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We reportroom temperaturengle-resolveghotoemissiorexperimenton 1T-TaS, and1T-TaSe comple-
mentedby density-functionaltheory calculations.Fermi-surfacemappingexperimentsin the chage-density
wave (CDW) phasearesimilar for the two compoundsanddo not showsymmetriesdueto the CDW-induced
new Brillouin zones.However the band structurea few eV below the Fermi level (Eg) displaysa clear
modulationthatwe relate,in both casesto the CDW. At E¢, the spectralweightdistributionreflectsthe band
structureof the normalstate, but no clearquasiparticlecrossingis located.Nearthe zonecenterl”, CDW-split
quasilocalizedTa dZ subbandsare observedin the vicinity of Ex. For 1T-TaS, and 1T-TaSe, they are
thermallypopulatedslightly aboveE andcloseto Er, respectivelyThe observedehaviorcanbe understood
in termsof the CDW reconstructedspectralfunction weightedbandstructure.

I. INTRODUCTION

The pseudogapin high-temperature superconductors
(HTS) is now regardedas a key propertydirectly relatedto
the mechanismbehindsuperconductivityn thesematerials:
wherean electronicinstability drivesthe pseudoga@andthe
remnant Fermi-surface (FS) behavio? Recently a
pseudogapverlarge portionsof the FShasbeenobservedn
angle-resolveghotoemissiofARPES experimentson the
transition-metatlichalcogenidé TMD) 1T-TaS, insteadof a
nestinginducedpartially removedFS in the chage-density
wave(CDW) phase’® This newsurprisingpropertywasques-
tionedto berelatedto instabilitiesinducedby the underlying
Mott localization derived metal-insulatortransition (MIT)
(Ref. 4) at 180 K via fluctuations’® The isostructural
1T-TaSe with its identical CDW at RT appearsto be the
ideal candidatdor furtherenlighteningasit doesnot exhibit
a bulk MIT at lower temperaturesvery recentexperiments,
however showedthat 1T-TaSe exhibitsa surfaceMIT.®

Evenin the HTS, the origin of the pseudogaps still a
topic of debateas to whetheror not this pseudogaps a
precursorof the actualgapin the electronicspectrumin the
superconductingtate below T, .® Klemm® noticesthat the
HTS pseudogapegimeis strikingly similar to the one seen
in TMD’s andin someorganiclayeredsuperconductorand
proposeghat the pseudogapn the HTS arisesfrom CDW'’s
and/or spin-densitywaves and not from superconducting
fluctuations(or preformedpairs.

Despitetheir quite well-understoodstructuralproperties,
studiedby meansof x-ray scattering® thetwo 1 T-polytypes
of the TaS, and TaSe of the layered TMD’s are also of
strong interestin the debateon the mechanismbehind the
occurrenceof the CDW, whose main featureis a starlike
clustering(the so-called‘‘stars of David”) in the Ta plane
[Fig. 1(c)].° The basicstructureis sandwichlike:the hexago-
nal plane of Ta is sandwichedby two hexagonalS, respec-

tively, Se sheetsleadingto a quasi-two-dimensiona(2D)
material. The quasi-2D characterof the Fermi surfacehas
beenusedto explainthe CDW formation? which inducesthe
starlike distortionin the Ta plane.However the x-ray scat-
tering resultsshowa three-dimensionaleconstructiorof the
lattice by the formationof the CDW alsoalongthe ¢ axis.In
apreviouspublication’ we proposethe necessarjnterplane
coupling inbetweentwo sandwichesof 1T-TaS at RT to
occurasa consequencef thein-planeCDW in the Ta layer.
On the other hand, Horiba etal.!* for 1T-TaSe conclude
thatthe Fermisurfacehasthree-dimensionatharactedueto

FIG. 1. Low-enegy electron-difraction patternsfor 1T-TaS
(a) and 1T-TaSe (b). In the Ta-plane,two CDW reconstructions
may occur[inducingnewsuperspotasemphasizedvith a squaren
(b)]; they areshownin (c). Seetext for more details.



