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Using a recently developedNth-order muffin-tin-orbital-based downfolding technique in combination with
the dynamical mean-field theory, we investigate the electronic properties of the much-discussed Mott insulator
TiOCl in the undimerized phase. Inclusion of correlation effects through this approach provides a description
of the spectral function into an upper and a lower Hubbard band with broad valence states formed out of the
orbitally polarized, lower Hubbard band. We find that these results are in good agreement with recent photo-
emission spectra.

INTRODUCTION

A challenging task in the field of strongly electron-
correlated materials is the description of correlation effects
within a possibly controlled approximation, since these ef-
fects are essential in order to understand the behavior of
these materials. In the past years there has been an enormous
effort into improving this description by combiningab initio
calculations with many-body methods like the LDA1U slo-
cal density approximation plus on-site Ud sRef. 1d and the
LDA+DMFT slocal density approximation combined with
dynamical mean-field theoryd sRef. 2d. While the original
implementation of the dynamical mean-field theory was
based on a single-band model, most compounds of interest
involve more than one correlated orbital. This calls for the
need of a multiorbital extension of the LDA+DMFT tech-
nique. Recently, a new implementation of the multiorbital
LDA+DMFT has been proposed which uses the localized
Wannier functions generated by theNth-order muffin-tin-
orbital sNMTOd method3 in order to construct the LDA
Hamiltonian and solves the many-body problem by DMFT
including the nondiagonal contribution of the on-site self-
energy. Such an approach has been found to be highly suc-
cessful in a series of recent applications.4–6 We will consider
this procedure here in order to unveil the electronic proper-
ties of the layered Mott insulator TiOCl.

TiOCl, which consists of bilayers of Ti3+ and O2− parallel
to theab plane, separated by layers of Cl− ions stacked along
thec axis ssee Fig. 1d, has recently raised a lot of discussion
due to its puzzling behavior at moderate to low temperatures.
Large phonon anomalies have been observed in Raman
measurements7 at temperatures around 135 K as well as
temperature-dependentg factors and line widths in electron
spin resonancesESRd.8 The susceptibility measurements9

show a kink atTc2=94 K and an exponential drop atTc1
=66 K, indicating the opening of a spin gap which is accom-
panied by a doubling of the unit cell along theb axis.10

While phonons are undoubtedly playing an important role in
the behavior of this system, electron correlation is fundamen-
tal in order to understand these anomalous properties and we
will here concentrate on the electronic description.

Recent electronic structure calculations of TiOCl within
the framework of LDA1U sRefs. 9 and 11d for the crystal-

lographic data atT.Tc2 show that in this temperature range
the ground state of the system is described by chains of Ti
ions along theb direction ssee Fig. 1d with the 3d electrons
occupying thedxy orbitals. Such a study11 further revealed
the importance of the phonon degrees of freedom at tempera-
turesT.Tc2 by pointing out that certainAg phonon modes
consistent with thePmmn space group of the high-
temperature structure may lead to orbital fluctuations with
the ground state switching fromdxy to dyz/dxz. However, the
implementation of LDA1U calculations12 involves the as-
sumption of a particular spin ordering in the system, which is
fictitious since there is no true long-range order in TiOCl.
This makes the comparison of the LDA1U derived DOS
with the experimentally measured photoemission data doubt-
ful. Also, LDA1U, being a mean-field method, treats the
correlation effects beyond the LDA in a mean-field sense and
suppresses all the fluctuation effects. For early transition-
metal oxides like titanates which are moderately correlated
systems such fluctuation effects can turn out to be essentially
important. One ingenious way of treating the dynamical fluc-
tuation effects is the DMFT which—though it freezes the
spatial fluctuations—takes fully into account the temporal
fluctuations. In the present communication, we aim to study
the electronic structure of the high-temperaturesT.Tc2d
phase of TiOCl by means of the NMTO+DMFT method.

