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(a) Left figure: Periodicity imposes band folding of the free-electron

parabolic dispersion, resulting in a periodic band structure. Green

bands represents the case of last band fully occupied, pink one is half

filled last band with EF the energy of the last occupied state and kF
its associated momentum. Right figure: sketch of typical resistance

measurements as function of temperature for insulating (green) and

metallic (pink) materials.

(b) Resistance measure-

ments of V2O3 (up) [12]

and VO2 (down) [6] as a

function of temperature.

Figure 1

of magnitude for V2O3 and four orders of magnitude for VO2, and at lower temperatures, of the
order of 100K and 200K respectively, it shows a positive slope (cf figure 1b). The materials are
fully insulating! As the temperature does not change the number of electrons in the system, this
metal-to-insulator transition (MIT) should never occur within the Bloch band-structure model!

In fact V2O3 and VO2 are strongly correlated electron systems for which Bloch’s theorem
cannot be (strictly speaking) applied. Electrons are submitted to strong interactions and cannot be
considered as quasi-free particles (one speaks then about ”electronic structure”, instead of ”band
structure”, of the system). According to Mott’s model, electronic interactions play a crucial role in
the MIT and are responsible for the localization of the electrons in the crystal, even in the case of
half filling (one electron per crystal site), resulting in an insulating state. Such materials are called
Mott insulators and understanding the origin of the Mott MIT has remained a challenge for fifty
years. V2O3 and VO2 are paradigmatic examples of the consequences of electronic correlations.

This internship aims to study the role of correlations in the MIT of V2O3 and VO2 by
imaging the change in their electronic band structure during the transition using Angle Resolved
Photoemission Spectroscopy (ARPES).
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The “Standard Model” of 
Condensed-Matter Physics

Courtesy: Alexandre Antezak



How about V2O3 ?
V

O
V2+3O3-2 à V[3d2]

à It should be a metal!
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P. Hansmann et al., Phys. Status Solidi B 250, No. 7, 1251–1264 (2013) 

V2O3: 
a half-filled single-orbital system?
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F. Rodolakis et al., PRL (2011)
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Using ARPES, we studied high-quality crystalline thin films of 
V2O3 grown on Al2O3 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 EF 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 EF 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 EF is observed, associated to 
the final energy position of the QLS. Furthermore, the spectral 
weight of the abovementioned near-EF 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 V2O3 both in its primitive 
high-temperature rhombohedral unit cell (blue) and in the associated 
conventional hexagonal cell (black). In rhombohedral coordinates 

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 V2O3/Al2O3 (11 
_

 2 0)  thin films whose 
surface, schematically shown in Fig. 2B, is perpendicular to the basal 
plane of the hexagonal cell. Complementary data on V2O3/Al2O3 (01 

_
 1 2)  

films are presented in the Supplementary Materials.
The surface of the V2O3 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 V2O3 in 
its metallic phase, together with the 2D plane through G 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  ( 

_
 1 10)  plane of a V2O3/Al2O3 (11 

_
 2 0)  

thin film measured in the metallic state at T = 180 K. One observes 
a large Fermi sheet around the center of the Brillouin zone (G 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〈111〉, corresponding 
to the GZ direction in the rhombohedral metallic phase. The most 
evident features are an electron-like QP band crossing the Fermi level 
(EF = 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 G, 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 V2O3 (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. 1. V2O3: Schematic phase diagram and electronic structure changes. 
(A) Generic temperature-pressure phase diagram of bulk V2O3 (5). (B) Electrical re-
sistance of a V2O3/Al2O3 (11 _ 2 0)  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-EF electronic structure evolution 
observed in this work. In the PM phase, a QP band and a QLS are observed near EF. 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 EF. D
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J. H. Park et al., PRB 61, 11506 (2000)

V2O3: evidence for multiple orbital occupancy 
in both the PM and AFI phases

Polarization-dependent L-edge XAS

Theoretical curves from pure initial states

Phase egp egp : egp a1g

PM 1:1

AFI 2:1



M. K. Stewart et al., PRB 85, 205113 (2012)
L. Baldasarre et al., PRB 77, 113107 (2008)

MIT in V2O3:
Optical 

conductivity



How to understand further 
the electronic structure of 

the metal-insulator 
transition?
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ARPES simple example: 
2D electron gas in SrTiO3
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S.-K. Mo et al., PRB 74, 165101 (2006)

Metal-insulator transition in V2O3: 
Angle-integrated photoemission



Open issue
How the electronic states change from the metallic phase 

to the insulating one?

• Microscopic processes accompanying the Mott MIT: roles played by the 
electronic, magnetic, and structural degrees of freedom.

• ARPES across the thermally-induced MIT of any Mott system still missing!
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ARPES in V2O3 thin films!



Metal-Insulator Transition in V2O3
ARPES view 
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M. Thees et al., Science Advances 7, eabj 1161 (2021)

• The electronic structure 
changes across the MIT!

• It also shows hysteresis!



(A) (B)

Hysteresis in the electronic structure 
across the MIT

M. Thees et al., Science Advances 7, eabj 1161 (2021)
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