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Metal-insulator transition and lattice instability of paramagnetic V2O3
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We determine the electronic structure and phase stability of paramagnetic V2O3 at the Mott-
Hubbard metal-insulator transition (MIT) by employing a combination of an ab initio method
for calculating band structures with dynamical mean-field theory. The structural transformation
associated with the MIT occurs upon a slight expansion of the lattice volume by ∼ 1.5 %, in
agreement with experiment. Our results show that the structural transition precedes the MIT,
implying a complex interplay between electronic and lattice degrees of freedom. The MIT is found
to be driven by a strong correlation-induced, orbital-selective renormalization of the V t2g bands.
The effective electron mass of the eπg orbitals diverges at the MIT. Our results show that full charge
self-consistency is crucial for a correct description of the physical properties of V2O3.

PACS numbers: 71.10.-w, 71.27.+a

I. INTRODUCTION

The question concerning the nature of a Mott metal-
insulator phase transition (MIT) poses one of the most
fundamental problems in condensed-matter physics. It
becomes an even greater challenge in the case of mate-
rials with a strong interplay between electronic correla-
tions and lattice degrees of freedom. The most famous
example is V2O3 which has generally been considered
to be the classical example of a material with a Mott-
Hubbard MIT1. Under ambient conditions, V2O3 is a
paramagnetic metal with a corundum crystal structure
(space group R3̄c)2,3. Upon doping with Cr it undergoes
a phase transition to a paramagnetic Mott-Hubbard in-
sulator without change of crystal symmetry4. The tran-
sition from the paramagnetic insulator (PI) to the para-
magnetic metal (PM) can also be triggered by doping
with Cr, which essentially amounts to the application of
a negative pressure. The MIT is intimately linked with
an abrupt expansion of the lattice volume by ∆V

V
∼ 1.3

% and a reduction of the c/a lattice parameter ratio by
∼ 1.4 % across the MIT, indicating a strong coupling be-
tween electronic and lattice degrees of freedom4. In spite
of intensive research over several decades, an explanation
of this mutual influence of electronic structure and phase
stability of paramagnetic V2O3 at the MIT is still miss-
ing. Therefore investigations of V2O3 continue with a
high level of activity5,6.

A realistic description of V2O3 requires taking into
account the interplay of electronic correlations and lat-
tice degrees of freedom on a microscopic level. State-of-
the-art methods for the calculation of the band struc-
ture, which allow for ab initio computations of the elec-
tronic and structural properties, can account for nei-
ther the MIT nor the paramagnetic insulating phase
of V2O3

7. This obstacle can be overcome by em-
ploying the LDA/GGA+DMFT approach8, a combi-

nation of band-structure methods in the local-density
approximation (LDA) or the generalized-gradient ap-
proximation (GGA) with dynamical mean-field theory
(DMFT) of strongly correlated electrons9. Applications
of LDA+DMFT have already provided a good quantita-
tive description of the electronic structure and spectral
properties of V2O3

6,10–15. In particular, it was found
that in all phases the V3+ ions are in a S = 1 spin
configuration, with a mixed (a1g, eπg ) and (eπg , eπg ) or-
bital occupation. These calculations also allow one to
perform a direct comparison of the calculated spectra
with, e.g., photoemission, x-ray absorption, and opti-
cal conductivity measurements near the metal-insulator
transition6,10–15. The LDA+DMFT results capture all
generic aspects of a Mott-Hubbard metal-insulator tran-
sition, such as a coherent quasiparticle behavior, forma-
tion of the lower- and upper-Hubbard bands, and strong
renormalization of the effective electron mass. In addi-
tion, these calculations reveal an orbital-selective behav-
ior of the electron coherence and a strong enhancement of
the crystal-field splitting between the a1g and eπg bands,

caused by electron correlations at the MIT10,12. Despite
this success the coupling between electronic correlations
and lattice structure at the Mott-Hubbard MIT in V2O3

is still poorly understood. We will address this problem
in our investigation and thereby shed new light on the
long-standing question regarding the origin of the struc-
tural changes in the vicinity of the MIT.

