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The quasi-two-dimensional transition-metal dichalcogenide compoundtaX,(X=S,Se,Te) at low tem-
perature form charge-density wavgsDW), manifested in periodic lattice distortions. In order to investigate
the effect of the CDW on the Fermi surfa@€eS) of these compounds, the FS cross sections in various planes
are calculated and the nesting vectors are determined. The CDW is treated agjsiogienensurate frozen
phonons of wave vectors around the candidate FS nesting vectors. The lattice distortions caused by the CDW
are then reproduced using the total energy and force calculations performed within these supercells using the
full potential linearized augumented plane-wave method. It was found that these compounds are unstable
towards the CDW state. Our FS calculations for the CDW distorted state confirm the presence of gaping in the
FS indicating that electron-phonon coupling plays an important role in the stabilization of the CDW in the
compounds under investigation.
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[. INTRODUCTION amenable to surface-sensitive techniques such as scanning
tunneling microscopyRefs. 19—21and angle-resolved pho-
During the past three decades there has been a lot of ileemission spectroscopARPES experiment$12 Insights
terest in the structural, optical, electromagnetic, and supegained from these recent experiments have stimulated re-
conducting properties of transition-metal dichalcogenidenewed interest in these compounds.
(TMDC) layered compounds. These compounds have a for- Several semiempirical band structure and ligand field
mula TX,, whereT is the transition metal of groups IVB, models have been proposed to describe the electronic states
VB, or VIB of the periodic table anX is one of the chalco- of these compounds. Wilson and Ydffehave discussed a
gens(S, Se, or Tg Structurally these compounds can be schematic energy band model for several groupsT %%
regarded as two-dimension&D) X-T-X layers or sand- compounds. Later Bromley, Murray, and Yoftepplied the
wiches with strong and primarily covalent intralayer bond-tight-binding method to calculate the band structure. Mat-
ing, while the interlayer bonding is weak and of van dertheiss used the augmented plane-wgA@W) method to de-
Waals type. The 2D nature of bonding is responsible for @ermine the energy bands ofTiTaS, and other similar
number of unusual physical properties. For example, electricompound$? while Myron and Freeman used the Korringa-
cal and thermal conductivity are found to be significantly Kohn-Rostoker method to calculate the band structure and
lower alongc axis compared to the basal plane. the Fermi surfacéFS).2> More recently, Verneet al. have
The materials we are concerned with here arX,;{X  used a tight-binding linear muffin-tin orbitalTB-LMTO)
=S5,Se,Te) in the so-calledTlstructure. These materials method to calculate the band structure and FS of JéRef.
have stimulated ongoing experimental work because of thei26) with C2/m structure, and Sharmet al. have used the
unique physical properties different from groups IVB andlinear muffin-tin orbital method within atomic sphere ap-
VIB TMDC. Several experiments such as x-ray analysfs, proximation (LMTO-ASA) to calculate the band structure
thermal-conductivity measuremenits, photoemission and optical properties of these compouftls.
spectroscop§; *? high-resolution angle scanned  Numerous studies of the electronic properties have been
photoemissiot® and Massbauelft effect have been per- carried out, due in particular to the charge-density wave
formed to shed light on the puzzling behavior of these com{CDW) phenomena that is encountered in these compounds.
pounds. As the results of weak van der Waals interlayeVilson et al. were the first to observe the CDW in
forces, these compounds can be intercalated with foreign afT-TaS,.?% The undistorted phase forTiTaS, exists for a
oms and molecules leading to significant and dramatiovery small temperature range above 550 K. Upon cooling, it
changes in their physical properties, which has been studieshows a CDW distortion that is incommensurate with the
by doping with cation and aniort8728 Single crystals of underlying lattice’” The CDW goes from an incommensu-
these compounds usually grow in the form of thin plateletsrate to nearly commensurate phase as the temperature is low-
These can be readily cleaved to produce samples that asged to 350 K. On further coolin¢at 180 K), the existing
only few angstroms thick along axis. Such samples are CDW rotates into an orientation for which it becomes com-
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TABLE I. Lattice parameters of T-TaX, compounds. the wave vectogcpyw, and this dictates a new periodicity in
the CDW state.
Compound a(A) c/a (A) Optimizedz The controversy regarding the mechanism behind the sta-
17-Tas, 3.365 1.751 0.2571 bilization of the CDW is not unique to these materials, but
1T-TaSe 3.477 1.804 0.2614 rather is a subject of controversy for several mateffié?
1T-TaTe, 3.740 1.800 0.2614 1T-Ta$S is one of the most studied material because it is one

