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Chapter 1

Introduction

In the last decade, the amount of research efforts in the field of thin film research
has increased considerably. One of the motivations is that new materials can be
made with new or improved properties. It is more and more recognized that physi-
cal and chemical properties of materials in thin film form depend strongly on their
environment, especially for highly correlated materials and molecular crystals.

There are many examples in the literature that demonstrate the opportunities
provided by thin film research. A nice example from the field of magnetism is the
work carried out by the group of Kawai [1], in which they succeeded in realizing a
ferromagnetic spin order in thin films of LaFe0:5Cr0:5O3, a material that normally,
i.e. in bulk form, is always a paramagnet. The films become ferromagnetic by
making the material as a superlattice of LaFeO3 and LaCrO3 layers alternatingly
stacked along the [111] direction such that the dominant magnetic interactions are
given by the ferromagnetic (d5�d3) Fe-O-Cr superexchange [2–4]. Also spectacu-
lar is a claim from the field of high-T

c
superconductivity, namely the one in which

Locquetet al. [5] stated that the critical temperature of La1:9Sr0:1CuO4 can be
doubled using epitaxial strain, i.e. by growing the material as a thin film epitaxially
on a SrLaAlO4 substrate.

There are several approaches possible to modify the properties of materials
using thin film technology. An approach often applied for (inter)metallic mag-
netic systems is to make use of the reduced dimensionality of the ultra-thin film
to create quantum well states or interface states, as to alter the magnetic prop-
erties of the materials. For oxides, the presence of the substrate can be used to
provide a different crystal field near the interface or to induce strain in the thin
film, thereby influencing the magnetic anisotropy like in the case of NiO films
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4 Chapter 1 Introduction

on MgO(100) [6,7], and/or changing the magnitude or even the sign of the vari-
ous (super)exchange interactions [1–5]. The substrate can also be used to create
a modified Madelung potential near the interface or to provide extra polarizability
with which the properties of the film can be altered [8–12].

The use of substrates in thin film research is also extremely valuable for the
preparation of materials. The substrate, for instance, can act as a template for
the overlaying film so that it grows in a particular crystal structure that could be
different from the bulk at ambient conditions. In some cases one can even stabilize
thin films of materials that otherwise do not exist as bulk material in nature. By
using MBE (molecular beam epitaxy) techniques, one can make materials far out
of the equilibrium conditions, and thus one has the possibility to find alternative
and perhaps also better routes to make high quality materials.

Motivated by the spectacular colossal magnetoresistance (CMR) behavior -
which is the magnetoresistance associated with a ferromagnetic to paramagnetic
transition - observed in La1�xSr

x
MnO3 compounds [13], we would like to explore

the properties of CrO, a material in which the transition metal ion has the Jahn-
Teller 3d4 configuration, the same as that found in LaMnO3. However, not much
is actually known about CrO. Worse, to our knowledge there is no indication in the
literature that CrO even exists as a bulk material in nature. We therefore first have
to find ways to grow this material in an artificial manner, for instance, by making
use of the MBE technique as a powerful tool to create single crystal thin films far
out of equilibrium conditions. This is in principle a non-trivial task, but the efforts
that we may have to put in are perhaps well spent, since it is tantalizing to speculate
that CrO may have equally fascinating magnetic and electrical properties as those
observed in the manganates. The origin of these phenomena lies in the strong in-
teraction between the orbital and the spin degrees of freedom typical in Jahn-Teller
systems, as we now will briefly explain.

Let us consider first a 3d transition metal ion surrounded by six oxygen ions in
a simple octahedral symmetry. The transition metale

g
orbitals (d

x
2
�y

2 , d
z
2) point

directly at these oxygen ions, while thet2g orbitals (d
xy

, d
xz

and d
yz

) point in
between the oxygen ions. The electrostatic repulsion causes thee

g
orbitals to have

a higher energy than thet2g [14] [15], and this octahedral crystal field splitting is
labelled as10Dq. Which of these orbitals will actually be occupied depends very
much on the magnitude of the crystal field splitting relative to the on-site Coulomb
and exchange interactions between the electrons, of which the Hund’s ruleJ

H
is an

important term that favors the occupation of orbitals with a parallel spin alignment.
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FIGURE 1.1. Energy level diagram for a3d4 Jahn-Teller system.

For most transition metal compounds in which the ions has ad4 occupation, we
expect that the high spin state is more stable than the low spin state, since usually
the10Dq values are quite modest (e.g.10Dq not larger than about 4J

H
). This is

indeed the case for the manganates, and figure 1.1 shows the corresponding energy
level diagram.

In this high spind4 configuration, one electron is occupying a doubly degen-
eratee

g
orbital. The system now can lower its energy, if this degeneracy can be

lifted. This lowering of the symmetry can be done, for instance, by lengthening
the transition metal - oxygen bonds in the z-direction, as shown in figure 1.1. The
result is now that thed3z2�r2 orbital will be occupied, while thed

x
2
�y

2 remains
unoccupied. This phenomenon is called the Jahn-Teller effect. The occurrence of
such local distortions away from octahedral symmetry in a solid state system has
important implications, since one now has to consider in detail how these local
distortions, and thus local orbital orientations, can or cannot be made commensu-
rate, and in what manner, with the crystal structure. Using the famous Anderson-
Goodenough-Kanamori rules for superexchange interactions [2–4], one can easily
understand that certain cooperative arrangements of the Jahn-Teller distortions will
lead to ferromagnetism, while other arrangements may result in antiferromagnetism
[16–18]. The coupling of local orbital orientations with the spin degrees of freedom
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will become even more complex (and interesting at the same time), if extra charge
carriers are introduced into the system [13].

In laying out a plan to grow CrO in an artificial manner as a single crystal
thin film using MBE, it is quite difficult to make ana priori justification for the
choice of substrates and growth conditions. The crystal structure of CrO is sim-
ply not known, and if we look at all the other3d transition metal monoxides, we
see that they have the rocksalt structures [19] with lattice constants in between
4:062Å (V O) and 4:4448Å (MnO), exceptCuO, which is monoclinic, proba-
bly related to the fact that Cu2+ is a Jahn-Teller ion. This seems to suggest that
the Jahn-Teller effect in Crd4 will also play an important role for the growth and
the resulting crystal structure. We will therefore use substrates with various lat-
tice constants:MgO, (100) oriented, having a rocksalt crystal structure and a lat-
tice constanta

MgO
= 4:212Å; MnO, (100) oriented, with rocksalt structure and

a
MnO

= 4:4448Å; andSrT iO3, (100) oriented, having a perovskite structure and
a
SrT iO3

= 3:905Å. The underlying idea is that a substrate with a smaller lattice
constant may stabilize the occupation of thed3z2�r2 orbitals of the chromium ions,
while a substrate with a larger lattice constant may induce the occupation of the Cr
d
x
2
�y

2 orbitals, or a mixture of superstructuredd3x2�r2 andd3y2�r2 orbitals. Yet,
perfect lattice matching may not be possible, and theCrO film may be strained if
the film is thin, or relaxed if a certain (still to be determined) critical thickness is
exceeded, complicating the growth process and analysis thereof.

Our hope is that at least the MBE method is capable of inducing various
chromium oxide phases. In order to see which ones we can expect, in figure 1.2
the chromium - oxygen phase diagram is shown, indicating the stable phases as a
function of temperature and oxygen composition [20], [21]. As it can be seen, the
most stable oxide phase isCr2O3; Cr3O4 is thermodynamically stable only above
1600ÆC, andCrO does not exist.

The corundum structuredCr2O3 is a magnetic insulator [22] and is an impor-
tant industrial catalyst which is often used in polymerization reactions [23]. It is
also used in passivation of stainless steel. There is another stable form of chromium
oxide,CrO2, a conducting ferromagnet used in magnetic recording media because
of its resistance to corrosion and its high coercivity. The formation of a cubic spinel
 � Cr2O3 has also been reported under certain thin film growth conditions [19].

Until now, most of the work on chromium - oxygen systems focused on the
study of oxygen adsorption and oxide formation onCr(100),Cr(110) andCr(111)
surfaces, and on growing epitaxial thin films ofCr2O3 onPt(111), Cr(110) and
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FIGURE 1.2. Cr-O phase diagram

Al2O3(0001) substrates. However, Maetakiet al. claimed that they obtained one
monolayer ofCrO, (111) oriented onCu(100) andCu(110) substrates by depo-
sition of chromium atoms, exposure to oxygen and heating at400ÆC in vacuum
[24], [25]. Xu et al. studied the adsorption and reaction ofNO andNO2 on
Cr2O3(111)=Cr(110), and they found that the Cr atoms located within the ox-
ide surface are in oxidation states different from the bulk, namelyCr2+,Cr3+ and
some metallicCr [26]. Here also the study done by Schmidet al. can be mentioned
who have observed on theCr(100) surface covered with one monolayer of oxygen
a chromium vacancy concentration of about17% in the first monolayer [27]. They
argue that the vacancy formation is energetically favored and not caused by stress
but by electronic effects.
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For growing the chromium oxides, we used firstNO2 as oxidizing gas and this
work is described in chapter 3 of this thesis.NO2 proved to be a very efficient
oxidizing agent in preparingNiO andCoO thin films onMgO(100) substrate
[28] andMgO thin films on Ag(100) substrate [29]. Moreover, it was shown
that most of the iron oxide phases can be induced byNO2 assisted MBE [30–32],
and as long as theNO2 flux is sufficiently high it will act exclusively as a source
of oxygen. A possible disadvantage of usingNO2 could be the fact that at low
fluxes phases are formed in which oxygen is partly substituted by nitrogen, and the
amount of nitrogen in the samples increases nearly linear with decreasing theNO2
flux. For this reason,O2 andO3 were used also as oxidizing agents, and this work
is described in chapter 4.
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Chapter 2

Experimental methods

2.1 Growth of oxide thin films using molecular beam epi-
taxy

2.1.1 General considerations

Since its conception in the 1960s [1] [2] molecular beam epitaxy (MBE) has ex-
perienced a tremendous development [3]. Nowadays MBE includes the growth of
metals, semiconductors, magnetic materials, nitrides, oxides and fluorides using
solid and gaseous as well as metal-organic sources. MBE can best be described as
a highly controlled deposition process. Epitaxial layers are grown in a ultrahigh
vacuum (UHV) environment, by impinging thermal beams of molecules or atoms
upon a heated substrate [4]. In the book of Braun [3] four major advantages of
MBE as a tool for basic research and device production are summarized:

� MBE allows a very precise control of layer thickness and dopant incorpora-
tion down to the atomic scale.

� It facilitates analysis of growth processes such as surface migration and dopant
incorporation.

� The UHV environment in the growth chamber allows the application of vari-
ousin-situ measurement techniques to study the processes governing crystal growth.
At the same time these measurements can be used to implement real-time feedback
loops for growth control.

� Toxic chemicals are contained within the vacuum chamber.
In MBE, the composition of the grown material depends on the relative arrival

rates of the constituents elements, which depend on the evaporation rates of the

11



12 Chapter 2 Experimental methods

various sources. In addition, a very important parameter for epitaxy is the misfit
between the substrate and adsorbate lattice [5] [6].

There exist three different types of growth modes, namely: Frank van der
Merwe (layer-by-layer) growth, the Stranski-Krastanov (island) growth character-
ized by an initial layer-by-layer mechanism followed by nucleation and growth of
three dimensional crystallites, and finally the Volmer-Weber growth characterized
by the growth of three dimensional clusters on the bare substrate [7].

2.1.2 MBE set-ups

For the sample growth we have employed two complementary ultra-high vacuum
(UHV) set-ups.

The first one is a MBE system, primarily suited for studying the growth process
and crystallographic structure of the films. A sketch of this system is shown in
figure 2.1.

The system consists of three separate chambers: (1) The first chamber is a
preparation chamber with facilities for electron-beam annealing of the substrates
having a base pressure of about1 � 10�10 mbar. (2) The second one is a growth
chamber with a base pressure in the low10�10 mbar, equipped with a sample ma-
nipulator, evaporation sources made of alumina crucibles from which chromium
and magnesium metals were evaporated, a stainless steel pipe to deliver the oxidiz-
ing agent to the sample, RHEED gun, a quadrupole mass-spectrometer for residual
gas analysis and a quartz crystal microbalance to monitor the metal fluxes. The
manipulator allows positioning and orientation of the crystal by adjustment of the
x, y and z coordinates and of the polar and azimuthal angles. The sample tem-
perature on the manipulator can be controlled between�140ÆC and600ÆC. The
stainless steel pipe is connected with a buffer volume where the oxidizing agent
was fed through a needle leak valve from an exterior bottle. The flux of the oxidiz-
ing particles at the substrate surface is proportional to the buffer volume pressure
measured with a capacitance manometer. (3) There is finally, an analysis chamber
which reaches the low10�11 mbar region and is equipped with a conventional X-
ray source for XPS (MgK

�
and AlK

�
radiations), a VG CLAM 2 hemispherical

analyzer and a rear-view LEED apparatus with four grid optics.

The second ultra-high vacuum set-up is a high-resolution electron spectroscopy
system dedicated for the determination of the electronic structure of the films. It
has an attached deposition chamber for growing sample filmsin situ under the
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FIGURE 2.1. Schematic drawing of the MBE setup utilized for the chromium oxide
growth study

optimum conditions as determined in the MBE set-up. This preparation chamber
has a base pressure in the low10�10 mbar range system and it is equipped also with
a sample manipulator, two effusion cells with manually controlled shutters used for
chromium and magnesium metals, a stainless steel pipe to deliver the oxidizing gas
connected with a buffer volume and a capacitance manometer, RHEED gun and a
water cooled quartz crystal microbalance used to monitor the metal fluxes. Figure
2.2 is a schematic representation of the system geometry while growing the sample.

The manipulator has three degrees of freedom, i.e. x and z movement, and a
rotation around the polar angle, used for the sample positioning, transportation into
the system and to properly optimize the RHEED pattern. The sample temperature
on the manipulator can be controlled between room temperature and600ÆC.
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Substrate

Gas pipe
Evaporation
sources

Cr

Mg

Shutter

FIGURE 2.2. Schematic representation of the MBE system

The Cr effusion cell and the stainless steel gas pipe make an angle of40Æ with
the normal of the substrate surface. The oxidizing agent was fed from a bottle via
a leak valve into the buffer volume and from here it was delivered via the nozzle to
the substrate. The flux of oxidizing particles at the substrate surface is proportional
to the buffer volume pressure, measured with the Baratron capacitance manometer.
For measuring the metal fluxes, the quartz crystal microbalance was placed in the
sample growth position, thus providing an accurate calibration.

At the small angles of incidence necessary to observe RHEED intensity oscil-
lations, the samples grown on insulating substrates had a tendency to charge giving
blurred RHEED patterns. To reduce the charging an additional low-energy electron
flood gun was used. In order to improve the RHEED measurements we used also
a beam shutter positioned before the RHEED screen with the role of reducing the
intensity of the primary, undeflected electron beam and therefore providing a much
lower background intensity.

In addition, the deposition chamber is provided with a cleaver for the UHV
cleavage of bulk samples, and an annealing oven and a gas nozzle positioned at
� 5 cm from the oven in order to provide oxygen for substrate annealing.
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The XPS part is equipped with a small spot (150-1000�m) monochromatized
Al K

�
source and a hemispherical electron energy analyzer with multichannel de-

tection system. The electrons were collected at a take-off angle of55Æ with respect
to the surface normal of the samples. This system has also a rear-view LEED ap-
paratus with four grid optics.

2.1.3 Substrate preparation and cleaning

As it was mentioned in chapter one, the substrates used for growing the chromium
oxide were:MgO(100), MnO(100) andSrT iO3(100).

MgO andMnO substrates were cleavedex situ from single crystal blocks
along thef100g planes and then annealed for 1 - 2 hours at650ÆC in an oxygen
atmosphere of1 � 10�8 mbar, with the gas nozzle positioned at� 5 cm from the
sample. PolishedSrT iO3(100) substrates were annealed in vacuum for about 3
hours at500ÆC. These procedures led to atomically clean and well-ordered surfaces
as seen by XPS, RHEED and LEED.

Al2O3(0001) polished substrates were used to grow��Cr2O3 reference sam-
ples and they were annealed for about 3 hours at650ÆC in an oxygen atmosphere
of 1� 10�8 mbar.

2.1.4 The choice of oxidation gas

As we discussed in the chapter one of this thesis, the oxidizing agents used for
growing the chromium oxide were:NO2, O2 andO3. The first two gases were
ready to use from bottles, and the ozone was produced from dry oxygen using an
ozone-generator SANDER type 301.7. The as-producedO3 was stored in a bottle
containing 250g of silica gel cooled to�80ÆC with a dry ice / alcohol mixture. At
a current consumption of the ozone-generator of 1.4 A, with anO2 feed rate of 300
l/h, 12 g ofO3 was produced per hour.

2.2 Analyzing techniques

2.2.1 In situ RHEED and LEED

In Reflection High Energy Electron Diffraction (RHEED) the primary electron
beam of high energy (15 keV in our case) impinges upon the crystal surface at
grazing incidence [3] [8]. The forward elastic scattering is very strong and the
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streaked diffraction pattern observed on a fluorescent screen will be characteristic
for the surface atomic arrangement. In Low Energy Electron Diffraction (LEED)
an electron beam with a small convergence and variable energy (between 50 eV
and 300 eV) impinges on the crystal surface at normal incidence and a spot-like
diffraction pattern is observed on the fluorescent screen. Due to the geometry of
the RHEED and LEED experiments, the reciprocal surface lattice is more easily
recognized from a LEED pattern than from a RHEED one.

The high atomic scattering cross-sections for low-energy electrons makes LEED
very surface sensitive. It is the electrostatic potential of the atoms which scatters
these electrons. Although the mean free path of primary electrons in RHEED is
much larger than in LEED, RHEED is also very surface sensitive because the in-
cident angle is only a few degrees (0:5Æ to 3Æ), thus the penetration depth of the
electron beam will be small. And since in MBE the molecular beams are incident
nearly normal to the crystal surface, RHEED is geometrically more compatible
than LEED to study the evolution of the surface structuresduring epitaxial growth.

When the intensity of the RHEED pattern is recorded as a function of time dur-
ing sample growth, periodic oscillations can be obtained. It is generally accepted
that these oscillations are a trademark of a two dimensional, Frank van der Merwe
growth mode [9] [10]. For our experiments, during sample growth, the RHEED im-
ages were recorded in real time using a CCD camera and stored on a computer hard
disk with a rate of one picture per second to allow subsequent analysis [11]. The
incident angle of the RHEED beam corresponded to the first anti-Bragg position
of the substrate, i.e. destructive interference of electrons scattered from surfaces
separated by one monolayer in height.

2.2.2 In situ XPS

X-ray photoelectron spectroscopy (XPS) is accomplished by irradiating a sample
with monoenergetic soft X-rays and analyzing the energy of the electrons emit-
ted [12–15]. In our case, AlK

�
X-rays with an energy of 1486.6 eV are used.

These photons have limited penetrating power in a solid, of the order of 1-10�m.
They interact with atoms in this surface region by the photoelectric effect, causing
electrons to be emitted. The electron escape depth is ranging from 2 to 20Å in
the electron kinetic energy range of photoemission spectroscopy [16]. Therefore,
special care has to be taken to avoid surface contamination or degradation. The
kinetic energy of the emitted electrons is determined by the binding energy of the
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shell from which the electron originates. The binding energy may be regarded as an
ionization energy of the atom for the particular shell involved. The electrons leav-
ing the sample are detected by an electron spectrometer according to their kinetic
energy.

In our experiments, in addition to electronic structure determination, XPS was
also used to check for possible contaminations in the grown films and to determine
the stoichiometry of the chromium oxide samples.

