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Interplay between electron-electron interaction and electron-phonon coupling
near the Fermi surface of 1T-TaS2
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We present a detailed high-resolution angle-resolved photoemission study of the electronic band structure of
the room-temperature quasicommensurate charge-density-wave phase of 1T-TaS2. In particular, we show that
no crossings of the Fermi level are visible in the complete Brillouin zone, indicating that an electron-electron
correlation-induced pseudogap in the Ta 5d derived band exists already above the Mott localization-induced
transition at 180 K. Moreover, we find that the electronic structure is governed by at least two quasiparticle
peaks, which can be assigned to electrons from starlike shells of Ta atoms within the distorted crystal lattice.
These peaks show quasilocalized~dispersionless! behavior in parts of the Brillouin zone where the one-particle
band is unoccupied and they follow the one-particle dispersion in the occupied part. In order to address the
question of possible Fermi-surface~FS! nesting, we scanned the remaining remnant FS and found regions with
a considerable decrease of spectral weight. However, we find no clear evidence for FS nesting.
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I. INTRODUCTION

Layered transition metal chalcogenides~TMC’s! have
stimulated ongoing experimental work since more than th
decades because of their quasi-two-dimensionality~2D! and,
consequently, their unique physical properties.1,2 In particu-
lar, improved experimental equipment and insights gain
from studies of the high-temperature superconducting
prates~HTSC! renewed interest and attention for 1T- and
2H-type TMC’s. Especially, surface-sensitive techniqu
such as angle-resolved photoemission spectrosc3

~ARPES! and scanning tunneling microscopy4 ~STM! led to
insights in the mechanisms behind the puzzling behavio
these TMC’s.

Among them, 1T-TaS2 plays a major role because i
phase diagram exhibits a variety of phase transitions.1,5 The
formation of aA133A13 superstructure passes several p
cursor states from the incommensurate~I! via the quasicom-
mensurate~QC! to the final low-temperature commensura
~C! phase below 180 K.2 Obviously, the electronic structure
especially in the vicinity of the Fermi levelEF , displays
characteristic features correlated to this superstructure
particular, a Mott-Hubbard transition occurring at 180 K r
vealed the importance of electron correlation effects in
Ta 5d band.6 On the one hand these Coulombic effects le
to a ~Mott! localization of electrons, on the other hand t
Fermi-surface~FS! topology, as deduced from band-structu
calculations, seems to yield suitable conditions for
nesting.7,8 Whereas the QC-C phase transition and theC
phase have been examined by ARPES~Refs. 9–17! and
STM ~Refs. 18–22! work, the influence of the CDW super
structure at room temperature~RT! in the QC phase on the
overall band structure, especially away from high-symme
PRB 620163-1829/2000/62~7!/4277~11!/$15.00
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directions, has experimentally not been considered in g
detail.

Consequently, the aim of this study shall be to investig
the electronic band structure near and atEF throughout the
Brillouin zone ~BZ! by means of scanned ARPE
~ScARPES! in the QC phase. We especially addressed
question of possible FS nesting fingerprints and/or locali
tion in the intermediate QC phase. Surprisingly, we find
evidence of a Fermi-level crossing of the Ta 5d band,23 in-
stead we find a back dispersion of the Ta 5d band at the
normal state Fermi vectorkF due to the opening of a corre
lation pseudogap and leaving a remnant Fermi surface~RFS!
already at RT. The interpretation of the opening of a cor
lation gap throughout the BZ is corroborated by a compa
son to RT-ARPES experiments of the parent TM
2H-TaSe2, a metallic system, where the Ta 5d band crosses
the Fermi level and is not perturbed.

Furthermore, the overall band structure away from hig
symmetry directions is dominated by at least two quasipa
cle ~QP! peaks sitting on an incoherent background. Th
exhibit a small bandwidth and practically no dispersion
the region where the one-particle 5d band, as predicted by
band-structure calculations,7,8 is unoccupied. In the occupie
parts, however, their dispersion follows what is expec
from the one-particle band.

Scanning the FS contour of 1T-TaS2 reveals regions with
reduced spectral weight but we only find evidence for, if
all, imperfectly nested areas of the~remnant! FS. Comparing
these regions with our azimuthal dispersion plots, howev
leads us to the conclusion that they represent effects of
band structure instead of being experimental evidence
gaps.

This paper is organized as follows. In Sec. II a summ
of relevant properties of 1T-TaS2 is given. Section III de-
4277 ©2000 The American Physical Society
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4278 PRB 62TH. PILLO et al.
scribes the experimental setup and the calculations. In
IV we show our results and try to give a consistent picture
the k-resolved band structure of 1T-TaS2. We finish with a
summary in Sec. V.

