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Abstract: VO, is one of the most studied vanadium oxides because it undergoes a reversible metal-
insulator transition (MIT) upon heating with a critical temperature of around 340 K. One of the most
overlooked aspects of VO, is the band’s anisotropy in the metallic phase when the Fermi level is
crossed by two bands: 7* and d |. They are oriented perpendicularly in one respect to the other,
hence generating anisotropy. One of the parameters tuning MIT properties is the unbalance of the
electron population of 7t* and d | bands that arise from their different energy position with respect
to the Fermi level. In systems with reduced dimensionality, the electron population disproportion
is different with respect to the bulk leading to a different anisotropy. Investigating such a system
with a band-selective spectroscopic tool is mandatory. In this manuscript, we show the results of
the investigation of a single crystalline 8 nm VO, /TiO,(101) film. We report on the effectiveness
of linearly polarized resonant photoemission (ResPES) as a band-selective technique probing the
intrinsic anisotropy of VO,.

Keywords: VO,; metal insulator transition; bands anisotropy; resonant photoemission; electron
correlation; strained films

1. Introduction

Vanadium oxides are an extremely interesting class of materials that are mostly studied
for their reversible metal-to-insulator transition (MIT) [1-7]. Among them, one of the most
studied is VO,. The transition temperature is close to room temperature (about 340 K in
bulk VO,), and a large jump in resistivity [8,9] makes this material extremely appealing
for applications such as energy saving [10-12], new-generation electronic devices based
on electron correlation and ultra-fast switching [13—15]. The nature of the MIT itself has
been the grounds of a long debate because of the simultaneous presence of a structural
phase transition and a MIT (VO passes from a monoclinic insulator to a metallic metal
upon heating), rousing discussion about whether the VO, MIT could be classified as a
Mott or a Peierls transition [2,16-19]. Despite the ongoing debate, experimental evidence
has shown that VO, MIT can be controlled by the interplay among electronic, orbital, and
lattice degrees of freedom [9,18,20-24]. MIT has been the grounds of great interest because
VO, belongs to a class of transition—-metal complexes known as correlated intermediate
valent systems, including lanthanides [25-27]. In these systems, the electron wavefunctions
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in the metal and ligand orbitals near the Fermi level both possess similar energies but with
a small-to-zero overlap due to the Coulomb repulsion. Even with a small overlap, electrons
have similar probabilities of being found on one or on the other site because of the existing
configuration interaction between multiple possible electronic configurations, in which the
redox state of the metal is different [28,29].

In this scenario, strain emerged as a powerful method to control the MIT, and VO,-
strained films have been deeply studied [9,23,30-36]. Since strains modify interatomic
distances changing the vanadium-oxygen overlap, the orbital energy hierarchy needs to be
considered, and, in the last analysis, the bands’ population at the Fermi level (FL).

Moreover, the metallic phase of VO, is strongly anisotropic [36—39]. This often is an
overseen aspect that has to be taken into account for a complete understanding of the
MIT mechanism.

The metallic phase of VO, has tetragonal lattice symmetry with main axis a, b, and
c (see Figure 1). In this phase, FL is crossed by the bands 77* and 4 I [40]. The r* band is
generated by the overlap of antibonding O 2p electrons with V 3d electrons lying in the a-b
plane while the d is composed of unpaired V 3d electrons and is oriented along the c axis.
The intrinsic anisotropy of metallic VO, arises from the orientation of 7* and d| which are
oriented perpendicularly, one with respect to the other [5,23,40].

¢ ]
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Figure 1. (Left): Sketch of the low temperature (LT) monoclinic insulator lattice (continuous line) and
unit cell (broken line). (Center): Sketch of the tetragonal high temperature (HT) metal lattice unit cell.
For both insulating and metallic phases full circles represent vanadium atoms. (Right): Top view of
the lattice parameters orientation when the sample is oriented in normal incidence geometry, i.e., hv
propagation direction parallel to (101).

The 7t* and d|| bands are not equally occupied, with the 7* band appearing typically
less populated with respect to the d|| band. This unbalance is generated by their different
energy position with respect to FL, as explained by Goodenough in his pivotal work [40].
The disproportion in electron population is a key parameter to control the MIT since it is
proportional to the electron correlation experienced by V 3d electrons [23,31,41,42]. This
unbalanced electron population can be tuned by strain [23,41], thus influencing the band
anisotropy of VO,. Although discriminating the individual contribution of the 77* and
d)| bands is very important in VO,, isolating the contribution from one of these bands
is hard when employing standard spectroscopic techniques. Using a band selective and
chemical selective method is, thus, of paramount importance to obtain insights into the
MIT mechanism.

