
Published in Physical Review B 69, issue 125105, 1-5, 2003
which should be used for any reference to this work

1

Interplane coupling in the quasi-two-dimensional1T-TaS2
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Density-functionalband-structurecalculationsincluding atomic displacementsin the charge-densitywave
phasehavebeenperformedfor the layered1T-TaS2. This quasi-two-dimensionalmaterialexhibitsa charge-
densitywaveextendingin all threedimensions.We find that the topmostoccupiedTa d bandis localizedin
planebut strongly dispersesperpendicularto the layersshowingfavorablenestingconditionsin z direction.
Thecalculationsarecomparedto angle-resolvedphotoemissionexperimentsandpossibleconsequenceson the
temperaturebehaviorof the resistivity arediscussed.
Transition-metaldichalcogenides~TMCD’s! areof strong
interest since a long time becauseof their quasi-two-
dimensional~2D! characterwith uniqueelectronicproperties
andphasetransitions.1 1T-TaS2 is a prototypefor suchlay-
eredmaterialswith a rich phasediagramof charge-density
waves ~CDW’s!. The phasetransitionsgive rise to strong
changesin the resistivity @Fig. 1~a!#. It is characterizedby a
small anomalyat the phasetransitionat 350 K from an in-
commensurateCDW phaseat high temperaturesto a quasi-
commensurateor nearly-commensurate~NC! phaseat room
temperature.Upon further lowering the temperature,a first-
order transitiontakesplaceat 180 K into the commensurate
~C! CDW phasetogetherwith an increaseof the resistivity
by an order of magnitude.The CDW formation is wide-
spreadin theTMDC family, whosesimpleform of theFermi
surfaceis givena high degreeof 2D character.1 Surprisingly,
in 1T-TaS2, the CDW manifestsitself also along the third
dimension as shown again by a recent x-ray diffraction
study.2 Therefore,there has to be interaction betweenthe
layers.Furthermore,otherunusualpropertieshavebeendis-
coveredin 1T-TaS2, notablya pseudogapedFermi surface3

and the absenceof backfolding of bandsaccordingto the
newBrillouin zones~BZ’s! introducedby theperiodiclattice
distortionof theCDW.4–6 Theabsenceof backfoldingeffects
is in apparent contradiction to non-self-consistenttight-
binding calculationsfor a simplified structuredescribingthe
CDW phaseperformed by Smith et al.7 This calculation
shows that the reconstructionintroduces three sub-band
manifolds separ-
atedby gaps.Hence,the influenceof the CDW shouldbe
manifest.

Here,we investigatethe electronicpropertiesof 1T-TaS2
using self-consistentfull potential linearized augmented
planewave~FLAPW! calculationsbasedon theexperimental
crystalstructureusingdetailedrefinementof the atomicpo-
sitions by analyzingsatellitesup to high orders.2 Further-
more,we compareour calculationto angle-resolvedphoto-
emission~ARPES! experiments.

The calculationshowsthat the CDW reconstructionin-
ducesdrasticchangesin the electronicstructureconfirming
the threesub-bandmanifolds.However, we find that the re-
construction induces a localization of Ta-induced states
within the planeanda delocalizationout of plane.This be-
havior correspondsto an intriguing signatureindicating a
possiblereasonfor the three-dimensionalcharacterof the
CDW acting along the third dimensionin thesequasi-2D
materials.

Bulk calculations have been done using the WIEN

package8 implementing the FLAPW method within the
framework of density-functional theory ~DFT!. For the
exchange-correlationpotential the generalizedgradientap-
proximation was used.9 The ARPES energy distribution
curves ~EDC’s! have been collected at room temperature
~RT! in a modifiedVG ESCALAB Mk II spectrometerusing
monochromatizedHe Ia (hn521.2eV) photons.10 The se-
quential motorized sample rotation has been outlined
elsewhere.11 The energy andangularresolutionwas20 meV
and0.5°, respectively. Pure1T-TaS2 sampleswereprepared
by vaportransport12,13 andcleavedin situ at pressuresin the
lower 10210 mbar region. Cleannesshas beencheckedby
x-ray-photoelectronspectroscopyand crystallinity by low-
energy electrondiffraction ~LEED!. Well-definedLEED su-
perspotsconfirmedthepresenceof theCDW-inducedrecon-
struction. X-ray-photoelectron diffraction was used to
determinethe sampleorientationin situ with an accuracyof
betterthan0.5°.

