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Abstract. Significant progress in the theoretical description of Mott-Hubbard metal-to-
insulator transitions has been made in the last years, especially thanks to the LDA+DMFT
approach (local density approximation + dynamical mean field theory). Obviously the main
attention has been focused on the transition itself, as, for example, in the textbook case of
the Cr-doped V2O3. As we discuss here, however, also the study of the insulating phase,
characterized by the opening of a visible Mott-Hubbard gap in the spectral functions is far from
being trivial: Strong-correlation effects make this phase strongly sensitive to small changes
of external parameters, much more than one would expect for an insulator. In this situation,
requiring a full consistency of the theoretical calculations with data from different spectroscopies
may provide the most precise estimate for the local Coulomb interaction U in the LDA+DMFT
approach.

1. Introduction

Much effort has been devoted in the past to the theoretical description of the Mott-Hubbard
metal-to-insulator transition. In this respect, the most impressive results have been obtained so
far by merging ab-initio density functional theory in the local density approximation (LDA)
[1] with dynamical mean field theory [2] (DMFT). Within this LDA+DMFT [3] approach,
for example, profound insight on the doping driven Mott transition in V2O3 has been gained
[4, 5, 6, 7].

The LDA+DMFT method indeed allows us to include the effects of a local Coulomb electron-
electron interaction (U), as well as the Hund exchange term J , starting from a realistic ab-initio
LDA Hamiltonian for a given compound. The choice of the (material dependent) values U and J
is of course a delicate step in this procedure. Usually, a reasonable estimate of these parameters
can be obtained from the so-called “constrained LDA” method [8, 9, 10], where the extra-energy
for adding an electron on a specific set of orbitals is computed. Such constrained LDA estimates
are still affected by a relatively large uncertainty. However, the estimated U and the J values can
account for the occurrence of the Mott-Hubbard transition in the material under consideration,
the uncertainty in these values translating mainly into an uncertainty of the exact doping and
pressure level of the transition. In this respect, even the earliest LDA+DMFT [4] studies on
V2O3 were not only able to capture the main features of the photoemission spectroscopy across
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the transition line of this material, but they also predicted the correct results of following higher
resolution experiments [11].

As we discuss in this paper, however, a more precise choice of U and J , in the context of
a complete treatment of the hybridization terms (due to hopping processes between different
orbitals) in the LDA+DMFT Hamiltonian, can be a crucial factor for describing consistently the
properties of the Mott insulating phase. Focusing on the textbook case of V2O3, we will show
how strong the choice of the value of U affects the spectral gap and the occupation numbers for
the different orbitals (i.e., quantities which can be directly compared to the experiments).

2. LDA+DMFT calculation for the insulating V2O3

We consider here the case of the 1.1% Cr-doped V2O3 in the insulating phase, whose lattice
structure parameter have been taken from Ref. [12]. Starting point for our LDA+DMFT
calculations is the Nth-order Muffin Tin Orbital (NMTO) downfolded Hamiltonian for the three
t2g Wannier functions (further splitted in two eπ

g and one a1g orbital due to trigonal distortion)
[5] of the vanadium atoms. Since the hybridization terms between the different t2g orbitals play
an important role in the physics of the Mott Hubbard transition [7], they have been fully taken
into account when performing our LDA+DMFT calculations.

The interacting part of our LDA+DMFT Hamiltonian reads

Hint = U
∑

i,m

nim,↑nim,↓ +
1

2

∑

i,m6=m′,σ,σ′

(U − 2J − Jδσσ′ )nim,σnim′,σ′

where the density operators nim,σ = c†im,σcim,σ can be written through the creation/annihilation
operators for one electron with spin σ on site i and orbital m, respectively.

As we are interested in analyzing specifically the role of the electron-electron interaction
parameters, we have performed several different LDA+DMFT calculations for different value of
the local Coulomb repulsion U . Following Ref. [7] we have assumed J = 0.7eV for the Hund’s
exchange energy and 4.2eV as a starting value for the energy U . The impurity model associated
with our DMFT Hamiltonian has been solved by means of a Hirsch-Fye quantum Monte Carlo
[13] algorithm (with Ulmke smoothing[14]) at a temperature of β = 1/T = 20 eV−1 ≃ 590K.