of the first materials in which the CDW was discovered by
means of x-ray-diffraction experiments. Alsd@{laS, goes
mensurate. The commensurate phase is manifested bytl?rough several phases before the formation of fi8a
V13ax 13a structure. T-TaSe shows a similar structure J13a structure, so the material has become a good test

at low temperature, but in this case the initiall CDW onsety, o) during the past decade for different kind of experi-

occurs at 600 K followed by an incommensurate-to- : .
commensurate transition at 473 K. In both the compoundg?entS and theories to explain the ground state and mecha

. ; . nism of stabilization of the CDW.
CDW forms a tripleq structure with three equivalent vectors In the view of the conflicting arguments for exolaining the
rotated by 120° in the plane of the sandwich, i.e., it is a garg p )

superposition of three different order parameters corresponcg-aIOIng in the FS at low temperature, there is a need for an

ing to three independent wave vectors of the same star. THiccurate electronic structure calculation for the CDW state.

observed low-temperature structure af-TaTe is of single We intend to fulfill this rquirement by studying the singje
q CDW type, although it is not referred to as a CDW. This iscommensurate CDW and its effect on the'FS o_f these com-
probably due to comparatively large amplitude of the CDwPOUNds. There are two reasons for studying sirgleom-
compared to the other two compounds. Considerable worRensurate CDW, instead of observed trigld=irst is that the
has been done to understand these instabilities, yet the natupeoblem becomes much more physically transparent, it is
behind the CDW formation is clouded with controversy.  €asier to understand the effect of single€DW on the FS
Fazekas and Tosatti proposed that a Mott-Hubbard transtompared to the triplgg CDW and second is that it saves a
tion occurring at 180 K explains this behavidrwhich  lot of computer time as the supercell is only of the order
would reflect the importance of electron correlations. Okathree to five times that of theTlLcell compared to 13 times
jima and Tanak¥ supported this viewpoint. Claessehal®  for the 33 CDW. In addition, the observed low-temperature
explained the behavior of low-temperature resistivity usingstructure of I'-TaTe can be viewed as&x1a, which is
Mott localization accompanied by pinning of the Fermi level. singleq CDW type.
More recently, Pilloet al”3! performed ARPES experiments  For all three compounds there is a lack of systematic cal-
to show that this correlation pseudogap in the FS exists eveculations that could reveal both the FS behavior and the
at the room-temperature quasicommensurate CDW phagseanner in which these compounds change on going from
and the transiton from  quasicommensurate-to-disulphide to ditelluride. In fact, we are not aware of any
commensurate CDW phase at low temperature takes plaa&lculation of the FS of T-TaTe. In this paper, we present
due to Mott localization of Ta & electrons. DiSalvo and ab initio calculations of the FS of all the three compounds.
co-workers, on the other hand, argued that the CDW transi- As in experiments’*" our calculated FS sheets are im-
tion was caused by Anderson localization due to impuritieperfectly nested. The FS of TaSand TaTe changes topol-
and unspecified structural defe¢ts?*3*They studied the re- ogy perpendicular to the basal plane. The magnitude of the
sistivity behavior of cation and anion doped-TaS, and nesting vector changes along thexis, so in order to study
TaSe to support this argument. Fukuyama and Yosida couldhis change the FS cross sections perpendicular to the basal
within this model explain the low-temperature behavior ofplane have been plotted. These candidate FS nesting vectors
magnetoresistance by a theory based on this variable rangege then used to determine the CDW wave vectors. The
hopping conductio**® Fazekas and Tos&tli discarded CDW is treated as a frozen phonon of wave vecgs,, and
this, arguing that if the electron localizes due to disorder therthe supercell, that best mimics this phonon in one dimension,
the resistivity should increase with both cation and anionis then set up. Finally, with the use of total energy and forces,
doping, while it was found to decrease with cation doping. Athe atomic positions are relaxed in accordance with the
third mechanism was proposed by Doubkdtal®® From  CDW. The magnitude of these relaxations might be viewed
band structure, crystal orbital population, and density-of-as the CDW amplitude. We find that CDW distorted struc-
state calculations, they concluded that the electron transféures do stabilize. This leads us to believe that the CDW
from the chalcogen-chalcogen bonding state to transitiomlistortions are indeed mediated by electron-phonon coupling.
metal-chalcogen antibonding state is responsible for formak the case of TaSeand TaTeg, the major portions of the FS
tion of the 13ax13a structure in T-TaS, and vanish due to CDW distortions. However, for Tagven
1T-TaSe. A widespread point of view is that the FS nesting though the superstructure gains energy due to CDW distor-
yields a suitable condition for the CDW distortidé®3’  tion, the amplitude of the CDW is very small and the FS
through electron-phonon coupling. The idea is that the sysdoes not show any gaping.
tem of interacting electrons can stabilize a broken-symmetry The paper is arranged in the following manner. In Sec. Il
ground state like the CDW state. In the CDW state, the sowe present the details of calculations. Section Il A deals
called “Peierls gap” opens up in the energy-level distributionwith the FS and nesting vectors of th& phase of all three
at the Fermi level due to formation of electron-hole pair withcompounds. We discuss the optimized supercell in Sec. |11 B.

