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The quasi-one-dimensional conductor BaVS3 exhibits successive phase transitions at -240 K (linear
chains to zigzag chains), -70 K (metallic to semiconducting), and -35 K (paramagnetic to antiferro-
magnetic). We have made high-resolution ultraviolet-photoemission-spectroscopy (UPS), x-ray-

photoemission-spectroscopy, electrical-resistivity, and magnetic-susceptibility measurements on BaVS3.
UPS spectra near the Fermi level of the metallic phase exhibit a power-law dependence on the electron
binding energy, indicating that conduction electrons in BaVS3 behave as a Luttinger liquid. The power-
law exponent is large ( & —1), indicating that electron-electron interaction is long ranged and possibly
that electron-phonon interaction is also important. The spectra exhibit gradual changes with tempera-
ture. In particular, a semiconducting gap starts to open well above the metal-to-semiconductor transi-
tion temperature and fully develops below it. We propose that the gradual orthorhombic distortion of
the Jahn-Teller type below -240 K lowers one of the d levels, d„~, and that below -70 K electrons are
fully transferred to the d„„band. The d„~ band then becomes half-filled, resulting in the opening of a
Mott-Hubbard gap.

I. INTRODUCTION

Recently, there has been increasing interest in the
unusual physical properties of correlated one-dimensional
electron systems. According to Peierls, ' an atomic chain
with a partially filled conduction band lowers its energy
by undergoing a periodic lattice distortion, which opens a
gap at the Fermi level. If there is finite interaction be-
tween electrons, the Fermi-liquid state of a one-
dimensional metal becomes unstable and the system be-
comes a Luttinger liquid. The momentum distribu-
tion function of the Luttinger liquid shows a power-law
singularity at the Fermi momentum. Recent theoretical
studies based on g-ology analysis, Monte Carlo simula-
tions, and conformal field theory have yielded consid-
erable insight into one-dimensional electron systems.
Power-law exponents in the spin- and charge-correlation
functions determine a number of physical properties on a
low-energy scale. ' As there exist rigorous relations be-
tween those exponents and the singularity exponent in
the momentum distribution function, ' experimental in-
formation about one of these numbers enables us to re-
veal the nature of the one-dimensional electron systems.

Photoemission spectroscopy is a useful tool to investi-
gate the correlation exponents since it directly probes the
single-particle spectral function, which shows a power-
law dependence on the electron binding energy near the

Fermi level, with the exponent identical to that in the
momentum distribution function. " Recently, Dardel and
co-workers' ' and Hwu et al. ' studied quasi-one-
dimensional metals such as (TMTSF)2PF6, Ko 3Mo03,
and (TaSe4)zI using high-resolution photoemission spec-
troscopy. They found that the photoemission intensity at
the Fermi level of these compounds is suppressed, and
they attributed the observation to the characteristic
behavior of Luttinger liquids.

In the present paper, we have studied the quasi-one-
dimensional compound BaVS3, which exhibits a number
of intriguing physical properties. It has a crystal struc-
ture of the BiNi03 type, ' ' as shown in Fig. 1, where
face-sharing VS6 octahedra form linear chains running
along the c axis. The V-V distance within the chain is
2.84 A, which is much shorter than the interchain V-V
distance of 6.72 A. It shows "metallic" conductivity and
Curie-Weiss-like behavior of the magnetic susceptibility
above —70 K. Three phase transitions have been
identified at -240, -70, and -35 K. A crystal distor-
tion occurs at -240 K from the hexagonal structure to
an orthorhombic structure' in which the linear V
chains turn into zigzag chains. ' (Note that the size of
the unit cell is not doubled by the zigzag-chain forma-
tion. ) Below -70 K, the electrical resistivity steeply in-
creases, ' ' indicating a metal-to-semiconductor transi-
tion, accompanied by a sharp peak in the magnetic sus-
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Ba V S
FIG. 1. Crystal structure of BaVS3. The figure shows the

structure of the hexagonal phase, where linear V chains are run-
ning along the c axis. Below -240 K, the linear chains become
zigzag ones. Here az and bq stand for the hexagonal a and b
axes (Ref. 15).

ceptibility' and an abrupt increase in the orthorhombic
distortion within the ab plane without a change in the
crystal symmetry. ' Although the peak in the magnetic
susceptibility at -70 K is suggestive of an antiferromag-
netic transition, no magnetic ordering has been found in
neutron-difFraction and NMR experiments. Instead,
the transition has been explained as due to the onset of a
gradual pairing of magnetic V ions, or that of a gradual
electron transfer from localized magnetic states to non-
magnetic band states, but no conclusive picture has
emerged so far. At -35 K, the susceptibility shows a
minimum, and the slope of the electrical resistivity de-
creases below this temperature. ' High-resolution inelas-
tic neutron spin-flip scattering and the NMR experi-
ments confirmed the -35-K transition to be of the anti-
ferromagnetic origin. As for the spectroscopic informa-
tion on the electronic structure, Itti et a/. have report-
ed x-ray and ultraviolet photoemission spectra of BaVS3
and BaV& „Ti„S3,and found that the V 3d band is locat-
ed close to the Fermi level, in general agreement with the
results of a recent band-structure calculation.