II. STRUCTURAL PROPERTIES, CDW’s,
AND LOCALIZATION

1T-TaS2 crystallizes in the CdI2-type structure with the
space groupD3d

3 .1 Ta atoms form a hexagonal sheet and
sandwiched between sheets of hexagonally arranged S a
as shown in Fig. 1~a!. The plane parallel to the sheets@the
~001! or ~0001! plane# is exposed when cleaving the sampl
because of weak van der Waals interlayer coupling betw
neighboring sandwiches. In the 1T phase, the Ta atoms ar
octahedrally coordinated by the S atoms in contrast to
2H type where an adjacent rotated unit cell is added in
perpendicular direction making the coordination trigona
prismatic. The intracell symmetry in the 1T polytype is,
hence, trigonal calling for a distinction between the@GM #
and the@ḠM̄ 8# direction in reciprocal space, as indicated
Fig. 1~b! where the bulk as well as the surface Brillou
zones~SBZ! are shown. In the sketch, high-symmetry dire
tions and points are given together with the irreducible zo
~delimited by thin gray lines! due to the trigonal symmetry
As a consequence, the band-structure reflects the trig
symmetry and, hence, the borderlines between the sh
and unshaded areas are symmetry equivalent wherea
interior of the areas is not.24 The determination of the@ḠM̄ 8#
azimuth is straightforward considering the real-space ge
etry. It is given by the direction towards the topmost S
oms. The different crystal geometries of the hexagonalH

FIG. 1. ~a! Sketch of the CdI2-type structure present in
1T-TaS2. High-symmetry directions are indexed by the arrow
Dark gray spheres denote the chalcogen atoms.~b! Drawing of the
Brillouin zone of the CdI2-type structure. High-symmetry points ar
labeled. Note the necessity to distinguish betweenM (L) and
M 8(L8) points due to the trigonal symmetry~see text!. The corre-
sponding surface Brillouin zone is indicated.
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and the trigonal 1T polytypes can be seen very easily
x-ray photoelectron diffraction~XPD! patterns.24,25 This fa-
cilitates the~experimental! determination of the@GM # and
the @ḠM̄ 8# directions.

The electronic structure of 1T-TaS2 can, in a purely ionic
picture, be described by the bonding and antibonding ba
of the S 3p and Ta 6s/6p orbitals.1 Conduction is given by
the Ta 5d derived conduction band situated in a lar
bonding-antibonding band gap of 8 eV. Considering the
tahedral coordination the Ta 5d band is split off intot2g and
eg manifolds. The slight perpendicular distortion remov
the degeneracy and one is left with three subbands from
t2g manifold and the two bands from theeg manifold. The
metallic character of 1T-TaS2, nevertheless, comes from th
dz2 band which is partly filled. The other manifolds are u
occupied.

1T dichalcogenides are known to be the first 2D materi
where charge density waves~CDW! have been seen exper
mentally by means of superlattice spots in x-r
diffraction.26 In contrast to 2H polytypes, the 1T-type mate-
rials show a very large CDW amplitude as revealed
STM.4 As a consequence of the CDW’s 1T-TaS2 exhibits a
very rich phase diagram as a function of temperature.2 The
undistorted phase exists only in a very narrow tempera
range above 550 K. At about 570 K an irreversible transit
to the trigonal prismatic phase occurs. Upon coolin
1T-TaS2 shows an incommensurate~IC! CDW from 550 K
down to 350 K, where the CDW becomes quasicommen
rate ~QC!. Further cooling reveals another first-order pha
transition at 180 K, where the CDW becomes commensu
~C! with the underlying lattice. Reannealing yields a lar
hysteresis in the QC-C transition.27,28 The C phase is mani-
fest by aA133A13 superlattice, which is built of 13 Ta
atoms forming a so-called ‘‘Star-of-David’’ cluster.2,6 A pos-
sible expansion of the CDW’s also in the direction perpe
dicular to the layers has been discussed29,30 but no clear
proof has been given. For other 1T compounds, this may be
important as shown for 1T-TiSe2, where k' effects have
been found to be non-negligible and the material also rec
structs along thec direction having considerable influence o
the band structure.31

Figure 2~a! shows theA133A13 superlattice~in the Ta
plane! as the dashed rhombic structure. The periodic latt
distortion ~PLD! coupled to the CDW formation~shown as
small arrows! displaces the Ta atoms~hollow circles! such
that out of 13 Ta atoms six atoms each form two outer sh
with one Ta atom left in the center of the star.6 Figure 2~b!
shows a low-energy electron-diffraction~LEED! experiment
of the QC phase with high intensity given as black. The la
hexagons represent the SBZ and the small hexagons the
due to theA133A13 superlattice. LEED data for theC phase
~not shown! reveal the same surface structure, but with mo
intense satellite diffraction peaks and a slightly larger ro
tion angle being completely consistent with the ‘‘Star-o
David’’ model of Fazekas and Tosatti~FT!. Finally, Fig. 2~c!
depicts a typical curve for the in-plane resistivityr as a
function of temperature~taken from Ref. 27!. On top of the
plot, the temperature extension of the different CDW pha
occuring in 1T-TaS2 as mentioned is sketched for the sake
convenience.

