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We presenta detailedhigh-resolutionangle-resolvedphotoemissionstudyof theelectronicbandstructureof
the room-temperaturequasicommensuratecharge-density-wavephaseof 1T-TaS2. In particular,we showthat
no crossingsof the Fermi level arevisible in the completeBrillouin zone,indicatingthat an electron-electron
correlation-inducedpseudogapin the Ta 5d derivedbandexistsalreadyabovethe Mott localization-induced
transitionat 180 K. Moreover,we find that the electronicstructureis governedby at leasttwo quasiparticle
peaks,which canbe assignedto electronsfrom starlikeshellsof Ta atomswithin the distortedcrystal lattice.
Thesepeaksshowquasilocalized~dispersionless! behaviorin partsof theBrillouin zonewheretheone-particle
bandis unoccupiedand they follow the one-particledispersionin the occupiedpart. In order to addressthe
questionof possibleFermi-surface~FS! nesting,we scannedtheremainingremnantFSandfoundregionswith
a considerabledecreaseof spectralweight.However,we find no clearevidencefor FS nesting.
I. INTRODUCTION

Layered transition metal chalcogenides~TMC’s! have
stimulatedongoingexperimentalwork sincemorethanthree
decadesbecauseof their quasi-two-dimensionality~2D! and,
consequently,their uniquephysicalproperties.1,2 In particu-
lar, improved experimentalequipmentand insights gained
from studiesof the high-temperaturesuperconductingcu-
prates~HTSC! renewedinterestand attentionfor 1T- and
2H-type TMC’s. Especially, surface-sensitivetechniques
such as angle-resolved photoemission spectroscopy3

~ARPES! andscanningtunnelingmicroscopy4 ~STM! led to
insightsin the mechanismsbehindthe puzzlingbehaviorof
theseTMC’s.

Among them, 1T-TaS2 plays a major role becauseits
phasediagramexhibitsa variety of phasetransitions.1,5 The
formationof a A133A13 superstructurepassesseveralpre-
cursorstatesfrom the incommensurate~I! via the quasicom-
mensurate~QC! to the final low-temperaturecommensurate
~C! phasebelow180K.2 Obviously,theelectronicstructure,
especiallyin the vicinity of the Fermi level EF , displays
characteristicfeaturescorrelatedto this superstructure.In
particular,a Mott-Hubbardtransitionoccurringat 180 K re-
vealedthe importanceof electroncorrelationeffects in the
Ta 5d band.6 On the onehandtheseCoulombiceffectslead
to a ~Mott! localizationof electrons,on the other handthe
Fermi-surface~FS! topology,asdeducedfrom band-structure
calculations, seems to yield suitable conditions for FS
nesting.7,8 Whereasthe QC-C phasetransition and the C
phasehave been examinedby ARPES ~Refs. 9–17! and
STM ~Refs.18–22! work, the influenceof the CDW super-
structureat room temperature~RT! in the QC phaseon the
overall bandstructure,especiallyawayfrom high-symmetry
directions,hasexperimentallynot beenconsideredin great
detail.

Consequently,theaim of this studyshallbeto investigate
the electronicbandstructurenearand at EF throughoutthe
Brillouin zone ~BZ! by means of scanned ARPES
~ScARPES! in the QC phase.We especiallyaddressedthe
questionof possibleFS nestingfingerprintsand/orlocaliza-
tion in the intermediateQC phase.Surprisingly,we find no
evidenceof a Fermi-levelcrossingof the Ta 5d band,23 in-
steadwe find a back dispersionof the Ta 5d band at the
normalstateFermi vectorkF dueto the openingof a corre-
lation pseudogapandleavinga remnantFermisurface~RFS!
alreadyat RT. The interpretationof the openingof a corre-
lation gap throughoutthe BZ is corroboratedby a compari-
son to RT-ARPES experiments of the parent TMC
2H-TaSe2, a metallic system,wherethe Ta 5d bandcrosses
the Fermi level andis not perturbed.

Furthermore,the overall bandstructureaway from high-
symmetrydirectionsis dominatedby at leasttwo quasiparti-
cle ~QP! peakssitting on an incoherentbackground.They
exhibit a small bandwidthand practically no dispersionin
the region wherethe one-particle5d band,as predictedby
band-structurecalculations,7,8 is unoccupied.In theoccupied
parts, however, their dispersionfollows what is expected
from the one-particleband.

ScanningtheFScontourof 1T-TaS2 revealsregionswith
reducedspectralweight but we only find evidencefor, if at
all, imperfectlynestedareasof the ~remnant! FS.Comparing
theseregionswith our azimuthaldispersionplots, however,
leadsus to the conclusionthat they representeffectsof the
band structureinsteadof being experimentalevidencefor
gaps.

This paperis organizedasfollows. In Sec.II a summary
of relevantpropertiesof 1T-TaS2 is given. SectionIII de-
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scribesthe experimentalsetupand the calculations.In Sec.
IV we showour resultsandtry to give a consistentpictureof
the k-resolvedbandstructureof 1T-TaS2. We finish with a
summaryin Sec.V.