METHODOLOGY

The octahedral crystal field provided by the O4Cl2 octa-
hedron, surrounding the Ti site, splits the five degenerated
orbitals into t2g and eg manifolds. The Ti3+ ion, in a 3d1

configuration, therefore fills 1/6th of thet2g complex, leav-
ing the eg complex empty. The basic LDA electronic struc-
ture was reported in Refs. 9 and 11. The essential features
involve Cl and O–p-dominated bands extending from about
−8 to −4 eV, separated by a gap of about 2.5 eV from the Ti
d complex, with the zero of energy set at the Fermi level.
The Ti t2g bands cross the Fermi level with a tiny gap of
about 0.2 eV between the occupiedt2g manifold and unoc-
cupiedeg manifold.
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The TiOCl system can therefore be described by a low-
energy, multiband Hubbard Hamiltonian

H = HLDA +
1

2 o
imm8s

Umm8nimsnim8−s

+
1

2 o
imsÞm8ds

sUmm8 − Jmm8dnimsnim8s, s1d

wherenims=cims
† cims andcims

† creates as-spin electron in a
localized t2g orbital smd at site i. HLDA is the one-electron
Hamiltonian given by the LDA. We assume double-counting
corrections to be orbital independent within thet2g manifold,
thus resulting in a simple shift of the chemical potential. The
many-body Hamiltonian defined in Eq.s1d depends on the
choice of localized orbitals. In the present calculation, we
employed the NMTO3 method for defining these localized
orbitals. In this method, a basis set of localized orbitals is
constructed from the exact scattering solutions of a superpo-
sition of short-ranged, spherically symmetric potential wells
sthe so-called muffin-tin approximation to the potentiald at a
mesh of energiese0,e1, . . . ,eN. The number of energy points,
N, defines the order of such muffin-tin orbitals, the NMTO’s.
Each NMTO satisfies a specific boundary condition which
provides it with an orbital character and makes it localized.
The NMTO’s being energy selective in nature are flexible
and may be chosen to span selected bands. If these bands are
isolated—as is in the case oft2g-derived bands in TiOCl—
the NMTO set spans the Hilbert space of the Wannier func-
tions. In other words, the orthonormalized NMTO’s are the
localized Wannier functions. In our example of TiOCl, the
low-energy Hamiltonian defined in Eq.s1d, involves only
three correlated, localizedt2g Wannier orbitals and no other
orbitals. However, for such Wannier functions to be com-
plete, they must involve contributions from the other degrees
of freedom—e.g., Op and Cl p. This is achieved via the
downfolding procedure3 which adds on to Ti centeredt2g
orbitals, tails with Op and Cl p character, thereby defining
an effective set oft2g orbitals. It is important to note here that

the choice of orbital symmetriesdxy,dyz, . . . ,d3z2−1 depends
on the choice of coordinate system. Throughout this paper
and also in previous work,9,11 the choice has been made as
ẑ=a and x̂ and ŷ axes rotated 45° with respect tob and c.
However, due to the distorted geometry of the TiO4Cl2 octa-
hedra, the chosen coordinate system differs from the local
coordinate system and the variousd orbitals defined follow-
ing the above-mentioned coordinate system are not the exact
eigenstates of the on-site Tid Hamiltonian. This introduces
mixing between thet2g andeg symmetries. Thet2g NMTO’s
therefore, contain also the on-site and taileg character. For a
realistic description of the LDA contribution and for the
proper description of the localized orbitals in Eq.s1d it is
essential to consider these issues. To our knowledge, so far
no other LDA+DMFT is capable of taking these contribu-
tions into account properly. The plot of such Wannier func-
tions is shown in Ref. 11.

In Fig. 2, we show the off-diagonal part of the 333 den-
sity matrix constructed out of the effective, downfoldedt2g
NMTO’s:

Nmm8 = o
k,n

uk,n
m dsE − En,kduk,n

m8 .

Herem,m8=1,2,3 refer to t2g orbitals at the same site and
uk,n

m are the appropriate normalized eigenvectors for the
downfoldedt2g bands in the orthonormalized NMTO basis.
The summation overk runs over all thek points in the Bril-
louin zonesBZd andn runs over all thet2g bands. As is seen
from the plot, it has non-negligible off-diagonal elements
within the chosen coordinate system.