2.2.3 Ex situ XRD and RBS/channelling

X-ray diffraction (XRD) is a very useful technique for structural characterization of
materials. Crystals, with regularly repeating structures, are capable of diffracting
radiation that has a wavelength similar to the interatomic distances [17]. In short,
the principle of this technique is: a collimated beam of X-rays impinges on the
sample and the intensity of the reflected beam is measured. When the scattering
angle and the interplanar spacing fulfill Bragg’s law, the reflected beams are in
phase and interfere constructively. At angles of incidence other than Bragg angle,
reflected beams are out of phase and destructive interference or cancellation occurs
[18].

FIGURE 2.3. Schematic representation of the geometry of the XRD measurement.
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In the experiments discussed in this thesis, XRD was used to identify the crys-
tal structures of the grown chromium oxide samples. The measurements were per-
formedex situ using a Philips X’Pert materials research diffractometer (MRD) sys-
tem in thin film configuration (ceramic X ray tube - line focus - givingCuK

�
radi-

ation of1:5418Å) with mirror and monochromator. Figure 2.3 shows a schematic
representation of the geometry of the XRD measurement.

Rutherford backscattering spectrometry (RBS) is basically billiard-ball physics
[7]. A beam ofHe+ particles is directed at the sample at high enough energy (1.0
- 4.0 MeV) so that the particles scatter from the sample’s atomic nuclei in binary
Coulomb collisions unscreened by the electron clouds (Rutherford scattering). The
beam particles backscattered from the sample are detected and their energy is an-
alyzed [19]. When the energy loss in the solid is not taken into account,the ratio
between the energy of the particles before and after collision is determined only by
the mass ratio of the particles and the geometry of the collision. Thus, atoms with
different masses can be distinguished by their energy.

In the present work RBS measurements were used to identity the types of atoms
involved in our samples, and they were used for structural analysis of the crystalline
films based on the channelling effect [20]. Channelling occurs if a collimated beam
impinges on a single-crystal target along a low-index direction. In that case the
backscattering yield is reduced compared to the random incidence geometry be-
cause the probability of close collisions is diminished.

The RBS experiments were doneex situ in a high vacuum chamber with a base
pressure of5 � 10�8 mbar. A 1 MeVHe+ beam was used and the backscattered
beam was detected at two different angles:105Æ and135Æ.

2.2.4 Ex situ XAS

X-ray absorption spectroscopy (XAS) is a powerful technique for studying the local
electronic structure. It measures the absorption of X-rays by sample, especially
interesting at energies in the region of the absorption edges. A core electron is
excited to an unoccupied state in the solid by the incident photon. Atoms give
characteristic X-ray absorption spectra which arise from the various ionization and
intershell transition that are possible [17]. The wavelengths at which the absorption
edges occur depend on the relative separation of the atomic energy levels in the
atoms which, in turn, depend on the atomic number.

XAS experiments were carried out at the Synchrotron Radiation Research Cen-
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ter in Taiwan (SRRC - Taiwan) using the DRAGON monochromator [21]. The en-
ergy resolution of the monochromator at theCr 2p edge was 184 meV. The energy
scale was calibrated usingNiO single crystal samples, for which theO 1s white
line energy is known accurately from high energy electron energy loss spectroscopy
experiments [22]. The spectra were recorded using the total electron yield (TEY)
method [23].
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[12] S. Hüfner, Photoelectron Spectroscopy - Principles and Applications,
(Springer - Verlag, 1995).

[13] Handbook of X-ray Photoelectron Spectroscopy, Ed. by C.D. Wagner, W.M.
Riggs, L.E. Davis, J.F. Moulder, and G.E. Muilenberg, (Perkin Elmer Corpo-
ration, Eden Prairie, Minnesota, 1979).

[14] Topics in Applied Physics, Photoemission in Solids I and II vol. 26, ed. M.
Cordona and L. Ley (Springer-Verlag, Berlin), 165 (1978).

[15] Photoemission and the electronic properties of surfaces, ed. B. Feuerbacher,
B. Fitton and R.F. Willis (Wiley, New York, 1978).

[16] D.A. Shirley, Topics in Applied Physics, Photoemission in Solids I, ed. M.
Cordona and L. Ley (Springer-Verlag, Berlin), 165 (1978).

[17] Anthony R. West, Solid State Chemistry and Its Applications, (John Wiley
and Sons, LTD, 1984).

[18] B.E. Warren, X-ray diffraction, (Dover Publications, New York, 1990).



References 21

[19] J.W. Mayer and E. Rimini, Ion Beam Handbook for Material Analysis, (Aca-
demic Press, New York, 1977).

[20] D.S. Gemmell, Rev. Mod. Phys.46, 129 (1974).
[21] C.T.Chen, Nucl. Instrum. Methods A256, 595 (1987); C.T.Chen and F.Sette,

Rev. Sci. Instrum.60, 1616 (1989).
[22] F.Reinertet al., Z. Phys. B97, 83 (1995).
[23] J.C. Fuggle, in Unoccupied Electronic States, edited by J.C. Fuggle and J.E.

Inglesfield, (Springer-Verlag, Berlin, 1992).



22 References



Chapter 3

NO2 assisted chromium oxides growth

3.1 Introduction

In a first attempt to prepare chromium monoxide,NO2 assisted MBE is used and
this chapter discusses the preparation and characterization of the grown thin films.

NO2 is a strong oxidizing agent with the same capabilities asO3 or oxygen
plasma, as known from studies of the growth of highT

c
superconducting oxide

films [1–3]. NO2 proved to be a very efficient oxidizing agent in preparingNiO
andCoO thin films onMgO(100) substrate [4],MgO thin films on Ag(100)
substrate [5], and iron oxide onMgO(100) orAl2O3(0001) substrates [6] [7] [8].
Moreover,NO2 has the practical advantage that is directly ready to use from a
bottle, no plasma nor ozone generators are needed.

In the figure 3.1 we show one of our first attempts to growCrO on aMgO(100)

substrate. It can be clearly seen that we were able to find quickly the proper con-
ditions to obtain a layer by layer growth usingNO2 as oxidizing agent, as demon-
strated by the pronounced and continuing RHEED oscillations. Moreover, we were
also able to grow aMgO cap layer epitaxially on top of this chromium oxide film.

In this chapter we discuss theNO2 assisted MBE growth of chromium oxides
usingMgO(100) andSrT iO3(100) substrates. A sapphire substrate is used for
growing a referenceCr2O3 sample. The characterization of the grown samples is
done by RHEED, LEED and XPSin situ, followed by RBS, XRD and XASex situ.
We will study in particular the issue of stoichiometry and nitrogen uptake.

In the iron oxide studies it was shown that all the iron oxide phases can be
induced byNO2 assisted MBE, but with the complication that at lowNO2 fluxes
phases are formed in which oxygen is partly substituted by nitrogen. The amount

23
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FIGURE 3.1. RHEED intensity oscillations for a 105Å thick chromium oxide sample
grown on MgO(100) substrate, with a 36Å cap layer of MgO.

of nitrogen in the samples increases nearly linear with decreasing NO2 flux. A
speculative model for the nitrogen uptake during growth was proposed in which it is
assumed that NO2 molecules dissociate at the growing surface into atomic oxygen
and molecular NO. The iron reacts first with all the available atomic oxygen and
then it starts to consume theNO. Only in the low flux cases a rocksalt-like structure
is obtained for the films grown on MgO(100), as one would expect for the wustite
phase (Fe1�xO), and the composition of the layers is found to be Fe1�xO1�yNy

.

3.2 Sample preparation and experimental

The stoichiometric phase of chromium monoxide is that for which Cr and O atoms
have equal concentrations, and will be denoted by CrO in this thesis. Substoichio-
metric phases, labelled Cr

x
O where x < 1, contain vacancies in the chromium

sublattice. We will assume that the oxygen lattice is complete. The reference sam-
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ples used to determine the stoichiometry of the grown films are Cr2O3 grown on
Al2O3(0001) and Cr2O3 single crystal cleaved in situ.

The stoichiometry of the chromium monoxide is expected to be a function of
of three parameters: the oxidizing agent flux, the metal flux and the substrate tem-
perature. In the case of NO2 - assisted growth, for MgO(100) substrates, the
metal deposition rate was set at about 1:3Å=min and the substrate temperatures
used were: 300ÆC and 400ÆC, values which we found to be the best for the sample
deposition. The NO2 flux, which is proportional to the buffer volume pressure
(P

buf
), was varied systematically.

We list in the following table the P
buf

used and the corresponding background
pressures in the growth chamber (P

chamber
). Note that the base pressure in the

growth chamber was 1� 2� 10�10 mbar.

P
buf

(mbar) P
chamber

when staring P
chamber

after 25 min.
the growth (mbar) of growth (mbar)

0:75 � 10�4 3� 10�9 1:1 � 10�8

1� 10�4 6� 10�9 2� 10�8

1:25 � 10�4 8:8 � 10�9 3:5 � 10�8

1:5� 10�4 9� 10�9 3:9 � 10�8

2� 10�4 1:4 � 10�8 8:5 � 10�8

3� 10�4 2:8 � 10�8 1:7 � 10�7

4� 10�4 3:5 � 10�8 2:7 � 10�7

The ”P
chamber

when starting the growth” was read before opening the Cr K-cell
shutter, just after the P

buf
of NO2 gas was set to the desired value, and ”P

chamber

after 25 min. of growth” was read before the growth was stopped. There is a big
discrepancy between the two pressure values due to the fact that the very aggressive
NO2 molecules react in the first instance with the metal deposited on the chamber
walls which act like a sublimation pump, and then not much gas is detected by the
ion gauge. We waited at least 2 minutes before opening the Cr K-cell and starting
the deposition. After the sample growth is started, P

chamber
is rising gradually.

During the growth we used RHEED to study the crystal structure. Upon com-
pletion of the growth, we carried out XPS measurements in situ to determine the
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chemical composition and the electronic structure, as well as further structural anal-
ysis using LEED.

To prevent any change in the oxidation state of chromium when the samples
were brought into air for ex situ measurements, they were capped with about 20
ML of MgO. This cap layer was grown at room temperature (after in situ XPS
measurements were done on the as-grown chromium oxide films) with a rate of
about 120 sec =ML using a magnesium metal flux of 1:2Å=min and 1 � 10�4

mbar P
buf

of NO2. The MgO cap layer grows epitaxially on the chromium oxide
film, as seen from RHEED. The calibration for this growth was done also by check-
ing the stoichiometry of the MgO films with XPS, using as reference sample an
MgO(100) single crystal cleaned in situ by annealing in oxygen. For this purpose
we compared for each sample the ratio of the O1s to Mg2p core levels peak areas
after background subtraction, with that of the reference sample.

The growth on a different substrate was also made, namely on SrT iO3, using
1:3Å=min for the Cr metal flux, 1� 10�4 mbar NO2 buffer volume pressure and
two different substrate temperatures: room temperature and 400ÆC.

3.3 In situ structural analysis

3.3.1 RHEED

A first indication of the crystal quality of the grown chromium oxide samples was
gained from the RHEED patterns and from the RHEED intensity oscillations of the
specularly reflected beam.

Figure 3.2 shows the RHEED patterns of (a) a clean MgO(100) substrate and
six of the grown samples on MgO(100) substrates under various NO2 buffer vol-
ume pressures: (b) 0:75 � 10�4 mbar, (c) 1 � 10�4 mbar, (d) 1:25 � 10�4 mbar,
(e) 1:5� 10�4 mbar, (f) 2� 10�4 mbar, (g) 3� 10�4 mbar. For P

buf
= 4� 10�4

mbar no RHEED data was recorded. The deposition time for all these samples was
30 minutes and the RHEED images presented are recorded with an electron beam
energy of 15 keV and with the incident beam along a [100] direction.
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(d) (e)

(b) (c)

(g)(f)

(a)

FIGURE 3.2. RHEED patterns of (a) MgO(100) substrate and chromium oxide films
grown after 30 minutes on MgO(100) at 400ÆC, NO2 assisted with buffer volume pres-
sures: (b) 0:75 � 10�4 mbar, (c) 1 � 10�4 mbar, (d) 1:25 � 10�4 mbar, (e) 1:5 � 10�4

mbar, (f) 2� 10�4 mbar, (g) 3� 10�4 mbar
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The MgO(100) pattern was taken before the growth of one of the chromium
oxide samples. In this pattern (Fig. 3.2a) sharp streaks corresponding to the (2; 0),
(0; 0) and (2; 0) reciprocal lattice rods (characteristic for a rock-salt diffraction
pattern) are clearly visible, together with intense Kikuchi lines. The very intense
spot on the (0; 0) rod is due to the specular reflected electrons for which the position
is close to the first Bragg position in the geometry of this picture.

Except for P
buf

= 0:75�10�4 mbar (Fig. 3.2b), all the RHEED patterns show
that the film surfaces had the same crystallographic symmetry as the substrate:
the streaks have positions corresponding approximately to those of the substrate
pattern and no extra satellite features are observed. The streakiness, checked at
different angles of the incidence beam, suggests that the patterns are dominated
by reflection rather than transmission indicating reasonably smooth film surfaces
for 1 � 10�4mbar � P

buf
� 2 � 10�4mbar (Fig. 3.2 c,d,e,f). The Kikuchi lines

are still visible for these samples, suggesting also a long range ordering. These
Kikuchi lines are three dimensional features which originate from electrons which
have suffered inelastic collisions in the bulk before they are finally Bragg diffracted
by a lattice plane. For the samples grown at P

buf
3� 10�4mbar and 4� 10�4mbar

transmission patterns develop, but the streaked character of the diffused transmis-
sion patterns indicate that the surfaces are still relatively smooth. The film thick-
ness of the samples presented in Fig. 3.2 was in between � 61Å and � 84Å as
determined from the RHEED intensity oscillations and the ex-situ XRD and RBS
measurements.

For thicker films (150�250Å) the RHEED patterns are dominated by transmis-
sion due to island growth, especially for the high buffer volume pressure cases, the
lines are diffuse and the background has a high intensity. This fact together with the
damping out of the RHEED intensity oscillations indicate that the surface is getting
quite rough. At thicknesses over 300Å even additional spots appear in between the
rock-salt lines indicating that the crystal structure begins to deteriorate.

On the other hand, P
buf

= 0:75 � 10�4mbar seems not to be sufficient for
growing crystalline chromium oxide. Directly after starting the growth, a pattern
of transmission spots appears indicating a rough surface. As the growth continues,
polycrystalline features appear (circles centered on the direct beam) and become
more intense with the film thickness. There seems to be also additional spots,
evident in the figure 3.2 (b), probably due to some unoxidized chromium.

In our case, RHEED was used for a qualitative evaluation of the sample struc-
tures including surface topography and crystallography. In order to make a more
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definite interpretation of the RHEED diffraction experiments, a quantitative study
is needed, and this could be quite complex: see, for instance, reference [9] and for
investigation of polycrystalline samples see for example reference [10] and [11].

Also the quantitative analysis of the RHEED intensity oscillatory behavior is
very complex and it has been a subject of considerable study [12] [13]. But it
is generally accepted that RHEED intensity oscillations necessarily indicate a 2D
layer-by-layer or Frank van der Merwe growth mode [13] [14], and the number of
oscillations correspond to the number of monolayers grown. We now will use the
oscillation time period to determine the relative Cr to O stoichiometry in our stud-
ies, where we keep the Cr evaporation rate constant, while varying systematically
the NO2 pressure.

In Figure 3.3 the intensity oscillations in the specularly reflected RHEED beam
are presented as a function of the deposition time for the samples grown on MgO

substrates with the following NO2 buffer volume pressures: (a) 1 � 10�4 mbar,
(b) 1:25 � 10�4 mbar, (c) 1:5 � 10�4 mbar, (d) 2 � 10�4 mbar, (e) 3 � 10�4

mbar. The intensity was normalized for each sample. The flat intensity region at
the beginning of the graphs corresponds to the reflected electron beam on the bare
MgO(100) substrate before starting the growth, and the deep minima are recorded
with the RHEED beam shuttered for a couple of seconds, in order to have the
” true” minimum for the intensity. The maximum intensity is very close usually to
the saturation point of the CCD camera. All the oscillations have been recorded
with an incident electron beam angle correspondent to the first anti-Bragg position
of MgO(100) and with an electron beam energy of 15 keV. At this angle there
will be destructive interference between electrons scattered from terraces separated
in height by (n + 1) ML. Upon start of deposition (time = 0 sec), the intensity
first decreases followed by strong evenly spaced oscillations. The recording of
the RHEED intensity oscillations was stopped always before the sample deposition
was stopped, in order to assure a as-quick-as-possible sample transportation to the
XPS chamber after growth.

The small damping in the oscillatory behavior at 1 � 10�4mbar � P
buf

�
2 � 10�4mbar in Fig. 3.3 a,b,c,d (for P

buf
= 1:5 � 10�4mbar see also Fig. 3.1)

indicate, as do the corresponding RHEED patterns, a layer-by-layer growth at this
thicknesses. For P

buf
= 3�10�4mbar the average specular beam intensity and the

the oscillation amplitude are damped much faster, but pronounced oscillations are
seen in the early stages of growth (Fig. 3.3e), suggesting in this case an increased
surface roughening as compared with the lower buffer volume pressures cases.
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FIGURE 3.3. Oscillations in the intensity of the specularly reflected RHEED beam, as a
function of the deposition time on MgO(100) substrates at NO2 Pbuf of: (a) 1 � 10�4

mbar, (b) 1:25� 10�4 mbar, (c) 1:5� 10�4 mbar, (d) 2� 10�4 mbar, (e) 3� 10�4 mbar.

The oscillation period was relatively constant for all the samples, but it was dif-
ferent from one sample to another, raising a first supposition that we are growing
different stoichiometries of chromium oxide, Cr

x
O. This is because the oscilla-

tion period of the different Cr
x
O samples is proportional to the relative chromium

content of a monolayer [15].
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If we assume that the P
buf

= 1�10�4 mbar sample with the 60 sec =ML period
corresponds to CrO, then the P

buf
= 1:25; 1:5 and 2 � 10�4 mbar samples with

the 47 sec =ML period should correspond to Cr
x
O with x = 0:75; and the P

buf
=

3�10�4 mbar sample with the 43 sec =ML period to an oxide with x = 0:7. These
stoichiometry assignments will be more firmly substantiated in the section below,
in which we describe the XPS and XAS results as well as the RHEED experiments
on the growth of Cr2O3 on Al2O3 as reference sample.

At this moment we may conclude that we are able to make chromium oxide
with a cubic structure, but one in which vacancies are built in. The oxygen sublat-
tice has probably a rocksalt arrangement, while the chromium vacancies are likely
not to be ordered since the RHEED shows no superstructures.

A distinct case from the point of view of RHEED oscillations is the sample
grown at P

buf
= 0:75 � 10�4 mbar. As expected from the transmission RHEED

pattern developed right from the beginning of the growth, no oscillations were ob-
tained supporting the conclusion that we are dealing with a polycrystalline growth
in this case.

The NO2 assisted chromium oxide growth was also successful on the SrT iO3
substrate. Figure 3.4a is a RHEED pattern of this substrate before growth and we
can see the streaks corresponding to the (2; 0), (1; 0), (0; 0), (1; 0) and (2; 0) re-
ciprocal lattice rods, characteristic for a perovskite structure. The Kikuchi lines
are also visible. Figure 3.4b presents a plot of the intensity distribution measured
along a cross section perpendicular to the RHEED streaks (a horizontal line scan in
the box in fig. 3.4a). The peaks in this figure are indexed with the corresponding
reciprocal lattice rods. Fig. 3.4 c and e show the RHEED patterns of the samples
grown on SrT iO3(100) substrate with P

buf
= 1�10�4mbar, at room temperature

(RT) and 400ÆC respectively. The sample deposition time was 30 minutes and the
images c and e are recorded at the end of each growth. In the first 3-4 minutes of
the film deposition the RHEED lines of the substrate disappear and instead a char-
acteristic rocksalt pattern develops. This is proven also by the horizontal line scans
presented in fig. 3.4d (in the box drown in fig. 3.4c) and in fig. 3.4f (for the corre-
sponding box in fig. 3.4e). It catches the eye that the growth is better at 400ÆC than
at RT: see the long, sharp RHEED streaks indicating a smooth surface at 400ÆC, as
compared with the transmission spots and a tendency to become polycrystalline at
RT.