a large chage transferbetweenTa 5d and Se 4p orbitals.
Last but not least, the debateon whereto placea possible
nestingvectoronthe FS contoursijs still open.Thestructural
evolution (inducedby the CDW) with temperaturel of the
two materials shows considerabledifferencesreflected in
drastic differencesin the resistivity curves. Undistortedat
high T, 1T-TaS hasa first phasetransitionat 850°C (Ref.
7) yielding anincommensuratéC) CDW phaseBelow 350
K, the so-callednearlycommensuratéNC) phaseconsistsof
commensuratéC) domains(73 A diameterin averagewith
the stars of David) separatecby incommensuratelomain
walls;"*? the abruptresistivity jump at 350K is followed by
a semiconductingliketemperaturebehavior the resistivity
slightly increasesvith decreasingemperatureBelow a MIT
at 180 K the systementersthe C phase,characterizedy a
resistivity with an order of magnitudehigher but, paradoxi-
cally, with metalliclike slope.The 1T-TaSe with its single
phasetransitionat 473 K getsinto the commensurat€DW
phase(with the samesymmetryas1T-TaS,) with a sudden
increasein the resistivity but still with metallic temperature
behavior

In the presenpaper we give a detailedcomparisorof the
Fermi surfacesof 1T-TaS, and 1T-TaSe as measuredby
ARPES.The photoemissiorexperimentsanalysisis comple-
mentedby density-functionaltheory (DFT) band structure
calculationsfor both samples.The article is organizedas
follows. In Sec.ll the experimentaland computationalde-
tails areoutlined. Fermi-surfacemappingandbandmapping
experimentarepresentedn Secslll andlV, respectivelyln
Sec.V the analysisputsforward the role of the thermaloc-
cupationof bandsimplying differencesin transportproper
ties of both materials. Finally, after presentingthe band
structureof the realisticCDW distortedlattice (Sec.VI), the
article endswith a discussiorof the nestingvector(Sec.VIl)
and conclusiongSec. VIl ).

II. EXPERIMENT AND COMPUTATION

ARPES eneqgy distribution curves (EDC’s) and Fermi-
surfacemapping (FSM) measurementhave beencollected
atRT in amodifiedVG ESCALAB Mk Il spectrometeusing
monochromatizeHe la(hr=21.2eV) photons'® The se-
guential motorized sample rotation has been outlined
elsewheré? The enegy andangularresolutionwere20 meV
and +0.5°, respectively Pure 1T-TaS, and 1T-TaSe
samplesverepreparedy vaportransport>®andcleavedin
situ at pressuresn the lower 10~ % mbarregion. The accu-
ratepositionof the Fermilevel (Eg) hasbeendeterminecon
a polycrystallinecoppersample.In somecasesthe ARPES
resultshavebeennormalizedby the Fermi-Diracfunctionin
order to bring to evidencestatesaround the Fermi line.
Cleannessand quality have beencheckedby x-ray photo-
electronspectroscopyndby low-enegy electrondiffraction
(LEED), respectively Well-defined LEED superspotscon-
firmed the presenceof the CDW-induced reconstruction.
X-ray photoelectrondiffraction was usedto determinethe
sampleorientationin situ with an accuracyof better than
0.5°

LEED results are shown in Figs. 1(a) and 1(b). Well-

definedcharacteristichexagonakpotsof the basicstructure
are clearly presentEachof themis surroundedy thoseof
the superstructureFor the 1T-TaSe, however more than
one reconstructionis visible [Fig. 1(b), insef due to two
domains.Wilson etal.® performedelectronmicrographsof
the Se alloy and also found different domains.They pro-
poseddislocationsn asinglesandwichj.e., twin boundaries
formed by a Ta atom row separatinge and 8 superlattice
domains,rotated by, respectively +13.54 with respectto
the undistortedbasicstructure? However they did not show
evidenceof two domainsin 1T-TaS,, neitherthe recentlit-
eraturedoeswhich statesthe sameobservationg:®

Band structure calculations have been done using the
WIEN packageémplementingthe FLAPW methodwithin the
frameworkof DFT.Y’ For the exchange-correlatiopotential
the generalizedyradientapproximationwas used'® We con-
sidered the photoemissionprocessin assuminga free-
electronfinal statewithout introduction of any matrix ele-
mentseffects!®

Ill. FERMI-SURFACE MAPPING

Since both compoundsare isoelectronic(d* in the ionic
picture they are expectedto give similar Fermi-surface
maps.Onehasto keepin mind thatan experimentaFSM is
not necessarilythe actual FS, but a patternreflecting the
anisotropicdistribution of the spectralweight of the elec-
tronsfrom the Fermilevel. Thesepatternsareshownin Figs.
2(a) and2(b), mappedwith respecto the conservedsurface
parallel componentof the wave vector (k). The first Bril-
louin zone (1BZ) hasbeendrawn, aswell asthe crystallo-
graphicdirections. The points of the imagescorresponcto
photoelectronintensities(gray scale,with high intensity in
white) in an enegy window aroundthe Fermilevel takenas
afunction of emissionangle.The outercircle correspondso
grazing emission.The raw datashownin Fig. 2(a) hasits
high intensity in the 1BZ and is threefold and starlike. Its
branchesare more inequally weighted for the sulfide. At
higher polar angles the intensity decreasesbut regains
strengthin the 2BZ (towardsgrazingemission. The features
at high polar anglesare difficult to distinguishas the gray
scalehasa limited dynamicrange.

