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Density-functionalband-structurecalculationsincluding atomic displacementsn the chage-densitywave
phasehavebeenperformedfor the layered1T-TaS,. This quasi-two-dimensionahaterialexhibits a chage-
densitywave extendingin all threedimensionsWe find that the topmostoccupiedTa d bandis localizedin
planebut strongly disperseperpendiculato the layers showingfavorablenestingconditionsin z direction.
The calculationsarecomparedo angle-resolveghhotoemissiorexperimentsandpossibleconsequencesn the

temperaturédbehaviorof the resistivity are discussed.

Transition-metabichalcogenide$TMCD’s) areof strong
interest since a long time becauseof their quasi-two-
dimensional2D) charactemwith uniqueelectronicproperties
and phasetransitionst 1T-TaS, is a prototypefor suchlay-
ered materialswith a rich phasediagramof chage-density
waves (CDW's). The phasetransitionsgive rise to strong
changesn theresistivity [Fig. 1(a)]. It is characterizedy a
small anomalyat the phasetransitionat 350 K from an in-
commensurat€DW phaseat high temperature$o a quasi-
commensurater nearly-commensuratéNC) phaseat room
temperatureUpon further lowering the temperaturea first-
ordertransitiontakesplaceat 180K into the commensurate
(C) CDW phasetogetherwith anincreaseof the resistivity
by an order of magnitude.The CDW formation is wide-
spreadn the TMDC family, whosesimpleform of the Fermi
surfaceis givena high degreeof 2D charactet Surprisingly
in 1T-TaS,, the CDW manifestsitself also along the third
dimension as shown again by a recent x-ray diffraction
study? Therefore,there hasto be interaction betweenthe
layers.Furthermore ptherunusualpropertieshavebeendis-
coveredin 1T-TaS,, notably a pseudogapeéermi surfacé
and the absenceof backfolding of bandsaccordingto the
new Brillouin zones(BZ’s) introducedby the periodiclattice
distortionof the CDW.*~® The absencef backfoldingeffects
is in apparentcontradiction to non-self-consistentight-
binding calculationsfor a simplified structuredescribingthe
CDW phaseperformed by Smith etal.” This calculation
shows that the reconstructionintroduces three sub-band
manifolds sepa¥
ated by gaps.Hence,the influenceof the CDW should be
manifest.

Here,we investigatethe electronicpropertiesof 1T-TaS,
using self-consistentfull potential linearized augmented
planewave(FLAPW) calculationsbasedn the experimental
crystal structureusing detailedrefinementof the atomic po-
sitions by analyzingsatellitesup to high orders? Further
more, we compareour calculationto angle-resolveghoto-
emission(ARPES experiments.

The calculationshowsthat the CDW reconstructionin-
ducesdrasticchangesn the electronicstructureconfirming
the threesub-bandmanifolds.However we find that the re-
construction induces a localization of Ta-induced states

within the planeand a delocalizationout of plane.This be-
havior correspondgo an intriguing signatureindicating a
possiblereasonfor the three-dimensionatharacterof the
CDW acting along the third dimensionin thesequasi-2D
materials.

Bulk calculations have been done using the WIEN
packag® implementing the FLAPW method within the
framework of density-functional theory (DFT). For the
exchange-correlatiopotential the generalizedgradientap-
proximation was used® The ARPES enegy distribution
curves (EDC’s) have been collected at room temperature
(RT) in amodifiedVG ESCALAB Mk Il spectrometeusing
monochromatizede | (hv=21.2eV) photons® The se-
quential motorized sample rotation has been outlined
elsewheré! The enegy andangularresolutionwas 20 meV
and0.5° respectivelyPurelT-TaS, samplesvereprepared
by vaportransport?'3andcleavedin situ at pressuresn the
lower 10~ 1° mbar region. Cleannesshas been checkedby
x-ray-photoelectrorspectroscopyand crystallinity by low-
enepgy electrondiffraction (LEED). Well-definedLEED su-
perspotonfirmedthe presencef the CDW-inducedrecon-
struction. X-ray-photoelectron diffraction was used to
determinethe sampleorientationin situ with an accuracyof
betterthan0.5°.

