

√
T , see the inset in Fig. 5.3, which agrees with predictions of the theo-

retical model proposed by Altshuler and Aronov [64] for disordered metallic
systems with weak electron – electron interactions. The magnetoresistance
should behave as

√
H in high fields, at least for the case of relatively weak

disorder and weakly interacting electrons, treated in refs. [40, 47, 49, 62].
Our magnetoresistance effect is qualitatively similar to such a behavior,
although it is much stronger than expected from theoretical considerations.

The resistivity and Hall effect measurements, see the previous para-
graphs, allow us to estimate the zero field residual resistivity and the charge
carrier concentration. Introducing these values in the relation deduced by
Altshuler et al. [62, 64] for the magnetoresistance coefficient of a weakly
interacting electron gas in the presence of weak disorder, see section 5.2.2,
we calculated a magnetoresistance of only about 1% in a magnetic field of
5 T. The large difference between the predictions of the model developed in
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Figure 5.10: ESR spectra of VOx/STO samples, see text.

refs. [62, 64] and our experimental findings could be due to a higher degree
of disorder and/or stronger electron interactions in our system.

Theoretical studies that treat (strong) electron – electron interactions in
the presence of strong disorder are unfortunately still lacking. It is worth
noting that a square-root temperature dependence of the conductivity at
temperatures above 1 K was previously reported only in the case of the
Fe1−yCoySi compound [39]. The low-temperature magnetotransport prop-
erties of this system were also interpreted in terms of electron interactions
enhanced by disorder.

One still can not exclude alternative explanations for the observed large
positive magnetoresistance in our VOx/STO thin films. In particular, our
system might be in the proximity of a magnetic instability. Relatively broad
bands and/or strong disorder may prevent the formation of long-range mag-
netic order, although short-range magnetic correlations may still exist. In-
deed, our ESR study on VOx/STO films showed that a rather strong, but
quite unusual (i.e., broad, consisting of several overlapping lines) ESR signal
develops, which might be related to the presence of randomly distributed
magnetic clusters.

Our situation is definitely different as compared to the phase-separated
manganites, see for example refs. [14, 15], where the presence of “preformed”
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ferromagnetic metallic clusters and their growth in size in external field lead
to colossal negative magnetoresistance. However, we can visualize the fol-
lowing scenario: In our inhomogeneous system there may be no preformed
magnetic clusters, but the magnetic susceptibility χ may be strongly (spa-
tially) inhomogeneous, as a result of strong disorder. In external field,
regions with larger χ will develop larger magnetization. According to the
conventional double-exchange model [86], the energy of the conduction elec-
trons in these highly magnetized regions would decrease and the electrons
would redistribute in the sample. Thus, the electron concentration in these
high-χ regions would increase, whereas the regions in-between would be de-
pleted. If the system is still below a percolation threshold, this leads to
higher overall resistivity, due to the appearance of such “more insulating”
barriers [17], i.e., to positive magnetoresistance. This picture is consistent
with the ESR data, although it is not clear whether it would give the ob-
served dependence of the magnetoresistance coefficient on H and T .

5.4 Conclusions

We studied the magnetoresistance of VOx thin films grown on different sub-
strates. We observed a surprisingly large positive magnetoresistance, up to
70% in a magnetic field of 5 T, in VOx films grown epitaxially on SrTiO3

substrates. The magnetoresistance coefficient displays at low temperatures
and high fields a

√
H dependence. A possible explanation of the observed

behavior may rely on the interplay between electron – electron interactions
and disorder. The magnetoresistance effect in our VOx/STO thin films is
much stronger than that predicted theoretically, but this can be in prin-
ciple determined by the presence of higher disorder and stronger electron
correlation effects. Still, alternative explanations, related to the existence of
an inhomogeneous magnetic susceptibility and the proximity of our system
to a magnetic instability, can not be excluded. In summary, the compres-
sively strained VOx system displays rather unusual electric and magnetic
properties. These properties, in particular the origin of the large positive
magnetoresistance, deserve obviously further study.
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Chapter 6

Direct measurement of a band gap
in nearly stoichiometric VO

We present optical absorption data as evidence for an insulating state in nearly
stoichiometric vanadium monoxide VO. High quality thin films of VOx have been
prepared by molecular beam epitaxy. Optical spectroscopy measurements indi-
cate the opening of a gap in VOx films with x≥ 1. Our experimental findings
are supported by LDA+U calculations which predict that stoichiometric VO is
an insulator with a band gap of about 0.5 eV.

6.1 Introduction

Electron correlation effects are responsible for a large diversity of electric
and magnetic properties in transition metal oxide compounds [1, 2, 3, 4]. A
direct consequence of the correlated motion of the electrons in the narrow
3d “bands” is the break-down of the independent electron approximation.
Among the wide variety of transition metal (oxide) compounds, the simplest
from a structural point of view are the rocksalt monoxides. However, despite
the simplicity of the structure, their physical properties are quite diverse.
The first two members of the 3d series, TiO and VO, are considered to
be metals, while the last four members, MnO, FeO, CoO and NiO are
antiferromagnetic insulators [3, 4].

TiOx and VOx crystalize over a wide range of stoichiometry, 0.8<x<1.3.
A large number of both cation and anion vacancies is characteristic to these
materials, even for nominally stoichiometric samples (15% for both) [5].
Augmented plane wave (APW) band structure calculations predict that
stoichiometric VO and TiO are metals [6, 7]. Calculations within the lo-
cal spin-density (LSD) approximation indicate that VO is a nonmagnetic
metal [8]1 . However, the transport measurements of Banus et al. [5] show
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that, despite the structural similarities between TiOx and VOx, the elec-
tric and magnetic properties of these two monoxides are quite different.
TiOx is a metallic paramagnet over the whole homogeneity range, whereas
in VOx a gradual transition from a metallic to a semiconducting state is
observed at x = 1 [5]. In the simplest band picture both materials should
be metallic and have similar properties. It seems that electron correlation
effects, coupled with other effects such as the presence of a large number
of vacancies, are not negligible in VO [10, 11]. Similar differences were also
observed for other Ti and V oxides, suggesting the presence of a boundary
between Ti and V beyond which electron localization effects become impor-
tant [3, 4]. Svane et al. have applied in ref. [8] the self-interaction-corrected
(SIC) LSD approximation and found that the predictions for band gaps and
magnetic moments in several transition metal oxides are greatly improved
as compared to the LSD results. However, for stoichiometric VO localized
solutions were not found. To our knowledge ab initio electronic structure
calculations for the “real” VOx system, taking into account the presence
of vacancies, are lacking. Moreover, no spectroscopic data exist that could
provide valuable information about the electronic structure of VO.

