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Unusual Photoemission Spectral Function of Quasi-One-Dimensional Metals 
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We have carried out high-resolution photoemission experiments on two quasi-one-dimensional com­
pounds: K0.3M0O) and (TaScihl- In both systems, a metal-insulator transition associated with a lattice 
distortion is reported. We show that the Fermi-step characteristic of a metallic phase is not observed 
above the Peierls temperature. As this Fermi step is always observed in higher-dimensional metals, we 
propose that this behavior results from the singular properties of one-dimensional systems and we sug­
gest different mechanisms in order to explain this striking result. 

PACS numbers: 71.45.Lr, 7l.30.+h, 79.60.Cn 

One-dimensional materials show many pathological 
features which are not present in higher dimensions such 
as the metallic-state instability [I]. Two alternative ap­
proaches have been developed to account for the unusual 
properties observed in such systems. The first one ne­
glects the interaction between electrons and only consid­
ers the electron-phonon coupling. This leads to the well-
known Fröhlich Hamiltonian [2], and spectacular proper­
ties are found such as the Kohn anomaly in the phonon 
dispersion, the phonon softening, and the formation of 
charge-density waves [3]. In the second approach, pho­
non effects are disregarded and the electronic correlations 
are investigated. The ID interacting electron models 
qualitatively differ from those of 2D and 3D systems 
[4,5]. Exactly solvable approaches such as the Tomo-
naga-Luttinger models [6,7] show that all the degrees of 
freedom are collective (gapless plasmons), and that there 
are no elementary excitations corresponding to the quasi-
particles found in normal Fermi liquids. Therefore, the 
momentum distribution function n(k) does not exhibit a 
discontinuity at the Fermi momentum as it does in nor­
mal Fermi liquids, so that 1D metals are marginal Fermi 
liquids [8]. 

A normal metal is characterized by an incompletely 
filled electron band allowing electron-hole excitations of 
infinitesimal energy. Photoemission experiments reveal 
the metallic state by a step at the Fermi level with a 
width determined by the temperature broadening (Fermi 
function) and by the experimental resolution. However, 
previous photoemission studies of ID metals [9-11] have 
reported an extremely low spectral intensity at the Fermi 
level (EF), and no unambiguous existence of a metallic 
edge. The absence of this universal spectroscopic feature 
raises, if confirmed, very fundamental questions about 
our understanding of ID metals and of the photoemission 
process. This issue can only be clarified by careful high-
resolution measurements of the spectral function at £>. 

We have measured the two ID compounds K0.3M0O3 
and (TaSe^jI which exhibit metal-insulator transitions 

at 180 and 263 K, respectively. These transitions are as­
sociated with a lattice distortion and the formation of 
charge-density waves as evidenced by neutron and x-ray 
diffraction or electrical resistivity experiments [12-16]. 
Although these materials are certainly metallic above the 
Peierls temperature, they do not exhibit the typical Fermi 
edge in the photoemission spectral function. We suggest, 
therefore, that this striking observation is a characteristic 
property of 1D metals resulting from the singularities as­
sociated with this dimensionality, and we analyze the pos­
sible causes of this behavior. 

K0.3M0O3 single crystals have been grown by electro-
lytical reduction from the fluxed melt at 5500C. (Ta-
Scjhl single crystals have been prepared from stoichio­
metric mixture of the elements, by evaporation in closed 
quartz crucible between 510 and 48O0C. Clean samples 
were prepared by cleavage in a vacuum of lxl0" l 0 torr . 
Our spectrometer, equipped with a helium-discharge 
lamp producing very narrow photon lines, has a total 
resolution better than 20 meV. The calibration of the en­
ergy was achieved by measuring the low-temperature 
Fermi edge on an adjacent Cu sample. 

Our HeI (hv—2\,2 eV) ultraviolet photoemission spec­
tra (UPS) of Ka3MoO3 and (TaSe4M are in good agree­
ment with previous measurements [17,18], but our resolu­
tion allows us to study the vicinity of the Fermi level with 
more accuracy. In Fig. 1 we have reported the first 500-
meV range below the Fermi level for the two one-
dimensional compounds and, for comparison, we have 
also plotted characteristic spectra of higher-dimensional 
metals. The photoemission spectra of K.0.3M0O3 and 
(TaSe4^I have been measured at 190 and 300 K, respec­
tively, just above the Peierls temperature (Tp) of these 
two compounds (180 and 263 K). Surprisingly, although 
the samples are in their metallic phase, no evidence of a 
Fermi step can be detected. This behavior strongly con­
trasts with the situation observed for higher dimensionali­
ty as illustrated on the spectra of TaSe2, a 2D metal, and 
of rhodium metal. In these 2D and 3D metals, the Fermi 
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FIG. I. UPS photoemission spectra of the K0.3M0O3 and 
(TaSeJaI measured at a temperature just above the Peierls 
transition. For comparison, the spectra of 2D (IT-TaSeî) and 
3D (Rh) metals are reported at the same temperatures. All 
spectra are normalized at their maximum intensity. 

discontinuity is clearly observed and as the energy resolu­
tion is better than 20 meV, the width at EF is essentially 
due to the thermal broadening. As we shall report else­
where [19], in both ID compounds, a temperature depen­
dence of the spectrum is observed. Below the transition 
temperature, the spectra are shifted to higher binding en­
ergies reflecting the progressive gap opening; above 7>, 
no evidence of a metallic signature up to 300 K is ob­
tained. In order to estimate the limit of a detectable Fer­
mi step, we simulate the experimental spectra by spectral 
functions with different values at the Fermi level p(Ep). 
We then multiply them by the Fermi function ( 7 ""190 
K) and convolute them with a Gaussian (20 meV 
FWHM) to account for the temperature and resolution 
broadenings. In Fig. 2, a careful inspection of the dif­
ferent curves shows that a Fermi step can be detected for 
p(Ep) larger than about 10% of the maximum [p(E)max\. 

This study is the first detailed measurement and 
analysis of the vicinity of Ep in ID metals. Previous pho­
toemission experiments with a lower resolution have 
shown that the intensity near Ep is very low in many 1D 
metallic compounds [9-11] . Recent studies on conduct­
ing polymers [20,21] contain indications of intensity near 
Ep but the resolution is too low and the thermal broaden­
ing at room temperature too high to allow a detailed 
analysis of the spectral shape at Ep. Furthermore, 
higher-dimensional interactions can be invoked to explain 

T ' r 

Energy (meV) 

FIG. 2. Calculated spectral functions for several values of 
the spectral function at the Fermi level (a Gaussian shape was 
chosen for p(E): p(E) - {expl - (E - E 0 ) M l 2 + /41/(1 + A) for 
different values of A). The effects of temperature and resolu­
tion are investigated as a function of r—p(Ep)Ip(E)mM. For 
r > 0.1, the Fermi step is apparent in the spectrum. The dashed 
line represents the case r ~0.05. 

a finite spectral function at Ep [20]. To the best of our 
knowledge, there is no indisputable evidence of a metallic 
edge in any ID metal. As the formation of a Peierls dis­
tortion is favored by a high density of states at Ep 
[N(EF)] and a strong electron-phonon coupling, we think 
that a low N(Ep) is unlikely; then the density of excita­
tions (photoemission spectral function) differs from the 
quasiparticle density of states as a consequence of elec­
tron-electron and electron-phonon interactions. 

Let us recall some generalities concerning the peculiar 
thermodynamic properties of one-dimensional systems. 
In mean-field theory, fluctuations are ignored and the sys­
tem exhibits a second-order transition at Tp"" (mean-field 
Peierls temperature) to a low-temperature insulating 
state. Introduction of fluctuations strongly modifies this 
picture. As stated in a theorem of statistical physics [22], 
the fluctuations in purely ID systems begin at 7""O K 
and suppress the transition. Thus the order parameter 
(the energy gap) fluctuates in time and space below T^. 
These fluctuations are reflected in the density of excita­
tions near the Fermi level where the band gap is expected 
to open [23]. Near 7 ^ F, the density of excitations is 
similar to that of the metallic state, but for T < TpF, a 
pseudogap appears as a result of the fluctuations between 
the metallic and insulating states and leads to a strong 
reduction of the spectral intensity near the Fermi level. 
The temperature dependence of the density of excitations 
shows that a sharp evolution takes place at about a quar­
ter of the mean-field temperature [23]. From the gap 
value of K0.3M0O3 deduced from optical [24] and resis­
tivity [25] measurements, Tp1* can be estimated to be be-
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tween 450 and 300 K. Then a pseudogap should be ob­
served in the photoemission spectrum above the transition 
temperature (180 K) that could explain the very low in­
tensity at £>. Similar arguments apply to (TaSeJ2I. 

