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Abstract

Thin films of V,03 with thickness 4-300 nm were grown on (1 120)-oriented
sapphire substrates by reactive dc magnetron sputtering. X-ray diffraction,
pole figure measurements and scanning tunnelling microscopy show high
crystallinity and epitaxy to the substrate with a faceted surface structure, and
the absence of strain. Measurements of the electrical resistivity, scanning
tunnelling and x-ray absorption spectroscopy show a metal—insulator transition
near 150 K that is connected with the opening of an energy gap and a
characteristic modification of the absorption spectrum at the vanadium-2p and
oxygen-1s edges. These observations reveal that the V,03(1120) films have
bulk-like properties.

1. Introduction

Vanadium sesquioxide is a fascinating material [1]. Strong electron correlation leads to a
complex interplay of magnetism, structure and transport. Hybridization of the V-3d with
the O-2p orbitals competes with a strong Coulomb interaction within the 3d shell (formal
configuration 3d> V3*). Small perturbations in the balance of these effects by doping, deviations
from stoichiometry, pressure or a change in temperature induce drastic modifications of the
electronic properties, which are manifest in a very rich phase diagram [2-6]. Pure V,0;
at room temperature is a paramagnetic metal (PM). On cooling, a first-order transition to
an antiferromagnetic insulating (AFI) phase occurs near 160 K, while Cr doping (~1%)
transforms the PM at room temperature to a paramagnetic insulator (PI). At the PM to AFI
transition an energy gap of ~0.6 eV opens [7], the electrical resistivity increases by seven
orders of magnitude [8], and the lattice symmetry transforms from rhombohedral (corundum)
to monoclinic. The magnetic ordering pattern in the AFI phase is very peculiar and not
that of a simple two-sublattice Néel configuration [9—11]: each V ion exchange coupling is
ferromagnetic for V-V pairs along the c-axis and antiferromagnetic in adjacent (1120) planes.
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The metal—insulator (MI) transitions have long been considered as classical examples of
a Mott—Hubbard transition [12-14], but the complex interaction of the various electronic,
magnetic and structural aspects posed major challenges for a theoretical understanding over
years. Recently, a wealth of information on V,03 has become available that gives new insight
into this material. Examples to be mentioned are experimental data from polarized neutron
scattering [15], resonant x-ray scattering [16, 17] and polarization-dependent V L, 3-edge
x-ray absorption spectroscopy [18] and photoemission [19]. The results have stimulated new
theoretical work [20-26] that has considerably improved our understanding.

While the spectroscopic studies were mostly performed on bulk samples, the unusual
properties of V,03 have led to numerous efforts to grow thin films of this material [27-31].
Various qualities are documented. In the present paper we report on the structural and electronic
properties of V,03 layers we have grown on sapphire(1120) substrates by reactive sputter
deposition. The isotypic crystal structures of sapphire (o-Al,O3) and V,03 favour epitaxial
growth. This work provides the basis for a study of interfacial interaction effects in the
bilayer systems Fe/V,03(1 120) and Co/V,05(1 120) across the metal—insulator transition of
V,0; presently under way in our laboratory [32]. Interfaces between insulating oxides and
ferromagnetic metals are of great current interest, for example, in the context of spin tunnel [33]
or exchange biased [34, 35] structures. A major problem encountered during preparation is that
the window of the processing parameters for stoichiometric V,0Os3 films is relatively small. We
demonstrate that a suitable choice of these parameters permits the growth, in a well controlled
manner, of epitaxial layers of high quality with the properties of pure bulk V,05. This is
inferred from x-ray diffraction, measurements of the electrical resistivity and x-ray absorption
spectroscopy (XAS) atthe L, 3(2p — 3d) edge of V and the K (1s — 2p) edge of O. Scanning
tunnelling spectroscopy (STS) reveals the opening of an energy gap at the MI transition, and
scanning tunnelling microscopy (STM) the presence of a faceted surface structure with a
preferred orientation perpendicular to the rhombohedral c-axis [0001].

The paper is organized as follows. We start with a brief description of the experimental
methods employed (section 2). We then describe the various experiments carried out on V,03
films grown on a-Al,O3(1 120) and discuss the results (section 3).

