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We present a detailed high-resolution angle-resolved photoemission study of the electronic band structure of
the room-temperature quasicommensurate charge-density-wave phasd agil In particular, we show that
no crossings of the Fermi level are visible in the complete Brillouin zone, indicating that an electron-electron
correlation-induced pseudogap in the Té @erived band exists already above the Mott localization-induced
transition at 180 K. Moreover, we find that the electronic structure is governed by at least two quasiparticle
peaks, which can be assigned to electrons from starlike shells of Ta atoms within the distorted crystal lattice.
These peaks show quasilocalizglispersionlessbehavior in parts of the Brillouin zone where the one-particle
band is unoccupied and they follow the one-particle dispersion in the occupied part. In order to address the
question of possible Fermi-surfa@eS) nesting, we scanned the remaining remnant FS and found regions with
a considerable decrease of spectral weight. However, we find no clear evidence for FS nesting.

[. INTRODUCTION directions, has experimentally not been considered in great
detail.
Layered transition metal chalcogenid€EMC's) have Consequently, the aim of this study shall be to investigate

stimulated ongoing experimental work since more than thre¢he electronic band structure near andeatthroughout the
decades because of their quasi-two-dimensioné&iB) and,  Brillouin zone (BZ) by means of scanned ARPES
consequently, their unique physical propertiédn particu-  (SCARPES in the QC phase. We especially addressed the
lar, improved experimental equipment and insights gainedluestion of possible FS nesting fingerprints and/or localiza-
from studies of the high-temperature superconducting cution in the intermediate QC phase. Surprisingly, we find no
prates(HTSC) renewed interest and attention fof1and €vidence of a Fermi-level crossing of the Td band:® in-
2H-type TMC's. Especially, surface-sensitive techniquesStead we find a back dispersion of the Td band at the
such as angle-resolved photoemission  spectrogcop ormal state Fermi vectde: due to the opening of a corre-
(ARPES and scanning tunneling microscdp{STM) led to ation pseudogap and leaving a remnant Fermi surfeés

insights in the mechanisms behind the puzzling behavior o Ir_eady at RT. The interpretat_ion of the opening of a corre-
these TMC's. ation gap throughout the BZ is corroborated by a compari-

Among them, T-TaS, plays a major role because its son to RT-ARPES experiments of the parent TMC

. " 4 ; 2H-TaSe, a metallic system, where the Ta Hand crosses
phase diagram exhibits a variety of phase transittorishe the Fermi level and is not perturbed.

formation of ay/13x \/E superstructure passes several pré- £ rthermore, the overall band structure away from high-
cursor states from the incommensuréfevia the quasicom- gy mmetry directions is dominated by at least two quasiparti-
mensuratgQC) to the final low-temperature commensurate g (QP) peaks sitting on an incoherent background. They
(C) phase below 180 R.Obviously, the electronic structure, exhibit a small bandwidth and practically no dispersion in
especially in the vicinity of the Fermi levetr, displays  the region where the one-particlel Hand, as predicted by
characteristic features correlated to this superstructure. IBand-structure calculatiod$,is unoccupied. In the occupied
particular, a Mott-Hubbard transition occurring at 180 K re-parts, however, their dispersion follows what is expected
vealed the importance of electron correlation effects in thérom the one-particle band.

Ta 5d band® On the one hand these Coulombic effects lead Scanning the FS contour offtTaS, reveals regions with

to a (Mott) localization of electrons, on the other hand thereduced spectral weight but we only find evidence for, if at
Fermi-surfacdFS) topology, as deduced from band-structureall, imperfectly nested areas of tieemnant FS. Comparing
calculations, seems to yield suitable conditions for FSthese regions with our azimuthal dispersion plots, however,
nesting”® Whereas the Q@ phase transition and th€ leads us to the conclusion that they represent effects of the
phase have been examined by ARPH®fs. 9-17 and band structure instead of being experimental evidence for
STM (Refs. 18—22 work, the influence of the CDW super- gaps.

structure at room temperatu(BT) in the QC phase on the This paper is organized as follows. In Sec. Il a summary
overall band structure, especially away from high-symmetryof relevant properties of T-TaS, is given. Section Il de-
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() [0001] and the trigonal T polytypes can be seen very easily in
x-ray photoelectron diffractioiXPD) patterns*2° This fa-
cilitates the(experimental determination of th¢ 'M] and

—>[M] the[I’'M'] directions.

The electronic structure ofTkTaS, can, in a purely ionic
picture, be described by the bonding and antibonding bands
transition metal of the S 3 and Ta &/6p orbitals! Conduction is given by
© chalcogen the Ta 5 derived conduction band situated in a large
bonding-antibonding band gap of 8 eV. Considering the oc-
tahedral coordination the TadSand is split off intot,, and
Surface ey manifolds. The slight perpendicular distortion removes
the degeneracy and one is left with three subbands from the
t,, manifold and the two bands from theg manifold. The
metallic character of T-TaS,, nevertheless, comes from the
d,2 band which is partly filled. The other manifolds are un-
Bulk occupied.
1T dichalcogenides are known to be the first 2D materials
where charge density wavé€DW) have been seen experi-
mentally by means of superlattice spots in x-ray
diffraction2® In contrast to M polytypes, the T-type mate-
1T-TaS. High-symmetry directions are indexed by the arrows.rIaIS f‘how a very large CDW amplitude as rev_ef"‘led by
Dark gray spheres denote the chalcogen atdmDrawing of the ~ STM.” As a consequence of the CDW'S'dTaS, exhibits a
Brillouin zone of the Cdj-type structure. High-symmetry points are Very rich phase diagram as a function of temperaturee