In orderto enhancehe information closeto the grazing
angles,the intensitieshave been normalizedby the mean
azimuthalvalue. In addition, mirror symmetry around the
I'-M axis hasbeenappliedto recoverthe crystalsymmetry
In our experimentthis mirror symmetryis brokensincethe
unpolarizedight comesin alonga non-high-symmetrglirec-
tion. The consequenstrong, orbital dependenpolarization
effect has beenoutlined, e.g., for copperin Ref. 21. The
influence of polarizedlight on such photoemissiorexperi-
ments has also been discussedin the literature for the
1T-TaS,, but only for normallight incidence?®®

DFT calculationsfor the undistortedstructurein Fig. 2(c)
comparedo the experimentsakenat RT in the CDW phase
in Fig. 2(b) clearly give evidencefor the (1x 1), i.e., unre-
constructedcharacterof the electronic structure. In both
casesthe simulationis a superpositiorof two three-ellipse-
like flowers, one rotatedby 120° with respectto the other
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FIG. 2. Fermi-surfacanappingwith hexagonalinreconstructetiexagonaBZ’s and high-symmetrypointsfor both materials.Raw data
(a) havebeennormalizedby the meanazimuthalvalue (b). DFT simulationsaregivenin (c). The 1T-TaS, simulationhasbeenaddedthe
CDW-inducedreconstructedZ’s; a possiblenestingvectoris shownpointing acrossM.

The fact thatalongI'-M ' the ellipse getsa strongvariation
in going throughthe 1BZ givesa first indicationfor a weak
k, - dependenc the unreconstructeelectronicstructureof
these quasi-2D materials.According to Ref. 20, the two
flowers are subjectto differentselectionrulesin the photo-
emissionprocess.The I'-M direction is preferredat Eg.

Along I'-M’, only the beginningof the ellipsesis visible.

IV. ENERGY DISTRIBUTION CURVES

FSM is ideally complementedby EDC’s to figure out the
role of the underlying band dispersion.The comparisonof
the experimentwith the calculationfor the undistortedstruc-
ture, up to a binding enegy of 2 €V, is the themeof Fig. 3
We focus on the I'-M direction. As outlined alreadyin an
early calculation?® one recognizeshe Ta 5d band.In both,
disulfide and diselenide,the band forms a small holelike
pocketcloseto I' followed by a large electronlike pocket
aroundM. For1T-TaS, thereis practicallyno hybridization
with the S 3p. However for 1T-TaSe atI" andM, the Se
4p orbitalsgetvery closeto the Ta band.Here,introduction

of spin-orbit coupling in the calculation (not shown here
evenyields crossingbands.This DFT descriptionillustrates
thatthe Ta5d andSe4p wavefunctionsoverlapandhybrid-
ize, while in the disulfide the Ta 5d bandis isolatedand
solely drives the electrical properties. And this
hybridizatiort' might play a crucialrole in understandinghe
differencesn transportpropertiesof thesetwo materials,as
outlinedin Secs.V andVIIl. Onthe ARPESEDC's (Fig. 3)
the readerimmediatelyseesthat the photoemissiorintensi-
ties, despitethe superstructuras detectedby x-ray diffrac-
tion and LEED, still keep the band dispersion of the
(1X1) undistortedcrystal.

We now begin to analyzein detail the spectralweight
around the Fermi enegy using the symmetrization
proceduré??*first alongthe high-symmetnydirectionsl"-M

andI'-K, thenon azimuthalEDC’s measuredt polarangles
of 20° and32° (seefurtheron FSM of Fig. 5 for locationin

surfacereciprocalspace. The goal is to determinewhether
thereis a pseudogapr a band(quasiparticlg crossingat the
Fermi enegy. The symmetrizationmethod is a common
practicein the cupratego infer whetherthe spectralfunction
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FIG. 3. ARPESandDFT enegy distributioncurves.Seetext for
details.