In this manuscript, we reported our investigation of the intrinsic band structure
anisotropy of a single crystalline 8 nm VO, /TiO,(101) film using a linearly polarized
resonant photoemission spectroscopy (ResPES) in order to maximally enhance the orbital
selectivity and the photoemission yield.

As we demonstrated in our previous work, this technique allowed us to study the
orbital contribution that VO, thin films have on MIT [33,34,41,43]. Combining this approach
with linear polarization, we obtained the ideal band selective probe for VO, intrinsic
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anisotropy. Orienting the electric field vector E of the incident photon beam along the
c-axis of the metallic phase (c;), the contribution from the dH band to the ResPES spectra
was maximum. On the other hand, when E was parallel to a, (thus, perpendicular to c;),
sensitivity to the 77* band was maximum [44]. Our experimental results show how the
use of linearly polarized ResPES is critical in order to study the anisotropy of VO, and the
contribution of the different bands populating FL to MIT.

2. Experimental

The 8 nm VO, thick film was deposited on a clean substrate of TiO; (101) using RF-
plasma-assisted oxide-MBE. The base pressure in the deposition chamber was <4 x 10~? mbar.
The film thickness was controlled by monitoring the deposition time and using a growth
rate of 0.1 A/s. The substrate was heated at a temperature of 550 °C during the deposition.
More detailed information on epitaxial film preparation has been reported elsewhere [9,45].

The sample has been characterized using X-ray diffraction (XRD) and resistivity
measurements. XRD measurements were performed using a PanAnalytical X'Pert Pro
diffractometer (Cu-Ko wavelength). The resistivity measurements were carried out using
the Van der Pauw method.

The ResPES and X-ray absorption (XAS) measurements were performed at the NFFA
APE-HE beamline at the Elettra synchrotron radiation facility [46]. XAS measurements
were acquired in the total electron yield (TEY) at the V L3 edge at RT and at about 353 K. The
light polarization was set to horizontal for all the measurements. ResPES measurements
were taken with a Scienta R3000 hemispherical electron energy analyzer spanning the
photon energy across the V Lz edge. More information about the ResPES technique can
be found in Appendix A. The energy resolution for XAS was 0.1 eV, while for ResPES
measurements, it was 200 meV. The photoelectron’s binding energies were calibrated with
respect to the Fermi level of a gold reference foil. The sample surface was treated with
mild annealing (120 °C, for 50 min) in UHV conditions in order to remove part of the
contaminants. A higher temperature was not used in order to reduce the risk of altering the
film stoichiometry. The use of the sputtering procedure was also avoided to minimize the
risk of inadvertently reducing the film thickness. These limitations had the overall effect of
leaving some residual contaminants on the sample surface, which, nevertheless, was not
enough to compromise our measurements.

The metallic VO, lattice parameters orientation for ResPES and XAS acquisitions are
reported in Figure 1.

In order to align the electric field vector of the incident photon beam along the two
main axes, ¢, and a,, the sample was rotated to an angle o = £45. In this configuration, we
calculated (using the lattice parameters reported in JCPDS no. 76-0675) an effective angle
between the electric field vector and the a and ¢ axis of about 13°. This did not influence
our band sensitivity since it depended on the square cosine of the angle occurring between
the target band end of the incident electric field [47]. In our case cos?(13°) was ~0.95, which
meant that our measurements had 95% of the band’s sensitivity with respect to the ideal
case in which the incident electric field and orbital orientations were perfectly aligned.

3. Results and Discussion

The 8 nm VO, thick film quality was checked using XRD, and resistivity measurements
are reported in Figure 2. The resistivity hysteresis showed a large jump of about three
orders of magnitude, pointing out the good quality of the film. The critical temperature T
and the width of transition AT were 321 and 8.2 K, respectively, which is in good agreement

with similar films investigated in the literature [35,48]. The T was calculated as the average

temperature between the two minima of ak;gT .
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Figure 2. (Left): Resistivity hysteresis of the 8 nm VO, /TiO,(101) film. (Right): XRD pattern of the
VO, /TiO,(101) film in the metallic (red line, acquired at 338.15 K) and insulating (blue line, acquired
at room temperature) phases. The VO, Miller indexes for the metallic phases are labeled by the letter
R and for the insulating phase by the letter M.