In the present study, we have focused on the
high-resolution ultraviolet photoemission spectra near
the Fermi level, and their changes across the
metal-to-semiconductor transition. Core-level x-ray-
photoemission spectra, magnetic susceptibility, and elec-
trical resistivity have also been measured and utilized to
characterize the nature of the phase transition. As a
driving mechanism of the metal-insulator transition at
-70 K, we propose a model in which the V 3d band is
split into subbands due to the orthorhombic lattice dis-
tortion of the cooperative Jahn-Teller type. Based on the
correlation exponents deduced from the photoemission
spectra, we discuss the inherent instability of the Lut-
tinger liquid leading to the observed metal-to-
semiconductor transition.

II. EXPERIMENT

Polycrystalline pellets of BaVS3 were prepared as fol-

lows. A stoichiometric mixture of elemental Ba, V, and S

was sealed in an evacuated silica tube and heated for two
days at 800 C. The starting materials were treated in a
dry box filled with purified nitrogen. To avoid the reac-
tion of Ba metal with the silica tube, the inside of the
tube was coated with thin carbon film made by firing
acetone. Obtained specimens were ground thoroughly
and pelletized under a 2000 kg/cm pressure, sintered for
three days in the silica tube at 600'C, and then slowly
cooled to room temperature. The samples were checked
to be single phase by x-ray diffraction.

Electrical resistivity was measured by employing a
standard four-probe technique. Thermoelectric power
from 90 to 273 K was measured under the temperature
gradient of —3 K/cm. Magnetic susceptibility was mea-
sured using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer. The applied
magnetic field was 10 kOe.

Photoemission experiments were performed using a
spectrometer equipped with a Mg/Al twin anode x-ray
source (Mg Ka:hv=1253. 6 eV; Al Ka:hv=1486. 6 eV)
for x-ray-photoemission spectroscopy (XPS), and a He
discharge lamp (He I: h v=21.21 eV; He tt: & v=40. 8 eV)
for ultraviolet photoemission spectroscopy (UPS). Photo-
electrons were collected using a Vacuum Science
Workshop hemispherical analyzer with a 150-mm radius.
The analyzer chamber is magnetically shielded with JM

metal. The base pressure of the analyzer chamber was
—1X10 ' Torr, and the operating pressure of UPS was
1.8 X 10 ' Torr. The samples were cooled using a
closed-cycle He refrigerator. The sample temperature
was varied from 20 to 400 K using a ceramic heater. The
temperature was monitored using a gold-0. 07%%uo iron-
chromel thermocouple attached to the copper sample
holder. Errors in the measured temperature were estimat-
ed to be —0 to + 5 K. The best total resolution was eval-

uated to be -22 meV by fitting the Au Fermi edge using
a nearly flat density of states multiplied by the Fermi-
Dirac distribution function and broadened with a Gauss
function using the least-squares fitting method (see the in-

set of Fig. 6). The calibration of binding energies was
achieved by measuring the Fermi edge of Au evaporated
onto the sample. The energy resolution was —1 eV for
XPS and -22 or -60 meV for UPS depending on the
analyzer pass energy used. In order to obtain clean sur-
faces, the samples were scraped in situ with a diamond
file. We continually monitored the 0 2p, 0 KLL Auger,
and C 1s signals to check for contamination on the sam-
ple surface.

III. RESULTS

A. Electrical resistivity and magnetic susceptibility

The temperature dependence of the electrical resistivi-
ty of one of the present samples is shown in Fig. 2.
Above —120 K the resistivity is low and nearly tempera-
ture independent, and below this temperature slightly in-
creases down to -75 K. It then sharply increases from
-70 to —35 K, more slowly from —35 to —10 K, and
again increases sharply below —10 K. The result is in
reasonable agreement with that reported by Takano



49 METAL-SEMICONDUCTOR TRANSITION AND LUTTINGER-. . . 16 193

Inverse of Temperature (1/K)
0.05 0.10 0.15 0.20

I I I I
0

3—
0

0
~ 0
~ 0
~ 0

c9 3
C)

— 1.2

0.8
0

t 0 ~

O ~

Ql o ~

00- ~

0

-1 ~
I

0 50 100 150 200 250

Temperature (K)

FIG. 2. Electrical resistivity (log&0 p) of BaVS3, as a function
of temperature. Changes in the slope are seen at -70, -35,
and -10K.