II. STRUCTURAL PROPERTIES, CDW’s,
AND LOCALIZATION

1T-TaS2 crystallizesin the CdI2-type structurewith the
spacegroupD3d

3 .1 Ta atomsform a hexagonalsheetandare
sandwichedbetweensheetsof hexagonallyarrangedS atoms
as shownin Fig. 1~a!. The planeparallel to the sheets@the
~001! or ~0001! plane# is exposedwhencleavingthesamples
becauseof weakvan der Waalsinterlayercouplingbetween
neighboringsandwiches.In the 1T phase,the Ta atomsare
octahedrallycoordinatedby the S atomsin contrastto the
2H type wherean adjacentrotatedunit cell is addedin the
perpendiculardirection making the coordinationtrigonally
prismatic. The intracell symmetry in the 1T polytype is,
hence,trigonal calling for a distinction betweenthe @GM #
andthe @ḠM̄ 8# directionin reciprocalspace,asindicatedin
Fig. 1~b! where the bulk as well as the surfaceBrillouin
zones~SBZ! areshown.In thesketch,high-symmetrydirec-
tions andpointsaregiven togetherwith the irreduciblezone
~delimitedby thin gray lines! dueto the trigonal symmetry.
As a consequence,the band-structurereflects the trigonal
symmetryand, hence,the borderlinesbetweenthe shaded
and unshadedareasare symmetry equivalentwhereasthe
interior of theareasis not.24 Thedeterminationof the@ḠM̄ 8#
azimuthis straightforwardconsideringthe real-spacegeom-
etry. It is given by the direction towardsthe topmostS at-
oms.The different crystal geometriesof the hexagonal2H

FIG. 1. ~a! Sketch of the CdI2-type structure present in
1T-TaS2. High-symmetrydirections are indexed by the arrows.
Dark gray spheresdenotethe chalcogenatoms.~b! Drawing of the
Brillouin zoneof theCdI2-typestructure.High-symmetrypointsare
labeled. Note the necessity to distinguish between M (L) and
M 8(L8) pointsdueto the trigonal symmetry~seetext!. The corre-
spondingsurfaceBrillouin zoneis indicated.
and the trigonal 1T polytypescan be seenvery easily in
x-ray photoelectrondiffraction ~XPD! patterns.24,25 This fa-
cilitates the ~experimental! determinationof the @GM # and
the @ḠM̄ 8# directions.

Theelectronicstructureof 1T-TaS2 can,in a purely ionic
picture,be describedby the bondingandantibondingbands
of the S 3p andTa 6s/6p orbitals.1 Conductionis given by
the Ta 5d derived conduction band situated in a large
bonding-antibondingbandgapof 8 eV. Consideringthe oc-
tahedralcoordinationtheTa 5d bandis split off into t2g and
eg manifolds. The slight perpendiculardistortion removes
the degeneracyandoneis left with threesubbandsfrom the
t2g manifold and the two bandsfrom the eg manifold. The
metallic characterof 1T-TaS2, nevertheless,comesfrom the
dz2 bandwhich is partly filled. The othermanifoldsareun-
occupied.

1T dichalcogenidesareknownto bethefirst 2D materials
wherechargedensitywaves~CDW! havebeenseenexperi-
mentally by means of superlattice spots in x-ray
diffraction.26 In contrastto 2H polytypes,the1T-typemate-
rials show a very large CDW amplitude as revealedby
STM.4 As a consequenceof the CDW’s 1T-TaS2 exhibitsa
very rich phasediagramas a function of temperature.2 The
undistortedphaseexistsonly in a very narrow temperature
rangeabove550K. At about570K an irreversibletransition
to the trigonal prismatic phase occurs. Upon cooling,
1T-TaS2 showsan incommensurate~IC! CDW from 550 K
down to 350 K, wherethe CDW becomesquasicommensu-
rate ~QC!. Furthercooling revealsanotherfirst-orderphase
transitionat 180K, wheretheCDW becomescommensurate
~C! with the underlying lattice. Reannealingyields a large
hysteresisin the QC-C transition.27,28 The C phaseis mani-
fest by a A133A13 superlattice,which is built of 13 Ta
atomsforming a so-called‘‘Star-of-David’’ cluster.2,6 A pos-
sible expansionof the CDW’s also in the direction perpen-
dicular to the layers has been discussed29,30 but no clear
proof hasbeengiven.For other1T compounds,this may be
important as shown for 1T-TiSe2, where k' effects have
beenfound to benon-negligibleandthematerialalsorecon-
structsalongthec directionhavingconsiderableinfluenceon
the bandstructure.31

Figure 2~a! showsthe A133A13 superlattice~in the Ta
plane! as the dashedrhombic structure.The periodic lattice
distortion ~PLD! coupledto the CDW formation ~shownas
small arrows! displacesthe Ta atoms~hollow circles! such
thatout of 13 Ta atomssix atomseachform two outershells
with oneTa atomleft in the centerof the star.6 Figure2~b!
showsa low-energyelectron-diffraction~LEED! experiment
of theQC phasewith high intensitygivenasblack.Thelarge
hexagonsrepresentthe SBZ andthe small hexagonsthe one
dueto theA133A13 superlattice.LEED datafor theC phase
~not shown! revealthesamesurfacestructure,but with more
intensesatellitediffraction peaksand a slightly larger rota-
tion angle being completely consistentwith the ‘‘Star-of-
David’’ modelof FazekasandTosatti~FT!. Finally, Fig. 2~c!
depicts a typical curve for the in-plane resistivity r as a
function of temperature~takenfrom Ref. 27!. On top of the
plot, the temperatureextensionof the differentCDW phases
occuringin 1T-TaS2 asmentionedis sketchedfor thesakeof
convenience.
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The microscopicstructureof the QC phasehas beena
matter of debatefor almost a decadeuntill the pioneering
work of Wu et al.18 who showedby STM that theQC phase
consistsof hexagonallyarrangedcommensuratedomainsbe-
ing separatedby soliton walls. Upon cooling to cryogenic

