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The underlying mechanism behind the metal-to-insulator transition in VO, is still a topic of intense debate.
The two leading theoretical interpretations associate the transition with either electron-lattice or electron-electron
correlations. Novel experimental results are required to converge towards one of the two scenarios. Here we
report on a temperature-dependent angle-resolved photoelectron study of VO, thin films across the metal-to-
insulator transition. The obtained experimental results are compared to density functional theory calculations.
We find an overall energy shift and compression of the electronic band structure across the transition while the
overall band topology is conserved. The results demonstrate the importance of electron-electron correlations in

establishing the insulating state.

DOI: 10.1103/PhysRevResearch.3.033286

I. INTRODUCTION

Materials hosting a metal-to-insulator transition (MIT) are
appealing for many technical applications, as they can be
used in electrical switching devices [1,2]. In 1959 Morin
[3] discovered that bulk VO, exhibits such a transition near
room temperature. This is particularly interesting because the
material is low cost and hosts potential for ultrafast opti-
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cal switching [3-9]. The intriguing nature of the transition,
combined with the potential for applications, has motivated
considerable research into the material [10—12]. Even though
VO, is one of the most frequently studied transition-metal
oxides, the lack of natural cleavage planes and complications
in obtaining high-quality thin-film surfaces have hindered ex-
perimental electronic band structure analysis. Hitherto, only
a few groups have successfully conducted angle-resolved
photoelectron spectroscopy (ARPES) measurements of the
material [13-15]. In 2005, Shigemoto et al. detected the
opening of an insulating gap [16] in bulk VO,, which was
later attributed [17,18] to a splitting of the V 3d band into
bonding and antibonding d bands parallel to the long (110)
axis of the oxygen octahedra. One d band (d))) is located at a
binding energy Epi, of 0.9 eV, while the other one (dl’l‘) resides
above the Fermi level. Photoelectron data on metallic VO,
supported the existence of two electron pockets originating

Published by the American Physical Society


https://orcid.org/0000-0003-2743-8558
https://orcid.org/0000-0001-7088-4380
https://orcid.org/0000-0002-3086-9642
https://orcid.org/0000-0003-1631-4293
https://orcid.org/0000-0001-8669-6886
https://orcid.org/0000-0001-8774-9302
https://orcid.org/0000-0003-1416-5642
https://orcid.org/0000-0002-0421-0625
https://orcid.org/0000-0001-6147-243X
https://orcid.org/0000-0002-6628-3977
https://orcid.org/0000-0001-8747-1849
https://orcid.org/0000-0001-7467-9317
https://orcid.org/0000-0002-8589-3930
https://orcid.org/0000-0001-5111-1374
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.3.033286&domain=pdf&date_stamp=2021-09-29
https://doi.org/10.1103/PhysRevResearch.3.033286
https://creativecommons.org/licenses/by/4.0/

VIKTOR JONSSON et al.

PHYSICAL REVIEW RESEARCH 3, 033286 (2021)

TABLE I. Stable and metastable phases of VO,.

Phase Symmetry Space group
Rutile (R)* P4, /mnm 136
Monoclinic (M;)° P2,/c 14
Monoclinic (M;)¢ C2/m 12
Monoclinic (M3)* P2/m 10
Tetragonal (LTP)® P4 /ncc 130
Tetragonal (HTP)® 14, I4, I4/m 79, 82, 87

2Reference [23].

bReference [24].

‘Reference [25].

dReference [26].

°Reference [27]. LTP means low temperature phase and HTP means
high temperature phase.

from the 7* band of the V 3d orbital located ~0.4 eV below
the Fermi level at the center of the Brillouin zone (I") [13].
More recently, ARPES results from thin films indicated the
existence of three different bands at I', featuring minima at
Epin = 60, 160, and 340meV [15]. The authors further re-
ported a substantial Fermi surface nesting which, together
with earlier experimental and theoretical studies [19-22], sug-
gests that a charge-density wave instability is involved in the
MIT mechanism.

Vanadium oxide compounds exist in several oxidation
states, with VO, being the only compound that is inconsistent
with the general formula V,0,,1,. Depending on strain and
temperature, the material crystallizes in eight different crystal
phases that are summarized in Table 1. All of them possess
atomic structures that resemble the rutile (R) structure with
additional small atomic displacements, changing the unit cell
symmetry.