X'"=Xo+ C
T —0 (2)

where yo, C, and 8 represent a temperature-independent
term, a Curie constant, and a Weiss constant, respective-
ly, in each of the three temperature regions T (35 K, 80
K & T & 160 K, and T & 160 K, and the results are given
in Table I. The Curie constant and hence the effective
moment was found to be larger at T & 160 K
(1.11pz/mole) than at T & 160 K (1.02pz/mole). These
values are small compared with the spin-only value
2v'[$(S+1)]=1.73pz for S=—,

' (3d') and the free-
atomic value gjv'[J(J+1)]=1.55pz for J=—', . A close

et al. ' The temperature-dependent activation energy E,
defined as

E, ( T)"""km

is -25 meV between -70 and -35 K. The thermoelec-
tric power is negative for T 100 K, and is positive for
T 5 100 K as reported previously.

The temperature dependence of the magnetic suscepti-
bility y is shown in Fig. 3(a). Between -300 and -80 K,
it apparently obeys a Curie-Weiss law. A sharp peak and
a dip appear at -70 and -40 K, respectively, consistent
with the results of Takano et al. '7 In order to highlight
anomalies in y, we have plotted dy/d T X T as a func-
tion of T in Fig. 3(b). There one can see pronounced
jumps at —160 and —70 K. Therefore, the susceptibility
was fitted to a modified Curie-Weiss law:
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examination of Fig. 3(b) reveals that the susceptibility al-
ready starts to be suppressed at -90 K, well above the
susceptibility peak at -70 K. The absolute values of the
effective moment and its change around T-160 K gen-
erally agree with those reported by Kelber et al.

B. Core levels

Figure 4 shows the S 2p and 2s and Ba 3d5i2 core-level
spectra of BaVS3. In going from -300 to -20 K, the S
2p and 2s peaks are shifted toward higher binding ener-
gies by -0.1 eV, and the Ba 3d peaks by -0.04 eV; oth-
er differences could not be detected within the accuracy

50 100 150 200 250
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FIG. 3. (a) Magnetic susceptibility as a function of tempera-
ture. (b) Temperature derivative of the magnetic susceptibility,
T dy/dT. Anomalies are seen at -160 and -70 K.

TABLE I. Least-squares fits of the magnetic susceptibility to a modified Curie-Weiss law

y =go+ C/( T —Q).

Temperature
region

300—160 K
160-80 K
(35 K

C
(emu K/mole)

0.131+0.002
0.155+0.002
0.168+0.002

Q~

(K)

45
24

—30.5

XO

(emu/mole)

1.24x 10-'
1.23 x 10-'
1.24x 10

EfFective moment
(p&/mole)

1.02
1.11
1.15
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above, whereas a decrease in G (3s, 3d) could also occur
as a result of the increased V-S covalency.

C. Valence-band spectra

Figure 6 shows the valence-band spectra of BaVS& tak-
en with x-ray and ultraviolet radiation. The broad S 3p
band extends from 1 to 8 eV below the Fermi level (EF ),
and the occupied part of the V 3d (tz ) conduction band
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FIG. 4. S 2p, S 2s, and Ba 3d &~2 core-level x-ray-
photoemission spectra taken at -300 and -20 K. At 300 K,
the peaks are located at 161.2, 225.6, and 780.3 eV, respectively.

of the present measurements. Contrary to this behavior,
the V core-level peaks are shifted toward lower binding
energies by 0—0.05 eV in going from -300 to -20 K, as
shown in Fig. 5. The interpretation of the core-level
shifts is not straightforward, but a possible cause for the
observed shifts is charge transfer from S to V with de-
creasing temperature, i.e., an increase in the V-S covalen-
cy, possibly associated with the lattice distortion or the
volume contraction. We note that the V core-level bind-
ing energies in BaVS& are close to those in V20& (V'+)
rather than those in the VO2 (V +), indicating a strong
covalency between the V 3d and S 3p orbitals.