labeled. Note the necessity to distinguish betwddgL) and  undistorted phase exists only in a very narrow temperature
M’ (L") points due to the trigonal symmettgee text The corre-  range above 550 K. At about 570 K an irreversible transition

sponding surface Brillouin zone is indicated. to the trigonal prismatic phase occurs. Upon cooling,
1T-TaS, shows an incommensuratilC) CDW from 550 K
down to 350 K, where the CDW becomes quasicommensu-
scribes the experimental setup and the calculations. In Serate (QC). Further cooling reveals another first-order phase
IV we show our results and try to give a consistent picture oftransition at 180 K, where the CDW becomes commensurate
the k-resolved band structure ofTiTaS,. We finish with a  (C) with the underlying lattice. Reannealing yields a large

LI oT |

FIG. 1. (a) Sketch of the Cdktype structure present in

summary in Sec. V. hysteresis in the Q@ transition?”?® The C phase is mani-
fest by a\/13x /13 superlattice, which is built of 13 Ta
Il. STRUCTURAL PROPERTIES, CDW’s, atoms forming a so-called “Star-of-David” clustéf.A pos-
AND LOCALIZATION sible expansion of the CDW'’s also in the direction perpen-

S _ dicular to the layers has been discugSefibut no clear
1T-TaS crsystalllzes in the Cdtype structure with the  50f has been given. For othel tompounds, this may be

space grouf3, " Ta atoms form a hexagonal sheet and ar§mportant as shown for T-TiSe,, wherek, effects have
sandwiched between sheets of hexagonally arranged S atorggen found to be non-negligible and the material also recon-
as shown in Fig. ). The plane parallel to the shedthe sty cts along the direction having considerable influence on
(001 or (0001 plang is exposed when cleaving the sampleSihe pand structurd:
because of weak van der Waals interlayer coupling between Figure Za) shows they13x y13 superlatticg(in the Ta
neighboring sandwiches. In thel'lphase, the Ta atoms areé yjang as the dashed rhombic structure. The periodic lattice
octahedrally coordinated by the S atoms in contrast to th%istortion(PLD) coupled to the CDW formatiotshown as
2H type where an adjacent rotated unit cell is added in thgyyq) arrows displaces the Ta atom@ollow circles such
perpendicular direction making the coordination trigonally inat out of 13 Ta atoms six atoms each form two outer shells
prismatic. The intracell symmetry in theT1lpolytype is, \yith one Ta atom left in the center of the staFigure 2b)
hence, trigonal calling for a distinction between {HéM]  shows a low-energy electron-diffractishEED) experiment
and the[I'M '] direction in reciprocal space, as indicated in of the QC phase with high intensity given as black. The large
Fig. 1(b) where the bulk as well as the surface Brillouin hexagons represent the SBZ and the small hexagons the one
zones(SB2) are shown. In the sketch, high-symmetry direc-due to they13x /13 superlattice. LEED data for ti@phase
tions and points are given together with the irreducible zongnot shown reveal the same surface structure, but with more
(delimited by thin gray linesdue to the trigonal symmetry. intense satellite diffraction peaks and a slightly larger rota-
As a consequence, the band-structure reflects the trigongibn angle being completely consistent with the “Star-of-
symmetry and, hence, the borderlines between the shadgshvid” model of Fazekas and Tosat&T). Finally, Fig. 2c)
and unshaded areas are symmetry equivalent whereas thepicts a typical curve for the in-plane resistivityas a
interior of the areas is néf. The determination of thel'M’] function of temperaturétaken from Ref. 2¥. On top of the
azimuth is straightforward considering the real-space geonplot, the temperature extension of the different CDW phases
etry. It is given by the direction towards the topmost S at-occuring in IT-TaS, as mentioned is sketched for the sake of
oms. The different crystal geometries of the hexagordl 2 convenience.
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(a) . . . . . . . temperatures the commensurate domains seem to grow untill
the complete lock-in, i.e., the sudden disappearance of the
solitons at 180 K. The influence of the CDW potential on the

. d,2 derived band is expressed by a decay of its density of
states(DOS) into three satellite structuréd.There are two
small satellites and a prominent peak, e.g., displayed in

«  ARPES spectrad!?~1® According to the model of FTFig.

2(a)] each of the two small satellites is attributed to electrons

within one of the two centered shells consisting of six Ta

. atoms. The third prominent peak represents the remaining

thirteenth electron in the center of the cluster which becomes

susceptible to a localization-induced Mott transition at 180

K.® The long-range ordering of localized momefits., the

electron from the central Ta atgrdoes not lead to antifer-

romagnetism because the lattice is trigonal and it is not pos-

sible to arrangel | pairs antiferromagnetically on such a

lattice. Another argument was put forward by Geertsma

et al.* who showed that the ground state of a singjielec-

tron in a cubic environment exhibits a first-order Zeeman

splitting equal to zero. However, as argued by e out-

come, if including all crystal-field effects, would be an an-
isotropic susceptibility being much smaller than the one for

13 free spins on the star centers.

