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Spectroscopic signatures of phase transitions in a charge-density-wave system: 1T-TaSz
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Photoelectron spectroscopy with high-energy resolution has been utilized to investigate the charge-
density wave (CDW) in 1T-TaSz between 20 and 360 K. Constant binding-energy curves reveal discon-
tinuities in the temperature dependence of the photoelectron spectral function p(E), and demonstrate
that sudden modifications of the electronic structure, namely, in the vicinity of the Fermi level EF, mark
the first-order CDW transitions. In the commensurate phase, below 180 K, p(EF) reflects the formation
of a correlation pseudogap. On disordered surfaces, however, the long-range coherence typical of the
commensurate phase is lost, and a normal metallic behavior is recovered.

I. INTRODUCTION

1T-TaSz has attracted much interest because of pecu-
liar physical properties, unique among the transition-
metal dichalcogenides. ' Its layered structure consists
of strongly bound S-Ta-S planar building layers coupled
by weaker forces. As a result, several macroscopic prop-
erties, like the electrical resistivity, are anisotropic and
1T-TaSz is generally considered as a quasi-two-
dimensional (2D) material. The marked 2D character is
exemplified by the calculated electronic structure and
it has been confirmed by angle-resolved photoemission ex-
periments 8-12 Suitable nesting conditions of the quasi-
2D Fermi surface favor the appearance (at -550 K) of a
periodic lattice distortion with a complex charge-density
wave (CDW}." ' The CDW is incommensurate (I)
above -350 K, and commensurate (C) with periodicity
&13X V'13 below 180 K, while between 350 and 180 K
(between -230 and 350 K upon heating), it is on the
average incommensurate, or quasicommensurate (QC},
with commensurate domains arranged in a hexagonal lat-
tice and separated by discommensurations.

Unlike other layered materials, the properties of 1T-
TaSz present an unusual and strong temperature depen-
dence. The electrical resistivity, for instance, exhibits
sharp steps at the I-QC and QC-C transitions, and an un-
bounded rise below -60 K, ' suggesting large changes
in the electronic density of states (DOS). This observa-
tion contrasts with the usual assumption that CDW-
related effects should be small in a 2D system, since a
Peierls gap can only appear over limited portions of the
Fermi surface. Additional mechanisms, acting with or
besides the CDW, have therefore been invoked. Low-
temperature resistivity data, suggestive of variable range
hopping conduction, ' ' have prompted a model predict-
ing the occurrence of electron (A.nderson} localization in
the random field created by impurities or defects. Faze-
kas and Tosatti, on the other hand, have stressed the
importance of the electronic correlations. Their model
maintains that the QC-C transition is accompanied by a

Mott transition, which causes a sudden reduction of the
electron density of states at the Fermi level and accounts
for the observed resistivity jump.

Photoemission spectroscopy (PES} and inverse photo-
emission spectroscopy (IPES) measurements have shown
that the whole valence band of 1T-TaSz is affected by the
CDW and that clear differences in the electronic density
of states characterize the various CDW phases. '

These results generally support the model of Fazekas and
Tosatti. However, surprisingly, estimates of the energy
gap (150—200 meV} based on spectroscopic data are two
orders of magnitudes larger than values deduced from
transport measurements. ' Recently, we have shown
that this inconsistency actually rejects the different sensi-
tivity of the various techniques to the two distinct energy
scales of this material. PES and IPES data, in fact,
directly display the characteristic energy of the Mott
transition, the Coulomb correlation energy U-200 meV,
but a much smaller energy scale, of the order of a few
meV controls the low-temperature properties of the ma-
terial. This small energy scale, which conventional spec-
troscopic measurements cannot reveal, emerges from
measurements performed with state-of-the-art energy
resolution. In this paper we present the results of a pho-
toemission investigation of 1T-TaSz combining high-
energy resolution and an accurate temperature control
over a wide range (20—370 K), and show that with these
joint capabilities it is possible to identify clear finger-
prints of the structural phase transitions.