FIG. 2. ~a! Ta basalplaneyielding the(131) symmetryandthe
’’Star-of-David’’ clusterscausedby the (A133A13) superstucture
in the commensurateCDW phase.The arrowsgive the lattice dis-
tortionson the Ta sites.The new unit cell in real spaceis given by
the dashedrhombus.~b! Low-energyelectrondiffraction ~LEED!
experiment~kinetic energy93.7eV! of theQC phase.Theunrecon-
structedSBZ andthesuperstructureSBZ areindicatedby the large
~small! hexagons,respectively.~c! Typical in-plane(' to the lay-
ers! resistivitycurveasa functionof temperatureof 1T-TaS2 ~taken
from Ref. 27!. The CDW phasesoccurringareaddedon top of the
resistivity plot.
temperaturesthecommensuratedomainsseemto grow untill
the completelock-in, i.e., the suddendisappearanceof the
solitonsat 180K. Theinfluenceof theCDW potentialon the
dz2 derivedband is expressedby a decayof its densityof
states~DOS! into threesatellitestructures.12 Thereare two
small satellites and a prominent peak, e.g., displayed in
ARPES spectra.9,12–16 According to the model of FT @Fig.
2~a!# eachof thetwo smallsatellitesis attributedto electrons
within one of the two centeredshells consistingof six Ta
atoms.The third prominentpeak representsthe remaining
thirteenthelectronin thecenterof theclusterwhich becomes
susceptibleto a localization-inducedMott transitionat 180
K.6 The long-rangeorderingof localizedmoments~i.e., the
electronfrom the centralTa atom! doesnot lead to antifer-
romagnetismbecausethe lattice is trigonal andit is not pos-
sible to arrange↑↓ pairs antiferromagneticallyon such a
lattice. Another argumentwas put forward by Geertsma
et al.,32 who showedthat thegroundstateof a singled elec-
tron in a cubic environmentexhibits a first-order Zeeman
splitting equalto zero.However,asarguedby FT,6 the out-
come,if including all crystal-fieldeffects,would be an an-
isotropicsusceptibilitybeingmuchsmallerthan the one for
13 free spinson the starcenters.

Due to electron-electroninteractionthe dz2 bandis split
off upon cooling into an upper unoccupiedHubbardband
~UHB! anda correspondinglower Hubbardband~LHB!. The
LHB is manifestas a dispersionlesspeaknearEF in near-
normal emissionARPES spectraof the C phase.12–17 The
splitting is symmetricwith respectto EF as evidencedby
tunnelingspectroscopydata22 andshowsa correlationgapof
about 180 meV.12–17 Temperature-dependentARPES work
showedthat the correlation gap in the DOS is actually a
pseudogapbelow 180 K with residualspectralweight at EF
downto low temperatures.15,16 Furthermore,1T-TaS2 shows
a pseudogappedFermi surfacealreadyat room temperature,
possibly as a precursorof the underlying Mott transition23

wherebythe effective local Coulombcorrelationenergyde-
pendson randomdisorder.17

Independentof electronlocalizationat low temperature,
the CDW has to be driven by anothermechanism.In one
dimension~1D!, electron-phononcoupling leadsto the for-
mationof electron-holepairson andneartheFSwith a sub-
sequentremovalof the FS and the openingof the so-called
Peierlsgap.33,34 The concurrentPLD drives a softeningof
the correspondingphononmode at qW 52kF and finally the
systemlowers its free energy.This Peierlstransitionin 1D
~Ref.34! canbeachievedonly approximativelyin 2D, either
by large parallel areasof the FS ~i.e., a large number of
possibleelectron-holepairs! or by a strongelectron-phonon
couplingparameterl.33 In that context,FS nestingseemsto
betheappropriatecandidate,becauseband-structurecalcula-
tions revealeda Fermi surfacebuilt up by elliptic electron
pocketsfrom the Ta 5d band around the M point of the
BZ.7,8 Experimentally,only the very existenceof a CDW
vector corresponding to the A133A13 superlattice is
given.26,35 In fact, a Peierlsgapshouldbe visible alreadyat
RT, but thereis, to our knowledge,no experimentalproof.

Herewe shall presenta detailedstudyof the bandstruc-
ture using a combinationof scanningthe FS contour via
ARPESand mappingof almost the completek spacewith
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particular emphasis on regions away from the high-
symmetrydirections.

III. EXPERIMENTAL DETAILS AND CALCULATIONS

The photoemissionexperimentswereperformedin a VG
ESCALAB Mk II spectrometerwith a basepressure<2
310211 mbar. Our samplegoniometeris constructedfor
motorized,computer-controlleddata acquisitionover a 2p
solid angle36 andcanbe cooledwith LN2 down to 140 K.37

X-ray photoelectronspectroscopywas used to check the
cleannessof thesample.Unlessstatedotherwise,theARPES
measurementswereperformedwith monochromatizedHe Ia
~21.2eV! and H Lya radiation~10.2eV!. The setupinclud-
ing theplasmadischargelampandtheVUV toroidalgrating
monochromatoris describedelsewhere.38 Theenergyresolu-
tion is 20 meV for the He Ia measurementsand less than
100 meV for the measurementswith hydrogenasdischarge
gas.