We first considerthe morphologyof the differentphases.
The C-phasesuperstructurdelow 180K is characterizedby
starshapecclustersof 13 atomsin the Ta planeandis asso-
ciatedwith a high resistivity The RT stateis describedy the
NC phasewith hexagonallyshapeddomainsof ~70 A di-
ametey wherethe structurewithin the domainsis that of the
C phase.lt hasa smallerresistivity with a semiconducting
temperaturadependenceOur calculationsare basedon the
recentstructuredeterminationof the NC phaseby Spijker
manetal.? For the bandstructurecalculationsa lattice peri-
odic structureis required.Therefore,an approximatecom-
mensurate y13x \/13x 3) superstructurevas derivedfrom
the refined structural coordinatesof the incommensurate
structureof the NC phase Fig. 1(b)]. The supercelt* (space
group 147 P3) shownin Fig. 1(b) is built by three sand-
wiches,eachmadeof a Talayersurroundedy two S planes.
Lattice parameters are ap,=by=12.129A and c,
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FIG. 1. In-plane resistanceand structureof 1T-TaS,. (a) As
measuredon our sample.(b) Trigonal unit cell as derived from
x-ray scatteringmeasurementsseeRef. 2). lonic radii have been
usedto plot Ta (black and S (white) atoms.Sandwiches3 and C
result from the IC regions (see Ref. 2). (c) (3X3) Ta plane
at z~0 (sandwichA) with the “Stars of David” containing 13
atoms: 12 neighborsdisplacedin direction of the starcentered,
locked-inatom.

=17.667A. Most significantdisplacementsrein planefor
the Ta atoms,andout of planefor the sulfur atoms,resulting
in a swelling out of S layersaroundTa stars.In Fig. 1(c),
inequivalentTa atomsof the Ta[0001] plane(3 < 3 unit cells
areshown aroundz=0 are plottedwith differentshadings,
thusdisplayingthe clusteringor the “‘starsof David.”*® The
clustersof 13 Ta atomsconsistof a central Ta atom, six
equivalent nearestneighbors (N's) and six next-nearest
neighbors(NN’s) within one plane. The other two sand-
wichesatz=1/3and2/3[Fig. 1(b)], equivalentto eachother
by inversionsymmetry containonly heavily distortedclus-
ters becausenf the commensurat@pproximation.Sincewe
areinterestedn the influenceof the starformation, we ex-
tracted the first (z=0) sandwichfor the calculation. To-

getherwith the symmetryof spacegroup 147 (P@) this re-
sultsin atotal of 39 atomsperunit cell, 13 Ta, and26 S. The

c parameteis 5.889A (onethird of c,=17.667A). In the
absenceof known parametergor the true structurein the C
phasethis unit cell is usedasan input for our calculatiort’
to study the effect of the CDW on the electronicstructure.
The undistortedstructure,i.e., the Cdl,-type structurewith
Taplanesarrangedn a hexagonalattice, wasalsocomputed