In this chapter we report strong evidence for the opening of a band
gap in nearly stoichiometric VO, as observed by optical spectroscopy mea-
surements. Our experimental findings confirm the results of recent den-
sity functional band structure calculations [12] within the LSDA+U scheme
[13], which predict that stoichiometric VO is an insulator. Results of these
LSDA+U calculations are also presented in the next sections.

6.2 Experimental

Optical measurements have been performed using two different Fourier
transform spectrometers: a Bruker IFS 113v in the frequency range 20−
−7000 cm−1 and a Bomem DA3 between 6000 and 32000 cm−1. Reflectivity
and transmission were measured in normal incidence configuration for three
VOx films with different values of the oxygen content, x = 0.97, and also
close to the stoichiometry limits, x=0.82 and x=1.28. Absolute reflectivity
and transmission values were obtained by calibration against a gold mirror
and an empty sample holder, respectively. The absorption coefficient was
calculated from the Fresnel equations using the measured reflectivity and
transmission intensities [14].

The details of growth and stoichiometry determination for the VOx thin
films are described in chapter 3. Vanadium monoxide VOx epitaxial thin
layers have been deposited in-situ onto a clean MgO(100) surface by reactive

1The LSD approximation has been shown to give a good description of the ground state
properties of many transition metal systems [9].
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Figure 6.1: Transmission (T) and reflectivity (1 –R) as measured for the x=0.97
VOx sample. The transmission and reflectivity data for MgO are also shown.

evaporation of vanadium metal in an oxygen atmosphere, keeping the sub-
strate at room temperature. For a wide range of incident oxygen fluxes, the
epitaxial growth of VOx on MgO was concluded by reflection high-energy
electron diffraction (RHEED) and x-ray diffraction (XRD) analysis. The
oxygen content x was determined as a function of the incident oxygen flux
using 18O2 - Rutherford backscattering spectrometry (RBS). X-ray absorp-
tion spectroscopy (XAS) measurements were also performed, in order to
verify the oxidation state of the vanadium ions, see chapter 3.

6.3 Results and discussion

Our optical measurements give strong evidence for a gap opening in near
stoichiometric VO. In Figs. 6.1 and 6.2 we show the measured reflectivity
and transmission coefficients for two different VOx sample, with x=0.97 and
x = 0.82, respectively. The reflectivity and transmission data for MgO are
also indicated in the figures. The optical absorption coefficient, calculated
as 1 –R–T, is entirely due to the VO layer, since MgO does not absorb in
this spectral region.

At low frequencies the absorption coefficient tends to zero for the x=0.97
sample, but not for x = 0.82. Unfortunately, between 100 and 1500 cm−1

the measurements were hampered by the large phonon absorption present
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Figure 6.2: Transmission (T) and reflectivity (1–R) as measured for the x = 0.82
VOx sample. The optical data for MgO are also shown.

in MgO. The transmission in the very low frequency range, i.e., below 100
cm−1, of the x = 0.97 sample is shown in Fig. 6.3. The transmission of
the MgO substrate is also indicated. Overall, for x = 0.97, the VOx film
transmits as much as MgO, which is a strong indication for the presence of
a finite gap in this sample.

Measurements in the very low frequency range for the sample with
x = 0.82 oxygen content indicate a very small transmission. If there is a
gap, this must be nearly zero, giving the poor metallic behavior. The ab-
sorption coefficients calculated using the reflection and transmission data
and corrected for the presence of the MgO substrate are shown in Fig. 6.4.
We found that below a certain threshold these absorption coefficients tend
to increase with decreasing frequency, not shown in Fig. 6.4, but this is an
artifact due to the phonon absorption in MgO.

It is evident that for x = 0.97 the absorption coefficient goes to zero,
indicating the existence of a gap of about 0.2 eV. This small gap is confirmed
by results of transport measurements. As explained in chapter 3, VOx

thin films epitaxially grown on MgO(100) show a semiconducting behavior
for x≥ 0.84, with the activation energy increasing with increasing oxygen
content x. We found that by changing the oxygen content by only 3%, from
0.94 to 0.97, the activation energy is doubled, from 60 meV for x = 0.94 to
approximately 110 meV for x=0.97. The activation energy of ≈ 110 meV
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Figure 6.3: Transmission at low frequency for VOx, x=0.97, and MgO. At low
energies the VOx film transmits as much as the MgO substrate.

estimated from the resistivity data for the x=0.97 sample is in rather good
agreement with the measured optical gap, which is about 200 meV.

In Fig. 6.4 we also show the absorption coefficient calculated from the
transmission and the reflectivity measured on the x = 1.28 sample. The
value of the optical gap of this sample is similar to that of the x=0.97 film,
slightly larger than 0.2 eV.

Density functional band structure calculations within the local spin-
density approximation and including the on-site Hubbard U (LSDA+U) on
stoichiometric bulk VO indicate an insulating character. Using U = 3 eV
and an exchange parameter J =0.8 eV [16, 17], the gap between the V t2g

spin-up and V t2g spin-down bands is predicted to be 1.2 eV, see Fig. 6.5
[12]. Our optical data confirm (qualitatively) the theoretical prediction. We
note, however, that these calculations were performed for an ideal system,
with no vacancies. It would be extremely difficult to anticipate how the
vacancies will modify the band gap in the real system. One major obstacle
is the fact that vacancies do not order in VO. We mention that in the case
of WO3 the introduction of oxygen vacancies was found, by first-principle
density functional calculations, to increase the size of the band gap [18, 19].