195101-2



STABILIZATION OF CHARGE-DENSITY WAVES IN . .. PHYSICAL REVIEW B66, 195101 (2002

M (L) r M (L) i T(A)
/
oS
T/
e —, >y = . //
e — P
- /’_ N
0.0c¢* .//z y
g \
13c¢* L / /
- / i
K(H) e W2et KO Ry /i
L 7/
! /!
)
! Mo /g
7 g
4 /
/) /
/! // >
7 - K(H)
K (H) o /
! i
\\ \ ;
! Ry
\ N/ .-
\ /- P -
N, -
Py
//’
/'/
/ /
M (L)
A M (L) I(A)
) (b)
M (L FA
L) — - (A) < )
L
-7 _ 1T_Tas2
"""" N\, S
ol Y ST ——  1T-TaSe2
- P .
7 U
/; if
s 4 -——— 1T-TaTe2
7 Vi
. / / i
/4
1, /4|
7 M (L) 1
1/ i M L
/ ! !
s
7 !
! /I ’//
j I i K (H)
I 2
! R
N\t v )
\\ T // ,’,'
— e
=
e
yad
T4 ML) @ K g

(©

FIG. 1. (a) The Fermi-surface cross sections of-TaS, in the TMKI'M plane(basal plang plane at a distancéc* from the basal
plane and in thLHAL plane(at a distancéc* from the basal plane The arrows show the Fermi-surface nesting vectpasallel to the
I'M direction in the various planegb) The Fermi-surface cross sections of-TaSe in the TMKI'M plane (basal plang plane at a
distance%c* from the basal plane and in theLHAL plane(at a distance%c* from the basal plane The arrows show the Fermi-surface
nesting vectorgparallel to thel'M direction in the various planegc) The Fermi-surface cross sections df-IaTe, in theTMKI'M plane
(basal plang plane at a distancéc* from the basal plane and in theLHAL plane(at a distancéc* from the basal plane The arrows
show the Fermi-surface nesting vectparallel to the"M direction in the various planesd) The Fermi-surface cross sections df-Ta$,,

1T-TaSe, and IT-TaTe, in KHLHKM plane.
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TABLE II. The basal plane projected experimental CDW wave vectors, previous calculated FS nesting
vectors in the basal plane, and our calculated FS nesting vectors in various planes, in tha* units