In addition to the binding-energy shifts, the V 3s and
3p spectra show detectable changes in their spectral line
shapes with temperature. This suggests that the V 3d
electrons change their character with temperature, as we
shall see below. In particular, the V 3s spectrum is nar-
rowed in going from -300 to -20 K. The narrowing
cannot be due to the suppression of the V'+-V +-V +

valence fluctuation, which exists in the metallic phase but
not in the semiconducting phase with the stable valence
of V +, because the same narrowing is not observed in
the other V core levels. The narrowing would be due to a
change in the exchange interaction between the 3s core
hole and the incomplete 3d shell, because such interac-
tion is known to be most pronounced for the 3s core lev-
el. Within the ionic model, the exchange splitting of the
3s core level is given by
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and the intensity ratio of the two peaks by S/(S+ 1),
where S is the total spin of the V ion and G (3s, 3d) is a
Slater integral. Unfortunately, both the splitting and
the intensity ratio are small for the V + (d') ion, and
cannot reliably be determined by a standard least-
squares analysis of the spectral line shape. Nevertheless,
the decrease in b,E,„suggests that S or G (3s, 3d) de-
creases at low temperatures. A decrease in S is consistent
with the decrease in the e6'ective moment as mentioned

46 44 42 40 38 36 34

Binding Energy (eV)

FIG. 5. V 3s (a), V 2p (b), and V 3p (c) core-level x-ray-

photoemission spectra taken at —300 and -20 K.
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FIG. 6. Valence-band-photoemission spectra taken with Mg
Ka (hv=1253. 6 eV), HeI (hv=21. 2 eV), and Heal (hv=-40. 8

eV) radiation at -300 K, compared with those of V5S8 (Ref.
31). The inset shows the spectrum of an evaporated Au film

near the Fermi level taken with -22-meV resolution (dots), and

its least-squares analysis (solid curve) as described in the text.

is located within —1.5 eV of EF. One can see that the

photoemission intensity at Ez is strikingly suppressed,

and no Fermi cutoff is detected. This is contrasted with

the spectra of metallic V~Ss, having a three-dimensional

metal-deficient NiAs-type structure, shown in the same

figure (taken with a lower resolution of -200 meV). '

A band-structure calculation has been made for BaVS~

by Itoh, Fujiwara, and Tanaka. We have simulated the
He I valence-band spectra using the appropriately
broadened density of states (DOS) of the paramagnetic
state and that of the antiferromagnetic state as shown in

Fig. 7. Here, the partial DOS has been multiplied by cor-
responding cross sections. The calculated spectra both
show a clear Fermi cutoff with high intensity, suggesting
that the suppression of the Fermi edge is due to those
effects which are not included in the band-structure cal-
culation such as electron correlation. Thus we attribute
the suppression of the Fermi-edge intensity to that
characteristic of a Luttinger liquid, as proposed by recent
photoemission studies on one-dimensional metals. '

Apart from that discrepancy, the observed valence-band
spectra correspond well to the calculated DOS: The ob-
served peaks at -2.5 and -4 eV correspond to the
structures located at -2 and 3 eV in the calculated DOS.
The intensity of the S 3p emission is strongly suppressed
for He II because of a Cooper minimum in the photoion-
ization cross section of the S 3p atomic orbital around
this photon energy. Comparison of the V 3d partial
DOS with the HeII spectrum leads to the same con-
clusion, namely the anomalous suppression of the photo-
emission intensity at Ez and the overa11 shift of the other

spectral features by —l eV toward higher binding ener-
gies.

Figure 8 shows the temperature dependence of the
valence-band spectra. In going from 300 to 130 K, the
intensity of the feature at —1 eV gradually decreases, and
the intensity of the feature at -4 eV increases. Concomi-
tantly the peaks at —1, -2.5, and -4 eV are slightly
shifted toward higher binding energies. In going further
down to 30 K, the intensity at —l eV recovers and the
intensity at -4 eV decreases again, and the peaks are
shifted back toward E~. These changes occur gradually
as a function of temperature, and no abrupt changes
could be observed across the crystallographic phase tran-
sition at -240 K nor across the metal-semiconductor
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FIG. 8. Valence-band UPS spectra at various temperatures.
The spectra have been normalized to the integrand photoemis-
sion intensity in the valence-band region.
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FIG. 7. Valence-band spectra taken at -300 and -30 K
compared with the band-structure calculation (Ref. 28). The
calculated DOS has been broadened using Gaussian
(FMHW =22 meV) and Lorentzian [FMHW =0.4(E E~ )]-
functions, and is superimposed on the integral background.
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transition at -70 K. This indicates that the metal-
semiconductor transition does not suddenly occur at —70
K but that changes in the electronic structure related to
the transition take place already above -70 K. The ab-
sence of abrupt changes at -240 K is not unexpected be-
cause the transition is of the second order, and the ortho-
rhombic distortion gradually increases from -240 to
—100 K (see Fig. 10). Here we note that, according to
Sayetat er al. ' and Ghedira et al. , there is a dynami-
cal distortion of the V linear chains into zigzag ones
above the -240-K transition because the thermal ellip-
soids of the V atoms in the hexagonal phase are strongly
anisotropic.