For x = 1.28, the existence of a gap, as indicated by our optical and
transport measurements, is rather surprising. In a simple picture one would
expect VOx with x≥1, where V3+ ions are also present, to be a metal be-
cause it does not cost energy to move one electron from V2+ to V3+. Oxygen
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Figure 6.4: Optical absorption coefficients, calculated using the reflection and
transmission data, for samples with different oxygen content.

K-edge XAS measurements show that in VOx, for x>1, the vanadium va-
lence state is higher than 2+. For x=1.28 the similarity of the XAS spectra
with those of V2O3 is striking, see chapter 3. V3+ d2 ions are thus present
in a large number for x=1.28.

The x-ray diffraction data of Morinaga and Cohen [20] indicate that for
x values above 1.2 vacancies order in bulk VOx. The vacancy ordering is
associated with a periodic modulation of the crystalline lattice that can give
rise in certain situations to an insulating charge-density wave (CDW) state,
with a periodic accumulation of electron density in phase with the lattice
distortion [3]. However, at room temperature we did not find any indication
of vacancy ordering in our x=1.28 sample 2 . This rules out the hypothesis
that some ordering of the vacancies would be responsible for the opening of
a band gap.

We note that Goodenough et al. [21] attempt to account for the disorder
of the atomic vacancies in VO on the basis of a two-phase fluctuation model
that assumes the presence of some strong-correlation clusters within an
itinerant-electron matrix. However, the authors do not specify the nature
of these clusters and they also do not propose a clear mechanism for the
occurrence of a pseudogap. Mostovoy [22] has recently suggested that in

2 We observed x-ray diffraction superstructure patterns only after short annealing at
700 K in vacuum, see chapter 3.
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Figure 6.5: V 3d partial density of states by LSDA+U calculations, with U =3
eV and J =0.8 eV [12].

the case of VOx with x>1 a large part of the conduction electrons may be
trapped at the extra oxygen sites. If the corresponding “bonding” energy
of these electrons is larger than the width of the conduction band, then the
system becomes insulating. This qualitative model could explain the optical
data for our x=1.28 sample.

Further study is obviously still needed in order to determine the influence
of the vacancies on the valence electronic structure of VOx. Photoemission
experiments that allow to monitor in-situ the changes induced to the spectra
when modifying the oxygen content x would be of much help.

6.4 Summary

Optical spectroscopy measurements indicate the opening of a band gap in
nearly stoichiometric VO. The existence of the gap is also confirmed by
transport measurements. The value of the optical gap is consistent with
the value estimated from the conductivity data. Our experimental findings
agree with the results of recent LSDA+U calculations [12], which indicate
that stoichiometric bulk VO is an insulator. However, further investigation,
both experimental and theoretical, is still needed in order to determine how
vacancies influence the electronic structure and properties of VOx.



96 Chapter 6. Direct measurement of a band gap in nearly stoichiometric VO

References

[1] N. Tsuda, K. Nasu, A. Fujimori, K. Siratori, Electronic Conduction in Ox-
ides, Springer, Berlin, 2000.

[2] M. Imada, A. Fujimori, Y. Tokura, Rev. Mod. Phys. 70, 1039 (1998).

[3] P. A. Cox, Transition Metal Oxides, Oxford University Press, Oxford, 1998.

[4] C. N. R. Rao and B. Raveau, Transition Metal Oxides, VCH Publishers,
New York, 1995.

[5] M. D. Banus, T. B. Reed, and A. J. Strauss, Phys. Rev. B 5, 2775 (1972).

[6] L. F. Mattheiss, Phys. Rev. B 5, 290 (1972); Phys. Rev. B 5, 306 (1972).

[7] A. Neckel, P. Rastl, R. Eibler, P. Weinberger, K. Schwarz, J. Phys. C 9, 579
(1976).

[8] A. Svane and O. Gunnarsson, Phys. Rev. Lett. 65, 1148 (1990).

[9] R. O. Jones and O. Gunnarsson, Rev. Mod. Phys. 61, 689 (1989).

[10] J. B. Goodenough, Phys. Rev. B 5, 2764 (1972).

[11] N. F. Mott, Phyl. Mag. 24, 935 (1971).

[12] I. S. Elfimov, unpublished.

[13] V. I. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev. B 44, 943 (1991).

[14] F. Wooten, Optical Properties of Solids, Academic Press, New York, 1972.

[15] K. Terakura, A. R. Wiliams, T. Oguchi, and J. Kübler, Phys. Rev. Lett. 52,
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Chapter 7

Structural and spectroscopic
characterization of V2O3 films

7.1 Introduction

The physical properties of V2O3 have been a subject of investigation, both
experimentally and theoretically, for many years. The starting impetus was
given in 1946 by Foex [1], who observed a metal – insulator transition in
this material at about 150 K. Later work has evidenced a rather complex
phase diagram with at least three regimes1 : paramagnetic metallic (PM),
paramagnetic insulating (PI), and antiferomagnetic insulating (AFI) [2, 3,
4, 5, 6]. Phase transitions may be induced by changes in temperature,
chemical composition or pressure. The metal – insulator transition from the
PM to the AFI phase takes place at about 150 K, whereas the PM to PI
transition occurs at approximately 200 – 300 K, see Fig. 7.1. By chromium
doping (1 – 2%), the PM to PI phase transition can be shifted to room
temperature. The metal – insulator transition from PM to PI is considered
to be a typical example of Mott transition.

The crystal structure is rhombohedral (corundum) in the PM and PI
phases; it becomes monoclinic in the AFI phase [7]. In corundum V2O3,
parallel vanadium and oxygen layers are alternately stacked along the c
axis. Within each vanadium layer the metal ions are arranged in a hexag-
onal, honeycomb configuration, see for example ref. [7]. The shortest V–V
distance is along the c direction. Along this axis, the nearest neighbor metal
ions form V–V pairs where the 3d− 3d (direct) interactions are believed to
be important.