We first considerthe morphologyof the differentphases.
TheC-phasesuperstructurebelow180K is characterizedby
star-shapedclustersof 13 atomsin theTa planeandis asso-
ciatedwith a high resistivity. TheRT stateis describedby the
NC phase,with hexagonallyshapeddomainsof '70 Å di-
ameter, wherethe structurewithin the domainsis that of the
C phase.It hasa smaller resistivity with a semiconducting
temperaturedependence.Our calculationsare basedon the
recentstructuredeterminationof the NC phaseby Spijker-
manet al.2 For the bandstructurecalculationsa lattice peri-
odic structureis required.Therefore,an approximatecom-
mensurate(A133A1333) superstructurewasderivedfrom
the refined structural coordinatesof the incommensurate
structureof the NC phase@Fig. 1~b!#. The supercell14 ~space
group 147 P3̄) shown in Fig. 1~b! is built by three sand-
wiches,eachmadeof a Ta layersurroundedby two S planes.
Lattice parameters are a05b0512.129Å and c0
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517.667Å . Most significantdisplacementsare in planefor
theTa atoms,andout of planefor thesulfur atoms,resulting
in a swelling out of S layersaroundTa stars.In Fig. 1~c!,
inequivalentTa atomsof theTa @0001# plane(333 unit cells
areshown! aroundz50 areplottedwith differentshadings,
thusdisplayingthe clusteringor the ‘‘starsof David.’’ 15 The
clustersof 13 Ta atomsconsist of a central Ta atom, six
equivalent nearest neighbors (N’s! and six next-nearest
neighbors~NN’s! within one plane. The other two sand-
wichesat z51/3 and2/3 @Fig. 1~b!#, equivalentto eachother
by inversionsymmetry, containonly heavily distortedclus-
ters becauseof the commensurateapproximation.Sincewe
are interestedin the influenceof the star formation,we ex-
tracted the first (z'0) sandwich for the calculation. To-
getherwith the symmetryof spacegroup 147 (P3̄) this re-
sultsin a total of 39 atomsperunit cell, 13Ta, and26 S.The

FIG. 1. In-plane resistanceand structureof 1T-TaS2. ~a! As
measuredon our sample.~b! Trigonal unit cell as derived from
x-ray scatteringmeasurements~seeRef. 2!. Ionic radii havebeen
usedto plot Ta ~black! andS ~white! atoms.SandwichesB andC
result from the IC regions ~see Ref. 2!. ~c! (333) Ta plane
at z'0 ~sandwichA) with the ‘‘Stars of David’’ containing 13
atoms: 12 neighborsdisplacedin direction of the star-centered,
locked-inatom.
c parameteris 5.889Å ~onethird of c0517.667Å). In the
absenceof known parametersfor the true structurein the C
phase,this unit cell is usedasan input for our calculation17

to study the effect of the CDW on the electronicstructure.
The undistortedstructure,i.e., the CdI2-type structurewith
Ta planesarrangedin a hexagonallattice,wasalsocomputed

for comparison.This structurehasspacegroup P3̄m1 with
latticeparametersa05b053.365Å andc055.853Å , andit
containsthreecrystallographicallyindependentatomsin the
unit cell ~oneTa andtwo S!. This calculation18 is muchless
time consumingthanthe onefor the superstructure.The re-
sults are shown in Fig. 2~a!. In the band structureof the
unreconstructedplane~opencircles!, the well-known Ta de-
rived d band19 stronglydispersesalongG-M -K-G andA-L.
However, it is localized~nondispersing! betweenG-A, point-
ing to no significantinteractionof the Ta 5d electronsnear
the Fermi energy (EF) along the z direction. Below
20.8 eV, thevalence-bandpart is occupiedby theS-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 correspondencebetweenthe unreconstructed
and reconstructedBZ’s @seeFig. 2~c!#. The result for the
distortedstructure@dotsin Fig. 2~a!# exhibitsa localizedup-
permostbandalong G-M -K-G at '20.27eV, with a dra-
matic G-A dispersion,followed by a small modulationfrom
A to L. This bandhasmostly dz2 character. Justbelow the
dispersionlessband,six sub-bands~having Ta d character!
appearwith a larger bandwidth.The six sub-bandsareclose
to eachother ~in energy! at G @Fig. 2~a!#. While going to-
wards M, they first spreadout, then close again before
spreadingout again reaching M. The narrowing always
marksthepassagecloseto a G point of thereconstructedBZ
@Fig. 2~c!#. The same characteristicbehavior is observed
alongM -K. Thedensityof states~DOS! peratomhighlights
that the energy range between the Fermi energy and
20.27eV is mostly occupied by electrons of the Ta
locked-inatoms@black curve,andblack atomsin Fig. 1~c!#.
At higherbindingenergies,theDOSoriginatesfrom theN’s
and then from the NN’s andalso from the locked-inatoms.
The completeenergy rangeis slightly hybridizedwith elec-
tronsfrom the sulfur. Hence,the unreconstructedTa derived
d bandhassplit into sevenbandsand,in accordancewith the
simpleionic picture,16 the top 5dz2 bandis occupiedby the
electronof the locked-in Ta atoms.The interactionof the
layersindicatedby the G-A dispersioncannotbe explained
by directoverlapof Ta orbitalssinceTa interlayerdistanceis
too large, it hasto be mediatedby the S atomsbulging out.
This mediationis in line with theslight admixtureof S char-
acterin the dispersingbandalongG-A.

