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In solids, strong repulsion between electrons can inhibit their movement and result in a “Mott” metal-to-insulator
transition (MIT), a fundamental phenomenon whose understanding has remained a challenge for over 50 years. A
key issue is how the wave-like itinerant electrons change into a localized-like state due to increased interactions.
However, observing the MIT in terms of the energy- and momentum-resolved electronic structure of the system,
the only direct way to probe both itinerant and localized states, has been elusive. Here we show, using angle-
resolved photoemission spectroscopy (ARPES), that in V,03, the temperature-induced MIT is characterized by the
progressive disappearance of its itinerant conduction band, without any change in its energy-momentum dispersion,
and the simultaneous shift to larger binding energies of a quasi-localized state initially located near the Fermi level.

INTRODUCTION

According to the quantum-mechanical band theory of solids, in
insulators, the highest occupied band is totally filled, while in metals,
it is partially filled (I). Thus, as temperature cannot change the
number of electrons in a solid, it should not change either its intrinsic
nature, i.e., metallic or insulating. Enter V,03: The formal configu-
ration of the vanadium ion would be V*3(3d?); hence, this oxide
should be a metal. However, bulk V,03; shows a first-order metal-
to-insulator transition (MIT) when cooling below Tyur = 160 K,
with an abrupt resistivity change of more than six orders of magnitude
[see Fig. 1 (A and B)] (2-8). Microscopically, the MIT is character-
ized by gap of about 750 meV opening in the optical conductivity
(9, 10) and is accompanied by corundum-to-monoclinic and para-
magnetic to antiferromagnetic transitions (4-7, 11, 12), as illustrated
in Fig. 1A. Because of the relatively localized character of the 3d
orbitals, the partially filled d-bands of V,05 are prone to strong elec-
tronic correlations, neglected in band theory (2, 7). V,03 is thus
considered an archetypal system for the Mott MIT, one of the most
fundamental manifestations of electron correlations, also observed
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in several other materials. However, after 50 years of research, the
microscopic processes accompanying the Mott MIT—including the
roles played by the electronic, magnetic, and structural degrees of
freedom—are still controversial issues (4-9, 12-16). A major reason
is that an experimental imaging of the momentum-resolved changes
in the electronic structure of any Mott system across the thermally
induced MIT is still missing.

Previous photoemission experiments studied the momentum-
integrated density of states of V,03, identifying a quasiparticle (QP)
peak at the Fermi level (Ef) in the metallic phase (17) that disappears
in the insulating state (18) and a broad feature at a binding energy
E - Ep = —1.1 eV (19, 20), assigned to the lower Mott-Hubbard
(MH) band (17, 18). The coexistence of the QP peak and the MH
band is the hallmark of the correlated state, as predicted by dynamical
mean-field theory some 30 years ago (21). More recently, angle-
resolved photoemission spectroscopy (ARPES) experiments in the
metallic phase of V,0; single crystals (22) showed the existence of an
electron-like QP band around the Brillouin zone center (I" point), dis-
persing down to about —400 meV over Fermi momenta 2k ~ 1 A~
along the I'Z direction, and suggested the presence of a nondisper-
sive component of spectral weight in the metallic QP energy region.

However, several technical challenges have hindered the realiza-
tion of momentum-dependent photoemission studies of the MIT in
V,03. For instance, V,03 crystals are extremely hard to cleave to
expose a clean crystalline surface. Moreover, they become highly
insulating below Ty, thus strongly charging upon electron emis-
sion, and break apart into pieces due to the structural transition.
The main physical issue at stake is at the core of the strong correla-
tions problem, namely, how electrons transmute from itinerant,
wave-like objects in the metallic phase to localized particles in the
insulating one. In this work, we were able to directly address this
question experimentally, and we provide answers to a variety of key
questions: the evolution of the Mott gap, QP dispersions, effective
masses, orbital character and relative spectral weights of the QP and
MH bands, and an understanding, from the viewpoint of electronic
structure, of the hysteresis cycle observed in the MIT.
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Fig. 1. V,03: Schematic phase diagram and electronic structure changes.
(A) Generic temperature-pressure phase diagram of bulk V,05 (5). (B) Electrical re-
sistance of a V,03/Al1;05(1120) thin film studied in this work, showing the paramagnetic
metal (PM), antiferromagnetic insulator (AFI), and the coexistence region across the
MIT. (C to E) Schematic representation of the near-Eg electronic structure evolution
observed in this work. In the PM phase, a QP band and a QLS are observed near E¢. In
the coexistence region, the QP loses spectral weight without changes in dispersion,
while the QLS shifts down in energy and gains spectral weight. In the AFI phase,
only the QLS (showing a slight dispersion) remains, resulting in a gap below E¢.