II. EXPERIMENT

Single crystalline samples of 1T-TaSz in the form of
platelets of approximately 5 X 5 X0.5 mm have been
prepared from the elements by reversible chemical reac-
tion with iodine as a transport agent, as described else-
where. The electrical resistance, measured between RT
and 20 K with a standard fourpoint technique, presented
sharp steps at 180 K on cooling and at 230 K on warm-
ing.
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B. The quasicommensurate-commensurate transition

The large anomaly observed in the electrical resistivity
at the QC-C transition suggests important modifications
of the electronic DOS, which should manifest themselves
in the photoemission spectra. This is confirmed by the
large changes we have observed in temperature-
dependent scans. In Fig. 3(a) we present, in the tempera-
ture range 150—300 K, a TCE curve collected at a bind-
ing energy of 180 meV (corresponding to the main peak
in the low-temperature spectra) during a complete cool-
ing and warming cycle 300~20~300 K. We observe a
100% rise of intensity at 187 K upon cooling and a corre-
sponding intensity drop at 230 K upon warming. The
transition at 230 K is not as sharp as the one at 187 K,
and the main step is followed by a second one around 245
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FIG. 3. Temperature-dependent constant-energy (TCE) pho-
toemission intensity curves, collected during a complete cooling
(open symbols) and warming (solid symbols) cycle, between
room temperature and 20 K: (a) at a binding energy of 180 meV
and (b) at the Fermi level. The inset shows the electrical resis-
tivity of IT-TaS& (arbitrary units) in the same temperature
range.

the temperature dependence of the photoelectron signal.
The inset of Fig. 2 reproduces such a temperature-
dependent-constant-energy (TCE) curve collected, around
the transition temperature, at the peak's binding energy
(180 meV) of the 356-K spectrum. The clear step indi-
cates that, in line with the first-order character of the I-
QC transition, the photoelectron intensity presents a
discontinuity at the critical temperature. A similar de-
crease of the photoemission intensity at EF suggests a
reduction of the electronic DOS which can be correlated
with the stepwise increase of the electrical resistivity.
From Fig. 2 we can then conclude that the I-QC CD&
transition brings about a sudden rearrangement of the
electronic states of 1T-TaSz over about 1 eV.

K. Following this second step, the "warm-up" curve falls
below the "cool-down" curve, until a new step at 285 K
equals again the two curves.

The curve of Fig. 3(a) reproduces, with the exception
of the double step in the "warm-up" curves, the charac-
teristic temperature dependence of bulk parameters. Pre-
vious authors had suggested, on the basis of spectro-
scopic results, that the backtransformation from the
correlated low-temperature phase to the normal metallic
state should be identified with a structural transition
occurring at 285 K from the T (triclinic} phase to the
QC phase. This conjecture was rather disturbing because
it implied that metallic conductivity was recovered -50
K below the Mott transition, when electrons are still lo-
calized. The results of Fig. 3 demonstrate unambiguously
that the critical temperature coincides with that deter-
mined from the electric resistivity. The structural transi-
tion at 285 K, which mainly concerns the c axis (perpen-
dicular to the Ta planes}, is revealed in Fig. 3 by a small
jump in the warm-up curve. The fact that the TCE bears
a signature of this transition actually demonstrates that
the sensitivity of PES is well adapted to study the close
relationship between structural phase transitions and sub-
tle changes in the electronic structure in 1T-TaSz.

On the other hand, the presence of two steps in the
warm-up curves of Fig. 3, but not in the resistivity, calls
for an explanation. The large, sample-dependent hys-
teresis, indicative of the infiuence of defects on the QC-C
transition, and the high surface sensitivity (10—20 A) of
PES, suggest that our observations might reflect different
pinning mechanisms acting in the bulk and at the surface.
In order to verify whether the two steps could be as-
signed to distinct surface and bulk transitions, we have
repeated the measurement with a different photon energy
(40.8 eV) and therefore a slightly different probing depth,
but the new curves exactly reproduced the results of Fig.
3. We must therefore conclude that both transitions
occur at the surface. In the absence of a more systematic
study, we can only speculate that cleavage defects could
act as pinning centers for the CDW. A cleaved surface
will inevitably present both regions with a low density of
defects, insuScient to oppose the bulk-driven transition,
and regions where the density of defects might be large
enough to locally retard the transition to the C phase.
The curves of Fig. 3 should therefore be regarded as ac-
counting for a distribution of such surface domains, and
the observation of two sharp steps, rather than a broad,
continuous transition, would then suggest that these sur-
face defects are only effective above a well-defined thresh-
old density. A combined use of PES and of a surface-
sensitive structural technique like scanning tunneling mi-
croscopy (STM) should be extremely valuable to elucidate
this point.