Castellani et al. [9, 10] explained the complex phase diagram of V2O3 in
terms of orbital degeneracy effects. These authors assumed that only one of

1An antiferomagnetic metallic (AFM) phase also known as the spin-density-wave (SDW)
state, has been reported in V2−yO3 at temperatures below 9 K, see for example refs. [7, 8].
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Figure 7.1: Phase diagram for doped V2O3 [4, 5].

the two d electrons of each V3+ ion occupies a doubly degenerate e level2 .
The other electron participates in a rather strong covalent bond involving
adjacent V a1 orbitals along the c axis. In this model each vanadium ion has
an effective spin S =1/2. However, more recent experiments, i.e., polarized
neutron scattering [7, 8], resonant x-ray scattering at the vanadium K-edge
[11, 12], K-edge linear dichroism [13] and polarization-dependent L23-edge
x-ray absorption [14], indicate that each vanadium ion carries a spin moment
S =1, which suggests a high-spin ground state. In a localized picture, the
ground state of the V ion is presently described in terms of a mixture of
e1e1 and e1a1 configurations [14]. A comprehensive review of the latest
theoretical and experimental results can be found in a recent contribution
by Di Matteo et al. [15].

In this chapter we present an analysis of a number of physical properties
of V2O3 thin films epitaxially grown on Al2O3. This study was carried
out in relation with one of the main topics of this thesis, stoichiometry
determination of the VOx thin films. V2O3 was used as calibration sample
for the 18O2 - RBS (Rutherford backscattering spectrometry) measurements.
In order to prove the high quality of our V2O3 films we performed structural
and spectroscopic characterization by means of x-ray diffraction (XRD) and
x-ray absorption spectroscopy (XAS).

2Due to a small trigonal distortion the V t2g orbitals split into a nondegenerate a1 level
and a doubly degenerate e level.
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7.2 Experimental

V2O3 epitaxial thin films were grown on Al2O3(0001) substrates by reactive
e-beam evaporation from a high-purity V-metal rod, with the oxygen par-
tial pressure and the substrate temperature set at 10−6 mbar and 550◦C,
respectively. The Al2O3 substrates were cleaned by annealing at 600◦C in
oxygen atmosphere. The growth was monitored in-situ by reflection high-
energy electron diffraction (RHEED). In-situ characterization of the films
was performed by means of low-energy electron diffraction (LEED) and x-
ray photoemission spectroscopy (XPS). The structural characterization was
completed by ex-situ x-ray diffraction (XRD). The XRD measurements al-
low also the determination of the film thickness. These measurements were
carried out with a Philips MRD diffractometer, equipped with a hybrid
mirror/monochromator for Cu Kα radiation, a 4-circle goniometer and a
programmable slit in front of the detector. Polarization-dependent XAS
measurements have been performed at the 11A Dragon beamline at the
Synchrotron Radiation Research Center Taiwan, using the total electron
yield mode. The light has a degree of linear polarization of 98% and an en-
ergy resolution of 0.16 eV for photon energies between 500 and 550 eV. The
spectra are normalized to the incident photon flux measured using a gold
mesh. The polarization vector E of the incident light is perpendicular or
parallel to the c hexagonal axis of the film. Resistivity measurements were
performed in a commercial Quantum Design PPMS system in the standard
four-point geometry.

7.3 Growth and structure of V2O3 films on Al2O3

An extensive study of the growth conditions and their influence on the
metal – insulator transition in V2O3 films was performed by Schuler et al.
[16, 17, 18]. These authors found that growth of high quality films can be
obtained only in a narrow temperature range between 500◦C and 600◦C.
They also found that the oxygen pressure and the growth rate have only a
minor influence on the film quality. We used similar growth conditions to
those given in refs. [16, 17, 18]. Despite the large lattice mismatch between
the Al2O3 substrate and the V2O3 film, approximately 4%, we could obtain
an epitaxial growth. The RHEED oscillations observed in the intensity of
the specular spot during growth indicate a layer-by-layer growth. RHEED
patterns of a clean Al2O3 substrate and of a 200 Å V2O3 film grown on top
of the substrate are shown in Fig. 7.2. The basic RHEED pattern did not
change, proving the same orientation as the underlaying substrate. RHEED
intensity oscillations obtained during the growth of the V2O3 film are shown
in Fig. 7.3 (a).
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(b)(a)

Figure 7.2: RHEED patterns recorded at an electron energy of 15 kV with the
incident beam along the [100] direction: (a) clean Al2O3(0001) substrate; (b)
200 Å V2O3 film grown on an Al2O3(0001) substrate.
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Figure 7.3: (a) RHEED intensity oscillations of the specularly reflected electron
beam observed during deposition of V2O3 on Al2O3(0001). (b) LEED pattern of
an (0001) oriented V2O3 thin film grown on Al2O3(0001), taken with an energy
of 94 eV.

A sharp LEED pattern also indicates an excellent in-plane orientation,
see Fig. 7.3 (b). The three-fold symmetry in the ab plane (hexagonal LEED
pattern) is characteristic to the corundum structure. X-ray diffraction mea-
surements indicate that the film has the same orientation as the Al2O3(0001)
substrate. θ−2θ scans revealed, as expected, only the (006) and (0012)
peaks. Part of the θ−2θ scan around the (006) peak of the substrate is
shown in Fig. 7.4. The reflection from the V2O3 film is here broadened due
to the finite thickness. Subsidiary thickness fringes are also observed, which
indicates a well defined composition and thickness of the film.
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(006) V2O3

(006) Al2O3

Figure 7.4: θ−2θ x-ray diffraction measurements of a V2O3 film on Al2O3(0001)
substrate around the (006) peak of the substrate.

The c lattice parameter was determined from θ−2θ scans around the
Al2O3 (006) peak by using the Bragg law. This value was smaller than that
found in bulk single crystals, c = 13.96 Å versus c = 14.008 Å [19]. A c
value smaller than in the bulk crystal is quite surprising. Since the a lattice
parameter of the sapphire substrate is about 4% smaller than that of bulk
V2O3, one would expect for the V2O3 thin film a larger c value.

Consistent with the reduced value of the c parameter we found an in-
creased lattice constant in the ab plane. The lattice parameters in the ab
plane were determined from a series of θ−2θ scans at different ω around a
non-specular spot. In Fig. 7.5 we show the reciprocal space map obtained
from θ − 2θ versus ω scans around the non-specular reflection (3 -1 10),
common to the film and the substrate. The peak of the film has a differ-
ent k‖ than the peak of the substrate, see Fig. 7.5, which means that the
growth is relaxed. We carried out thickness-dependent experiments in order
to determine the critical thickness. We found that relaxation starts to occur
already for V2O3 films with a thickness of about 14 Å (6 monolayers). Our
estimation for the in-plane a lattice parameter is 4.98 Å, as compared to
a = 4.95 Å for the bulk crystal [19].