The MIT in bulk VO, causes the metallic rutile crystal
structure (ag = bg = 4.56 A and cgp = 2.85 A) to become
monoclinic (M) below T, = 340 K [28]. In VO, thin films,
grown on TiO; substrates, the in-plane tensile stress affects
this transition by lowering T, and films below 74 nm seem
to favor a tetragonal over a monoclinic insulating phase [29].
Below the critical thickness [30] of 27 nm Yang et al. [31]
claimed that the structural transition is suppressed, result-
ing in ultrathin films being tetragonal both below and above
the MIT. However, this claim was contradicted by Gray
et al. [32], who observed a structural transition in 10-nm-
thick films deposited on TiO,. Most likely, as the thickness
of these films decreases, electron-electron correlations ramp
up due to dimensional crossover effects, and structural in-
stabilities are dampened until they are fully suppressed
below ~1 nm [33].

Exact values of the internal coordinates in the tetragonal
phase are not known. However, they should be well approxi-
mated by a metallic rutile phase in our case as our films are
close to the critical limit, i.e., 20 nm. The atomic structure
of rutile VO, and its corresponding Brillouin zone (BZ) are
shown in Fig. 1. For the insulating phase it is possible to
use the M, phase as the basis for our calculations. By us-
il’lg ay = (ClR, 0, —CR), bM = (O, ag, O), and Cy = (O, O, 2CR)
[21], which hold within 1% relative accuracy, one can project
the calculations onto the rutile phase BZ (see Fig. 2).

@ Vanadium k. A
® Oxygen Z R

M
mla X ky

FIG. 1. Structural model (left) and one octant of the Brillouin
zone (right) for rutile VO,. The sizes of vanadium (blue) and oxygen
atoms (red) are not to scale. High-symmetry points are indicated in
the BZ.

The band structure of VO, consists of V 3d and O 2p
bands, which have been studied extensively via theoretical
models [12,21,34]. The predominant interpretation of the
metallic band structure is that the octahedral crystal field splits
the V 3d band into higher-energy eg levels and lower-energy
1y, states that reside around the Fermi level. The latter further
splits into an antibonding 77 * band and a d); band at lower ener-
gies. Below the phase transition the vanadium atoms dimerize,
which results in an additional separation of the dj band. Under
compressive strain, VO, can stabilize an insulating M, phase
[35]. Here, only half of the metal ions dimerize, resulting in an
antiferromagnetic state that is believed to contribute to the for-
mation of the insulating band gap [21]. We note that all of the
aforementioned phases are found close to ambient conditions,
which makes the free-energy landscape of the material both
difficult to navigate and interesting. To what extent electron-
electron (Mott) and electron-lattice (Peierls) correlations are

J A
Rutile Z? R
*9 — |
Monoclinic r* xt ‘k"
00 — z

Reciprocal Space

FIG. 2. Atomic positions in VO, alongside its BZ projected onto
the xz plane. Borders of the conventional unit cell are illustrated in
black and gray for the rutile and monoclinic phases, respectively.
Note that for the rutile structure, three unit cells are shown. The
oxygen and vanadium atoms in the rutile phase are represented by
red and blue circles with dashed borders. The corresponding atoms
in the monoclinic phase are represented by yellow and cyan circles
with solid borders. The color brightness for each atom increases with
its y position. Sphere sizes were chosen arbitrarily, but the atomic
displacements are scaled to the lattice dimensions.
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responsible for the MIT under the different conditions is still
an area of intense research and debate [36—41].

Detailed measurements of the electronic band structure
through ARPES are a natural step to get further insight into
the changes in the VO, valence band structure across the tran-
sition and would shed light on the open questions regarding its
nature. Here we present results from ARPES measurements
on VO, films at temperatures above and below 7. Presenting
data from both phases concurrently allows direct compari-
son between the metallic and insulating band structures of
VO,. The results are compared to density functional theory
(DFT) calculations performed in the rutile structure for the
high-temperature phase (HTP) and in the M, structure for the
low-temperature phase (LTP). The differences of the high-
and low-temperature phases in real and reciprocal spaces are
illustrated in Fig. 2.

II. EXPERIMENT

The 20-nm-thick VO, films were grown with pulsed laser
deposition on 5 x 5 mm? TiO, (001) substrates (CrysTec
GmbH). A ceramic V,05 (99.99%) target was ablated using
a Lambda Physik-Compex-110 KrF 248-nm excimer laser
with an energy density of 2 J/cm? and pulse repetition rate
of 20Hz. The oxygen pressure was kept at 15 mTorr during
deposition. A film growth rate of 0.32 A/shot was observed
at a substrate-to-target distance of 65 mm while keeping the
sample at 375 °C. No postannealing was employed. After
deposition, the film was cooled to room temperature within
a 15-mTorr oxygen environment. The temperature-dependent
resistance was measured in a four-point probe setup using a
Keithley 2410 source meter and a Keithley 2002 multimeter
with low-frequency alternating current (see Fig. 3). The de-
position rate was calibrated by measurements of the thickness
using a control film with a KLA-Tencor P-15 profiler.