32 Chapter 3 NO2 assisted chromium oxides growth

50 100 150 200 250 300 350
140

160

180

200

220

240

(-40)

(-20)

(40)

(20)

(00)

In
te

n
si

ty
(a

.u
.)

Distance (pixels)

50 100 150 200 250 300 350

120

140

160

180

200

220

240

(-30) (30)

(10)(-10)

(-20) (20)

(00)

In
te

n
si

ty
(a

.u
.)

Distance (pixels)

50 100 150 200 250 300 350

140

160

180

200

220

240

(-40) (40)

(-20) (20)
(00)

In
te

n
si

ty
(a

.u
.)

Distance (pixels)

0 200 400 600 800
120

140

160

180

200

220

240

In
te

n
si

ty
(a

.u
.)

Deposition time (sec)

0 100 200 300 400 500 600
120

140

160

180

200

220

240

In
te

n
si

ty
(a

.u
.)

Deposition time (sec)

(a)

(e)

(b)

(d)

(f)

(g)

(h)

(c)

bla

FIGURE 3.4. (a) RHEED pattern of a SrT iO3(100) substrate, (b) horizontal line scan
in a box indicated in (a), (c) RHEED pattern of a sample grown on SrT iO 3(100) at room
temperature with 1 � 10�4 mbar NO2 buffer volume pressure, (d) horizontal line scan in
a box indicated in (c), (e) RHEED pattern of a sample grown on SrT iO 3(100) at 400ÆC
and 1�10�4 mbarNO2 buffer volume pressure, (f) horizontal line scan in a box indicated
in (e), (g) RHEED intensity oscillations for the sample grown at RT, (h) RHEED intensity
oscillations for the sample grown at 400ÆC.
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Another indication of the two different qualities of these samples come from
the RHEED intensity oscillations in the specularly reflected beam: fig. 3.4g at
RT, fig 3.4h at 400ÆC. The few oscillations obtained at RT suggest a strong rough-
ening and probably increased disorder in the crystalline structure. On the other
hand, at 400ÆC oscillations go on until the end of the growth suggesting a relatively
flat film surface. The oscillation period is comparable for the two samples: about
60 sec =ML. It is actually quite remarkable that chromium oxide can be grown so
well on both the SrT iO3 as well as the MgO substrates, in view of their large
lattice constant discrepancy of 7:3%.

3.3.2 LEED

The normal incidence geometry makes LEED complementary to RHEED with the
same degree of surface sensitivity. During the sample growth studies, LEED pat-
terns of the films were checked, but no good data were recorded due to some surface
roughness of the films, even in the cases of low buffer volume pressure growths.

FIGURE 3.5. (a) LEED patterns of MgO(100) substrate, (b) LEED patterns of a
chromium oxide film grown on MgO(100) substrate at 300ÆC, NO2 assisted with Pbuf =

1:5� 10�4 mbar.

In Figure 3.5 two LEED patterns are compared: (a) one of a clean MgO(100)

substrate taken at an electron beam energy of 222 eV and (b) the other one of
a chromium oxide film grown on MgO(100) substrate at 300ÆC and P

buf
=
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1:5 � 10�4 mbar, taken at an electron beam energy of 211 eV. The thickness of
the film was approximately 91Å. Due to strong charging effects and consequently
a blurred LEED pattern at lower beam energies than � 200 eV, data collection at
these energies was impossible. The clean MgO(100) substrate was charging at en-
ergies lower than� 70 eV. The two pictures were taken at slightly different electron
beam energies because not all the MgO(100) diffraction spots were visible with
similar intensities at 211 eV, an energy which was carefully chosen for a relatively
good LEED pattern of the film.

It is easy to see that the chromium oxide film pattern have weak, diffuse spots
and a high background intensity indicating that there is some disorder in the crys-
talline structure. But still it can be observed that both the MgO(100) substrate and
the film have the same crystallographic symmetry, with no surface reconstruction
for the film.

The same chromium oxide sample was used also for ex-situ XRD and RBS
measurements, revealing a good crystal structure, as will be discussed in section
3.6 of this chapter.

3.4 Reference sample

Before discussing the chemical composition of the films as determined from the
XPS measurements, it is useful to describe the results of the reference samples that
we used for these measurements, namely the most stable phase of chromium oxide,
Cr2O3.

Chromium sesquioxide has a corundum crystal structure with approximately a
hexagonal closed-packed array of oxygen atoms in which the Cr3+ ions occupy
two-thirds of the octahedral holes [16]. It contains 3 d-electrons per cation and
in the bulk form is an antiferromagnetic insulator below the Neel temperature of
307ÆK , like � � Fe2O3, with a band gap of 3.4 eV. The color of the crystal is
green due to the d-d transitions in the Cr3+ ions [17]. The dimensions of the
corresponding trigonal cell using hexagonal axes are: a0 = 4:954Å and c0 =

13:584Å [18].
For our purpose we used two types of sample: one is a Cr2O3 single crystal

which was cleaved in-situ, and the other one is a � � Cr2O3 sample grown by
MBE on polished sapphire Al2O3(0001) substrates. Sapphire has also a corundum
structure with the unit cell of the dimensions: a0 = 4:763Å and c0 = 13:003Å
leading to a mismatch with Cr2O3 of 3:9%.
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In the literature ��Cr2O3 growth on various substrates is reported: on Pt(111)
Cr2O3 has a (

p
3�

p
3)R30Æ symmetry structure [19] [20], on aCr(110) substrate

and on a Al2O3(0001) substrate orthorhombic Cr2O3 layer in (0001) orientation
is formed [21] [22] [23]. We preferred to use a sapphire substrate because it shares
the corundum structure with � � Cr2O3, it is easy to clean and it is cheaper than
the other substrates.

The cleaning procedure of the Al2O3 substrates was similar to the one applied
in the case of MgO and MnO substrates: annealing for about 3 hours at 650ÆC in
an oxygen atmosphere pressure of 1 � 10�8 mbar, with the gas nozzle positioned
at � 5 cm from the sample. After annealing the substrates exhibited good (1 � 1)

LEED patterns (see Fig. 3.6a) with the fundamental three fold symmetry of � �
Al2O3(0001) [24], and no carbon contamination could be detected with XPS. For
the Cr2O3 sample growth, the Cr metal flux was set again to about 1:3Å=min as
in the case of the other samples grown on MgO(100), the substrate temperatures
used were 300ÆC and 500ÆC and this time the oxidizing agent was oxygen, with a
buffer volume pressure of 12:5�10�4 mbar leading to a background pressure in the
growth chamber of � 1 � 10�6 mbar. This pressure has proven to be sufficiently
high to grow �� Fe2O3 by O2 - assisted MBE [25] [26].

RHEED and LEED data showed that good, epitaxial crystals of Cr2O3 can
be grown, with the same crystallographic symmetry as the sapphire substrate. At
thicknesses varying between 150Å and 540Å the films had an almost unchanged
RHEED pattern as compared with the substrate, indicating smooth and ordered
surfaces of the films. The film thicknesses were determined from the RHEED
intensity oscillations, taking into account that a unit cell of Cr2O3 includes six
monolayers, and a monolayer consists of one oxygen and two chromium layers.

In the following we will refer to the sample grown at 500ÆC which was used
in the XPS measurement as ” the reference chromium oxide” sample. The sample
deposition time was one hour and the growth rate determined from the RHEED
intensity oscillations (Fig. 3.6c) was 55 sec =ML resulting in a sample thickness of
about 150Å. A LEED pattern of this film, taken with an electron beam energy of
227 eV (Fig. 3.6b) is compared with a LEED pattern of the Al2O3(0001) substrate
(Fig. 3.6a), taken with a similar electron beam energy (of 235 eV), and the crystal
symmetry proves to be the same for the film and for the substrate. Again charging
effects did not allow us to work with smaller electron beam energies.

The oscillation period was again used for a check of the sample stoichiometry,
by comparing it with the oscillation periods found for the NO2 assisted samples
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FIGURE 3.6. (a) LEED patterns of Al2O3(0001) substrate, (b) LEED patterns of 150Å
thick Cr2O3 grown on Al2O3(0001) substrate at 500ÆC, O2 assisted with Pbuf = 12:5�

10�4 mbar and a background pressure in the growth chamber of 1�10�6 mbar; (c) RHEED
intensity oscillations for the same Cr2O3 sample.

grown on MgO(100) substrates. In comparing chromium oxides with different
crystal structures (cubic vs hexagonal) we must take into account the density of the
cations in a monolayer (the number of chromium atoms per area unit), because the
oscillation period of the different chromium oxides is proportional to the chromium
content of a monolayer.

The cubic chromium oxides described in the section 3.3 had three different
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oscillation periods: 60, 47 and 43 sec =ML and they correspond to CrO, Cr0:75O
and Cr0:7O, respectively, if we assume that the 60 sec =ML sample is CrO. Using
now the Cr2O3 on Al2O3 data and the formula:

�
cub

= �
hex

�
t
cub

t
hex

;

where t
hex

is the time to grow 1 ML of Cr2O3 on Al2O3(0001), tcub is the
experimental time obtained for growing 1 ML of one of the cubic chromium oxides
grown on MgO(100), and �

hex
and �

cub
are the corresponding cation densities in

a monolayer of hexagonal and respectively cubic chromium oxide, then we find
that the 60 sec =ML sample on MgO corresponds to Cr0:91O, the 47 sec =ML

sample to Cr0:71O, and the 43 sec =ML sample to Cr0:66O, indicating that the
assumptions made earlier were not too bad.

3.5 XPS results

3.5.1 Sample chemical composition

The RHEED results suggest that Cr
x
O with a good crystallinity can be achieved

for a wide range of x, even for x close to one. This is quite surprising in view of
the fact that bulk CrO does not exist. A further study using XPS revealed probably
the key to this. We notice that, as in the case of iron oxide films grown by NO2 -
assisted MBE [27], there is a substantial amount of nitrogen built in the chromium
oxide films, depending on the NO2 gas pressure that is being used for the growth.

The nitrogen content relative to the total anion content (oxygen and nitrogen)
in the sample was determined by comparing the N1s and O1s core level peak
areas after background subtraction and after correcting for the difference in the
photoionization cross-sections of the two peaks [28]. With the photoionization
cross-sections of N1s being 0.024 and of O1s 0.040 [29], the nitrogen content (y)
was determined by using the formula:

y =
N1s� 40

24

O1s+N1s� 40
24

:

In figure 3.7 the results are plotted as a function of the NO2 buffer volume
pressure. The data points are for the samples presented in section 3.3.1 of this
chapter and for a couple of other samples grown at different times on MgO(100)

substrates at 400ÆC, in similar growth conditions as for the ones already presented.
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FIGURE 3.7. The nitrogen content y in the CrxO1�yNy samples as a function of the
NO2 buffer volume pressure, as determined from XPS.

For P
buf

= 4 � 10�4 mbar no nitrogen could be detected in the sample. The
nitrogen start to appear at 3 � 10�4 mbar and increases strongly with decreasing
NO2 flux, up to a concentration of 30% at P

buf
= 1 � 10�4 mbar. At P

buf
=

0:75�10�4 mbar, the nitrogen content seems to decrease slightly. This last sample
is associated with a non-epitaxial, polycrystalline growth, as could be seen from
the RHEED data. There also seems to be a difference between the two samples
grown on SrT iO3(100) substrates: the RT sample has a lower nitrogen content
than the sample grown at 400ÆC substrate temperature, while the y value of the
last one overlaps with the data points obtained for the films grown on MgO(100)

substrates at 400ÆC. These facts suggest that the crystallinity of the samples may be
related to the nitrogen content in the samples, i.e. that nitrogen may help to stabilize
the crystalline compounds. Later ex-situ RBS and XAS measurements confirm that
the nitrogen is uniformly incorporated in the layers and that it is not just a surface
peak seen by XPS.

The chemical composition x of the Cr
x
O1�yNy

samples was obtained from
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FIGURE 3.8. Chemical composition x of the CrxO1�yNy samples as a function of the
NO2 buffer volume pressures as determined from XPS spectra. The reference is Cr 2O3

grown on Al2O3(0001).

the ratio of Cr2p peak area over the sum of O1s and N1s core levels peak areas,
after background subtraction for each of these core levels peaks. The XPS mea-
surements were started immediately after the growth with a quick broad scan, then
the Cr2p and O1s core level peaks were measured in the same scan, and the N1s

was measured in the following scan. The reference samples: Cr2O3 single crys-
tal cleaved in-situ and Cr2O3=Al2O3(0001), described in the previous section of
this chapter, gave for the ratio of Cr2p versus O1s two different values: 2.63 and
2.92 respectively. We decided to use as a reference for the chemical composition
determination the sample grown in our system on sapphire, with the ratio of 2.92,
because the surface quality of the fractured single crystal may be very different
from those of Cr

x
O epitaxially grown on epi-polished MgO or SrT iO3, while

the surface quality of the Cr2O3 grown on epi-polished Al2O3 is likely to be more
similar to those of the Cr

x
O films. Then for CrO the corresponding ratio should

be 2:92 � 3
2
. For the chemical composition determination this expected value was
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compared with the experimental values obtained for each grown sample, where in
the denominator instead of the O1s peak area, the total 1s anion peak area is taken
into account, as it was explained above. The results are plotted in the Figure 3.8
as a function of the buffer volume pressure. For the samples used, no Mg nor Al
signals coming from the substrates could be detected, i.e. all the oxygen 1s signal
is coming from the chromium oxide overlayer.

Looking at these data it can be seen that we can grow samples which have
the chemical composition close to one chromium atom to one anion atom and this
is possible on MgO substrates, for NO2 buffer volume pressures of 1 � 10�4

mbar for our growth conditions. In the following table are given the approximative
chemical formulas for the different NO2 buffer volume pressure growths on MgO

substrates, as a conclusion from both chemical composition and nitrogen content
plots.

P
buf

(mbar) Approximative chemical formula
0:75 � 10�4 Cr1:05O0:73N0:27

1� 10�4 Cr0:9O0:7N0:3

1:25 � 10�4 Cr0:75O0:75N0:25

1:5� 10�4 Cr0:75O0:75N0:25

2� 10�4 Cr0:71O0:86N0:14

3� 10�4 Cr0:68O0:95N0:05

4� 10�4 Cr0:65O

It is important to mention that the life time of the grown chromium oxide films
turned out to be limited, especially for the low P

buf
growth cases, despite the fact

that the pressure in the spectrometer chamber was as good as 1�10�10 mbar during
the XPS measurements. By remeasuring the Cr2p�O1s scan after four hours, the
O1s peak area relatively to the one of Cr2p, was higher by as much as 10% from
that measured immediately after the growth. And still, from the moment when the
growth was stopped it took us about 30 minutes until the Cr2p - O1s scan was
started, due to sample transportation and alignment for the XPS measurement. The
measuring time of this scan was 32 minutes. In conclusion, it is very likely that
the chemical composition x is higher by � 3% for the samples grown at low P

buf
.
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Likewise the nitrogen content is maybe higher for this samples with � 3%.
In principe, other core level peaks can be used also for determining the sample

chemical composition like: Cr3p versus (vs) the 2s of O and N or Cr3s vs the
2s of O and N . A scan including all these peaks and the valence band region
(Cr3d and O2p) was measured after the N1s scan and it took about 2 hours for
good enough statistics. This is a first problem for a reliable determination of x,
since the samples made at low P

buf
tend to oxidize further on their surface as was

discussed above. Another problem for the accuracy in this case is the determination
of the N2s peak area which has a weak intensity even for the highly contaminated
samples, and it is very close to the O2s peak so no proper background subtraction
can be made for these two peaks. Nevertheless, we tried to determine the N2s peak
area in three ways: (a) using the N1s peak area corrected for the difference with
N2s in the photoionization cross-section; (b) N2s was found by using the O2s,
determined by a gaussian fit of the line, and the nitrogen contamination y known
from the N1s and O1s area scans; (c) just fitting the intensities of O2s and N2s

peaks with gaussians. The results were very different for the three cases: (b) gave
a N2s peak area more than two times higher than in case (a), and for (c) the N2s

peak area was more than three times higher than for (a). In conclusion, we decided
that the most reliable way to determine the chemical composition was by using the
intense, well separated Cr2p, O1s and N1s peaks.

Besides the chemical composition, XPS can give information on the valence
of Cr in the grown samples, by comparing the ratio of Cr3d vs O2s (measured
in the same scan) peak areas for each sample, with the same ratio for the refer-
ence Cr2O3=Al2O3(0001). The expected value of this ratio for CrO and Cr0:75O
is determined from the experimental value for Cr2O3 by taking into account the
number of Cr d electrons per oxygen atom for each chromium oxide phase:

- for Cr0:67O:

2� d3Cr

3�O
= 2�

Cr d� electrons

O
;

- for CrO:
1� d4Cr

1�O
= 4�

Cr d� electrons

O
;

- for Cr0:75O:

1� d4Cr + 2� d3Cr

4�O
= 2:5 �

Cr d� electrons

O
:
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For the nitrogen contaminated samples the charge of the chromium ions (i.e.
the number of 3d electrons) is not easy to determine due to the fact that the N2s

needs to be added to the O2s peak area. As it was explained above, no easy de-
termination can be done for these peak areas, and yet another problem arises in
this case: for the chromium oxide samples the Cr3d peaks overlap with O2p. In
consequence we need to subtract the O2p spectral weight from the total (Cr3d +
O2p) spectral weight measured. O2p can be deduced from the O2s peak area using
the corrections in the photoionization cross-sections of the two peaks: O2s

O2p
= 2:64

[29]. This ratio was also checked for an MgO(100) clean substrate, for which
O2s and O2p are clear and well separated peaks, and we found O2s

O2p
= 2:86, value

bigger with 8% than what it was found using the cross-section table. This value is
also considerably different from the value found by Sawatzky for Al2O3 (1.754)
[30], and the one found by Scofield for O2� (4.167) [31]. We decided to use the
ratio determined experimentally for MgO(100), since we believe that it was more
accurate for our set-up. Then, in figure 3.9 the Cr 3d vs (O 2s + N 2s) spectral
weights for a couple of samples grown on MgO substrate is plotted, as a function
of the NO2 buffer volume pressure used during the samples growth. Cr 3d vs O 2s
ratio for Cr2O3 single crystal is 0.62 and for Cr2O3 grown on Al2O3 is 0.66. The
O 2s and N 2s peak areas were determined by gaussian fits and they were added
after N 2s was corrected for the difference in the photoionization cross section with
O 2s.

It can be seen that none of the films has the Cr 3d vs anions 2s spectral weights
ratio as high as two times the same ratio for Cr2O3, as we would expect for CrO,
not even the sample grown at P

buf
= 0:75 � 10�4 mbar. We believe that this

is partly due to the measurement error and partly to the fact that, this ratio may
be lower for the nitrogen contaminated samples than for a purely CrO sample.
Moreover, the photoionization cross-section per electron could be different for a
Cr3+ ion than a Cr2+ ion which has bigger orbitals, and then we may not expect
double intensity of the Cr 3d vs O 2s ratio, even in the case of CrO compared with
Cr2O3.

An extra complication to the problem arises if we try to add also the N2p

spectral weight to the one of O2p; we don’ t even know how many p electrons the
nitrogen has. However, for making the previous plot we subtracted from the total
(Cr 3d + anions 2p) area the anions 2p = total anions 2s

2:86
, where 2.86 is the O2s

O2p

value of found for the annealed MgO.