Figure 9 shows the temperature dependence of the He r

UPS spectra in the region near EF. Above -220 K, a
finite intensity is observed at EF, although no clear Fermi
cuto6'is observed. The intensity at EF decreases with de-
creasing temperature and almost disappears at -90 K,
well above the metal-to-semiconductor transition temper-
ature -70 K. The disappearance of the intensity at EF is
accompanied by the recovery of the —1-eV feature (Fig.
8), which will be somehow related to the localization of
the V 3d electrons in the semiconducting phase. These
changes in the photoemission spectra near -90 K may
also be related to the fact that the magnetic susceptibility
shows suppression below -90 K compared to the Curie-
Weiss law [see Fig. 3(b)].

IV. DISCUSSION

A. Origin of the metal-to-semiconductor transition at -70 K

width, and relaxation time of the "V NMR data pro-
posed that the metal-semiconductor transition at -70 K
is accompanied by a gradual pairing of the magnetic V
ions to form a nonmagnetic state with decreasing temper-
ature. However, such a pairing has not been detected by
detailed x-ray-diffraction studies, ' ' indicating that the
lattice distortion, if it exists, should be very small in con-
trast to the case of VO2.

Massenet et al. have suggested that the -70-K tran-
sition is due to the onset of a gradual electron transfer
from the localized magnetic states (mainly d» and d„»
orbitals) to nonmagnetic states (d, orbitals) based on
their Ti-substitution study. However, this model contra-
dicts the observation that the c-axis parameter decreases
only smoothly and slightly (by -0.01 A from room tem-
perature to the lowest temperature studied), whereas the
a- and b-axis parameters exhibit anomalous changes at
-70 K, ' as shown in Fig. 10. Further, the model seems
to be unable to explain the metal-to-semiconductor tran-
sition at -70 K, since the d, orbitals, which are directed
along the c axis, should form a wider band than the d 2 &

and d„orbitals. It therefore seems natural to consider
that the temperature-dependent orthorhombic distortion
below -240 K is associated with a charge redistribution
between the d 2 2 and d „orbitals, and that the occupa-

tion of the d, orbital remain almost unchanged in the
whole temperature range.

The origin of the metal-to-semiconductor transition at
-70 K has been controversial, and no consensus has
been reached so far. The peak in the magnetic suscepti-
bility close to this temperature lead to the suggestion that
the transition is associated with an antiferromagnetic or-
dering. However, there has been no evidence so far of a
long-range magnetic order at 35—70 K. According to the
neutron-di6'raction experiment, the ordered moment, if
existed, should be less than 0.5@~iV. The NMR ex-
periment excluded a magnetic ordering above -35 K.
Nishihara and Takano, from the Knight shift, line
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FIG. 9. Valence-band UPS spectra near the Fermi level at
various temperatures. The same as in Fig. 8.
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In the octahedral coordination, the V 31 level is split
into e (1 and d ) and tz (d„d„,and d») sublevels

g Z -y

as shown in Fig. 10. The orbitals in the t2~ sublevel are
further split into a lower doublet (d„» and 1») and a

higher singlet (d, ) due to the elongation of the VS6 oc-
tahedra along the c axis. Along the V chain, neighboring

d, orbitals directly overlap with each other and form a
wide conduction band, whereas neighboring d„and
d» orbitals indirectly overlap along the same direction

z -y

via hybridization through the intervening S 3p orbit-
als. ' The d„-d» doublet is further split by the or-

thorhombic distortion, as represented by the difference in
the lattice parameters, ao bol&—3 (Fig. 10). (Here ao
and bo are the orthorhombic a- and b-axis parameters,
and are related to the hexagonal lattice parameters a&

and bz through ao-aI, and bolV3-bz. ) As a result,
the d„orbital becomes the lowest d level. The distortion
can be regarded as a cooperative Jahn-Teller distortion.
Above -240 K, the orthorhombic distortion is dynami-
cal' ' and therefore the d„and d» orbitals are equal-

ly populated. Below -240 K, the static distortion gradu-
ally increases with decreasing temperature down to -70
K, causing the preferential population of the d» orbitals.
At -70 K, the distortion shows a discontinuous increase
and then almost saturates, which we attribute to the corn-
plete transfer of electrons to the d„orbitals by electrons.
At this stage, the d„band is half-filled, and a Mott-
Hubbard gap opens at EF. In going from above -70 K
to below it, the intrachain V-V distance increases by
-0.007 A, ' consistent with the Mott transition. Due to
the large fluctuation effect in one dimension, the local
moments of the V ions show no long-range order down to
-35 K.