Cu Ka; (A = 1.5406 A) x-ray diffraction #-26 scans re-
vealed a tetragonal single phase for both the substrate and
film. The film is strained along the ¢ axis with less than 0.2%
compared to the bulk VO,, whose geometry consequently was
used in the analysis of the data and in the calculations.

Five samples were transferred into a vacuum suitcase and
transported to the Photoemission and Atomic Resolution Lab-
oratory (PEARL) of the Swiss Light Source (SLS) at the
Paul Scherrer Institut (PSI), Switzerland. They were clamped
on tantalum sample plates using Ta clips and inserted into
the PEARL end station. Photoelectron spectroscopy measure-
ments were performed at a base pressure of 1 x 107 !mbar
using photon energies between 60 and 300 eV, corresponding
to an electron escape depth of 5 to 10 A. A series of angular
resolved spectra was recorded in steps of 5eV. A finer step
size of 0.5 eV was chosen around specific photon energies.
The analyzer slit had vertical and horizontal nominal accep-
tance ranges of £30° and +0.25°, respectively. However,
as count rates drop significantly above +20°, we limit k;
to within 57 /2a, which corresponds to £17°. The over-
all energy resolution during the experiment was estimated
to 90meV at E, =60eV and 210meV at Ey, =270 eV
[42]. The photon beam was continuously scanned across the
sample during measurement to avoid photon beam induced
degradation. The spectra were recorded at 280 and 340 K,
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FIG. 3. Four-probe resistivity results for a virgin VO, film (film
A, shown in blue) and for another film from the same batch after the
ARPES experiment (film B, shown in red). The black arrows show
the acquisition temperature for the ARPES data. Red and blue arrows
indicate the scan direction of time during the measurements.

which is well below and above the MIT, as seen in Fig. 3.
A Fermi-Dirac distribution, convoluted with a Gaussian and
multiplied with a linear background, was fitted to the energy
distribution curves (EDCs) in the metallic phase in order to
determine the Fermi energy. The Fermi level determined in
this way was used as a reference for the insulating phase. The
geometric coordinates (6, Epy, Exin) were mapped onto (ky, k1,
Eyin), assuming a free-electron final state of the photoemitted
electron with an inner potential of V) = 7 eV and an effective
mass m; of m} = m,, where m, is the electron rest mass. The
inner potential and effective mass were chosen in order to ob-
tain the best fit between the dispersion and lattice periodicity,
and the present values were found to provide a better fit than
Vo = 16 eV used in previous studies [13,15].

III. COMPUTATIONAL DETAILS

The DFT calculations are carried out using the
QUANTUM ESPRESSO [43] package, which uses a plane-wave
basis set. The plane-wave cutoff for the DFT calculation
was set at 250 Ry for the plane-wave expansion of the wave
functions. Our calculation uses scalar-relativistic optimized
norm-conserving Vanderbilt pseudopotentials (ONCVPSPs)
[44] obtained from the PSEUDODOJO project [45]. The
local-spin-density approximation (LSDA) was used for the
DFT exchange-correlation functional. Hubbard-U correction
[46—48] was applied within a simplified rotationally invariant
formulation [49], using the Lowdin-orthogonalized atomic
3d pseudo wave functions of the V atoms as the localized
basis set for the Hubbard manifold.

For the nonmagnetic metallic rutile phase, no Hubbard-U
correction was made. In Fig. 6, we see that setting U = 0.0 eV
[Fig. 6(a)] and U = 2.0 eV [Fig. 6(d)] for this phase resulted
in only very minor changes to the band structure. For the
antiferromagnetic insulating monoclinic phase, Hubbard-U
correction of U = 2.0 eV was used, with each dimer being an
antiferromagnetically coupled pair. The magnitude of U was
set to reproduce the energy level of the topmost experimental
V valence band. Further increasing U (to, e.g., 5.0 eV) does
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FIG. 4. ARPES data from a 20-nm-thick VO, film grown on TiO, substrates. The data were collected at (a)—(c) 340 K and (d)—(f) 280 K and
averaged over k, = +40, with Gaussian weights using o, = 60 mA~! centered at k., = 6.45 A~! for (a) and (d), which is slightly off I'. (b) and
(e) and (c) and (f) show data averaged using o, = 30 mA~"around k, = —1.38 A~' and k, = 0.00 A~! (i.e., at normal emission), respectively.
Each energy distribution curve in the original data matrix has been shifted to zero mean intensity above the Fermi level and normalized to have
equal integrated intensity. An inner potential of V, = 7 eV and the free-electron mass was used for the energy to momentum conversion prior
to computing the k, integrated spectral intensity (/), seen to the left. This intensity map was subtracted from the data to emphasize dispersing
features. Calculated band structures unfolded in the extended-zone scheme for the rutile (R) and monoclinic (M) phases, respectively, are
superimposed as black lines for comparison. The thickness and opacity of the lines are proportional to the square of the plane-wave components
of the Bloch crystal wave functions as defined in Eq. (1). The calculated Kohn-Sham eigenenergies of the oxygen bands are rigidly shifted

downwards by 0.19 and 1.0 eV for the rutile and monoclinic phases, respectively, as explained in Sec. III.