The lattice mismatch induces strain in the film. The expansion of the
in-plane lattice parameters is similar to a negative pressure. Since the
metal – insulator transition is sensitive to pressure, this strain results in
a “broadening” of the metal – insulator transition, as seen in section 7.5 in
the temperature dependence of the electric resistivity. Analogy can be made
with Cr doping in the phase diagram shown in Fig. 7.1. The substitution
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Figure 7.5: XRD reciprocal space map around the non-specular (3 -1 10) re-
flection of a 200 Å thick V2O3 film. The logarithm of the diffracted intensity
as a function of the in-plane k‖ and out-of-plane k⊥ reciprocal lattice vectors is
plotted. The x and y axes are in units of 4π/λ, with λ = 0.15015 nm.

of vanadium ions with chromium enlarges the lattice parameters as well.
Similar results were obtained by Schuler et al. [16]. These authors also

found that V2O3 films grown on Al2O3 always have a c lattice parameter
smaller than the bulk crystals. They discussed the origin of this negative
pressure-like effect in terms of an island type growth of V2O3 on sapphire.
They argued that an island-like growth is preferred in order to reduce the
stress in the film. As discussed in ref. [16], growth on a “spherical” surface
gives rise to an expansion of the in-plane a and b lattice parameters of the
film.

7.4 XPS and XAS measurements

The XPS measurements were performed in-situ, using nonmonocromatic Al
Kα radiation. The binding energies found for the V 2p peaks are similar to
the values known for bulk V2O3, see for example ref. [20]. XPS was mainly
used for a chemical analysis of our films.

In principle, vanadium pentoxide V2O5 may also form at high substrate
temperatures as those used for the growth of the V2O3 films. However, the
XPS data indicate that no V2O5 is present in our samples. We note that
the presence of V5+ ions can be easily detected due to the large chemical
shift relative to the XPS spectrum of V3+.
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Figure 7.6: V L23 x-ray absorption spectrum of a 200 Å thick V2O3 film.

In order to verify the oxidation state of the vanadium ions we also per-
formed x-ray absorption measurements at the V L23 (i.e., 2p → 3d) edge.
The results are shown in Fig. 7.6 (a), (b), for two different temperatures, 300
K (PM phase) and 77 K (AFI phase). The V 2p x-ray absorption spectra
are mainly determined by on-site V 2p → 3d transitions [22, 23]. In Fig. 7.6,
the strong peak at hν ≈ 512 − 518 eV corresponds to the L3 (2p3/2 → 3d)
edge, whereas the second major feature at hν ≈ 518− 528 eV corresponds
to the L2 (2p1/2 → 3d) absorption edge [14, 21]. Due to the presence of a
small trigonal distortion associated with the corundum structure, the V t2g

orbitals split into a nondegenerate a1 level oriented along the c hexagonal
axis and a planar, doubly degenerate e level. The XAS transition proba-
bility to an empty a1 or e state depends strongly on the orientation of the
polarization vector E with respect to the c vector of the hexagonal basis
[14]. Our XAS data show that the E‖c spectra are indeed clearly different
from the E⊥c absorption, see Fig. 7.6 (a), (b).

Our V L23 absorption spectra are very similar to those reported by Park
et al. [14, 21] for V2O3 bulk single crystals. We can safely conclude that
the oxidation state of the vanadium ions is 3+.
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Figure 7.7: Resistivity versus temperature for a 200 Å thick V2O3 film, loga-
rithmic scale.

7.5 Resistivity measurements

Schuler et al. [17] observed that the metal – insulator transition in VO2/TiO2

thin films occurs at about the same temperature as in bulk VO2, whereas
in V2O3/Al2O3 films the metal – insulator temperature transition interval
is much broader as compared to the bulk crystal. This difference was at-
tributed to the strain induced by the lattice mismatch between the substrate
and the film, which is stronger in the latter case [17]. The insertion of a
Cr2O3 buffer layer, which has a similar lattice constant with V2O3, deter-
mines a much sharper metal – insulator transition, with a drop in resistivity
similar to that in bulk V2O3. The authors of refs. [17, 18] also showed
that the “width” of the metal – insulator transition depends very much on
thickness, thicker films having a sharper metal – insulator transition.

The temperature dependence of the resistivity for a 200 Å thick V2O3

film grown on Al2O3 is shown in Fig. 7.7. Below approximately 170 K, the
resistivity of our V2O3 sample increases rapidly with decreasing tempera-
ture. From the resistivity data, there is no clear indication for a metal –
insulator transition in our film. However, as mentioned above, the temper-
ature interval where the transition from the metallic to the insulating state
occurs may be considerably broad, due to the small thickness of our film
and the strain induced by the substrate. For example, Schuler et al. [17]
reported for a 200 Å thick V2O3 film grown directly on an Al2O3 substrate
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a metal – insulator temperature transition interval ∆T >80 K.

7.6 Summary

We have grown epitaxial thin films of V2O3 on Al2O3 substrates. V2O3

was employed as calibration sample in 18O2 - RBS experiments performed
for determining the stoichiometry of vanadium monoxide films. The V2O3

films have an excellent in-plane orientation as well as in the c direction. The
films are under tensile strain, which is equivalent with a negative pressure.
We determined by means of x-ray diffraction that the c lattice parameter
is smaller than the corresponding value in bulk crystals. X-ray absorption
measurements clearly show that the oxidation state of the V ions is 3+.
We also observed a strong polarization dependence in the V L23 absorp-
tion spectra of our V2O3 films, similar to the XAS polarization dependence
reported for bulk V2O3.
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Summary