.
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The microscopic structure of the QC phase has bee
matter of debate for almost a decade untill the pioneer
work of Wu et al.18 who showed by STM that the QC phas
consists of hexagonally arranged commensurate domain
ing separated by soliton walls. Upon cooling to cryoge

FIG. 2. ~a! Ta basal plane yielding the (131) symmetry and the
’’Star-of-David’’ clusters caused by the (A133A13) superstucture
in the commensurate CDW phase. The arrows give the lattice
tortions on the Ta sites. The new unit cell in real space is given
the dashed rhombus.~b! Low-energy electron diffraction~LEED!
experiment~kinetic energy 93.7 eV! of the QC phase. The unrecon
structed SBZ and the superstructure SBZ are indicated by the l
~small! hexagons, respectively.~c! Typical in-plane (' to the lay-
ers! resistivity curve as a function of temperature of 1T-TaS2 ~taken
from Ref. 27!. The CDW phases occurring are added on top of
resistivity plot.
a
g

e-
c

temperatures the commensurate domains seem to grow u
the complete lock-in, i.e., the sudden disappearance of
solitons at 180 K. The influence of the CDW potential on t
dz2 derived band is expressed by a decay of its density
states~DOS! into three satellite structures.12 There are two
small satellites and a prominent peak, e.g., displayed
ARPES spectra.9,12–16 According to the model of FT@Fig.
2~a!# each of the two small satellites is attributed to electro
within one of the two centered shells consisting of six
atoms. The third prominent peak represents the remain
thirteenth electron in the center of the cluster which becom
susceptible to a localization-induced Mott transition at 1
K.6 The long-range ordering of localized moments~i.e., the
electron from the central Ta atom! does not lead to antifer
romagnetism because the lattice is trigonal and it is not p
sible to arrange↑↓ pairs antiferromagnetically on such
lattice. Another argument was put forward by Geerts
et al.,32 who showed that the ground state of a singled elec-
tron in a cubic environment exhibits a first-order Zeem
splitting equal to zero. However, as argued by FT,6 the out-
come, if including all crystal-field effects, would be an a
isotropic susceptibility being much smaller than the one
13 free spins on the star centers.

Due to electron-electron interaction thedz2 band is split
off upon cooling into an upper unoccupied Hubbard ba
~UHB! and a corresponding lower Hubbard band~LHB!. The
LHB is manifest as a dispersionless peak nearEF in near-
normal emission ARPES spectra of theC phase.12–17 The
splitting is symmetric with respect toEF as evidenced by
tunneling spectroscopy data22 and shows a correlation gap o
about 180 meV.12–17 Temperature-dependent ARPES wo
showed that the correlation gap in the DOS is actually
pseudogap below 180 K with residual spectral weight atEF
down to low temperatures.15,16 Furthermore, 1T-TaS2 shows
a pseudogapped Fermi surface already at room tempera
possibly as a precursor of the underlying Mott transition23

whereby the effective local Coulomb correlation energy d
pends on random disorder.17

Independent of electron localization at low temperatu
the CDW has to be driven by another mechanism. In o
dimension~1D!, electron-phonon coupling leads to the fo
mation of electron-hole pairs on and near the FS with a s
sequent removal of the FS and the opening of the so-ca
Peierls gap.33,34 The concurrent PLD drives a softening o
the corresponding phonon mode atqW 52kF and finally the
system lowers its free energy. This Peierls transition in
~Ref. 34! can be achieved only approximatively in 2D, eith
by large parallel areas of the FS~i.e., a large number of
possible electron-hole pairs! or by a strong electron-phono
coupling parameterl.33 In that context, FS nesting seems
be the appropriate candidate, because band-structure cal
tions revealed a Fermi surface built up by elliptic electr
pockets from the Ta 5d band around theM point of the
BZ.7,8 Experimentally, only the very existence of a CDW
vector corresponding to theA133A13 superlattice is
given.26,35 In fact, a Peierls gap should be visible already
RT, but there is, to our knowledge, no experimental proo

Here we shall present a detailed study of the band st
ture using a combination of scanning the FS contour
ARPES and mapping of almost the completek space with
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particular emphasis on regions away from the hig
symmetry directions.

III. EXPERIMENTAL DETAILS AND CALCULATIONS

The photoemission experiments were performed in a
ESCALAB Mk II spectrometer with a base pressure<2
310211 mbar. Our sample goniometer is constructed
motorized, computer-controlled data acquisition over ap
solid angle36 and can be cooled withLN2 down to 140 K.37

X-ray photoelectron spectroscopy was used to check
cleanness of the sample. Unless stated otherwise, the AR
measurements were performed with monochromatized Ha
~21.2 eV! and H Lya radiation~10.2 eV!. The setup includ-
ing the plasma discharge lamp and the VUV toroidal grat
monochromator is described elsewhere.38 The energy resolu-
tion is 20 meV for the He Ia measurements and less th
100 meV for the measurements with hydrogen as discha
gas.

Pure samples of 1T-TaS2 and 2H-TaSe2 were prepared
with the chemical vapor transport method. The samples w
cut with a blade to the desired shape and mounted with si
epoxy on a polycrystalline Cu sampleholder. All 1T-TaS2
samples showed clear first-order phase transitions at 18
~Ref. 39! indicating very good crystal quality.

