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ABSTRACT: Phase transitions are key in determining and
controlling the quantum properties of correlated materials. Here,
by using the combination of material synthesis and photoelectron
spectroscopy, we demonstrate a genuine Mott transition undressed
of any symmetry breaking side effects in the thin films of V,0;. In
particular and in contrast with the bulk V,0;, we unveil the purely
electronic dynamics approaching the metal—insulator transition,
disentangled from the structural transformation that is prevented by
the residual substrate-induced strain. On approaching the transition,
the spectral signal evolves slowly over a wide temperature range, the
Fermi wave-vector does not change, and the critical temperature is
lower than the one reported for the bulk. Our findings are
fundamental in demonstrating the universal benchmarks of a
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genuine nonsymmetry breaking Mott transition, extendable to a large array of correlated quantum systems, and hold promise of
exploiting the metal—insulator transition by implementing V,0; thin films in devices.

KEYWORDS: Metal—insulator transition, V,03, Mott transition, ARPES

he ability of manipulating electronic states in quantum

matter is a milestone for the condensed matter physics
community. Materials with properties lying at the verge of an
instability have attracted attention because even small external
stimuli could drive them into completely different electronic
and/or magnetic configurations. V,0; is a typical example:
upon lowering the temperature (in bulk form'), it exhibits a
metal—insulator transition (MIT) accompanied by antiferro-
magnetism and a rhombohedral—monoclinic structural trans-
formation.”™® The attention garnered by this material is not
fortuitous. Such a MIT spans over 10 orders of magnitude in
resistivity in a hysteretic fashion, which is fundamental for
applications’™" in electronics such as oscillators, neuro-
morphic devices, and memory; yet the impossibility of tuning
such a transition due to the structural breakdown has hindered
its exploitation in oxide electronics. Moreover, it was for long
considered to be the only physical realization of a genuine
Mott transition, e.g., exemplified by the single-band Hubbard
model.'*"> However, its structural complexity, the multiorbital
nature and the concurrent metal—insulator, paramagnetic—
antiferromagnetic, and rhombohedral-monoclinic transitions,
have challenged that simple picture. Indeed, a combined LDA
+ DMFT calculation by Poteryaev et al.'® unveiled a
mechanism for the paramagnetic MIT in V,0; which was
mostly driven by the orbital degrees of freedom. Specifically,
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electronic correlations were shown to substantially enhance the
low-energy effective trigonal crystal-field splitting between the
lower e, doublet and the upper ag1
enhancement leads to a nearly empty ag1 electron pocket at

singlet. Such an

the Fermi level and a highly incoherent nearly half-filled e,”
band amenable to Mott’s localization and magnetism. This
mechanism, which seems to explain observed photoinduced
insulator-to-metal transitions,”'” has been later questioned by
angle-resolved photoemission spectroscopy (ARPES) data in
metallic V,0, at 200 K, i.e., above the Ty of 165 K.'® Here, a
Fermi surface composed by both ag1 and eg” was found, not
compatible with a system at the verge of an agl—eg” gap
opening and selective e,” Mott’s localization. Therefore,
despite considerable efforts, the mechanism leading to the
MIT of V,0; and its claimed entanglement with the
rhombohedral-to-monoclinic structural transitions remains an
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Figure 1. (a) Crystal structure of V,0; along with the real space unit cell vectors. Both side and top view are reported. (b, c) Low- and high-
magnification HRTEM micrographs of V,0; on AlL,O5 (in inset the Fourier transform of the image), respectively. (d, e) Grazing-incidence XRD
maps at high temperature (i.e., room temperature) and low temperature (i.e, about 96 K on the sample) of a representative 15 nm V,0; film on
Al O, (diffraction rings are related to residual silver paste used to ground the sample and on the back of substrate). (f) Resistivity measurements for
samples grown with a mildly different oxygen pressure, namely, 7 X 1077 mbar (green/blue curves) and 1 X 107°mbar (black-red lines),
respectively. The green arrow indicates the beginning of the hysteresis for the green-blue resistivity curve. Similarly, the black arrows indicate the
beginning and the end of the hysteresis in the extra-oxygenated sample (black-red lines).

unsolved mystery after more than a century of extensive
investigation.