Using ARPES, we studied high-quality crystalline thin films of
V03 grown on Al,Oj substrates (23-25). Because of the anchoring
imposed by the latter, the crystal integrity of the films is not affected
by stress due to the structural transition. This allowed us to measure
the effects of the MIT on the momentum-resolved spectral function
of the system. As schematized in Fig. 1 (C to E), we found that the
opening of the Mott gap at Ep in energy-momentum space happens
abruptly following a gradual spectral-weight transfer: As tempera-
ture decreases in the MIT regime, there is a progressive decrease in
spectral weight of an itinerant, i.e., dispersive QP conduction band,
without noticeable changes in its dispersion and effective mass.
This is accompanied by an energy shift, and increase in spectral
weight, of a quasi-localized state (QLS), which goes from an energy
close to Er in the metallic state to an energy close to the bottom of
the vanishing dispersive band in the insulating state. Only when the
dispersive state crossing the Fermi level has vanished, a complete
gap of about 700 meV with respect to Ep is observed, associated to
the final energy position of the QLS. Furthermore, the spectral
weight of the abovementioned near-Ep features shows a clear thermal
hysteresis that tracks the one observed in macroscopic transport
data. Another nondispersive state at lower binding energy, associated
to the lower MH band, and possibly also containing a contribution
from to oxygen vacancy (OV) states (see below), does not show an
appreciable variation with temperature.

RESULTS AND DISCUSSION

Figure 2A shows the crystal structure of V,03 both in its primitive
high-temperature rhombohedral unit cell (blue) and in the associated
conventional hexagonal cell (black). In rhombohedral coordinates

Thees et al., Sci. Adv. 7, eabj1164 (2021) 3 November 2021

of the primitive cell, we write as (hkl) the orientation of crystallo-
graphic planes and as (hkl) the directions in reciprocal space. In
hexagonal coordinates of the conventional cell, we use the four Miller
indices notation, writing planes and directions, respectively, as (hkil)
and (hkil), with i = —h — k.

In this work, we measured V,03/Al1,05(1120) thin films whose
surface, schematically shown in Fig. 2B, is perpendicular to the basal
plane of the hexagonal cell. Complementary data on V,03/AL,05(0112)
films are presented in the Supplementary Materials.

The surface of the V,03 films was cleaned in situ using protocols
previously developed for the investigation of two-dimensional (2D)
electron gases in oxides (26-30). The cleaned surfaces showed well-
defined low-energy electron diffraction (LEED) patterns (the Sup-
plementary Materials). The cleaning process slightly lowers the onset
temperature of the MIT and decreases the change in resistance be-
tween the insulating and metallic states, possibly due to the forma-
tion of OVs (26, 27, 31, 32), but does not affect the stoichiometry
of the film nor the overall physical changes across the transition
(see the Supplementary Materials). See Materials and Methods for
technical details about our thin-film growth, characterization,
ultrahigh-vacuum (UHV) annealing, and ARPES measurements.

