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Using high-resolutionangle-resolvegbhotoemissiorspectroscopyARPES, we examinedthe chage den-
sity wave (CDW) compoundlT-TaS, asa function of the photonenegy (enegy rangefrom 11 up to 33 eV)
for both quasicommensurat€®C) andcommensuratéC) CDW phasesWhile the QC-phasenormalemission
ARPESspectracoincidewith previousresults,normalemissionspectraof the C phaserevealevidencefor a
fine structurein the CDW-induced featuresbetweenl eV binding enegy and the Fermi level. This fine
structuremay be explainedby the subbandmanifold of the Ta 5d band, split off due to the CDW-induced

J13x /13 superstructure.

The layered transition-metal dichalcogenide (TMC)
1T-TaS, received much attention during the past three
decades; becausst is one of the materialswhosestruc-
tural propertiesseemrathersimple,whoseelectronicproper
ties, howevereventoday arenot yet fully understood. The
reasonfor that is basedon the presenceof chage density
waves(CDW'’s), occurringin severalphasesasa function of
temperature.The lattice undegoes a periodic distortion
(PLD) with a \13x /13 symmetry* This superlatticeis in-
commensuratélC) in the temperaturgegionfrom 550K to
350K, quasicommensurat®C) from 350K to 180K upon
cooling (uponwarming thereis a hysteresisand the transi-
tion temperaturds 230 K), and finally commensuratgC)
below 180 K.1® The C phaseis characterizedy a totally
locked-in CDW, which resultsin a rotationby 13.9° of the
superlatticewith respecto the Ta basalplane®

As shownin Fig. 1(a), the particularity of the y13x /13
superlatticeis the fact that 13 Ta atoms form so-called
“David” stars,forming two outerlying shellsof 6 Ta atoms
eachanda centeredL3th Taatom.It is only this starcentered
atom which contributesto conductivity as the outerlying
shellsform bondingorbitals. This model,first introducedby
Fazekasand TosattP (FT), predictsalso a Mott transition’
wherethe starcenteredelectronbecomessusceptibleto lo-
calization,resultingin a pseudogapver mostof the Fermi
surface(FS). On the other hand, FS nesting,as a possible
mechanismdriving the CDW transition, has not beenob-
servedexplicitly in theregionsaroundthe M points®® where
it would be expectedHowever the superstructure-mediated
symmetrychangegivesrise to spectralffine structuresvhose
existencehasbeenpartially provedby angle-resolveghhoto-
electronspectroscopyARPES 2 1° especiallyaroundthe T
point!®™  but also away from high-symmetry
directions®®1#% A tight-binding calculation basedon the
FT modelpredictedthe existenceof CDW-relatedstructures
in ARPES spectra.® including a certainintrinsic fine struc-
ture dueto the removalof the degeneracyThis calculationis
reproducedn Fig. 1(b). To our knowledge only threeCDW-
related features could clearly be identified up to now,
whereasthe inherent fine structure of the CDW-induced
bandscould not be evidencedy ARPESdata.Consequently

the aim of this work is to presenthe predictedfine structure
in the CDW-relatedspectralfeaturesalongthe perpendicular
direction [I’A] and at low temperaturesdeep in the C
phasé.

Experimentswere carriedout at the French-Swisdeam-
line SU3 at SuperACO(LURE, Parig. This undulatorbeam-
line is equippedwith a planegratingmonochromatoandthe
enepgy analysisof the photoelectronsvas performedusinga
HAC 150VSW hemisphericabnalyzeyyielding a combined
enepy resolution(photonsand electron$ of 25 meV in the
photonenepgy regionused(11-33 eV). The angularresolu-
tionwas *=1°.

Puresamplesof 1T-TaS, were preparedoy chemicalva-
por transport® They were cut with a bladeto the desired
shapeandgluedwith silver epoxyontoanAl platelet,which
wasmountedon a Cu samplespade.The sampleorientation
wascontrolledexsitu by x-ray diffraction.After thatsamples
weretransferrednto UHV andcleavedn situ, yielding clean
surfaceswith the known \/13% /13 spotsfrom the QC phase
as checkedby low-enegy electron diffraction (LEED) at
300 K.

Measurementsvere performedat two temperaturesin
the QC phaseat 300K and, usinga He flow cryostat,at 20
K, i.e., far below the QC-C transitionat 180 K. All spectra
arenormalizedto the photonflux andthe Fermilevel of the
experimentwas calibrated,at all photon enegies used,on
freshly evaporatedyold films depositedonto the measured
surface.