Here, by using strain-engineering thin film technology, we
froze the crystal structure of thin V,0; films and thus
succeeded in studying the pure electronic behavior of the
system undergoing the MIT disentangling it from the
structural transition. After performing precise thin-film growth
via in situ pulsed laser deposition (PLD), we exploited ARPES
with polarized synchrotron light to identify the dominant
orbital character of the measured electronic bands. Finally, we
disclosed the full temperature evolution of the spectroscopic
features approaching the MIT, providing a strong experimental
evidence for a genuine Mott transition, void of symmetry
breaking. Transport measurements and temperature dependent
X-ray diffraction (XRD) confirm a hysteretic behavior in the
resistivity with the lack of any structural changes within the
same temperature interval. This indicates that the onset of the
hysteresis has a purely electronic nature, in agreement with
previous thin-films transport measurements'® but opposite
from that conjectured for the bulk.* In our ARPES data, the
transition critical point is preceded by a continuous and
gradual disappearance of spectral weight at the Fermi level,
accompanied by a lack of kg variation, consistent with avoided
structural transition. This trend on approaching the critical
temperature is consistent with the Mott transition described by
DMFT?! and in contrast to the abrupt first order character
observed for bulk V,0;.

V,0; films were grown on (0001)-oriented Al,O, by PLD.*”
The sample temperature was kept at ~700 °C and in an
oxygen background pressure of 7 X 1077 mbar throughout the
growth. After deposition, films were cooled down to room
temperature under the same deposition pressure. The typical
deposition rate was about 3.5 A -min™", thus allowing a full
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control of the film thickness. All of the investigated samples
were 15 nm thick. In situ X-ray absorption spectroscopy (XAS)
did not show any line-shape difference in the V L, ; edges from
the reference bulk material and the V,0; films at room
temperature.23

Structural properties of V,0; films were investigated by ex
situ XRD. While thick films (e.g., 80 nm)>*** behave like bulk
samples,25 in thinnest (i.e., <15 nm) films, the out-of-plane
lattice parameter shifted to lower values (ie., 13.92 A with
respect to the bulk value of 14.0161 A).*® This effect confirms
that the samples under investigation are in nature different
from the bulk. Nevertheless, identifying the precise strain
mechanism induced by the substrate is not a trivial task. As a
matter of fact, by considering the film/substrate lattice
parameters (Al,O; unit cell a = 4.7605 A and ¢ = 12.9956 A;
V,0; unit cell, a = 49424 A and ¢ = 14.0161 A), a possible
substrate-driven compressive strain would correspond to an
increase of V,0; c-lattice parameter, which (on the contrary)
was found to reduce.’® Despite of this, the restoring of the
bulk-like properties of V,Oj; in very thick films clearly indicates
the crucial role of the substrate in determining the structural
properties of the very thin films. The atomic structure of the
V,0; films was investigated by high-resolution transmission
electron microscopy (HRTEM). The structure of the film over
the whole image is homogeneous, with a very smooth surface
and free of significant defects. No structural differences were
detected among the near-interface region and far from it, as
well as no traces of spurious phases or segregation of crystalline
phases other than V,0;, while structural dislocations are
mostly present at the film/substrate interface. The fast Fourier
transformation (FFT) patterns can be safely assigned to the
corundum-phase structure.”” In order to investigate the
occurrence of corundum-to-monoclinic phase transition in

https://doi.org/10.1021/acs.nanolett.2c02288
Nano Lett. 2022, 22, 5990-5996


https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02288?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02288?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