However, in this approach there is no phase transition 
and the model must be extended to account for the well-
characterized thermodynamic transitions observed in real 
materials. In fact, the "ID" compounds are highly aniso­
tropic tridimensional systems since a weak interchain 
coupling always exists. This transverse coupling results 
in a reduction of the fluctuations and then in a transition 
at finite temperature (the Peierls temperature Tp), which 
is reduced with respect to the mean-field value (7> 
<K Tp1*). To discuss the influence on the density of exci­
tations, Rice and Strässler have developed a simplified 
model 126]: They investigate the fluctuation effects as a 
function of the interchain coupling by calculating the 
electronic Green function to the first order in the 
electron-phonon coupling. Their analysis shows that the 
fluctuations induce the formation above Tp of a pseudo-
gap reminiscent of the actual gap in the low-temperature 
insulating phase. Such a pseudogap was observed at 
room temperature in K0.3M0O3 and (TaSe^I by optical 
measurements [24,27]. These fluctuation effects are also 
reflected on the thermodynamical properties; for example, 
the magnetic susceptibility exhibits a jump at Tp, and it 
slowly increases when temperature is raised to 300 K, 
which has been attributed to fluctuations [28]. A reduc­
tion of the density of excitations near EF is then predicted 
and depends on the transverse coupling: For strong cou­
pling, the density of excitations is weakly modified 
(strong 3D effects) whereas, in the weak-coupling range, 
the pseudogap is more pronounced and the metallic signa­
ture is strongly reduced. With this formalism, a tem­
perature-dependent evolution of the spectral intensity at 
Ep is expected and a metallic behavior should be ob­
served near Tp*v. As our room-temperature measure­
ments do not exhibit an increase in the spectral intensity 
at EF, one has to look for additional mechanisms contrib­
uting to the reduction of the spectral function. 

One-dimensional interacting electron systems are mar­
ginal Fermi liquids and a peculiar spectroscopic behavior 
is expected. Unfortunately, to our knowledge, the effect 
of ID correlations on the photoemission spectral function 
has not been theoretically investigated yet. Nevertheless, 
this point has been studied for higher dimensions. In par­
ticular, electronic correlations in 3D systems are known 
to modify the spectral function near EF. For example, in 
heavy-fermion materials like some cerium-based com­
pounds, the quasiparticle density of states exhibits a nar­
row peak near EF as revealed by the large value of the 
specific-heat coefficient [29]. Although this high density 
of states is deduced from specific-heat or magnetism mea­
surements, a very low intensity near Ep is found in the 
photoemission spectra [30]. The spectral function p(£>) 
and the quasiparticle density of states N(EF) at the Fer­

mi level are related by the renormalization factor Z 
through the relation P(EF)^ZN(EF). Therefore, the 
lower the renormalization factor, the lower the spectral 
function at Ep. This factor Z is also the discontinuity 
amplitude in the momentum-distribution function of Af 
states at Fermi momentum in such systems. In 1D met­
als the discontinuity disappears [8] and the singular limit 
(Z^* 0) must be considered. In this limit, the represen­
tation of excitations in terms of quasiparticles is no longer 
valid: The state of electrons on the Fermi surface be­
comes unstable with respect to the emission of electron-
hole pairs. A classical example of infrared catastrophe is 
encountered in the edge singularity of x-ray-absorption 
spectroscopy and results in a vanishing spectral weight at 
the edge [31]. Then, we expect the infrared catastrophe 
in the 1D system to induce a strong reduction of the pho­
toemission spectrum at Ep. This conjecture is corrob­
orated by a calculation in the Luttinger model which pre­
dicts that the density of excitations vanishes at Ep [32]. 

Final-state effects resulting from the photoemission 
technique itself can also be invoked. In the photon ab­
sorption, high-energy phonons (of the order of the Debye 
energy) corresponding to quasimolecular modes can be 
excited. As a consequence, satellites corresponding to 
final states with a few phonons lead to a transfer of 
weight from the Fermi energy to higher binding energies. 
A similar mechanism has been previously proposed to ac­
count for the low density of excitations near 1D organic 
metals like TTF-TCNQ [10,11]. Because of the narrow­
ness of the conduction band in this material, the hole left 
behind can be considered as localized in the characteristic 
excitation time ( ~ 1 0 - 1 6 s) and various vibration modes 
can be excited according to the Franck-Condon principle. 
In such approaches, the low intensity near EF is only a 
consequence of a localized character of the hole left 
behind and could also be encountered in higher dimen­
sions. 

To summarize, high-resolution photoemission shows 
that the spectral function of quasi-one-dimensional com­
pounds in their metallic phase does not exhibit a Fermi 
edge. We cannot exclude a very low intensity at EF but 
such spectra strongly suggest that the photoemission 
spectral function significantly differs from the quasiparti­
cle density of states. We have reviewed several unusual 
mechanisms which can be invoked to explain this striking 
behavior: the large fluctuation effects, the interacting 
electron properties, and the excitations of high-energy 
phonons in the photoemission processes. At this stage, it 
is difficult to discriminate between these different mecha­
nisms. We will attempt to investigate the relative effects 
of electron-phonon coupling and electronic correlations 
by studying ID metals which do not present a Peierls 
transition. Then, low-temperature high-resolution UPS 
measurements could unambiguously characterize the me­
tallic 1D state. From a theoretical point of view, little is 
known concerning the spectroscopic properties of a mar-
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ginal Fermi liquid. This problem is fundamental not only 
for ID systems but also for high-7V superconductors since 
a description of their metallic phase in terms of a margin­
al Fermi liquid has recently been proposed [33]. 
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us with the crystal of K0.3M0O3 and Professor J. P. 
Pouget, Y. Pétroff, and D. Baeriswyl for helpful discus­
sions. This work was supported by the Fonds National 
Suisse de la Recherche Scientifique. 
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Pholoelectron spectroscopy reveals a striking correspondence between charge-density-wave-related 
phase transitions and modifications of the electronic structure in IT-TaS:. High-energy-resolution 
spectra indicate that the collapse of the Fermi surface is abrupt at the quasicommensurate-
commensurate transition (—185 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. 

I T-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.1 - 9 The most striking observa­
tions concern the resistivity which undergoes a sudden 
tenfold increase in coincidence with the first-order phase 
transition (T-185 K) from the quasicommensurate 
(QC) to the commensurate (C) CDVV structure, followed 
by a metalliclike decrease and, below ~ 6 0 K, by a steep 
rise.I() 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 effects in a 2D solid. 

It is now clear, however, that electronic correlations 
within the CDW distorted bands" and, at low tempera­
ture, disorder,,2,L1 play a major role in determining the 
properties of I T-TaS2. Photoelectron spectroscopy (PES) 
investigations14-17 have provided experimental support to 
a model" that predicts the occurrence of a Mott localiza­
tion ls 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. I 4 1 7 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.310 

In order to clarify this discrepancy, an investigation of 

the electronic structure within few kßT of £> 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.19 In this paper we show that the high-
resolution results are crucial for the understanding of the 
electronic properties of I T-TaSi, 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. I IU0 

Single crystalline samples have been prepared from the 
elements by reversible chemical reaction with iodine as a 
transport agent, between 95O0C (hot zone) and 9000C 
(cold zone). The 1 T-polytipic phase is obtained by the 
addition of SnSi (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 flow cryo­
stat, and the temperature was measured by a Rh-Fe cali­
brated resistor. Clean surfaces were prepared by cleavage 
in a vacuum of I x 1 0 - ' 0 torr. X-ray photoelectron spec­
tra of the Ta Af core lines, obtained with monochroma-
tized Al K1, radiation in the different CDW phases, were 
found to agree with published data.21,22 Photoelectrons 
were collected at near normal emission with an energy 
resolution of 15 meV and an angular resolution of ± 5 ° . 

Figure I shows PES spectra of the top 1.5 eV of the 
1 T-TaS2 valence band, taken around the QC-C CDW 
transition temperature. The 191 K spectrum is typical of 
the quasicommensurate phase, while the 186 K one is 
characteristic of the low-temperature, commensurate 
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phase. The structures visible in the 191 K spectrum are 
absent from the band-structure calculations of undistorted 
I T--TaSi, and we did not observe them in the incommen­
surate phase, above 355 K.23 Smith, Kevan, and Di Sal­
vo15 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 
1 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
mensurate domains in this phase.9 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 
energy17 and intensity2-1 reproduce the discontinuity ob­
served in the resistivity at the same temperature. The 
spectra of Fig. I 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 I T-TaSi 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 E/, 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

plete, the measured variations reflect variations in the 
density of states (DOS) at the Fermi level, N(Ef)- 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 ~ I 5 % in the intensity of the peak at 180 
meV, and by a corresponding width reduction.23 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 spectroscopy21 and Hall 
effect4 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 
Ef 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 Ef. 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 

spectra of 17"-TaS2 at 145 K (open dots) and at 20 K (solid 
dots). The solid lines represent parabolic lines centered at Ep, 
multiplied by the appropriate Fermi-Dirac functions and 
broadened to account for the experimental resolution (15 meV). 
The two parabola differ by a constant. 

function and convoluted with a Gaussian line shape (full 
width at half maximum is 15 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 Ep 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 £>. We must stress that the 
high-energy resolution is capital to obtain a faithful image 
or the DOS. 

The most interesting information provided by the 
curves of Figs. 2 and 3 is that N(Ep) 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 EF. 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 lT-TaS2 
by Fazekas and Tosatti, and on a quite general basis by 

Mott18 and Thouless.20 The fractional power-law depen­
dence of the logarithm of the resistivity indicates that 
below ~ 2 0 K electrons are localized and conduction 
occurs by variable range hopping (VRH).1 2 '3 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 '3 and theoretical work, ' l 2 4 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(EF) and the free-electron value 
N(EF){KC, such that localization occurs for values of g 
smaller than —0.25. 17-TaS2 is metallic above the QC-C 
transition; if we assume that the value of N(Ep) just 
above the critical temperature is representative of 
N(EF)(,CC, 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 EF to the 
mobility edge can contribute to band conduction. The sit­
uation is similar to that observed, e.g., in cerium sul­
phide,25 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 I T-TaS2 this gives ap­
proximately 5 meV. 