Samples were orientedin situ with x-ray photoelectron
diffraction ~XPD! which provides high-symmetry direction
very precisely. Angles can be scanned continuously to p
form mappings of intensity at a constant energy such asEF .
Briefly, in such a Fermi-surface mapping~FSM! experiment,
the spectral function in a small, resolution-limited ener
window centered atEF is scanned over a nearly 2p solid
angle and represented in a gray scale plot as a function o
polar and the azimuthal angle. This technique is well est
lished, and has proven its power in mapping the FS
cuprates40 or transition metals24,41–44 as well as surface
alloys.45 For a review see Ref. 43.

In order to clarify our experimental results we performe
band structure calculations of bulk 1T-TaS2 in the undis-
torted phase using the full potential linearized augmen
plane-wave~FLAPW! method46 in the framework of the gen
eralized gradient approximation.47 The lattice parameters o
the D3d

3 space group were chosen to bea53.36 Å andc
55.90 Å, respectively. For comparison with the expe
ment, we assumed a free-electron final state using a w
function of 4.6 eV and an inner potential of 10 eV.48 Energy
eigenvalues were calculated along the final-state mom
and a linear gray scale is used to indicate energy conse
tion with black corresponding to a perfect coincidence
initial and final states.

IV. RESULTS AND DISCUSSION

A. Band mapping

1. GALM plane

First, we shall address the question of the behavior of
crystal-field split Ta 5d derived band along the high
symmetry direction@GM #. Photoemission data for@GM #
tend to state a real Fermi-level crossing of the Tad
band.12,13 Our recent finding of a pseudogapped remnant
-

r

e
ES
I

g

ge

re
er

K

r-

he
b-
f

-

d

-
rk

ta
a-
f

e

S

~RFS! in the QC phase23 calls for further investigation and
we will present it here. Figure 3~a! presents a bulk band
structure calculation for the undistorted phase as descr
above. A parallel momentum ofki50 Å21 denotes normal
emission (Ḡ) andki51.08 Å21 corresponds to theM̄ point
in the surface BZ when assuming a work function of 4.6 e
Additionally, this calculation has been multiplied with
Fermi-Dirac cut-off function with a temperature ofT
5300 K in order to facilitate comparison with Fig. 3~b!,
where the corresponding experiment is shown, performe
RT with He Ia radiation~21.2 eV!.49

The calculation@3~a!# clearly shows the undistorted one
particle Ta 5d derived bandcrossingthe Fermi level at abou
0.4 Å21 (kF1). A second branch of the Ta band crossesEF
at a smaller momentum of approximately 0.1 Å21. This sec-
ond band has been a matter of controversy in
literature.7,8,50In addition, the S 3p derived band shows up a
about 1 eV binding energy atḠ. We will not go into further
detail concerning the calculation because our goal is no
optimize band-structure calculations of the undistorted ph
but rather to understand the peculiar spectroscopic feat
of the QC phase. Comparing the experiment to the calc
tion, one can see theSband at a binding energy of about 1

FIG. 3. ~a! FLAPW calculation@within the local-density ap-
proximation~LDA !# for 1T-TaS2 in theGALM plane of the BZ for
a photon energy of 21.2 eV, an inner potential of 10 eV, and a w
function of 4.6 eV, respectively, in the approximation of fre
electron final states. The plot has been multiplied with a Fer
Dirac cut off function for 300 K. For details see text.~b! Corre-
sponding measurement of 1T-TaS2. Linear gray scale ARPES
dispersion plot using He Ia radiation~21.2 eV!. In both panels,ki

counts along@GM # of the SBZ, or, in other words, in theGALM
plane.
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PRB 62 4281INTERPLAY BETWEEN ELECTRON-ELECTRON . . .
eV at Ḡ. The Ta 5d derived band can be seen with a nea
parabolic shape with the apex at theM̄ point. It coincides
well with theory but there are several points to emphas
First, the intensity of the quasiparticle~QP! peak is sup-
pressed considerably on approachingEF and the QP does no
really seem to crossEF . Second, betweenḠ and ki
50.4 Å21 a faint gray, incoherent background is visibl
Finally, matrix elements~intensities! seem to differ distinctly
between the first BZ~i.e., along the@GM # azimuth and the
second BZ, where one is along the@ḠM̄ 8# azimuth. This
observation has been reported previously for ARPES
inverse photoemission data.13,48 Moreover, we stress that w
do not detect spectral features related to backfolded B
caused by theA133A13 superstructure.

It is not clear now whether the dispersing state~denoted
as the QP band throughout! visible in the ARPES spectra
crossesEF or not. In Fig. 4 ARPES spectra from the dispe
sion plot ~Fig. 3! are presented ranging from normal em
sion up to a parallel momentum ofki50.72 Å21. There are
two distinct spectral features visible related to Ta 5d states.
First, the dispersing QP peak~black circles! and, second, an
incoherent background, expressed by three faint bump
the spectra betweenki50.0 Å21 andki50.29 Å21 and as
shoulders in the strong QP peak~indicated by the ticks, re-

FIG. 4. Selected ARPES spectra for 1T-TaS2 along@GM # from
the dispersion plot in Fig. 3~b!. The black circles denote the pos
tions of the quasiparticle Ta 5d band whereas the ticks indicate th
CDW-induced satellites. The dashed line denotes the Fermi ene
Shown are spectra from normal emission (ki50.0 Å21) to a par-
allel momentum of ki50.72 Å21, approximately 3/4 of the
G-M (L) distance.
e.