peak crossesthe chemical potential®®?* The idea of this
symmetrizationaroundEg (or w=0) is to removethe per
turbative effect of the Fermi-Dirac distribution cuttoff with
the intrinsic temperaturelependencef the spectralfunction
A(ke ,w,T) andit is showrf* to be efficientevenfor weakly
dispersivebandsat E- . The photoemissiorintensitiesof a
spectrumare symmetrizedwith respectto Ex (w=0) and

summedIn practice k¢ is thenidentifiedasthe boundaryin
momentumspacebetweenwhere symmetrizeddata have a
dip (local minimum) and where they exhibit a peak (local
maximum at w=0.2* It is relatedto the fact that, when
approachingeg, the quasiparticlepeakprogressivelybrings
spectralweight closerto it. As soonasit is not any more
occupied(crossinghasoccurred, a dip is seenin the sym-
metrizeddata.

The measurementshownabove,(Fig. 3), doneon alarge
polar anglerange(50°), show enhancedspectralweight at
Er closeto I'. The EDC’s of Fig. 4 wereall donealonga
high-symmetrydirection crossingl’ (eitherI’-M or I'-K).
The spectrawere taken every degreeup to 1 €V binding
enepgy. The spectrumplottedin bold hasbeenmeasuredat
the normal(I"). Adjacentto the EDC’s arethe symmetrized
curves.Along I'-M [Fig. 4(a)], the symmetrizationfor the
disulfide leadsto a peak,which gradually grows from 10°
approachingthe normal. Along the other direction [Fig.
4(b)], the schemeis the same,but startingfrom ~16°. We
notice that no clear dip follows the peak, as it would be
expectedn orderto be identifiedasa clearly crossingband.
For the considereddirections, the diselenideseemsto be
more pseudogappedsjudgedfrom the symmetrizatiorpeak

T

FIG. 4. On theleft, spectraalongtwo high symmetrydirections,

r-m (a) and r-K (b) acrossthe normalemission(bold spectrun.
Symmetrizeddataare shownon the right. Seetext.

in Fig. 4(a). Along I'-K in Fig. 4(b) the situationis similar
andit is difficult to infer any crossingat the Fermi level.
Neverthelessymmetrizationpeaksexist, confinedin a cir-
cular region of about 20° centeredat the normal. In the
abovediscussionsthe quasiparticlecrossingwas thoughtto
occurstartingfrom the occupiedpart of the bandstructure It
may be reasonabldo envisagebandsapproachingeg from
the unoccupiedstatesthen only dispersinga few meV into
the occupiedpart.

TheEDC’s displayedn Fig. 4 rangeupto ~0.67 A~ for
the1T-TaS, and0.65A 1 for 1T-TaSe in Fig. 3(a). In this
range,the calculationproposesa regularcrossingof the Ta



5d band,in contrastto the experiment.In Fig. 4, we put
small bars on the peaksof the dispersingband. For the S
alloy, the dispersionis asexpectedexceptthatthe bandsur
prizingly folds backto higher binding enegy after having

approachedhe Fermi level. Along the I'-K direction the
dispersionis clearly oscillating. This modulation is even
strongerfor the diselenidelt indicatesthat the dispersionof
the apparentlyunreconstructedandstructurecontainsoscil-
lating featuresdueto the CDW.

We measuredfurther EDC’s but scanning azimuthal
anglesin orderto probethe spectralweightat E¢ off normal
but also away from the high-symmetry directions. Both
samplesclearly exhibit the samepseudogapThe 1T-TaSe
measurementsn Fig. 5 (1T-TaS measurementgre not
shown) do not give evidencefor spectralweightcomparable
to the one mentionedat low polar angles(Fig. 4). Half a
FSM—normalizedby the meanazimuthalvalue—isshown
as an orientation guide. The first EDC’s [Fig. 5(a)] were
takenat polarangleof 20° aspointedout by the white arrow
onthe FSM. Theblackarrowindicatesthe orderin which the
spectrahavebeencollected.The symmetrizedesultsdo not
have a peakat =0, but the spectralweight is not zero.
Thereforewe havea pseudogaprhe situationis very similar
for the polar angleof 32° [Fig. 5(b)].