The above picture is consistent with the gradual
change of the UPS spectra with temperature: A schemat-
ic density of states at each stage of the successive phase
transitions is depicted in the lower panel of Fig. 10. The
dynamical distortion above -240 K and the incomplete
distortion at 70—240 K leads to the formation of a pseu-
dogap in the 1„-1»subband. This picture is further

modified by electron correlation in one dimension,
through which the spectral intensity at EF is further
suppressed. The apparent opening of the band gap well
above -70 K may reflect a large fluctuation effect: The
high electrical conductivity in this temperature range
(70—90 K) in spite of the opening of the gap in the photo-
emission spectra may indicate that the charge transport is
realized by collective excitations or by the motion of
dynamical "metallic domains" on the semiconducting
background. The slight suppression of the magnetic sus-
ceptibility below -90 K compared to the ideal Curie-
Weiss law [Fig. 3(b)] may reflect such an "incompletely
metallic" state.

As for the nature of the -35-K transition, Nishihara
and Takano " have concluded from their NMR results
that the pairing of 81%%uo V atoms takes place below -35
K, and that 19% V atoms remain paramagnetic. This
suggests that the antiferromagnetic ordering is not long-
ranged but is a static, short-range one. The Curie-Weiss
contribution in this temperature range of the present
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FIG. 11. Valence-band UPS spectra (dots) fitted to the power
law, E or (E —Eo), with the instrumental and thermal
broadening taken into account. Under each spectrum is shown
the unbroadened power-law curve. The spectra have been nor-
malized to the intensity at -0.3 eV.

samples is significantly larger than those found in previ-
ous studies. ' The fact that the Curie-Weiss contri-
bution varies between the different studies' s suggests
that the Curie-Weiss contribution arises from unpaired
spins in the disordered antiferromagnetic state. The neg-
ative Weiss constant at T & 35 K indicates that the in-
teraction between the paramagnetic spins are antiferro-
magnetic. This can be understood if we admit that the
single dzy orbital is occuPied by one electron in this tern-

perature range, since in this case the V-V superexchange
interaction would be antiferromagnetic. The suppression
of the magnetic susceptibility below -70 K is then a
direct consequence of the growth of the antiferromagnet-
ic spin correlation. The positive Weiss constant above
-70 K, on the other hand, is attributed to ferromagnetic
coupling between the V atoms arising from the near de-
generacy of the d„and d» orbitals.

The origin of the change in the paramagnetic effective
moment at —160 K remains unclear in the above model.
It may be related to the change in the slope of the See-
beck coe%cient at —140 K identified in our data as well
as in Ref. 29. Further studies are required to clarify the
nature of the —160-K anomaly.

B. Luttinger-liquid behavior

As stated in Sec. III, we attribute the suppression of
the photoemission intensity at EF to the formation of a
Luttinger liquid in BaVS&. Therefore, we fitted the UPS
spectra near EF (within 0.3 eV of E») to the single-
particle spectral function of a Luttinger liquid, i.e., to a
power law of the electron binding energy" with appropri-
ate thermal broadening [full width at half maximum
(FW HM)-3. 8 ksT, following that of the Fermi-Dirac
distribution] as shown in Fig. 11. (In fact, no explicit cal-
culations exist for the spectral function of a Luttinger
liquid at finite temperatures, but we consider that the
above broadening procedure is a good approximation. )
Since at low temperatures ( &90 K) the photoemission in-
tensity is almost completely suppressed in a finite energy
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range around EF, we allo~ed a finite threshold energy
Eo( & 0) to vary with temperature together with the
power-law exponent 8. Thus our model spectral function
at T =0 has the form"

p(E) ~ [E —Eo(T)] ' ', (4)
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where E is the electron binding energy measured from
EF. (When Eo & 0 the system is not metallic, so that the
exponent 8 loses its original physical meaning. ) Since the
power-law behavior of the spectral function is strictly
valid only in the vicinity of EF, the 8 and Eo values thus
obtained (Fig. 12) may depend on the fitted energy range.
In order to test this possibility, we varied the upper
bound for the binding energy used for the fitting between
0.3 and 0.1 eV, and found that the 8 and Eo did not
change to within +0.05 and +5 meV, respectively. For
an even smaller energy range, the fitting iteration became
unstable, particularly for the high-temperature data,
where thermal broadening is comparable to the fitted en-
ergy range. Therefore, we consider that the 8 and Eo ob-
tained above well represent the low-energy behavior of
the spectral function.