thin films, variable-temperature grazing-incidence XRD
(GIXRD) measurements (panels d and e in Figure 1) were
performed at the X-ray diffraction beamline 5.2 at Elettra
(Trieste, Italy). GIXRD measurements (see also Supporting
Information) confirmed the absence of any structural change
from high temperature (i, 300 K) down to our minimum
temperature allowed by the setup (96 K on the sample). As a
matter of fact, the diffraction pattern remains exactly the same,
while major differences would have been observed for a
monoclinic structural phase at low T.' This is the crucial
difference between our thin films and the bulk sister
compounds, where a strong crystal symmetry breaking occurs
at 165 K. Transport properties were probed by a four-points
DC technique and reported in Figure 1 f. The thickest samples
(ie, 80 nm) grown at 7 X 107 mbar do show bulk-like
behavior characterized by the opening of the hysteresis at
about 195 K (blue-green curves) but with its closing above the
V-limit of the current source and therefore not detectable.
Following a previous report,”” thin films were also grown by
slightly increasing the background O, pressure (i, 1 X 107
mbar) to lower enough their resistivity values and thus being
able to observe both the closing of the hysteresis and the truly
insulating regime characterized by the opening of a gap in the
V,0; band structure. It is worth underlining that, as reported
in literature,”” overoxygenated samples (i.e., V,05,) keep on
being structurally arranged in the corundum phase with a slight
lowering of the Tyyr, thus suggesting the insertion of extra
oxygens in the interstitial atomic sites.

The ARPES measurements were performed in ultrahigh
vacuum (<1 X 107'% mbar) at the APE-LE beamline at Elettra,
with a Scienta DA30 hemispherical electron energy analyzer
and with linearly polarized photons of 72 eV. The samples
were transported under UHV conditions (1 X 107'° mbar)
from the PLD to the ARPES chamber; thus the samples’
surface was not exposed to ambient conditions or to external
contaminants. In our setup, the light impinges on the (001)
surface with a 45° incidence angle so that the plane identified
by the light wave-vector q and the c-axis of the sample
corresponds to a mirror plane of the R3¢ space group of the
corundum structure, which we conventionally take as the y—z
plane (panel a in Figure 2). The light polarization is either
parallel to the axis perpendicular to that mirror plane, in our
convention parallel to the x-axis (polarization E, = (1,0,0)), or
perpendicular to it and to q (polarization E, = (0,1,1)/ \/ 2).

In our adopted geometry (Figure 2a) the '-K high
symmetry direction of the paramagnetic metallic phase of V,0;
is along x axis. In this configuration we find that the
photoemission matrix elements are favorable and the spectral
intensity is prominent. The O,, states and the V34 bands are
easily identified in the spectra. The former disperse at high
binding energies, with their maximum at 4 eV below the Fermi
energy while the V;; bands extend closer to Ep with a
bandwidth of about 2 eV. In the metallic paramagnetic phase,
at least three sets of bands are recognizable within the energy
range between —1.5 eV and the Fermi level (Figure 2b,c). We
refer to each manifold with b; (i = 1, 2, 3) and start discussing
their main features at high temperature (i.e., T=230K). In
order to better identify the orbital character of the signal, we
analyze the polarization dependence at the high symmetry I'
point, and from them we can extract the purely in-plane (E;)
and out-of-plane (Ed—ZE E) polarization contributions
that derive from the e,” and a, orbltals, respectively.
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Figure 2. (a) Experimental geometry with the relevant scattering
plane and light polarization vector and the three-dimensional Brillouin
zone. I'=K direction is by the green dots. (b, c) ARPES
measurements at 230K for E and E, polarizations (hv = 72 eV)
showing sensitivity to the orbltal character. Three bands are visible
and indicated with by, b,, and b;. (d) I' point (k, = k,= 0) E, and E,
(2E, — E,) polarizations energy distribution curves showing a strong
dichroism for b, which indicates a prominent e/” character and a
mixed orbital signal (e and a, 1) for by. (e) Dichroism spectra for
energy distribution curves at k., > kg (k =0, k,=042A7"),
highlighting the orbital character for b, away from the I' point. The
evident difference in the signals allows us to demonstrate the e,
character for this band. The same result can be found for any other

value of k, > k.