Figure 2C shows the 3D rhombohedral Brillouin zone of V,03 in
its metallic phase, together with the 2D plane through I' parallel to
the surface of our films. For simplicity in notation, everywhere in
this work, the ARPES data will be referred to directions in this
particular Brillouin zone, both in the metallic and insulating phases.
When relevant, the Brillouin zone edges of the monoclinic insulating
structure will be indicated. The sample’s surface orientation will be
specified using hexagonal coordinates, as commonly done in the
thin-film literature. The Supplementary Materials discusses further
the rhombohedral and monoclinic Brillouin zones in relation to our
ARPES data in the metallic and insulating phases.

We now present the ARPES data across the MIT. Figure 2D shows
the Fermi surface map in the (110) plane of a V,03/A1,03(1120)
thin film measured in the metallic state at T = 180 K. One observes
a large Fermi sheet around the center of the Brillouin zone (I" point).
Photon energy-dependent ARPES data presented in the Supple-
mentary Materials (in fig. S5) show that the Fermi surface disperses
in the momentum direction perpendicular to the sample surface,
demonstrating that the measured states are intrinsic to the bulk 3D
electronic structure of the material. Figure 2E presents the corre-
sponding energy-momentum ARPES map along k(;11y, corresponding
to the I'Z direction in the rhombohedral metallic phase. The most
evident features are an electron-like QP band crossing the Fermi level
(Er = 0) and dispersing down to about —400 meV (18, 22), together
with a nondispersive state around an energy E = —1.1 eV, assigned
to the lower MH band (18), and the valence band (VB) of oxygen p
states below about E = —4 eV. All these features are in excellent
agreement with previous photoemission and ARPES measurements
in the metallic state of single crystals (18, 22). The clear dispersion of
the QP and VBs is, moreover, an experimental proof of the crystalline
quality of the thin-film surface. Note also that the MH band has
most of its spectral weight concentrated at momenta around I', below
the bottom of the QP band, similar to what has been seen previously
in other correlated electron metals (27, 33). Part of the nondispersive
spectral weight present at the same energy range as the MH band,
also observed in previous ARPES works on V,03 (22), might arise
from localized states associated to the creation of OVs during the
annealing process and/or ultraviolet (UV) irradiation during
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Fig. 2. V,03: Crystal structure and electronic gap opening across the MIT. (A) Rhombohedral crystal structure of V,03 (blue polyhedron) in the high-temperature
metallic state. The nonprimitive hexagonal cell (black polyhedron) is also shown. (B) Representation of the (1120) plane (in red) measured in this work inside the nonprimitive
hexagonal cell. (C) Rhombohedral Brillouin zone, showing the primitive vectors of the reciprocal lattice. The (T10) plane, corresponding to a (1120) plane in hexagonal
coordinates, is shown in red. (D) Fermi surface map in the (111) — (112) plane of a thin film of V,03/Al,05(1120) in the metallic state at 180 K. The rhombohedral Brillouin
zone edges are marked in red. Associated high symmetry points are indicated. (E and F) Energy-momentum maps (2D curvature) along k(;11y in the metallic (180 K) and
insulating (100 K) states, respectively, showing four bands: an electron-like QP band at the Fermi level, visible at 180 K; a weakly dispersive QLS at £ — Er ¥ =700 meV,
best observed at 100 K; a broad and weakly dispersing MH/OV band around E — Eg = —1.1 eV, seen at both temperatures; and the VB of oxygen p states extending from
E — Er =~ —4 eV downward, also present at all temperatures. The rhombohedral Brillouin zone edges (+Z points) at 180 K and the monoclinic zone edges at 100K are indi-
cated by red and blue dashed lines, respectively. (G) Momentum-integrated raw ARPES intensities from (E) and (F), showing the QP, QLS, MH/OV, and VB states. All data
were measured at a photon energy of 86 eV, corresponding to a bulk I" point in the (T10) direction, using linear horizontal polarized light. The color hues in (D) to (F), as
in the rest of this paper, indicate the ARPES intensity between the minimum (min) and maximum (max) detected signal. See Materials and Methods for a detailed description
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of the ARPES measurements and curvature analyses. a.u., arbitrary units.

experiments. Such vacancy states are commonly found at about the
same binding energy, namely, E — Ep = -1 to —1.5 eV, in virtually all
transition metal oxides (26, 28, 29, 31, 32), including the correlated
metal SrVOs3, where they superpose with the MH band (26).