Due to electron-electron interaction theg: band is split

off upon cooling into an upper unoccupied Hubbard band

(UHB) and a corresponding lower Hubbard bah#iB). The

LHB is manifest as a dispersionless peak nEarin near-

normal emission ARPES spectra of tlephase:?~*’ The

(©) C-phase  QC-phase IC-phase splitting is symmetric with respect t&g as evidenced by

|‘—’"‘—’||‘7 tunneling spectroscopy dafaand shows a correlation gap of
01 about 180 meV*?>~Y” Temperature-dependent ARPES work

showed that the correlation gap in the DOS is actually a

pseudogap below 180 K with residual spectral weighEat

down to low temperatures:*® Furthermore, T-TaS, shows

(b)
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g E a pseudogapped Fermi surface already at room temperature,
Q - . . c

G - possibly as a precursor of the underlying Mott transftion

= 0001' whereby the effective local Coulomb correlation energy de-

pends on random disordér.
Independent of electron localization at low temperature,
the CDW has to be driven by another mechanism. In one
0 100 200 300 400 dimension(1D), electron-phonon coupling leads to the for-
T (K) mation of electron-hole pairs on and near the FS with a sub-
sequent removal of the FS and the opening of the so-called
FIG. 2. (a) Ta basal plane yielding the (1) symmetry and the Peierls gap>3* The concurrent PLD drives a softening of
"Star-of-David” clusters caused by the\/ﬂ.—3>< \/fg) superstucture  the Corresponding phonon mode@:ZkF and f|na||y the
in the commensurate CDW phase. The arrows give the lattice dissystem lowers its free energy. This Peierls transition in 1D

tortions on the Ta sites. The new unit cell in real space is given bXRef. 34 can be achieved only approximatively in 2D, either
the dashed rhombugb) Low-energy electron diffractiofLEED) by large parallel areas of the F&e., a large number of

experimentkinetic energy 93.7 e)/of the QC phase. The unrecon- ,,qqihe electron-hole pajrsr by a strong electron-phonon
structed SBZ and the superstructure SBZ are indicated by the lar oupling paramet@)&.g?’ In that context, FS nesting seems to

(smal) .he.x‘?gons’ reSpeCt've”.(C) Typical in-plane { to the lay- be the appropriate candidate, because band-structure calcula-
ers resistivity curve as a function of temperature dt-Tas, (taken tions revealed a Fermi surface built up by elliptic electron
from Ref. 27. The CDW phases occurring are added on top of the .
resistivity plot. pockets from the Ta & band around theM point of the
BZ.”8 Experimentally, only the very existence of a CDW
vector corresponding to the/13x /13 superlattice is

The microscopic structure of the QC phase has been given?®¥In fact, a Peierls gap should be visible already at
matter of debate for almost a decade untill the pioneerindRT, but there is, to our knowledge, no experimental proof.
work of Wu et al'® who showed by STM that the QC phase  Here we shall present a detailed study of the band struc-
consists of hexagonally arranged commensurate domains bite using a combination of scanning the FS contour via
ing separated by soliton walls. Upon cooling to cryogenicARPES and mapping of almost the complé&tespace with

T VT
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particular emphasis on regions away from the high-
symmetry directions.

| 11

IT-TaS>: LDA (a)]
EF

’; 0
L
I1l. EXPERIMENTAL DETAILS AND CALCULATIONS 56
=
The photoemission experiments were performed in a VG 2
ESCALAB Mk II spectrometer with a base pressuse? LED 1
x 10" mbar. Our sample goniometer is constructed for g
motorized, computer-controlled data acquisition overma 2 £
solid anglé® and can be cooled withN, down to 140 K3’ M
X-ray photoelectron spectroscopy was used to check the 0 1
cleanness of the sample. Unless stated otherwise, the ARPES K (A1)

measurements were performed with monochromatizedoHe |
(21.2 eV} and H Lyw radiation(10.2 e\). The setup includ-

ing the plasma discharge lamp and the VUV toroidal grating
monochromator is described elsewh&&he energy resolu-
tion is 20 meV for the He & measurements and less than
100 meV for the measurements with hydrogen as discharge
gas.

Pure samples of T-TaS, and 2H-TaSe were prepared
with the chemical vapor transport method. The samples were
cut with a blade to the desired shape and mounted with silver
epoxy on a polycrystalline Cu sampleholder. All-TaS
samples showed clear first-order phase transitions at 180 K 1
(Ref. 39 indicating very good crystal quality. k(A1)

Samples were orienteth situ with x-ray photoelectron
diffraction (XPD) which provides high-symmetry directions FIG. 3. (a) FLAPW calculation[within the local-density ap-
very precisely. Angles can be scanned continuously to pelproximation(LDA)] for 1T-TaS iln theFALM.pIane of the BZ for
form mappings of intensity at a constant energy sucE@as & phqton energy of 21.2 eV, an inner potential of 1_0 e\_/, and a work
Briefly, in such a Fermi-surface mappifigSM) experiment, function c_)f 4.6 eV, respectively, in the appr_oxlmatu_)n of free-_
the spectral function in a small, resolution-limited energyel_ECtron final states. The plot has been multlplled with a Fermi-
window centered aEg is scanned over a nearlym2solid Dirac .CUt off function for 300 K. For.detalls see texh) Corre-

. . sponding measurement ofTiTaS,. Linear gray scale ARPES
angle and represented in a gray scale plot as a function of thaéljS ersion plot using Hedl radiation(21.2 eV, In both panelsk
polar and the azimuthal angle. This technique is well estab- P p'oZ using S ) P I
lished, and has proven its power in mapping the FS oF?umS alondI'M] of the SBZ, or, in other words, in thEALM
cuprate® or transition metaf*% as well as surface P C
alloys®® For a review see Ref. 43.