for comparisonThis structurehas spacegroup P3m1 with
lattice parametersi,= by=3.365A andc,=5.853A, andit
containsthreecrystallographicallyindependenatomsin the
unit cell (oneTa andtwo S). This calculatiort® is muchless
time consumingthanthe one for the superstructureThe re-
sults are shownin Fig. 2(a). In the band structureof the
unreconstructeglane(opencircles, the well-known Ta de-
rived d band?® strongly dispersesalong"-M-K-T" and A-L.
However it is localized(nondispersingbetweenl"-A, point-
ing to no significantinteractionof the Ta 5d electronsnear
the Fermi enegy (Eg) along the z direction. Below
—0.8 eV, thevalence-bangartis occupiedby the S-derived
p bandshavinga small indirect overlapwith the Ta bands.
Figure 2(b) shows the relation betweenthe hexagonal
bulk andsurfaceBZ'’s. The bandstructureof the superstruc-
ture has beencomputedemploying the samek points, ac-
cording to the correspondencbeetweenthe unreconstructed
and reconstructedBZ's [seeFig. 2(c)]. The result for the
distortedstructure[dotsin Fig. 2(a)] exhibitsa localizedup-
permostbandalongI'-M-K-I" at ~—0.27 eV, with a dra-
matic I"-A dispersion followed by a small modulationfrom
A to L. This bandhasmostly dz* characterJustbelow the
dispersionlessand, six sub-bandghaving Ta d character
appeawith a larger bandwidth.The six sub-bandsre close
to eachother (in enegy) at I' [Fig. 2(a)]. While going to-
wards M, they first spreadout, then close again before
spreadingout again reaching M. The narrowing always
marksthe passageloseto al’ point of thereconstructedZ
[Fig. 2(c)]. The same characteristicbhehavioris observed
alongM-K. The densityof stateg DOS) peratomhighlights
that the enegy range between the Fermi enegy and
—0.27eV is mostly occupied by electrons of the Ta
locked-inatoms[black curve,andblack atomsin Fig. 1(c)].
At higherbinding enegies,the DOS originatesfrom the N’s
andthenfrom the NN’s and alsofrom the locked-in atoms.
The completeenegy rangeis slightly hybridizedwith elec-
tronsfrom the sulfur. Hence the unreconstructeda derived
d bandhassplit into sevenbandsand,in accordancevith the
simpleionic picture® the top 5dZ% bandis occupiedby the
electronof the locked-in Ta atoms.The interactionof the
layersindicatedby the I'-A dispersioncannotbe explained
by directoverlapof Ta orbitalssinceTainterlayerdistances
too large, it hasto be mediatedby the S atomsbulging out.
This mediationis in line with the slight admixtureof S char
acterin the dispersingbandalongI'-A.
Theoreticalevidenceof the sevenTa sub-bandshas not
beenclearly confirmedby any experiment,althoughrecent
high-resolutionARPES measurement$ound six different

peaksatI" in anenegy rangedownto 1 eV belowEg atlow
temperaturé® Figure 3 showsthe ARPESEDC's in the NC

state along the surface direction F-I\W, thus probing the
'ALM plane of the bulk BZ. The experimentaldata has



FIG. 2. Bandstructurecalculationgor k pointsalonghigh symmetrydirectionswithin the unreconstructe®Z. (a) Superpositiorof both,
the unreconstructedopencircles andthe CDW, reconstructeddots casesfollowed by the densityof states(DOS) peratom.(b) Surface
andbulk BZ's. (¢) Reconstructedthin lines)-unreconstructedthick lines) surfaceBZ's correspondencdhereconstructedZ is rotatedby

13.9° with respecto the unreconstructene.

beendivided by the Fermi-Diracdistributionin orderto em-
phasizestatesaroundthe Fermilevel. In fact, ARPESIs a
surfacesensitivetechnique but we hereonly concentratdo
relate our bulk calculationsto the experiment.The simula-
tion (right side was obtainedfrom the DFT calculationof
the undistortedstructuré® No photoemissionmatrix ele-
ments were included; they might explain the absenceof
bandsin the lower right part of the ARPESEDC, while they
appeatin the DFT case We notethatthe width of the calcu-
lated bandis closerto the dispersionalong A-L thanto the
one alongI'-M in Fig. 2(a). This is a consequencef the
choice of parametersisedto approximatethe final state?!
Neverthelessthe experimentakpectralweightis well repro-
duced.Most importantly the influenceof the CDW induced
newBZ’'sis notobserved,® althoughat RT in the NC phase
domainsof ~70 A sizeexistwith a structurecorresponding
to the C phase?®?