Thanks to our thin films that preserve their crystal integrity upon
cooling, we can now measure the momentum-resolved spectra in
the insulating phase. Figure 2F shows the energy-momentum ARPES
map along k¢11y at T = 100 K, in the insulating state of the V,03/
Al,05(1120) thin film. While the VB and the MH/OV bands remain
essentially unchanged, the states near Er show a dramatic reconstruc-
tion: Instead of the strongly dispersive QP state, one observes now a
weakly dispersing, previously unreported, QLS, at E — Er = —700 meV,
different from the MH/OV band. The energy of this QLS gives thus
a lower bound to the Mott gap. This agrees well with the gap of
about 750 to 800 meV observed in previous optical conductivity
studies on V,03 single crystals (9, 10). It also agrees with in our own
infrared measurements on the same thin films used for our ARPES
experiments, which show a strong decrease in reflectivity below
about 800 to 900 meV in the insulating phase (fig. S3). Note that
optical measurements yield the true energy gap between the highest
fully occupied state, hence the QLS, and the first unoccupied state
above Ef, not accessible to ARPES.

Thees et al., Sci. Adv. 7, eabj1164 (2021) 3 November 2021

The QP, QLS, MH/OV, and VB states can also be seen in the
momentum-integrated ARPES intensities (Fig. 2G). As we will see
next, the QP and QLS states are a priori of different nature: The QLS
is also present in the metallic phase at energies near Ep, where it
coexists with the QP state—as hinted by previous ARPES work on
the metallic phase of V,03 single crystals (21). However, as the system
becomes insulating, the QLS shifts down in energy and increases in
intensity, while the QP state gradually loses its spectral weight.

Figure 3 shows the detailed evolution of the near-Er electronic
structure, when the temperature is first gradually lowered from the
metallic (180 K) to the insulating (60 K) state, panels A to F of Fig. 3
(curvature of intensity maps) and panels L to Q of Fig. 3 (raw data),
and then increased back to 180 K (Fig. 3, G to Kand R to V). In the
metallic state at T'> 160 K (Fig. 3, A, B, L, and M), the QP band can be
described by a free electron-like parabola of effective mass m* ~ 3.5m,
(me. is the free electron mass), with its band bottom at E}, = — 400 meV.
The QLS, of weak intensity, can be better seen in the raw data
around the Z points (near the edges of the energy-momentum
maps, see also figs. S7 to S9), beyond the Fermi momenta of the
QP band. Its position, at E — Ep 2 —240 meV, is indicated by the
red markers in panels L and M of Fig. 3. The MH/OV state at E —
Ep = -1.1 €V is also visible—black markers in panels L and M of
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Fig. 3. Reconstruction and hysteresis of the electronic structure across the MIT. (A to F) Evolution of the ARPES energy-momentum spectra near Eg (2D curvature of
intensity maps, see Materials and Methods) when cooling from 180 K (metallic state) to 60 K (insulating state) in a V,03(1120) thin film. The sharp pileup of intensity at
Er is a spurious effect of the 2D curvature analysis on the Fermi-Dirac cutoff. (G to K) Corresponding spectra when heating back to 180 K. The blue dashed parabolas in (A)
and (K) represent a quasi—free electron band of effective mass m* ~ 3.5m,, assigned to the QP band. (L to V) Raw data associated to (A) to (K). Red and black markers indicate

the positions of the QLS and MH/QV bands, respectively.

Fig. 3. As the sample is cooled down and enters the transition regime
at 130 and 120 K (Fig. 3, Cand D, and N and O), the spectral weight of
the QP band decreases, without any noticeable change in its effective
mass (i.e., in its energy-momentum dispersion). Simultaneously,
the QLS shifts down to an energy E < —400 meV, becoming more
intense as temperature is further lowered. In the insulating state at
T <100 K (Fig. 3, E and F, and P and Q), the QP band has vanished.
One observes only the weakly but clearly dispersing QLS at E —
Er = —700 meV, which now shows a shallow band minimum at T
and maxima at the monoclinic Brillouin zone edges (see also Fig. 2F)
and the MH/OV band at E — Ex = —-1.1 eV.