d

’s

in

spectively!. The behavior of these features is distinctly d
ferent. The QP peak disperses towardsEF but, as we will
see, does not cross it, and the satellites are nearly disper
less. Both features are nicely reproduced in calculations,
the QP peak in conventional band-structure calculation7,8

~including our own! and the satellite peaks in the tigh
binding calculation of Smithet al.12 The QP peak is the one
particle-like Ta 5d derived band whereas the satellites re
resent the weakly dispersing bands caused by the C
potential. Strictly speaking, the high-~binding! energy satel-
lites correspond to the two outer shells in the FT mo
whereas the satellite nearEF represents the centrald electron
evolving into the lower Hubbard band~LHB! upon decreas-
ing the temperature. The latter becomes much stronger in
C phase where it is then responsible for the correlat
pseudogap of 180 meV.15,16 More precisely, the QP pea
approachesEF untill a minimum binding energy of abou
150 meV and then seems to show a slight backdispers
This is intriguing because for a true crossing ofEF , this
peak should come closer toEF , at least to the limit which is
given by 4kBT5100 meV~i.e., the width of the Fermi dis-
tribution! for 300 K (kB is Boltzmann’s constant!. Also, the
QP peak does not lose all its spectral weight as would oc
if it crossedEF . More importantly, in all spectra the Ferm
level stays in the low intensities tailbelow the midpoint of
the leading edge. This would not be the case if the p
really crossedEF . Then, the finite width of the Fermi func
tion would cause the Fermi level to be situatedabove the
midpoint of the leading edge as will be illustrated below f
the case of 2H-TaSe2.

Furthermore, we do not find spectral evidence for a s
ond Ta band crossingEF nearḠ. This coincides with other
ARPES work.13,17Therefore, either the calculations are ina
curate or it displays the scenario where the Ta band show
similar backfolding in the unoccupied energy range.

For the sake of comparison, we carried out ARPES m
surements on 2H-TaSe2, a layered TMC as well, but a trigo
nal prismatic polytype which shows a double stacking of
Se-Ta-Se sandwiches along thec axis.1 2H-TaSe2 shows
two CDW transitions, one into an incommensurate phas
122 K, and a second one into a commensurate CDW pha
90 K,2 yielding a (A33A3) superstructure, oriented alon
the same axes as the unreconstructed lattice, in contra
1T-TaS2, where we have a rotation angle of'13°. Several
ARPES studies have been performed on 2H-TaSe2,12,51,52all
indicating that in theGALM plane the Ta 5d derived band
crossesEF and disperses parabolically towards theM̄ point
as apex. Therefore, this band is the direct analog to the Tad
band in 1T-TaS2. We measured ARPES spectra in th
GALM-plane with He Ia radiation at RT. The results ar
presented in Fig. 5~a!. On comparing this dispersion plo
with that of 1T-TaS2 @see Fig. 3~b!#, one observes that th
spectral weight shows the abrupt decrease only at the en
position where the Fermi-Dirac distribution has to be tak
into account, i.e., less than'100 meV belowEF , and not
before. The corresponding spectra are shown in Fig. 5~b!,
where we displayed only spectra up to theM̄ point. Two
selected spectra are marked by arrows. These spectra
cate the approximate location of the Fermi vec
kF(2H-TaSe2). Here, one can see a clearEF crossing of the

y.
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4282 PRB 62TH. PILLO et al.
Ta 5d band, which is rather broad due to the fact that one
actually two bands because of two formula units per unit c
in the 2H polytypes. Two arguments for thisEF crossing can
be put forward. First, the spectral weight decreases not
fore the peak has reached a binding energy of less than
meV. Second, perhaps the clearest indication, the Fermi
ergy, which refers to a binding energy of 0.0 eV, appears
be shifted within the leading edge. The respective midpo
of the leading edge are indicated by the small circles dra
on the spectra. The intensity at the midpoint of the lead
edge is much smaller than the one at the experimental F
energy, which has been carefully determined by measu
the Fermi edge of the polycrystalline Cu sample holder
which the TMC samples are mounted. This is proof th

FIG. 5. ~a! Dispersion plot in theGALM plane for 2H-TaSe2.
Spectra have been collected with monochromatized He Ia radia-
tion. ~b! Selected ARPES spectra from theM (L) point down to
normal emission (G). The two arrows indicate thek vectors be-
tween which the Ta 5d bandcrossesthe Fermi level. For details se
text.
s
ll

e-
00
n-
o
ts
n
g
mi
g

n
t

spectral weight has dispersed throughEF and has its maxi-
mum in the unoccupied range.24,53