The XRD patterns of the insulating and metallic phases are reported in the right panel
of Figure 2. The sharp TiO,(101) peak is clearly visible at ~36.1°. The signal from the VO,
film is wide and centered around ~37.35° in both phases. The shape of the VO, peak points
out that the residual strain imposed by the substrate heavily affected the VO, lattice, which
is in qualitative agreement with similar measurements performed on VO, /TiO,(101) thin
films [35]. Since the XRD peak was so large, it was hard to exactly locate the peak’s position.
For the metallic phase, we were able to locate the peak at about ~37.35°, corresponding to
dyo1 = 1.269 A. The value reported in JCPDS no. 76-0675 for the (101) interplanar distance
for bulk VO, was dyg; = 1.277 A, revealing the presence of a compressive strain of ~0.8%
along the (101) direction. In addition, the XRD patterns revealed that the film was single
crystalline since no other VO, peaks could be observed.

The band anisotropy was investigated using ResPES (acquired with photon energy
tuned on the maximum of the V L3 edge) and by orienting the sample in order to obtain E

'l ccand E L ¢ (E | | ar). With these two configurations, we maximized the signal coming
from the d)| and 71" bands, respectively. The ResPES spectra are reported in Figure 3’s
left panel and are qualitatively similar to previous ResPES works [43,49]. All spectra are
characterized by a photoemission peak centered around 7 eV, which was generated by the
overlap of V 3d and O 2p electrons, and a structure centered around 1.7 eV coming from the
unpaired V 3d electrons [50]. The only exception is the off-resonance spectrum, for which
the V 3d unpaired signal was too weak to be below our detection threshold, most likely
due to the residual contaminants on the sample surface. This may be due to the nature of
our ex-situ experiment and the experimental constraints used to clean the sample surface.
This strongly suggests the necessity to access the resonant condition to enhance the signal
coming from the V 3d electrons and, thus, properly study the bands around FL. In the
monoclinic insulator phase, the spectra were acquired with E | | ay (am being the a-axis of
the monoclinic insulator lattice). ay, and ¢, were directed along the same spatial direction
so as to also be in the insulating phase where we were maximizing the signal coming from
the d| band.
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Figure 3. (Left): XAS spectra of the V L3 edge acquired for the metal and insulator phases. The spectra
are vertically shifted for clarity. (Right): ResPES spectra acquired off resonance and on resonance (as
depicted in the right panel) for different sample orientations. The spectra were normalized to the
O 2p peak and vertically shifted for clarity. In the insulator phase the lattice of VO, has monoclinic
symmetry and the electric field E is parallel to the a axis (am). The insulated monoclinic a axis and
the metallic rutile c axis are oriented along the same direction; in addition, in the insulating phase we
probed mostly the )| band.

The metallic spectra acquired on resonance showed a two-peaked structure corre-
sponding to the V 3d unpaired electrons.

These two peaks were generated by two different screening channels in the valence
band of VO, [51]. The feature centered around 1.7 eV was called the ligand hole (L) and
accounted for the local screening of the photo-induced hole by an O 2p electron. The peak at
about 0.4-0.5 eV was named the coherent hole (C) and generated by the non-local screening
of the photo-hole from V 3d electrons that were free to move in the solid and were, therefore,
the final state effect.

It is evident that C was more intense when the electric field was oriented parallel to
the c; axis; this suggests that the d|| was more populated with respect to 77* pointing out the
anisotropic electron population of these bands. To quantify the anisotropy in the sample,
we adopted the same approach proposed in reference [41] to calculate the ratio between
the screening length in the insulating phase and in the metallic phase for both the electric
field orientation. For a ResPES spectrum, the relation between intensity and the screening

length was the following [52-54].