In conclusion, our photoemission data confirm that the 
QC-C CDW transition in 1 T-TaS2 is accompanied 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 Ep in the commensurate phase, 
which proves that 1 T-TaS2 would retain a weak metallic 
character if disorder did not induce an Anderson localiza­
tion. 

We thank P. Fluckiger for performing the resistivity 
measurements and Y. Pétroff and C. H. Marbuzet for 
stimulating suggestions. This work was supported by the 
Fonds National Suisse de la Recherche Scientifique. 
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Abstract. - High-resolution photoemission measurements have been carried out on blue-bronze 
materials (K03MoO3 and Rb03MoO3). In these quasi-one-dimensional systems, a metal-insulator 
transition at 180 K is associated with a lattice distortion, the formation of a charge density wave 
and the opening of an energy gap. In contrast to naive expectations, a modification of the spectral 
function over an energy range one order of magnitude larger than the energy gap is observed 
through the transition. This behaviour suggests that unusual mechanisms associated with the ID 
character strongly modify the photoemission spectra. 

In the recent past, many works have been devoted to the study of quasi-one-dimensional 
materials. From a theoretical point of view, the one-dimensionality is responsible for many 
properties which qualitatively differ from higher dimensionalities. Firstly, as demonstrated 
by Peierls [1], the metallic state is unstable with respect to a lattice distortion which yields 
the formation of an insulating state. Secondly, a statistical physics theorem establishes that 
with short-range interactions, a ID system cannot present a thermodynamic transition at 
finite temperature owing to the very large fluctuations associated with the ID character [2]. 
Thirdly, the electronic correlations are known to be very unusual [3,4]; the simple model of 
Landau-Fermi liquid which generally accounts for the excitations in 2 and 3D materials is no 
longer valid in ID systems where an infrared catastrophe leads to the Luttinger liquid 
pathology [5,6]. In real ID materials, electronic transitions are actually observed which 
suggest that transverse interactions play a significant role. Nevertheless, in systems where 
these interactions are weak, the main characteristic features of one-dimensionality 
remain [4]. 
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The molybdenum blue bronzes (K03MoO3 and Rb0.3MoO3) belong to this class of materials. 
They are metallic oxides with a crystalline structure formed by slabs of MoO6 clusters 
separated by alkali atoms. This atomic distribution clearly shows a preferential direction, and 
leads to anisotropic physical properties, such as the electrical conductivity [7,8]. Moreover, 
these systems exhibit a metal-insulator transition at 180 K as shown in many experimental 
studies [9-11]. In particular, the Peierls gap in the electronic density of states has been 
estimated between (100 -r- 150) meV from optical measurements [12]. This electronic 
transition can be understood in the framework of the Fröhlich model which shows that the 
electron-phonon coupling actually leads to a lattice distortion and the formation of a charge 
density wave in the low-temperature insulating phase. A mean-field treatment of the 
Fröhlich Hamiltonian predicts a modification of the spectral function similar to that 
encountered in the BCS theory of superconductors [13]. In going from the metallic to the 
semiconducting phases, a transfer of spectral weight from the vicinity of Fermi level to lower 
energy is expected. This transfer reflects the opening of the Peierls gap and its evolution 
with temperature should present a BCS shape. 

Recent photoemission studies on superconductors [14] and heavy-fermion systems [15] 
have demonstrated that high-resolution photoemission is a powerful tool for investigating the 
low-energy electronic excitations and should be sensitive to the opening of the Peierls gap 
which is not accessible to conventional photoemission measurements. Surprisingly, we 
showed recently [16] that well-resolved spectra of 1-dimensional systems in their metallic 
phase above the Peierls transition do not reveal the existence of a Fermi edge which, 
however, is recognized as the essential characteristic of metals. Starting from this quite 
unusual situation, we investigate in the present study the temperature dependence of the 
spectral function through the Peierls transition. Our aim is to look for possible manifestations 
concomitant to the gap opening. 

Ka3MoO3 and Rb03MoO3 single crystals have been grown by electrolytical reduction from 
the fluxed melt at 5500C. Clean samples were prepared by cleavage in a vacuum of 
1-10 _10Torr. Our spectrometer, equipped with a helium-discharge lamp producing very 
narrow photon lines at 21.2 eV (HeI) and at 40.8 eV (HeII), has a total energy resolution 
better than 20 meV. The angular resolution, on the other hand, is ± 3°. The calibration of the 
energy was achieved by measuring the low-temperature Fermi edge on an adjacent Cu 
sample. 

As shown in previous studies [17,18], the UV-photoemission spectra of these samples are 
dominated by the valence band structure between - 2 and - 10 eV and a small feature near 
the Fermi level reflects the conduction band which, in these oxides, results from the 
formation of hybridized Mo 4d and O 2p states [19]. This band, empty in the MoO3 oxide, is 
partially filled by the alkali s electrons. In fig. 1, we have reported the high-resolution He I 
photoemission spectra of the conduction band in K03MoO3 for different temperatures (the 
spectra for Rb0^MoO3 are very similar). These spectra, normalized to their area, are all 
characterized by a pronounced structure centred at about - 300 meV and by a vanishing 
intensity at the Fermi level. Surprisinly, the spectrum of the metallic phase does not exhibit 
a step at the Fermi energy which is always characteristic of a metal. In contrast to a previous 
study [17], no angular dependence of the spectral function is observed. This has been 
confirmed on several surfaces. With decreasing temperature, a deformation of the spectrum 
is shown, with an additional shift for temperature below the transition temperature (Tc = 
= 180 K). This behaviour can be interpreted by a transfer of spectral weight from the vicinity of 
the Fermi level to higher binding energy. Moreover, the spectral function is modified over a 
much wider energy range (500 meV) than expected from the opening of a Peierls gap 
(50 -r- 75) eV. In the inset, the photoemission intensity at constant binding energy 
(E = - 70 meV) is reported as a function of temperature. The spectral intensity slowly 
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Fig. 1. - UPS spectrum at several temperatures (solid triangles T = 80 K, open circles T = 183 K and 
solid circles 71 = 313 K). In the inset, we report the temperature dependence of the spectral intensity at 
binding energy E = - 70 meV. A monotone decrease is observed at high temperature and a sudden 
change occurs at 167 K resulting from the electronic transition. 

Fig. 2. - Temperature dependence of the spectral function in the metallic phase: the T = 313 K 
spectrum (solid circles) can be reproduced by convoluting the T = 183 K spectrum (open circles) with a 
Gaussian of total width at half maximum a = 205 meV (solid lines). In the inset, we plot a2 as a function 
of temperature in the metallic phase. 

decreases with decreasing temperature in the high-temperature range, and exhibits a sudden 
change of slope at T = 167 K which is unambiguously correlated with the electronic transition 
in this compound. The characteristic temperature (167 K) is slightly reduced with respect to 
the nominal transition temperature (Te = 180 K). Surface effects could be responsible for this 
behaviour. Disorder or defects at the surface could modify the stability of the charge density 
wave and then reduce the Peierls transition temperature observed by UV photo-
emission. 

In fig. 2, we examine the spectra above Tc in more details. All spectra for T > Tc intersect 
at the same energy which is approximately the inflection point of the leading edge 
(E = - 100 meV). In this figure, we report the 313 K and 183 K experimental spectra, 
whereas the solid line represents the convolution of the T = 183 K spectrum with a Gaussian 
of 205 meV width (FWHM). It appears that the convoluted spectrum reproduces the 
high-temperature spectrum with a satisfactory agreement. In fact, all spectra above Tc are 
related by such a convolution procedure, and the width at half maximum of the Gaussian, 
plotted in the inset, shows a square-root dependence of temperature. Thus in the metallic 
phase, there is no real transfer of spectral weight but only a broadening of the spectrum with 
increasing temperature. Although such a broadening is currently observed in core level 
photoemission and interpreted in terms of phonon broadening [20,21], a temperature 
dependence of the valence band is puzzling. It has been shown, however, that self-energy 
effects resulting from electron-phonòn coupling can lead to a temperature-dependent 
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Fig. 3. - Temperature dependence of the phenomenological parameter A(T) for K03MoO3 (solid 
triangles) and Rb0.3MoO3 (open circles). The solid line represents the normalized gap in the BCS model 
with a transition temperature of T = 167 K. 

electronic band structure [22,23]. As electron-phonon coupling is particularly important in 
charge density wave systems, it could yield a significant broadening of the spectrum. 