To exclude effects due to the 3D nature of the band str
ture of 1T-TaS2, we measured a dispersion plot in the sam
plane as before, but now with H Lya radiation ~10.2 eV!
probingk points with different perpendicular momenta. Th
results are shown in Fig. 6. Figure 6~a! gives a linear gray
scale plot with the maximum intensity as black. Note th
because of the lower photon energy, we do not reach as
out in the momentum plane as before with He Ia. However,
we have more points perki unit, in other words a betterki
resolution as compared to measurements with He Ia. White
circles indicate the peak positions taken from selec
ARPES spectra shown in Fig. 6~b!. Here, peak positions ar
indicated by ticks. The QP band approachesEF , but it does
not cross the chemical potential. This is corroborated ag
by the position of the Fermi level within the leading ed
which stays below the midpoint. All in all, the dispersio
behavior of the ARPES spectra with 21.2 and 10.2 eV
pears identical. The one-particle-like QP peak doesnot cross
EF , rather it exhibits a backdispersing at the Fermi vectorkF
of the unperturbed Ta 5d band. Therefore, we can unequivo
cally conclude that for 1T-TaS2 we observeno EF crossing
in theGALM plane, whereas in the case of 2H-TaSe2, there
is anEF crossing.

FIG. 6. Similar measurement of 1T-TaS2 to that of Fig. 3 but
now with H Lya radiation. ~a! ARPES dispersion plot of the
GALM plane with 10.2 eV. High intensity corresponds to blac
The white circles denote peak positions taken from the spectra@cf.
~b!#. ~b! Selected ARPES spectra from the dispersion plot in~a! for
parallel momenta from 0.29 to 0.72 Å21. The ticks on the peaks
correspond to the circles in~a!.
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2. Other directions in reciprocal space

So far, we have concentrated solely on one hig
symmetry direction. The question arises, what happens a
from high-symmetry directions. In Fig. 7 we show azimuth
dispersion plots for a variety of parallel momenta. Spec
have been taken at RT with 21.2 eV and are displayed
linear gray scale plots with high intensity corresponding
black. Each azimuthal scan has been carried out along
circular trajectories given in the sketch@Fig. 7 ~bottom
right!#. The parallel momentum on top of each dispers
plot in Fig. 7 corresponds to the radius of the azimuthal sc
Spectra start in the@GK# direction and cover a range of 60
i.e., they describe azimuthal cuts through the SBZ includ
the @GM # azimuth and, in particular, the two theoretical
predicted Fermi-level crossings of the one-particle Tad
band in the@KMK# direction.7,8 The labeling of the axes in
the bottom left panel is valid for all plots.

For ukiu51.81 Å21 and ukiu51.65 Å21 in the disper-
sion plots~see Fig. 7!, one observes at the boundaries~to-
wards the@GK# azimuths! the elliptic features of the neigh
boring SBZ’s. Therefore, we focus hereafter on the bla
feature evolving around the@GM # azimuth corresponding to
the center of the dispersion plots. In all panels two peakA
and B are clearly identifiable. Their binding energies corr
spond reasonably well with the energies for two of the th
CDW satellites calculated by Smithet al.12 As emphasized
above, we cannot exclude that the third CDW peak lies v

FIG. 7. Azimuthal ARPES sections through the second and
first SBZ of 1T-TaS2 for different parallel momenta, taken wit
21.2 eV photons at 295 K. The radius is given on top of ea
section panel, respectively. The dashed line denotes the Fermi l
Bottom left: Energy and momentum scale valid for all panels. Pe
A andB ~see text! are labeled. Bottom right: Sketch of the locatio
where spectra have been taken with the parallel momenta indic
-
ay
l
a
in

he

n
n.

g

k

-
e

y

close toEF and is not resolved due to the broad peaks. T
evolution of the two clearly observable peaksA and B is,
however, somewhat puzzling. In the 1.81-panel peakA can
already be seen, but rather weak. On going to smaller
menta both peaks slightly shift to higher binding energ
and the dispersion becomes stronger. That is what one
pects when moving along the large half-axis of an ellips
towards the center~Fig. 7, bottom right!. The effective
binding-energy value increases till the maximum of 0.95
is reached in the center of the ellipse atki51.05 Å21. The
important point is that we donot observe a clear distinc
crossing ofEF anywhere, analogous to what was demo
strated in the previous chapter. On approaching the cente
the ellipse, the QP dispersion becomes larger and lar
Both peaks show dispersion and the energy difference s
approximately constant. This behavior is kept on further
creasing ukiu. Most importantly, there is a characterist
change between the 1.56 panel and the 1.40 panel.

One observes forukiu51.56 Å21 that the intensity of
peakA is larger than that of peakB at least around the@GM #
azimuth. At ukiu51.51 Å21 the intensity flips over to peak
B, and it is this peak which then disperses and keeps
large spectral weight in theukiu51.45 Å21 and ukiu
51.40 Å21 spectra. Notice that peakA is always at least
300 meV away fromEF . The locations where both peak
undergo a backdispersing correspond to the locations w
one would expect the Fermi vectors according to the theo
ical one-particle ellipse. As a summary, the dispersion of t
QP bands is observed, yet with a small bandwidth. Con
erable dispersion takes place only when the band isinside
the one-particle ellipse;outside the ellipse the bands ar
quasilocalized, as expected from the correlated lo
temperature states in theC phase.