As shown in Fig. 12(a), the threshold binding energy is
found to be zero from 300 to 130 K, and increases below
—100 K at -65 meV. The finite Eo at 90 K, well above
the metal-to-semiconductor transition temperature, is
surprising. We cannot completely exclude the possibility
that the finite Eo is an artifact of the fitting procedure us-
ing Eq. (4). Nevertheless, it can be safely concluded that
the intensity at EF is unusually suppressed already well
above the transition temperature -70 K. Indeed, one
notices a slight increase in the electrical resistivity below
—120 K (Fig. 2; see also Ref. 17), which may be an indi-
cation of the depletion of the electronic states at EF or
the opening of a (pseudo)gap well above -70 K.

In the metallic state above —130 K, we can conclude
from the success of the power-law fit of the spectra that
the metallic electrons in BaVS3 form a Luttinger liquid,
at least on the energy scale of -kii T. (The spectrum tak-
en at 300 K could also be fitted with a small but finite
Fermi edge. However, strict distinction between a Fermi
liquid with a small spectral intensity at EF and a Lut-
tinger liquid with strictly vanishing intensity at EF is not
meaningful under the influence of the strong thermal
broadening effect at -300 K.) Figure 12(b} shows that
the exponent 8 increases from -0.71 at 300 K, to -0.85
at 130 K. Theoretically, for the one-dimensional Hub-
bard model with on-site Coulomb repulsion U, 8 cannot
exceed —,

' for a single-band [SU(2}]model, and —,', for a
degenerate two-band [SU(4)] model. For a model with
long-range interaction (e.g., with 1 lr interaction), on the
other hand, 6I can be arbitrarily large for strong interac-
tion. Therefore, the observed large 8 values indicate
that the Hubbard model is not sufBcient to treat electron
correlation in the present system, and that the electron-
electron interaction is probably long ranged. For
(TMTSF)2PF6, 8 is found to be larger -2, ' indicating
that the interaction is more long-ranged in the organic
conductor than in BaVS3.

In the following, we will make use of the universal scal-
ing for Luttinger liquids to discuss the physical proper-
ties of BaVS3. For an SU(2) model, the charge-density
correlation function can be written as

(b)

~ 0.9-
6)
O
X~ 0.8—

0.7—
1 I I 1 1

50 100 150 200 250 300

Temperature (K)

FIG. 12. Temperature dependence of the threshold binding
energy Eo (a) and the exponent (9 (b).

(n(r)n(0))-const+ Aor +Azr cos(2kFr)

~4kF+ A4r cos(4kFr),

(neglecting logarithmic corrections}, where n(r} is the
density operator at the lattice site r, kF is the Fermi wave
number, and Ao, A2, and A4 are constants. For an
SU(4) model, 6kF and 8kF terms are added to Eq. (5).
For the spin-correlation function (s, (r)s, (0)), the 4k~
term does not appear for the SU(2) model, nor the 8kF
term for the SU(4) model. For a small correlation ex-
ponent p;, the corresponding correlation length becomes
large. Therefore, the instability of the Luttinger liquid
toward spin-density-wave (SDW} or charge-density-wave
(CDW) formation (e.g., under the influence of fimte inter-
chain interaction) is represented by the smallness of the
corresponding critical exponent p, . For an SU(2) model,
the 2k+ SDW instability corresponds to antiferrornagnet-
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8=(P4k —4) /16) 4k

for the SU(2) model, and through

8= (134k
—4) /16(P4k —2),

(I skF g} /64~8k»

(6)

(6')

(6")

for the SU(4) model. For both models, peak, p4k, and
F F

psk are related through
F

) 2k» +t 4k»/

~4k 2+ask /4

(7)

(7')

These relations are plotted in Fig. 13.
In order to consider the instability of the Luttinger

liquid in BaVS3 toward the semiconducting state below
-70 K, let us consider a hypothetical metallic state of
BaVS8 where the d„band is occupied by nearly one ( ~ 1)
electron per V atom [SU(2}model], and discuss its insta-
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FICJ. 13. Relations between the exponents 8, pz„, p4k, and
F F

p,„.8 is plotted as a function of p4k or ps„, by solid andF F F
dashed lines, respectively, for the single-band [SU(2)] and de-
generate two-band [SU(4)) models.

ic ordering with two electrons in a wavelength, and the
2k„CDW instability corresponds to the pairing of two
electrons in a charge-density peak. The 4k+ CDW insta-
bility corresponds to the formation of a Wigner crystal,
which is equivalent to a transition to a Mott insulator for
one electron per atomic site. For an SU(4) model, kF be-
comes half of the kF of the SU(2) model with the same
electron density. Then Wigner crystallization (and hence
the Mott transition) results from the instability of the SkF
CDW and the electron pairing is given by the 4kF CDW.
8 is related to p4k or psk through

F F

bility toward the 2k+ and 4kF modulations mentioned
above. For 8=0.8-0.9 deduced from the photoemission
spectra, we find from Fig. 13 that p4k (-0.9) is smaller

F
than peak ( —1.2), meaning that the 4kF instability dom-

inates over the 2k~ instabilities. This explains the appear-
ance of the Mott-insulating state without magnetic order-
ing nor Peierls-type CDW just below -70 K.