The temperature dependence of the photoemission sig-
nal at the Fermi level, shown in Fig. 3(b), is very similar
to that of the main peak [Fig. 3(a)], with sharp edges at
187 K on cooling and steps at 230 and at 245 K on warm-
ing. However, the relative intensity variations are about
ten times as large, and of opposite sign; moreover, the
transition at 285 K is not visible. Opposite temperature
dependences of the spectral function at Ez and at 180
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FIG. 4. PES spectra of a small energy region around the Fer-
mi level at the QC-C CDW transition upon cooling. The transi-
tion is characterized by a sudden loss of intensity at EF and by
the growth of a peak at a binding energy of 180 meV.

C. The low-temperature correlated state

meV were already suggested by the analysis of Fig. 1,
which indicates a transfer of spectral weight from the
Fermi level to the main peak. It is quite interesting to
observe here that this transfer abruptly takes place at the
QC-C transition temperature. The sharp 90% intensity
drop at 187 K, and similar observations made at di6'erent
emission angles, mark a collapse of the Fermi surface ex-
plaining the related tenfold increase in resistivity. These
rapid modifications can be well appreciated from the raw
spectra of Fig. 4. Again it must be stressed that since the
instrumental broadening is smaller than the intrinsic
thermal broadening, these spectra provide a faithful im-

age of the (temperature-dependent) spectral function.

been discussed in a recent paper. The photoemission
intensity at E~, p(EF), decreases linearly with decreasing
temperature, but a real gap never opens, even at tempera-
tures much lower than the resistivity minimum ( -60 K).
This observation is crucial to understanding the physical
properties of 1T-TaS2, because it indicates that the Fermi
surface does not completely disappear at the transition
temperature and that the QC-C transition must be re-
garded as a gapless Mott transition, a possibility already
envisaged by Fazekas and Tosatti. 1T-TaS2 would then
exhibit a weak metallic character even at low tempera-
ture if a disorder-driven localization, which is bound to
occur in the deep pseudogap formed by the overlapping
tails of the Hubbard subbands, ' did not prevent metal-
lic conduction. The low-temperature electrical conduc-
tivity is therefore controlled by the energy separation be-
tween the mobility edge and the Fermi level. A rough es-
timate, based on the temperature of the resistivity
minimum, yields -5 rneV for this characteristic ener-

gy
The modifications of the PES spectrum in the C phase

are not limited to the crucial region around the Fermi
level. Changes in the valence-band emission over more
than 1.5 eV can be observed in Fig. 5, where we compare
spectra taken at 165 and 20 K. All the spectral struc-
tures appear sharper and more intense in the 20-K spec-
trum (solid symbols), while the integrated intensity
remains, within the experimental accuracy, constant. In
particular, the progressive contraction of the main peak
around its center accounts for the low-temperature be-
havior of the TCE s of Fig. 3. It is tempting to interpret
the measured contraction as the spectroscopic conse-
quence of an increasing CDW amplitude. The growth of
the CDW below the QC-C transition, suggested by the

temperature dependence of the Hall coefticient and by
x-ray-photoelectron-spectroscopy data on the Ta 4f core
levels, ' ' should in fact lead to a further localization of
the conduction electron wave functions within the 13-

The sudden collapse of the Fermi surface implied by
the TCE s of Fig. 3(b) is consistent with the prediction,
by Fazekas and Tosatti, of a Mott transition taking
place at the QC-C critical temperature. This transition
corresponds to the localization of electrons from a nar-
row band straddling the Fermi level into molecularlike
orbitals of the star-shaped 13-atom clusters that consti-
tute the fundamental units of the distorted structure.
The separation between the center of mass of the occu-
pied lower and the unoccupied upper Hubbard subbands,
which yields a good estimate of the strength of the on-site
Coulomb correlation U, can be determined from PES
(e.g., Fig. l) and IPES (Ref. 24) spectra to be approxi-
mately 200 meV. This circumstance has led a number of
spectroscopists to conclude that 1T-TaS2, in the com-
mensurate phase, is a semiconductor with a gap of the or-
der of 200 meV, in contradiction with the resistivity mea-
surements. The results of Figs. 3 and 4, obtained with
high-energy resolution, show, on the contrary, that the
density of states at the Fermi level is small but finite well
beyond the QC-C transition temperature. This point has
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FIG. 5. Valence-band PES spectra of 1T-TaS~ in the C CDW
phase. The spectral features are sharper and more intense in the
lower temperature {20-K}spectrum.
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atom clusters. The progressive development of a molecu-
lar like situation would necessarily result in sharper spec-
tral features. However, additional temperature-
dependent sources of broadening that cannot be easily
quantified, like the influence of electron-phonon scatter-
ing on the (k-dependent) spectral function, ' and more
general temperature effects in the electronic structure,
cannot be excluded.