In summary, there are no Fermi-energy crossings det
able in the QC phase of 1T-TaS2. We believe that an onse
of the Mott localization is responsible for this, meaning th
the Fermi level lies in a pseudogap created by tails of the
overlapping Hubbard subbands. For the QC-C phase transi-
tion, this is an experimentally well-known fact,14–16 but for
ambient temperature, this is new. Hubbard bands, then, a
direct proof of electron-electron interaction. In addition, t
presence of CDW’s directly proves electron-phonon inter
tions. Consequently, the QC phase of 1T-TaS2 yields a
strong interplay between electron-electron and electr
phonon interactions.

Finally, we have to consider recent theoretical wo
where it was shown that a pseudogap may arise intrinsic
in photoemission from Ohmic losses in poorly conducti
solids.54 For the example of La0.67Ca0.33MnO3, it is shown
that the pseudogap at room temperature can be reconstru
invoking Ohmic losses at the surface. In the case
1T-TaS2, the pseudogap becomes deeper upon decrea
the temperature and increasing the resistivity, however,
cause the QP features become sharper andnot because of
increased energy losses or broadening.15,16This is in contrast
to what is anticipated from intrinsic losses where one expe
a broadening of spectral features nearEF . As a consequence
in our case the pseudogap is indeed of different origin th
the one predicted by Joynt.54
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B. Localization vs Fermi-surface nesting

So far we have seen fingerprints for electron-electron
electron-phonon interactions. In 2D systems FS nesting
been assigned to be a possible driving force for the forma
of CDW’s. Now we address the question of FS nesting w
respect to the topology of the FS in 1T-TaS2.

We performed band-structure calculations to calculate
FS of the undistorted state for two different planes. The
sults are shown in Fig. 8. Figure 8~a! shows the calculated
FS in theALHL8 plane. The corresponding undistorted B
is superposed~white hexagons!. White corresponds to point
on the FS. Figure 8~b! gives the calculation for theGMKM 8
plane, i.e., for a perpendicular momentumk'5p/a shifted
with respect to theALHL8 plane~see Fig. 1!. One can see
that in theGMKM 8 plane parallel FS sheets do exist perpe
dicular to theMK line, whereas in theALHL8 plane the
elliptic FS pocket tapers off more distinctly towards theA
points. Taking into account that the FS measurement~e.g.,
with 21.2 eV! approximately follows a spherical final stat
we can directly attribute the peaked structures from the
measurement~cf. Fig. 9! to k' effects. This has already bee
pointed out by Myronet al.,8 but an experimental proof wa
lacking. In other words, effects of the perpendicular mom
tum do play a role and they may as well account for poss
nesting vectors with components alongki andk' . For com-
parison, we also plotted vectors in Fig. 8, shown as arrow
the respective lower left parts. These ‘‘nesting’’ vectors d
play what is expected from the (A133A13) superstructure
i.e., a vector with magnitude equal to 1/A13 uGGu and rotated

FIG. 8. FLAPW band-structure calculation of the Fermi surfa
of 1T-TaS2 using theWIEN97 code~Ref. 46!. Shown are the results
for two different Fermi-surface planes, namely theALHL8 plane
(k'56p/a) in ~a! and theGMKM 8 plane (k'50 Å21) in ~b!.
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by 13.9° with respect to theMK line. Nesting does not ap
pear to be very likely in theALHL8 plane@Fig. 8~a!#. In the
GMKM 8 plane it seems to be better, but not at all perfe
From theory, consequently, we have to consider that nes
might occur between different points ofk' . Nonetheless,
nesting does not seem to be perfect, and possible effects
respect tok' have to be considered.

For the sake of convenience, we give in Fig. 9 a sketch of
an idealized one-particle Ta 5d FS shown as the gray-shade
ellipse around theM̄ point. The irreducible wedge of the
(131) SBZ is given by the thick trianglen(GKMK). In
addition, we superposed the SBZ according to theA13
3A13 superstructure~small hexagons!. At the bottom the
scale is given for theki axis. To find the true RFS locations
we performed FSM at RT with He Ia with a very high point
density.35 We received a set of angle pairs (u,f) and the
corresponding locations ink space are indicated by sma
white ellipses. The part below theGM axis has been ob
tained by reflecting the data above with respect to this a
being consistent with theD3d

3 space group. Points on th
RFS formation inside than 0.7 Å21 are difficult to obtain
because in these regions the structures in the azimuthal s
become broad35 due to contributions from adjacent ellipse
from neighboring irreducible wedges. The arrows 1–3 sh
possible nesting vectorsqcdw. Vector 1 corresponds to th
(A133A13) superstructure, whereas vectors 2 and 3 arear-
bitrarily chosen from approximately parallel sections of t
experimental RFS. The two black circles atki(1) andki(2)
on the RFS show the onsets of reduced intensity nearEF ~see
Fig. 10!. They have been obtained by plotting the intensity