Puresamplesof 1T-TaS2 and 2H-TaSe2 were prepared
with thechemicalvaportransportmethod.Thesampleswere
cut with a bladeto thedesiredshapeandmountedwith silver
epoxy on a polycrystallineCu sampleholder.All 1T-TaS2
samplesshowedclear first-orderphasetransitionsat 180 K
~Ref. 39! indicatingvery goodcrystalquality.

Sampleswere oriented in situ with x-ray photoelectron
diffraction ~XPD! which provideshigh-symmetrydirections
very precisely.Angles can be scannedcontinuouslyto per-
form mappingsof intensityat a constantenergysuchasEF .
Briefly, in sucha Fermi-surfacemapping~FSM! experiment,
the spectral function in a small, resolution-limitedenergy
window centeredat EF is scannedover a nearly 2p solid
angleandrepresentedin a grayscaleplot asa functionof the
polar andthe azimuthalangle.This techniqueis well estab-
lished, and has proven its power in mapping the FS of
cuprates40 or transition metals24,41–44 as well as surface
alloys.45 For a review seeRef. 43.

In orderto clarify our experimentalresultswe performed-
band structurecalculationsof bulk 1T-TaS2 in the undis-
torted phaseusing the full potential linearized augmented
plane-wave~FLAPW! method46 in theframeworkof thegen-
eralizedgradientapproximation.47 The lattice parametersof
the D3d

3 spacegroup were chosento be a53.36 Å and c
55.90 Å , respectively.For comparisonwith the experi-
ment, we assumeda free-electronfinal stateusing a work
functionof 4.6 eV andan innerpotentialof 10 eV.48 Energy
eigenvalueswere calculatedalong the final-statemomenta
anda linear gray scaleis usedto indicateenergyconserva-
tion with black correspondingto a perfect coincidenceof
initial andfinal states.

IV. RESULTS AND DISCUSSION

A. Band mapping

1. GALM plane

First, we shall addressthequestionof thebehaviorof the
crystal-field split Ta 5d derived band along the high-
symmetry direction @GM #. Photoemissiondata for @GM #
tend to state a real Fermi-level crossing of the Ta 5d
band.12,13 Our recentfinding of a pseudogappedremnantFS
~RFS! in the QC phase23 calls for further investigationand
we will presentit here.Figure 3~a! presentsa bulk band-
structurecalculationfor the undistortedphaseas described
above.A parallelmomentumof ki50 Å21 denotesnormal
emission(Ḡ) andki51.08 Å 21 correspondsto the M̄ point
in thesurfaceBZ whenassuminga work functionof 4.6 eV.
Additionally, this calculation has been multiplied with a
Fermi-Dirac cut-off function with a temperatureof T
5300 K in order to facilitate comparisonwith Fig. 3~b!,
wherethe correspondingexperimentis shown,performedat
RT with He Ia radiation~21.2eV!.49

The calculation@3~a!# clearly showsthe undistortedone-
particleTa 5d derivedbandcrossingtheFermilevel at about
0.4 Å 21 (kF1). A secondbranchof theTa bandcrossesEF
at a smallermomentumof approximately0.1 Å 21. This sec-
ond band has been a matter of controversy in the
literature.7,8,50In addition,theS 3p derivedbandshowsup at
about1 eV binding energyat Ḡ. We will not go into further
detail concerningthe calculationbecauseour goal is not to
optimizeband-structurecalculationsof theundistortedphase
but rather to understandthe peculiarspectroscopicfeatures
of the QC phase.Comparingthe experimentto the calcula-
tion, onecanseetheSbandat a bindingenergyof about1.4

FIG. 3. ~a! FLAPW calculation @within the local-densityap-
proximation~LDA !# for 1T-TaS2 in theGALM planeof theBZ for
a photonenergyof 21.2eV, an innerpotentialof 10 eV, anda work
function of 4.6 eV, respectively,in the approximationof free-
electronfinal states.The plot has beenmultiplied with a Fermi-
Dirac cut off function for 300 K. For detailsseetext. ~b! Corre-
sponding measurementof 1T-TaS2. Linear gray scale ARPES
dispersionplot usingHe Ia radiation~21.2eV!. In both panels,ki

countsalong @GM # of the SBZ, or, in otherwords, in the GALM
plane.
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eV at Ḡ. The Ta 5d derivedbandcanbe seenwith a nearly
parabolicshapewith the apexat the M̄ point. It coincides
well with theory but thereare severalpoints to emphasize.
First, the intensity of the quasiparticle~QP! peak is sup-
pressedconsiderablyon approachingEF andtheQPdoesnot
really seem to cross EF . Second, between Ḡ and ki
50.4 Å 21 a faint gray, incoherentbackgroundis visible.
Finally, matrix elements~intensities! seemto differ distinctly
betweenthe first BZ ~i.e., along the @GM # azimuthand the
secondBZ, where one is along the @ḠM̄ 8# azimuth. This
observationhas been reportedpreviously for ARPES and
inversephotoemissiondata.13,48 Moreover,we stressthatwe
do not detectspectralfeaturesrelated to backfoldedBZ’s
causedby the A133A13 superstructure.