For temperature lower than Tc, the different spectra are no longer related by a simple 
convolution. In fact, the spectral function is distorted and shifted to lower energy with 
decreasing temperature. This behaviour probably results from the modification of the 
electronic structure and reflects the opening of the Peierls gap. The most direct way to study 
the evolution of the charge-density-wave-related gap would be to consider the variation of 
the spectrum in the vicinity of EF. However, the analysis near EF is complicated by the 
broadening that is likely to extend below Tc. In order to avoid this difficulty, we define a 
phenomenological parameter A(T), which is the shift of the inflection point of the 
photoemission spectrum with respect to its position at T = 183 K. In fig. 3, we report this 
parameter as a function of temperature. Above 167 K, A does not significantly vary with 
temperature, whereas below 167 K a rapid evolution of A is observed. The temperature 
dependence of A shown in fig. 3 demonstrates that this parameter is in some way correlated 
with the Peierls gap but cannot be identified with it since the evolution of the spectra through 
the phase transition does not evidence the low-energy feature corresponding to the Peierls 
gap. However, the solid line in fig. 3 shows that A(T) roughly follows the BCS evolution 
which controls the temperature dependence of the gap as clearly demonstrated in nuclear 
magnetic resonance [24] or diffraction experiments [25]. Then, although A cannot be 
interpreted as the order parameter associated with the Peierls transition, its extrapolated 
zero-temperature value is in good agreement with the order of magnitude of the half-gap 
estimated from reflectivity measurements ((50 -H 75) meV). 

The photoemission study of these two quasi-unidimensional compounds reveals many 
surprising behaviours. Although the opening of a Peierls gap is underlying in the 
temperature dependence of the spectra, neither the metallic state nor the semiconducting 
state spectra can be understood in a conventional approach. Above Tc, no narrow step 
revealing the finite density of states at EF, is observed. We have recently proposed that this 
behaviour is associated with the ID character of the materials [16] and would reveal i) the 
large fluctuations which yield a pseudo-gap in the spectral function well above the transition 
temperature (as shown on the magnetic susceptibility up to room temperature [26,27], ii) the 
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unusual ID correlations as demonstrated in the exactly solvable Luttinger model [28], iii) the 
phonon dressing which reduces the weight of the quasi-particle peak in the spectral 
function [29]. In the semiconducting phase, a modification of the spectrum over 500 meV is 
observed. As this energy range is still one order of magnitude larger than the energy scale 
associated with the Peierls transition, the spectroscopic results address fundamental 
questions concerning the low-energy excitations in ID materials. To the best of our 
knowledge, models describing the photoemission spectrum in realistic ID materials have yet 
to be developed. In our opinion, such a model should take into account the effect of 
electron-phonon and electron-electron correlations since both interactions seem to be very 
singular in one dimension. 

To summarize, we have studied, for the first time, the metal-insulator transition 
associated with a Peierls distortion by high-resolution photoemission spectroscopy. Although 
the spectral function cannot be interpreted in a simple way, its overall shift (40 meV) at low 
temperature is in agreement with the determination of the Peierls gap obtained with indirect 
techniques. The absence of a Fermi step in the metal and the very large energy range 
affected by the spectral weight below the transition seem to be incompatible with usual 
models describing the metallic state and metal-insulator transitions. We think that the ID 
character of these materials leads to these singular behaviours and additional works are in 
progress to confirm this point. 
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Photoelectron spectroscopy with high-energy resolution has been utilized to investigate the charge-
density wave (CDW) in IT-TaS2 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 

IT-TaS2 has attracted much interest because of pecu­
liar physical properties, unique among the transition-
metal dichalcogenides.1-3 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,4 are anisotropic and 
IT-TaS2 is generally considered as a quasi-two-
dimensional (2D) material. The marked 2D character is 
exemplified by the calculated electronic structure5-7 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).1 '13-18 The CDW is incommensurate (I) 
above ~^50 K, and commensurate (C) with periodicity 
V13X-/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 IT-
TaS2 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,4,19 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,20,21 have prompted a model predict­
ing the occurrence of electron (Anderson) localization in 
the random field created by impurities or defects. Faze-
kas and Tosatti,22 on the other hand, have stressed the 
importance of the electronic correlations. Their model 
maintains that the QC-C transition is accompanied by a 
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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 1 T-TaS2 is affected by the 
CDW and that clear differences in the electronic density 
of states characterize the various CDW phases.10-12 '23,24 

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.19 Recently, we have shown25 

that this inconsistency actually reflects 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 C/~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 IT-TaS2 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 IT-TaS2 in the form of 
platelets of approximately 5X5X0.5 mm3 have been 
prepared from the elements by reversible chemical reac­
tion with iodine as a transport agent, as described else­
where. 25 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. 

7407 © 1992 The American Physical Society 
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The samples, mounted on a He closed-cycle refrigera­
tor, could be indirectly heated, and their temperature, 
monitored by a Rh-Fe resistance, could be controlled be­
tween 20 and 370 K, with an accuracy of ± 1°. Clean mir­
rorlike surfaces were prepared in situ by cleaving the 
crystals with a sharp blade, at a pressure better than 
I X l O - 1 0 Torr. Under these conditions the surface 
remained spectroscopically clean over a period of days. 
Only after prolonged exposure to the residual vacuum at 
the lowest temperature ( ~ 20 K) could spurious peaks 
from adsorbates be observed, but these features readily 
disappeared after flash heating the sample to 100 K. 
Photoelectron spectra were collected at photon energies 
of 21.2 and 1486 eV, with energy resolutions of, respec­
tively, 15 and 300 meV. The estimated angular resolu­
tion in the valence-band spectra was ±3°. 

III. RESULTS AND DISCUSSION 

Near-normal emission photoelectron spectra of the top 
1.5 eV of the valence band of IT-TaS2, measured at in­
creasing temperatures between 20 and 356 K, are shown 
in Fig. 1. The bottom spectrum (356 K) is representative 
of the incommensurate phase: It exhibits a featureless 
band cut by a metallic edge whose width is compatible 
with the width of the Fermi function at that temperature. 
New structures appear in the QC phase (230 K < T < 350 
K) initially at binding energies of 100, 300, and 800 meV. 
These structures sharpen and shift towards higher bind­
ing energy with decreasing temperature, and at 230 K the 
metallic Fermi edge is clearly separated from the first 
peak. Below 230 K, in the commensurate CDW phase, a 
substantial growth of the shallowest peak is accompanied 

by a rapid decrease of intensity at EF. At 20 K the 
valence-band emission is dominated by a sharp peak at 
180 meV, and the emission at the Fermi level is vanish-
ingly small. The whole low-temperature spectrum exhib­
its a strong angular dependence (not shown), but the in­
tensity at EF remains very small at all angles. These re­
sults are consistent with published data, available for 
T> 120 K.10-12 '23 The evolution of the spectral function 
reflects the splitting of the Ta d 2 band into three mani­
folds (with occupancies of six, six, and one electron per 
VUxVn unit cell), under the effect of the CDW,"'2 4 

and the occurrence of a Mott localization in the C phase. 
The prominent peak centered at 180 meV is interpreted 
as the lower Hubbard subband. No major qualitative 
changes are observed when the temperature is lowered 
from 120 to 20 K, but all spectral features become 
sharper. We shall discuss this point in a subsequent sec­
tion. 

A. The incommensurate-quasicommensurate transition 

Although Fig. 1 may suggest a smooth temperature 
dependence of the PES spectral function, a more accurate 
analysis reveals measurable discontinuities at both the I-
QC and the QC-C transitions. In Fig. 2, we compare 
valence-band spectra measured on both sides of the I-QC 
transition, at 356 and 347 K. A shift of ~ 100 meV in the 
peak position and a 15% reduction of the intensity of EF 

can be observed at the lower temperature. Given the 
small difference of less than 10 K, these differences can­
not be attributed to normal temperature effects and must 
therefore be correlated with the CDW transition. We 
have noticed that this correlation can be established in a 
very direct way by recording, at a fixed binding energy, 
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FIG. 1. Near-normal emission valence-band photoelectron 
(PES) spectra of IT-TaS2 collected at increasing temperatures 
between 20 (commensurate CDW) and 356 K (incommensurate 
CDW). The solid lines are guides to the eye. 
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FIG. 2. PES spectra recorded above (open symbols) and 
below (solid symbols) the I-QC CDW transition temperature. 
The inset shows temperature dependence of the photoemission 
intensity (in arbitrary units) at a binding energy of 180 meV, 
corresponding to the peak in the 356-K spectrum. 
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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 CDW 
transition brings about a sudden rearrangement of the 
electronic states of 1 T-TaS2 over about 1 eV. 

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 

Temperature (K) 

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 17"-TaS2 (arbitrary units) in the same temperature 
range. 

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 authors23 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) phase26 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 1 T-TaS2. 

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 influence 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, insufficient 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 fhen 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 EF 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. 

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 different 
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. 

C. The low-temperature correlated state 

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,22 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.22 

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. 1) and IPES (Ref. 24) spectra to be approxi­
mately 200 meV. This circumstance has led a number of 
spectroscopists to conclude that IT-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 

been discussed in a recent paper.25 The photoemission 
intensity at EF, 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 1 T-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.22 1 T-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,27,28 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 meV for this characteristic ener-

gy-25 

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 coefficient29 and by 
x-ray-photoelectron-spectroscopy data on the Ta Af core 
levels,30,31 should in fact lead to a further localization of 
the conduction electron wave functions within the 13-
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FIG. 5. Valence-band PES spectra of IT-TaS2 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 (fc-dependent) spectral function,32'33 and more 
general temperature effects in the electronic structure,34 

cannot be excluded. 