An eventual phase separation of chromium monoxide into Cr3O3 = Cr +
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FIGURE 3.9. Cr 3d vs (O 2s + N 2s) spectral weights for CrxO1�yNy samples grown
on MgO substrate, as a function of the NO2 buffer volume pressure, as determined from
XPS spectra.

Cr2O3 cannot be distinguished from a stoichiometric CrO: using the cross-sections
table to calculate the Cr3d vs O2s ratio in the two cases we found just a 5% dif-
ference, which is within the error of its experimental determination.

3.5.2 Electronic structure

Chemical shifts in the core level binding energies are largely utilized in investiga-
tions of the charge transfer in transition-metal oxides, carbides and nitrides. The
binding energy (BE) of the core electrons can be very sensitive to the charge of
the ion. However, sometimes the BE due to the ionic shift can be cancelled by the
Madelung potential, as for example in the NaCl case [32]. Therefore it may be
difficult to extract the oxidation state from binding energy data. See for example
the little change in the BE of the V 2p3=2 electrons in various vanadium oxides [30].
We made an attempt to determine the chromium oxidation state also by looking at
the chemical shifts in the Cr2p photoemission spectrum of various samples.
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The Cr 2p core level photoemission spectrum contains two relatively intense
lines, 2p1=2 and 2p3=2, where the separation of the two lines (�E) is given by
the atomic spin-orbit interaction. After removing one electron from the 2p shell,
the remaining core hole will have a spin +1

2
or �1

2
which will couple parallel or

antiparallel with the orbit angular momenta. The 2p3=2 line has a lower binding
energy, i.e. it costs less energy to remove the antiparallel spin electron than the
parallel spin electron. The intensity ratio of the two lines as estimated by the oc-

cupation numbers of the emitting orbitals, should be: 2J1+1
2J2+1

=
2 3
2
+1

2 1
2
+1

= 4
2
= 2.

This prediction is approximately born out by the experimental findings [34]. Each
of the two spin-orbit split components is accompanied by a satellite peak at higher
binding energy, due to charge-transfer (CT) screening [35]. In the configuration
interaction theory the ground state wave function of chromium oxide is a linear
combination of 3dn and 3dn+1L states. 3dn is the configuration of the Cr ion and
L indicates one hole in the highest occupied ligand shell, which is 2p for O2�,
after one electron is transferred from the ligand shell L into the d shell, leading
to a 3dn+1 configuration for the Cr ion. The energy separation in between these
two states is given by �, the charge-transfer energy, and the state 3dn is the low-
est in energy. The photoexcitation on the Cr site leads to two final states: 2p53dn

and 2p53dn+1L. The 2p core hole on the Cr ion lowers the energy of the dn+1

configuration with respect to the dn configuration and this lowering is described by
the Coulomb interaction between the 2p core hole and a 3d electron (U

cd
). Depend-

ing on the relative magnitude of U
cd

and �, either the 2p53dn+1L is the lowest in
the final state (U

cd
> �) or the 2p53dn configuration is the lowest (� > U

cd
) [34].

For a detailed description of the Cr 2p spectral line shape, one should also include
the multiplet structure due to the interactions of the 2p core hole with the holes in
the 3d band, and the possible interactions between Cr neighboring ions [36], [37].

Figure 3.10 shows the Cr 2p core level spectra for the grown chromium oxides
samples described in in the section 3.3.1 of this chapter, with the corresponding
P
buf

indicated on the right side of each line. The reference samples are: the Cr2O3

single crystal cleaved in situ and Cr2O3=Al2O3 (top), and Cr metal deposited on
polycrystalline tantalum (bottom line). In the oxides spectra the CT satellite of Cr
2p1=2 can be seen around 597 eV, while the CT satellite of Cr 2p3=2 overlaps with
the 2p1=2 line. All the intensities are normalized.
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FIGURE 3.10. XPS Al K� of the Cr2p levels, as a function of the NO2 buffer vol-
ume pressure Pbuf during deposition. Pbuf (in mbar) is indicated on each spectrum for
the grown CrxOyN1�y samples. The lowest spectrum is for the Cr metal deposited on
polycrystalline tantalum substrate. On the top there are two spectra for Cr 2O3: one for
a cleaved in situ single crystal sample, one for a grown film on Al 2O3(0001) substrate at
Pbuf = 12:5 � 10�4 mbar of O2. The spin-orbit energy splitting (�E) of the Cr2p is
indicated on each spectrum.



46 Chapter 3 NO2 assisted chromium oxides growth

Due to the insulating substrates used for growing the oxides and an insulating
Cr2O3 single crystal, a positive charging tended to make peaks appear at higher
binding energy, whereas excessive compensation using the flood gun made the
peaks shift to lower binding energy. To correct for the charge we used the fol-
lowing steps:

1). The oxides were aligned having for the O 1s peak position the same BE,
by taking the same energy interval from the O 1s peak of each spectrum: with 35
eV minimum and 75 eV maximum, interval which included all the Cr 2p features.
(About the same interval was used also for determining the Cr 2p spectral weight
in the previous section.)

2). For Cr metal we made use of the high reactivity of chromium with oxygen
in the XPS chamber. A small O 1s peak arose in the Cr2p� O1s scan, measured
in the similar conditions as for the oxides, giving a Cr2p vs O1s spectral weights
ratio of 45. The O 1s peak was good enough to find the peak position (530.14 eV)
and to use the same energy interval from this peak (35 eV min. and 75 eV max.)
for the Cr 2p lines, as done in the oxides case.

3). Having the spectrum so aligned, we compared the Cr 2p3=2 peak position
for Cr metal (574.02 eV) and the corrected value for Cr2O3=Al2O3 (576.32 eV)
resulting in a BE difference of 2.3 eV for the two peaks. This value is lower by
0.2 eV than the same difference calculated from ref. [38], with 0.5 eV than the one
obtained by comparing Cr2O3(111)=Cr(110) with Cr metal [39], and with 0.9 eV
than for Cr2O3=NiAl2O4 compared with Cr metal [40]. The Cr 2p3=2 for Cr3+

ion has a peak position of 576.9 eV in ref. [38], 577 eV in ref. [39] and 577.2 eV in
ref. [40]. In order to get a similar value for the Cr2O3=Al2O3, all the oxide spectra
were shifted with 0.7 eV to higher binding energy, while the Cr metal spectrum was
not shifted. The O 1s peak position for the chromium oxides became then 530.84
eV, comparable with 531 eV given by ref. [38] for the Cr2O3 O 1s peak.

The resulting Cr 2p3=2 binding energies for the grown samples at different NO2
buffer volume pressures are listed in the following table, together with the shifts in
the BE as compared with the Cr 2p3=2 peak position of Cr metal, 574.02 eV. For
comparison, the reference samples are included in the bottom lines. The BE of Cr
2p3=2 in Cr metal is 574.2 eV in ref. [39], and 574.0 eV in ref. [40].
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P
buf

(mbar) Cr 2p3=2 BE (eV) BE shifts as compared
with Cr metal

0:75 � 10�4 574.92 0.9
1� 10�4 575.72 1.7

1:25 � 10�4 576.47 2.45
1:5� 10�4 576.52 2.5
2� 10�4 576.71 2.69
3� 10�4 577.02 3
4� 10�4 577.07 3.05

Cr2O3=Al2O3 577.02 3
Cr2O3 single crystal 576.96 2.94

ref. [40] Cr3+ 577.2 3.2
ref. [39], [41], [42] Cr3+ 577 2.8
ref. [39], [41], [42] Cr2+ 576 1.8

It can be seen that the BE shifts observed for the grown samples indicate that
chromium has a 2+ valency state for the growth done at P

buf
= 1 � 10�4 mbar;

P
buf

= 1:25 , 1:5 and 2 � 10�4 mbar growths look like a combination of Cr2+

and Cr3+ as in Cr0:75O; and finally the growths done at P
buf

= 3 and 4 � 10�4

mbar look like pure Cr3+, as in Cr2O3. Moreover, the spin-orbit splitting energy
�E indicated on the left side of each spectrum in Fig. 3.10, confirms also the fact
that different valence states are obtained for chromium in the different samples. We
obtained for �E : 9.3 eV in the case of Cr metal, � 9:5 eV for P

buf
= 1 � 10�4

mbar, and � 9:8 eV for P
buf

= 4 � 10�4 mbar. These observed values for �E
are compatible with observed spin-orbit splitting of chromium ions in chemical
environments equivalent to Cr2+ in CrF2 and to Cr3+ in CrF3 [43]. In the latter
studies �E was found to be 9.3 eV for Cr metal, 9.6 eV for Cr2+ and 9.9 eV for
Cr3+. In reference [38] �E = 9:2 eV for Cr metal and 9.8 eV for Cr2O3.

In Figure 3.10 it can also be seen that the sample grown at P
buf

= 0:75� 10�4

mbar has broad and asymmetric Cr 2p lines, which probably indicate a polycrys-
talline mixture of Cr

x
O1�yNy

and unoxidized Cr phases.

Also the 2p lines of the sample grown at P
buf

= 1�10�4 mbar look broad and
consequently the CT satellite of Cr 2p1=2 has a low intensity, smeared-out structure,
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as compared with the samples grown at higher P
buf

. But yet, we cannot conclude
from this fact that oxidized and unoxidized chromium phases are involved in this
sample, since the crystal structure proved to be excellent in this case. For example,
a material will always look like (without being) a mixed valence material if the
Coulomb interaction between the core hole and the valence electrons is larger than
the valence electron band width [32]. In addition, non local screening effects in
the photoemission final states may lead to the formation of extra satellites; see for
instance the 2p XPS spectra of single crystal NiO [33].

The spectra of the 1s level of nitrogen for all the nitrogen contaminated samples
consists of a single line, and the peak positions - obtained by considering the O 1s
peak BE of 530.84 eV - are listed in the following table for the different P

buf

growths. The error made to the determination of these values is about 0.1 eV.

P
buf

(mbar) N 1s BE (eV)
0:75 � 10�4 396.87
1� 10�4 396.87

1:25 � 10�4 396.72
1:5� 10�4 396.92
2� 10�4 396.92
3� 10�4 397.02

It can be seen that the BE values are close to 397 eV; a value typical for the N 1s
BE in mononitrides of d-metals [44]. In the latter studies, an analysis of the X-ray
photoelectron spectra of nitrides has shown that in the metallic nitrides (T iN , V N ,
NbN ,MoN ) the N 1s BE is� 397; 2�398:1 eV, and it is� 397; 6�398:4 eV for
the covalent nitrides (AlN ,GaN , Si3N4,BN ). The ionic component of the metal-
nitrogen bond in metallic nitrides is higher than in covalent ones, but it decreases
for the metallic nitrides with an increase in the number of d electrons in the metal
atom. The BE of 1s electrons of nitrogen in nitrate (NO3)

�1, nitrite (NO2)
�1

ions, etc, is much higher then what we found for our samples (403-408 eV) [45],
so the presence of these compounds in the grown layers could be excluded. Now
looking back to the Cr 2p3=2 line shape of the sample grown at P

buf
= 1 � 10�4

mbar we speculate that the broadening of this line at low BE toward the metallic
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state could be due to a not pure ionic bonding of chromium with the incorporated
nitrogen, as one would expect for the chromium-oxygen bonding.

Sometimes, the peak position of the CT satellite is also used to determine the
metal oxidation state [46], [47], [48], because these satellite lines have intensities
and separations from the parent photoelectron line that are unique to each chemical
state. In a study done by Wallbank [49], [50] it was found that the Cr 2p satellite
separation from the main line is different for Cr3+ and Cr2+ ions: � 11 eV and
13 eV respectively. If we consider the separation energy of Cr 2p3=2 BE of Cr3+

and Cr2+ 1 eV, as listed in the precedent table, and if we take into account the �E
separation obtained for 2p3=2 and 2p1=2 in ”CrO” (P

buf
= 1 � 10�4 mbar) and

Cr2O3, then a separation energy will result of � 0:7 eV for the 2p1=2 CT satellites
of Cr3+ and Cr2+, with the last one at higher binding energy. The CT satellites
of 2p3=2 and 2p1=2 have the same separation energy from the main lines, and this
separation is given by the difference between U

cd
and �, where U

cd
is the Coulomb

interaction between the 2p core hole and a 3d electron, and � is the anion-cation
charge transfer energy [5].

In our case it was difficult to determine accurately the CT satellite positions
since they are broad and have a low intensity, even for Cr2O3 calibration samples.
For the samples in which Cr has a valency as in Cr3O4, a superposition of the
satellites corresponding to Cr3+ and Cr2+ is expected, which would lead to even
more broadening of the satellites structures than in the Cr2O3 case. This can be
seen in Fig. 3.10 especially for the samples grown at P

buf
= 1:25 and 1:5 � 10�4

mbar.
As discussed for the chemical composition determination, we consider that the

chemical shifts method for determining the Cr oxidation state is the most accurate
in our case by using the first measured Cr 2p spectra, so the method will not be
applied for the other chromium core level peaks. Nevertheless, in Figure 3.11 the
Cr 3p (with the main line around 44 eV) and Cr 3s (around 76 eV) are presented, in
order to get a rough idea about the different spectral shapes of these lines on going
from chromium metal (bottom line) toCr2O3 (top lines). The spectra correspond to
the same samples used in Fig. 3.10. The background was subtracted, the intensity
was normalized and the charge correction was done by using the same method as
for the Cr 2p lines, since chemical shifts are very uniform among the photoelectron
lines of an element. The buffer volume pressure is indicated in each graph for
the grown samples. From the Cr 3p line shapes of the samples grown at P

buf
=

0:75� 10�4 mbar (polycrystalline) and P
buf

= 1� 10�4 mbar (rocksalt) it is now
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FIGURE 3.11. XPS Al K� of the Cr3p andCr3s levels, as a function of the NO2 buffer
volume pressure Pbuf during deposition. Pbuf (in mbar) is indicated on each spectrum
for the grown CrxOyN1�y samples. The lowest spectrum is for the Cr metal deposited
on tantalum substrate. On the top there are two spectra for Cr2O3: one for a cleaved in
situ single crystal sample, and the other one for a grown film on Al 2O3(0001) substrate at
Pbuf = 12:5� 10�4 mbar of O2.
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more evident than from the 2p spectra, that the broadening of these lines as
compared with the lines of the other samples, is accompanied by shoulder-like
structures. For the P

buf
= 1 � 10�4 mbar sample we cannot conclude from this

fact that oxidized and unoxidized phases are involved since the rocksalt crystal
structure is clearly observed. The shoulder could be indicative of the occupation of
an e

g
orbital in the ground state as expected for a 3d4 configuration of CrO.

On occasion, the core level lines multiplet splitting can also be helpful in ob-
taining information about the spin of an ion. Emission of an electron from the 3s

core level of chromium can create a vacancy in two ways, due to the parallel or
antiparallel coupling of the new unpaired electron left after photoemission with the
other unpaired electrons in the Cr d shell. This results in an asymmetrically split
Cr 3s line into two components, and the splitting is characteristic of each oxidation
state. For the Cr3+ ion in CrF3 and Cr2O3 this exchange splitting was found to
be � 4:2 eV [51] [52], and � 5 eV for the Cr2+ ion in CrF2 [53] [54]. For our
samples, almost no difference could be noticed in the exchange splitting of the Cr
3s lines presented in Figure 3.11. Only the spectral weight ratio of the two peaks
seemed to vary. The spectral weights and the two peak positions were determined
by fitting each Cr 3s spectra with two Lorentzian peaks, after the background was
subtracted. This method is far from being accurate since the Cr 3s peaks are broad.
Nevertheless, the results are summarized in the following table for the grown sam-
ples as a function of P

buf
, and for the Cr2O3=Al2O3 and Cr2O3 single crystal

reference samples in the bottom lines.

P
buf

(mbar) Exchange splitting energy (eV) Cr 3s weights ratio
0:75 � 10�4 3.98 1
1� 10�4 3.97 1.65

1:25 � 10�4 3.98 2.03
1:5� 10�4 4.1 1.96
2� 10�4 4.04 2.08
3� 10�4 4.03 2.57
4� 10�4 4.03 2.8

Cr2O3=Al2O3 4.1 2.01
Cr2O3 single crystal 4.1 2.18
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FIGURE 3.12. XPS Al K� of the VB and O2s levels, as a function of the NO2 buffer
volume pressure Pbuf during deposition. Pbuf (in mbar) is indicated on each spectrum for
the grown CrxOyN1�y samples. The lowest spectrum is for the MgO annealed substrate,
then follow the Cr metal deposited on tantalum substrate spectrum. On the top there are
two spectra for Cr2O3: one for a cleaved in situ single crystal sample, and the other one
for a grown film on Al2O3(0001) substrate at Pbuf = 12:5� 10�4 mbar of O2.
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Finally, in figure 3.12 are shown the valence band spectra, together with the
O 2s, N 2s and O 2p and N 2p peaks, for the same samples used in figures 3.10
and 3.11. In the bottom was added an extra MgO annealed substrate spectrum for
comparison. The background was subtracted for each line and and the intensities
were normalized. The charge correction was done by using the same method as
for the Cr 2p lines, resulting for the O 1s the same binding energy for all the oxide
samples. Also here one can observe the development of a low energy shoulder
in the Cr 3d spectrum closest to the Fermi level, when lowering the NO2 buffer
pressure from 4 � 10�4 mbar to 0:75 � 10�4 mbar. This low energy shoulder
suggests the presence of a Cr 3d e

g
occupation which one would expect for a CrO

like system, i.e. with the t32geg configuration.

3.6 Ex situ structural analysis

3.6.1 RBS/channeling

The study of the crystal structure quality and epitaxy of the grown samples can be
done in a more quantitative way by using RBS analysis(1) . This kind of analysis
also gives information on the composition of the layers.

The sample which was characterized with RBS was grown in similar conditions
as the sample presented in Fig. 3.1: on MgO(100) substrate, at 300ÆC substrate
temperature and 1:5� 10�4 mbar NO2 buffer volume pressure, having a thickness
of � 46 ML as determined from the RHEED intensity oscillations. The chemical
composition of this sample was found by XPS measurements - before the MgO

cap layer was deposited - to be Cr0:75O0:8N0:2.
In Figure 3.13 two RBS spectra are presented: the circles represents the yield

of backscattered He+ particles measured in random incidence geometry, and the
filled area represents the yield measured with the incident beam aligned along the
[001] crystal axis of the MgO substrate, both as a function of the energy of the
backscattered particles. The chromium, magnesium, oxygen and nitrogen edges
are indicated on the random spectrum. The magnesium intensity peak in the chan-
nelling direction spectrum originates from the surface of the MgO cap layer.

By comparing the two spectra the minimum yield for the chromium peak of
Cr0:75O0:8N0:2 (at about 765 keV) was found to be 7:5% proving a very high crys-
tal quality of the film. The channelling along the [001] crystallographic direction of

(1)These RBS measurements have been performed by P.J.M. Smulders.
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the chromium oxide approximately coincides with that of MgO, indicating that the
film was grown epitaxial on the substrate, with (100) k (100) and [100] k [100] epi-
taxial relationships. The oxygen and magnesium intensity peaks in the channelling
direction spectrum come from the surface of the MgO cap layer.
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FIGURE 3.13. RBS spectra for random direction (circles) and [001] aligned orientation
(filled area) for the sample. The minimum yield is 7:5%.

From the fit of the random spectrum we found the chromium oxide layer thick-
ness to be about 90Å and a nitrogen contamination of 20% with respect to the total
anion concentration in the sample. This confirms the XPS result and also proves
that the nitrogen is incorporated in the layers by replacing part of the oxygen ions.