It is not clear now whetherthe dispersingstate~denoted
as the QP band throughout! visible in the ARPES spectra
crossesEF or not. In Fig. 4 ARPESspectrafrom thedisper-
sion plot ~Fig. 3! are presentedrangingfrom normal emis-
sionup to a parallelmomentumof ki50.72 Å 21. Thereare
two distinct spectralfeaturesvisible relatedto Ta 5d states.
First, the dispersingQP peak~black circles! and,second,an
incoherentbackground,expressedby three faint bumps in
the spectrabetweenki50.0 Å 21 andki50.29 Å 21 andas
shouldersin the strongQP peak~indicatedby the ticks, re-

FIG. 4. SelectedARPESspectrafor 1T-TaS2 along@GM # from
the dispersionplot in Fig. 3~b!. The black circlesdenotethe posi-
tionsof thequasiparticleTa 5d bandwhereasthe ticks indicatethe
CDW-inducedsatellites.Thedashedline denotestheFermienergy.
Shownarespectrafrom normalemission(ki50.0 Å 21) to a par-
allel momentum of ki50.72 Å 21, approximately 3/4 of the
G-M (L) distance.
spectively!. The behaviorof thesefeaturesis distinctly dif-
ferent. The QP peak dispersestowardsEF but, as we will
see,doesnot crossit, andthesatellitesarenearlydispersion-
less.Both featuresarenicely reproducedin calculations,i.e.,
the QP peak in conventionalband-structurecalculations7,8

~including our own! and the satellite peaks in the tight-
bindingcalculationof Smithet al.12 TheQPpeakis theone-
particle-like Ta 5d derivedbandwhereasthe satellitesrep-
resent the weakly dispersingbands causedby the CDW
potential.Strictly speaking,the high- ~binding! energysatel-
lites correspondto the two outer shells in the FT model
whereasthesatellitenearEF representsthecentrald electron
evolving into the lower Hubbardband~LHB! upondecreas-
ing thetemperature.Thelatterbecomesmuchstrongerin the
C phasewhere it is then responsiblefor the correlation
pseudogapof 180 meV.15,16 More precisely, the QP peak
approachesEF untill a minimum binding energyof about
150 meV and then seemsto show a slight backdispersing.
This is intriguing becausefor a true crossingof EF , this
peakshouldcomecloserto EF , at leastto the limit which is
given by 4kBT5100 meV ~i.e., the width of the Fermi dis-
tribution! for 300 K (kB is Boltzmann’sconstant!. Also, the
QP peakdoesnot loseall its spectralweight aswould occur
if it crossedEF . More importantly, in all spectrathe Fermi
level staysin the low intensitiestail below the midpoint of
the leading edge.This would not be the caseif the peak
really crossedEF . Then,the finite width of the Fermi func-
tion would causethe Fermi level to be situatedabove the
midpoint of the leadingedgeaswill be illustratedbelow for
the caseof 2H-TaSe2.

Furthermore,we do not find spectralevidencefor a sec-
ond Ta bandcrossingEF nearḠ. This coincideswith other
ARPESwork.13,17Therefore,eitherthecalculationsareinac-
curateor it displaysthescenariowheretheTa bandshowsa
similar backfoldingin the unoccupiedenergyrange.

For the sakeof comparison,we carriedout ARPESmea-
surementson 2H-TaSe2, a layeredTMC aswell, but a trigo-
nal prismaticpolytypewhich showsa doublestackingof the
Se-Ta-Sesandwichesalong the c axis.1 2H-TaSe2 shows
two CDW transitions,one into an incommensuratephaseat
122K, anda secondoneinto a commensurateCDW phaseat
90 K,2 yielding a (A33A3) superstructure,orientedalong
the sameaxesas the unreconstructedlattice, in contrastto
1T-TaS2, wherewe havea rotationangleof '13°. Several
ARPESstudieshavebeenperformedon 2H-TaSe2,12,51,52all
indicating that in the GALM planethe Ta 5d derivedband
crossesEF anddispersesparabolicallytowardsthe M̄ point
asapex.Therefore,thisbandis thedirectanalogto theTa5d
band in 1T-TaS2. We measuredARPES spectra in the
GALM -plane with He Ia radiation at RT. The resultsare
presentedin Fig. 5~a!. On comparingthis dispersionplot
with that of 1T-TaS2 @seeFig. 3~b!#, one observesthat the
spectralweightshowstheabruptdecreaseonly at theenergy
position wherethe Fermi-Diracdistribution hasto be taken
into account,i.e., lessthan'100 meV below EF , andnot
before.The correspondingspectraare shown in Fig. 5~b!,
where we displayedonly spectraup to the M̄ point. Two
selectedspectraare markedby arrows.Thesespectraindi-
cate the approximate location of the Fermi vector
kF(2H-TaSe2). Here,onecanseea clearEF crossingof the
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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.
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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 measurementof 1T-TaS2 to that of Fig. 3 but
now with H Lya radiation. ~a! ARPES dispersionplot of the
GALM planewith 10.2 eV. High intensity correspondsto black.
The white circlesdenotepeakpositionstakenfrom the spectra@cf.
~b!#. ~b! SelectedARPESspectrafrom thedispersionplot in ~a! for
parallel momentafrom 0.29 to 0.72 Å 21. The ticks on the peaks
correspondto the circles in ~a!.
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2. Other directions in reciprocal space