D. The effect of surface disorder 

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 1 T-TaS2. Subsequent 
measurements on irradiated samples,35 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 4 / core lines, whose shape is highly 
sensitive to the CDW. The inset of Fig. 6 shows the Ta 
4 / 7 / 2 line for the as-cleaved and the disordered surface. 
The splitting of the 4 / line into two well-resolved corn-

Binding Energy (eV) 

FIG. 6. Valence-band PES spectra of a cleaved IT-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 4/7 /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,30,31 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 IT-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 temperature-
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 commensurate 
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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Abstract. We have performed a high-energy-resolution photoelectron spectroscopy investigation 
of the quasi-two-dimensional material 2H-TaSe2- Temperature-dependent constant-binding 
energy curves reveal that characteristic changes in the electronic density of states occur 
continuously through the second-order charge-density-wave (CDW) transition at 122 K. The 
photoelectron spectra indicate that different parts of the Fermi surface are unequally affected by 
the CDW and suggest the formation of an energy gap in the TK direction of the Brillouin zone. 

1. Introduction 

The physical properties of low-dimensional metallic materials are dominated by intrinsic 
electronic instabilities (Peierls 1955, Overhauser 1962) that reflect a strong enhancement 
of the generalized static electronic susceptibility X(Q) a t selected wavevectors spanning 
the Fermi surface. Charge-density-wave (CDW) transitions represent a typical example. In 
strictly one-dimensional (ID) materials, where the Fermi surface consists of parallel planes 
and the bare susceptibility xo diverges for q i-> 2fcp and T (->• 0, a charge modulation 
with wavevector 2/cp can develop below a characteristic temperature Tp for a sufficiently 
strong electron-phonon interaction (Chan and Heine 1973). A mean field treatment of the 
Fröhlich electron-phonon Hamiltonian shows that the formation of the CDW is accompanied 
by a metal-insulator transition, and that the temperature dependence of the energy gap 
A(T), which is an order parameter of the transition, has a BCS form (in particular, 2A(O) ~ 
3.5 kBT°). 

Many experimental investigations of quasi-lD systems have confirmed the occurrence 
of Peierls transitions, but direct observations of the modifications produced by the CDW 
on the electronic states near the Fermi surface are scarce. Photoelectron spectroscopy 
(PES) can potentially yield this information, which is fundamental in order to understand 
the thermodynamic and transport properties of these materials. Recently a high-resolution 
PES investigation of the molybdenum blue-bronze K0.3M0O3, a typical quasi-lD material, 
has revealed clear signatures of the metal-insulator transition (Dardel et al 1992a). An 
increasing number of results suggests, however, that in ID systems the observation of the 
Peierls scenario may be obscured by unique correlation effects that dominate the spectral 
function (Dardel et al 1991, Hwu et al 1992). 

Quasi-2D materials do not present these peculiar ID spectral properties, and therefore are 
good candidates for a spectroscopic investigation of Peierls instabilities. The description 
of CDW formation in 2D systems differs in several respects from the simple ID model. 

0953-8984/93/336111+10$07.50 © 1993 IOP Publishing Ltd 6111 
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The electronic susceptibility strongly depends on the shape of the Fermi surface, and the 
characteristic ID divergence is suppressed (Fehlner and LoIy 1974). Fermi-surface-driven 
instabilities are therefore generally weaker in 2D. Nevertheless, under particular nesting 
conditions, or as a result of saddle-point singularities (Rice and Scott 1975), Xo can be 
sufficiently enhanced for a CDW to develop. At variance with the ID case, 2D materials 
remain metallic in the presence of the CDW, since energy gaps can open only at discrete 
points of the Fermi surface, corresponding to the new periodicity. Moreover, the weak-
coupling description must be replaced by a strong-coupling model incorporating the effects 
of anharmonicity, to explain the experimental observation that the ratio 2A(O)/kBTP is 
always considerably larger than the BCS value (McMillan 1977, Varma and Simons 1983). 

The metallic layered dichalcogenides of group V transition metals have a pronounced 
quasi-2D character. They are characterized by strongly anisotropic physical properties and 
by approximately cylindrical Fermi surfaces, determined by the metal dz2 bands (Graebner 
1977). These materials have been the object of extensive theoretical and experimental 
investigation since it was realized that anomalies in their transport properties could be 
explained by the occurrence of CDWs (Wilson et al 1974, Moncton étal 1975; for exhaustive 
reviews see Wilson et al 1975, Withers and Wilson 1986). Previous photoemission studies 
of IT-TaS2, which is an unusual member of this family because of the complex interplay 
of CDW, strong electronic correlations and disorder, have revealed clear spectroscopic 
fingerprints of CDW transitions (Manzke et al 1988, Dardel étal 1992a,b). 

In this paper we consider the trigonal prismatic polytype (2H) of TaSe2, which is a 
characteristic 2D CDW material. Structural investigations have shown that 2H-TaSe2 presents 
a second-order transition to an incommensurate triple CDW at 122 K, followed by a first-
order lock-in transition to a 3 x 3 commensurate phase at 90 K (Wilson et al 191 A), 
Moncton et al 1977, Brouwer and Jellinek 1980). Clear signatures of the CDW transition 
have been observed in thermodynamic transport (Harper et al 1977, Nunez-Regueiro et al 
1985), optical (Barker et al 1975, Campagnoli et al 1977) and Mössbauer (Pfeiffer et al 
1984) measurements. A 20% decrease of the magnetic susceptibility below 120 K indicates 
that the electronic structure is appreciably affected by the CDW, and the observation of a 
charge modulation by surface-sensitive techniques like He backscattering (Boato et al 1979, 
Brusdeylinks et al 1989) and scanning tunnelling microscopy (STM) (Coleman et al 1985) 
ensures that the CDW persists to the surface region. As in other 2H materials, however, 
the amplitude of the distortion and the energy gained through the transition are small, and 
previous angle-resolved PES measurements did not reveal characteristic spectral features 
indicative of a Peierls gap (Smith et al 1985). Similarly, a study of the Ta core lines 
could not resolve the inequivalent Ta sites expected for the distorted structure (Hughes and 
Pollak 1976). In an effort to reassess the extent of the CDW-induced modifications of the 
electronic structure we have carried out a new PES study of 2H-TaSe2. We have performed 
measurements at a few selected emission angles, with a considerably improved energy 
resolution and accurate temperature control. The results of this exploratory investigation 
reveal for the first time a clear reduction of spectral weight at the Fermi level correlated 
with the transition to the CDW state. 

2. Experimental details 

Samples of 2H-TaSe2 in the form of platelets of approximately 5x5x0.1 mm3 were prepared 
from the elements by a reversible chemical reaction with iodine as a transport agent. The 
samples were mounted in good thermal contact with a closed-cycle refrigerator, and the 
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temperature could be continuously varied between 20 K and room temperature by indirect 
ohmic heating. Clean mirror-like surfaces were prepared by cleavage in a vacuum of 
1 x 10 -10 torr. The build-up of contamination was estimated from the evolution of the 
PES spectra with time. Noticeable changes in the spectra could be observed only after 
many hours of exposure to the residual gases at the lowest temperature (20 K). The 
temperature-dependence spectra presented below were all collected within a few hours, 
and no sign of contamination could be observed on that time scale. Photoelectrons excited 
with monochromatic photons from a He resonance lamp (hv = 21.2 eV) were analysed with 
a spherical electrostatic analyser, and the total energy resolution was better than 20 meV. 
The PES spectra have been collected with a moderate angular resolution of approximately 
±3°, which proved nevertheless sufficient to reveal k-dependent modifications of the band 
structure induced by the CDW. 

3. Results and discussion 

Figure 1 shows a set of valence band spectra of 2H-TaSe2, collected at various polar 
angles along the TK direction at a sample temperature of 60 K, in the commensurate CDW 
phase. The investigation of this particular direction in the Brillouin zone is particularly 
interesting because nesting of the Fermi surface occurs preferentially along this line (Wexler 
and Woolley 1976, Wilson 1977), and also because of the presence, close to 0.5 TK, of a 
saddle point that could favour the formation of the CDW (Rice and Scott 1975). The spectra 
of figure 1 are in good agreement with the results of a previous angle-resolved investigation 
(Smith et al 1985), even if the two sets of data have been collected at slightly different 
photon energies (16.8 eV versus 21.2 eV). The topmost spectrum corresponds to near-normal 
emission, and the total angular excursion covered by these spectra is 22°. The structures 
appearing within 0.5 eV of the Fermi level reflect emission from the half-filled Ta 5dz2 
subband, which determines the shape of the Fermi surface and controls the development of 
the CDW. The presence of two distinct features, both well visible in the 17° spectrum, is 
at least qualitatively consistent with the existing bandstructure calculations, if superlattice 
Umklapp bands are taken into account. 