=47/ \/§a
Compound Distance from The experimental The results of Our results ~ Our results
the basal plane CDW wave vector Myron and an) [an(23.9°)]
(plane depw(expt.) (Ref. 179 Freeman(Ref. 25
1T-TaS 0.0 CMK) 0.288 0.34 0.236 0.210
c* 0.264 0.236
, 3
c 0.347 0.333
> (ALH)
1T-TaSe 0.0 'MK) 0.285 0.32 0.225 0.201
c* 0.298 0.285
. 3
c 0.326 0.329
7(ALH)
1T-TaTe 0.0 CMK) 0.333 0.195
c* 0.215
, 3
c 0.333
> (ALH)

Section Il C includes the FS of the supercells, and finally incannot be neglected, so the relaxation of the structure is

Sec. IV we present the summary of our calculations. needed. In addition, the band structure for the id&alTAS,
shows that three bands cut the Fermi level, and fOiTaSe
Il. METHODOLOGY and IT-TaTe two bands cut the Fermi level. The FS formed

by these bands is much more complicated than the experi-

The compounds under investigation have a hexagonahental result:>!3"44The bands cutting Fermi level is nar-
Bravais lattice. The Ta atom is octahedrally coordinated by’ow and so the FS t0p0|ogy is very sensitive to small adjust-
the chalcogen ator(S, Se, or T with one sandwich per ments in both the shape of the bands and the Fermi energy.
unit cell (space groufd>;qP3m1). The Ta atom is located at On complete relaxation of the structure, there is a gain in
(0,0,0 and the chalcogen atom at(1/3,2/3z). There is an  energy of 1.09, 5.13, 3.86 mRy/formula unit for TaS
ideal value ofz=1/4, but we have optimizerland then used TaSe, and TaTe, respectively, reflecting the fact that the
it for all the calculations. However, we have used the experiideal z structure is unstable. The value of the optimizgdr
mental lattice parametéfsgiven in Table I. the three compounds is presented in Table I. The band struc-

The full potential linearized augumented plane-wavetyres for the three compounds with optimizedare much
(FPLAPW) calculations are performed using thEN97  simpler with just one band cutting the Fermi level. In Fig. 1,
code?® including the local orbitals for the high-lying “semi- e present our results for the FSTIMKI'M plane (basal
core states.” The calculations are performed within the localplang for all the three compounds. In order to see the varia-
density approximation(LDA) and the scalar relativistic tion in the FS perpendicular to the basal plane, Fig. 1 in-

equations are used to obtain self-consistency. On one hand,dudes the FS cross sections in the planes parallel to the basal
is well known that LDA underestimates the equilibrium plane and at a distance*/3 and c*/2 (ALHAL plane

bonding distances and, on the other hand, there is a genemdm it.

consensus that the LDA gives a gOOd representation of the The FS of ]]'-Ta% [F|g 1(a)] is a closed electron sheet
electronic structure at the experimental lattice parametergroundM and shows variation parallel to the basal plane
therefore no attempts have been made to optimize the latticgong thec axis. The FS of T-TaSe [Fig. 1(b)] comprises a
parametersg andc/a). The self-consistent calculations are cjosed electron sheet aroud The FS changes topology on
performed using 204 points in the irreducible Brillouin moving up from the basal plane along theaxis, and at a
zone for the T structures, and with 183points in the irre-  distance ofc*/5 from the basal plane it becomes a closed
ducible Brillouin zone for the Supercell. The FS is CalCUlatede|ectr0n sheet around the point abdeThese results are in

using a mesh of 3600points in the plane. accordance with recent band-structure calculatfénhe
calculated FS of T-TaTe is a closed electron sheet around
Ill. RESULTS AND DISCUSSION K in the basal plan¢Fig. 1(c)]. Like the FS of TaSg it

changes topology and becomes a closed electron sheet

around the point abovbl at a distance ot*/4.4 from the
First, we shall discuss the importance of the optimizationbasal plane.