This thesis is concerned with the investigation of a number of physical prop-
erties of the vanadium monoxide system VOx. VO and TiO are considered
to be the only metallic compounds among the monoxides formed by the first-
row transition metal elements. A large number of vacancies is characteristic
to these two materials. Stoichiometric VO and TiO, for example, contain ap-
proximately 15% of both metal and oxygen vacancies, randomly distributed.
It is believed that the large amount of vacancies induces a contraction of the
crystalline lattice, leading thus to smaller interatomic distances, increased
orbital overlap and an overall stabilization of the valence energetic levels.
Vanadium monoxide crystalizes in a cubic rocksalt structure and is stable
over a wide stoichiometry range, 0.8<x<1.3. A thorough investigation of
the physical properties of bulk VOx and TiOx polycrystalline samples was
carried out in the early 70’s. The transport measurements revealed that,
despite the structural similarities, the electric and magnetic properties of
VOx and TiOx are very different. VOx shows a gradual transition from
metallic to semiconducting behavior around x = 1.05. In contrast, TiOx

is a metallic paramagnet over the entire stoichiometry range. In VOx the
Seebeck coefficient changes at x = 1.05 from negative to positive values.
Furthermore, the temperature dependence of the magnetic susceptibility
follows a Curie –Weiss law, suggesting that electrons are partially localized.
Another difference between VOx and TiOx concerns the modification of the
lattice parameters when changing the stoichiometry: the lattice constant
in VOx increases when increasing the oxygen content, whereas in TiOx it
decreases.

The origin of these differences between the properties of VOx and TiOx

has been addressed in the 70’s by Goodenough and Mott. They interpreted
the electronic structure and properties of the two materials in terms of pos-
sible vacancy-induced effects and, in the case of VOx, electron correlations.
Although these theoretical studies represent very important contributions
towards an understanding of the electronic structure of the VOx and TiOx

systems, they still do not give definitive answers to a number of issues like:
the mechanism responsible for the stabilization of such a large number of
vacancies, the lack of vacancy ordering and the actual effect of the vacancies
on the valence electronic structure.
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The aim of the work presented in this thesis is to reinvestigate the struc-
tural, electric and magnetic properties of the VOx system. Our study was
carried out on epitaxial, monocrystalline VOx thin films. Molecular beam
epitaxy was employed to grow vanadium monoxide films with well controlled
stoichiometry. This is not a trivial task because a wide stoichiometry range
is characteristic to this material. We studied in particular the effect of the
epitaxial strain induced by the substrate and the dependence of the electric
and magnetic properties on the oxygen content x.

In chapter 3 of this thesis we describe the structural and electric proper-
ties of VOx thin films epitaxially grown on MgO substrates. After a careful
optimization of the growth conditions, we were able to prepare several series
of VOx/MgO samples, by varying the oxygen flux while keeping the vana-
dium flux constant. One important issue is the accurate determination of
the oxygen content x. In this chapter, the 18O2 - RBS (Rutherford backscat-
tering spectrometry) technique is introduced as a convenient method to de-
termine the stoichiometry of our films. 18O2 instead of 16O2 was employed
for film growth in order to distinguish between the oxygen peaks corre-
sponding to the film and the substrate, respectively. The use of a 1.5 MeV
He+ beam ensures a good mass separation between the 16O and 18O species.
The O/V ratio in the VOx films can be then easily calculated using a V2O3

film as reference. We found that the oxygen content in our films can be var-
ied between 0.8 and 1.3. Once the stoichiometry is known, the vanadium
and oxygen vacancy concentrations can be also estimated from the RHEED
(reflection high-energy electron diffraction) data. The amount of vacancies
turned out to be very similar to that known for the bulk material.

The structure of our VOx films was investigated in-situ by electron
diffraction techniques and ex-situ by means of x-ray diffraction. We found
that the VOx films grow epitaxially on the MgO substrates, with a rocksalt
structure. X-ray absorption (XAS) measurements using synchrotron radi-
ation were performed in order to determine the valence of the vanadium
atoms. The O K -edge XAS measurements show that a crossover from less
than 2+ to more than 2+ V valency occurs for an RBS x value of approx-
imately 0.94−0.97. This value is not far from 1.00, and can be taken as
an indication for a good agreement between the results of XAS and RBS
measurements. We observed that the electrical conductivity of our films is
much lower than the conductivity of bulk samples, which we attribute to a
decreased orbital overlap in the coherently tensile strained layers.

A major concern of this thesis work is to explore the effect of the epitax-
ial strain on the transport properties. Chapters 4 and 5 are devoted to this
matter. The use of epitaxial strain is believed to modify the vacancy concen-
tration and the V t2g –V t2g orbital overlap, influencing thus the properties
of the material. We have grown epitaxial VOx films on two other differ-
ent substrates. First, we have chosen SrTiO3 because this substrate has a
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smaller lattice constant and the VOx films are thus “forced” to grow under
compressive strain. Secondly, we employed MgAl2O4, which can provide an
almost strain free growth. In order to exclude size effects we prepared films
with the same thickness. As previously observed for films grown on MgO
substrates, the amount of vacancies is rather strain-insensitive. The pres-
ence of epitaxial strain is strongly reflected in the electrical properties. The
VOx films grown under compressive strain on SrTiO3 show higher conduc-
tivity as compared to films grown under tensile strain on MgO. For similar
oxygen content x the conductivity of the VOx/MgAl2O4 films takes interme-
diate values between the values corresponding to films grown on MgO and
SrTiO3. The results of our measurements on the VOx/MgAl2O4 samples
are very similar to the data reported for the bulk material.

An unexpected effect, not found in the bulk material, concerns the
magneto-transport properties of the VOx system. We observed a large,
positive magnetoresistance (up to 70% in a magnetic field of 5 T) in VOx

thin films epitaxially grown on SrTiO3 substrates. The magnetoresistance
coefficient behaves as

√
H at low temperatures and high fields. The posi-

tive sign of the effect, i.e. increased electric resistivity in external magnetic
fields, implies different underlying physical mechanisms as compared to the
so-called GMR (giant magnetoresistance) metallic multilayers or the man-
ganite perovskites, where, as a rule, the resistivity decreases with field. The
explanation of the observed behavior may rely on the interplay between elec-
tron – electron interactions and disorder. However, the magnetoresistance
effect in our VOx/SrTiO3 thin films is much stronger than that predicted
theoretically. This can be in principle determined by the presence of higher
disorder and stronger electron correlations. Still, alternative explanations,
related to the existence of an inhomogeneous magnetic susceptibility and
the proximity of our system to a magnetic instability, can not be excluded.