An investigation of the temperature dependence of the PES spectral function throughout 
the Brillouin zone was clearly beyond the scope of the present paper. We have instead carried 
out detailed temperature-dependent measurements at two representative angles: 10°, where 
the spectral changes were found to be small; and 22°, where variations appeared to be largest. 
The following discussion will be based on results relative to these two polar angles. The 
signal at Ep in the 10° and 22° spectra would correspond, in the unreconstructed Brillouin 
zone, to fc-values close to one third and, respectively, one half of TK. In the presence of the 
3x3 superlattice, however, the situation is considerably more complex due to the additional 
Umklapp processes. From an inspection of figure 10 of Smith et al (1985), and taking 
into account the finite angular resolution, we can estimate that both spectra probe different 
portions of the reconstructed Fermi surface. An overview of the temperature evolution of the 
22° valence band spectrum is provided by figure 2, where we compare two spectra collected 
at 160 K (unreconstructed phase) and at 20 K (commensurate CDW phase), normalized to 
the same integrated intensity. The two spectra present noticeable differences: the main 
structure at ~0.25 eV is sharper and more intense at the lower temperature, and the whole 
region within 200 meV of EF undergoes a complex modification. These spectral changes 
would be partly or totally suppressed in experiments carried out with conventional energy 
resolution (AE ~ 0.1-0.2 eV). 
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W ~ > 2H-TaSe2 

S Iw = 21.2 eV 
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0.8 0.4 0=Er 

Binding energy (eV) 

Figure 1. Photoelectron spectra of 2H-TaSe2 collected at 60 K, in the commensurate CDW phase, 
along the TK direction. 0 is the polar emission angle, and the topmost spectrum corresponds 
to near-normal emission. 

The temperature evolution of the spectral function can be better appreciated from the 
difference spectra of figure 3, obtained by subtracting the 160 K spectrum (taken as a 
normal metal reference) from spectra collected at 120 K, 80 K, and 20 K, and normalized 
to the same integrated intensity. The difference spectra exhibit two prominent structures, 
reflecting distinct temperature-dependent spectral changes. The first is a positive peak at 
0.25 eV with a negative sideband, whose amplitude increases at lower temperature. It 
reflects the sharpening and growth of the main feature of figure 2, as pictorially illustrated 
for the simple case of a gaussian peak by the inset of figure 3. The second signature is a 
negative peak centred at Ep. In this region the normal temperature evolution of the metallic 
edge, reflecting the sharpening of the Fermi function, yields a 'sine-like' structure, actually 
observed in the 120 K curve, just at the onset of the CDW. At lower temperature, the growth 
of the negative peak indicates a transfer of spectral weight away from the Fermi level. The 
spectral weight missing at £ F builds up between 0.1 and 0.2 eV, where it overcompensates 
a negative sideband of the first structure. The 20 K difference spectrum actually exhibits a 
peak at ~0.1 eV. 

The results of figures 2 and 3 are evidence for two distinct relevant temperature effects 
in the PES spectra: the sharpening and growth of a band feature at 0.25 eV; and the shift 
of spectral weight away from the Fermi level. The first effect can be rationalized within 
the framework of band theory according to the standard interpretation of photoemission 
(Shevchik 1977, White et al 1987). It reflects the Debye-Waller factor associated with 
the contribution to the peak from direct transitions, and temperature-dependent £-space 
averaging from phonon-assisted indirect transitions. At low temperature the amplitude of 
direct transitions is larger, and &-space averaging, responsible for the energy broadening of 
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Figure 2. Photoelectron spectra collected in the absence (7" = 160 K, open symbols) and in the 
presence (7" = 20 K, full symbols) of the CDW. The polar angle 0 = 22° corresponds to a point 
in fc-space close to 0.5 TK. The spectra have been normalized to the same integrated intensity. 
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Figure 3. Difference spectra obtained by subtracting, at emission angle 0 = 22°, the T = 
160 K spectrum taken as a normal metal reference, from spectra collected at progressively 
lower temperatures, in the presence of a CDW. All spectra had been previously normalized to 
the same integrated intensity, as in figure 2. Inset: the effect that a temperature-dependent peak 
width has on a difference curve is schematically illustrated by subtracting a gaussian peak (FWHM 
= 0.2 eV, broken curve) from a sharper gaussian peak (FWHM = 0.1 eV, full curve) of equal 
integrated area; the difference curve (dotted) has a positive peak and negative sidebands. 
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dispersive features, is strongly suppressed, in agreement with our observations. Further 
contributions from modifications of the band structure, via temperature-dependent self-
energies, cannot however be excluded (Allen and Heine 1976). On the other hand, no 
conventional arguments can be invoked to explain the loss of spectral weight at Ep, and it 
is tempting to associate this observation with the opening of a gap concomitant with the 
transition to the CDW state. In order to check the validity of this hypothesis it is necessary 
to investigate with high-energy resolution the temperature evolution of the PES spectra in 
the crucial region close to the Fermi level. 
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Figure 4. High-resolution spectra of 2H-TaSe2. The spectra have been normalized to the same 
integrated intensity over an energy window of 1 eV, as in figure 2, but only the critical near-ZiF 
region is shown. Top: 0 = 22°; spectral intensity is progressively lost at Ef with decreasing 
temperature, and partially recovered around 50-100 meV. Bottom: 0 = 10°; a small reduction 
of spectral intensity at Er is masked by the change of spectral shape due to the temperature-
dependent Fermi function. 

Figure 4 shows the Fermi level region of high-resolution valence band spectra collected 
at various temperatures at the emission angles 9 = 10° and 6 = 22°, and normalized as in 
figure 2. The two sets of spectra display a rather different temperature dependence. At 
22° the photoemission signal at Ep drastically decreases with decreasing temperature, and it 
approaches zero at 20 K. At the same time the PES intensity increases around 50-100 meV, 
and a distinct feature can be observed at ~80 meV in the 20 K spectrum. At 10° most of 
the spectral changes are due to the sharpening of the Fermi edge, although a reduction of 
the intensity at Ep can be observed between 180 K and 20 K. 

The most direct way to establish a correlation between the onset of the spectral changes 
observed around Ep in figures 3 and 4 and the transition to an ordered CDW state is to record 
the PES intensity at Ep as a function of temperature. We have shown elsewhere (Dardel et 
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Figure 5. Temperature-dependent constant-energy curves (TCES) representing the temperature 
dependence of the spectral intensity at the Fermi level 1(Ep) for two emission angles: 0 = 10° 
(open symbols) and 0 = 22° (full symbols). For both angles a change of slope is observed 
around the CDW transition temperature Tp - 122 K. The intensity loss is larger at 0 = 22°, in 
agreement with the results of figure 4. 

al 1992a~c) that this procedure provides a sensitive probe of Fermi-surface-driven phase 
transitions. Two such temperature-dependent constant-energy curves (TCE), recorded at 10° 
and 22° emission, while cooling the sample, are shown in figure 5. The PES signal exhibits at 
both emission angles a sharp change of slope at the critical temperature TP, and a subsequent 
reduction at lower temperatures. This reduction unambiguously reflects, at least for the it-
values sampled by our measurements, the CDW-induced rearrangement of the band structure 
of 2H-TaSe2. The intensity reduction is considerably more pronounced at 22°. At 40 K 
the intensity of the 22° TCE is reduced to ~30% of the room-temperature (RT) value, while 
the 10° TCE appears to saturate at ~80% of the RT value. It is interesting to notice that the 
change of slope of the TCES occurs right at TP. Local phase fluctuations of the CDW, that 
are believed to play an important role in determining the form of the electrical conductivity 
(Naito and Tanaka 1981), do not seem therefore to affect in an appreciable way the electronic 
density of states. Also, the TCEs of figure 5 do not show any characteristic features that 
could be associated with the lock-in transition at 90 K, in sharp contrast with the case of IT-
TaS2, where the transition to a commensurate state coincides with a dramatic disruption of 
the Fermi surface. This remarkably different spectroscopic behaviour is consistent with the 
fact that, unlike IT-TaS2 or IT-TaSe2, the transport properties of 2H-TaSe2 vary smoothly 
through the lock-in transition, and with the very small associated specific heat anomaly 
(~10~3 times that of IT-TaSe2). 

The above results allow us to address the issue of the opening of a CDW gap in 2H-TaSe2. 
As expected from general arguments, the physical properties of the material indicate that 
gapping occurs only over a fraction of the Fermi surface. The 20% reduction of the magnetic 
susceptibility in the CDW phase suggests a comparable Fermi surface loss, but contrasting 
estimates have been presented. The appearance below T? of a structure at 0.3 eV in the 
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reflectivity spectra (Barker et al 1975) was interpreted as a manifestation of the Peierls gap, 
and a removal of just about 1% of the Fermi surface was inferred. Campagnoli et al (1988) 
have, on the other hand, interpreted a similar feature in their thermoreflectance spectra as 
representing only one of the many new optical transitions possible within the dz* manyfold 
split by the 3x3 CDW distortion. Subsequent bandstructure calculations for the distorted 
structure have confirmed that the notion of a single gap appears inappropriate for 2H-TaSe2, 
and that several optical gaps appear at various energies within the d bands as degeneracies 
are lifted in the CDW phase throughout the Brillouin zone (Doran and Woolley 1981). More 
recently, a gap value ~80 meV (and 2A(0) /&B7P ~ 15, indicative of strong coupling) has 
been proposed, based on the occurrence of breaks at ±80 meV in the STM current-voltage 
characteristic (Wang et al 1990). The exact meaning of such observations in a material like 
2H-TaSe2 remains however somewhat unclear. 

The spectroscopic data presented in figures 4 and 5 demonstrate the removal of electronic 
states from the Fermi level region. In particular, for 22° emission essentially all the 
spectral weight at Ep is suppressed at 20 K, suggesting the opening of a gap or a deep 
pseudogap close to 0.5 TK. The missing spectral weight is recovered further from Ep, and 
the weak structure at ~80 meV could actually be related to the STM observation. We notice 
however that the low-temperature spectra are also enhanced at higher binding energies (100-
150 meV), suggesting that, due to the finite angular resolution, our spectra reflect an average 
of a range of ^-dependent gaps. A detailed PES investigation of this region of the Brillouin 
zone with a much improved angular resolution, impossible with our present apparatus, could 
contribute to elucidate this point. 