However very recently Voit etal.??> have modeledthe
spectralweight distribution of tight-binding electronsin a
solid with competingperiodicpotentialsasin the caseof the
CDW superstructuresThey show that the dispersionof the
eigenvalues(band structure follows the reconstructed
BZ's, but the spectralweight (proportionalto the photoemis-
sion intensity) is concentratedalong the extendedzone

FIG. 3. Experimental(ARPES and simulated (DFT) EDC'’s

alongI'-M of 1T-TaS,. The experimentabatahasbeendivided by
the appropriate Fermi-Dirac distribution in order to emphasize
statesaroundthe Fermi level and then plotted with respectto k.
The simulationdoesnot considerthe CDW-inducedreconstruction.

schemedispersionof the nonreconstructedBZ. Figure 3
strongly suggeststhat the quasi-2D 1T-TaS, follows this
behavior

We now discussthe particulardispersionbehaviorof the
bandstructurein the presenceof the CDW [Fig. 2(a)]. The
topmostoccupiedband(locked-inTa atom alongl-M-K-I"
is strongly localizedin plane and delocalizedout of plane
(I'-A), asa consequencef the starformation. Up to now,
nestingpropertieshavebeensearchedn plane,asthe Fermi
surfacewas supposedo be quasi2D. As a matterof fact,
from x-ray scatteringwe know thatthe NC supercelhasac
componenequalto 3c, or, in otherwords, thatthe modula-
tion wavevectorhasa componenof 1/3in the z directionof
the reciprocalspace.ln Ref. 2, that stackingperiod is ex-
plainedby the S modulationand a correspondingptimized
arrangementin orderto reacha maximumpackingdensity
We addresshere the questionof a z-nestedFermi surface
with electron-phonorcoupling, then possibly relatedto a
Peierlsinstability andthe fact thatour quasi2D-systemhasa
CDW runningalsoalongthe third dimension.Consequently

the z part of the wave vector of the CDW, ﬁCDW, should

correspondo two timesthe FermiwavevectorIZF . Taatoms
at the cornersof the reconstructedinit cell in Fig. 1(b) form
chains.Their z coordinatesn eachsandwichhavebeencom-
paredin Fig. 4(a) to therespectivemultiple of onethird, thus
leadingto a plot of their vertical displacementsvith respect
to anunreconstructedase|n fractionalunits of the unit cell.
It clearly showsthat the modulation of the corner atoms
(black dotg (~0.8% of c) is strongerthanfor the chains
containingthe neighborsThis experimentaperiodicity? cor-

respondgo gcpw- It is interestingnow to placeﬁCDW into
the calculated Fig. 2(a)] bandstructure.The comparisonis
shownin Fig. 4(b). Although qcpw appearsslightly bigger
than2kg , the agreements surprizinglygood.A similar be-
havior is expectedover the complete Fermi surfacesince
alongI'-A, the uppermostdispersiveband showsclearly a
strongdispersiorfrom the middle of the BZ to its border but
the in-plane dispersion[Fig. 2(a) is completely localized
(I'-M-K-T') or very weakly dispersive(A-L)], giving us a
quasilD system.
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FIG. 4. Peierlsdistortionandnestingvector (a) Vertical atomic
displacement$s) of the Ta atomsin eachsandwichof the unit cell
of Fig. 1(b). N’'s andNN's aredivided in up anddown atoms,i.e.,
in sandwichA, slightly above respectivelybelowz=0. Locked-in
atoms (plain circles are strongershifted than the N's (plain tri-
angle$ and NN's (empty triangles. (b) Estimatednestingvector
alongI'-A.

Introductionof the completeunit cell of Fig. 1(b) in the
calculationmight consequentlyppena smallgap,resultingin
the band structureof a semiconductgrin good agreement
with the temperaturédoehavioror the resistivity [Fig. 1(a)] in
the NC phase® Consequentlythe semiconductorliketem-
peraturebehaviorof theresistivity betweerB50K and180K
would be a feature of the interplane electron-phonon
coupling.

A specificfeatureof this systemseemsto be that many
bandsexist closeto the Fermilevel on the unoccupiedside.
And, at RT (ARPESin Fig. 3), alocalizedbandseemso be
occupiedabovethe Fermilevel, i.e., occupiedthermally As
a consequenceahe thermaloccupationof thesebandsprob-
ably playsanimportantrole for theresistivityof the1T-TaS,
andalsofor the numberof chage carriersavailable By low-
ering T less carriersare availableand screeningmight be-
comethereforelessefficient. Then,at somepoint the system
undegoesthe Mott transitiort® allowing to lower evenmore
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