2. Experimental techniques

V,0;5 films of thickness from 4 to 300 nm were deposited at normal incidence onto polished
single crystalline sapphire substrates using reactive dc magnetron sputtering in normal
incidence from a V metal target with 99.8% purity in an Ar—O; gas atmosphere. The substrates
were (1120) oriented with a miscut below 0.2°. Flow rates of Ar and Ar(90%)/0,(10%) gases
were individually controlled using a flow meter. The O, partial pressure was near 1% of the
total process pressure adjusted to 3 x 1073 mbar. The base pressure in the deposition chamber
was 1078 mbar. The substrates were preheated for 1 h at 600 °C, prior to deposition at this
temperature. The dc power was set at 60 W leading to a growth rate of 0.26 nm s~
Specular x-ray (Cu Ka) reflectivity data analysed with a simple kinematical scattering
model (Parratt algorithm) has provided information on the thickness of the V,03 films
and their roughness. Structural characterization included symmetric Bragg reflection x-ray
measurements (0—26 scans), x-ray diffraction rocking-curve and pole-figure measurements.
Scanning tunnelling microscopy (STM) together with spatially resolved spectroscopy (STS)
was performed ex situ using a variable temperature UHV instrument at both room and LN,
temperatures. The data were recorded using tungsten tips after the surface had been cleaned by
2.5 keV Ar*-ion bombardment. Constant current images were taken at a tunnelling current of
0.5 nA and a sample bias of 0.75 V. For convenient display a plane fit procedure was employed
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Figure 1. Projection of the (0001)-plane (left) and the (1 ]QO)—plane (right) in the rhombohedral
corundum lattice of V,03. The vanadium ions are represented by the small dark spheres.

for slope substraction. In the STS mode the bias voltage was varied from —1 to +1 V at a
constant distance of several angstroms above the film surface. For each image of 80 x 80 nm?
in size, 128 x 128 I (U) curves were recorded. Standard four-point resistance measurements
down to low temperatures have provided information on the quality of the metal-insulator
transition of the V,0j3 films.

The x-ray absorption (XA) spectra were acquired at the beamline SU23 of the SuperACO
storage ring at the synchrotron radiation facility LURE in Orsay, France. The beamline supplies
a monochromatic beam by a grating spectrometer with an energy resolution of 0.6 eV in
the range of interest (500-900 eV), and circularly polarized light with a rate of 40% by an
asymmetric wiggler. Electronic transitions from the V-2p and O-1s states into dipole allowed
unoccupied states with d and p character, respectively, were studied. The spectra were obtained
by measuring the photocurrent leaving the sample (total electron yield mode (TEY)) and thus
are estimated to probe the top ~5 nm of the layers. Prior to the XA measurements the sample
surfaces were cleaned by repeated cycles of ion etching and annealing in the UHV preparation
chamber of the beamline. The procedure removed VO, from the surface as evidenced by
x-ray photoelectron spectroscopy (XPS). The overoxidization is due to air exposure since
films analysed by XPS in situ after preparation showed the correct oxidation state.

3. Results and discussion

3.1. Structure

The rhombohedral corundum structure of bulk V,O3 (which is also that of sapphire) has an
approximately hexagonal closed-packed array of oxygen ions in which the cations occupy two
thirds of the octahedral sites (see figure 1). X-ray diffraction (XRD) Bragg scans for the V,03
films on sapphire(1 IQO) along the growth direction exhibit (1 120) and (2240) reflections only
(see figure 2). This indicates that the films are highly oriented, with the same orientation as
the surface of the substrate. A rocking curve measured on the V,03(1120) peak in figure 2
yields a full width at half maximum (FWHM) of 0.62°. The position of this peak located at
26 = 36.26° corresponds to the lattice parameter of the bulk material. The coherence length
calculated from the FWHM agrees with the V, 03 film thickness measured by x-ray reflectivity.
This implies that the film is in an out-of-plane coherent state.

The analysis of the in-plane alignment of the V,O3 film crystallites relative to the substrate
was performed by XRD pole-figure measurements on the (1014) reflection. It was chosen for



80 B Sass et al

10°

=)
|
—~10°* =
(2] G
S O,
= <
2
9 10°
£
10° 11—
26 28 30 32 34 36 3§ 40 42 44 46 48 50
10° 3 20 (°)
2 10°3 o ©
o 3 o o
O ] o o
> 4 S =)
g sl |\ o
8 10° 2 > <
K= E
10° +———TrT T T T T T

26 28 30 32 34 36 38 40 42 44 46 48 50
26 (°)

Figure 2. X-ray diffraction 626 scans for 80 nm thick V,O3 films on (0001) and (1 120)-oriented
sapphire (¢-AlyO3) around the main reflections (1120) and (0006). The vertical line corresponds
to the lattice parameter of the bulk V,03.