By RBS also the [011] axis channelling angle for this sample was measured and
in Figure 3.14 the normalized intensity as a function of the ion beam angle of in-
cidence with the [001] surface normal is presented. The continuous line represents
the MgO signal buried below the film, the dashed line is the spectrum for MgO

uncovered substrate which was protected during sample growth by a stainless-steal
strip, and finally the circles represent the Cr0:75O0:8N0:2 signal. These spectra
were recorded by scanning the ion beam in the (100) crystal plane of MgO, from
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FIGURE 3.14. [011] channelling dips in: Cr for Cr0:75O0:8N0:2 layer (circles), Mg for
MgO uncovered substrate (dash line), and Mg for MgO substrate buried below the film
(continuous line).

the [001] surface normal to the [011] axis, until the channelling minima were found.
As expected for a crystal with cubic symmetry, the angle between the [001] and

[011] of the MgO substrate was found to be exactly 45Æ. For the chromium oxide
film it can be seen that the channelling dip deviates from 45Æ by 1:1(2)Æ , indicating
that the film has not a cubic, but tetragonal structure. This could be just a distortion
due to the fact that the film is not relaxed to its own lattice constant, but is lattice
matched at the interface with the substrate and has an expanded in-plane lattice
constant. It could also be that the unit cell of this compound is not cubic at all, but
is tetragonal due to some Jahn-Teller preferential occupations of the 3d orbitals in
the Cr2+ ions. In any case, if we assume complete lattice matching between the
substrate and the film as also the minimum yield from Fig. 3.13 would suggest,
then the out-of-plane lattice constant of the Cr0:75O0:8N0:2 would be 4:05Å as
compared to the in-plane value of 4:212Å.

The scan of the chromium yield has an asymmetric shape around the minimum
because the scan was measured in the (100) plane of MgO which can differ from
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the one of the film, due to the fact that the film does not have a perfect cubic
structure.

3.6.2 XRD

The structural studies of the same Cr0:75O0:8N0:2 sample were completed by XRD
measurements(2) .

From a first specular reflectivity scan (Figure 3.15) the thickness of the film
appears to be about 91Å and has a rms (root mean square) roughness of about 6Å.
TheMgO cap layer is about 75Å thick and appears to be very rough. The thickness
of the chromium oxide layer is consistent with that calculated from the number of

(2)These XRD measurements have been performed by M.A. James.
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FIGURE 3.15. X-ray specular reflectivity for Cr0:75O0:8N0:2=MgO(100). The mea-
sured data is shown by filled circles, the best fit by the solid line. � is the angle made
by the incident beam of wave length: � = 0:15418 nm with the surface plane.
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RHEED oscillations observed during growth (92Å), if we consider the out-of-plane
lattice constant of the film 4:05Å as found by RBS measurements. The chromium
oxide layer could easily be fitted with a simple layer of uniform density, however,
the MgO cap layer proved to be more problematic, and to achieve a good fit it
was considered to be composed of two separate MgO layers of different densities:
a layer of 54Å in thickness with bulk MgO electron density (1:1Å�3), on top of
which is a layer of 20Å in thickness with a reduced electron density (0:68Å�3).
This makes sense in view of the fact that the MgO cap layer is rough, so at the
surface it is not so dense. This produced the fit shown in Figure 3.15 (solid line).

Further along the specular direction we find the (0, 0, 2) and (0, 0, 4) bulk Bragg
diffraction peaks from the MgO substrate. Figure 3.16 shows the MgO(0; 0; 2)

reflection. Apart from the main peaks at 2� is 42:9Æ and 43Æ due to Cu K
�1 and

K
�2 radiation (1.5406 and 1.5444Å in wavelength respectively), a number of spuri-

ous peaks are present in the spectrum. These peaks appear because the flat graphite
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FIGURE 3.16. MgO(0; 0; 2) Bragg peak for Cr0:75O0:8N0:2=MgO(100). Also shows
CrO(0; 0; 2) peak at 2� = 44:7Æ.
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monochromator does not fully monochromate the X-ray beam. For example, the
peaks at 41Æ and 41:4Æ arise from W L

�
radiation and the peak at 42:7Æ is probably

due to Ta L
�

, all such peaks being due to impurities in the X-ray source. The use
of a Ni filter in the pre-optics significantly reduces the intensity of the K

�
radiation

and most of the source impurity lines.

A broad peak is observed at 2� � 44:7Æ which arises from the Cr0:75O0:8N0:2

overlayer, i.e. Cr0:75O0:8N0:2(0; 0; 2), if a rocksalt structure is assumed. This peak
has a full width at half maximum (FWHM) of 1:3Æ due to the finite thickness of the
film, and a position that corresponds to a structure with a lattice constant of 4:05Å
perpendicular to the (001) surface. The chromium oxide film layer spacing in a
direction perpendicular to the substrate is thus 2:025Å.

To check whether the chromium oxide layer has a rocksalt structure and is
lattice-matched to the MgO surface unit mesh, we can search for off-specular
Bragg reflections arising purely from the Cr0:75O0:8N0:2 overlayer. This is most
conveniently done with reciprocal space maps [55]. In Figure 3.17 a reciprocal
space map around the MgO(2; 2; 4) peak is shown, where the experimentally mea-
sured scans have been converted into scans of perpendicular (k?) versus parallel
(k
k
) momentum transfer. The intensity scale in the figure is logarithmic. At the

center of the scan is the MgO(2; 2; 4) peak. Note that two peaks are visible due
to the presence of Cu K

�1 and Cu K
�2 radiation. Also two stripes of scattering

profile perpendicular to each other around the MgO(2; 2; 4) peak are visible, one
is due to mosaicity of the substrate, and the other one is an inherent instrumental
effect caused by white radiation in spite of the presence graphite monochroma-
tor. At higher perpendicular momentum transfer an additional peak is observed
which arises from the chromium oxide layer. This Cr0:75O0:8N0:2(2; 2; 4) peak
has the same parallel momentum transfer as the substrate peak, indicating that the
film overlayer has the same in-plane lattice constant as that of the MgO substrate,
i.e. the chromium oxide film is lattice matched to the MgO substrate. No other
reflections than those characteristic for the rocksalt structure were found and in the
real space the lattice constants are: 4:212Å in-plane and 4:05Å out-of-plane, which
confirms the RBS results. The FWHM of the peak is 2:5Æ, again due to the finite
thickness of the film.

Finally, Figure 3.18 is a schematic representation of the Cr0:75O0:8N0:2 film
structure on top of MgO substrate, with the as-found lattice constants.

XRD measurements done on thicker chromium oxide samples (� 300Å) grown
at P

buf
= 1 � 10�4 mbar indicated that the films tend to relax to a cubic crystal
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FIGURE 3.17. XRD reciprocal space map around the non-specular (2,2,4) reflection of
the Cr0:75O0:8N0:2 sample. Plotted is the log(diffracted intensity) as a function of the in-
plane kk and out-of-plane k? reciprocal wave vectors. The x and y axis are in the units of
2�=� with � = 0:15418 nm.

structure at this thickness having a lattice constant of � 4:13Å. For the samples
grown at P

buf
= 3 � 10�4 mbar, 500Å thick, all the reflections coming from the

chromium oxide except (0,0,l) are hardly visible, indicating a not so good quality
of the crystal structure for this type of sample. The in-plane lattice constant was
determined from the (0,0,2) Bragg peak position of the film to be � 4:02Å.
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FIGURE 3.18. Schematic representation of the Cr0:75O0:8N0:2 structure, conclusion of
XRD and RBS measurements.

3.7 XAS results

The best technique which helps to make a distinction between the d3 and d4 con-
figurations of the chromium ion is XAS and in Figure 3.19 we present the Cr L23
TEY X-ray absorbtion spectra(3) for three samples: one grown on an MgO(100)

substrate at 400ÆC and 1� 10�4 mbar NO2 buffer volume pressure (bottom line),
another one grown on MgO substrate at 400ÆC and 3 � 10�4 mbar NO2 (middle
line) and finally the top most curve is the reference spectrum of a Cr2O3 single
crystal sample cleaved in situ. The intensities are normalized for each spectrum.
For the grown samples spectra of normal incidence (the incident X-ray beam is
perpendicular to the sample, represented with a continuous line) and grazing inci-
dence (the incident beam is parallel with the sample, represented with dotted line)
are shown.

The chemical composition of the samples (indicated on each spectra) as found

(3)All XAS experiments in this thesis have been performed by H.L. Tjeng.
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FIGURE 3.19. CrL23 TEY X-ray absorbtion spectra of: Cr2O3 cleaved sample (top)
and two grown chromium oxides samples: MgO(100) substrate, 400ÆC, 1�10�4 mbar of
NO2 (bottom) and MgO(100) substrate, 400ÆC, 3� 10�4 mbar of NO2 (middle).

with XPS is: for P
buf

= 1�10�4 mbar x ' 0:9 and 30% nitrogen contaminations,
and for P

buf
= 3� 10�4 mbar growth x = 0.7 and almost no nitrogen is present.

It can be seen that the spectrum looks very similar to the Cr2O3 single crystal
spectrum for the P

buf
= 3 � 10�4 mbar sample, indicating that the Cr ion is

in a d3 state. For the sample grown at P
buf

= 1 � 10�4 mbar, the spectrum is
quite different from that of Cr2O3 indicating that the Cr is in a different oxidation
state. Whether this spectrum is representative for a Cr 3d4 configuration is not clear
at the moment. It is certainly different from the published CrF2 spectrum [56],
which is supposed to be that of an ionic Cr 3d4, although there are several features
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in the CrF2 spectrum that cannot be explained by theory, indicating perhaps the
presence of impurities or degradation. More detailed calculations will be needed
in order to establish the role of nitrogen and defects for the valence and crystal
fields of the Cr ion in our P

buf
= 1 � 10�4 mbar sample. For the sample grown

at P
buf

= 1 � 10�4 mbar there is also no difference in between the normal and
grazing incidence spectra, as one would expect from the theoretical calculations for
polarization dependence in the case of a d4 ordered Jahn-Teller distorted system.
This means that even if some Cr2+ valence state ions would be present in this
sample, as the Cr 2p XPS measurements would suggest, the tetragonally distortion
of the crystal structure is due to the stress induced in the film by theMgO substrate,
and not to a Jahn-Teller preferential occupation of the 3d orbitals in the Cr2+.

Measurements of the nitrogen K edge absorption spectra showed the high ni-
trogen contamination for the P

buf
= 1� 10�4 mbar sample.
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3.8 Conclusions

Chromium oxide samples can be grown on MgO and SrT iO3 substrates using
various fluxes of NO2 oxidizing agent. The RHEED patterns show that the films
grow in the rocksalt structure. For the NO2 buffer volume pressures in between
1� 10�4 and 2� 10�4 mbar, the strong oscillatory behavior in the intensity of the
specularly reflected RHEED spot indicates that the films are growing in a layer-
by-layer mode. The very good crystalline quality of the films is confirmed by
RBS and XRD for a sample grown on MgO(100) with a thickness below 100Å,
and the lattice constant is found to be 4:212Å in-plane and 4:05Å out-of-plane. In
other words, the chromium oxide film follows in-plane the lattice constant ofMgO

substrate.
It is quite surprising that such a good crystallinity can be achieved for the grown

samples, in view of the fact that bulk CrO does not exist. The spectroscopic in-
vestigations using XPS and XAS revealed probably the key issue to this. We found
that there is a substantial amount of N built in the chromium oxide films, depending
on the NO2 gas pressure that is being used for the growth. The nitrogen incorpo-
ration in the samples increases almost linear with decreasing the NO2 flux for the
crystalline samples, similar as in the case of NO2 assisted MBE of iron oxides [8].
The XPS, RBS and XAS data suggest that the nitrogen is uniformly incorporated
in the layers by replacing part of the oxygen ions.

For low gas pressures the film has a Cr1�ÆO0:7N0:3 like composition, while
for high gas pressures it has the Cr0:7O composition. The XPS measurements give
some indications that Cr2+ ions are present in the Cr1�ÆO0:7N0:3 samples: the Cr
2p3=2 chemical shifts and the spin-orbit splitting of the Cr 2p lines. The XAS results
indicate that in Cr0:7O the Cr ion is in a 3+ valence state, while in Cr1�ÆO0:7N0:3

part of the Cr ions may be in a 2+ valence state or in a strongly covalent bond with
the nitrogen. Nevertheless, the crystal structure of the films is in all cases rocksalt
fcc and not corundum nor spinel. This seems to indicate that built-in nitrogen or
cation vacancies reduce the number of Cr2+ and they also create the space for
the Cr2+ ions to have the Jahn-Teller distortions directed towards them, and that
together with the substrate surface, they can stabilize the rocksalt structure of the
oxygen sublattice.
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[34] S. Hüfner, Photoelectron Spectroscopy - Principles and Applications,

(Springer - Verlag, 1995).
[35] J. Zaanen, G.A. Sawatzky and J.W. Allen, Phys. Rev. Lett. 55, 418 (1985).
[36] M.A. Veenendaal and G.A. Sawatzky, Phys. Rev. Lett. 70, 2459 (1993).
[37] M.A. Veenendaal, H. Eskes and G.A. Sawatzky, Phys. Rev. B 47, 11462

(1993).
[38] John F. Moulder, William F. Stickle, Peter E. Sobol, Kenneth D. Bomben,

Handbook of X-ray Photoelectron Spectroscopy, Ed. by Jill Chastain and
Roger C. King Jr. (Physical Electronics, Inc., 1995).

[39] C. Xu, M. Hassel, H. Kuhlenbeck, H.J. Freund, Surf. Sci. 258, 23 (1991).
[40] A.M. Venezia, C.M. Loxton and J.A. Horton, Surf. Sci. 225, 195 (1990).
[41] A. Maetaki, M. Yamamoto, H. Matsumoto and K. Kishi, Surf. Sci. 445, 80-88

(2000).
[42] A. Maetaki and K. Kishi, Surf. Sci. 411, 35-45 (1998).
[43] R. Marryfield, M. McDaniel and G. Parks, J. Catal. 77, 348 (1982).
[44] V.G. Aleshin, A.I. Kharlamov and T.S. Bartnitskaya, Inorganic-Materials

vol.15, no.4, p.529-31, (April 1979); Translated from: Izvestiya-Akademii-
Nauk-SSSR,-Neorganicheskie-Materialy. vol.15, no.4, p.677-80, (April



66 References

1979).
[45] Handbook of X-ray Photoelectron Spectroscopy, Ed. by C.D. Wagner, W.M.

Riggs, L.E. Davis, J.F. Moulder, and G.E. Muilenberg, (Perkin Elmer Corpo-
ration, Eden Prairie, Minnesota, 1979).
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Chapter 4

O2 and O3 assisted chromium oxides
growth

4.1 Introduction

After the NO2 - assisted chromium oxide growth, O2 and O3 were used next as
oxidizing agents in order to avoid the nitrogen contaminations in the samples at low
gas pressure, when approaching the chemical composition of stoichiometric CrO.

In this chapter we discuss the preparation of O2 and O3 - assisted samples,
using in general the growth conditions that have been established in the previous
chapter. The sample characterization was done by RHEED, LEED and XPS in
situ, followed by RBS, XRD and XAS ex situ. RHEED and XPS were used for all
the grown samples, while the other techniques were used on some selected sam-
ples. Selection of which was made based on the crystal structure and/or sample
stoichiometry.

4.2 O2 assisted growth

Following the recipe found in the case of NO2 assisted MBE growth of chromium
oxides, oxygen assisted samples were deposited on MgO(100) and MnO(100)

substrates using a chromium metal deposition rate of � 1:3Å=min and 400ÆC
substrate temperature. The O2 buffer volume pressure was varied from 0:5� 10�4

mbar to 6� 10�4 mbar when using MgO substrates, and these pressures are listed
in the following table together with the corresponding background pressures in the
growth chamber before starting the growth, just after the O2 Pbuf was set to the

67



68 Chapter 4 O2 and O3 assisted chromium oxides growth

desired value ”P
chamber

when staring the growth” , and almost in the end of the
growth ”P

chamber
after � 25 min. of growth” .

P
buf

(mbar) P
chamber

when staring P
chamber

after � 25 min.
the growth (mbar) of growth (mbar)

0:5� 10�4 8� 10�9 9� 10�9

1� 10�4 1:2� 10�8 1:7� 10�8

1:5� 10�4 2:4� 10�8 4:6� 10�8

2� 10�4 2:3� 10�8 7:2� 10�8

3� 10�4 3:5� 10�8 2� 10�7

4� 10�4 5:3� 10�8 2:7� 10�7

6� 10�4 1:2� 10�7 4:7� 10�7

After the sample growth is started, P
chamber

is rising slightly due to saturation
of the growth chamber while the oxidizing agent is fed with a constant flow. Also
the chromium K-cell outgassing is contributing a bit to this variation of P

chamber

during growth.
For the samples grown on MnO substrates P

buf
used were: 1 � 10�4, 1:5 �

10�4 and 2 � 10�4 mbar. All the sample deposition times were 30 minutes. The
measurements performed on these samples were RHEED - during growth and XPS
- immediately after the growth, and the results of these measurements will be dis-
cussed in the following subsections.

4.2.1 In situ structural analysis: RHEED

Figure 4.1 show the RHEED patterns of (a) a cleaned MgO(100) substrate and
some of the samples grown on MgO substrates under the following O2 buffer
volume pressures: (b) 0:5 � 10�4 mbar, (c) 1 � 10�4 mbar, (d) 1:5 � 10�4 mbar,
(e) 2�10�4 mbar, (f) 6�10�4 mbar. Due to severe charging problems, no good data
were recorded for P

buf
: 3� 10�4 and 4� 10�4 mbar. All the images of the grown

samples were recorded at the end of each growth with an electron beam energy of
15 keV and with the incident beam along a [100] direction of the substrate.
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(a) (b)

(c) (d)

(e) (f)

FIGURE 4.1. RHEED patterns of (a) MgO(100) substrate and grown samples on
MgO(100) at 400ÆC, O2 assisted with buffer volume pressures: (b) 0:5 � 10�4 mbar,
(c) 1� 10�4 mbar, (d) 1:5� 10�4 mbar, (e) 2� 10�4 mbar, (f) 6� 10�4 mbar.
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The distance between the lines is not the same for all the pictures due to slightly
different positions of the CCD camera when the pictures were taken.

For P
buf

� 1:5 � 10�4 mbar the film pattern looked similar to that of the
substrate, having the characteristic rocksalt (2; 0), (0; 0) and (2; 0) diffraction rods.
The surfaces seem to be relatively smooth in the cases of P

buf
is 1:5 � 10�4 and

2 � 10�4 mbar. For P
buf

� 3 � 10�4 mbar the rods are split into spots indi-
cating surface roughening. The samples grown at P

buf
= 0:5 � 10�4 mbar and

1 � 10�4 mbar transmission patterns developed directly after starting the growth,
ending with very diffuse rocksalt patterns combined with polycrystalline features
and high backgrounds, indicating deterioration of the crystalline structure in these
cases, and also some extra spots probably due to the growth of some epitaxial
chromium metal.

RHEED intensity oscillations in the specularly reflected beam were obtained
for P

buf
: 1:5 � 10�4 mbar (Fig. 4.3 a) and 2 � 10�4 mbar with a period of

47:3 sec =ML and a damping in the oscillatory behavior at the end of the growth;
for 3�10�4 mbar and 4�10�4 mbar, a few oscillations in the early stages of growth
with a period of � 42:5 sec =ML. The ratio of these two periods is very close to
8/9, the expected periods ratio of Cr0:67O to Cr0:75O phases. For the sample
grown at P

buf
= 1� 10�4 mbar three RHEED intensity oscillations were obtained

with a separation of � 56 seconds. From the ratio of this period with the previous
ones, the chemical composition of the sample is estimated to be� Cr0:9O. Further
investigations on the chemical composition of the samples was done by XPS.