The conductivity data strongly suggests the presence of a band gap in
VOx films with x ≥ 1. In order to verify this interpretation we carried out
optical spectroscopy measurements. We present the results of our optical
measurements in chapter 6 of the thesis. We observed indeed the opening
of a band gap in nearly stoichiometric VO. The value of the optical gap
is consistent with the value estimated from the conductivity data. Recent
density functional band structure calculations within the LSDA+U scheme
also predict a finite band gap in stoichiometric VO. However, in this study
an idealized crystal structure was used, with no vacancies.

In the last chapter we present an analysis of a number of physical prop-
erties of V2O3 thin films. This study was carried out in relation with one
important aspect of this thesis, stoichiometry determination of the VOx

thin films, where V2O3 was used as a calibration sample. Structural and
spectroscopic characterization were performed by means of x-ray diffraction
and x-ray absorption spectroscopy, in order to prove the high quality of our
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V2O3 films. The V2O3 films have an excellent in-plane orientation as well
as along the perpendicular c direction. We determined by means of x-ray
diffraction that the V2O3 films are under tensile strain, which is equivalent
with a negative pressure. The c lattice parameter is smaller than the corre-
sponding value in bulk V2O3. The x-ray absorption data clearly show that
the oxidation state of the vanadium ions is 3+.



Samenvatting

Dit proefschrift houdt zich bezig met een aantal fysische eigenschappen van
vanadium monoxide. VO en TiO zijn de enige metallische stoffen onder de
monoxides die gevormd kunnen worden uit de overgangsmetaal elementen
uit de eerste rij. Een karakteristieke eigenschap van deze materialen is dat
ze een groot aantal vactures bezitten. Stoichiometrisch VO en TiO bevatten
ongeveer 15% van zowel metaal als zuurstof vacatures, die willekeurig ver-
spreid zijn. Aangenomen wordt dat het grote aantal vacatures een contrac-
tie van het kristal rooster veroorzaakt, hetgeen leidt tot kleinere afstanden
tussen de atomen en een toegenomen overlapping van de orbitals.
Vanadium monoxide, VOx, kristalliseert in de kubische keukenzoutstructuur
en is over een groot stoichiometrie bereik stabiel, 0.8<x<1.3.

De fysische eigenschappen van bulk, polykristallijn VOx en TiOx zijn
nauwkeurig onderzocht aan het begin van de jaren zeventig. Electrische
geleidingsmetingen toonden aan dat er een verschil is tussen de electrische
en magnetische eigenschappen van VOx en TiOx, ondanks de structurele
overeenkomsten tussen beide stoffen. VOx heeft een geleidelijke overgang
van metallisch naar halfgeleidend gedrag voor x = 1.05. In tegenstelling
hiermee is TiOx een metallische paramagneet over het hele stoichiometrie
bereik. De Seebeck coefficicent van VOx gaat van negatieve naar positieve
waarde bij x = 1.05. De temperatuursafhankelijkheid van de magnetische
susceptibiliteit gaat volgens de Curie –Weiss wet, hetgeen suggereert dat
de electronen gedeeltelijk gelokaliseerd zijn. Een ander verschil tussen VOx

en TiOx betreft de verandering van de roosterparameters bij veranderende
stoichiometrie: de roosterconstante van VOx neemt toe bij toenemend zuur-
stofgehalte, terwijl de roosterconstante van TiOx afneemt.

Goodenough en Mott hebben twee theoretische modellen opgesteld om
de verschillen tussen beide systemen te verklaren. In deze modellen worden
de electronische eigenschappen van VOx besproken in termen van electron
correlatie en effecten gëınduceert door de vacatures. Alhoewel deze theo-
retische werken een belangrijke bijdrage aan het begrip van de electronische
structuur van VOx hebben geleverd, geven ze geen definitief antwoord op
een aantal vragen zoals: de stabiliteit van zo’n groot aantal vacatures in deze
stoffen, het gebrek aan ordering van de vacatures in stoichiometrisch VO in
tegenstelling tot TiO en de precieze rol van de vacatures met betrekking tot
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het transport gedrag.

Het doel van het werk dat in dit proefschrift gepresenteerd wordt is
om de structurele, electrische en magnetische eigenschappen van het VOx

systeem te heronderzoeken. Wij hebben een systematische studie uitgevo-
erd, die zowel de groei en karakterisatie van dunne films van éénkristallijn
VOx behelst. De vanadium monoxide films zijn gegroeid met behulp van
moleculen bundel epitaxie, en de stoichiometrie van de films is zeer goed
gecontroleerd. Dit is geen triviale taak, aangezien het materiaal voorkomt
met een groot stoichiometrie bereik, 0.8<x<1.3. We hebben met name de
invloed van het zuurstof gehalte x en de epitaxiale spanning die door het
substraat wordt gëınduceerd op de electrische en magnetische eigenschappen
onderzocht.

In hoofdstuk 3 van dit proefschrift verdiepen we ons in de groei en karak-
terisatie van de VOx films die epitaxiaal op MgO(100) substraten gegeroeid
zijn. Na de groeicondities nauwkeurig geoptimaliseerd te hebben, hebben
we verscheidene VOx samples gemaakt, waarbij de zuurstof flux gevarieerd
werd en de vanadium flux constant gehouden werd. Een zeer belangrijk punt
is om het zuurstofgehalte x nauwkeurig te bepalen. We hebben 18O2 - RBS
(Rutherford backscattering spectrometry) gëıntroduceerd als een geschikte
methode om de stoichiometrie van onze ultradunne VOx lagen nauwkeurig
te bepalen. Tijdens de film groei is 18O2 in plaats van 16O2 gebruikt, zo-
dat de zuurstof pieken van de film en het substraat onderscheiden konden
worden. Het gebruik van een 1.5 MeV He+ bundel zorgt voor een goede
scheiding van 16O en 18O op grond van hun verschillende massa. De O/V
verhouding in VOx films kan dan gemakkelijk berekend worden door V2O3

als referentie sample te gebruiken.