not change the nature of the band gap for both phases: the
rutile phase remains metallic [Figs. 6(a), 6(d), and 6(g)], while
the monoclinic phase remains insulating [Figs. 6(c), 6(f), and
6(i)]. To make up for the lack of quasiparticle self-energy
corrections beyond the DFT approach, e.g., the GW correc-
tion [50,51], the Kohn-Sham eigenenergies of the calculated
oxygen bands in Figs. 4 and 5 were rigidly shifted downwards
by 0.19 and 1.0 eV for the rutile and monoclinic phases, re-
spectively, to fit feature B in the experiment. As expected, the
quasiparticle self-energy correction, such as within the GW
approximation, lowers the valence Kohn-Sham band energies
and is larger for insulators than metals [51].

In the experiment, ARPES measures the nonperiodic true
momenta ik of a free electron that has left the crystal po-
tential. In the DFT calculation, the calculated Bloch wave
functions ¥, (r) are Kohn-Sham eigenstates of the crystal
Hamiltonian labeled by the crystal momenta /K, which is
periodic over different Brillouin zones. A Bloch wave func-
tion of a particular band index n and crystal momentum K is
a superposition of free-electron plane waves e’*” of different
true momenta %k. Hence, the experimental ARPES spectral
intensity is better represented by the probability that the Bloch
crystal wave function has the true momentum %k of a free
electron, or, in other words, the square of the plane-wave
components of the Bloch crystal wave function, namely,

Pk = [ (" 1Yk (1) °. (1

By projecting the periodic Bloch wave functions onto plane
waves, we unfold the Bloch wave function using an extended-
zone scheme. The resulting unfolded band structure now
incorporates the structure factor explicitly [52], thus facilitat-
ing a direct comparison with the ARPES experiments. Finally,
we superimpose the experimental ARPES spectra onto the
calculated band structures as weighted by Py x that is defined
in Eq. (1).

IV. RESULTS

Figure 3 shows resistivity curves from a freshly grown
thin-film VO, sample (blue triangles) alongside the film used
in the photoelectron experiment postmeasurement (red trian-
gles). The data show that the change in transition temperature
between a virgin film and an exposed film is 3 K, which
is within the variation observed between samples analyzed
immediately after deposition. In addition, the magnitude of
the resistivity jump and the width of the hysteresis across
the MIT are preserved, which strongly suggests that the film
quality has remained the same during the ARPES experiment.
Half-step values pinpoint 7; of the fresh sample to 303 and
316 K for falling and rising 7', respectively. To make sure
that the ARPES data were collected in the insulating and
metallic phases the temperatures used were 280 and 340 K,
respectively.
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FIG. 5. Local intensity maxima from the data in Fig. 4 for which
k.-dispersive data from two different BZs are overlaid. Red cir-
cles in (a) and (c) are data taken from the ARPES map shown in
Figs. 4(a) and 4(d), respectively. Data in (b) and (d) originate from
scans shown in Figs. 4(b) and 4(c) and 4(e) and 4(f), where green
triangles and blue squares are from k, = —1.38 A~! and k, =0,
respectively. Calculated bands from Fig. 4, with opacity proportional
to P, ¢ and unfolded in the extended-zone scheme, are overlaid on
top of the experimental data.

ARPES maps were measured from Av = 153 to 172 eV
in search of k,-dispersive features on the line k, = 67” [see
Figs. 4(a) and 4(d)]. A less detailed but wider scan from
hv = 60 to 266 eV was performed to capture electron bands
dispersing in the k, direction [see Figs. 4(b), 4(c), 4(e), and
4(f)]. Both k, and k, cuts were measured above and below
T.. At both temperatures, angle integrated spectra (I) were
obtained, for which the one at k, = 67” is shown to the left
of the ARPES maps in Fig. 4. For each k,, the correspond-
ing (I) was subtracted from the data to enhance dispersive
features, which produced the final intensity difference shown
in Figs. 4(a)—4(f).