II. METHOD

In this paper we employ the GGA+DMFT computa-
tional approach16 to explore the electronic and struc-
tural properties of paramagnetic V2O3 across the Mott-
Hubbard MIT. In particular, we will explore the struc-
tural phase stability of paramagnetic V2O3, i.e., the in-
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fluence of electronic correlations on the structural tran-
sition. We first compute the electronic structure of
paramagnetic V2O3 within the nonmagnetic GGA using
the plane-wave pseudopotential approach17. To inves-
tigate the structural stability, we use the atomic posi-
tions and the c/a lattice parameter ratio of V2O3 taken
from experiment4. To this end, we adopt the crystal
structure data for paramagnetic metallic V2O3 and insu-
lating (V0.962Cr0.038)2O3, respectively, and calculate the
total energy as a function of volume. In Fig. 1 (inset)
we show the results of the nonmagnetic GGA total en-
ergy calculations, which agree with previous band struc-
ture results7. In particular, we find equilibrium lattice
constants a = 4.923 Å for the PM phase and 4.955 Å
for the PI phase of V2O3. The calculated bulk moduli
are B ∼ 252 GPa for both phases. These results are in
neither quantitative nor even qualitative agreement with
experiment. Namely, they give a metallic solution with
no structural phase transition between the PM and PI
phases. Clearly, standard band-structure techniques can-
not explain the properties of paramagnetic V2O3 since
they do not treat electronic correlations adequately.

III. RESULTS AND DISCUSSION

A. Non-self-consistent calculations

Therefore we now compute the electronic structure and
phase stability of V2O3 using the GGA+DMFT com-
putational scheme16. For the partially filled V t2g or-
bitals, which split into a1g and eπg bands due to a trigo-
nal distortion, we construct a basis of atomic centered
symmetry-constrained Wannier functions18. To solve
the realistic many-body problem within DMFT, we em-
ploy the continuous-time hybridization-expansion quan-
tum Monte-Carlo algorithm19,20. The calculations are
performed at the temperature T ∼ 390 K, which is be-
low the critical endpoint of Tc ∼ 458 K21. We use values
of the Coulomb interaction U = 5 eV and Hund’s ex-
change J = 0.93 eV, in accordance with the previous
theoretical and experimental estimations6,10–12. The U
and J values are assumed to remain constant across the
phase transition, which is consistent with recent hard
x-ray photoemission experiments22. Furthermore we em-
ploy the fully-localized double-counting correction, cal-
culated from the self-consistently determined local occu-
pancies, to account for the electronic interactions already
described by the GGA.
In Fig. 1 (main panel) we display the calculated vari-

ation of the total energy of paramagnetic V2O3 as a
function of lattice volume. Our results for the equi-
librium lattice constant and bulk modulus, which now
include the effect of electronic correlations, agree well
with experiment4. The calculated equilibrium lattice
constants are a = 5.005 and 5.035 Å for the PM and
PI phases, respectively. The corresponding bulk moduli
are B = 202 and 222 GPa. In agreement with previ-
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FIG. 1: (Color online) Variation of the total energy of para-
magnetic V2O3 computed within GGA+DMFT for different
volumes. The inset shows the results of the nonmagnetic
GGA total-energy calculations.

ous studies10,12, our results show an orbital-dependence
of the electron coherence, with coherent quasiparticle be-
havior for the a1g orbital, while the eπg bands remain in-
coherent, with a large imaginary part of the self-energy
at T ∼ 390 K. We also evaluated the spectral function
of paramagnetic V2O3 (not shown here) and determined
the MIT phase boundary. The MIT is found to take
place at a positive pressure of pel ∼ 125 kbar, imply-
ing a ∆V

V
∼ 5 % reduction of the lattice volume. We find

that both the a1g and the eπg quasiparticle weights remain
finite at the MIT; that is, there is no divergence of the
effective electron mass at the transition as it would occur
in a Brinkman-Rice picture of the MIT23. Thus we con-
clude that the MIT is driven by a strong enhancement
of the a1g–e

π
g crystal-field splitting caused by electron

correlations10,12.

The GGA+DMFT results are qualitatively different
from those obtained with the nonmagnetic GGA and
provide clear evidence for a structural phase transition.
However, this transition is found to occur at a critical
pressure of pc ∼ 186 kbar, corresponding to a large (∼ 7
%) reduction of the lattice volume. In addition, the re-
sults imply that the PM phase is energetically unfavor-
able at ambient pressure, i.e., thermodynamically unsta-
ble, with a total energy difference with respect to the PI
phase of ∆E ≡ EPM−EPI ∼ 20 meV/f.u.. These features
are in contrast to experiment. The origin of this discrep-
ancy can be ascribed to the lack of charge self-consistency
in the present calculations. Indeed, a strong enhance-
ment of the a1g–e

π
g crystal-field splitting will cause a sub-

stantial redistribution of the charge density and thereby
influence the lattice structure due to electron-lattice cou-
pling. All this makes charge self-consistency24 particu-
larly important at the metal-insulator transition.
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B. Self-consistent calculations