Wij hebben gevonden dat het zuurstofgehalte in onze films varieert
tussen 0.8 en 1.3. Als de stoichiometrie eenmaal bekend is, kan tevens
het vacature gehalte van zowel vanadium als zuurstof bepaald worden uit
RHEED (reflection high energy electron diffraction) data. Het percentage
vacatures bleek nagenoeg hetzelfde te zijn als voor het bulk materiaal. De
structuur van de VOx films was in-situ onderzocht met behulp van electro-
nen diffractietechnieken en ex-situ met behulp van Röntgendiffractie. De
VOx films groeien epitaxiaal in de keukenzoutstructuur op de MgO sub-
straten. Röntgenabsortie (XAS) metingen, gebruik makend van synchroton
straling, zijn uitgevoerd om de valentie van de vanadium atomen te bepalen
en om de stoichiometrie te verifiëren. Uit de zuurstof K -edge XAS metingen
bleek dat er een crossover plaatsvond van minder dan 2+ naar meer dan 2+
vanadium valenties voor een RBS x waarde van ongeveer 0.94−0.97. Deze
waarde is niet ver van 1.00, en kan derhalve als een indicatie gebruikt wor-
den dat er een goede overeenstemming is tussen de XAS en RBS methoden.
We hebben waargenomen dat de geleiding van onze films veel lager is dan de
geleiding van bulk samples, hetgeen we wijten aan een verminderde directe
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overlapping tussen de V t2g orbitalen ten gevolge van de rekspanning in de
films.

Een belangrijk doel van dit promotie onderzoek was om het effect van de
epitaxiale spanning op de transport eigenschappen te onderzoeken. Hoofd-
stukken 4 en 5 zijn gewijd aan dit vraagstuk. Door het teken en de grootte
van de epitaxiale spanning te veranderen, verwachten we veranderingen in
de electrische eigenschappen waar te nemen ten gevolge van een gëınduceerde
variatie in de vacature concentratie en in de overlapping tussen de metaal
3d orbitalen. Derhalve hebben we epitaxiale VOx films op verschillende
substraten gegroeid. Ten eerste hebben we SrTiO3 gekozen, omdat dit sub-
straat een kleinere roosterconstante heeft en de VOx films daardoor worden
gedwongen om onder een drukspanning te groeien. Ten tweede hebben we
MgAl2O4 als substraat gebruikt, welke een bijna spanningsvrije groei ver-
schaft. Om grootte effecten uit te sluiten hebben we films met dezelfde
dikte gemaakt. Zoals ook waargenomen in films die op MgO zijn gegroeid,
is het aantal vacatures onafhankelijk van de spanning. De invloed van de
epitaxiale spanning wordt in sterke mate teruggevonden in de electrische
eigenschappen. De VOx films die onder een drukspanning gegroeid zijn op
SrTiO3, hebben een hogere geleiding vergeleken met films die onder een
rekspanning gegroeid zijn op MgO. Voor hetzelfde zuurstofgehalte x ligt de
geleiding van VOx/MgAl2O4 tussen de waardes van de films gegeroeid op
MgO en SrTiO3 in. De resultaten van onze metingen aan de VOx/MgAl2O4

samples komen sterk overeen met de data voor bulk materiaal.

Een onverwacht effect, dat niet in de bulk gevonden is, werd waargenomen
in de magneto-transport eigenschappen. We hebben een grote, positieve
magneto-weerstand (tot 70% in een magnetisch veld van 5 T) die zich bij
lage temperatuur en in hoog veld gedraagt als

√
H waargenomen in dunne

VOx films, die epitaxiaal op SrTiO3 substraten gegroeid zijn. Het positieve
teken van de magnetoweerstand, d.w.z. de toename van de weerstand met
aangelegd magnetisch veld, impliceert dat er een ander fysisch mechanisme
is dan in metallische multilagen of in de manganite perovskieten, waarin de
weerstand afneemt met magnetisch veld. Wij voeren aan dat de mogelijke
uitleg van het waargenomen gedrag mogelijk afhangt van de wisselwerking
tussen electron – electron interacties en wanorde. Het waargenomen effect is
veel groter dan de theoretisch berekende waarde, maar dat kan in principe in
verband gebracht worden met sterkere electron – electron interactie effecten
en een grotere mate van wanorde. Desalniettemin kunnen alternatieve verk-
laringen, die afhangen van de inhomogene magnetische susceptibiliteit en
het feit dat ons systeem dicht tegen magnetische instabiliteit aan zit, niet
uitgesloten worden.

Omdat de geleidingsdata sterk de aanwezigheid van een eindige bandgap
in VOx met x ≥ 1 suggereerde, hebben we optische absorptie metingen
uitgevoerd om deze mogelijkheid te onderzoeken. De resultaten van deze
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metingen staan beschreven in hoofdstuk 6. We hebben het ontstaan van
een bandgap in bijna stoichiometrisch VO waargenomen met behulp van
optische absorptie. De waarde van de optische gap is consistent met de
waarde die uit de geleidingsdata bepaald was. Onze experimentele vindin-
gen bevestigen kwalitatief de resultaten van recent LSDA+U berekeningen,
die aanduiden dat stoichiometrisch VO een isolator is.

In het laatste hoofdstuk presenteren we een analyse van een aantal fy-
sische eigenschappen van V2O3 dunne films. Deze studie werd uitgevo-
erd in samenhang met een van de hoofdonderwerpen van dit proefschrift,
stoichiometrie bepaling van de VOx dunne films. V2O3 werd als ijkmon-
ster gebruikt voor de 18O2 - RBS metingen. Structurele en spectroscopische
karakterisatie werd uitgevoerd met behulp van Röntgendiffractie en Röntgen
absorptie spectroscopie, om de hoge kwaliteit van onze V2O3 films aan te
tonen. De V2O3 films hebben een goede orientatie in het vlak en ook in
de c - richting. Uit Röntgen absorptie spectroscopie metingen bleek dat het
valentie getal van het vanadium ion 3+ is. Met behulp van Röntgen diffrac-
tie hebben we aangetoond dat de c - parameter kleiner is dan de c - parameter
in een bulk kristal. De V2O3 films staan dus onder rekspanning, hetgeen
gelijk is aan een negatieve druk.
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