In order to clarify our experimental results we performed-
band structure calculations of bulkTiTaS, in the undis- (RFS in the QC phase calls for further investigation and
torted phase using the full potential linearized augmentedve Will present it here. Figure(8 presents a bulk band-
p|ane_WquF|_APV\/) method6in the framework of the gen- structure calculation for the undistorted phase as described
eralized gradient approximatidf The lattice parameters of above. A parallel momentum ¢f=0 A~* denotes normal
the ng space group were chosen to Be=3.36 A andc emission (') andk =1.08 A~ corresponds to the! point
=5.90 A, respectively. For comparison with the experi-in the surface BZ when assuming a work function of 4.6 eV.
ment, we assumed a free-electron final state using a workdditionally, this calculation has been multiplied with a
function of 4.6 eV and an inner potential of 10 8&Energy ~ Fermi-Dirac cut-off function with a temperature GF
eigenvalues were calculated along the final-state momenta300 K in order to facilitate comparison with Fig(i3,
and a linear gray scale is used to indicate energy conservavhere the corresponding experiment is shown, performed at
tion with black corresponding to a perfect coincidence ofRT with He la radiation(21.2 e\}.*°
initial and final states. The calculatior{3(a)] clearly shows the undistorted one-
particle Ta 5l derived bandrossingthe Fermi level at about
0.4 A1 (kg,). A second branch of the Ta band crosEgs
at a smaller momentum of approximately 0.1 A This sec-

A. Band mapping ond band has been a matter of controversy in the
literature”®*°In addition, the S B derived band shows up at
about 1 eV binding energy &t. We will not go into further

First, we shall address the question of the behavior of thejetail concerning the calculation because our goal is not to
crystal-field split Ta 8 derived band along the high- optimize band-structure calculations of the undistorted phase
symmetry directionf]’'M]. Photoemission data forl'M] but rather to understand the peculiar spectroscopic features
tend to state a real Fermi-level crossing of the Ta 5 of the QC phase. Comparing the experiment to the calcula-
band?12 Our recent finding of a pseudogapped remnant FSion, one can see t&band at a binding energy of about 1.4

1T-TaSy: He-lo.  (b)

Binding Energy (eV)

IV. RESULTS AND DISCUSSION

1.'ALM plane
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spectively. The behavior of these features is distinctly dif-
ferent. The QP peak disperses towakjs but, as we will

see, does not cross it, and the satellites are nearly dispersion-
less. Both features are nicely reproduced in calculations, i.e.,
the QP peak in conventional band-structure calculafidns
(including our own and the satellite peaks in the tight-
binding calculation of Smitlet al'?> The QP peak is the one-

particle-like Ta ® derived band whereas the satellites rep-

kK (AD

150 meV and then seems to show a slight backdispersing.

This is intriguing because for a true crossing B¢, this

0.58 peak should come closer Ky, at least to the limit which is

given by &zT=100 meV(i.e., the width of the Fermi dis-

tribution) for 300 K (kg is Boltzmann’s constajptAlso, the

QP peak does not lose all its spectral weight as would occur

if it crossedEg. More importantly, in all spectra the Fermi

L. level stays in the low intensities tdilelowthe midpoint of

Binding Energy (eV) the leading edge. This would not be the case if the peak
L really crossedEr . Then, the finite width of the Fermi func-

FIG. 4. Selected ARPES spectra fof-Ta$, along[TM] from  tion would cause the Fermi level to be situat@dovethe

the dispersion plot in Fig.(8). The black circles denote the posi- midpoint of the leading edge as will be illustrated below for

tions of the quasiparticle Tacdbband whereas the ticks indicate the the case of BI-TaSe.

CDWe-induced satellites. The dashed line denotes the Fermi energy. Furthermore, we do not find spectral evidence for a sec-

Shown are spectra from normal emissidq=0.0 A™)toapar-  ong Ta band crossing nearl'. This coincides with other

allel momentum ofkj=0.72 A™%, approximately 3/4 of the ARPES work!3! Therefore, either the calculations are inac-

T-M(L) distance. curate or it displays the scenario where the Ta band shows a

similar backfolding in the unoccupied energy range.