The DMFT sRef. 2d maps the many-body crystal problem
defined in Eq.s1d onto an effective, self-consistent, multior-
bital quantum impurity problem. The corresponding local
Green’s function matrix is calculated via the BZ integration,

Gsvnd = o
k

fsvn + mdI − HLDAskd − Ssvndg−1 s2d

where m is the chemical potential defined self-consistently
through the total number of electrons andvn=s2n+1dp /b

FIG. 1. sColor onlined Layered structure of TiOCl crystal. Two
O atoms from the same layer and two O and two Cl atoms from
neighboring layers form the O4Cl2 octahedra surrounding the Ti
atom. FIG. 2. Off-diagonal matrix elements oft2g LDA DOS matrix

sstates/eVd in the Wannier representation.



are the Matsubara frequencies withb as the inverse tempera-
ture sb=1/Td. S is the self-energy matrix.

In our DMFT implementation we consider all components
of the self-energy matrixSmm8 between differentt2g Wannier
functions at a given Ti site, including the off-diagonal con-
tribution. The importance of these off-diagonal elements has
already been inferred from the plot shown in Fig. 2. This is
in contrast to earlier LDA+DMFT implementations13 where
it was assumed that the on-site block of the single-particle
Green’s function is diagonal in the space of the localized
orbitals defining the many-body Hamiltonian. While such an
approach is exact for materials with perfect cubic symmetry,
it becomes an approximation for materials having distor-
tions.

The self-consistency condition within DMFT implies the
local Green’s function to be the same as the corresponding
solution of the quantum impurity problemGsst−t8d
=1/ZeDfc,c†ge−Seffcstdc†st8d, where the effective actionSeff

is defined in terms of the so-called bath Green’s function
Gs

−1svnd=Gs
−1svnd+Sssvnd, which describes the energy-,

orbital-, spin-, and temperature-dependent interaction of a
particular site with the rest of the medium,

Sef f = −E
0

b

dtE
0

b

dt8Trfc†stdGs
−1st,t8dcst8dg

+
1

2 o
imm8s

Umm8nimsnim8−s

+
1

2 o
imsÞm8ds

sUmm8 − Jmm8dnimsnim8s.

Herecstd=fcimsstdg is the supervector of the Grassman vari-
ables andZ is the partition function. The multiorbital quan-
tum impurity problem is solved by the numerically exact

quantum Monte Carlo sQMCd scheme. Standard
parametrization14 has been used for the direct and exchange
terms of the screened Coulomb interaction,Umm8 and Jmm8
with Umm=U, Umm8=U−2J andJmm8sÞmd=J. For our calcu-
lation we have usedU=4 eV andJ=0.5 eV, which are rea-
sonable choices for an early transition metal like Ti.11 The
computational effort becomes prohibitive rather quickly as
one lowers the temperature since in order to maintain the
accuracy of the calculation one needs to increase the imagi-
nary time slices as one increasesb. The results reported in
the following are done forb=20 sT=580 Kd with 100 slices
in imaginary time and 106 QMC sweeps. The maximum-
entropy method15 has been used for analytical continuation
of the diagonal part of the Green’s function matrix to the real
energy axis to get the DMFT spectral density.

In this context, recently a LDA+DMFT calculation has
been reported for TiOCl.16 The calculation scheme in Ref. 16
is based on a multiorbital generalization of the iterated per-
turbation theorysIPTd for the impurity solver. We consider
the NMTO+DMFT scheme to be superior to the IPT ap-
proximation for the present problem. The multiorbital QMC
solver gives an accurate solution of the correlated orbitally
polarized nonmagnetict2g problem, while the IPT scheme,
which is very successful for the one-band DMFT problem,2

becomes quite uncertain in the anisotropic multiband case.17

LDA+DMFT RESULTS AND DISCUSSIONS

Figure 3 shows the orbital-resolved and total spectral
functions obtained using the above-explained LDA+DMFT
technique, in comparison with the LDA total DOS. Consid-
eration of the correlation effect beyond LDA within the
framework of DMFT opens up a gap of<0.3 eV between
the occupied and unoccupied spectra, signaling the insulating
nature of the compound, while the LDA DOS shows the
finite density of states at the Fermi energy. We also note the
appreciable broadening of the bandwidth in LDA+DMFT
compared to the LDA bandwidth due to the redistribution of
the spectral weight following the opening of the gap. The
occupied bandwidth obtained in our LDA+DMFT calcula-
tion is in good agreement with recent photoemission
measurements18 which is about 2.5–3 eV. IPT-based LDA
+DMFT calculations16 gave a bandwidth of 1.5–2 eV.