The chromium oxide deposition on MnO(100) substrates proved to give sim-
ilar results to the growth on MgO(100) substrates, as far as RHEED data are con-
cerned. Figure 4.2 a is a RHEED pattern of a clean MnO substrate taken before the
growth of one of the samples. The RHEED gun settings were the same as for the
MgO substrate case. The characteristic rocksalt pattern with the (�2; 0), (0,0) and
(2,0) streaks can be recognized, but they are less sharp and intense than those of
the MgO substrate, lying also on a higher intensity background. This is probably
due to the fact that MgO (transparent crystal) has much less defects than MnO

(opaque and very dark color crystal). More important is that MgO substrates have
excellent surfaces after cleave, while for MnO the mosaicity of the substrate can
be seen with the naked eye after the cleave.

In figure 4.2 (a) the Kikuchi lines and the intense spot of the reflected electrons
on the MnO surface are also visible. Next, figure 4.2 (b), (c) and (d) show the
RHEED images of the grown samples on MnO substrates at 400ÆC and O2 buffer
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(a) (b)

(c) (d)

FIGURE 4.2. RHEED patterns of (a) MnO(100) substrate and grown samples on
MnO(100) at 400ÆC, O2 assisted with buffer volume pressures: (b) 1 � 10�4 mbar, (c)
1:5� 10�4 mbar, (d) 2� 10�4 mbar.

volume pressures of 1�10�4 mbar, 1:5�10�4 mbar and 2�10�4 mbar respectively.
As for the growth onMgO substrates, P

buf
= 1�10�4 mbar ofO2 seems to be not

enough for growing single-crystal chromium oxide films. The transmission spots
appear in the beginning of the film deposition and then slowly the polycrystalline
features develop. No oscillations in the reflected beam intensity were obtained in
this case. The intensity just drops rapidly in the beginning of the growth. For
oxygen P

buf
of 1:5 � 10�4 and 2 � 10�4 mbar the RHEED patterns indicated

an epitaxial growth on the MnO substrates, with relatively rough surfaces, but
still in rocksalt crystalline arrangement. RHEED intensity oscillations for P

buf
=
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2 � 10�4 mbar sample are shown in figure 4.3 b. The damping in the oscillatory
behavior indicate also that in the second half of the deposition time, the growth
mode of this sample is three dimensional, with an increased surface roughness.

0 400 800 1200 1600
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FIGURE 4.3. Oscillations in the intensity of the specularly reflected RHEED beam, as
a function of the deposition time for samples grown (a) on MgO(100) substrate at O 2

Pbuf = 1:5� 10�4 mbar, (b) on MnO(100) substrate at O2 Pbuf = 2� 10�4 mbar.

The oscillations presented in figure 4.3 are the best obtained for the O2 - as-
sisted growth and they were recorded in the same way as described for the RHEED
intensity oscillations of the NO2 - assisted samples (subsection 3.3.1). The inten-
sity was also normalized and the deep minima correspond to the moment when
the RHEED beam was shuttered. The actual sample deposition starts at time = 0
seconds. The oscillations are evenly spaced, but compared with the ones obtained
for the NO2 - assisted growth (figure 3.3) they have smaller amplitude and a much
faster damping. This fact indicates that the growth is far better for the NO2 - as-
sisted samples than for the O2 - assisted ones.



4.2 O2 assisted growth 73

4.2.2 Chemical composition

After a brief investigation of the crystal quality of the samples with RHEED, XPS
was used to check the chemical composition of the layers. First a broad scan was
taken in each case, in order to check for the possible contaminations in the sam-
ples. As expected, no nitrogen contamination was found this time, and the surfaces
were also carbon - free. No magnesium signal coming from the substrate could be
detected. Next, a scan including the Cr 2p and O 1s core level peaks was measured.
Oxygen is the only anion in the sample, so the chemical composition x of the Cr

x
O

was determined this time from the ratio of the Cr 2p and O 1s spectral weights. As
in the case of NO2 - assisted growth, the reference sample was the Cr2O3 grown
on sapphire presented in section 3.4, having a ratio of Cr 2p vs O 1s of 2.92. The
results in the figure 4.4 are for the samples which were presented in the beginning
of this chapter. The chemical composition x is plotted as a function of the oxygen
buffer volume pressure.

0 1 2 3 4 5 6
0.6

0.7

0.8

0.9
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 MgO substrate
 MnO substrate

x

O2 buffer volume pressure (x10-4 mbar)

FIGURE 4.4. Chemical composition x of theCrxO samples as a function of theO2 buffer
volume pressures as determined from XPS spectra. The reference is Cr 2O3 grown on
Al2O3(0001).
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From this plot it can be seen that x is close to one for the samples grown at
P
buf

� 1 � 10�4 mbar, samples which proved to have poor crystalline order. It
is possible that at these low pressures a chromium-metal / chromium oxide phase
separated film is being formed.

For the rest of the samples grown at P
buf

� 1:5 � 10�4 mbar, the chemical
composition is very close to Cr2O3, but surprisingly, they all have rocksalt struc-
tures. This indicates that the oxygen sublattice has a rocksalt arrangement, and that
in the chromium sublattice vacancies are present, but not in an ordered way.

4.2.3 Reconstruction seen by RHEED and LEED

Next we will discuss RHEED and LEED data of a sample grown with a very high
O2 pressure, which showed a different crystal structure than rocksalt.

The sample was grown on MgO(100) substrate, at 600ÆC and P
buf

= 12:5 �
10�4 mbar, leading to a background pressure in the chamber of� 1�10�6 mbar. In
fact, three samples were grown in these conditions, but having different deposition
times: 165 seconds, 1200 seconds and 4800 seconds respectively. The RHEED
patterns of the three samples (Figure 4.5 b, c and d) are compared with a clean
MgO pattern (Figure 4.5 a). It is evident from the pictures that the crystal structure
is not rocksalt, and moreover, it is changing as a function of the deposition time.

To follow better this point, the development of the RHEED pattern of the thick-
est sample is presented in the top most picture of the figure 4.5, composed of a
sequence of horizontal line-scans in a box perpendicular to the diffraction rods, as
a function of deposition time. The arrows above the picture indicate the times when
the RHEED images a, b, c and d were taken (for b and c- when also the growth was
stopped). In the beginning, before deposition starts, a couple of MgO images were
taken, and there the (�2; 0), (0,0) and (2,0) features corresponding to the rocksalt
diffraction rods can be recognized. The (�2; 0) and (2,0) are sharp and intense, the
(0,0) has a spread out intensity due to the extremely intense reflected electrons spot
(see fig. 4.5 a). Upon deposition, the narrow (�2; 0) and (2,0) lines are replaced
by broader, but still intense lines. Then two extra lines are visible in between the
rocksalt lines for about 250-300 seconds (5-6 monolayers). They are also sharp and
have a streaked characteristic (see fig. 4.5 b).
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Deposition time (sec)

t=165 t=1200 t=4800

(a) (b)

(c) (d)

FIGURE 4.5. Top: Development of the RHEED pattern of a sample grown onMgO(100)

at 600ÆC,O2 assisted with Pbuf = 12:5�10�4 mbar and the deposition time 4800 seconds.
RHEED patterns of (a) MgO(100) substrate, and grown samples on MgO at 600ÆC, O2

assisted with Pbuf = 12:5 � 10�4 mbar and the deposition times: (b) 165 seconds, (c)
1200 seconds, (d) 4800 seconds.



76 Chapter 4 O2 and O3 assisted chromium oxides growth

At this thickness the Kikuchi lines of the MgO substrate are still visible and
the sample seems to be very flat, without transmission features. The extra lines
are precisely centered in between the rocksalt lines. As the growth develops the
two extra lines disappear and just the rocksalt features remain for another 300-400
seconds, corresponding to a relatively flat film surface. Over 800 seconds of de-
position time the surface gets rougher and rougher, (the RHEED streaks transform
into transmission spots), and we observe the development of four extra lines as
compared with the rocksalt picture, two in between (�2; 0) and (0,0) streaks, and
the other two in between the (0,0) and (2,0) streaks. The distance in between the
new features and the rocksalt lines is exactly one third from the (0,0)-(2,0) lines
distance. The extra lines remain weak until the end of the growth. Looking in more
detail at the pattern in figure 4.5 c and d we could see that in fact, the new extra
features have a transmission character, in other words they are a bulk signal: by
changing the diffraction angle of the RHEED electrons on the sample surface, the
extra features did not change their position but just appeared or disappeared. This
was somehow expected due to the increased roughness of the samples. Moreover,
in the pictures 4.5 c and d an extra Laue zone is visible where for each rocksalt line
from the zeroth order Laue zone appear two lines (it is more clear in 4.5 c).

But before going to the conclusions, let us look at the LEED patterns of the
three samples. In figure 4.6 LEED images of the MgO substrate (a and c) are com-
pared with some of the grown samples: (b) and (d) for the 165 seconds deposition
time sample, (e) for 1200 seconds sample, and finally (f) for 4800 seconds sample.

The electron beam energies (BE) are indicated on each figure. In figure (b)
and (d) the number of spots doubled as compared with the MgO substrate spots
and consequently the reciprocal lattice vectors became two times shorter than for
MgO. So, in the first stages of growth, the chromium oxide sample has a unit cell
two times larger than the MgO unit cell. It could be that this chromium oxide has
a spinel crystal structure; or it is just a surface reconstruction with a (2� 2) surface
unit cell, where one out of four chromium sites is vacant. The chemical composition
of chromium oxide having such an ordered defect structure would be Cr0:75O. For
the spinel type of oxide three compositions are known: the spinel Cr3O4 with the
lattice constant a = 8:72Å, leading to a mismatch with MgO substrate of 3:4%;
the gamma phase of Cr2O3, again spinel structure with a = 8:36Å and a mismatch
with MgO of 0:76%; and finally a Cr2MgO4 spinel-like oxide with a = 8:333Å
and a mismatch with MgO of 1:1%.
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(a) (b)

(c) (d)

(e) (f)

BE=222 eV BE=222 eV

BE=140 eV BE=146 eV

BE=247 eV BE=250 eV

FIGURE 4.6. LEED patterns of (a), (c) MgO(100) substrate, and grown samples on
MgO at 600ÆC, O2 assisted with Pbuf = 12:5 � 10�4 mbar and the deposition times:
(b), (d) 165 seconds, (e) 1200 seconds, (f) 4800 seconds. The electron beam energy (BE)
is indicated on each figure.
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The last phase could be formed just if Mg from the substrate would interdiffuse
in the chromium oxide overlayer. But with the help of XPS measurements this case
could be excluded. This is unlike in the case of Fe3O4 growth on MgO where the
diffusion of Mg occurs at � 550ÆC [1]. Further, the sample chemical composition
at the very high oxygen pressure used is of Cr0:67O, so it is very likely the (2� 2)

reconstruction with respect to the MgO structure is due to a spinel  � Cr2O3

phase. For the sample grown 1200 seconds the LEED spots were a bit difficult to
distinguish (Fig. 4.6 e), as expected for the rough sample surface. But still, with a
careful observation of LEED patterns at different electron beam energies we could
conclude that the number of diffraction spots has tripled along the
< 110 > directions, with respect to the MgO unit cell. In other directions no extra
diffraction spots could be seen, so we suspect that at this thickness a reconstruction
with two domains: (3 � 1) and (1 � 3) with respect to the MgO structure was
obtained.

(0,0) (2,0)(-2,0)
Zeroth order Laue zone

Extra Laue zone seen in RHEED

FIGURE 4.7. Schematic drawing of the reconstructed LEED pattern from Figure 4.6.

Figure 4.7 shows a schematic drawing of the reconstructed LEED pattern where
the filled circles correspond to the initial rocksalt diffraction spots of the MgO

substrate and the open circles to the extra spots appeared for a sample deposition
time of 1200 seconds. In the figure the (�2; 0), (0,0) and (2,0) diffraction spots are
also indicated which in the RHEED image are becoming the (�2; 0), (0,0) and (2,0)
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rods, and also the zeroth order Laue zone and the extra Laue zone for the grown
sample with respect to theMgO pattern seen in RHEED (fig. 4.5 c). The next Laue
zones cannot be seen in RHEED due to a not high enough energy of the electron
beam. Due to the two extra lines besides the rocksalt ones in the zeroth order Laue
zone which are visible the RHEED pattern, we believe that the film has not just a
(3�1) surface reconstruction, but rather an enlarged bulk unit cell, and the RHEED
image is a three dimensional collection of (3 � 1) domains. The extra lines in the
zeroth order Laue zone are not visible in LEED probably due to the fact that they
are too weak and diffused.

In the LEED pattern of the sample deposited for 4800 seconds (Fig. 4.6 f) the
spots are very broad and the background has a very high intensity, so the structure
of this sample is not distinguishable from LEED. But due to unchanged symmetry
in the RHEED as compared with the thinner, 1200 seconds sample, on the zeroth
Laue zone and on the extra Laue zone we can conclude that structure is the same,
having a (3 � 1) domains pattern with respect to MgO structure, but with an in-
creased surface roughness as compared with the thinner sample. A crystal structure
consistent with the (3 � 1) pattern, is a defect rocksalt structure in which one out
of three chromium sites is vacant. This means, the new unit cell has the new lattice
parameters: a1 = a

MgO
=
p
2, a2 = 3a

MgO
=
p
2 and a3 � a

MgO
. The chemical

composition of the chromium oxide having this structure is Cr0:67O.
One may envision that a high substrate temperature during growth (600ÆC) may

help to order the defects in this Cr0:67O films.

4.3 O3 assisted growth

4.3.1 Sample growth

By using O3 as oxidizing agent we hoped to overcome the problem of polycrys-
tallinity when the samples approach the chemical composition of chromium monox-
ide. One may speculate that perhaps the O3 will react with chromium in such a way
that after the reaction only one oxygen radical atom is spilt off and that an oxygen
molecule is left behind, and this will not be too reactive with the chromium which
is partly oxidized. In this way, one may hope to have an oxygen radical source.

In order to have about the same chromium oxide deposition rate as in the case of
NO2 - and O2 - assisted growth, the chromium metal flux was set again at approx-
imatively 1:3Å=min. For the growth study, the substrates used were MgO(100),
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MnO(100) and SrT iO3(100) and the substrate temperatures during growth were:
room temperature, 400ÆC and 600ÆC. The O3 buffer volume pressures used are
listed in the following table together with the corresponding background pressures
in the growth chamber before opening the Cr shutter and almost at the end of the
growth, where the sample deposition time was 30 min.

P
buf

(mbar) P
chamber

when staring P
chamber

after � 25 min.
the growth (mbar) of growth (mbar)

0:75 � 10�4 1:1 � 10�8 1:4 � 10�8

1� 10�4 1:5 � 10�8 2:1 � 10�8

1:25 � 10�4 1:6 � 10�8 3:2 � 10�8

1:5� 10�4 2:1 � 10�8 4:8 � 10�8

2� 10�4 2:3 � 10�8 9� 10�8

25� 10�4 2:4 � 10�7 1:1 � 10�6

In the following subsection the in-situ characterization by RHEED, LEED and
XPS will be discussed. The XPS data were recorded immediately after the growth.
Then the results of ex-situ measurements: RBS, XRD and XAS, performed on
some selected samples, will be shown. For these samples the recipes found by the
growth study were applied, their structure was checked by RHEED during growth
and the chemical composition by XPS immediately after the growth with a quick
Cr 2p - O 1s scan. Other peak scans were not measured for these samples, in order
to avoid the post - growth ageing of the samples in the XPS chamber. They were
then transported back into the growth chamber where they were capped with about
20 ML of MgO to protect the samples when they were brought into air for ex-situ
measurements. The MgO cap layer was grown in the same way as for the NO2 -
assisted samples (see section 3.2), and its stoichiometry was verified by XPS.

4.3.2 In situ structural analysis: RHEED and LEED

Figure 4.8 shows the RHEED patterns of (a) a clean MgO(100) substrate, and
three of the grown samples on MgO at 400ÆC and the following O3 buffer volume
pressures: (b) 1 � 10�4 mbar, (c) 1:5 � 10�4 mbar and (d) 2 � 10�4 mbar. The
distance between the lines is not the same for all the pictures due to slightly different
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(a) (b)

(c) (d)

FIGURE 4.8. RHEED patterns of (a) MgO(100) substrate and grown samples on
MgO(100) at 400ÆC, O3 assisted with buffer volume pressures: (b) 1 � 10�4 mbar, (c)
1:5� 10�4 mbar, (d) 2� 10�4 mbar.

positions of the CCD camera when the pictures were taken. The RHEED intensity
oscillations in the specularly reflected beam for the latter two samples are presented
in figure 4.11 b and d. No oscillations have been observed for the sample grown
at P

buf
= 1� 10�4 mbar. This fact, together with the polycrystalline features and

the very high background intensity in the RHEED pattern, indicates that the sample
has a poor crystal quality.

The samples grown at P
buf

= 1:5�10�4 mbar and 2�10�4 mbar seem to have
rather smooth surfaces in the beginning, but ending with relatively rough surfaces
at this thickness.
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(a)

(c) (d)

(f)(e)

(b)

FIGURE 4.9. RHEED patterns of (a) MnO(100) substrate and grown samples on
MnO(100) at 400ÆC, O3 assisted with buffer volume pressures: (b) 0:75�10�4 mbar, (c)
1� 10�4 mbar, (d) 1:25� 10�4 mbar, (e) 1:5� 10�4 mbar, (f) 2� 10�4 mbar.
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In figure 4.9 the RHEED patterns are shown of (a) a clean Mn(100) substrate,
and some samples grown on MnO at 400ÆC, with the O3 Pbuf of: (b) 0:75� 10�4

mbar, (c) 1� 10�4 mbar, (d) 1:25� 10�4 mbar, (e) 1:5� 10�4 mbar, (f) 2� 10�4

mbar. RHEED oscillations have been observed only for P
buf

� 1:25� 10�4 mbar
samples, and they are presented in figure 4.11 a for the P

buf
= 1:25 � 10�4 mbar

and in 4.11 c for P
buf

= 2� 10�4 mbar samples.
For the sample grown at P

buf
= 0:75�10�4 mbar the RHEED pattern consists

of transmission spots and polycrystalline features, indicating a very poor crystalline
structure for this sample. There are visible also extra spots probably due to the
growth of some epitaxial chromium metal. For P

buf
= 1� 10�4 mbar sample the

RHEED pattern appears to be of a characteristic rocksalt symmetry, although the
(�2; 0) and (2,0) diffraction rods have a very low intensity and a diffuse character
making them difficult to see. For higher buffer volume pressures the samples are
epitaxial on MnO and in the first half of the total deposition time they grow in
a layer-by-layer mode, as the RHEED intensity oscillations suggest. Then, in the
second half of the sample deposition time they become rougher, but the films are
still epitaxial and have rocksalt crystal structures.

The above-presented results seem to indicate that the O3 - assisted growth of
chromium oxides gives similar results for MgO and MnO substrates. However,
an improvement can be observed by using SrT iO3(100) substrates.

In figure 4.10 the RHEED images are shown of (a) a clean SrT iO3 substrate
and samples grown on SrT iO3: (b) at RT and O3 Pbuf of 1 � 10�4 mbar, (c) at
400ÆC and P

buf
= 1�10�4 mbar, (d) at 400ÆC and P

buf
= 1:5�10�4 mbar, (e) at

400ÆC and P
buf

= 2� 10�4 mbar. RHEED intensity oscillations in the specularly
reflected beam were obtained in all these cases, and they are presented in figure
4.11 f, g, h and i.