its high intensity and easy distinction from other reflections. Figure 3 shows the contour maps
obtained from a series of azimuthal (¢) scans by varying the tilt angle () at fixed incident
angle 260 = 33.02°. The spots observed at (¥ = 56.8°, ¢ = 157.8°) and (¥ = 56.8°,
@ = 337, 8°) reveal complete epitaxy to the (1120) surface of the sapphire substrate. Let us
note that the epitaxial growth occurs in spite of the relatively large lattice mismatch between
V,03 and the substrate, of 7.8% along the [0001] direction (c-axis) in the (1120) plane and
4.1% along the [1010] direction (a-axis).

It has been reported [29] that V,03 films epitaxially grown on (0001)-oriented sapphire
substrates by reactive electron-beam evaporation are exposed to considerable strain. Variation
of the growth parameters drastically modifies the properties of the V,O3 films, which in view
of the sensitivity of the different phases of bulk V,0j3 to pressure [4] the authors attribute to a
varying degree of the strain. We have found that the general trend of the previous observations
can be reproduced. It can be seen in figure 2 that oriented growth of V,03 on the (0001) surface
of sapphire can be achieved, but that the lattice parameter calculated from the position of the
(0001) peak is distinctly smaller (by 1.2%) than that of bulk V,0O3. This indicates considerable
compressive strain in the layer along its normal. We shall show below (section 3.2) that the
metal—insulator transition is suppressed in these films.
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Figure 3. XRD pole figure measured for a 240 nm thick V>0;3 film at fixed incident angle
20 = 33.02° corresponding to the V,03(1014) reflection. The intensity is displayed on a
logarithmic scale. The background noise is three orders of magnitude lower than for the two
spots.

The surface topology of the V,03(1120) films was characterized by STM. Figure 4
shows the topographic image of an 80 nm thick film at room temperature for a scan size
of 400 x 400 nm?. It exhibits a stripe-shaped microstructure elongated perpendicular to the
c-axis, with an extension of 200 nm and width of 20 nm as typical dimensions. The root mean
square (rms) roughness is about 1 nm, a value comparable to that derived from small-angle
x-ray reflectivity. The self-organized faceted growth must be related to the anisotropic
mismatch between the film and the substrate since the bare surface of the latter is structurally
isotropic and smooth with a rms roughness below 0.14 nm. The width and roughness of the
facets vary somewhat with the thickness of the films. There is no modification of the surface
topology upon repeated cycling of the films across the metal—insulator transition.

3.2. Electrical resistivity

An important characteristic of the quality of the V,0j3 films is the temperature dependence
of their resistivity. Figure 5 shows the change of the resistance with temperature of two
V,03(1120) films with different thickness and of a V,03(0001) film for comparison. The
resistance of the (1120)-oriented films decreases linearly down to ~190 K as is expected for
pure metallic V,03. The resistivity at room temperature is comparable to the bulk value of
100 €2 cm. Below ~160 K it increases steeply by several orders of magnitude, indicating the
phase transition into the insulating state. The transition is fully reversible and shows hysteresis
revealing that it is of first order. Compared to bulk V,0O3 it is considerably broadened. This
may be attributed to the interaction of the film with the substrate that hinders the structural
transformation of the lattice from rhombohedral to monoclinic associated with the metal—
insulator transition [28]. It can be seen in figure 5 that the effect is more pronounced at
lower film thickness, where in addition to an increased broadening a reduced magnitude of the
resistivity change is observed at the transition. It is interesting to note that for the V,03(1120)
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Figure 4. Topographic STM image of an 80 nm thick V,O3 film on (1120)-oriented sapphire at
room temperature. The c-axis is directed along the diagonal of the image perpendicular to the
stripes.

films with more bulk-like behaviour (thickness ~80 nm) the temperature of the metal-insulator
transition, Ty, can be systematically shifted by changing the oxygen partial pressure during
deposition, i.e. Ty is lowered for oxygen excess in agreement with the generalized phase
diagram of bulk V,0;(1 120) [11,36]. A prerequisite for this effect is low strain in the (1 120)
oriented films.

As indicated above (section 3.1) it can be concluded from the x-ray diffractograms that the
(0001)-oriented V,0s films are exposed to considerable stress, in contrast to the V,03(1 120)
films. Figure 5 shows that this has a drastic effect on the electronic properties. The resistance
shows thermally activated behaviour in the entire temperature range between 10 and 300 K
with a change of five orders of magnitude. Selecting different film thicknesses and growing
the films at different partial pressures of oxygen does not modify this behaviour qualitatively.