Upon heating up from the insulating state at 60 K back to the
metallic state at 180 K (Fig. 3, F to K and Q to V), the spectral weight
of the QLS decreases, rapidly shifting up in energy between 130 and
160 K, while the dispersive QP band reappears. A clear hysteresis in

Thees et al., Sci. Adv. 7, eabj1164 (2021) 3 November 2021

the thermal evolution of the electronic states of the system is pres-
ent, best seen in the transition regime around 120 and 130 K [com-
pare Fig. 3 (C and D) to Fig. 3 (I and H) and Fig. 3 (N and O) to
Fig. 3 (T and S)]. Thus, in the cooling cycle, the QLS becomes more
apparent (with respect the QP band) below 120 K, temperature at
which the QP band is still visible, while in the heating cycle, the QLS
is clearly visible until 130 K, temperature at which the QP band only
starts to reemerge. The energy shift of the QLS also shows differences
between the cooling and heating cycles, best seen when comparing
the data at 130 and 120 K. The Supplementary Materials present
additional data and analyses of the thermal evolution of the near-Ep
electronic structure measured in different samples.

The observation of a hysteresis in the ARPES spectra is related to
the formation of phase domains in the sample, an intrinsic character-
istic of first-order phase transitions. Such domains, of micrometer
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The shift in transition temperature and the decrease of the resistivity in the insulating
phase with respect to the pristine sample (Fig. 1C) are ascribed to the slight doping
with OVs induced by annealing in UHV (the Supplementary Materials).

to submicrometer size, have been directly imaged in real-space in
VO; and V,0; by near-field infrared microscopy (34, 35), photo-
emission microscopy (36), and muon spin relaxation (37). As the
UV spot used in our experiments has a mean diameter larger than
about 30 pum, the ARPES signal is a superposition of electrons emitted
from both metallic and insulating phases. We then approximate the
observed ARPES intensity I(E, k, T) at a temperature T as a super-
position of the intensity measured in the pure metallic phase
(T = 180 K) at each energy E and wave vector k and the intensity
measured in the pure insulating phase (T = 60 K) at the same energy
and momentum. In doing so, we are assuming that, as suggested
from Fig. 3, the energy shift of the QLS proceeds rather abruptly
with temperature. We also neglect thermal broadening as our energy
resolution (of about 15 meV) is already comparable to kgT at
180 K. Thus, we write
I(E,k,T)=a(T)x I(E,K,180 K) + b(T) x I(E,k,60K) (1)
Using linear regression, we could therefore determine the phase
fractions a(T) = 0 and b(T) = 0 that best fit the measured spectra
for all energy and momenta, i.e., over a set of around 4 x 10° points
of I(E, k), at each temperature. Figure 4A shows the so-calculated
fraction of insulating and metallic domains, b/(a + b) and a/(a + b),
as a function of temperature. For comparison, the resistance ob-
tained on the same sample after ARPES measurements (Fig. 4B) is
also shown. The agreement in the hysteresis between the electrical
resistance and the ARPES data (onset of the transition on cooling at
around 140 to 150 K, midpoint at around 120 K, and thermal ampli-
tude of the hysteresis of about 15 to 20 K) indicates that the observed
changes in the spectral function are directly linked to the MIT.
Our temperature-dependent studies were performed along k11),
a direction orthogonal to the antiferromagnetic wave vector in the
insulating state (11, 12). Hence, the band dispersions along this di-
rection should not be directly affected by antiferromagnetic band
folding. In line with this expectation, our ARPES data do not show
any folding of the dispersive QP state. Instead, the spectral weight of
the QP state vanishes as the system goes from metallic to insulating,
without any measurable change in its dispersion, while the QLS shifts
down in energy and increases in spectral weight. One possibility is