The ARPES maps reveal several prominent features, three
of which are labeled A to C and discussed in the follow-
ing. At T = 340 K, a substantial intensity enhancement (A)
is observed at the centered I' (i.e., at normal emission for
which k, = 0). Through comparison to DFT calculations it
can be assigned to V 3d orbitals that reach a maximum at
Evin = 0.4 eV [see Fig. 4(a)]. Matrix element effects result in
substantial intensity variations between adjacent BZs, as seen,
for example, with feature A, which is strongly suppressed off
normal emission. Conversely, some features not seen at nor-
mal emission (i.e., k, = 0) are observed off normal emission.
The projected band structures calculated using DFT reproduce
these effects quite well, as can be seen from the black lines
overlaid on the ARPES measurements in Figs. 4(a)—4(f). A
particularly noteworthy feature of our data is that they provide

evidence of a dispersive O 2p band in the binding energy re-
gion from 1.8 to 2.5 eV [see feature B in Figs. 4(a) and 4(b)].
Its full width at half maximum was determined to 0.33 &+
0.05 eV from Voigtian + linear background fits on normalized
EDC curves. Another feature (C) of O 2p character is ob-
served close to the centered I" around 4.6 eV below the Fermi
level, with a width of 1.3 eV. The large width indicates that
the feature includes intensity contributions from additional
bands. The difference between data at k, = —1.38 A~! and
normal emission is further clarified in Figs. 4(b) and 4(c),
respectively. Feature B clearly disperses in the I'-Z direc-
tion, which is captured by theory and shown in Fig. 4(b). In
Fig. 4(c) the spectral weight is shifted in favor of the feature
denoted C, which is clearly captured by the calculations. From
Figs. 4(b) and 4(c) it becomes clear that the spectral weight for
features A and C is strongest at normal emission, while feature
B becomes emphasized in the adjacent BZs.

The data shown in Figs. 4(d)—4(f) reveal a similar data set
taken at T = 280 K < T;. Most notably, a pronounced gap
opens up at the Fermi level, shifting the valence band edge by
approximately 0.3 eV. This is consistent with the insulating
nature of the low-temperature phase and in agreement with
earlier observations [53]. The opening of the insulating gap
shifts the V 3d band to approximately Ey;, = 1.0 eV. Sim-
ilarly, feature B is pushed 0.24 eV towards higher binding
energies. It is recognized that the width of feature B increases
by 30% to 0.4 £ 0.1 eV. In contrast, feature C sharpens by
almost 0.4 eV, possibly indicating a narrower band coinci-
dence. Apart from the gap opening at the Fermi level, the
data in Figs. 4(e) and 4(f) change only slightly compared to
those in the metallic phase. The most notable change concerns
the curvature of feature B. It is shifted approximately 0.2 eV
to higher binding energies, while the signature of feature
C resembles the behavior in the insulating phase.

By extracting experimental binding energies of the max-
imal spectral intensities in Figs. 4(a)—4(f), one can compare
the experimental data with the calculated binding energies.
In Figs. 5(a)-5(d), we compare the band positions of features
A-C. To give a more complete picture, the k,-dispersive data
from two different BZs from Figs. 4(b) and 4(c) are overlaid
in Fig. 5(b). Similarly, Figs. 4(e) and 4(f) are overlaid in
Fig. 5(d). Most notably, there are very good agreements be-
tween experiment and theory for features B and C of the cor-
responding bands for both phases. Effective masses (m, m})
for feature B were determined to (—2.1 0.2, —3.2 £ 0.5)m,
for the rutile phase and (—1.4 0.1, —3.6 £ 1.2)m, for the
insulating phase. This result compares well to theory, for
which the corresponding masses are (—2.09 £ 0.02, —3.4 +
0.07)m, and (—1.52 £ 0.006, —1.71 £ 0.005)m, for the rutile
and monoclinic calculations, respectively. Further details on
the calculated band structure, extracted band positions, and
band masses can be found in the Appendices A and B.