For the sake of comparison, we carried out ARPES mea-
eV atl'. The Ta &l derived band can be seen with a nearly surements on - -TaSe, a layered TMC as well, but a trigo-
parabolic shape with the apex at tive point. It coincides nal prismatic polytype which shows a double stacking of the
well with theory but there are several points to emphasizeSe-Ta-Se sandwiches along theaxis! 2H-TaSe shows
First, the intensity of the quasiparticl®P) peak is sup- two CDW transitions, one into an incommensurate phase at
pressed considerably on approachifigand the QP does not 122 K, and a second one into a commensurate CDW phase at
really seem to crossEg. Second, betweerd’ and k; 90 K? yielding a (3 \3) superstructure, oriented along
=0.4 A~! a faint gray, incoherent background is visible. the same axes as the unreconstructed lattice, in contrast to
Finally, matrix elementsgintensities seem to differ distinctly ~1T-TaS, where we have a rotation angle #f13°. Several

. . e . H 12,51,52
between the first BZi.e., along thg TM] azimuth and the ARPES studies have been performed ¢t PaSe, all
second BZ, where one is along thEM'] azimuth. This indicating that in the"’ALM plane the Ta 8 derived band
observation has been reported previously for ARPES an@rossesEg and disperses parabolically towards tepoint
inverse photoemission datd*e Moreover, we stress that we as apex. Therefore, this band is the direct analog to thedTa 5
do not detect spectral features related to backfolded Bz’®#and in IT-TaS. We measured ARPES spectra in the
caused by the/—gx \/—3 Superstructure FALM-pIane with He & radiation at RT. The results are

It is not clear now whether the dispersing stédenoted ~Presented in Fig. @). On comparing this dispersion plot
as the QP band throughgutisible in the ARPES spectra With that of 1IT-Ta$, [see Fig. 8)], one observes that the
crossesEr or not. In Fig. 4 ARPES spectra from the disper- Spectral weight shows the abrupt decrease only at the energy
sion p|0t (F|g 3) are presented ranging from normal emis- POSition Wherg the Fermi-Dirac distribution has to be taken
sion up to a parallel momentum Bf=0.72 A~%. There are into account, i.e., less thaw 100 meV belowEg, and not
two distinct spectral features visible related to T &ates. before. The corresponding spectra are shown in Fb), 5
First, the dispersing QP pedklack circle$ and, second, an where we displayed only spectra up to thk point. Two
incoherent background, expressed by three faint bumps iselected spectra are marked by arrows. These spectra indi-
the spectra betwee)=0.0 A~! andk=0.29 A"*and as cate the approximate location of the Fermi vector
shoulders in the strong QP peékdicated by the ticks, re- kg(2H-TaSe). Here, one can see a clegg crossing of the

0.51

LO'OO resent the weakly dispersing bands caused by the CDW
';3 0.07 potential. Strictly speaking, the higkkinding energy satel-
= L lites correspond to the two outer shells in the FT model
o 0.15 whereas the satellite nelg represents the centrdlelectron
3‘5 L evolving into the lower Hubbard bar{dlHB) upon decreas-
5 \ 022 ing the temperature. The latter becomes much stronger in the
k| L0~29 C phase where it is then responsible for the correlation
LO.36 pseudogap of 180 me¥?:'® More precisely, the QP peak
\\.0.44 approache€r untill a minimum binding energy of about
—
S

0.65

T T T et ()72
1.5 1.0 05 0.0
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2H-TaSe,: He Io. (a) ~ 1@ 1T-TaS, HLyo
—~ > - 2
> Ep © 0.07 i > Eg
% o 3
2 2
4a) 53] ]
on T U
.5 = ]
3 s 1
8= s 4
m m ]
1.0-
T —.
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A= \\ YA\ | Binding Energy (eV)
=l \ /7 AN
Q A\ s P ~—
& “\ o’ ' - \ FIG. 6. Similar measurement ofTiTa$S, to that of Fig. 3 but
g e re ‘\\ now with H Lya radiation. (8) ARPES dispersion plot of the
3 QQ{\\\N o | I'ALM plane with 10.2 eV. High intensity corresponds to black.
Z “‘*\x it \ The white circles denote peak positions taken from the spéctra
\\\\ e \: (b)]. (b) Selected ARPES spectra from the dispersion pldaijrfor
\\\ww \\ parallel momenta from 0.29 to 0.72 “A. The ticks on the peaks
‘\M;t:\! correspond to the circles i@®).
MMMMMMM ]
R T spectral weight has dispersed through and has its maxi-

mum in the unoccupied rangé>3
o To exclude effects due to the 3D nature of the band struc-
Binding Energy (eV) ture of 1T-TaS,, we measured a dispersion plot in the same
) ) . plane as before, but now with H kyradiation (10.2 eV}

FIG. 5. (@) Dispersion plot in thd’ALM plane for H-TaSe.  probingk points with different perpendicular momenta. The
S_pectra have been collected with monochromatlz_ed deadia-  ragults are shown in Fig. 6. Figuréab gives a linear gray
tion. (b) Selected ARPES spectra from thé(L) point down to  geqe plot with the maximum intensity as black. Note that
forma eion ), e o aravs deas 1 ebr b bcause of e awer o energy. e o no e 2 fr