The nearly dispersionless feature b; lies around —1.2eV
below the Fermi level and has a rather broad photoemission
signal which is basically the same for E; and E; light
polarizations (see Figure 2d for the spectra at k, = k,=0,
i.e, at the I point). We associate b; with the lower Hubbard
band with all t,, orbitals equally populated, thus an eg”:ag1
occupation ratio of 2:1 compatible with previous results in the
low temperature antiferromagnetic insulating phase.”” The
manifold b, lies around —0.3 eV below the Fermi level and
shows a very weak but still evident dispersion. The dependence
of its photoemission signal upon light polarization suggests
that b, has dominant e,” character (Figure 2d). We do not find
evidence that b, crosses the Fermi level upon increasing k,
from I'" toward the Z point, which would thus lead to the
electron pocket observed by Lo Vecchio et al,,'* at the (100)
surface. We believe that this might be due to the presence of a
dead layer’>*" more pronounced at the (001) surface than at
the (100) one (as conjectured in ref 18). As a matter of fact,
the dead layer mechanism is more effective for the out-of-plane
orbital components, i.e., the a,, and therefore, it is expected to
play a major role at the (001§ surface compared to the (100).
This is compatible with our evidence that b, has mostly e,*
character rather than the ag1 one. Finally, the metallic band b,
disperses crossing the Fermi level with a nearly circular hole-
like Fermi surface of radius 0.36 + 0.02 A™!, corresponding to
an electron filling fraction of 0.76 =+ 0.6. Although the
maximum of b; is not visible in our data, the polarization
dependence of the signal above kg still suggests a prevailing e/*
character (Figure 2e). Overall, our high temperature data are
in agreement with those reported for the same sample
orientation in the literature."®
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At lower temperatures, significant differences in the
measured thin film V,0Oselectronic structure arise. ARPES
measurements at 80K (Figure 3a) mainly show a loss of
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Figure 3. (a) ARPES measurements (at 72 eV) at 230 K (left) and 80
K (right). (b) Fermi level wave-vectors reported for both temper-
atures showing in both cases the same value. This indicates that
negligible change in the band b, is detected at the Fermi level. (c)
Fitted positions of the band b, (average of left and right branches
reported) showing that the band remains the same throughout the
temperature range. (d) Trend of the ARPES spectral weight at the
Fermi level showing a perfectly linear decrease in the intensity of b;.
From this trend, we extrapolate that b, will vanish at the extrapolated
temperature of 62 K.

spectral weight for the b, band and a shift in energy of about
340 meV of the b, band. Despite the spectral weight loss, we
find that b, always crosses the Fermi level at a wave-vector that
remains stable from 230 K down to 80 K (see Figure 3b). The
spectral weight of b, diminishes linearly as a function of
temperature, allowing us to extrapolate a tentative metal—
insulator transition critical temperature as the one at which the
b, spectral weight at E; becomes comparable to the
background intensity. Such temperature, as indicated in Figure
3d, is around Ty = 62 K, which is significantly lower than the
bulk value of 165K. The decrease of the b, intensity is
compensated by a similar increase in the signal of b, as shown
in Figure 4 (panel c). However, the b, signal remains constant
at all temperatures. The observed transfer of spectral weight is
reminiscent of an electronically driven Mott transition.
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Figure 4. (a) Angle-integrated photoemission intensity as a function
of temperature showing the evolution of the bands detected as a
function of temperature. (b) Waterfall plot of the integrated intensity
showing the energy shift of the band b, as a function on temperature.
(c) Spectral intensity of by, b,, and b as a function of temperature.