V. DISCUSSION

Our results demonstrate very good agreement between the-
ory and experiment, as shown in Figs. 4 and 5. In particular,
we see excellent agreement in the spectral intensities of the
O bands, which have broad dispersions. In Fig. 4, strong
experimental spectral intensities (represented by red in the
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two-dimensional plots) are measured with a broad disper-
sion spanning binding energies between ~2 and ~8 eV. The
calculated spectral intensities (represented by black lines of
corresponding thickness and opacity) reproduce these dis-
persions very well. On the other hand, minor discrepancies
between theory and experiment occur whenever the calcu-
lated bands are relatively flat. For example, the calculated
intensities are strong for Ey;, of around 5.9 +0.4 eV at
ky = £1.7 A= in Figs. 4(a) and 4(b) and k, =5.9 A~! in
Figs. 4(d) and 4(e), whereas the corresponding experimental
spectral intensities are weak. This observation is interesting
but expected because unlike the bands with large dispersions,
which have dominating O characters, these flat bands have
strongly hybridized O and V characters. When the Bloch wave
functions of these bands are projected onto the V atomic pseu-
dowave function, the square of the projection is approximately
50%. This dispersion-free band is localized in real space and
exhibits most features of a DFT or DFT+U electronic struc-
ture that indicates a strongly correlated electronic state. The
discrepancy between theory and experiment could therefore
be a reflection that the multiconfigurational nature of such a
strongly correlated state cannot be completely captured using
a single-Slater-determinant approach and requires the use of
a more advanced theory like the dynamical mean-field theory
(DMFT). That, however, is beyond the scope of the present
investigation.

Technically, the theoretical approach used here is com-
putationally much more efficient but is also a significantly
less accurate description of the V 3d electrons of the mon-
oclinic phase, compared, for instance, to the treatment in
Ref. [54]. In that work, a cluster approach of DMFT was
employed to describe the correlated electronic structure of
monoclinic VO,, such that the V 3d manifold was argued to
form a multiconfigurational singlet state. It is interesting that
a significantly simpler treatment as employed here based on
a single-Slater-determinant description reproduces the mea-
sured band dispersion with good accuracy.

Turning now to the experimental results, in the insulating
phase the leading edge of the upper V band is pushed 0.3 eV
below the Fermi edge. Assuming a Fermi level centered in the
gap, our results indicate a gap of ~0.6eV, which is close to
the optical band gap of bulk VO,, which is 0.7 eV [55]. This
result is in agreement with reported cluster DMFT calcula-
tions [56] and earlier photoelectron results [57], interpreting
the transition in view of a dimerization picture in which con-
current correlation effects lift the 7 * states above the Fermi
level and split the d states into two Hubbard bands. However,
in contrast to these results we also find a strong engagement
of the O 2p bands in the MIT, as an almost rigid shift of the
entire band structure by approximately 300 meV is observed.
The shift decreases from the Fermi level and towards higher
binding energy, leading to an overall compression of the va-
lence band.

We end this section with an analysis of the conditions
necessary for the current theoretical model to display an MIT
between the rutile and monoclinic phase. As shown in Fig. 6,
within the theoretical model employed here, the insulating
phase of VO, needs both the correct crystal structure (mon-
oclinic and not rutile) as well as a Hubbard U to be stabilized.
If only the correct structure (i.e., a monoclinic structure with

U = 0.0 eV) were needed to stabilize the gap, such an MIT
would properly be described as a pure Peierls (or Jones)
transition. However, the calculated band structure of such a
system is metallic [Fig. 6(c)]. On the other hand, if only
Hubbard U were needed to stabilize the gap, it would be
described as a pure Mott transition. This is expected to be
independent of the crystal structure, so that as a function of
increasing U, a gap would open in a similar way for the
monoclinic phase and the nonmagnetic or antiferromagnetic
rutile structure. However, the calculated band structure of
the nonmagnetic rutile phase is metallic for all choices of
U considered here [Figs. 6(a), 6(d), and 6(g)], and for the
antiferromagnetic rutile structure (in which the two V atoms
forming the unit cell are antiferromagnetically coupled), it is
metallic up to U of ~3.8 eV [Figs. 6(b) and 6(e)]. For U larger
than 3.8 eV, an antiferromagnetic rutile structure would be in-
sulating [Fig. 6(h)], but the topmost V 3d band would also be
pushed downwards to become entangled with the O manifold.
This is contrary to the experimental ARPES observation in
Fig. 4, which shows that the topmost V band is isolated from
the O manifold, indicating that U > 3.8 eV is unrealistic. VO,
is therefore a rather unique case in which both the Peierls (or
Jones) transition and Hubbard U are needed to give a MIT ata
physically reasonable place in the parameter space. Therefore,
it would be appropriate to describe the MIT as a Mott+Peierls
(or Mott+Jones) transition.