' out in the momentum plane as before with He However,
text. ; 2

we have more points peq unit, in other words a bettek

Ta 5d band, which is rather broad due to the fact that one hagesolution as compared to measurements with dleéWhite
actually two bands because of two formula units per unit celcircles indicate the peak positions taken from selected
in the 2H polytypes. Two arguments for this: crossing can ARPES spectra shown in Fig(i§. Here, peak positions are
be put forward. First, the spectral weight decreases not bdndicated by ticks. The QP band approackgs but it does
fore the peak has reached a binding energy of less than 10®t cross the chemical potential. This is corroborated again
meV. Second, perhaps the clearest indication, the Fermi ey the position of the Fermi level within the leading edge
ergy, which refers to a binding energy of 0.0 eV, appears tovhich stays below the midpoint. All in all, the dispersion
be shifted within the leading edge. The respective midpointdehavior of the ARPES spectra with 21.2 and 10.2 eV ap-
of the leading edge are indicated by the small circles drawipears identical. The one-particle-like QP peak doetscross
on the spectra. The intensity at the midpoint of the leading=r , rather it exhibits a backdispersing at the Fermi vektor
edge is much smaller than the one at the experimental Fernaf the unperturbed Tacdbband. Therefore, we can unequivo-
energy, which has been carefully determined by measuringally conclude that for T-TaS, we observeno Eg crossing
the Fermi edge of the polycrystalline Cu sample holder orin theI’ALM plane, whereas in the case dfiZl'aSe, there
which the TMC samples are mounted. This is proof thatis anEg crossing.

RAARL AL LA LA LA
06 04 02 00
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Ik, =1.81 A" 1.65 1.56 close toEg and is not resolved due to the broad peaks. The
evolution of the two clearly observable peaksandB is,
however, somewhat puzzling. In the 1.81-panel pAatan
already be seen, but rather weak. On going to smaller mo-
menta both peaks slightly shift to higher binding energies
and the dispersion becomes stronger. That is what one ex-
pects when moving along the large half-axis of an ellipsoid
towards the centeFig. 7, bottom right The effective
binding-energy value increases till the maximum of 0.95 eV
is reached in the center of the ellipsekat=1.05 A~*. The
important point is that we dmot observe a clear distinct

] crossing ofEg anywhere, analogous to what was demon-
SR (e strated in the previous chapter. On approaching the center of
the ellipse, the QP dispersion becomes larger and larger.
Both peaks show dispersion and the energy difference stays
approximately constant. This behavior is kept on further de-

Binding Energy (eV)

g'g creasing|kH|. Most importantly, there is a characteristic

oy change between the 1.56 panel and the 1.40 panel.

1% . P . One observes fotk||=1.56 A~* that the intensity of
(CK] [TM] [FK] I > r peakA is larger than that of pedR at least around the"M ]
Am ) 0.2{.505/// azimuth. At|k|=1.51 A™! the intensity flips over to peak

Zimuthal Angle 1-11729 B, and it is this peak which then disperses and keeps the
'1.4{)}5 large spectral weight in thdk)|=1.45 A™* and |k|

=1.40 A™! spectra. Notice that peak is always at least

FIG. 7. Azimuthal ARPES sections through the second and the00 meV away fromEg. The locations where both peaks
first SBZ of 1T-TaS, for different parallel momenta, taken with undergo a backdispersing correspond to the locations where
21.2 eV photons at 295 K. The radius is given on top of eachone would expect the Fermi vectors according to the theoret-
section panel, respectively. The dashed line denotes the Fermi levétal one-particle ellipse. As a summary, the dispersion of two
Bottom left: Energy and momentum scale valid for all panels. Peak®)P bands is observed, yet with a small bandwidth. Consid-
A andB (see text are labeled. Bott_om right: Sketch of the Ic_>ca_tion erable dispersion takes place only when the banisile
where spectra have been taken with the parallel momenta indicateg}, one-particle ellipseputside the ellipse the bands are

quasilocalized, as expected from the correlated low-
2. Other directions in reciprocal space temperature states in th@phase.

So far, we have concentrated solely on one high- In summary, there are no Fermi-energy crossings detect-
symmetry direction. The question arises, what happens awagple in the QC phase ofTkTaS,. We believe that an onset
from high-symmetry directions. In Fig. 7 we show azimuthal of the Mott localization is responsible for this, meaning that
dispersion plots for a variety of parallel momenta. Spectrahe Fermi level lies in a pseudogap created by tails of the two
have been taken at RT with 21.2 eV and are displayed imverlapping Hubbard subbands. For the Q@hase transi-
linear gray scale plots with high intensity corresponding totion, this is an experimentally well-known fat;*® but for
black. Each azimuthal scan has been carried out along thembient temperature, this is new. Hubbard bands, then, are a
circular trajectories given in the sketdlrig. 7 (bottom  direct proof of electron-electron interaction. In addition, the
right)]. The parallel momentum on top of each dispersionpresence of CDW's directly proves electron-phonon interac-
plot in Fig. 7 corresponds to the radius of the azimuthal scan;gng, Consequently, the QC phase of-TIaS vyields a
Spectra start in thel'K] direction and cover a range of 60°, strong interplay between electron-electron and electron-
i.e., they describe azimuthal cuts through the SBZ includingphOnon interactions.
the [I'M] azimuth and, in particular, the two theoretically  Finally, we have to consider recent theoretical work
predicted Fermi-level crossings of the one-particle Tk 5 where it was shown that a pseudogap may arise intrinsically
band in thef KMK] direction”® The labeling of the axes in in photoemission from Ohmic losses in poorly conducting
the bottom left panel is valid for all plOtS. SOlidS?“ For the examp|e of L(?G7C&).3§vlno3! it is shown