For this reason we implemented a fully charge self-
consistent GGA+DMFT method24 within a plane-wave
pseudopotential approach to compute the electronic
structure and phase stability of V2O3. In Fig. 2 we
present our results for the total energy for different vol-
umes. The calculated pressure-volume equation of state
is shown in Fig. 2 (inset). The PM phase is now found to
be thermodynamically stable at ambient pressure, with a
total-energy difference between the PM and PI phases of
∆E ∼ 3 meV/f.u. The structural transition takes place
upon a slight expansion of the lattice, ∆V

V
∼ 1.5 %, at a

negative critical pressure of pc ∼ −28 kbar, in agreement
with experiment. The phase transition is accompanied
by an abrupt increase of the lattice volume by ∼ 0.5 %
and a simultaneous change of the c/a ration by ∼ 1.5 %.
This result is seen to differ significantly from that ob-
tained with the non-charge-self-consistent GGA+DMFT
scheme, according to which the PM phase is thermody-
namically unstable at ambient pressure. The calculated
equilibrium lattice constants and bulk moduli are now in
remarkably good agreement with experiment4. In par-
ticular, we obtain a = 4.99 and 5.021 Å for the PM and
PI phases, respectively, which is less than 1 % larger
than the experimental values. The calculated bulk mod-
uli are B = 219 and 204 GPa, respectively. We note that
the bulk modulus in the PI phase is somewhat smaller
than that in the PM phase, which implies an enhance-

ment of the compressibility at the phase transition. Fur-
thermore, the total-energy calculation results exhibit a
weak anomaly near the MIT, which is associated with
a divergence of the compressibility, in accordance with
previous model calculations25. Overall, the electronic
structure, the equilibrium lattice constant, and the struc-
tural phase stability of paramagnetic V2O3 obtained with
the fully charge self-consistent GGA+DMFT scheme are
in remarkably good agreement with the experimental
data. Our calculations clearly demonstrate the crucial
importance of electronic correlations and full charge self-
consistency to explain the thermodynamic stability of the
paramagnetic metal phase of V2O3.

C. Spectral function

In addition, we investigated the evolution of the spec-
tral function of paramagnetic V2O3. In Fig. 3 we present
our results obtained with the fully charge self-consistent
GGA+DMFT approach for paramagnetic V2O3 across
the MIT. Our calculations show that the V3+ ions are
in a S = 1 spin configuration in all phases, with a pre-
dominant occupation of the eπg bands and substantial ad-
mixture of the a1g orbital. The admixture is almost in-
dependent of changes of the lattice volume (deviations
< 5 %), with a small decrease at the structural transi-
tion. Our results for the (a1g, e

π
g ) orbital occupations at

the phase transition are (0.44, 0.78) for the PM phase
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FIG. 2: (Color online) Variation of the total energy of param-
agnetic V2O3 as a function of volume obtained by employing
the fully charge self-consistent GGA+DMFT method. The
inset shows the corresponding volume-pressure equation of
state obtained as a derivative of the spline interpolation of
E(V ). The calculated critical pressure pc ∼ −28 kbar and
volume collapse by ∼ 0.5 % are marked by a red bar.
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FIG. 3: (Color online) Spectral function of paramagnetic
V2O3 across the MIT computed within GGA+DMFT.

and (0.42, 0.79) for the PI phase of V2O3. These find-
ings are in good agreement with previous experimental
estimations26. We note that the MIT takes place at a
negative pressure pel ∼ −66 kbar, i.e., upon an expan-
sion of the lattice volume by ∼ 2 %, above the structural
phase transition. Thereby we conclude that the struc-
tural transition and the electronic transition are decou-

pled. Apparently the structural transformation occurs as
a precursor to the Mott-Hubbard MIT27, implying an in-
tricate interplay between electronic and lattice degrees of
freedom at the transition.
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FIG. 4: (Color online) Quasiparticle weight Z and spectral
weight at the Fermi level N(ǫF ) = −

β

π
G(τ = β/2) obtained

for the a1g and eπg orbitals across the MIT in the PI phase of
V2O3. The MIT itself is indicated by a red dashed line.