VI. SUMMARY

The metal-to-insulator transition of VO, has been revisited
using angle-resolved photoelectron spectroscopy. Data from
the two phases were collected, thus permitting a direct com-
parison of the experimentally determined electronic structure
in the two phases. The results demonstrate a substantial shift
of the band energy deep down into the valence bands, while
only minor changes in the energy dispersion are observed. The
experimental results were compared to electronic structure
calculations, and very good agreement was found between
the experimental results and calculations when an explicit
Hubbard U is included for the insulating phase. The existence
of a large collective shift and valence band compression, to-
gether with good agreement with theoretical results, support
the picture of the insulating phase as a Mott-Hubbard insulator
and underline the importance of correlation effects in the
metal-to-insulator transition.
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FIG. 6. Calculated spin-polarized LSDA+U band structures. Solid blue line are bands for spin-up electrons, while dotted red lines are for
spin-down electrons. Er denotes the Fermi level. (a), (d), and (g) are the calculated band structures with U = 0.0, 2.0, 5.0 eV, respectively,
for the nonmagnetic rutile phase, while (c), (f), and (i) are those for the antiferromagnetic monoclinic phase, in which each dimer forms an
antiferromagnetic pair. (b), (e), and (h) are the calculated band structures of a hypothetical system which has a rutile structure, in which the
two V atoms forming the unit cell are antiferromagnetically coupled with U = 0.0, 2.0, 5.0 eV, respectively.
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0.0 eV [red, Fig. 4(a)] and the antiferromagnetic monoclinic phase
for U = 0.0 eV (green) and 2.0 eV [blue, Fig. 4(d)]. The opacity of
the bands is proportional to the projection of these calculated Bloch
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ergimyndigheten), ERC (synergy grant FASTCORR, Project
No. 854843), eSSENCE, and STandUPP.
APPENDIX A: DFT BAND STRUCTURE CALCULATIONS

In Fig. 6, we plot the calculated DFT band structure
within the spin-polarized LSDA+U approximation along
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—— Monoclinic (U = 2.0 eV)

Binding Energy (eV)
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FIG. 8. Band structure plot similar to Fig. 7, but along the I'-Z
direction at k, = —1.37 A" for the nonmagnetic rutile phase for
U =0.0eV [red, Fig. 4(b)] and the antiferromagnetic monoclinic
phase for U = 0.0 eV (green) and 2.0 eV [blue, Fig. 4(e)].
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FIG. 9. Band structure plot similar to Fig. 7, but along the I'-Z di-
rection at normal emission (i.e., k, = 0.00 A=) for the nonmagnetic
rutile phase for U = 0.0 eV [red, Fig. 4(c)] and the antiferromag-
netic monoclinic phase for U = 0.0 eV (green) and 2.0 eV [blue,
Fig. 4(f)].

k paths [58] in the reciprocal space. For both the non-
magnetic metallic rutile phase and the antiferromagnetic
insulating monoclinic phase, Hubbard-U corrections of U =
0.0, 2.0, 5.0 eV were used. The nature of the band gap
for both phases does not change when U is increased from
U =0.0eV to U = 5.0 eV; that is, the rutile phase remains
metallic [Figs. 6(a), 6(d), and 6(g)], while the monoclinic
phase remains insulating [Figs. 6(c), 6(f), and 6(1)]. We
also considered the hypothetical case in which the two
V atoms in the rutile unit cell are antiferromagnetically cou-
pled. We found that such a hypothetical structure is metallic
up to U of ~3.8 eV [Figs. 6(d) and 6(e)]. For U larger than
3.8 eV, an antiferromagnetic rutile structure would be insu-
lating [Fig. 6(f)], but the topmost V 3d band would also be
pushed downwards to become entangled with the O manifold,
making it unrealistic (see discussion in main text).

In Figs. 7-9, we show the calculated DFT band structures
along k paths corresponding to the three columns in Fig. 4
from left to right, respectively.

—— Ratile (U = 0.0 eV)
—— Monoclinic (U = 2.0 eV)
—— Monoclinic (U = 0.0 eV)

Data

Theory

FIG. 10. Illustration of the effective masses for features A and
B using data taken from Table II. The center line represents the
estimated value, with the error given by the lighter region behind it.
The equation for the ellipses is (x/m})* + (z/m})* = 1 in the three
plots where both projections could be estimated.

APPENDIX B: EXTRACTION OF PARAMETERS

Band positions and effective masses were determined by
fitting a second-degree polynomial around the high-symmetry
points of chosen bands in the range |k, — ko| < 0.2 A~'. The
coefficient c in front of the k> for the best-fit parabola can
then be used to estimate the effective mass through m* /m, =
—3.81/c if ¢ is written in Angstrdm. To be consistent, the
same estimate was used for the calculations even though a
more exact method could be used in some cases. For instance,
using a higher degree polynomial and extracting the coeffi-
cient in front of the second-order term is more correct but is
more prone to numerical instability. The errors are taken to be
ox = ~/Cix, where C; ; is the parameter covariance matrix from
the fitting procedure. All extracted parameters are displayed
in Table II where the effective masses of feature A and B are
illustrated in Fig. 10.