We simulatedthe EDC’s of Fig. 5(a) with DFT [Fig. 5(c)]
betweentheI'-M to theI'-M' directions.Thereis oneband
which is electronlike aroundthe high-symmetrydirections

I'-M andI'’-M’. Thesepocketsarerecognizablen Fig. 5(a),
but here two subbandsdisperse.Thesetwo flat subbands
havealsobeenmeasuredy Horibaet al.?® alongtheT" ALM
planeand are explainedas a consequencef the CDW for-
mationaccordingto the calculationof Smithet al.?® Theyare
alsopresentat 32° [Fig. 5(b)] the first subbandcloserto E¢
seemgo havedecreasedhtensitywith respecto the second
one.The conclusionsfor 1T-TaS, are similar, with the dif-
ferencethat the two subbandsare less markedor havethe
trend to form a single broad peak. But theseless marked
featuresare meaningfultaking into accountthatthe disulfide
at RT is composedby C domainsamongIC domainwalls
(wherethe CDW phasés changing. Thenthe CDW features
in the band structurehave to be less pronouncedand dis-
turbed by the changingphasein the domainwalls’ of the
incommensurations.

The calculation for the undistortedstructurein Fig. 3
showsa clear crossingcloseto I'. But the experimentdoes
not. We cannot,in conclusion,claim to observea quasipar
ticle crossingthe Fermi level despitethe presenceof the
symmetrizatiorpeakcloseto the centralregion. The symme-
trization peakshowsangulardependencegandthe pseudogap
seemdo grow with larger polar angle.

V. THERMAL OCCUPATION AND TRANSPORT
PROPERTIES

Before coming to an interpretationand a deeperunder
standingof the different subbandsand the pseudogapvia
band structurecalculationsin Sec.VI, we proceedwith a
further analysisof statescloseto Eg . For analyzingintensi-
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FIG. 5. Spectratakenalongazimuthalangleson 1T-TaSe for
two polar angles,respectively 20° (a) and 32° (b). Their corre-
spondinglocationin surfacereciprocalspaceis given with the ar
rows on the FSM. Both weresymmetrizedb) and(e); we notehere
that, althoughno peak appearsat =0, spectralweight is still
presentlt doesnot fall to zero.(c) Showssimulationfor scanning
at 20°.

tiesin thevicinity of Eg, i.e., for stateswhich arethermally
excited,the spectraare divided by the Fermi-Diracfunction
(FD). In Fig. 6(a), the normal emissionspectrumis shown.
The spectraare cut at about 140 meV (5kgT) abovethe
chemicalpotential. The resultingFD normalizedspectrumis
representedby small crossesin (b), the dispersionof peaks
hasbeenoutlinedby circles,which havebeenpositionedby
handon the maximaof the spectralintensities.Both TMD’s
show a very flat dispersioncloseto zero binding enegy in
the polar anglerangenearI'’. For 1T-TaS, the stateslie
slightly abovethe Fermi edge,whereasfor 1T-TaSe, they
arestraddlingEg . This may be of importancefor the trans-
port propertiesthe disulfideneedgshermalactivation like in
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FIG. 6. Analysisof thermallyexcitedstatesaroundEg . Normal
emissionspectraare given in (a). The experimentalspectrumis
divided with the appropriateFermi-Dirac function to reveal the
thermally excitedbands(crossedine). In (b), one seesthe disper
sionoverthewholescanningange Circularmarkersemphasizéhe
splitting of the Ta band.

a semiconductorThe Se alloy has similar thermal occupa-
tion, but still with a bandat Er . Both samples pbecauseof
the CDW formation,haveanincreasen resistivity however
with intriguing differentslopesasa function of T at RT. The
abovephotoemissiortonsiderationgsre hereconsistentwvith
the semiconductinglikeslope (negative of the 1T-TaS, and
the metalliclike one (positive of the 1T-TaSe.

Figure 6(b) alsoshowsthe Ta 5d bandon its full enegy
range.We placedon eachlocal maximaof the spectrathe
circular markers.Both materialsreveal,oncemore,a modu-
lated dispersionwith strongerintensitiesaccordingto the
(1X1) BZ. The Ta bandappearslearly split, and the sub-
bandstend to oscillate. This observationof fine modulated
structureds moreevidenton the 1T-TaSe. We seethe first
subband(at low binding enegies on the complete polar
anglerange,the secondoneis moreflat.