So far, we have concentratedsolely on one high-
symmetrydirection.Thequestionarises,whathappensaway
from high-symmetrydirections.In Fig. 7 we showazimuthal
dispersionplots for a variety of parallel momenta.Spectra
have beentaken at RT with 21.2 eV and are displayedin
linear gray scaleplots with high intensity correspondingto
black. Eachazimuthalscanhasbeencarriedout along the
circular trajectories given in the sketch @Fig. 7 ~bottom
right!#. The parallel momentumon top of eachdispersion
plot in Fig. 7 correspondsto theradiusof theazimuthalscan.
Spectrastartin the @GK# directionandcovera rangeof 60°,
i.e., they describeazimuthalcutsthroughthe SBZ including
the @GM # azimuth and, in particular, the two theoretically
predictedFermi-level crossingsof the one-particleTa 5d
bandin the @KMK# direction.7,8 The labelingof the axesin
the bottomleft panelis valid for all plots.

For ukiu51.81 Å 21 and ukiu51.65 Å 21 in the disper-
sion plots ~seeFig. 7!, one observesat the boundaries~to-
wardsthe @GK# azimuths! the elliptic featuresof the neigh-
boring SBZ’s. Therefore,we focus hereafteron the black
featureevolvingaroundthe @GM # azimuthcorrespondingto
the centerof the dispersionplots. In all panelstwo peaksA
and B are clearly identifiable.Their binding energiescorre-
spondreasonablywell with the energiesfor two of the three
CDW satellitescalculatedby Smith et al.12 As emphasized
above,we cannotexcludethat the third CDW peaklies very

FIG. 7. AzimuthalARPESsectionsthroughthe secondandthe
first SBZ of 1T-TaS2 for different parallel momenta,taken with
21.2 eV photonsat 295 K. The radius is given on top of each
sectionpanel,respectively.Thedashedline denotestheFermilevel.
Bottomleft: Energyandmomentumscalevalid for all panels.Peaks
A andB ~seetext! arelabeled.Bottom right: Sketchof the location
wherespectrahavebeentakenwith theparallelmomentaindicated.
closeto EF andis not resolveddueto the broadpeaks.The
evolution of the two clearly observablepeaksA and B is,
however,somewhatpuzzling. In the 1.81-panelpeakA can
alreadybe seen,but ratherweak.On going to smallermo-
mentaboth peaksslightly shift to higher binding energies
and the dispersionbecomesstronger.That is what one ex-
pectswhenmoving along the largehalf-axisof an ellipsoid
towards the center ~Fig. 7, bottom right!. The effective
binding-energyvalueincreasestill the maximumof 0.95eV
is reachedin the centerof the ellipseat ki51.05 Å 21. The
important point is that we do not observea clear distinct
crossingof EF anywhere,analogousto what was demon-
stratedin thepreviouschapter.On approachingthecenterof
the ellipse, the QP dispersionbecomeslarger and larger.
Both peaksshowdispersionandthe energydifferencestays
approximatelyconstant.This behavioris kept on further de-
creasing ukiu. Most importantly, there is a characteristic
changebetweenthe 1.56panelandthe 1.40panel.

One observesfor ukiu51.56 Å 21 that the intensity of
peakA is largerthanthatof peakB at leastaroundthe@GM #
azimuth.At ukiu51.51 Å 21 the intensityflips over to peak
B, and it is this peak which then dispersesand keepsthe
large spectral weight in the ukiu51.45 Å 21 and ukiu
51.40 Å 21 spectra.Notice that peakA is alwaysat least
300 meV away from EF . The locationswhere both peaks
undergoa backdispersingcorrespondto the locationswhere
onewould expecttheFermivectorsaccordingto thetheoret-
ical one-particleellipse.As a summary,thedispersionof two
QP bandsis observed,yet with a small bandwidth.Consid-
erabledispersiontakesplaceonly when the band is inside
the one-particleellipse; outside the ellipse the bandsare
quasilocalized, as expected from the correlated low-
temperaturestatesin the C phase.

In summary,thereareno Fermi-energycrossingsdetect-
able in the QC phaseof 1T-TaS2. We believethat an onset
of the Mott localizationis responsiblefor this, meaningthat
theFermilevel lies in a pseudogapcreatedby tails of thetwo
overlappingHubbardsubbands.For the QC-C phasetransi-
tion, this is an experimentallywell-known fact,14–16 but for
ambienttemperature,this is new.Hubbardbands,then,area
direct proof of electron-electroninteraction.In addition,the
presenceof CDW’s directly proveselectron-phononinterac-
tions. Consequently,the QC phaseof 1T-TaS2 yields a
strong interplay between electron-electronand electron-
phononinteractions.