TABLE II. Estimated dispersion parameters from experimental data compared to theory. A dash (—) means that no value could be
determined. R stands for rutile with U = 0.0 eV, M stands for monoclinic (M;) with U = 2.0 eV, and N stands for monoclinic (M;) with
U = 0.0 eV. The binding energy of oxygen bands has been shifted by 0.19 and 1.0 eV for the rutile and monoclinic calculations, respectively

(as in Fig. 7).

Feature Phase Projection Source k (A EQ, (eV) m*/m,

A R X Theory 0 3.91 x 107! £9.62 x 10~ 4271 x 107 £5.51 x 10~
A R Z Data 0 528 x 107" £5.66 x 107 +1.21 x 1019 +£3.65 x 103
A R z Theory 0 266 x 10~ +£2.71 x 102 —

A N X Data 0 2.88 x 1071 +2.38 x 107* +2.03 x 10T £2.60 x 1072
A N Z Theory 0 2.86 x 107" £1.87 x 10~ +2.07 x 1019 +1.12 x 1072
A M X Theory 0 8.61 x 107" £2.30 x 107> +1.22 x 1070 £ 1.16 x 1073
A M X Theory 0 1.01 x 107 £ 1.52 x 102 43.72 x 107 £ 5.64 x 10~
A M VA Data 0 8.55 x 1071 +9.66 x 10~ +2.18 x 1019 +2.16 x 1072
A M zZ Theory 0 9.28 x 107! £2.06 x 1072 —

A R X Data 0 515 x 1071 +£1.76 x 1073 +8.35x 1071 £9.96 x 1073
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TABLE II. (Continued.)

Feature Phase Projection Source ko (A Egm eV) m*/m,

B R X Data —1.38 1.86 x 1079 £7.39 x 10~ —2.09 x 1079 £ 1.98 x 1072
B R X Theory —1.38 1.86 x 1070 +6.63 x 1073 —2.08 x 1079 4+ 1.80 x 107!
B R X Data 1.38 1.85 x 1070 +£6.34 x 107+ —2.01 x 1079 +7.88 x 1073
B R X Theory 1.38 1.90 x 1070 4+ 1.46 x 1072 —2.22 x 1010 +£2.24 x 107!
B R Zz Data —1.38 1.85 x 1070 +2.31 x 1073 —3.42 x 1070 +7.20 x 1072
B R VA Theory —1.38 1.86 x 1070 £ 1.14 x 1072 —3.16 x 1070 £ 5.43 x 107!
B N X Data —1.38 2.26 x 1070 £2.54 x 107* —1.49 x 107 £ 3.13 x 1073
B N z Theory —1.38 2.26 x 1070 +4.34 x 10~* —1.77 x 107+ 5.86 x 1073
B M X Theory 1.38 2.11 x 1079 £ 4.50 x 10~* —1.47 x 1070 £ 4.42 x 1073
B M X Theory 1.38 2.08 x 1079 £ 1.20 x 1072 —1.37 x 1079 £ 8.07 x 1072
B M X Theory —1.38 221 x 1070 +7.28 x 107* —1.52 x 10t° £ 6.30 x 1073
B M X Data —1.38 2.10 x 1079 £ 1.79 x 1072 —1.40 x 1070 £ 1.35 x 107!
B M zZ Theory —1.38 2.10 x 1079 £ 6.51 x 10~ —1.71 x 10¥° £5.20 x 1073
B M zZ Data —1.38 2.18 x 1079 +2.83 x 1072 —3.56 x 1070 + 1.21 x 10%°
C R X Theory 0 3.90 x 1070 +4.26 x 107* +1.81 x 107! £5.81 x 107!
C R X Data 0 470 x 1070 +£3.36 x 1072 +1.96 x 1070 £ 1.12 x 107!
C R VA Theory 0 3.90 x 1070 4+ 1.03 x 1073 —5.00 x 107" +£2.55 x 1073
C R zZ Data 0 4.55 x 1070 +£5.45 x 1072 —1.07 x 1079 £ 1.38 x 107!
C N X Theory 0 4.61 x 1070 4+£6.43 x 1074 +1.13 x 10" £7.33 x 107!
C N X Theory 0 4.62 x 107 +£5.92 x 107* —6.29 x 107" £2.97 x 1073
C M X Theory 0 4.50 x 107 +£7.59 x 1073 +1.05 x 107! +8.57 x 1072
C M X Data 0 479 x 1070 +£2.22 x 1072 +2.85 x 10 £ 1.70 x 107!
C M zZ Theory 0 4.50 x 1070 +£4.38 x 10* —5.56 x 107! £4.47 x 1073
C M z Data 0 471 x 1079 +£9.99 x 1072 —1.16 x 1079 £2.97 x 107!
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