1 r 

2H-TaSe2 

0 = 22° 

50 100 150 
Temperature (K) 

Figure 6. The data points represent the temperature dependence of the mean energy ß(T) of the 
photoelectron energy distribution curves of 2H-TaSe2 at an emission angle © = 22° normalized 
with respect to the value ^i(160 K). An energy window of 1 eV has been used. The variation of 
ß(T) below 120 K reflects a net energy lowering at this emission angle. The curve is a guide 
to the eye. 

It is interesting to notice that our results are consistent with the expected local lowering 
of the electronic energy, required for the formation of the CDW to be energetically favourable. 
We have calculated, for various temperatures, the first moment (mean energy) fi(T) of the 
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photoelectron energy distribution curves at © = 22°, over an energy window of 1 eV. The 
quantity [/x(160) — (i(T)]//z(160) thus obtained is reported for various temperatures in 
figure 6. Although an interpretation of the angle-resolved PES spectra exclusively in terms 
of initial electronic states would be abusive, the sudden variation around Tp observed in 
figure 6 suggests a lowering of the electronic energy in the CDW phase, at least in the region 
of fc-space probed by our spectra. The smaller-intensity variation observed at 0 = 10° 
in figures 4 and 5 shows that, even if a distinct signature of the transition is visible, the 
corresponding electronic states are less affected by the CDW. This small spectral change may 
just reflect a minor rearrangement of bands, in line with general predictions of bandstructure 
calculations. A different interpretation is however possible. Previous angle-resolved PES 
results (Smith and Traum 1975) have pointed out that, close to normal emission, indirect 
transitions give an unusually strong contribution to the measured spectrum. If we assume 
this contribution to be important also near 10°, the spectral weight at Ep might represent 
an average over a significant part of the small 3x3 Brillouin zone. In this case the TCE 
of figure 5 could reflect the temperature dependence of the total DOS, more than a local 
property in &-space. 

4. Conclusion 

The results of a temperature-dependent PES investigation of 2H-TaSe2 demonstrate that the 
CDW induces characteristic ^-dependent modifications of the electronic structure. To the 
authors' knowledge this is the first direct spectroscopic observation of the effects of a 
Peierls instability on the electronic structure at the Fermi surface. In previous investigations 
this observation was obscured by competing phenomena (like the Mott localization in IT-
TaS2) or by the peculiar spectral properties of ID materials (e.g. in the blue-bronze). A fine 
temperature control and a high-energy resolution allow us to reveal the onset of the CDW 
transition at ~ 120 K. The temperature dependence of the photoemission signal is consistent 
with the second-order character of the transition expected from a simple treatment of the 
Peierls instability and from more elaborate models, and experimentally established by recent 
He scattering experiments. On the other hand, the photoemission spectra do not reveal any 
changes that could be related to the much studied transition from the incommensurate to 
the low-temperature commensurate state. We expect that further valuable information could 
be gained by a similar and more detailed study with higher angular resolution along high-
symmetry lines in the Brillouin zone. The present results already point out, however, that 
accurate spectroscopic measurements can provide new stimulating information on materials 
like 2H-TaSe2, that have been investigated for about 20 years for their importance as 
almost ideal testgrounds for models of electron-phonon interactions and Fermi-surface-
driven instabilities. 
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PACS. 79.60C - Clean metals. 
PACS. 72.15N - Collective modes; low-dimensional conductors (inc. synthetic metals). 
PACS. 71.20H - Organic compounds, polymers, and complex systems. -

Abstract. - High-resolution photoemission experiments have been carried out on one-
dimensional organic conductors in their normal state. In contrast to usual metals, the spectral 
function vanishes at the Fermi level and no Fermi edge is detectable. These results are 
consistent with a Luttinger description and an exponent a of the spectral function at the Fermi 
level larger than 1 is found. This result corroborates recent nuclear-magnetic-resonance 
experiments. Such a large correlation exponent shows that the ID Hubbard model is not 
appropriate and strong long-range interactions must be assumed to play an important role in 
these materials. The compatibility with other correlation functions is discussed. 

In a recent letter, we have presented an intriguing spectroscopic behaviour in a particular 
class of metals: the photoemission spectrum of charge density wave quasi-one-dimensional 
systems does not exhibit the characteristic Fermi edge in their metallic phase [I]. We have 
discussed this striking result in terms of the singular behaviours prevailing in 
one-dimensional systems and we have identified three possible causes of the observed 
reduction of the spectral weight at EF : one-dimensional (ID) fluctuations, correlations and 
phonon effects [1,2]. First, the thermodynamical ID fluctuations are very large and suppress 
any transition at finite temperature. Thus, the finite transition temperature observed in real 
quasi-lD materials results from a residual transverse coupling between chains but the 
one-dimensionality is reflected by the presence of large critical fluctuations extending well 
above the actual transition temperature. These fluctuations induce a pseudogap in the 
metallic phase that significantly reduces the spectral weight just below the Fermi level [3,4]. 
Secondly, singular correlation effects are known to occur in one dimension [5,6]. Although 
3D strongly correlated systems are well described in the framework of Fermi liquids (FL), 
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correlations destroy this picture in ID. The adiabatic continuity is no longer valid and 
low-energy excitations cannot be represented by quasi-particles (all the degrees of freedom 
are collective and the excitations are bosonlike). Moreover, the momentum distribution 
function does not exhibit the emblematic discontinuity of Fermi liquids at the Fermi 
momentum (kF) and the electronic spectral function vanishes at the Fermi level [7]. Finally, 
the polaronic effects have been considered. Photoemission of an electron could be 
accompanied by the excitation of molecular vibration modes. Thus, the system left behind 
could be in several excited phononic states leading to a transfer of spectral weight from the 
vicinity of EF to higher binding energies [8,9]. 

In inorganic systems, the relative importance of these different mechanisms cannot be 
discriminated and it is possible that their physical properties result from a complex interplay 
of them. It is therefore important to examine materials where one of these mechanisms 
dominates. In this paper, we present a photoemission study of a series of quasi-one-
dimensional organic compounds (the Bechgaard salts: tetramethyltetraselenafulvalene 
(TMTSF)2X with X = ClO4, PF6 etc.). These materials generally behave as good metallic 
conductors and exhibit at low temperature (below T < 12 K) various phase transitions 
resulting from competing ground states (superconducting, charge or spin density waves, 
spin Peierls, etc.). A large amount of experimental data shows that the electronic 
correlations are at the origin of richness of the phase diagram in these materials [10, H]. 
Thus, in contrast to the previously studied inorganic materials where electron-phonon 
interactions are important, electronic correlations play the dominant role in the Bechgaard 
salts. Moreover, critical fluctuations associated with the low-temperature transition are 
expected to be small in the metallic temperature range. In this letter, we show that 
photoemission spectra exhibit strong deviations from the Fermi-liquid picture and are more 
consistent with a Luttinger-liquid character of these ID metals. 

The Bechgaard salts consist of a zig-zag stacking of TMTSF planar molecules along 
regular chains. A detailed description of their structure can be found in ref. [12]. These 
materials exhibit highly anisotropic transport and optical properties revealing a quasi-lD 
character. In particular, no plasma edge in the polarized-light reflectance spectrum is 
observed at room temperature and down to 100 K for light polarized along the transverse b 
direction [13]. Only around 25 K, very close to the SDW transition, a rather well-defined 
edge near 1000 cm -1 is observed (as compared to the edge at 104cm_1 for a longitudinal 
polarization). In addition, the conductivity anisotropy is temperature independent down to 
about 40 K, as expected for an incoherent transverse conduction [10]. Samples, mounted on a 
He closed-cycle refrigerator, were cleaned by cleavage in a vacuum of 1-10"10 Torr. Our 
spectrometer, equipped with a helium discharge lamp producing very narrow photon lines 
(HeI hv = 21.2 eV and HeII hv = 40.8 eV), has a total energy resolution better than 20 meV 
and an angular resolution of about ± 3°. The position of the Fermi energy (Ep) is determined 
by measuring the Fermi edge at low temperature on an adjacent Cu reference in electrical 
contact with the sample. The uncertainty of this determination is estimated to be less than 
3meV. 

In fig. 1, we present the HeII photoemission spectrum of (TMTSF)2PF6 in the metallic 
state (T = 50 K). We have chosen to measure at a temperature sufficiently low to limit the 
Fermi-function broadening and still large enough so that the interchain coupling can be 
neglected. The spectrum is dominated by broad structures with the shallowest one near 
E = - 1.2 eV. No angle dependence has been detected and a very weak spectral weight just 
below the Fermi level is found for all emission angles. Our poor angular resolution (3°) 
corresponds to an uncertainty of the photoelectron momentum in the chain direction of about 
Ak = 0.17 A - 1 (for hv = 40.8 eV at normal emission) which is a significant amount (about one 
quarter) of the first Brillouin zone (0.431 Â"1). Thus, the spectrum of fig. 1 represents a 
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of the Bechgaard salts, polaronic effects cannot lead to a strong reduction of the quasi-
particle feature near EF. 