VI. REALISTIC RECONSTRUCTED BAND STRUCTURE
OF 1T-TaS,

A deepemunderstandingf the subbandsnay be obtained
via a DFT calculation(asillustratedin Fig. 7), now comput-
ing not only the basichexagonaktructurebut by considering
the atomic displacementf the atomsas induced by the
CDW in the 1T-TaS, and measuredby meansof x-ray
scattering. For the band structurecalculation,an approxi-
mate commensuraté ;13X 13X 3) superstructuravas de-
rived from the refined structuralcoordinatesof the incom-

mensuratestructureof the NC phasg noticethat X 3 in this
(y13%x 13X 3) superstructureneansthat the unit cell con-
tains 3 TaS, sandwichef The bottom of this trigonal dis-
torted unit cell containsthe centerof the “‘starsof David” as
shownon Fig. 1(c). A detailedexplanationis given in Ref.
10. For the DFT computation,only the first sandwich[as
shownin Fig. 1(c)] aroundz=0 was taken. The result is
shownby dottedlinesin Fig. 7(a) andis commentedn detalil
in Ref. 10. Thereconstructedandstructureis plottedversus
a path in the unreconstructedhexagonalreciprocal space.
The correspondencbetweensurfaceandbulk BZ's is illus-
tratedin Fig. 7(b). In Fig. 7(e) both surfacereconstructed
(13.9° rotated hexagonallattice, with positive rotation as
observedon the LEED pattern and unreconstructedlarge
hexagon BZ's havebeendrawnwith lines.A bandcharacter
analysisindicatesthat the first sevensubbandsbelow the
Fermienepy [Fig. 7(a)] aredueto the Taatoms.Thusthe Ta
5d bandis split by the CDW formation.We hereemphasize
the presenceof the uppermostflat subbandin the central
planeof the 1BZ andits dispersionin zalongI'-A. It moves
off from the underlyingsubbandsand oscillatesaroundEg
atthe borderof the BZ (alongA—L). This bandhasmostly
dZ® character

Figure 7(c) showsthe simulatedEDC asissuedfrom the
reconstructedunit cell. A free-electronphotoemissiorfinal
state,as plottedin Fig. 7(d), is assumedo determinethe k
pointswithin the BZ. We canidentify the six subbandsand
the uppermostseventhsubbandstraddlingEg only coming
downfrom E after1.5A1. Itisacutin thereconstructed
(r) reciprocalspaceThefree-electrorfinal stateis shownup
to 60°, the polar anglerangewe took for the simulationof
the EDC [Fig. 7(d)]. (A thick line waschosenfor the Fermi
enegy anda thin onefor a binding enegy of 2 eV.) At the
normal,the measured pointsarecloserto A thanto I', but
reachthe centerof theBZ at60°. This zdispersiorfrom A to
I' canbe relatedto Fig. 7(a), in particular whenlooking at
the uppermostsubbandlt is the samedispersionas on the
EDC[Fig. 7(c)]. Furthermoreaccordingto the experimental
bandwidthon the EDC (Fig. 3) (up to 1.3 eV), we havethe
confirmation that our photoemissionexperimentson the
1T-TaS probe the BZ off centerplane. This would also
practically not be affected by a slight changeof our esti-
matedinner potential (13 eV). It would just inducea small
shift of the final state ,which still would staycloserto A than
to I'. And the samecanbe statedfor the 1T-TaSe, sincethe
c-axislattice constanis very similar. On the calculatedEDC
[Fig. 7(c)], the points at E¢ are exactly thoseplotted along
I'-M on the reconstructecsimulatedFSM of Fig. 7(e). Just
afterI" [goingalongI'-M in Fig. 7(c)], the Fermiline of the
EDC is twice crossedby the flat subband.The crossingof
this subbandat E¢ forms the “flowers” pavedFSM in Fig.
7(e). The “flowers” clearly follow the grid of the recon-
structed higher BZ's, and [in Fig. 7(e)] we guessalso the
crossingof the seventhflat subbandmoving down when
looking alongI"-M in the unreconstructe@BZ. As a matter
of fact, this crossingis seenas a white circle closeto the
borderof Fig. 7(e).

Experimentally we observed subbandsand confirmed
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theoreticallythe formationof subband$®y the CDW. Despite
the presencef flat subbandsll overthe BZ, the photoemis-
sion intensitiesare ratherdistributedaccordingto the unre-
constructedbandstructure(Figs. 2 and 3). For the 1T-TaS,
theinfluenceof the CDW inducednew BZ'’s is not observed
in the literature?’~® althoughat RT in the NC phasedo-
mainsof ~70 A sizeexistwith a structurecorrespondindo
the C phase’:'? We here statethe samefor the 1T-TaSe.
Clearly, the calculationsusingthe reconstructedtructuredo
not reproducethe observedexperimentalintensity distribu-
tionsdisplayedn Figs.2(b) and3. Certainly the calculations
using the unreconstructedstructure[Figs. 2(c) and 3] fit
much better In orderto understandhis we needan impor
tant otheringredient.