The on-site matrix elements of the tight-binding represen-
tation of the downfoldedt2g Hamiltonian in the NMTO Wan-
nier function basis show that thedxy orbital energy is about
0.4 eV lower than thedxz and dyz orbital energy, which are
degenerate within the chosen coordinate system. This split-
ting is much smaller than the totalt2g bandwidth of the LDA
DOS which is about 2 eV and is also smaller than the indi-
vidual bandwidths ofdxy and dyz/dxz. As a consequence, in
the LDA DOS thedxy orbital is occupied by only 0.49 elec-
tron with the rest occupying thedxz anddyz orbitals. Turning
to the LDA+DMFT results, the occupation matrix shows
that thedxy orbital becomes nearly full in contrast to the
LDA. The dxy orbital is found to contain 0.98 electrons. The
sharp increase in orbital polarization compared to the LDA
result is in conformity with similar LDA+DMFT studies in
LaTiO3 and YTiO3,

4 but is in contrast to IPT-based LDA

FIG. 3. DMFT spectral function atT=580 K sthick lined and the
LDA DOS sthin lined. m=0. Thedxy and dyz/dxz contributions are
shown with dotted and dashed lines, respectively. The spectral
weight of the broad valence states is contributed almost entirely by
dxy.



+DMFT calculations for TiOCl which report16 non-
negligible interorbital mixing, with 70% of the electrons re-
siding in thedxy.

As mentioned already, the gap value obtained in our cal-
culation is about 0.3 eV, while the gap extracted from the
optical conductivity data is about 1 eV in reflectivity
experiments19 and 2 eV in transmittance experiments,20 the
latter being claimed as more sensitive for the gap
determination.21 As mentioned earlier, our QMC−DMFT
calculations were carried out at a temperatureT=580 K,
while the experimental measurements were carried out at
room temperatures<300 Kd and below. Recent work on
V2O3 sRef. 22d shows the successive filling of the Mott-
Hubbard gap on raising the temperature. Therefore, the use
of temperatures higher than room temperature may be a
cause of the underestimation of the gap value obtained in the
theoretical result. Nevertheless, it is hard to justify such a
large discrepancy as merely a temperature effect. The IPT-
based DMFT calculations, which claim23 to achieve signifi-
cantly lower temperatures than the QMC−DMFT calcula-
tions, predict for TiOClswith U=3.3 eV andJ=1 eVd a gap
which is less than 0.5 eV.16 The only way to reproduce a gap
value as large as<2 eV, within the single-site DMFT
scheme, seems to be to use an unreasonably highU value.
We therefore suspect that a major contribution to this dis-

crepancy is caused by the neglect of the component of the
self-energy between different sites—i.e., by the single-site
approximation of the DMFT. The dimerization of the crystal
and formation of spin-singlet bonds at low temperature be-
low the ordering temperature can have a precursor at high
temperatures in the form of a short-range ordering effect,
resulting in the formation of dynamical Ti-Ti singlet pairs.24

Consideration of such effects is beyond the scope of the
single-site DMFT since one needs to consider at least a clus-
ter of two Ti sites to capture these features. Experience with
VO2 sRef. 6d already indicates that such effects can be ex-
tremely important in widening up the band gap. We intend to
consider the cluster DMFT for TiOCl in our forthcoming
communication. We mention here that the phonon effects
could be important as well, as already found in connection
with orbital fluctuations,11 leading to additional smearing of
the spectral features which is probably seen in the experi-
mental PES data.18
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