Since in the Bechgaard salts fluctuations associated with the SDW transition and polaronic 
effects cannot explain the absence of a Fermi edge in the photoemission spectrum, we now 
have to investigate if the electronic correlations can be responsible for this peculiar 
observation in ID electron systems. Tomonaga [5] and Luttinger [6] have proposed a simple 
model of interacting ID electrons with a linearized dispersion and two coupling constants (g2 

and g4) parametrizing the small-g two-body scattering amplitudes. The salient features of 
this model are i) the absence of quasi-particles—all low-energy excitations are collective 
bosonic modes; ii) charge-spin separation (the charge and spin modes propagate with 
different velocities); iii) all correlation functions can be computed exactly and decay with 
non-universal power laws. Haldane [19] has suggested that this low-energy structure is 
universal to a wide class of ID systems and proposed that Fermi liquids should be replaced by 
Luttinger liquids in ID. There is also indirect supporting evidence from NMR for the possible 
relevance of this picture [15]. 

The spectral properties of the Luttinger liquid are strongly influenced by electronic 
correlations and exhibit dramatic differences from the familiar Fermi liquids. Fermi liquids 
are characterized by a finite jump of the momentum distribution function n(k) at the Fermi 
momentum (kF) reflecting quasi-particle excitations, whereas n(k) is continuous at kF in 
interacting ID systems (Luttinger liquids) [20-22]: 

n(k) = n(kF) + C\k - kF \x sgn(k - kF) + D\k - kF \ , (1) 

where « depends on the model parameters (^-coupling strengths), C and D are two constants. 
The Fermi-liquid discontinuity is recovered in the non-interacting limit a = 0. For a > 1, the 
last term dominates and a linear variation near EF is expected. The absence of quasi-particle 
excitations is also reflected on the form of the spectral function. The momentum-integrated 
spectral function p(w) consists entirely of an incoherent background, and it vanishes at the 
Fermi energy, according to the asymptotic power law [7,22-24] 

p(a>) ~ co" . (2) 

As in the X-ray edge problem [25], this singular behaviour results from the fact that, because 
of interactions, a single-particle excitation is dressed with an infinite number of particle-hole 
pairs. 

In fig. 2, we report the calculated momentum-integrated photoemission spectral function 
for several values of a. at zero temperature. In the non-interacting limit (a = 0), the spectral 
density would be a constant. Correlation effects lead to a significant decrease in the 
spectral-weight near EF and a broad maximum appears around (coA/vF) = 1 in order to obey 
the spectral weight sum rule (vF is the Fermi velocity and A is a momentum transfer cut-off in 
the interactions [23]). For a < 1, the spectral function exhibits an infinite slope at EF and will 
be hardly distinguishable from a true Fermi edge experimentally. The slope is zero for a > 1 
which compares favourably with fig. 1. For large a, spectral weight near E is very low and 
the momentum-resolved spectral functions do not exhibit any significant dispersion [23]. An 
identification of the maximum with broad feature at E = -1.2 eV would be abusive: the 
approximation of a linear dispersion is certainly questionable on this energy scale (the 
bandwidth is estimated to be of order of 1 eV [10] in these materials). Moreover, the - 1.2 eV 
feature could also reflect low-lying orbitals of the TMTSF molecules [26]. However, the most 
important result is the absence of Fermi edge and photoemission weight near EF, which 
clearly indicates that the band states on the Fermi surface do not contribute near EF. This 
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partial momentum integration. A close-up of the region near the Fermi level clearly shows 
that no Fermi edge is detectable (inset of fig. 1) as previously observed in the inorganic 
quasi-lD materials (K0.3M0O3 and (TaSeJ2I)[I]. In the present case, the fluctuation and 
polaronic effects are unlikely to be responsible for a vanishing intensity at EF. Near 12 K 
the Bechgaard salts undergo a metal-insulator transition toward a spin density wave 
state and experiments lead to a single-particle gap A which is close to the BCS value 
24 = 3.5fcB7gDW[14], in contrast to CDW systems, like K03MoO3, where 4 is usually 
significantly larger than the BCS value. Thus, as rSDW is very close to the mean-field 
transition temperature, the SDW transition in (TMTSF)2PF6 has a strong 3D character and 
the corresponding fluctuations take place close to the critical temperature as also indicated 
by the narrow region of 3D antiferromagnetic fluctuations (àT/Tc ~ 0.1) detected by 
NMR [15]. Owing to the small value of the transition temperature, these fluctuations would 
induce a very narrow pseudogap (a few meV width). Recent optical measurements of 
(TMTSF)2 PF6 [16] seem to rule out the existence of such a pseudogap in the optical spectrum 
above the SDW transition and show no evidence of a narrow resonance at zero frequency as 
implied by other studies [17]. This contrasts with the situation encountered in CDW systems 
like K0 3 MoO3 where a large pseudogap was found above the CDW transition [18]. Polaronic 
effects, on the other hand, reduce the quasi-particle weight by a factor directly related to the 
mass of the polaron so that, as no spectral weight is observed near EF, the effective mass 
would be huge and should be reflected in transport properties. As no evidence of a large 
polaronic enhancement of the effective mass is found in resistivity and optical measurements 

energy (eV) energy (- coA /vF) 

Fig. 1 Fig. 2 

Fig. 1. - HeII photoemission spectrum of (TMTSF)2PF6 at T = 50 K. In the insert, the HeI spectrum 
near the Fermi level clearly shows with better statistics that no Fermi edge is detectable and that the 
correlation exponent is larger than 1. Similar spectra are obtained in other Bechgaard salts like 
(TMTSF)2ClO4 and (TMTSF)2AsF6 

Fig. 2. - Calculated spectral function of the Luttinger model for various correlation exponents a. ( 
a. = 0.125, a = 0.5, a = 1, — a = 1.5, a. = 2). We have assumed gin = 0andf/2!| = giL - g2± 
implying specific relations between a and the renormalized charge and spin velocities vp and va (cf. 
réf. [23]). 
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behaviour suggests that the usual Fermi-liquid picture is no longer valid in these ID 
metals. 

As shown on the low-energy part of the calculated and experimental spectra (inset of fig. 1 
and 2), consistency of the experiments with a Luttinger-liquid picture would require a 
surprisingly large correlation parameter a > 1. It is interesting to notice that such a large a 
value is incompatible with the standard Hubbard model which yields a maximum value 
a = 1/8 (for infinite U). Then strong interactions of longer range, like inter-site electronic 
interactions in the extended Hubbard model, are required to increase a. But, is a > 1 
compatible with the other experimental quantities? The exponents of the various correlation 
functions of the Luttinger model can all be expressed as a function of the charge correlation 
exponent K9 [27]. For the spectral function (2), this relation is a = (K9 + K9'

1 - 2)/4. Two 
other exponents are particularly interesting: the spin density wave exponent y = 1 - K9 and 
the 4fcF CDW exponent (£ = 2 - 4Ap). y determines the temperature dependence of the q = 
= 2kF contribution to the nuclear spin-lattice relaxation rate T~l(2kF) = T(T / E F)~r [28]. 
Recent NMR measurements yield y = 0.85 implying K9 - 0.15 and a = 1.25 [29] in good 
agreement with our spectroscopic estimate. Therefore, two independent measurements, 
photoemission and NMR, support a low value of the charge correlation exponent K9 (large 
value of a). For a > 1, strong 4fcF CDW fluctuations are expected (S > y). However, no 4A;F 

diffuse signal in X-ray diffraction experiments is observed in (TMTSF)2 PF6 [30]. This is 
puzzling, but it is neither oberved in (TMTTF)2 PF6 , where charge localization below 250 K is 
clearly related with large 4fcF CDW fluctuations. The absence of a 4/cF diffuse signal therefore 
does not imply a small a. Moreover, while there is no clear signature of charge localization in 
the d.c.-transport properties, infrared data even at room temperature apparently require a 
sizeable degree of charge localization [31]. Obviously, due to a more pronounced 
dimerization, charge localization and 4/cF CDW fluctuations are more important in 
(TMTTF)2PF6. This is fully consistent with the estimate of the SDW exponent from NMR 
relaxation 7 = 1 (and then K9 = 0) just below the localization temperature [29] and a larger 
optical gap: in going from (TMTTF)2PF6 to (TMTSF)2PF6, K9 increases leading to a 
decrease of the 4fcF fluctuations and, correlatively, a decrease of the charge localization 
temperature which could be smaller than the SDW transition temperature. 

To summarize, high-resolution photoemission experiments on the metallic phase of the 
organic compound (TMTSF)2PF6 show that the spectral function does not exhibit the 
characteristic Fermi edge of Fermi liquids. A similar behaviour was previously found in 
inorganic CDW quasi-lD compounds [1] but in these latter systems electron-phonon 
interactions and fluctuations are important and cannot be a priori neglected. As the physical 
properties of the Bechgaard salts are dominated by electronic correlations, we can conclude 
that the striking spectroscopic behaviour is the consequence of ID electronic correlations. 
Our measurements unambiguously show the absence of a quasi-particle signature and we 
propose that these ID correlated materials, in their normal metallic state, are Luttinger 
liquids with a correlation parameter a > 1. This large correlation parameter suggests the 
importance of long-range interactions in these materials since a simple Hubbard model 
cannot yield an a value larger than 1/8. This speculative idea is corroborated by very recent 
NMR measurements whose analysis leads to a = 1.25. 
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