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Photoelectron spectroscopy reveals a striking correspondence between charge-density-wave-related
phase transitions and modifications of the electronic structure in 1 T-TaS.. High-energy-resolution
spectra indicate that the collapse of the Fermi surface is abrupt at the quasicommensurate-
commensurate transition (- l85 K) and that, below this critical temperature, the Fermi level lies in a

deep, temperature-dependent pseudogap. These results strongly suggest successive localizations due to
electron correlations and disorder, and resolve an outstanding contradiction between transport data and
previous spectroscopic results with lower resolution.

1T-TaSi exhibits unique physical properties that are
the consequence of its quasi-two-dimensional (2D) char-
acter, and of an unusually complex charge-density-wave
(CDW) phase diagram. ' " The most striking observa-
tions concern the resistivity which undergoes a sudden
tenfold increase in coincidence with the first-order phase
transition (T- l 85 K) from the tiuasicommensurate
(QC) to the commensurate (C) CDW structure, followed
by a metalliclike decrease and, below -60 K, by a steep
rise. '" This anomalous behavior indicates that important
modifications of the electronic structure, with the disap-
pearance of a large portion of the Fermi surface, take
place at the QC-C transition, but their origin is not obvi-
ous since CDWs alone are not expected to produce such
dramatic efIects in a 2D solid.

I t is now clear, however, that electronic correlations
within the CDW distorted bands'' and, at low tempera-
ture, disorder, '-" play a major role in determining the
properties of l T-TaSi. Photoelectron spectroscopy (PES)
investigations' ' have provided experimental support to
a model ' that predicts the occurrence of a Mott localiza-
tion'" at the QC-C transition. A sharp spectral feature,
centered at -200 meV below the Fermi level (EF) in the
commensurate CDW phase, has been interpreted as repre-
senting the lower Hubbard subband, and from its binding
energy a Mott-Hubbard gap of 125-200 meV has been in-
ferred. ' ' However, this conclusion sharply contrasts
with the known transport properties of the material, which
exhibit a much smaller energy scale. As an example, the
analysis of the low-temperature electrical resistivity yields
an activation energy of about 1 meV. '

In order to clarify this discrepancy, an investigation of

the electronic structure within few kBT of Ft; is of capital
importance. This information can be obtained by high-
resolution PES, which has already proved to be a powerful
tool to investigate low-lying excitations and phase transi-
tions in solids. '" In this paper we show that the high-
resolution results are crucial for the understanding of the
electronic properties of 1T-TaS2, and that they provide,
for the first time, a direct picture of what is thought to be
a very general mechanism of conduction in disordered im-

purity bands. '"'-

Single crystalline samples have been prepared from the
elements by reversible chemical reaction with iodine as a
transport agent, between 950'C (hot zone) and 900'C
(cold zone). The I T-polytipic phase is obtained by the
addition of SnS2 (less than 0.5% weight) and by rapid
cooling from the growth temperature. The temperature
dependence of the resistivity, measured with a standard
four-wire technique, was in good agreement with pub-
lished data. The sample was mounted on a He How cryo-
stat, and the temperature was measured by a Rh-Fe cali-
brated resistor. Clean surfaces were prepared by cleavage
in a vacuum of 1 x 10 ' torr. X-ray photoelectron spec-
tra of the Ta 4f core lines, obtained with monochroma-
tized Al K„radiation in the diAerent CDW phases, were
found to agree with published data. '-'-' Photoelectrons
were collected at near normal emission with an energy
resolution of 15 meV and an angular resolution of ~ 5 .

Figure 1 shows PES spectra of the top 1.5 eV of the
I T-TaS2 valence band, taken around the QC-C CDW
transition temperature. The 191 K spectrum is typical of
the quasicomrnensurate phase, while the 186 K one is
characteristic of the low-temperature, commensurate
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FIG. l. Photoelectron spectra of 1T-TaS. at the quasi-
commensurate-commensurate CDW transition, on cooling.
Temperature diferences are accurate to +0.5 K. Binding ener-
gies are referred to the Fermi level. The solid lines are guides to
the eye.

FIG. 2. Temperature dependence of the photoemission inten-

sity at FI:, the bottom ticks on the vertical axes mark the intensi-

ty zero. Inset: Photoelectron spectra of 1T-TaS. taken immedi-

ately above and below the quasicommensurate-commensurate
CDW transition in a region close to the Fermi level. Binding en-

ergies are in eV.

phase. The structures visible in the 191 K spectrum are
absent from the band-structure calculations of undistorted
I T-TaS~, and we did not observe them in the incommen-
surate phase, above 355 K. -' Smith, Kevan, and Di Sal-
vo" have shown that they result from the periodic CDW
modulation that splits the Ta d band in three subbands,
the topmost one straddling the Fermi level and containing
I electron per unit cell (thirteen Ta atoms). The three
subbands, separated by gaps in the C phase, overlap in the
QC phase, as a consequence of the limited size of the com-
rnensurate domains in this phase. On the low-

temperature side of the transition, exemplified by the

spectrum at 186 K, the shallowest peak undergoes a
dramatic evolution, doubling in intensity and shifting
away from the Fermi level to a final binding energy of 180
meV, within 2-3 K. Remarkably, both the peak's binding
energy' and intensity-' reproduce the discontinuity ob-
served in the resistivity at the same temperature. The
spectra of Fig. 1 leave little doubt as to the importance of
the changes that occur in the electronic structure in coin-
cidence with the QC-C transition. Just from the analysis
of these curves, one could conclude that at the QC-C tran-
sition 1T-TaS~ completely loses its metallic character and
becomes a semiconductor with a gap of the order of -0.1

eV. However, the picture that emerges from careful mea-
surements near the Fermi level is more subtle, and, as we
shall show, it is consistent with resistivity data.