Theoreticalevidenceof the sevenTa sub-bandshasnot
beenclearly confirmedby any experiment,althoughrecent
high-resolutionARPES measurementsfound six different
peaksat Ḡ in anenergy rangedownto 1 eV belowEF at low
temperature.20 Figure3 showstheARPESEDC’s in the NC

state along the surface direction Ḡ-M̄ , thus probing the
GALM plane of the bulk BZ. The experimentaldata has
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FIG. 2. Bandstructurecalculationsfor k pointsalonghigh symmetrydirectionswithin theunreconstructedBZ. ~a! Superpositionof both,
the unreconstructed~opencircles! andthe CDW, reconstructed~dots! cases,followed by the densityof states~DOS! per atom.~b! Surface
andbulk BZ’s. ~c! Reconstructed~thin lines!-unreconstructed~thick lines! surfaceBZ’s correspondence.The reconstructedBZ is rotatedby
13.9° with respectto the unreconstructedone.
beendividedby theFermi-Diracdistributionin orderto em-
phasizestatesaroundthe Fermi level. In fact, ARPESis a
surfacesensitivetechnique,but we hereonly concentrateto
relateour bulk calculationsto the experiment.The simula-
tion ~right side! was obtainedfrom the DFT calculationof
the undistortedstructure.21 No photoemissionmatrix ele-
ments were included; they might explain the absenceof
bandsin the lower right partof theARPESEDC, while they
appearin theDFT case.We notethat thewidth of thecalcu-
latedbandis closerto the dispersionalongA-L than to the
one along G-M in Fig. 2~a!. This is a consequenceof the
choice of parametersusedto approximatethe final state.21

Nevertheless,theexperimentalspectralweight is well repro-
duced.Most importantly, the influenceof the CDW induced
newBZ’s is not observed,4–6 althoughat RT in theNC phase
domainsof '70 Å sizeexist with a structurecorresponding
to the C phase.23,2

However, very recently Voit et al.22 have modeled the
spectralweight distribution of tight-binding electronsin a
solid with competingperiodicpotentialsasin thecaseof the
CDW superstructures.They show that the dispersionof the
eigenvalues~band structure! follows the reconstructed
BZ’s, but thespectralweight ~proportionalto thephotoemis-
sion intensity! is concentratedalong the extendedzone

FIG. 3. Experimental~ARPES! and simulated ~DFT! EDC’s

alongḠ-M̄ of 1T-TaS2. Theexperimentaldatahasbeendividedby
the appropriateFermi-Dirac distribution in order to emphasize
statesaroundthe Fermi level and then plotted with respectto ki .
Thesimulationdoesnot considertheCDW-inducedreconstruction.
schemedispersionof the nonreconstructedBZ. Figure 3
strongly suggeststhat the quasi-2D 1T-TaS2 follows this
behavior.