For |kj|=1.81 A™* and |k|=1.65 A~" in the disper- that the pseudogap at room temperature can be reconstructed
sion plots(see Fig. 7, one observes at the boundariés-  invoking Ohmic losses at the surface. In the case of
wards the[ I'K] azimuthg the elliptic features of the neigh- 1T-TaS, the pseudogap becomes deeper upon decreasing
boring SBZ's. Therefore, we focus hereafter on the blackhe temperature and increasing the resistivity, however, be-
feature evolving around tHd"M ] azimuth corresponding to cause the QP features become sharper raotcbecause of
the center of the dispersion plots. In all panels two pe&ks increased energy losses or broadertit) This is in contrast
and B are clearly identifiable. Their binding energies corre-to what is anticipated from intrinsic losses where one expects
spond reasonably well with the energies for two of the threea broadening of spectral features nEar. As a consequence,
CDW satellites calculated by Smittt all? As emphasized in our case the pseudogap is indeed of different origin than
above, we cannot exclude that the third CDW peak lies verghe one predicted by Joyrit.
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FIG. 9. True to scale sketch of the “FS” ofTtTa$S in the QC
phase at room temperature. The trianglél’KMK) yields the (1
X 1) SBZ, the small hexagons the reconstructed SBZ. The gray
ellipse shows an idealized one-particle FS. The white ellipses on the
FS show the locations of our “Fermi vectors.” The scale of kje
axes is given at the bottom. The nesting vectors and the points
k|(1,2) are explained in the text.

FIG. 8. FLAPW band-structure calculation of the Fermi surface
of 1T-TaS using thewieN97 code(Ref. 46. Shown are the results
for two different Fermi-surface planes, namely theHL' plane
(k, ==*m/a) in (a) and thelT MKM’ plane k, =0 A~1) in (b).

by 13.9° with respect to th®IK line. Nesting does not ap-
B. Localization vs Fermi-surface nesting pear to be very likely in thé\LHL' plane[Fig. 8@]. In the
) . MKM' plane it seems to be better, but not at all perfect.
So far we have seen fingerprints for electron-electron an rom theory, consequently, we have to consider that nesting
electron-phonon interactions. In 2D systems FS nesting haﬁﬂght occur’between diffe’rent points & . Nonetheless,

been assigned to be a possible driving force for the formatiorﬁ : ; :
g : . nesting does not seem to be perfect, and possible effects with
of CDW's. Now we address the question of FS nesting W'threspe(?t tok. have to be consri)dered P
. l .
respect to the topology of the FS iTdras. For the sake of convenience, we give in Fga sketch of

We performed band-structure calculations to calculate th% : ; :
. . n idealized one-particle TedFS shown as the gray-shaded
FS of the undistorted state for two different planes. The re- ! 'z parti snown as gray=s

sults are shown in Fig. 8. Figurg@ shows the calculated ©/liPs€ around theM point. The irreducible wedge of the
FS in theALHL’ plane. The corresponding undistorted Bz (1X1) SBZ is given by the thick trianglé\ (FKMK). In

is superposedwhite hexagons White corresponds to points addition, we superposed the SBZ according to i3

on the FS. Figure ®) gives the calculation for thEMKM’ X /13 superstructurésmall hexagons At the bottom the
plane, i.e., for a perpendicular momentkm= m/a shifted  scale is given for thé; axis. To find the true RFS locations,
with respect to theALHL' plane(see Fig. 1L One can see We performed FSM at RT with Henrl with a very high point
that in thel MKM ' plane parallel FS sheets do exist perpen-density®> We received a set of angle pairg, () and the
dicular to theMK line, whereas in theALHL' plane the corresponding locations ik space are indicated by small
elliptic FS pocket tapers off more distinctly towards the white ellipses. The part below thEM axis has been ob-
points. Taking into account that the FS measurenterty., tained by reflecting the data above with respect to this axis,
with 21.2 eV} approximately follows a spherical final state, being consistent with th®3, space group. Points on the
we can directly attribute the peaked structures from the FRFS formation inside than 0.7 A are difficult to obtain
measuremen(tf. Fig. 9 to k, effects. This has already been because in these regions the structures in the azimuthal scans
pointed out by Myroret al.® but an experimental proof was become broa} due to contributions from adjacent ellipses
lacking. In other words, effects of the perpendicular momen{rom neighboring irreducible wedges. The arrows 1-3 show
tum do play a role and they may as well account for possiblgpossible nesting vectorg.y,. Vector 1 corresponds to the
nesting vectors with components alokgandk, . For com-  (\/13x /13) superstructure, whereas vectors 2 and Zaare
parison, we also plotted vectors in Fig. 8, shown as arrows imitrarily chosen from approximately parallel sections of the
the respective lower left parts. These “nesting” vectors dis-experimental RFS. The two black circleska1) andk(2)
play what is expected from the,/13x y13) superstructure, on the RFS show the onsets of reduced intensity Beasee
i.e., a vector with magnitude equal to\1/3 ITT| and rotated  Fig. 10. They have been obtained by plotting the intensity of