The RHEED pattern of the substrate shows the (2; 0), (1; 0), (0; 0), (1; 0) and
(2; 0) diffraction rods characteristic for a perovskite structure and the Kikuchi lines.
In the first few minutes of the films deposition, this pattern is replaced by character-
istic rocksalt features, with the (2; 0), (0; 0) and (2; 0) diffraction rods. The growth
is of a 2D layer-by-layer type for all the samples.
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(a)

(b) (c)

(d) (e)

FIGURE 4.10. RHEED patterns of (a) SrT iO3(100) substrate and grown samples on
SrT iO3(100), O3 assisted: (b) at RT and Pbuf = 1 � 10�4 mbar, (c) at 400ÆC and
Pbuf = 1 � 10�4 mbar, (d) at 400ÆC, Pbuf = 1:5 � 10�4 mbar, (e) at 400ÆC, Pbuf =

2� 10�4 mbar.
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FIGURE 4.11. Oscillations in the intensity of the specularly reflected RHEED beam, as
a function of the deposition time of various O3 assisted samples: (a) grown on MnO

substrate at 400ÆC and Pbuf = 1:25� 10�4 mbar, (b) MgO substrate, 400ÆC and Pbuf =

1:5 � 10�4 mbar, (c) MnO substrate, 400ÆC and Pbuf = 2 � 10�4 mbar, (d) MgO

substrate, 400ÆC and Pbuf = 2 � 10�4 mbar, (e) MgO substrate, 600ÆC and Pbuf =

2�10�4 mbar, (f)SrT iO3 substrate, RT andPbuf = 1�10�4 mbar, (g)SrT iO3 substrate,
400ÆC and Pbuf = 1 � 10�4, (h) SrT iO3 substrate, 400ÆC and Pbuf = 1:5 � 10�4, (i)
SrT iO3 substrate, 400ÆC and Pbuf = 2� 10�4.

The surface becomes rough quite soon for P
buf

= 1�10�4 mbar samples, with
polycrystalline features appearing at 400ÆC, while the sample stays rocksalt at RT.
However, the diffraction rods at RT are quite diffuse and the background intensity is
relatively high as compared with the NO2 - assisted samples, indicating probably a
not-so-high crystal quality of the sample, or just narrower terraces in this case than
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in the NO2 - assisted samples case. When thicker films are grown at RT with a
sample deposition time of 60�90 minutes (i.e. � 60�90 ML), then polycrystalline
features appear. The samples grown at P

buf
of 1:5�10�4 mbar and 2�10�4 mbar

are becoming relatively rough in the end of the 30 minutes deposition time.
Figure 4.11 (e) show also the oscillations recorded during the growth of a

chromium oxide sample on a MgO(100) substrate, at 600ÆC, P
buf

= 2 � 10�4

mbar of O3 for a deposition time of 30 minutes. The structure of this kind of sam-
ple, as determined by RHEED and LEED, will be discussed in the following. We
observed that the crystal structure of the sample is changing as a function of the
deposition time, in a very similar way as the O2 - assisted sample grown at 600ÆC,
presented in section 4.2.3 of this chapter. In figure 4.12 the RHEED images are
shown of (a) clean MgO substrate, and samples grown in the above conditions,
but with different deposition times: (c) 188 seconds (� 4 ML) and (e) 30 minutes
(� 38 ML). The graphs next to the RHEED pictures are plots of the intensity dis-
tribution measured along a cross section perpendicular to RHEED streaks in the
boxes indicated on each RHEED pattern. The electron beam energy used was 21.2
keV.

After the growth is started, for the first few monolayers, two extra lines are
visible in between the rocksalt streaks. They have a weak intensity and are precisely
centered in between the rocksalt lines (fig. 4.12 c and d). Later these extra lines
disappear, and at around 30 minutes deposition time, the RHEED pattern of the
film is similar to the one of the MgO substrate (fig. 4.12 e and f), except that an
extra Laue zone below the zeroth order Laue zone is also visible. At this thickness,
the film has a relatively flat surface: the RHEED diffraction rods have a streaked
character and the RHEED intensity oscillations (see fig. 4.11 e) are still visible.
This RHEED pattern remains generally unchanged for deposition times up to 3
hours (i.e. � 240ML), but sometimes when the sample becomes rougher, four
extra lines in between the (�2; 0), (0,0), (2,0) rocksalt lines start to develop. They
are placed at exactly one third from the (0,0) - (2,0) lines distance, they remain
weak, and have a transmission character, i.e. they look like a bulk signal, just as the
ones of the O2-assisted sample. The extra Laue zone below the zeroth order Laue
zone is still visible.
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FIGURE 4.12. (a) RHEED pattern of a MgO(100) substrate, (b) horizontal line scan
in a box indicated in (a), (c) RHEED pattern of a sample grown on MgO at 600 ÆC and
Pbuf = 2�10�4 mbar of O3, after 188 seconds deposition time, (d) horizontal line scan in
a box indicated in (c), (e) RHEED pattern after 30 minutes deposition time, (f) horizontal
line scan in a box indicated in (e).
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(a) (b)

(c) (d)

BE=172eV BE=172eV

BE=217eV BE=223eV

FIGURE 4.13. LEED patterns of (a), (c) MgO(100) substrate, and samples grown on
MgO at 600ÆC, O3 assisted with Pbuf = 2� 10�4 mbar and the deposition times: (b) 188
seconds, (d) 30 minutes. The electron beam energy (BE) is indicated on each figure.

Next, the structure of the samples was checked by LEED and in figure 4.13
the LEED patterns of MgO substrate (a and c) are compared with the patterns of
the films at similar electron beam energies (BE) for: (b) 188 seconds deposition
time, and (d) 30 minutes deposition time. For the 4 ML sample we noticed a clear
(2�1) reconstruction as compared with the MgO pattern, with all the spots having
about the same intensity. But for a LEED pattern to be consistent with the RHEED
obtained for this sample, it should consist of a (2� 2) reconstruction. It is possible
that the central spot of the (2�2) in LEED is not visible due to the high background
intensity, since it was very weak also in RHEED. The 38 ML sample has a LEED
pattern showing two domains of (3 � 1) and (1 � 3) reconstructions with respect
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to the MgO surface structure. This superstructure is clearly visible, as compared
with the O2 - assisted sample (fig. 4.6 e), and is consistent with RHEED.

Further structural analysis on this kind of sample was done by XRD and RBS
measurements and will be presented later in this chapter. It is interesting that this
sample deposited at 600ÆC will keep growing as a single crystal up to 500Å (thicker
samples were not tried), while the samples grown at 400ÆC and P

buf
� 1:5 �

10�4 mbar are developing polycrystalline features starting at 200�250Å thickness.
Probably this is due to the fact that the crystal structure of these samples is a rocksalt
defect structure, with ordered chromium vacancies at 600ÆC (as we discussed for
theO2 - assisted sample), and unordered ones at 400ÆC, while the oxygen sublattice
is in a rocksalt arrangement.

Thick samples can also be grown at 400ÆC as single-crystals, by growing multi-
layer samples made up of 5 to 10 units consisting of Cr

x
O layers of� 20�30 ML

thickness and MgO spacer layers of 5 ML thickness. RHEED intensity oscilla-
tions in the specularly reflected beam for one such multilayer sample are presented
in figure 4.14 as a function of deposition time. The sample was deposited in one
run, without interruptions in between successive layers, by simultaneously opening
and closing the shutters of the Cr and Mg cells, while the O3 Pbuf was kept con-
stant, at 2 � 10�4 mbar. During multilayer growth, the RHEED pattern remained
rocksalt, with an average intensity decrease during Cr

x
O deposition and recovery

upon deposition of MgO. The diffraction streaks were slightly more diffuse for
the first Cr

x
O layer than for the rest of the multilayer sample, probably due to a

greater strain of the Cr
x
O which is in direct contact with the surface of the sub-

strate. The RHEED intensity oscillations visible up to the fifth Cr
x
O layer suggest

that the growth mode is layer-by-layer.

If we now look back at all the RHEED intensity oscillations obtained for the
O3 - assisted samples (fig. 4.11), we can try to make a stoichiometry estimation for
these samples using the oscillations period. The period for the sample grown on
SrT iO3 at RT and P

buf
= 1� 10�4 mbar was 62 sec =ML, while for the samples

grown at P
buf

� 1:25 � 10�4 mbar the period was in between 51 sec =ML and
47 sec =ML. If the chemical composition of the film at P

buf
= 1�10�4 mbar is of

CrO, then for the rest of the samples it results in a composition in between Cr0:82O
and Cr0:76O. Further analysis for the samples chemical composition determination
was done by XPS measurements and will be presented in the next section.
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FIGURE 4.14. RHEED intensity oscillations for aCrxO=MgO multilayer sample grown
on MgO(100) substrate.

4.3.3 XPS results

Chemical composition

The XPS measurements were done in the same way as for the NO2 - assisted
samples. They were started immediately after the growth with a quick broad scan,
in which no other peaks except the characteristic chromium and oxygen ones were
seen. Then Cr 2p and O 1s core level peaks were measured in the same scan and
finally a scan was taken including Cr 3s, Cr 3p, O 2s peaks and the valence band
with Cr 3d and O 2p peaks. The chemical composition x of the Cr

x
O layers was

found from the ratio of Cr 2p and O 1s peak areas, after background subtraction.
The reference sample was again the Cr2O3 grown on Al2O3(0001) presented in
section 3.4, with a ratio of Cr 2p vs O 1s of 2.92. The results for the samples
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FIGURE 4.15. Chemical composition x of the CrxO samples as a function of the O3

buffer volume pressures as determined from XPS spectra. The reference is Cr 2O3 grown
on Al2O3(0001).

previously discussed are presented in figure 4.15 as a function of the O3 buffer
volume pressure.

It can be seen, that x is between 0.67 and 0.72 for P
buf

> 1� 10�4 mbar, and
that x is close to one for P

buf
� 1� 10�4 mbar. Recalling the RHEED data results

for the sample grown on SrT iO3 at RT and P
buf

= 1� 10�4 mbar of O3, we now
seem to have found the correct recipe to make the chromium monoxide: the sample
has good crystallinity and a stoichiometry ratio of 1:1 for Cr:O. Further ex situ
measurements were applied to this type of sample, to complete its characterization.

On the other hand, looking at the Cr 3d vs O 2s ratio for a couple of samples
we did not find, for any of the films, the correct value for a 2+ valence of the
chromium ion, which should be twice the value for CrO as compared with Cr2O3

(see section 3.5.1). Figure 4.16 is a plot of the Cr 3d vs O 2s spectral weights as a
function of the O3 buffer volume pressure used for samples growth.

The Cr 3d peak area was determined by subtracting the O 2p from the total
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FIGURE 4.16. Cr 3d vs O 2s spectral weights for CrxO films as a function of the O3

buffer volume pressure, as determined from XPS spectra.

(Cr 3d + O 2p) area, where O 2p was found by dividing the O 2s peak area by
2.86, as in the case of the NO2 assisted samples. The Cr 3d vs O 2s ratio for
Cr2O3 single crystal is 0.62 and for Cr2O3 grown on Al2O3 is 0.66. We suspect
that for the samples which have a chemical composition close to one Cr to one
O this result is not representative due to the post growth oxidation of the films in
the XPS chamber, due to the measurement error, and probably due to the different
photoionization cross-section per electron for Cr3+ and Cr2+ ions, as explained
in the section 3.5.1.

Electronic structure

Now let us take a brief look at the core level line shapes and chemical shifts of the
O3 assisted samples. Figure 4.17 shows the Cr 2p core level spectra for some of
the samples, where the buffer volume pressures used for growing them is indicated
on the right side of each line. The reference samples are the Cr2O3 single crystal
cleaved in situ and Cr2O3=Al2O3 (top), and Cr metal deposited on polycrystalline
tantalum (bottom line), as for the NO2 assisted samples.
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FIGURE 4.17. XPS Al K� spectra of the Cr2p levels, as a function of the O3 buffer
volume pressures used. Pbuf (in mbar) is indicated on each spectrum for the grown
CrxO samples. The lowest spectrum is for the Cr metal deposited on polycrystalline
tantalum substrate. The subsequent spectra, from bottom to top, are from samples
grown on: MnO(400ÆC), MgO(400ÆC), SrT iO3 (RT), MnO(400ÆC), MgO(400ÆC),
MgO(400ÆC), MgO(600ÆC). On the very top there are two spectra for Cr2O3: one for
a cleaved in situ single crystal sample, one for a grown film on Al 2O3(0001) substrate at
Pbuf = 12:5 � 10�4 mbar of O2. The spin-orbit energy splitting (�E) of the Cr2p is
indicated on each spectrum.
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The substrates used as we look from the Cr metal to the Cr2O3 spectra were:
MnO, MgO, SrT iO3 (RT), MnO, MgO, MgO and MgO (600ÆC). The back-
ground was subtracted for each line and the intensities were normalized.

The charge correction was done by using the same method as for the Cr 2p
lines of the NO2 - assisted samples (see section 3.5.2). As a result, the O 1s peak
binding energy had the same value for all the chromium oxides, which was: 530.84
eV. Before the correction was done, the O1s BE for the samples grown on MnO

and SrT iO3 substrates, for which the use of a flood gun was not needed, was:
530.89 eV for P

buf
= 0:75 � 10�4 mbar sample, 531.04 eV for P

buf
= 1� 10�4

mbar sample, and 530.49 eV for P
buf

= 1:25 � 10�4 mbar sample, values which
are all very close to 530.84 eV, the after charge correction BE value.

The sample grown at P
buf

= 0:75�10�4 mbar has a very broad and asymmet-
ric Cr 2p3=2 line which is probably due to a mixture of Cr metal and some oxide
of chromium. For the samples grown at P

buf
= 1 � 10�4 mbar the 2p3=2 lines

are also broad, but they have a relatively symmetric shape. The samples grown
at P

buf
� 1:25 � 10�4 mbar have Cr 2p line shapes very similar to the ones of

Cr2O3 samples, and moreover, the peaks positions seem to coincide with the ones
of Cr2O3 samples. In the following table the Cr 2p3=2 binding energies are given
for the spectra from fig. 4.17, together with the shifts in BE relative to the Cr 2p3=2
peak position of Cr metal, 574.02 eV, obtained after the charge correction for all
the samples. For comparison some values taken from reference [2], [3], [4] and [5]
are included.

Looking at the BE shifts it seems that for the samples grown at P
buf

= 1�10�4

mbar chromium ion has a 2+ valence state, while for the samples grown at P
buf

�
1:25� 10�4 mbar the valency of the chromium seems to be 3+. The sample grown
at P

buf
= 0:75 � 10�4 mbar is not listed in this table, since the Cr 2p3=2 peak is

strongly asymmetric.

Figure 4.17 also indicates the spin-orbit splitting energy �E, on the left side of
each spectrum. The �E values obtained for the samples grown at P

buf
= 1�10�4

mbar, together with the BE shifts, suggest that chromium has a 2+ valence state in
these samples [6].

Figure 4.18 shows the Cr 3p and 3s spectral lines for the same samples used
in figure 4.17. The background was subtracted for each graph, the intensities were
normalized, and the spectra were charge corrected using the same method as for the
Cr 2p lines. The correspondent buffer volume pressure is indicated on each graph
for the grown samples.
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P
buf

(mbar) Cr 2p3=2 BE (eV) BE shifts as compared
with Cr metal

1� 10�4 575.81 1.79
1� 10�4 575.87 1.85

1:25 � 10�4 577.02 3
1:5� 10�4 577.01 2.99
2� 10�4 577.27 3.25
2� 10�4 576.96 2.94

Cr2O3=Al2O3 577.02 3
Cr2O3 single crystal 576.96 2.94

ref. [3] Cr3+ 577.2 3.2
ref. [2], [4], [5] Cr3+ 577 2.8
ref. [2], [4], [5] Cr2+ 576 1.8

The Cr 3p lines of the samples grown at P
buf

� 1� 10�4 mbar have a double
peak structure with a feature to low BE which seems to have the same position as
the Cr 3p peak of metal, and a feature at higher BE having about the same position
as the Cr 3p peak of Cr2O3. For the films which did not grow as single - crystals,
this fact could be an indication of a phase mixture of Cr metal and the stable Cr2O3

phase. On the other hand, looking at the spectra of the sample grown epitaxial on
SrT iO3 at RT, it could be that this is the characteristic shape of the Cr 3p line for
chromium monoxide, in which non-local screening effects may play an important
role due to the very much increased intersite hopping either via direct Cr-Cr or via
180Æ Cr-O bond. The sample grown at P

buf
= 1:25 � 10�4 mbar has a Cr 3p

line with a low intensity shoulder at smaller BE, while the Cr 3p line shapes of the
samples grown at P

buf
� 1:5 � 10�4 mbar look very similar to Cr2O3 ones and

have about the same peak position.
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FIGURE 4.18. XPS Al K� of the Cr3p and Cr3s levels, as a function of the O3 buffer
volume pressures used. Pbuf (in mbar) is indicated on each spectrum for the grown CrxO
samples. The lowest spectrum is for theCr metal deposited on tantalum substrate. The sub-
sequent spectra, from bottom to top, are from samples grown on: MnO, MgO, SrT iO 3

(RT), MnO, MgO, MgO, MgO (600ÆC). On the very top there are two spectra for
Cr2O3: one for a cleaved in situ single crystal sample, and the other one for a grown
film on Al2O3(0001) substrate at Pbuf = 12:5� 10�4 mbar of O2.
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We made also an attempt to determine for these O3 assisted samples the Cr 3s
exchange splitting energy and the spectral weights ratio of the two peaks by fitting
the Cr 3s lines, and the results are presented in the next table. However, as in the
NO2 - assisted sample case, the reliability of the fitting may not be very good,
since the Cr 3s peaks are broad.

P
buf

(mbar) Exchange splitting energy (eV) Cr 3s weights ratio
0:75 � 10�4 4.46 1.55
1� 10�4 4.43 1.25
1� 10�4 4.28 1.33

1:25 � 10�4 4.08 2.35
1:5� 10�4 4.14 2.43
2� 10�4 4.24 2.73
2� 10�4 4.1 2.3

Cr2O3=Al2O3 4.1 2.01
Cr2O3 single crystal 4.1 2.18

The exchange splitting energy expected for Cr3+ ion is � 4:2 eV [7], [8] and
� 5 eV for Cr2+ ion [9], [10].

Next, figure 4.19 shows the VB together with the O 2s spectra, for the same
samples used in figures 4.17 and 4.18, as well as the spectrum for a MgO(100)

annealed substrate for comparison. The background was subtracted for each spec-
trum, all the intensities were normalized and they were charge corrected using the
same method as for the Cr 2p lines.

We will end this section with a last remark on a check which was done for
the samples grown at 600ÆC on MgO. We studied whether or not Mg from the
substrate is intermixing with Cr

x
O at this high temperature, resulting perhaps

in a Cr2MgO4 spinel - like compound. We have measured the Mg 2s peak on
chromium oxide samples of different thickness: 4 ML, 9 ML and 38 ML. Its signal
was found to decrease exponentially with the thickness of the film. This means that
there is indeed no Mg intermixing and that Cr

x
O is indeed growing in a layer by

layer mode.
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FIGURE 4.19. XPS Al K� of the VB and O2s levels, as a function of the O3 buffer
volume pressure used. Pbuf (in mbar) is indicated on each spectrum for the grown CrxO
samples. The lowest spectrum is for the MgO annealed substrate, then the Cr metal de-
posited on tantalum substrate spectrum and subsequently the samples grown on: MnO,
MgO, SrT iO3 (RT), MnO, MgO, MgO, MgO (600ÆC). On the top there are two spec-
tra forCr2O3: one for a cleaved in situ single crystal sample, and the other one for a grown
film on Al2O3(0001) substrate at Pbuf = 12:5� 10�4 mbar of O2.
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4.3.4 Ex situ structural analysis

For the ex situ measurements we have used the two most interesting samples from
the O3 - assisted ones: a sample grown on MgO at 600ÆC and 2 � 10�4 mbar of
O3, and a sample grown on SrT iO3 at RT and 1 � 10�4 mbar O3. The first type
of sample seemed to have an ordered defect structure with a two domain recon-
struction (3 � 1) and (1 � 3) with respect to the MgO substrate structure, and a
chemical composition of approximatively Cr0:7O. Relatively good single crystals
could be grown in these conditions with thickness varying between 75 and 500Å.
The second type of sample showed a rocksalt structure in RHEED for a maximum
thickness of 130-190Å, and has a chemical composition of CrO, being the only
sample found with this desired chemical composition and having a relatively good
crystal structure.
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FIGURE 4.20. RBS spectra for random direction (circles) and [001] aligned orientation
(filled area) for the sample. The minimum yield is 41%.
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Two RBS spectra(1) are shown in figure 4.20, measured on a Cr0:7O sample
grown on MgO substrate, with a thickness of � 330Å. The filled area represents
the spectrum taken with the ion beam incident along the [001] crystal axis of MgO

substrate, and the circles represent the spectrum measured for a random direction
of the beam. The chromium, magnesium and oxygen edges are indicated on the
random spectrum. The minimum yield in the channelled direction is about 41%,
revealing that the vacancies in the bulk are not so ordered. The magnesium intensity
peak in the channelling direction spectrum originates from the surface of the MgO

cap layer. Due to this cap layer, no reliable stoichiometry determinations could be
done with RBS.