We now discussthe particulardispersionbehaviorof the
bandstructurein the presenceof the CDW @Fig. 2~a!#. The
topmostoccupiedband~locked-inTa atom! alongG-M -K-G
is strongly localized in plane and delocalizedout of plane
(G-A), as a consequenceof the star formation.Up to now,
nestingpropertieshavebeensearchedin plane,asthe Fermi
surfacewas supposedto be quasi2D. As a matterof fact,
from x-ray scattering,we know that theNC supercellhasa c
componentequalto 3c0 or, in otherwords,that the modula-
tion wavevectorhasa componentof 1/3 in thez directionof
the reciprocalspace.In Ref. 2, that stackingperiod is ex-
plainedby the S modulationanda correspondingoptimized
arrangement,in order to reacha maximumpackingdensity.
We addresshere the questionof a z-nestedFermi surface
with electron-phononcoupling, then possibly related to a
Peierlsinstability andthefact thatour quasi2D-systemhasa
CDW runningalsoalongthe third dimension.Consequently
the z part of the wave vector of the CDW, qW CDW , should
correspondto two timestheFermiwavevectorkWF . Ta atoms
at thecornersof the reconstructedunit cell in Fig. 1~b! form
chains.Their z coordinatesin eachsandwichhavebeencom-
paredin Fig. 4~a! to therespectivemultiple of onethird, thus
leadingto a plot of their vertical displacementswith respect
to anunreconstructedcase,in fractionalunitsof theunit cell.
It clearly shows that the modulation of the corner atoms
~black dots! ('0.8% of c0) is strongerthan for the chains
containingtheneighbors.This experimentalperiodicity2 cor-
respondsto qCDW . It is interestingnow to placeqW CDW into
the calculated@Fig. 2~a!# bandstructure.The comparisonis
shownin Fig. 4~b!. Although qCDW appearsslightly bigger
than2kF , the agreementis surprizinglygood.A similar be-
havior is expectedover the completeFermi surfacesince
along G-A, the uppermostdispersivebandshowsclearly a
strongdispersionfrom themiddleof theBZ to its border, but
the in-plane dispersion@Fig. 2~a! is completely localized
(G-M -K-G) or very weakly dispersive(A-L)] , giving us a
quasi1D system.
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Introductionof the completeunit cell of Fig. 1~b! in the
calculationmight consequentlyopena smallgap,resultingin
the band structureof a semiconductor, in good agreement
with the temperaturebehavioror the resistivity @Fig. 1~a!# in
the NC phase.16 Consequently, the semiconductorliketem-
peraturebehaviorof theresistivitybetween350K and180K
would be a feature of the interplane electron-phonon
coupling.

A specific featureof this systemseemsto be that many
bandsexist closeto the Fermi level on the unoccupiedside.
And, at RT ~ARPESin Fig. 3!, a localizedbandseemsto be
occupiedabovethe Fermi level, i.e., occupiedthermally. As
a consequence,the thermaloccupationof thesebandsprob-
ablyplaysanimportantrole for theresistivityof the1T-TaS2
andalsofor thenumberof chargecarriersavailable.By low-
ering T less carriersare availableand screeningmight be-
comethereforelessefficient.Then,at somepoint thesystem
undergoestheMott transition16 allowing to lower evenmore

FIG. 4. Peierlsdistortionandnestingvector. ~a! Vertical atomic
displacements(d) of theTa atomsin eachsandwichof theunit cell
of Fig. 1~b!. N’s andNN’s aredivided in up anddown atoms,i.e.,
in sandwichA, slightly above,respectively, belowz50. Locked-in
atoms ~plain circles! are strongershifted than the N’s ~plain tri-
angles! and NN’s ~empty triangles!. ~b! Estimatednestingvector
alongG-A.
the energy of the localizedbandof the locked-in Ta atom,
developinginto thelower Hubbardband.Closeto, but below
the transitiontemperaturethe resistivity hasa metallic tem-
peraturebehavior. A possibleexplanationcould be the pres-
enceof midgapstates24 derivedfrom bandsof the kind seen
in Fig. 2~a! alongA-L at EF . Suchstateswould alsoexplain
the finite density of statesin the gap observedby Dardel
et al.,12 thus leavinga pseudogap.

In conclusion, we have performed a DFT band
structurecalculationincludingeffectsof theatomicdisplace-
ments correspondingto the CDW as extractedfrom the
(A133A1333) unit cell deducedfrom x-ray diffraction2 at
RT. The particularspectralweight distribution of two com-
peting potentialsas describedby Voit et al.22 connectsthe
calculatedEDC’s to theexperimentalphotoemissionintensi-
ties. The strong dispersionof the uppermostTa dz2 band
alongG-A hasbeenrelatedto the CDW inducedinterplane
atomicdisplacementsof theTantalumchainsincludingCDW
locked-in atoms.Along thesechains,supportedby the par-
ticular stackingof the sandwichesat RT, the CDW would
definitelyopena gapin all theBZ, thusbeingconsistentwith
the semiconductingbehaviorof the resistivity between350
K and180 K. Furthermore,the paradoxalmetallic tempera-
turebehaviorof the resistivitybelow180K ~belowtheMott
transition! could be a consequenceof remaining midgap
states.Finally, the CDW, commonlydescribedas acting in
the Ta plane,appearsto induceinteractionperpendicularto
thelayersvia hybridizationof Ta andS states,by bulgingout
of S atomsaroundthe starcenters.
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