D. Qusiparticle weight

Finally, we calculate the quasiparticle weight employ-
ing a polynomial fit of the imaginary part of the self-
energy ImΣ(iωn) at the lowest Matsubara frequencies ωn.
It is evaluated as Z = (1 − ∂ImΣ(iω)/∂iω)−1 from the
slope of the polynomial fit at ω = 0. In Fig. 4 we present
our results for the a1g and eπg quasiparticle weights eval-
uated for the PI phase. Upon lattice volume expansion,
both the a1g and eπg quasiparticle weights monotonously
decrease. Moreover, in the vicinity of the MIT the a1g
quasiparticle weight remains finite, while Z = 0 for the
eπg orbitals, i.e., ImΣ(ω) diverges for ω → 0. Therefore,
we conclude that the electronic effective mass of the eπg
bands diverges at the MIT, in agreement with thermody-
namic measurements of V2O3

28. We note that this diver-
gence coincides with the drop of the spectral weight for
the a1g and eπg orbitals at the Fermi level shown in Fig. 4.
The MIT is therefore driven by a strong orbital-selective
renormalization of the V t2g bands, in accordance with a
Brinkman-Rice picture of the MIT. These results correct
previous reasonings based on a correlation-induced en-
hancement of the crystal-field splitting of the V t2g man-
ifold, which results in a suppression of the hybridization
between the a1g and eπg bands10,12. On this basis, we

conclude that an orbital-selective Mott transition is the
only viable scenario for the MIT in V2O3.

IV. CONCLUSION

In conclusion, we employed the GGA+DMFT com-
putational approach to determine the electronic struc-
ture and phase stability of paramagnetic V2O3 across the
Mott-Hubbard metal-insulator phase transition. The cal-
culated structural phase stability and spectral properties
are in good agreement with experiment. Full charge self-
consistency is found to be crucial to obtain the correct
equilibrium lattice and electronic structure of V2O3 at
ambient pressure. Upon lattice expansion, a structural
phase transition is found to take place at pc ∼ −28 kbar,
in agreement with experiment. The phase transition is
accompanied by an abrupt lattice volume expansion by
∼ 0.5 % and a simultaneous change of the c/a lattice
parameter ratio by about 1.5 %. Our calculations reveal
an orbital-selective renormalization of the V t2g bands
caused by strong electron correlations. The electronic ef-
fective mass of the eπg orbitals diverges at the MIT, in
accordance with a Brinkman-Rice picture of the MIT.
However, the a1g orbital exhibits a finite quasiparticle
weight across the MIT. We therefore conclude that an
orbital-selective Mott transition is the only viable sce-
nario for the MIT in V2O3. Most importantly we find
that the structural transformation is decoupled from the
electronic MIT. Our findings highlight the subtle inter-
play between electronic correlations and lattice stability
across the Mott-Hubbard MIT.
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Eyert, N. Blümer, A. K. McMahan, R. T. Scalettar, Th.
Pruschke, V. I. Anisimov and D. Vollhardt, Phys. Status
Solidi B 243, 2599 (2006); G. Kotliar, S. Y. Savrasov, K.
Haule, V. S. Oudovenko, O. Parcollet, and C. A. Mar-
ianetti, Rev. Mod. Phys. 78, 865 (2006); J. Kunes, I.
Leonov, M. Kollar, K. Byczuk, V. I. Anisimov, D. Voll-
hardt, Eur. Phys. J. Spec. Top. 180, 5 (2010).

9 W. Metzner and D. Vollhardt, Phys. Rev. Lett. 62, 324
(1989); A. Georges, G. Kotliar, W. Krauth, and M. J.
Rozenberg, Rev. Mod. Phys. 68, 13 (1996); G. Kotliar and
D. Vollhardt, Phys. Today 57(3), 53 (2004).

10 K. Held, G. Keller, V. Eyert, D. Vollhardt, and V. I. Anisi-
mov, Phys. Rev. Lett. 86, 5345 (2001); G. Keller, K. Held,
V. Eyert, D. Vollhardt, and V. I. Anisimov, Phys. Rev. B
70, 205116 (2004);

11 G. Panaccione, M. Altarelli, A. Fondacaro, A. Georges,
S. Huotari, P. Lacovig, A. Lichtenstein, P. Metcalf, G.
Monaco, F. Offi, L. Paolasini, A. Poteryaev, O. Tjernberg,
and M. Sacchi, Phys. Rev. Lett. 97, 116401 (2006).

12 A. I. Poteryaev, J. M. Tomczak, S. Biermann, A. Georges,
A. I. Lichtenstein, A. N. Rubtsov, T. Saha-Dasgupta, and
O. K. Andersen, Phys. Rev. B 76, 085127 (2007).

13 L. Baldassarre, A. Perucchi, D. Nicoletti, A. Toschi,
G. Sangiovanni, K. Held, M. Capone, M. Ortolani, L.
Malavasi, M. Marsi, P. Metcalf, P. Postorino, and S. Lupi,
Phys. Rev. B 77, 113107 (2008); J. M. Tomczak and S.
Biermann, J. Phys. Condens. Matter 21, 064209 (2009);
F. Rodolakis, J.-P. Rueff, M. Sikora, I. Alliot, J.-P. Itié, F.
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