Recently Voit etal.* have modeledthe spectralweight
distributionof tight-bindingelectronsn a solid with compet-
ing periodic potentialsas in the caseof CDW superstruc-
tures.Theyshowthatthe dispersiorof the eigenvaluegband
structure follows the reconstructedBZ'’s, but the spectral
weight (proportionalto the photoemissiorintensity) is con-
centratedalong the extendedzone schemedispersionof the
nonreconstructedBZz, i.e., it follows the unreconstructed
bandstructure.In Fig. 7(a), we plotted empty circles along
the (1X 1) dispersionof the disulfide. Accordingly, the ex-
perimentalintensitiesare supposedo populatethe underly-
ing subbandgollowing the unreconstructebandsandthatis
whatwe observedn the EDC's of Figs.2-6.

Therefore,we are now able to obtain a detailedunder
standingof our measurementandof the electronicstructure
of thesecompoundsThe CDW inducesa profoundrecon-
structionof the bandstructure.For a simple understanding,
the formation of starsof 13 Ta atoms[Fig. 1(c)] (with one
electroneach,in an ionic picture leadsto sevensubbands
with two electronsper bandexceptfor the top onewhich is
only half filled. The calculationof Fig. 7(a) wherewe seethe

1.0 0.0, -1.0
kx [A1]

sevensubbandsalongI’'MKTI" between0.2and1.0 eV bind-
ing enegy confirmsthis view. The top-mostseventhband
(which is dueto the star centerTa atom) crossesEg along
I'-A confirmingthe partial occupation Furthermoreconsid-
ering the starof 13 Ta atomsbeing composedf the central
atomsurroundedy afirst shellof 6, almostequivalentnear
est neighborsand a secondshell of six, almostequivalent,
next nearestneighborswe may group the subbandsn three
manifolds. Nearestand next nearestneighborsare repre-
sentecby a manifold containingthreesubbandgachandthe
third manifold only containsthe top-mostsubbandiueto the
starcenteratom.Thesethreemanifoldsareclearly separated
alongA—L asseenin Fig. 7(a) and alsoin the simulation
[Fig. 7(c)]. The top-mostmanifold or subbands straddling
EF .

Going backto Fig. 6(b) we canidentify the three mani-
folds with their intensity given by the spectralfunction fol-
lowing, accordingto Voit et al.,* the nonreconstructetiand
structure (see Fig. 3). In principle, the subbandat E¢ is
presentall overthe BZ. Its observatiornin ARPES, however
dependon its positionwith respectto Ex (aboveor below
while straddlingE , seeFigs.7(a) and7(c) andon the spec-
tral function which favors the unreconstructedand struc-
ture.

In fact, the oscillatingbehaviorof the top-mostsubbands
displayedn Fig. 7(e) for thecompleteBZ. As a consequence
we may explainour FSM experimentgFig. 2(b)] in termsof
the (1X 1)-unreconstructe&S[Fig. 2(c)] weightedwith the
oscillating behavior of the top-mostsubband.Furthermore
this top-most subband has predominantly dz? character
which explainsthe strongintensity drop via matrix elements
for higheremissionangles This intensitydrop (andtherefore
the matrix elementeffect) has beenremovedwhen going
from Fig. 2(a) to Fig. 2(b), flatteningthe intensity plot.



The aboveis in accordancewith our observationsof a
pseudogapAs mentionedabove, the top-most subbandis
preseniall overthe BZ. EvenalongI’ MKI" emptystatesare
very closeto Eg, everywhereFor this reasonwe arealways
finding spectralweightat Er , whetherit is originatingfrom
thermal occupation via the Fermi-Dirac distribution or
whether statesare truly below Er. However since these
statesare merely straddlingEg, we cannotobservea true
crossing of a quasiparticlepeak and hence experiencea
pseudogapbehavior displaying an intensity distribution of
the spectralweight accordingto the spectralfunction with
(1X1) symmetry

We completethe room-temperatureonsiderationsn this
sectionwith a brief speculationconcerningthe surfaceMIT
recentlyfound in 1T-TaSe at low temperatureby Perfetti
etal.’> The new CDW-inducedBZ’s have lead to flattened
backfoldedbands,i.e., the CDW modulatedelectronicden-
sity hasreducedhe bandwidthW. This certainlyreduceghe
(W/U) parametefU, the onsiteCoulombenegy), which is
crucial for understandinghe activationof a Mott MIT.® In
1T-TaS, at room temperaturethe thermal occupationwas
proposedo actasin a semiconductqmwhichis confirmedby
the semiconductinglikeslope of the resistivity As a conse-
guencethereis atemperaturavherethe thermalexcitationis
not sufficientanymoreto createenoughchagge carriers.Pos-
sibly, it correspondgo the beginningof the Mott MIT. At
this temperaturescreenings loweredagain (it was already
decreaseavith the introductionof CDW inducednew BZ's
and correspondingbackfolding of bands and delivers the
necessaryavorableconditionsfor the Mott transitionto de-
velop for both bulk and surface.