of parameterz. The calculations performed for the ideal As is clear from the FS topology, several portions of the

show that there are forces on the chalcogen atoms whicRS can be nested by choosing different sets of spanning vec-

A. 1T-TaX,(X=S,Se, Te
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FIG. 2. (& The unit cell for Ir-TaX, compounds. The big
spheres are the Ta atoms and the small sphere are the chalcog
atoms.(b) The supercell corresponding @@ p\w=0.333&*. The big
spheres are the Ta atoms and the small sphere are the chalcog§
atoms.(c) The supercell corresponding &g pw=0.25G*. The big S
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atoms.(d) The supercell corresponding @@ p\w=0.20G*. The big e
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tors. The most favorable nesting vectocg) are parallel to Displacement of Ta atoms (A%)

I'M for all the compounds studied in this work. We compare g, 3. (g The gain in energy relative to the undistorted super-
our calculated nesting vectors in the units af(a*  cell vs the displacement of the Ta atoms in TaTé) The gain in
=41/\/3a) to the previous calculatiofSand to the experi- energy relative to the undistorted super cell vs the displacement of
mental results of CDW wave vectdgcpw(expt.)] parallel  the Ta atoms in Tage(c) The gain in energy relative to the undis-

to the I’'M directiont” in Table Il. The experimental CDW torted supercell vs the displacement of the Ta atoms in,.TaS

wave vectors for TaSeand Ta$ listed in Table Il are the

basal plane projected wave vectors of the trigleCDW, (1//13)a* for TaSe and close to this for TaSwhen the
which are incommensurate with the underlying lattice. Wil-CDW at low temperatures becomes commensurate by rotat-
son et al. found that the value ofjcpw(expt.) becomes ing by an angle of 13.9°. It is also therefore interesting to
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look at the magnitude of the vector that nests the FS at an C. The CDW distorted supercell

angle OI 13.9° to thel'M _dwectngT. This is denoted by A cpw consists of a periodic variation in conduction-
qn(13.9°) in the table. Pilloet al”" have calculated this gjectron density having wave vector of magnitugien,y,
value for IT-TaS, to be equal to 0.2&" . For TaTe the  \yhich causes a static periodic distortion of the lattice with
deow(€xpt) is the wave vector of singlg commensurate {he same wave vector. From this structural distortion the

CDW- ) CDW may be experimentally identified. Here we adopt a

Since the FS of Tageand TaTg changes topology with  :ommon view that the CDW order parameter is characterized
the variation in the vector perpendicular to the basal pIane@y the Ta atomic displacement and hence the CDW ampli-
so we have listed the nesting vectors parallel to E e is given by the magnitude of this displacement from the
direction at distances* /3 andc*/2 from the basal plane. | ndistorted lattice.

In Fig. 1(d), we plot cross sections of the FS of the three  Tne total energy as a function of displacement of the Ta
compounds iKHLHKM plane. Looking at this two things atoms for all three compounds are shown in Fig. 3.
becomes clear. First is that there are several possible nesting |, Fig. 3@ are shown the results for Tale the super-
vectors of different magnitude in the phase space parallel tgg|| structures. The Ta atoms are moved rigidly and Te atoms
the "M direction. Since the change in topology is gradual, itare relaxed to minimize energy as well as forces for each
is difficult to see the amount of the FS nested by a particulagjsplacement of Ta atoms. It can be noted that the supercells
nesting vector, but for TgSand TaSg the nesting vectors in 5t correspond to thgcpyw=0.25* and 0.2@* are stable
the plane at a distanae*/3 from the basal plane is close t0 and do not go towards the CDW distorted state. However, the
deow(expt.), and for TaTgthe nesting vector iALHAL  supercell corresponding tcpw=0.33%*[ =qcpw(expt.)
plane is exactly equal to thgcpw(expt.)=0.33%*. The  =qu(ALH)] is unstable towards CDW state. The lattice dis-
second thing is that the magnitude of the nesting vectotortion that minimizes the total energy is 0.43 A, this is the
gradually increases on moving up from the basal plane alongmplitude of the CDW. At this distortion of the Ta atoms, the
c axis and becomes maximum in thd. HAL plane for the maximum distortion for the Te atoms is 0.293 A. The Te
three compounds. atoms relax away from the maxima and towards the node of

the CDW at the same time trying to minimize the interlayer

distance between the two Te-Ta-Te sandwiches along the
B. The supercell axis. The calculated energy gain connected to the CDW dis-