Finally, we have to consider recent theoretical work
whereit wasshownthat a pseudogapmay ariseintrinsically
in photoemissionfrom Ohmic lossesin poorly conducting
solids.54 For the exampleof La0.67Ca0.33MnO3, it is shown
that thepseudogapat roomtemperaturecanbereconstructed
invoking Ohmic losses at the surface. In the case of
1T-TaS2, the pseudogapbecomesdeeperupon decreasing
the temperatureand increasingthe resistivity, however,be-
causethe QP featuresbecomesharperand not becauseof
increasedenergylossesor broadening.15,16This is in contrast
to whatis anticipatedfrom intrinsic losseswhereoneexpects
a broadeningof spectralfeaturesnearEF . As a consequence
in our casethe pseudogapis indeedof different origin than
the onepredictedby Joynt.54
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B. Localization vs Fermi-surface nesting

So far we haveseenfingerprintsfor electron-electronand
electron-phononinteractions.In 2D systemsFS nestinghas
beenassignedto bea possibledriving forcefor theformation
of CDW’s. Now we addressthe questionof FS nestingwith
respectto the topologyof the FS in 1T-TaS2.

We performedband-structurecalculationsto calculatethe
FS of the undistortedstatefor two different planes.The re-
sults are shownin Fig. 8. Figure 8~a! showsthe calculated
FS in the ALHL8 plane.The correspondingundistortedBZ
is superposed~white hexagons!. White correspondsto points
on theFS.Figure8~b! givesthecalculationfor theGMKM 8
plane,i.e., for a perpendicularmomentumk'5p/a shifted
with respectto the ALHL8 plane~seeFig. 1!. One can see
that in theGMKM 8 planeparallelFSsheetsdo existperpen-
dicular to the MK line, whereasin the ALHL8 plane the
elliptic FS pocket tapersoff more distinctly towardsthe A
points. Taking into accountthat the FS measurement~e.g.,
with 21.2 eV! approximatelyfollows a sphericalfinal state,
we can directly attributethe peakedstructuresfrom the FS
measurement~cf. Fig. 9! to k' effects.This hasalreadybeen
pointedout by Myron et al.,8 but an experimentalproof was
lacking.In otherwords,effectsof theperpendicularmomen-
tum do play a role andtheymayaswell accountfor possible
nestingvectorswith componentsalongki andk' . For com-
parison,we alsoplottedvectorsin Fig. 8, shownasarrowsin
the respectivelower left parts.These‘‘nesting’’ vectorsdis-
play what is expectedfrom the (A133A13) superstructure,
i.e.,a vectorwith magnitudeequalto 1/A13 uGGu androtated

FIG. 8. FLAPW band-structurecalculationof theFermisurface
of 1T-TaS2 usingthe WIEN97 code~Ref. 46!. Shownarethe results
for two different Fermi-surfaceplanes,namely the ALHL8 plane
(k'56p/a) in ~a! andthe GMKM 8 plane(k'50 Å21) in ~b!.
by 13.9° with respectto the MK line. Nestingdoesnot ap-
pearto bevery likely in theALHL8 plane@Fig. 8~a!#. In the
GMKM 8 planeit seemsto be better,but not at all perfect.
From theory,consequently,we haveto considerthat nesting
might occur betweendifferent points of k' . Nonetheless,
nestingdoesnot seemto beperfect,andpossibleeffectswith
respectto k' haveto be considered.

For thesakeof convenience,we give in Fig. 9 a sketchof
anidealizedone-particleTa 5d FSshownasthegray-shaded
ellipse around the M̄ point. The irreducible wedgeof the
(131) SBZ is given by the thick triangle n(GKMK). In
addition, we superposedthe SBZ according to the A13
3A13 superstructure~small hexagons!. At the bottom the
scaleis given for theki axis.To find the trueRFSlocations,
we performedFSM at RT with He Ia with a very high point
density.35 We receiveda set of angle pairs (u,f) and the
correspondinglocations in k spaceare indicatedby small
white ellipses.The part below the GM axis has beenob-
tainedby reflectingthe dataabovewith respectto this axis,
being consistentwith the D3d

3 spacegroup. Points on the
RFS formation inside than 0.7 Å 21 are difficult to obtain
becausein theseregionsthestructuresin theazimuthalscans
becomebroad35 due to contributionsfrom adjacentellipses
from neighboringirreduciblewedges.The arrows1–3 show
possiblenestingvectorsqcdw. Vector 1 correspondsto the
(A133A13) superstructure,whereasvectors2 and3 arear-
bitrarily chosenfrom approximatelyparallel sectionsof the
experimentalRFS.The two black circlesat ki(1) and ki(2)
on theRFSshowtheonsetsof reducedintensitynearEF ~see
Fig. 10!. Theyhavebeenobtainedby plotting theintensityof

FIG. 9. True to scalesketchof the ‘‘FS’’ of 1T-TaS2 in theQC
phaseat room temperature.The trianglen(GKMK) yields the (1
31) SBZ, the small hexagonsthe reconstructedSBZ. The gray
ellipseshowsan idealizedone-particleFS.Thewhite ellipseson the
FS showthe locationsof our ‘‘Fermi vectors.’’ The scaleof the ki
axes is given at the bottom. The nestingvectorsand the points
ki(1,2) areexplainedin the text.
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peakA ~seeFig. 10! asa functionof theparallelmomentum
~not shownhere! and denotethosepoints in k spacewhere
peakA startslosing spectralweight. The spectrain Fig. 10
were measuredat RT with He Ia radiationalong the RFS
contour ~Fig. 9!. The ScARPESspectrashow a two-peak
structurewith binding energiesof 300 meV ~peak A) and
800meV ~peakB) correspondingto two CDW, inducedsat-
ellites. The third peak, expectedto be induced from the
CDW potentialcannotbe seenclearly. As it developsinto
theLHB with decreasingT, we cannotexcludethatit is lying
close to EF hidden by the broad, incoherentbackground.
Moreover, the ScARPESspectraare in perfect agreement
with thedatashownaboveawayfrom high-symmetrydirec-
tions.