On the other hand,for metallic 1T-TaSe, the interplay
U-W is differently balancedueto the strongeroverlapof Ta
5d and Se 4p derived bands.This hybridization tendsto
increaseW, establishingunfavorableconditionsfor a phase
transition.However a reducedcoordinationnumberasit is
the caseat the surface,could be decisiveto reduceW spe-
cifically at the surface.This is proposedby Perfetti etal.®
reportingsucha surfaceMIT in the Se compoundby com-
paring ARPES and dynamicalmean-fieldtheory calculation
of the spectralfunction of a half-filled Hubbardmodel. Be-
low this transition, however there is still spectralweight
remainingat Er with a possiblecontributionfrom the under
lying bulk states.Two mechanismsvould then explain the
behavior one as a consequenceof the other At room-
temperatureelectron-phononcoupling is at work and the
CDW modulatedstatesareresponsibldor the RT pseudogap
formation(seeabovg. On top of the CDW-induced reduced
carrier density as the temperatureis lowered, electron-
electroncorrelationsetsin at the surfaceand leadsto the
transition®

VII. THE NESTING VECTOR

The distribution of the spectralweight follows the unre-
constructedbanddispersion.On the searchfor the origin of
the CDW we arelooking at the unreconstructe@S contours
to find possbleportionsthat are removedbecauseof favor-
able nesting conditions. The unreconstructedrermi-surface

contourshavean elliptic shapewith ratherflat sectionsclose
to the M point (Fig. 2). This offersthe possibility to connect
theseflat partsof the contourson both sidesof the M point
accordingto a quasi-one-dimensionahodel with long par

allel sectionsof the FS undegoing a Peierlstransition.The

length and direction of a possiblenestingvector ﬁCDW ap-

pearsfavorable (seesmall white arrow in Fig. 2(c)). How-

ever the idea behindthe Peierlstransitionin a quasi-one-
dimensionakystemis to bring the BZ boundaryto lie on top

of the flat partsof the FS contour This is not happeningn

our case.We do not have a quasi-one-dimensionaystem
but it is quasi-2Dwith threefold symmetry Therefore,the

systemhasto adopta differentstrategy By choosinga rela-

tively long wavelengthfor the lattice distortionthenewBZ'’s

becomerelatively small, thusintroducinga large numberof

new zonescutting the FS contoursmany times. Yet, this

might not be enoughto accountfor the elasticenegy needed
to distort the lattice. But thereis another(favorablg conse-
quenceof enlaging the unit cell, namely the splitting of

bandsdue to inequivalentpositionsof identical atoms,i.e.,

the splitting of the single Ta 5d bandinto sevensubbandsln

our casethe systemmanagedo lower six of the sevensub-
bands(i.e., almostall) completelybelow Eg, certainly re-

sultingin a major enegy gain.

VIIl. CONCLUSIONS

We have shown that in addition to 1T-TaS, also
1T-TaSe is pseudogappedlhe CDW which hasidentical
symmetryfor the two compoundss foundto beresponsible.
A detailedanalysisof the bandstructureof both materials as
observedby photoemissiorwith He |« radiation, reveals
CDW split featureswhich areconfirmedby realisticab initio
DFT calculations,whoseunit cell accountsfor the atomic
displacementgiue to the CDW formation. As a matter of
fact, the CDW induced lattice distortion splits the Ta 5d
bandinto subbandslt appearghatonly oneof the subbands
is closeto E¢, the othersbeinglocatedbelow herewithsta-
bilizing the CDW structure. The subbandclose to E is
straddlingthe Fermilevel andis responsibldor the observed
pseudogagpehaviorsinceit doesnot exhibit a clear quasi-
particlecrossingin the ARPESspectrabutis creatingpersis-
tentspectralweightat E¢ . In addition,the spectralffunction
is modulatingthe ARPES intensitiesaccordingto the unre-
constructecbandstructure explainingthe apparentabsence
of spectralfeaturesdueto thenewBZ's in FSM’s andband-
mappingexperimentsAs a consequencehis indicatesthat
the pseudogaps not relatedto possiblefluctuationsof the
underlyingMIT aspresumedoreviously
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