The CDW is treated as a frozen phonon and a supercell i%omgn_ries :t'c?ri;naRr)e/:/fr?gT:Jelgrggn fgrise;n;ﬁ rgissting to note that
placement of the

set up to represent this frozen phonon in one dimension. T a atoms, but instead kept at undistorted positions, then the

CDW. wave vector; are chosen such that they are around trgﬁpercell is stable. On the other hand, if the Te atoms are
candidate FS nesting vectors and are commensurate with )& fived at the position of the stable CDW distorted state
underlying lattice. Since there exist several nesting vectors o, each displacement of the Ta atoms, the structure is un-
different magnitudes, three different supercells, for eachaple towards the CDW state. Thus the atomic relaxations of
compound, are considered in this work in order to simulatgne chalcogen atoms are essential to get the correct CDW
the CDW. The contribution of the CDW in thedirection is  state.
ignored and so the dimensions of the supercells are centered Figure 3b) shows the total energy vs the Ta displacement
5\3axaxc, noncentered g3axaxc, and centered for TaSe in the supercell structures. In this case, the super-
3\V3axaxc. These corresponds tgcpw Of 0.20@*,  cell for gepw=0.20G&* is stable. The undistorted supercell
0.25@*, and 0.333*, respectively. corresponding togepw=0.33%* is unstable towards the

As mentioned in the preceding section, the experimentaCDW distorted state. The amplitude of the CDW is 0.31 A
commensurate CDW vector for TaSand Ta$ is close to  and the gain in energy is 1.30 mRy/formula unit. The maxi-
0.277%*, if considered only in one dimension this also lies in mum displacement of the Se atoms at the stable CDW state
between the two supercells of dimensiong3axaxc and is 0.32 A. The second supercell that corresponds to the
centered 33axaxc. In case of TaTg the qcpw(expt.) CDW of wave vector 0.250" is also unstable towards the
(=qy in ALHAL plane is well modeled by the centered CDW distorted state. The Ta displacement is 0.22 A with the
supercell of dimensionsyBax axc. Thus all the candidate maximum Se displacement of 0.09 A. The energy gain in
FS nesting vectors and the experimental CDW wave vectorthis case is slightly less, i.e., 0.92 mRy/formula unit. The
lie in between the above-mentioned three supercells. calculated CDW amplitude is close to the value 0.25 A de-

Further, we have not taken into account any componentermined by the x-ray-diffraction worksfor 3q CDW. The
alongc axis, although such exists experimentally. However,chalcogen atomé&Se) in both the supercells relax in the same
it is usually assumed to be a secondary effect. manner as the Te atoms in previous the case of JaTe

All these supercells are shown in Fig. 2. The large spheres In Fig. 3(c), similar results for Tagare presented. Also
are the Ta atoms and the small spheres are the chalcogbeere the undistorted centered supercell dgpyw=0.333*
atoms in all the figures. To study if the CDW is stabilized is unstable towards CDW distorted state, but the optimized
due to electron-phonon coupling, total-energy calculation@mplitude of the CDW is much smaller, i.e., 0.058 A. The
are performed for the atomic relaxations within all thesecorresponding stabilization energy is 0.074 mRy/formula
large unit cells. unit. Unlike in the previous two cases, the chalcogen atoms
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TABLE lIl. The density of states at the Fermi level for the CDW distorted state of tig Tampounds
in states/Ry/formula unit. The percentage decrease in the density of states at the Fermi level in the CDW
distorted state relative to the undistorted si@te.