The chosennesting vectors ~2 and 3! are arbitrary in
lengthbut havethecorrectdirection,i.e., theyarerotatedby
'13° away from the @KMK# line accordingto the (A13
3A13) superstructure.In addition, vectors connectingFS
sheetsbecomelarger on approachingthe M̄ point. The de-
viation from the exact value for the C phase, i.e.,
1/A13uGGu50.277uGGu, is thendecreasing.For example,the
vector3 hasa valueof '0.21uGGu. This indicatesthat nest-
ing may be imperfect.55 The fact that the vectorsbecome
smallerfarther away from @KMK# can be explainedby k'

effectsasarguedbefore.

FIG. 10. ScannedARPESspectraof 1T-TaS2 at roomtempera-
turewith 21.2eV on the‘‘RFS’’ contour~Ref.23!. Themeaningof
thepeaksA andB is given in the text. Thearrowski(1,2) showthe
onsetswherepeakA losesspectralweight ~seetext!.
In a picturewherenestingplaysa role oneexpectsa loss
of spectralweightdirectly aroundEF . In a mean-field~MF!
approachthegapsizeD is givenby 2D53.52kB TCDW

MF ,33 kB

being the Boltzmann’sconstantand TCDW
MF representingthe

respectivetransition temperature.This yields gaps of 53
meV for a transitiontemperatureof 350K ~IC-QC transition!
and83 meV for 550 K ~‘‘no CDW’’-IC transition!, respec-
tively. However, we see the intensity loss for peak A
'300 meV away from the chemicalpotential.We believe
that this decreaseof spectralweightcomesfrom thefact that
oneenterstheregionwherethequasilocalizedsatellitepeaks
startto follow theoriginal dispersingone-particle-likeTa 5d
band ~cf. Fig. 7!. The spectraat ki(1) and ki(2) coincide
with thosespectraof the azimuthaldispersionplots where
the intensityof peaksA andB in Fig. 7 flips. In otherwords,
thespectraon theRFS~Fig. 10! do morelikely showeffects
of the experimentalband structure,which is totally deter-
minedby the interplaybetweenthe CDW-inducedsatellites
andtheremainingone-particlebandwhich becomeslessand
lessdistinct with decreasingtemperature.

As a final point we emphasizethatwe do not observeany
backfoldingof bandsat all on thecontourof theRFSdueto
the A133A13 superstructure~seeFig. 9!. Backfolding ef-
fectshavenot beenseenaswell in theelectronicbandstruc-
ture below EF being consistentwith all previous ARPES
work. This nonobservationcannotbe generalizedfor all 1T
polytypessince1T-TiSe2 exhibits a (23232) reconstruc-
tion and, in that case,the Se bandsnear normal emission
exhibit a backfoldingdue to the new symmetry.31,56,57 The
lack of signsin thedatarelatedto backfoldingeffectsmaybe
explainedby thesmallsizeof reconstructedBZ’s ~seeFig. 2!
or aswell by small Fouriercomponentsof the CDW poten-
tial asarguedearlier.48

V. SUMMARY AND OUTLOOK

We examinedin detail theelectronicbandstructureof the
RT phaseof 1T-TaS2 by meansof scannedARPES.In par-
ticular, we demonstratedthatno crossingsof theFermi level
are visible, indicating that a correlationpseudogapdue to
electron-electroninteractionof electronsin the Ta 5d de-
rived bandexistsalreadyat RT. Themagnitudeof thegapis
difficult to determinebecauseof the inherentbroadeningof
the spectralfunction at RT.

Moreover,we found that the completeRT bandstructure
is governedby two quasiparticlepeaks,which can be as-
signedto stem from the outerlying shells of the ‘‘Star-of-
David’’ cluster relatedto the formation of CDW’s in this
material.Thosepeaksshow a quasilocalizeddispersionbe-
havior outsidethe one-particleellipsoid andfollow the free-
electron-likedispersioninside the ellipsoid. We do not find
QP weight which canbe attributedto a coherentLHB state;
rather,we find a pseudogappresentat RT anda broadback-
groundpossiblydue to fluctuationsof this inherent‘‘quasi-
particle liquid’’ that constitutesthe remnantFermi surface.
All spectralfeaturesseemto accountfor the pseudogapin
that they show a backdispersingat the normal stateFermi
vectors.

Upon addressingthe particular questionof possibleFS
nesting,we scannedthe remnantFS and found a consider-
able decreaseof spectralweight aroundthe high-symmetry
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line @KMK#. However,this distinct decreaseis obtainedfor
a peaksituated300 meV below EF . Nestingappearsto be
ratherimperfect,becauseof a lack of extendedparalleland
gappedportions on the FS. To further explore the mecha-
nisms at work in 1T-TaS2, ScARPESspectraneed to be
collectedin a narrowtemperaturewindow aroundthe CDW
transitionsat 350and550K. Broadeningdueto theelevated
temperaturesmight, however,hamper,if not renderimpos-
sible, theseattempts.
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