With decreasing temperature, b;, b,, and b; bands evolve
differently while temperature dependent GIXRD measure-
ments show no evidence of the rhombohedral-monoclinic
structural transformation reported in bulk and thicker films.
Angle-integrated photoemission intensity of the b;-bands
shows a loss of spectral weight of the band b; and its transfer
to the by lower state (panels a—c in Figure 4). The b; band
remains constant in energy, and negligible changes are
observed in its dispersion, as also highlighted by the constant
high-energy tail (Figure 3a,b). On the contrary, for b, we
observe a large downward energy shift. Such a shift occurs
between 170 and 125 K and stabilizes below 125K. It is
possible that this energy shift can still develop further, but we
do not observe this within our energy and momentum
resolutions (~15meV and 0.02A7', respectively) and the
evident broadening of our data. This behavior is suggestive of
an effective increase of the trigonal crystal field splitting that
pushes down in energy the e,” orbital, in agreement with the
LDA-DMFT prediction,16 although we cannot see a
corresponding upward shift of the agl, which is prevented by
the dead layer mechanism. What we find remarkable is that
such purported enhancement of the trigonal field is not gradual
but occurs in a rather narrow temperature range. Even more
remarkable is the lack of evidence of a downward shift of the
quasiparticle b, band at the Fermi level, which we find has also
e,” character. This suggests that the transition from the high
temperature metal to the low temperature Mott insulator that
we observe is not entirely similar to the one predicted from the
paramagnetic metal to the paramagnetic insulator upon rising
the Hubbard U.'® In other words, although the energy shift of
the b, band is compatible with an enhancement of trigonal
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Figure S. (a) Details of the fits executed for the k-integrated ARPES intensity, for both E and E, polarized light. The minimum model includes
three broad peaks. Each peak is described by a Voigt shape (Lorentzian convoluted by a Gaussian to account for the instrumental resolutions). A
Fermi edge has been taken into account. (b) Energy positions of the centroid of the bands by, b,, and b;.

field, such an enhancement seems ineffective at low energy, at
least for the e/” orbital, possibly because it is compensated by
the diminishing quasiparticle residue.

This behavior is summarized in Figure S, where after fitting
the k-integrated ARPES intensity, i.e., mimicking the density of
states (DOS), with a minimal set of three Lorentzian
components (Figure 5a) in Figure Sb, we include the results
of the peak energy positions as a function of temperature for
both E and E, light polarizations (the same fitting procedure
was also used to obtain the data in Figure 4c).

Should the center of gravity of b, follow the same linear
decrease of b, spectral weight, one could possibly attribute
such behavior to coexisting insulator and metal domains, the
fraction of the latter linearly vanishing at the transition.
However, the substantial energy shift of b, that occurs in a
narrow temperature window relative to the slow linear
decrease of b; spectral weight rules out that scenario.””*”
Moreover, from fitting results, there is no evidence of a double-
peak structure underneath b, to suggest a spectral weight
transferring between two energy-locked bands as a function of
temperature, therefore ruling out a direct correlation with that
related to b;—b; bands. In addition, the coexistence of two
different electronic environments being present would be
directly detected by ARPES.”> Our observation is therefore
reminiscent of a genuine Mott-like transition®**** that occurs
when the band b that is crossing the Fermi level loses all its
spectral weight. We emphasize that such a conclusion has the
caveat that, as earlier mentioned, we cannot access the
evolution at the Fermi level of the ag1 orbital. Importantly, we
also found analogous results for samples of similar thickness
but grown in a different partial O, pressure with the only effect
to move up (when grown at lower O, pressure) and down
(when grown at higher O, pressure) the critical temperature at
which the b;-to-b; transfer of spectral weight occurs.””*

In conclusion, by exploiting in situ high-precision growth, we
were able to freeze our V,0; this films in the corundum phase
and thus avoid the structural transformation occurring in the
bulk system. This in turn allowed us to observe the purely
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electronic dynamics across the metal—insulator transition that
resembles the textbook example of a nonsymmetry breaking
Mott transition as revealed by DMFT.”" Indeed, the particular
low-temperature magnetic order in bulk V,0; is believed to be
a consequence of a substantial magnetic frustration that is
resolved only by the C3 symmetr;r breaking at the
rhombohedral-monoclinic transition.**™* We cannot exclude
that once the structural transformation is circumvented (as in
our thin film regime), the magnetic transition is pushed below
the metal—insulator one, which would render the observed
MIT a genuine paramagnetic Mott transition. Understanding
and controlling such an electronic transition are fundamental
to enable novel emergent phases of matter, with the confluence
of magnetism, correlations, and magnetic frustration.
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