Compound DOS aE¢ DOS atEg Percentage decrease
(Undistorted state (CDW distorted state in DOS atEg
TaS 19.1 17.8 7.0
TaSe 22.2 16.3 26.8
TaTe 29.0 18.2 37.2

in this case relax(maximum by 0.042 A) towards the Fermi level are very narrow, and the FS topology is very
maxima and away from the node of the CDW. In theli-  sensitive to the finer details.
rection, the S atoms relax so as to maximize the interlayer The calculated FS of T-TaSe¢ and IT-TaTe, show a
distance. The other two supercells which correspond to CDVWhange in topology with variation of the vector perpendicular
with wave vectors 0.20° and 0.2%* are stable. to the basal plane. This change in topology of the FS parallel
In the case of TaSeand Ta$, the energy curve show to the basal plane was seen in old theoretical calculations of
shallow double minima, while for TaJet shows a single the FS of TaSg(Ref. 29, but was discarded as an artifact of
deep minima. It is clear that for all the compounds it is verythe muffin-tin approximation. For this compound there exists
important to relax the chalcogen atoms to get the correcho experimental determination of the FS in any plane other

energy and force minimum. than the basal plane. Since th&-TaTe structure is highly
unstable toward€2/m structure, there exists no experimen-
D. The effect of the CDW on the Fermi surface tal data for the FS in T phase to compare our results with.

To study the effect of the CDW on the FS, we have com-However, our calculated band structure is in very good
pared the FS of the undistorted supercell with the FS of th@greement with previous LMTO-ASA calculatioffs.Our
most stable distorted supercell. The FS cross sections @Rlculated band structure offiTas$, is consistent with the
TaS,, TaSe, and TaTe in the undistorted supercell corre- previous calculation$"*>* The detailed comparison with
sponding taycpw=0.33%* are presented in Figs(d), 4(c),  these calculations is presented in our previous wWdrkhe
and 4e), respectively. Since the supercells are centered ofS of IT-Ta$S, does not change topology but shows variation
dimensions 33axaxc, the planeXyX;X,X; is a three on going alongc axis. These results are in good agreement
times foldedC MKI'M plane in['M direction. with the estimates of the FS from 2D photoelectron imé&@es,

The FS of CDW distorted TaFds shown in Fig. 4f). We ~ azimuthal ARPES dat¥;*” and the FS mapping
notice that the rather complex FS sheets in Fig) ¢hange  experiments,where the FS shows a broadeniifior example
to very simple contours in Fig.(, which is also reflected in  Fig. 8 of Ref. 31 and Fig. 1 of Ref.)®f the electron sheet
the fact that the density of staté®OS) at Fermi level re- aroundMA on moving up from the basal plane along the
duces from 29.0 states/Ry/formula unit to 18.2 states/RyAXis.
formula unit for the CDW distorted statédecrease of The candidate FS nesting vectors for the three compounds
37.29. As can be seen a fair amount of gaping is producedire parallel toI’'M direction. The change in the FS with
in the FS due to distortion of the structure caused by theyariation of the wave vector perpendicular to the basal plane
CDW. The same kind of effect is seen also in Tafeigs. does not change the direction of the nesting vector, but the
4(c) and 4d)], with a 26.80% decrease in DOSBE. For ~ magnitude of the nesting vector increases on moving up from
TaS, the density of states at Fermi level decreases by onljhe basal plane along theaxis for all the compounds. There
7.0% and the FS does not show any significant gafffiigs.  are several possible nesting vectors of different magnitude in
4(a) and 4b)], this could be due to very small amplitude of the phase space parallel to th/ direction. The change in
the CDW and that a singlg CDW is not sufficient. The topology is gradual and so it is difficult to see the amount of
density of states at Fermi level for all three compounds aréhe FS nested by a particular nesting vector. However, it was
given in Table 11l noted that for Tagand TaSg the magnitude of the FS nest-
ing vector in the plane at a distanc&/3 from the basal
plane is in good agreement with the CDW wave vector ob-
served in electron-diffraction experiments. For TgTéhe