FIG. 9. True to scale sketch of the ‘‘FS’’ of 1T-TaS2 in the QC
phase at room temperature. The trianglen(GKMK) yields the (1
31) SBZ, the small hexagons the reconstructed SBZ. The g
ellipse shows an idealized one-particle FS. The white ellipses on
FS show the locations of our ‘‘Fermi vectors.’’ The scale of theki
axes is given at the bottom. The nesting vectors and the po
ki(1,2) are explained in the text.
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peakA ~see Fig. 10! as a function of the parallel momentu
~not shown here! and denote those points ink space where
peak A starts losing spectral weight. The spectra in Fig.
were measured at RT with He Ia radiation along the RFS
contour ~Fig. 9!. The ScARPES spectra show a two-pe
structure with binding energies of 300 meV~peak A) and
800 meV~peakB) corresponding to two CDW, induced sa
ellites. The third peak, expected to be induced from
CDW potential cannot be seen clearly. As it develops i
the LHB with decreasingT, we cannot exclude that it is lying
close to EF hidden by the broad, incoherent backgroun
Moreover, the ScARPES spectra are in perfect agreem
with the data shown above away from high-symmetry dir
tions.

The chosen nesting vectors~2 and 3! are arbitrary in
length but have the correct direction, i.e., they are rotated
'13° away from the@KMK# line according to the (A13
3A13) superstructure. In addition, vectors connecting
sheets become larger on approaching theM̄ point. The de-
viation from the exact value for theC phase, i.e.,
1/A13uGGu50.277uGGu, is then decreasing. For example, t
vector 3 has a value of'0.21uGGu. This indicates that nest
ing may be imperfect.55 The fact that the vectors becom
smaller farther away from@KMK# can be explained byk'

effects as argued before.

FIG. 10. Scanned ARPES spectra of 1T-TaS2 at room tempera-
ture with 21.2 eVon the ‘‘RFS’’ contour~Ref. 23!. The meaning of
the peaksA andB is given in the text. The arrowski(1,2) show the
onsets where peakA loses spectral weight~see text!.
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In a picture where nesting plays a role one expects a
of spectral weight directlyaround EF . In a mean-field~MF!
approach the gap sizeD is given by 2D53.52kB TCDW

MF ,33 kB

being the Boltzmann’s constant andTCDW
MF representing the

respective transition temperature. This yields gaps of
meV for a transition temperature of 350 K~IC-QC transition!
and 83 meV for 550 K~‘‘no CDW’’-IC transition!, respec-
tively. However, we see the intensity loss for peakA
'300 meV away from the chemical potential. We belie
that this decrease of spectral weight comes from the fact
one enters the region where the quasilocalized satellite p
start to follow the original dispersing one-particle-like Ta 5d
band ~cf. Fig. 7!. The spectra atki(1) andki(2) coincide
with those spectra of the azimuthal dispersion plots wh
the intensity of peaksA andB in Fig. 7 flips. In other words,
the spectra on the RFS~Fig. 10! do more likely show effects
of the experimental band structure, which is totally det
mined by the interplay between the CDW-induced satelli
and the remaining one-particle band which becomes less
less distinct with decreasing temperature.

As a final point we emphasize that we do not observe
backfolding of bands at all on the contour of the RFS due
the A133A13 superstructure~see Fig. 9!. Backfolding ef-
fects have not been seen as well in the electronic band s
ture below EF being consistent with all previous ARPE
work. This nonobservation cannot be generalized for allT
polytypes since 1T-TiSe2 exhibits a (23232) reconstruc-
tion and, in that case, the Se bands near normal emis
exhibit a backfolding due to the new symmetry.31,56,57 The
lack of signs in the data related to backfolding effects may
explained by the small size of reconstructed BZ’s~see Fig. 2!
or as well by small Fourier components of the CDW pote
tial as argued earlier.48

V. SUMMARY AND OUTLOOK

We examined in detail the electronic band structure of
RT phase of 1T-TaS2 by means of scanned ARPES. In pa
ticular, we demonstrated that no crossings of the Fermi le
are visible, indicating that a correlation pseudogap due
electron-electron interaction of electrons in the Ta 5d de-
rived band exists already at RT. The magnitude of the ga
difficult to determine because of the inherent broadening
the spectral function at RT.

Moreover, we found that the complete RT band struct
is governed by two quasiparticle peaks, which can be
signed to stem from the outerlying shells of the ‘‘Star-o
David’’ cluster related to the formation of CDW’s in thi
material. Those peaks show a quasilocalized dispersion
havior outside the one-particle ellipsoid and follow the fre
electron-like dispersion inside the ellipsoid. We do not fi
QP weight which can be attributed to a coherent LHB sta
rather, we find a pseudogap present at RT and a broad b
ground possibly due to fluctuations of this inherent ‘‘qua
particle liquid’’ that constitutes the remnant Fermi surfac
All spectral features seem to account for the pseudoga
that they show a backdispersing at the normal state Fe
vectors.

Upon addressing the particular question of possible
nesting, we scanned the remnant FS and found a cons
able decrease of spectral weight around the high-symm
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line @KMK#. However, this distinct decrease is obtained
a peak situated 300 meV belowEF . Nesting appears to b
rather imperfect, because of a lack of extended parallel
gapped portions on the FS. To further explore the mec
nisms at work in 1T-TaS2, ScARPES spectra need to b
collected in a narrow temperature window around the CD
transitions at 350 and 550 K. Broadening due to the eleva
temperatures might, however, hamper, if not render imp
sible, these attempts.
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