I

- 1

7o x A (1)
where I is the ResPES spectrum intensity, Iy is the incident photon flux, and A is the
screening length. The ratio )‘A—':l (where Ay, is the screening length for the metallic phase
while A; for the insulating phase) could, therefore, be calculated by integrating the ResPES
spectra between 0 and 2 eV. The selection of the energy interval 0-2 eV to calculate A is
arbitrary. The only two requirements we followed were to include both the L and C in
the integrated region and to minimize the tail coming from the O 2p feature centered at
7 eV. The numerical results did not change significantly if we slightly changed the interval

of integration.
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The results for /\T’? are reported in Table 1. A;,, were calculated withE | | ¢;,and E L ¢,
while A; was calculating using the insulating spectrum reported in Figure 3’s right panel
withE | | ap,.

Table 1. A,/ A; calculated for the two configurations E | | ¢; and E L ¢;.

Ellc(d) ELc(7)
Am /A 0.418 0.502

The difference between the two sample orientations is evident: whenE | | ¢;, Ay /A;
was ~20% smaller with respect to E L c,. This is a direct probe of the intrinsic anisotropy of
the VO, band structure and the measurement of the different screening capabilities of d||
and 7r* bands.

These preliminary results show the importance of using a band selective probe to
study a complex problem such as the VO, MIT and that this approach was fundamental in
order to accurately take into account the anisotropy degree of freedom.

4. Conclusions

We show our preliminary results obtained by studying a sample of a single crystalline
VO, /TiO,(101) film of an 8 nm thickness. This film is of extremely good quality. The
resistivity measurements show a hysteretic behavior with a critical temperature of 321 K,
a transition width of 8.2 K, and a jump in resistivity of ~3 orders of magnitude. XRD
measurements show that the residual compressive strain imposed by the epitaxial growth
was ~0.8%. We investigated the intrinsic band anisotropy of metallic VO, by using ResPES
at the V L3 edge with linearly polarized light. The combined access to resonantly enhanced
the photoelectron yield and the bands’ selectivity allowed us to discriminate between the
d| and 7t* bands’ contribution at FL. This unique approach allowed our experimental
investigation to obtain new insight into the VO, band structure with respect to previous
studies [4,20]. We observed that the ratio between the screening length of the metallic
and insulating phase (A, /A;) for d|| and 7* bands differed by about 20%, pointing out
a strongly anisotropic screening capability in VO,. Since the difference in the electron
population between the d|| and 77" bands was a key parameter to controlling the MIT
properties, our preliminary results highlight the importance of using a resonantly enhanced
band selective spectroscopic tool to study complex systems such as VO,.
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Appendix A
Resonant Photoemission

ResPES is a branch of variable energy photoemission spectroscopy. Using synchrotron
facilities, it is possible to vary the photon energy across the photo-absorption resonance of
the system, thus exploiting cross-section effects to enhance specific photoemission features.
ResPES was realized when the photon energy was tuned to match the absorption edge of
one of the elements present at the surface of the sample. In this case, two possible pathways
that lead to the same final state were possible: the direct photoemission and the Auger-like
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Vacuum level

emission that followed the relaxation of a photo-excited state. An interference process
took place and enhanced the spectral intensity of the resonating states as a function of the
photon energy.

Tuning the photon energy across the VO, L3 edge, a 2p electron was excited in the
empty 3d band. This excited state decays via an Auger-like process, with a concurrent
emission of a photo-electron. This process is represented in Figure Al.

Direct photoemission Photo-absorption channel

O Ekm O Ekln

[ /

Unoccupied states [

FL

e + | J |

— ) [0 H? J

)
: : : : : :V3
i3 1
v O O . W
Vi3s #
sade — — 00—
Vap ;s ) O—O
O_O Vip i

hy

Figure A1. Schematic representation of the two concurrent photoemission channels that lead to the
resonant enhancement of V 3d electrons. (Left): A direct photoemission channel with the excitation of
a 'V 3d electron above the vacuum level. (Right): Photo-absorption channel. An electron from the V
2p3 7 core level is excited into an unoccupied state. This unstable state decays through an Auger-like
process leading to the same final state as in the direct photoemission channel.

The two identical final states are reported in Equations (A1) and (A2). This includes
direct photoemission channel:

2p°3d" + hv — 2p%3d" 1 + e~ (A1)
and the photo-absorption channel:
2p°3d" + hv — 2p°3d™! — 2p03d" 1 v e (A2)

The coherent superposition of channels in Equations (A1) and (A2) led to the resonant
enhancement of the 34" ! final state [55]. Since the V 3d electrons were those involved in the
VO, MIT, the capability to enhance their signal above the background is of great importance.
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