3.3. Scanning tunnelling spectroscopy

Topographic imaging by STM was combined with tunnelling spectroscopy probing the local
I(U) characteristics at different temperatures. In figure 6 we present the tunnelling current
I(U) and the corresponding differential conductance d//dU for a V,05(1 120) film at two
different temperatures. The spectra represent an average that was taken over the sample area
shown in figure 7, which was recorded at 77 K. It is important to note that these topographic
images do not change substantially when the films are cooled across the metal—-insulator
transition. This means that the formation of cracks due to the structural transformation that are
frequently observed for bulk crystals (see, for example, [7]) can be excluded. The differences
between the spectrain figure 6 are evident: at 300 K, i.e. above Ty, we have metallic behaviour
with a finite slope in the 7 (U) characteristic at the Fermi energy, while at 77 K, below Ty,
I (U) shows a plateau around EF, typical of an energy gap of an insulator. The plateau can be
seen particularly well in the d//dU curve and its width amounts to 0.45 £ 0.05 eV. This value
compares favourably with the optical gap of 0.66 +=0.05 eV obtained for a bulk stoichiometric
V,03; crystal with Ty = 159 K [7]. The good agreement does not only demonstrate that the
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Figure 5. Resistance as a function of temperature, normalized to the value at room temperature,
of two V,03(1120) films (thickness 16 and 80 nm) and of a V,03(0001) film (thickness 80 nm).
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Figure 6. Tunneling current / and differential conductance d//dU versus bias voltage U for a
V,03(1120) film (thickness 80 nm) at two different temperatures. The conductance d//dU is the
numerical derivative of the /(U) data. Note the different U scale of the /(U) and dI/dU plots.
Note also the finite slope of I(U) at U = 0 and T = 300 K, in contrast to 7 = 77 K.

metal—insulator transition reflected in the temperature dependence of the resistance (figure 5)
even occurs at the surface of the V,03(1120) films, but it also implies that the surface clearly
shows a metal—insulator transition similar to the bulk properties.

In order to probe the significance of this result and to visualize the local electronic structure
we evaluated a ‘gap map’ from the d//dU versus U characteristics at 77 K over the complete
area of the STM image in figure 7. The map is rather uniform: local gap values are close to
the average extracted from figure 6, with only a few spots showing larger deviations. These
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Figure 7. Topographic STM image of a V203 (1120) film (thickness 80 nm) at 77 K. The c-axis is
directed along the diagonal of the image perpendicular to the facets.

spots are not correlated with the topography in a simple way, but are most likely due to defects
resulting from surface preparation that are not resolved in the topographic image. In particular,
no regions with metallic characteristics could be detected at this temperature. This fact finally
justifies the averaging procedure we used to gain the spectra shown in figure 6 and lends
confidence to the gap value estimate we extract from our STS measurement.

It seems that the electronic properties of the V,03(1120) surface differ clearly from those
of the (0001) surface recently probed on a bulk single crystal [37]. The atomic ordering on
the (0001) surface appears to depend sensitively on the surface preparation and may show
reconstruction by dimerization of V atoms or not. Using STM and photoelectron spectroscopy
(PES) it was found that only the dimerized surface develops a gap in the electronic density of
states towards low temperatures. We have not checked the (0001)-oriented films because the
metal—insulator transition is suppressed by strain.

3.4. X-ray absorption spectroscopy

Figure 8 displays the V 2p (L, 3) and O Is (K) x-ray absorption spectra of a V,03 layer
measured in the metallic (200 K) and insulating (50 K) states. The V related absorption
extends to ~530 eV, the O part lies above. Comparison of the overall spectral features with
those of V,03 single crystals [38, 39] reveals the following.

(i) The spectra represent electronic properties of bulk V,03, i.e. the density of unoccupied
states of d and p character at the V and O site, respectively, admixed into the low-lying
conduction bands.

(i) The modifications in the spectra seen upon crossing the metal-insulator transition agree
with those previously observed [18, 39].