The temperature dependence of the photoemission in-
tensity at Ez is shown in Fig. 2. We observe a sudden
drop at the transition temperature which correlates with
the jump in the resistivity. This fact, and analogous ob-
servations at different emission angles, suggest that, even
if our sampling of the Brillouin zone is necessarily incom-

piete, the measured variations reflect variations in the
density of states (DOS) at the Fermi level, N(EI:). Fig-
ure 2 proves that the collapse of the Fermi surface occurs
within a few degrees (see also the inset). The qualitative-
ly different information that emerges from our high-
resolution investigation is that N(EF) remains finite
below the transition. This observation provides a direct
evidence of the fact that the Mott transition does not com-
pletely open a gap in the density of states, but only a pseu-
dogap, in line with the original prediction of a zero Mott-
Hubbard gap formulated by Fazekas and Tosatti. ' '

According to Fig. 2 the density of states in the pseudo-

gap varies with temperature. The observed linear de-
crease of the photoemission intensity at EF between —150
K and the experimental limit of 20 K, is accompanied by
an increase of —15% in the intensity of the peak at 180
meV, and by a corresponding width reduction. '- We sug-
gest that these observations are the consequence of the
continuous growth of the CDW amplitude in the com-
mensurate phase. This interpretation is also supported by
previous x-ray photoemission spectroscopy ' and Hall
effect measurements. It is based on the assumption that
a larger CDW results in a further reduction of the hybrid-
ization in the subband, entailing a bandwidth reduction
and the observed smaller overlap at EF. The decrease
with decreasing temperature of the spectral intensity at
EI. is evident from the comparison of spectra collected at
145 and 20 K (Fig. 3). In line with a previous sugges-
tion '' we have superimposed on the spectra parabolic lines
centered at Eq-. In order to simulate the experimental
resolution, these parabola, which differ by a constant,
have been multiplied by the appropriate Fermi-Dirac
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FIG. 3. Close-up around the Fermi level of the photoelectron
spectr t of I T TaS~ at l-45 K (open dots) and at 20 K (solid
dots). The solid lines represent parabolic lines centered at Et:,
multiplied by the appropriate Fermi-Dirac functions and
broudened to account for the experimental resolution (I5 meV).
The two parabola diAer by a constant.

function and convoluted with a Gaussian line shape (full
width at half maximum is l 5 meV). The broadening of
the metallic edge reflects the temperature dependence of
the Fermi-Dirac function. From the good fit we conclude
that the energy width of the step at EF in the raw spectra
is perfectly compatible with the experimental conditions
(temperature, resolution), and that the two spectra essen-
tially differ by their value at EF. We must stress that the
high-energy resolution is capital to obtain a faithful image
of the DOS.

The most interesting information provided by the
curves of Figs. 2 and 3 is that N(EF) remains finite much
below the QC-C transition. Therefore, although the
center of mass of the lower Hubbard subband is actually
quite far from EF, the transport properties of the material
are entirely governed by the presence of electronic states
near EI.-. It remains to be determined whether these states
can contribute as extended states to the transport proper-
ties, or whether localization, due to the random field of
impurities and defects, prevails. The possibility of a disor-
der driven localization in the pseudogap between overlap-
ping Hubbard subbands has been considered for 1T-TaS2
by Fazekas and Tosatti, and on a quite general basis by

Mott " and Thouless. — The fractional power-law depen-
dence of the logarithm of the resistivity indicates that
below —20 K electrons are localized and conduction
occurs by variable range hopping (VRH). ""The ex-
tended tails observed in our PES spectra certainly confirm
the importance of disorder on the low-temperature side of
the transition. Moreover, the good fit obtained in Fig. 3
with parabolic line shapes suggests, on the basis of previ-
ous experimental ' and theoretical work, ' ' that conduc-
tion in the VRH limit might have a 3D character.

The PES spectra are also useful to determine the onset
of localization. Mott has derived a criterion for the oc-
currence of an Anderson transition in a pseudogap, based
on the ratio g between N(Et )and -the free-electron value

N(Et )t,„„suchthat localization occurs for values of g
smaller than -0.25. I T-TaS2 is metallic above the QC-C
transition; if we assume that the value of N(Et. ) just
above the critical temperature is representative of
N(Et. )r„.„., we . must conclude from Fig. 2 that localization
already occurs somewhere below the steep edge, around
180 K. This is not in contradiction with the metalliclike
character of the resistivity between 180 and 60 K. In fact,
on the nonmetallic side of the transition, and at suffi-

ciently high temperature, electrons excited from Et. to the
mobility edge can contribute to band conduction. The sit-
uation is similar to that observed, e.g. , in cerium sul-

phide, -' where an Anderson localization occurs as a func-
tion of excess Ce content. A rough estimate of the energy
difference between the Fermi level and the mobility edge
can be obtained from the temperature at which the
minimum of resistivity occurs: For 1T-TaS~ this gives ap-
proximately 5 meV.

In conclusion, our photoemission data confirm that the
QC-C COW transition in IT TaSz is acco-mpanied by an

abrupt decrease of the density of states at the Fermi ener-

gy, in agreement with a model predicting a Mott transi-
tion. The high resolution of our spectra allows us to ex-
tend the analysis to the range of the low-energy excita-
tions which are directly linked to transport properties. In

contrast to previous photoemission investigations which

suggested a 200-meV gap, incompatible with resistivity
data, we provide a direct demonstration of the existence of
a finite density of states at Et,- in the commensurate phase,
which proves that 1T-TaS. would retain a weak metallic
character if disorder did not induce an Anderson localiza-
tion.
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