3. LDA+DMFT results

The main results of our LDA+DMFT calculation are reported in Fig. 1, where the evolution of
the k−integrated spectral function A(ω) of the t2g orbitals is reported as a function of the local
Coulomb interaction. As it is quite evident from the first and the second panel of the Figure,
a value of U of at least 4.0eV is needed to observe a clear depletion of the spectral function at
the Fermi level, i.e. to describe the insulating side of the Mott Hubbard transition in V2O3.

It is remarkable, however, that for U ≥ 4.0eV (i.e., for insulating solutions) a strong
U−dependence of the low energy part of the spectra is also observed. In particular, the size
of the spectral gap ∆ is strongly dependent on small changes of U . A rough visual estimate
gives values ranging from ∆ ≤ 0.5 for U = 4.0 and ∆ ∼ 1.5 eV for 4.2 eV, respectively. Hence
a successful interpretation of spectroscopy experiments in the insulating phase will crucially
depend on the value of U , whereas a description of the metal-to-insulator transition can be
obtained without a precise estimate of the local Coulomb interaction.

Not surprisingly at this point, our LDA+DMFT calculation shows that also frequency-
integrated properties, such as the occupation of the eπ

g and a1g orbitals, depend crucially on
small changes of the Coulomb interaction in the range we have considered. Note that this
quantity is experimentally accessible through, e.g., X-ray absorption spectroscopy for the L-
edge of the vanadium atom [16] and, as it has been extensively discussed [4, 16, 7], its value
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Figure 1. LDA+DMFT k−integrated spectral function projected onto the t2g orbitals of 1.1%
Cr-doped V2O3 (for the lattice structure correspondent to the insulating phase), and its partial
contributions from eπ

g and a1g orbitals for four different values of the Coulomb interaction
U = 3.9, 4.0, 4.1 and 4.2eV. Note that a better statistic has been used for the Maximum
Entropy[15] analytic continutation in the U = 4.1 and 4.2eV cases.

is probably the key to understand how the metal-to-insulator transition actually takes place in
V2O3.

After a proper inclusion of the hybridization effects, our LDA+DMFT calculation gives a
ratio for occupations eπ

g to a1g orbitals of 4.3 and 4.9 for U = 4.0 and 4.2 eV, respectively, in the
insulating phase of 1.1% Cr-doped V2O3. A comparison with the experimental estimate (4.0)
by Park et al. [16] would suggest then to assume for the LDA+DMFT calculation a value closer
to U = 4.0eV, i.e. slightly smaller than all the values considered for LDA+DMFT calculations
for V2O3 so far.

It is clear, however, that the success of such a precise quantitative description of the
LDA+DMFT relies on the possibility of using the same value of U to interpret consistently
all the spectroscopic experiments: The same value of U should account for the estimated orbital
occupation and for the size of the spectral gap. In this regard, new optical conductivity
measurements in the insulating phase to be compared to correspondent LDA+DMFT
calculations as done in Ref. [17, 18] for the metallic case would be strongly desirable. Optical
measurements represent in fact one of the most reliable tools to estimate the absolute value
of the spectral gap without running into the delicate problem of fixing the exact value of the
chemical potential through an electrically coupled reference system.

4. Conclusions

In this paper, we have demonstrated that the theoretical prediction for the physical properties
of a Mott-insulator, as the textbook example of Cr-doped V2O3 can be strongly affected
by small changes of the parameter which defines the electron-electron interaction in the

International Conference on Magnetism (ICM 2009) IOP Publishing
Journal of Physics: Conference Series 200 (2010) 012208 doi:10.1088/1742-6596/200/1/012208

3



theoretical(LDA+DMFT) calculations. While an important role of the precise value of the
Coulomb interaction U is more naturally expected in the strongly renormalized metallic side of
the Mott transition (it has even been recently proposed to exploit this situation for engineering
the properties of strongly correlated heterostructures [19]), this was less obvious for the insulating
phase. Turning to the comparison with the experiments, the results of X-ray absorption
spectroscopy would suggest to assume a value of U slightly smaller than considered so far in
the literature. On the other hand, our present analysis leaves still open the question whether
and to what extent a full quantitative LDA+DMFT analysis can consistently describe all the
spectroscopic experiments in the insulating phase. As we mentioned before, a close comparison
of optical spectroscopy data with LDA+DMFT calculation should eventually help to clarify this
point.
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