D. The efFect of surface disorder
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As a last point, we consider the influence of surface dis-
order on the evolution of the charge-density wave. Dis-
order, as a driving force for localization, has been regard-
ed in the past as the primary cause of the diverging low-
temperature electrical resistivity in 1T-TaSz. Subsequent
measurements on irradiated samples, where the density
of defects, and therefore the amount of disorder, could be
accurately controlled, have, however, demonstrated that
added disorder reduces the low-temperature resistivity by
suppressing the transition to the commensurate phase.
The suppression of the QC-C transition can be under-
stood as the consequence of local pinning of the CDW
phase by defects, which prevents the development of a
coherent low-temperature ground state. From the previ-
ous discussion, we can expect the disorder-driven
suppression of the commensurate phase, and the appear-
ance of metallic conduction, to be accompanied by visible
changes in the electronic DOS, and therefore in the PES
spectral function.

In an attempt to test this hypothesis, we have exam-
ined surfaces prepared by cleavage in UHV immediately
followed by scraping with a thin-wired tungsten brush.
The amount and the nature of disorder thus induced in
the sample is admittedly ill defined, but our procedure
can find some justification in its simplicity and, a pos-
teriori, in the striking results reported in Fig. 6. There we
compare the PES spectrum of an as-cleaved surface with
the spectrum of the same sample after scraping; similar
curves have been obtained on all surfaces prepared with
the same procedure. The disappearance of the main peak
at 180 meV coincides with a redistribution of spectral
weight over the whole band and with the recovery of a
clear metallic edge. Structures at 400 and 900 meV are
indicative of a persisting CDW distortion, and, overall,
the spectrum of the "disordered" surface closely resem-
bles spectra collected in the QC phase, although, because
of the lower temperature (20 K), the Fermi edge is con-
siderably sharper. Since the low-temperature spectra of
cleaved surfaces exhibit a vanishingly small intensity at
EF at all emission angles, macroscopic effects (e.g. ,
misoriented crystallites) can be ruled out, and we can
conclude that the perturbation acts at a microscopic level
in such a way that a metallic phase has been stabilized at
low temperature.

The nature of this low-temperature phase is clarified by
the analysis of the Ta 4f core lines, whose shape is highly
sensitive to the CDW. The inset of Fig. 6 shows the Ta
4f7/2 line for the as-cleaved and the disordered surface.
The splitting of the 4f line into two well-resolved com-
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FIG. 6. Valence-band PES spectra of a cleaved 1T-TaS2 sur-
face at 20 K (open symbols) and of the same sample, mechani-
cally disordered by brushing (solid symbols). The inset shows
x-ray-photoelectron spectra of the Ta 4f7/2 core level for the
cleaved (open symbols) and the disordered (solid symbols) sur-
face.

ponents in the spectrum of the as-cleaved sample reflects
nonequivalent Ta sites, and it is consistent with previous
measurements of the C phase. In the spectrum of the
disordered surface, instead, the two components are
broader, and their apparent separation is noticeably re-
duced. This is exactly the evolution expected for a transi-
tion from the long-range order of the C phase to the
domain structure of the QC phase. ' ' Our results there-
fore confirm that disorder inhibits the formation of the
coherent state represented by the C phase, and yield a
direct image of the disorder-stabilized metallic phase.

IV. CONCLUSIONS

The physical properties of 1T-TaS2 are determined by
the intrinsic instability of its quasi-2D Fermi surface. We
have investigated the rearrangement of the electronic
density of states that accompanies the transitions between
different CDW phases, and we have identified precise
spectroscopic signatures of each phase. We have shown
that photoelectron spectroscopy, in the ternperature-
dependent constant-energy mode, reveals an impressive
correspondence between structural and electronic proper-
ties of this material, which was not fully recognized in
previous investigations. The high-energy resolution of
our measurements allows us to demonstrate the forma-
tion of a correlation pseudogap in the cornrnensurate
CDW phase. This observation is not accessible to more
conventional experiments where the energy resolution is
typically larger than the intrinsic breadth of the metallic
Fermi edge at the transition temperature. The stabiliza-
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tion of a low-temperature metallic ground state by de-
fects has also been briefly discussed. These results
demonstrate that the bringing into play of high resolution
and of an accurate temperature control establishes photo-
emission as a powerful and promising tool for the investi-
gation of the subtle relationship between the low-energy
properties of solids and the relevant electronic states.
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