Thees et al., Sci. Adv. 7, eabj1164 (2021) 3 November 2021

that the energy shift of the QLS, which remains essentially non-
dispersing along all high-symmetry directions explored in this work
(Fig. 3 and fig. S6), is associated to its nesting along momenta
parallel to the antiferromagnetic wave vector. On the other hand,
note that in the insulating state, the magnetic moments are ordered
ferromagnetically along k(11y (11). This, of course, can affect the
band structure, although in a way different from antiferromagnetic
folding. Future theoretical studies should address further how the
specific magnetic ordering of V,03 affects its different orbital states.

More generally, our ARPES measurements show that, across the
MIT, the essential redistribution of spectral weight in the occupied
part of the electronic spectrum occurs between the QP and QLS
bands, over an energy range of about 700 meV below Eg. On the
other hand, recent optical measurements show that, while a large
suppression of optical conductivity occurs over an energy range of
about 1 eV (38-40), a substantial spectral weight transfer extends up
to and beyond at least 3 eV (38, 39). Thus, together, ARPES and
optics data indicate that the unoccupied part of the electronic spec-
trum is also undergoing a major reconstruction, over a large energy
range of several eV, across the MIT.

Our observations of spectral weight redistribution among the QP
and QLS are consistent with x-ray absorption spectroscopy measure-
ments, which found that the metallic and insulating phases have
different orbital occupancies among two states present in both phases
(41, 42). Our findings are also in line with multiorbital first-principles
calculations for V,05 (15, 43, 44). In the metallic phase, the disper-
sive QP band seen in the ARPES spectra and crossing the Fermi
level is identified in the calculations as a band of a;; dominant char-
acter, while the remaining spectral weight stems essentially from
the e, orbitals. In particular, the latter would be mainly responsible
for the spectral weight of the broad QLS around Ep, as well as the
Hubbard band feature around E = —1.1 eV. In the insulating phase,
the dispersive a;g band would be emptied, and only the double peak
structure (at energies —0.7 and —1.1 eV) of the Hubbard band
formed by the now half-filled e, states would survive (15, 43, 45).
Our data provide thus a direct, momentum-resolved illustration of
the multiorbital nature of the Mott transition in V,0s.

MATERIALS AND METHODS

Thin film growth and characterization

The 100-nm-thick epitaxial V,05 thin films were deposited on (1120)-
or (0112)-oriented Al,O5 substrates by radio frequency magnetron
sputtering, as described in a previous work (25). An approximately
8-mtorr ultrahigh purity Argon (>99.999%) and the growth tem-
perature of 700°C were used during the sputtering process. The
thin-film structural properties were measured using a Rigaku SmartLab
x-ray diffraction system. Resistance versus temperature measure-
ments were done using a TTPX Lakeshore cryogenic probe station
equipped with a Keithley 6221 current source and a Keithley 2182A
nanovoltmeter.

Crystal structure and Brillouin zone of V,0;

In the high-temperature metallic phase, bulk V,0j3 crystallizes in a
rhombohedral (corundum) structure, as shown in Fig. 1B, with
lattice parametersa = b = ¢ = 5.467 A and angles between lattice
vectors o = =y = 53.74°. Such a structure can be equally represented
in a nonprimitive hexagonal cell, also shown in Fig. 1 (B and C).
The Miller indices (hg, kg, Iz) in rhombohedral coordinates are
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related to the Miller indices (hy, ki, i = —hy — ki, Iy) in the corre-
sponding hexagonal coordinates by

hr = =k + ir+ )
kr = %(hH —ig+ In)
Ik = (-hu+ ki + Iy)

Our thin films are grown on ALO5(1120) (a plane) and Al,05(0112)
(R plane) surfaces, corresponding, respectively, to the (110) and
(011) planes in thombohedral coordinates. Thin films grown on
different AL, O3 surfaces present a slight distortion (at most 1% of
strain) from the ideal corundum symmetry (25), which is negligible
for ARPES measurements. Hence, in this work, we use the bulk
primitive rhombohedral Brillouin zone to represent the ARPES data.