In anionic pictureeachof the Taatoms[Fig. 1(a)] carries
one electron.Two setsof six electronseachform thentwo
shells(denoted2 and3 in Fig. 1). They represenmolecular
bondingorbitalsand carry 12 out of the 13 electronsThese
12 electronsform hence6 (2X3) filled electron bands,
which are degeneraten eachshell. The one electronleft
forms a half-filled band. This 13th electronconstitutesthe
starcenterandis susceptibleo localizationgiving riseto the
Mott transitionat 180 K. In part (b) of Fig. 1, we reproduce
a tight-binding calculation performed by Smith etal.,*®
which wasbasedon bandstructurecalculationsof the undis-
torted phase,but now accountingfor both the atomic dis-
placementof the Ta atomsinducedby the CDW formation
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FIG. 1. (@) Schematicview of the Ta basalplane of the J13
x /13 structureaccordingto the FT model (Ref. 6). The dashed
rhombusdenotesthe unit cell of the y13x /13 superlattice.(b)
Tight-bindingcalculationof the bandstructureof thecommensurate
CDW phasein 1T-TaS,. The different sidebandsl, 2, and 3 are
indicated(takenfrom Ref. 13). (c) Bandstructurecalculationusing
the full potential linearized augmented-plane-wavéFLAPW)
method(Ref. 17) in the frameworkof the generalizedyradientap-
proximation(Ref. 18). The Ta 5d bandis shownby the arrow

andthe inherentbackfoldingof electronichandsdueto new
zone boundariesWe focus on the band structureat the I’

point. Onebecomesawarethatthe bandstructureconsistsof

threemain parts,a band manifold nearthe Fermi level and
two bandmanifoldsconsistingof threebandseach.The de-
generacyof the CDW bands? is partly removednearl” and
the calculationpredictsonebandslightly above0.4 eV and2

bandsslightly below0.4 eV. Along high-symmetnydirections
[off the " point; seeFig. 1(b)], the degeneracys removed
andoneobservesix bands asexpectedrom the FT model®

The bandsnear E¢ contributeto the lower Hubbard band
(LHB). It isthis LHB which shiftsawayfrom Eg uponcool-
ing below 180 K, wherebyopeningthe enegy (pseuddgap
asshownby recentdata>®1? We notefinally thatthereis no
calculation available along the [T'A] direction for the
C phaseand, consequentlyrestrict our comparisongo the
I' point.
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FIG. 2. Normal emissionARPES spectraof 1T-TaS, takenat
300K (in the QC phasg along[T"A]. The photonenepgy varies
from 11 eV upto 33 eV. Theticks indicateclearlyvisible sidebands
stemmingfrom the CDW-induced+/13X /13 superstructure.

Part(c) of Fig. 1 reportsa bulk bandstructurecalculation
for the undistortedphase;.e., with no CDW'’s present.The
calculationhas beenperformedusing the full potentiallin-
earized augmented-plane-wavéFLAPW) method’ in the
frameworkof the generalizedyradientapproximation® Fur-
ther detailsmay be found elsewheré:'° Two issuesneedto
be addressedrirst, the Ta 5d bandexhibitsa small electron
pocketaroundI’, for which, however no experimentaproof
hasbeenfound up to now®** Secondandmoreimportantin
this context,is the clear two-dimensional2D) characterof
the Ta 5d band(indicatedby the arrow) asevidentfrom the
nearly dispersionlesbehaviorbetweenA andT, i.e., in the
pependiculadirectionin k spacewherewe carriedout our
measurements.

Figure 2 presentour ARPESdata,takenat normalemis-
sion (alongthe [T"A] direction and300K for a large range
of photonenegiesfrom 11 up to 33 eV. This photonenegy
rangereachedrom theI', pointto the I'; point, thuscover
ing a little morethan one entire Brillouin zone(assuminga
work function of 4.5 eV and an inner potential of 10 eV
accordingto Manzkeet al.*). The spectrashowdistinctfea-
turesasindicatedby the ticks, which are not expectedrom
calculationsof the unreconstructedattice presentedn Fig.
1(c). This resultis in completeagreementvith ARPESdata
already published,which proved already the existenceof
spectralstructuresin the bandstructurebetweenl eV bind-
ing enegy and Eg .8~%® The weaknes®f the features how-
ever showsthat the coherencdength of the CDW domains
cannotbe large in coincidencewith STM data® Therefore
measurementsustbe performedwell below 180K in theC
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FIG. 3. NormalemissiorARPESspectreof 1T-TaS, takenat 20
K (in the C phase along[T"A]. The photonenegy variesfrom 11
eV up to 33 eV. The ticks indicateclearly visible sidebandstem-
ming from the CDW-induced+/13x /13 superstructure.

phaseFinally, we notein, particulay thatthe strongintensity
variationsof the satellitepeaksobservedn Fig. 2 as a func-
tion of the photonenengy are proof of the considerablénflu-
ence of photoemissiommatrix elements.Especiallyaround
20 eV photonenengy, the LHB nearEg hasa clearly visible
intensity maximum. Furthermore the very small dispersion
with hv (approximately50 meV) is of the sameorderasthe
k, dispersionfrom the calculationof Fig. 1(c) for the non-
CDW phaseAt low photonenepgies,a bandnearly outside
our measurementegionbecomesapparentThis bandstems
from the S 3p orbitals andis calculatedto havea slightly
lower binding enegy in LDA thanin our ARPESdata.