In the present work, in order to investigate the effect ofcalculated FS nesting vector iIALHAL plane is exactly
singleqg commensurate CDW on the FS of group VB TMDC, equal to CDW vector observed in the electron-diffraction
1T-TaX,(X=S,Se, Te), we have treated the CDW as frozerexperiments.
phonons of wave vectors close to the FS nesting vector. First, We have reproduced the lattice distortions caused by an
it is observed that the optimization of the free lattice param-assumed singlg commensurate CDW in these compounds
eterz of the 1T structure is crucial for the following calcu- by moving the Ta atoms rigidly and relaxing the chalcogen
lations. The FS topology simplifies dramatically. The changeatoms, to minimize energy as well as forces for each dis-
in the FS topology is due to the fact that the bands cutting th@lacement of Ta atoms. The distortions caused by three

IV. CONCLUSIONS
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FIG. 4. (a) The Fermi-surface cross section of a8 the undistorted supercell structure correspondingdgy=0.33%*. (b) The
Fermi-surface cross section of Taii the supercell structure distorted by the CDW of wave vegtgy,,= 0.33%* and amplitude 0.058 A.
(c) The Fermi-surface cross section of Ta8ethe undistorted supercell structure correspondingdgy=0.333*. (d) The Fermi-surface
cross section of TaSen the supercell structure distorted by the CDW of wave vedigsy=0.333* and amplitude 0.31 A(e) The
Fermi-surface cross section of TaTie the undistorted supercell structure correspondingdgw=0.333*. (f) The Fermi-surface cross
section of TaTg in the supercell structure distorted by the CDW of wave veqtgs,,=0.33%* and amplitude 0.43 A.

CDW's of wave vectors 0.2G0, 0.25@*, and 0.338*,  mum for Ta$S. It was shown that the relaxation of the chal-
respectively, were studied and it was found that the thregogen atoms is essential to reproduce a stable distorted
compounds studied in this work are unstable towards thetructure. The chalcogen atoms in TaEnd TaSg always
state distorted by the CDW of wave vector 0.833 The relax away from the CDW maxima and at the same time
energy gain connected to the CDW distortion is maximumtrying to minimize the interlayer distance betweXnTra-X

for TaTg, and minimum for Tag Same is true for the am- sandwiches. While for Tg3he S atoms follow the Ta atoms
plitude of the CDW, which is maximum for TaJand mini-  and relax towards the CDW maxima.
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Our FS calculations for the CDW distorted structure con-a frozen phonon show that electron-phonon coupling can sta-
firm the presence of gaping in the FS for Ta%@md TaTg  bilize CDW in the IT-TaX, systems. These CDW distortions
caused by the CDW's. Since the FS is only partially gapedproduce gaping in the FS and decrease the DOS at the Fermi
the system retains metallic character even in the CDW statgevel. The effect of the FS nesting on the CDW stabilization
but the DOS at Fermi level reduces compared to the undiss strong and cannot be ignored. The distortion effect of com-
torted structure. In the case of TaShe FS of CDW dis- mensurate § CDW could be to produce a complete gaping
torted state does not show any significant gaping and thg the FS. However, the study of this kind requires enormous

DOS at Fermi level decreases by 7.0%, which is very smalymount of computer time and memory and is the subject of
compared to Tafewhere this decrease is 37.2% or TaSe fyture investigation.

where it is 26.8%. This could be due to the amplitude of the
CDW being very small and the singe CDW alone is not
sufficient to produce any kind of gapping in the FS and it is
essential to study theq3CDW.

The present investigation shows that the FS for the com- We would like to acknowledge the Swedish Research
pounds under investigation shows gradual change in topolcouncil (VR) for the financial support and Swedish National
ogy in the phase space, and it is very difficult to determineSupercomputer Center in Linging (NSC) for the use of
the exact nesting vector that spans maximum portion of théheir computational facilities. We would also like to thank A.
FS. The study of the singlg commensurate CDW treated as Taga and E. Sjdedt for comments and suggestions.
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