Recent experiments by polarization-dependent XAS [18] and theory [20, 24] have shown
that a multi-band description of the electronic structure of V,03 is essential in which the two
3d electrons of the V ion are distributed among a non-degenerate a;, orbital oriented along
the c-axis and a doubly degenerate ey orbital oriented in the hexagonal plane. These orbitals
derive from a splitting of the to, manifold of the V 3d states due to a small trigonal distortion
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Figure 8. X-ray absorption spectra of a V,03(1 120) film (thickness 80 nm) at the V-2p (Ly.3) and
O-1s (K) edges measured in the metallic (200 K) and insulating (50 K) states.

of the octahedral crystal field set up by the O ions surrounding the V ions. Split off from these
states and lying at higher energy is the unoccupied eg part of the V 3d states, as a result of
the near octahedral symmetry of the crystal field. Important results of these studies are that
the V ions are always in the high-spin S = 1 ground state favoured by the atomic Hund’s
rule and that the different phases of V,0O3 have different orbital occupancies. The atomic
configuration is an orbital mixture of eg eg and eg aj, configurations with different relative
weight in the PM and AFI phases [18, 24]. The on-site 3d—3d Coulomb energy is spin and
orbital dependent [18]. This connects variations in orbital occupation with changes of the
intersite exchange interaction and of the band gap and effective bandwidth.

The spectra of the V,0;3 layer in figure 8 are in good general agreement with those
previously measured for bulk single crystals [18, 38, 39] in spite of the inferior photon-energy
resolution (~0.6 eV) in the experiments reported here. Analysis of these results and comparison
with theory [40—42] has permitted the authors to assign the different spectral features to the
electronic structure. The line shape of the spin—orbit split V 2p (L, 3) absorption spectrum
reflects the final-state multiplet structure given by the Coulomb interaction between the 2p
core hole and the 3d electrons, as well as by crystal-field effects [40-42]. Line shape and peak
energies are sensitive to the chemical environment and can be used as a fingerprint of the V
oxidation state. For example, the structure preceding the L, edge and the fine structure of
the L, peak are typical of V3* [38]. According to a recent calculation [24], the peak below
the L, edge and the shoulder at the low-energy side of its maximum predominantly reflect
contributions from the ty,-derived aj, and ey states, respectively. The same assignment can
be made to the two shoulders preceding the L3 edge. The double-peak structure of the O K
absorption spectrum is ascribed to the O p admixture to the crystal-field split V 3d states:
the low-energy peak (~531.3 eV) to mixing with the tyg-derived a;, and e states, the peak at
higher energy (~533.5eV) to the e7 states. Due to this hybridization the O 1s spectrum mainly
maps the V 3d-band character and is sensitive to the metal—insulator transition (figure 8): in the
AFI phase both peaks are shifted by ~0.3 eV to higher energy, and the peak at lower energy has
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less spectral weight. The latter effect indicates a reduced hybridization of the unoccupied O 2p
states with the V ty, states relative to the hybridization with the V e7 states. Modifications in
the V 2p spectrum resulting from the metal-insulator transition appear essentially at the peaks
of the L3 and L, signatures and at the structures preceding them, the latter ones becoming more
pronounced. These features may reflect the redistribution of states invoked by Park et al [18]
to explain the linear dichroism and its variation across the phase transition in their XA spectra.

4. Conclusion

We have successfully grown epitaxial films of V,03 with thicknesses from 4 to 300 nm on
(1120)-oriented sapphire substrates. Various experimental techniques reveal that the physical
properties of these films are close to those of the pure bulk crystals, even near the film surface:
they have good crystallinity, are almost free of strain and show transitions from a metal to an
insulator near 150 K. At the transition the electrical resistivity changes by nearly five orders of
magnitude, and a gap opens in the electronic density of states near the Fermi energy, amounting
to 0.45 eV at 77 K. Modifications of the x-ray absorption spectra at the 2p edge of vanadium
and 1s edge of oxygen in the metallic and insulating states show the characteristic differences
previously observed on bulk crystals [18, 39]. It is interesting to note that in the insulating
phase the V,03(1120) films are antiferromagnetically ordered: the magnetization curve of a
thin Co layer deposited onto their surface shows a pronounced exchange bias when the sample
is cooled across the metal—insulator transition [32]. A typical feature of these films is self-
organized growth with a faceted surface structure elongated perpendicular to the c-axis. This
growth mode may be related to the anisotropic lattice mismatch with the substrate.

A limited complementary study on V,03 films grown on (0001)-oriented sapphire with the
same growth parameters reveals that they are highly oriented, too, but exposed to considerable
strain, as noted before [29]. The metallic phase is suppressed in these films and electrical
conduction was observed to be thermally activated over a temperature range of 10-300 K.
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