PRB 62 INTERPLAY BETWEEN ELECTRON-ELECTRON.. .. 4285

ScARPES: lT-T382 In a picture where nesting plays a role one expects a loss
of spectral weight directharound E-. In a mean-fieldMF)
approach the gap sizeis given by 24 =3.5kg T¥ w2 ks
1.75 Al being the Boltzmann's constant afi@p,, representing the
respective transition temperature. This yields gaps of 53
meV for a transition temperature of 350(kC-QC transition
and 83 meV for 550 K“no CDW"-IC transition), respec-
tively. However, we see the intensity loss for peak
~300 meV away from the chemical potential. We believe
that this decrease of spectral weight comes from the fact that
one enters the region where the quasilocalized satellite peaks
start to follow the original dispersing one-particle-like Td 5
band (cf. Fig. 7). The spectra ak;(1) andk;(2) coincide
with those spectra of the azimuthal dispersion plots where
the intensity of peaké andB in Fig. 7 flips. In other words,
the spectra on the RR%ig. 10 do more likely show effects
of the experimental band structure, which is totally deter-
mined by the interplay between the CDW-induced satellites
and the remaining one-particle band which becomes less and
less distinct with decreasing temperature.
As a final point we emphasize that we do not observe any
- backfolding of bands at all on the contour of the RFS due to
A k”(l) the /13X /13 superstructurésee Fig. 9. Backfolding ef-
B fects have not been seen as well in the electronic band struc-
\{ ture belowEg being consistent with all previous ARPES
work. This nonobservation cannot be generalized for @l 1
2|1-|2 .e\.] S 0.72 Al polytypes since TI-TiSe, exhibits a (2<2X2) reconstruc-
200 400 0 tion and, in that case, the Se bands near normal emission
exhibit a backfolding due to the new symmetty®°’ The
lack of signs in the data related to backfolding effects may be
FIG. 10. Scanned ARPES spectra af-TaS, at room tempera-  €Xplained by the small size of reconstructed B&ee Fig. 2
ture with 21.2 eVonthe “RFS” contour(Ref. 23. The meaning of ~ Or as well by small Fourier components of the CDW poten-
the peaksA andB is given in the text. The arrows(1,2) show the tial as argued earlié®
onsets where peak loses spectral weighisee text

<1?|(2)

k)|l on RFS contour

Binding Energy [meV]

V. SUMMARY AND OUTLOOK

eakA (see Fig. 1Das a function of the parallel momentum . . . .
E)not shgwn hegr)aa?’:d denote those poinFt)s lnspace where We examined in detail the electronic band structure of the
peak A starts losing spectral weight. The spectra in Fig. ld.qT phase of I-TaS, by means of Scar?”ed ARPES. In par-
were measured at RT with Hexlradiation along the RFS ticular, we demonstrated that no crossings of the Fermi level
contour (Fig. 9). The SCARPES spectra show a two—peakare visible, indicating that a correlation pseudogap due to
structure wiih t;inding energies of 300 mejgeak A) and electron-electron interaction of electrons in the Ta &e-
800 meV/(peakB) corresponding to two CDW, induced sat- rived band exists already at RT. The magnitude of the gap is
ellites. The third peak, expected to be ind’uced from thedifficult to determine because of the inherent broadening of
CDW potential cannot be seen clearly. As it develops intothel\/fp'ECtraI funct]:on ?jt ET' h lete RT band
the LHB with decreasing, we cannot exclude that it is lying . oreover, we found that the complete band structure
close toEr hidden by the broad, incoherent background.'sf governed by two quaS|part|cI9 peaks, which can be as-
Moreover, the SCARPES spectra are in perfect agreeme gned to stem from the outerlying shells of the “Star-of-

with the data shown above away from high-symmetry direc- awdj’ cluster related to the format!on O.f CDW’S n .th's
tions. material. Those peaks show a quasilocalized dispersion be-

The chosen nesting vectof@ and 3 are arbitrary in havior outside the one-particle ellipsoid and follow the free-

length but have the correct direction, i.e., they are rotated b lectron-like dispersion Inside the ellipsoid. We do not find

aae . . P weight which can be attributed to a coherent LHB state;
;13\/1—3 away from the[KIl\/I K]d(ljn_ﬂ_e according to the (1_3 F ather, we find a pseudogap present at RT and a broad back-
) superstructure. In addition, vectors connecting FSyq ng possibly due to fluctuations of this inherent “quasi-

sheets become larger on approaching thepoint. The de-  particle liquid” that constitutes the remnant Fermi surface.
viation from the exact value for theC phase, i.e., Al spectral features seem to account for the pseudogap in
1J13IT|=0.279TT|, is then decreasing. For example, the that they show a backdispersing at the normal state Fermi
vector 3 has a value o£0.21I'T’|. This indicates that nest- vectors.

ing may beimperfect™ The fact that the vectors become  Upon addressing the particular question of possible FS
smaller farther away frofKM K] can be explained b, nesting, we scanned the remnant FS and found a consider-
effects as argued before. able decrease of spectral weight around the high-symmetry
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line [KMK]. However, this distinct decrease is obtained for ACKNOWLEDGMENTS
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