Figure 3 displaysARPES spectrataken at normal emis-
sion,but now at 20 K, well belowthefirst-ordertransitionat
180 K. One observesa strong intensity pileup around 200
meV correspondingo the LHB. The intensity especiallyof
this LHB, has a maximum around 21 eV photon enepy;,
which coincideswell with the observationin the QC phase
(seeFig. 2). In addition,an enegy gapis evidentfrom the
shift of the whole spectralintensityawayfrom Eg, yetleav-
ing small but finite spectralweight at Er . The gap magni-
tudeequalsl80meV, takingthe maximumbinding enegy of
the LHB. This is in agreemenwith former values:®*21%
The actual (pseudggap value is, however twice this value,
as given by the enepgy difference betweenthe LHB and
UHB, causedby the Coulomb repulsionUy4 betweenthe
d-bandelectrons.

The finding in this paperis the clear evidenceof more
thanthreesatellitepeaksin the C-phasespectraUp to now,
only the three main bandsas predictedby the standardFT

modelhavebeenfound, althoughManzkeet al.* reporteda

fourth peakaroundl eV in ARPESspectratakenwith 21.2
eV photonsnearl’. We evidencethe existenceof at leastsix

different CDW-induced peaks,which we shall considerin

the following. For spectraat 11, 19, 21, and 23 eV photon
enegy, a bumpat 1 eV binding enegy is evident.Further

more,spectraakenat 13 and19 eV provethe existenceof a

second faint shoulder around 0.8 eV. Much more pro-

nounced, however are the split peaks around 0.45 eV.

Whereaghe 11 eV spectrunrevealsonebroadpeakcentered
at 0.4 eV, this broad peaksplits off into 2 at approximately
0.55and0.38eV. The splitting of thesepeaksstaysevident
for all photonenepgies,wherebythe 25 eV spectrumexhibits
alsoa very distinct splitting.

What concernsthe sideband<2 and 3 (i.e., six bandsin
total), we cansaythatthe coincidenceof our datashownin
Fig. 2 andFig. 3 with the calculationof Smithet al.'® for the
C phasdseeFig. 1(b)] is very good.We observetheremoval
of the degeneraciesf the sidebands2 and evenfind evi-
dencefor aremovalof thedegeneracyf the bands3 (Fig. 3)
along [’'A]. As a consequenceywe can, at a first glance,
assignour observedine structureto the symmetrymodifica-
tions induced by the \13x \/13 superstructurein the C
phaseThis resultyields further evidencefor the correctness
of the Fazekas-@sattimodel.

Surprisingly the LHB with its maximum at 180 meV
showsa slightly asymmetricedgetowardsthe Fermi level;
evena distinct shoulderis observableespeciallyin the spec-
traat13and15, butalsoat31 eV. Fromthis observationpne
might get the impressionthat eventhe LHB consistsof two
differently contributing peaks. However concerning the
strongly correlatednatureof the initial Ta 5d electronsthe
origin of sucha splitting asobservedn our low-temperature
datais not clear The FT model, predictingone electronsit-
ting in the star center cana priori not accountfor that ob-
servation.Possibleexplanationsmay be the following: (i)
Photoemissionwith an averageescapedepth of approxi-
mately10 A shouldin fact probenot only thefirst Ta plane
underthe chalcogernplaneexposedupon cleavageAlso the
secondTa planelying deeperin the sandwichesnay be ac-
cessiblewith thesephotonenegies,asthe distancefrom the
surfaceto the secondTa planeis only about9 A. If this
secondTa planenow exhibits an in-plane CDW with a dif-
ferent rotation with respectto the chalcogenplanes,one
would expectto receivetwo differentsetsof CDW-induced
spectralfeatureswith different symmetries.Then, however
our experimentallyfound six peakscould alsocorrespondo
two setsof three peaksstemmingfrom eachTa plane.We
cannotrule out this possibility. (i) An interestingalternative
might alsobe spin-orbit-splitTa 5d statesput to our knowl-
edge,spin-orbitsplitting hasnot beenobservedup to now in
similar compoundgontainingTa. The natureof the observed
fine structureremainsthus somehowuncertainand theoreti-
cal inputis highly desired Finally we notethatthe observed
bandsshownearly no dispersionexplainedby the localized
characteof the electronsyesidingin the Ta atomclustersin
the commensuratphase’. This emphasizeshe 2D character
of the bandsand the lack of 3D interactionfor the [T'A]
direction perpendicularto the sheets.As a consequence,



more detailedband structureinformation of the C phaseis
essentialand strongly desiredto further considerthe low-
temperaturéandstructureof 1T-TaS,.
Usinghigh-resolutiorangle-resolveghotoemissiorspec-
troscopy we wereableto showthat normalemissionspectra
of the C phasereveal evidencefor a fine structurein the
CDW-inducedfeatureshetweenl eV bindingenegy andthe
Fermi level, being predictedby a tight-binding calculation.
We observeup to six differentpeaks.This fine structuremay
be explainedby the subbandmanifold of the Ta 5d band,
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