ARPES measurements

ARPES experiments were performed at the CASSIOPEE beamline
of Synchrotron SOLEIL (France) and at beamline 2A of KEK-Photon
Factory (KEK-PF, Japan) using hemispherical electron analyzers
with vertical and horizontal slits, respectively. Typical electron energy
and angular resolutions were 15 meV and 0.25°. To generate pristine
surfaces for the ARPES experiments, the thin films of V,0; were
annealed for 5 to 10 min at approximately 550° to 600°C in UHV
conditions, at a base pressure of 10~ mbar before annealing, reach-
ing a desorption peak of 8 x 10~” mbar during annealing. LEED was
used to verify the long-range crystallinity and cleanliness of our sur-
faces after preparation (see fig. S1). While the insulating phase of
V,0; would prevent the realization of ARPES experiments on a
bulk sample, we found that the residual conductivity in our samples
was enough to reduce the charging of the film to approximately 11 eV
at 100 K under the photon flux used for our measurements. The
charging was subsequently corrected by aligning the energy of the
Fermi-Dirac steps (if a residual spectral weight at Er was present) or
of the VBs at all temperatures, thus assuming that such a band is not
affected by the MIT. Such a hypothesis is not only physically sound,
given the high binding energy of the O-2p levels that form the VB
and their large separation from the MH and QP bands, but is also
supported by the data that, apart from the expected thermal broad-
ening and energy shift due to charging, do not show any notable
changes in the VB shape when the system is cooled/warmed across
the MIT.

Second derivative rendering of ARPES intensity maps

For second derivative rendering (fig. S5C), the raw photoemission
energy-momentum maps were convolved with a 2D Gaussian of
full width at half maximum of 2° in angle and 25 meV in energy to
smooth the noise. Only negative values of the second derivative,
representing peak maxima in the original data, are shown.

2D curvature rendering of ARPES intensity maps

The 2D curvature method (46) was used to enhance the intensity of
broad/weak spectral features in the ARPES intensity maps. To this
end, boxcar smoothing was applied to the rgvyldata. For Fig. 2 (B and
C), we used a kernel of 80 meV x 0.037 A~ with a 2D curvature
free parameter of 0.2. For Fig. 3 (A to K), we used a kernel of
140 meV x 0.026 A~ with a 2D curvature free parameter of 0.1.
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Only negative values of the 2D curvature, which represent maxima
in the original data, are shown. After taking the 2D curvature, the
data were rigidly shifted by 30 meV toward the Fermi level to pre-
serve the exact peak positions as determined by the raw data and its
second derivatives. There is no effect on the conclusions of this
study as an identical shift was applied to all figures where the 2D
curvature rendering is displayed.

3D k-space mapping

Within the free electron final state model, ARPES measurements at
constant photon energy give the electronic structure at the surface
of a spherical cap of radius k = \/(2 me/h?) (hv — ® + V). Here, me
is the free electron mass, @ is the work function, and V= 12.5 eV is
the “inner potential” of V,03 (22). Measurements around normal
emission provide the electronic structure in a plane nearly parallel
to the surface plane. Likewise, measurements as a function of photon
energy provide the electronic structure in a plane perpendicular to
the surface.

Thermal cycling in ARPES measurements

To accurately capture the electronic hysteresis behavior across the
MIT, the samples were loaded into the ARPES manipulator at
200 K. Once thermalized, we performed a slow stepwise cooling cycle,
setting the parameters in the temperature controller so as to avoid
overshooting the set-point temperature (hence avoiding spurious
hysteresis cycles) and then letting the system thoroughly thermalize
at that temperature for over 30 min before measuring. After reach-
ing the lowest measurement temperature, we performed an analo-
gous heating cycle, measuring at the same temperatures as during
the cooling cycle.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj1164
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