Even more surprising is the result of the same measurement done on CrO films
grown on SrT iO3. In this case RBS showed no channelling for CrO along the
[001] or [011] crystal axis, the intensity of the chromium peak was found to be
the same for the random spectrum as for the channelling direction. The result is
the same for two samples with different thicknesses: one of 64Åand the other one
of 160Å. This indicates that a considerable amount of disorder is present in these
samples.

XRD

XRD was used to check the structure of the two types of samples(2) . Figure 4.21
is an areal XRD picture of the Cr0:7O sample grown on MgO substrate, and it
confirms the RHEED data results, that the superstructure of the film is in fact not
a surface structure, but a bulk structure. This k-space picture is based on a series
of � � 2� scans for different tilt angles of the sample with respect to the reflection
plane (a series of ! � 2� scans in a range of  values). The intensity scan is
logarithmic and the axes (in-plane k

k
and out-of-plane k? reciprocal wave vectors)

are in the units of 2�=� with � = 0:15418 nm. The vertical axis is perpendicular
to the surface and the horizontal axis is in the [110] direction.

The intense (indexed) spots originate from the substrate and the weak super-
structure spots from the Cr0:7O film. Figure 4.22 is a schematic drawing of the
reconstructed XRD picture where the black filled circles correspond to the initial
rocksalt diffraction spots of the MgO substrate, and the grey filled circles and the
open circles are the superstructure spots.

(1)These RBS measurements have been performed by S. Grachev.
(2)These XRD measurements have been performed in the group of T. Hibma.
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FIGURE 4.21. Areal XRD picture of a 330Å thick Cr0:7O sample grown MgO(100)

film, capped with 40Å of MgO. The horizontal axis is the in-plane [110] direction. The
reciprocal wave vectors kk and k? axis are in the units of 2�=� with � = 0:15418 nm.

The unit cell of the film structure is a body centered orthorhombic unit cell with
lattice parameters a = a

MgO
=
p
2, b = 3a

MgO
=
p
2 and c somewhat smaller than

a
MgO

. The cell size therefore is about 1.5 times as large as a MgO unit cell. A
structure consistent with this unit cell is one in which the ions occupy similar sites
as in the rocksalt structure, with one out of each three chromium sites being vacant
in an ordered way.

For the CrO film grown on SrT iO3 we found just (00l) sharp strong peaks,
indicating that there is order in the c direction of the CrO crystal, but there is very
little order in the (ab) plane. This confirms the RBS result, but it is also a serious
problem since from the RHEED and XPS data point of view these were the best
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FIGURE 4.22. Schematic drawing of the reconstructed XRD picture.

conditions found for growing crystalline samples with the chemical composition of
chromium monoxide. Nevertheless, we will give here the found lattice constants
in plane: a = b � 4:16Å, as determined from the RHEED lines separation of
CrO compared with the ones of SrT iO3 substrate, and out of plane: c � 4:26Å,
as determined from the XRD, where c = �

sin �
, with � is the wavelength of the

radiation and � is the diffraction angle. So, the ”ordered” part of the CrO crystal
seems to have a rocksalt tetragonally distorted structure.

In principle, one can determine the stoichiometry of the grown samples from
fits of the reflectivity scans in XRD. One of the parameters needed for fitting
these spectra is the electronic density of the samples, which varies for the different
chromium oxides. The values found for x are consistent with those found by XPS,
but they were less accurate, so we stay with the stoichiometry determination by
XPS as our method of choice.



4.3 O3 assisted growth 103

4.3.5 XAS results

Finally, the two types of sample O3 - assisted mentioned above were measured by
XAS in order to find out what the valency is of the chromium ion.

Figure 4.23 shows the Cr L23 TEY X-ray absorption spectra of: a CrO sample
� 64Å thick, grown on the SrT iO3 at RT and P

buf
= 1 � 10�4 mbar of O3

(bottom line), and a Cr0:7O sample � 70Å thick grown on MgO at 600ÆC and
P
buf

= 2�10�4 mbar ofO3 (middle line). The spectrum of a Cr2O3 single crystal
sample cleaved in situ (top line) is included for comparison. The spectra of the films
are taken both at normal incidence (continuous lines) and grazing incidence (dotted
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FIGURE 4.23. CrL23 TEY X-ray absorbtion spectra of: Cr2O3 cleaved sample (top)
and two grown chromium oxides samples: SrT iO3(100) substrate, RT, 1� 10�4 mbar of
O3 (bottom) and MgO(100) substrate, 600ÆC, 2� 10�4 mbar of O3 (middle).
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lines). The intensities were normalized for each spectrum, to the peak maximum.
It can be seen that the spectrum of the Cr0:7O sample looks very similar to the

one of the Cr2O3 reference, which indicates that all the chromium ions are in a 3+
valence state. On the other hand, the CrO sample has a spectral line shape which
differs from the one of Cr2O3, and fitting of this spectrum indicated that most of
the chromium ions are in a 2+ valence state. But there is basically no difference
between the normal incidence spectrum and the grazing incidence one, as it should
be in the case of a d4 ordered Jahn-Teller system. This is not surprising in view of
the fact that a substantial amount of disorder was found in the crystal structure of
this type of sample.
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4.4 Conclusions

In conclusion we can grow chromium oxide films Cr
x
O on various substrates

(MgO, MnO, and SrT iO3), with chemical composition x ranging from 1 to 0.67.
For low O3 pressure, the chromium oxide sample grown on SrT iO3 at RT has

a chromium to oxygen ratio which is close to one. XAS reveals that the Cr valence
is close to 2+ in this case. The crystal structure is rocksalt fcc, as seen by RHEED,
but there is a substantial amount of disorder: with XRD measurements we found
no crystalline order in the (ab) plane of the CrO crystal, and RBS measurements
showed no channelling of the ion beam for the film. We suspect that this is closely
related to the Jahn-Teller distortion that should occur for a system that contains
Cr2+ 3d4 ions, distortions which are not ordered. This conclusions is supported
also by XAS measurements where we found no dichroism, as one would expect for
an ordered type of Jahn-Teller system.

For high gas (O2 or O3) pressures the chromium oxide has a composition ap-
proximately of Cr0:7O and a rocksalt crystal structure seen by RHEED, if the sam-
ples were grown at 400ÆC. We believe that in fact just the oxygen sublattice has a
rocksalt - like arrangement, while in the chromium sublattice vacancies are present
in an unordered way, which in RHEED appears as an increased background inten-
sity. Nevertheless, the defects in the chromium sublattice seem to become ordered
when the substrate temperature is increased above 600ÆC, and the defect rocksalt
fcc structure shows a (3� 1) superstructure with respect to the MgO(100) surface
in RHEED, LEED and XRD.

The crystal quality of the samples grown withNO2 is better than of the samples
grown with O2 or O3, as seen by RHEED, XRD and RBS. Also the films seem to
have an increased surface roughness if they are O2 - assisted, as compared with the
O3 - assisted ones.

Chromium oxide samples with similar chemical compositions are grown for
equal flux of any of the three oxidizing agents used, so we can conclude that in
our system NO2, O2 and O3 have about the same oxidizing power (efficiency) for
chromium oxide growth.
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Summary

This thesis describes the efforts to stabilize chromium monoxide (CrO) as a thin
epitaxial film on various substrates.

The most stable and common oxidation phase for chromium is in chromium
sesquioxide (Cr2O3). CrO does not exist as a bulk material in nature, therefore we
have to grow it in a artificial manner as a single crystal film using molecular beam
epitaxy (MBE) . The motivation behind this project is that in CrO, Cr ion has the
same electronic configuration as the manganese ion in the lanthanum manganates
(LaMnO3), a material that doped with strontium or calcium (La1�xSrxMnO3) is
the so-called colossal magneto resistance material. One may expect that CrO has
equally fascinating magnetic and electrical properties as the manganates.

Chromium monoxide is a compound build up from two different types of atoms:
chromium and oxygen. Stoichiometric phases are those for which the sample chem-
ical composition has one Cr atom to one O atom. The expected crystal structure is
rocksalt, since all the transition metal monoxides (except copper monoxide) have
this crystal structure arrangement.

The reason that CrO is not stable in the nature and nobody made it so far has to
do with the d orbitals occupation of the Cr2+ ion which is surrounded by six O2�

ions in the rocksalt structure. The orbital represents the shape of the electron cloud
in solid. Cr2+ ion has four anisotropic-shaped d-orbital electrons and five possibil-
ities for them to arrange. Three of the electrons occupy three of these orbitals (d

xy
,

d
xz

and d
yz

) and have about the same energy, but the fourth electron has to choose
one of the two left orbitals with higher energy than the previous ones (d

x
2
�y

2 and
d
r
2
�z

2), due to a greater Coulomb (electrostatic) interaction of the electron with
the oxygen negative ions. This seems to be not an easy choice for the electron and
is the so-called Jahn-Teller problem.

In the MBE technique a material is evaporated onto a single crystal substrate
under ultra-high vacuum conditions. In certain cases, the deposited material can
grow in a nice single-crystal film, with the atoms symmetrically ordered in a lattice.
This depends on the crystal structure and orientation of the film as compared with
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the surface of the choused substrate. MBE method is suitable for growing materials
under strongly non-equilibrium conditions, for the making of new materials with
unexpected atomic and electronic structures. But also in growing yet well-known
materials by MBE, the presence of the substrate can be used to provide a different
crystal field near the interface or to induce strain in the film, thereby influencing
the physical and chemical properties of the material in thin film form.

We don’ t know what the CrO lattice constant would be, and so three substrates
with different lattice constants were used: MgO, (100) oriented, MnO, (100) ori-
ented, both having rocksalt crystal structure, and SrT iO3, (100) oriented, having
a perovskite structure. For growing CrO, the Cr metal deposit onto the substrate
was oxidized simultaneously by a beam of nitrogen dioxide (NO2), oxygen (O2)
or ozone (O3). For obtaining the desired chemical composition of the chromium
oxide layers we varied a few growth parameters: substrate temperature, Cr metal
deposition rate (flux) and oxidizing gas flux. High-energy electron diffraction upon
the growing surface gave patterns characteristic of the surface atomic arrangement
and was helpful to control the film thickness within one atomic layer. After growth,
different analyzing techniques were further used to investigate the crystal structure
and electronic structure of the new material. The principle idea of these techniques
is that the material surface is bombard with electrons, X-rays or ions, and the elec-
trons or ions which are coming out are analyzed.

Chapter 3 and chapter 4 are describing the actual work and the results. In chap-
ter 3, NO2 gas was used to oxidize the evaporated chromium beam. Surprisingly
in the view of the fact that CrO does not exist as a bulk material, a very good crys-
tallinity of the sample was achieved. Nevertheless, the chemical composition of the
samples proved to be not of stoichiometric chromium monoxide, but a substantial
amount of nitrogen was build-in the films, depending on the NO2 gas pressure that
was used for the growth. The nitrogen is uniformly incorporated in the layers by
replacing part of the oxygen ions, leading to a composition of: CrO0:7N0:3 for
low gas pressures. For high gas pressures a Cr defect structure was found with the
composition of Cr0:7O.

Our meaning was to grow stoichiometric CrO, so in order to avoid the nitro-
gen contamination in the samples, O2 and O3 gases were used further as oxidizing
agents. This work is described in chapter 4. We succeeded on growing CrO at low
gas pressures, with a composition which is closed to one Cr atom to one O atom.
Nevertheless, the crystal structure this time proved to be rocksalt with a substantial
amount of disorder. Another unexpected result is that for high gas pressures the
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composition of the grown layers is of Cr0:7O, but now defect rocksalt structure
shows a superstructure which seems to indicate that the defects are ordered. Ap-
parently the Cr defects and/or build in nitrogen ensures the absence of a Jahn-Teller
problem for our grown samples.

The CrO growth study described in this thesis shows the important stabilizing
role of the substrate.

109



110



Samenvatting

In dit proefschrift wordt beschreven hoe wij hebben geprobeerd om chroom mono-
oxide (CrO) te stabiliseren door het als dunne epitaxiale films te groeien op diverse
substraten.

De stabielste en meest voorkomende oxidatie toestand van chroom is die van
chroom(III)-sesquioxide. Het mono-oxide komt van nature niet voor en daarom
moet het langs kunstmatige weg verkregen worden door gebruik te maken van
moleculaire bundel epitaxie (MBE). De drijfveer achter deze studie is dat het chroom
ion in CrO dezelfde configuratie heeft als die van het mangaan ion in de lanthaan
manganaten. Als de laatstgenoemde verbindingen worden gedoopt met strontium
of calcium (La1�xSrxMnO3) dan vertonen zij het zogenaamde kolossale mag-
netoweerstands effect. Het ligt in de lijn der verwachtingen dat CrO soortgelijke
fascinerende magnetische en elektrische eigenschappen zal laten zien.

Als verbinding bestaat chroom mono-oxide uit twee soorten atomen, namelijk
chroom en zuurstof. In een stoichiometrische fase is de getalsverhouding tussen
deze twee elementen één op één. Waarschijnlijk zal CrO kristalliseren in de struc-
tuur van keukenzout omdat vrijwel alle mono-oxides van overgangsmetalen dit
doen. De enige uitzondering hierop is koper mono-oxide.

Tot dusver is nog niemand erin geslaagd om CrO te synthetiseren. De oorzaak
van het feit dat het mono-oxide van nature onstabiel is ligt in de bezetting van
de d-orbitalen van het Cr2+ ion in combinatie met een omringing door zes O2�

ionen. Orbitalen zijn weergaves van elektronverdelingen rondom een atoom. Het
Cr2+ ion heeft vier anisotropische d-orbitalen, die op vijf verschillende manieren
kunnen worden gerangschikt. De eerste drie elektronen bezetten de drie d

xy
, d

xz

en d
yz

orbitalen en hebben ongeveer dezelfde energie. Het vierde elektron, echter,
moet naar een van de overgebleven d

x
2
�y

2 en d
r
2
�z

2 orbitalen. Het heeft daar
een hogere energie vanwege een grotere Coulomb repulsie door de omringende
zuurstof ionen. Dit is geen gemakkelijke keus voor het elektron. Dit dilemma staat
bekend als het Jahn-Teller probleem.

Bij MBE wordt een materiaal opgedampt op een éénkristallijn substraat in een
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ultrahoog vacum. Onder bepaalde omstandigheden groeit het opgedampte materi-
aal aan als een éénkristallijne film waarin alle atomen netjes zijn geordend in een
kristalrooster. Of dit gebeurt hangt af van de onderlinge kristalstructuren en ori-
entaties van de film en het substraat. MBE is met name geschikt om materialen
te groeien onder omstandigheden die ver van het thermodynamische evenwicht
liggen. Het kan daarom worden gebruikt om nieuwe materialen te synthetiseren
met onverwachte kristal- en elektronische structuren. Maar ook in het geval van
bekende materialen kan MBE worden gebruikt om via het substraat afwijkende po-
tentialen of spanningen te introduceren waardoor de fysische en chemische eigen-
schappen toch kunnen worden beı̈nvloed.

Het is van te voren niet te zeggen wat de roosterconstante van CrO zal zijn.
We hebben daarom drie verschillende substraten gebruikt met elk hun eigen rooster
constante: MgO met de (100) orientatie, MnO met de (100) orientatie en SrT iO3
met de (100) orientatie. De eerste twee hebben ook een keukenzout structuur; de
laatste kristalliseert in de perovskiet structuur. Om chroom oxides te groeien wordt
er Cr opgedampt op het substraat en tegelijkertijd geoxideerd met een bundel van
stikstofdioxide (NO2), zuurstof (O2) of ozon (O3). Om een bepaalde chemische
samenstelling te verkrijgen hebben we enkele parameters gevarieerd, te weten de
substraat temperatuur, de snelheid waarmee het Cr wordt opgedampt (flux) en de
flux van het oxidatie middel.

De groeiende film werd bekeken met diffractie van elektronen met grote en-
ergie. De patronen die dan ontstaan zijn karakteristiek voor de rangschikking van
de atomen aan het oppervlak. Daarnaast kun je het aantal atoomlagen bijhouden
dat is aangegroeid en zo de dikte van de film heel nauwkeurig vaststellen. Na
afloop van het groeiproces werden de films verder bestudeerd met andere analyse
technieken om zo meer te weten te komen over de elektronische en kristal struc-
turen. Al deze technieken zijn gebaseerd op het beschieten van het oppervlak van
het nieuwe materiaal met elektronen, Röntgen straling of ionen en te bekijken wat
er terug komt aan elektronen of ionen.

In hoofdstuk 3 en 4 worden het eigenlijke werk en de resultaten besproken. In
hoofdstuk 3 gebruiken we NO2 om het opgedampte chroom te oxideren. Ondanks
het feit dat CrO van nature niet voor komt kregen we samples met een hele mooie
kristal structuur. Vreemd genoeg bleek dat de samenstelling niet gelijk was aan
die van het stoichiometrische mono-oxide; er zat behoorlijk veel stikstof in. De
hoeveelheid stikstof die was ingebouwd hing af van de flux van het NO2 tijdens
de groei. Dit stikstof is homogeen verdeeld in de film en neemt de plaats in van
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zuurstof ionen. De opname van stikstof gebeurd bij lage NO2 fluxen en leidt tot
samenstellingen als CrO0:7N0:3. Bij hoge NO2 fluxen is er geen stikstof inbouw
maar dan ontstaat er weer een structuur met te weinig chroom. Deze verbinding
heeft als samenstelling Cr0:7O.

Het was ons doel om mooi stoichiometrisch CrO te groeien, zonder stikstof
of te weinig chroom. Daarom schakelen we in hoofdstuk 4 over op O2 en O3 als
oxidatie middel. Bij lage fluxen zijn we er inderdaad in geslaagd om een verbinding
te maken met een samenstelling die dicht in de buurt komt van één chroom atoom
per zuurstof atoom. Ook in dit geval ontstond een keukenzout kristalrooster. Echter,
dit bleek behoorlijk wanordelijk te zijn. Ook verrassend was dat bij hoge fluxen een
laag ontstaat met een samenstelling van weer Cr0:7O, maar nu met een keukenzout
kristal structuur die defecten bevat. Uit de analyses volgde dat de structuur een
superstructuur bevatte, zodat de defecten waarschijnlijk geordend zijn. Het lijkt
erop dat chroom defecten of ingebouwd stikstof ervoor zorgen dat het Jahn-Teller
probleem in onze samples niet voor komt.

Deze studie van het groeien van CrO laat zien dat het substraat een belangrijke
stabiliserende rol speelt.
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List of acronyms

a.u. Arbitrary Units

BE Binding Energy

LEED Low Energy Electron Diffraction

MBE Molecular Beam Epitaxy

ML Monolayer

RBS Rutherford Back-Scattering

RHEED Reflectivity High Energy Electron Diffraction

UHV Ultra High Vacuum

XAS X-ray Absorbtion Spectroscopy

XPS X-ray Photoemission Spectroscopy

XRD X-ray Diffraction
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