At high temperatures, the orthorhombic distortion is
small, and thus the orbital degeneracy can effectively be-
come close to 2 as a result of the coalescence of the d„
and d» subbands. Then one can see from Fig. 13 that
all the correlation exponents become large (peak

—1.3,

p4k
—1. 1, and psk -2.3}, leading to the suppression of

long-ranged spin and charge correlation at high tempera-
tures, again consistent with the experimental observation.
Even if there were no coalescence of the d„» and d &

subbands, the decrease in 8 by -0.2 in going from
T—300 K to T —30 K indicates some increase in peak

and P4k .

The temperature dependence of 8 and Eo plotted in
Fig. 12 is worth further remarks. Eo starts to increase
around 100 K, increases toward -70 K, and then satu-
rates. On the contrary, 8 gradually increases with de-
creasing temperature from -300 to -100 K. The in-
crease in 8 cannot be due to an increase in the electron-
electron interaction strength such as U, since it should be
temperature independent. The gradual increase in 8 can
most naturally be associated with the change in the
d„»-d» splitting, and hence with the change in the
effective orbital degeneracy. Unfortunately, there has
been no theoretical studies of the orbital degeneracy
dependence of the exponent 8 with the other conditions
fixed.

Throughout the present analyses, we have not explicit-
ly considered the possible effect of electron-phonon in-
teraction on the Luttinger-liquid behavior of the V 3d
electrons. Although the interaction does not lead to a
Peierls-type instability in BaVS3, it may modify the
dynamical properties of the Luttinger liquid and hence
the correlation exponents. Even under the influence of
electron-phonon interaction, we expect that the scaling
relations (6) and (7) remains valid as they were universal
relations independent of the form of electron-electron in-
teraction. Then the electron-phonon interaction might
be a cause for the large 8 other than the long-range
electron-electron interaction. In any case, the standard
Hubbard model with only on-site Coulomb repulsion is
not sufficient to study electron correlation effects in
BaVS3. This conclusion would not be restricted to one-
dimensional BaVS3, but would be applicable to a wider
range of transition-metal chalcogenides including three-
dimensional compounds. The same is true for
transition-metal oxides, because the observed 8 appears
to be much larger than the upper limit for the Hubbard
models. ' These facts imply that reinvestigation of the
physical properties of transition-metal compounds is
necessary using theoretical models with long-range
Coulomb interaction and possibly with electron-phonon
interaction.
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C. Semiconducting state

In a semiconductor, the threshold energy Eo deduced
from photoemission spectra would be equal to the activa-
tion energy of the p-type electrical conductivity. Indeed,
the electrical conductivity of BaVS3 is of the p type in the
semiconducting phase, and the activation energy of the
present sample deduced from the electrical resistivity is
-25 meV between -40 and -80 K, being of the same
order of magnitude as the photoemission threshold ener-
gies (-30 meV at -90 K and -62 meV at -60 K). The
generally larger values deduced from photoemission may
be attributed to a polaronic efFect.

The density of states of one-dimensional insulators
should show a -E divergence at the band edges ir-
respective of the origin of the band gap, i.e., irrespective
of whether the band gap is due to the one-electron band
structure or to electron correlation (Mott insulator). We
could not observe such a divergence in the spectra of the
semiconductor phase (Fig. 9), however, either because
the divergence occurs on an energy scale smaller than our
instrumental resolution or because there is a finite in-
teraction between the V chains, which leads to the
suppression of the one-dimensional character. The latter
interpretation is consistent with the presence of the anti-
ferromagnetic ordering, indicative of finite interchain in-
teraction.

V. CONCLUSION

We have studied the electronic structure of BaVS3
by UPS, XPS, electrical-resistivity, and magnetic-
susceptibility measurements. High-resolution UPS spec-
tra near the Fermi level in the metallic phase exhibit a
power-law dependence of the electron binding energy, in-
dicating that the conduction electrons in BaVS3 form a
Luttinger liquid. The spectra exhibit gradual changes
with varying temperature. In particular, a semiconduct-

ing gap starts to open well above the metal-to-
semiconductor transition temperature, and develops fully
below it. The exponent 0 of the photoemission spectra in
the vicinity of the Fermi level is large ( I ), which means
that the electron-electron interaction is rather long
ranged (and possibly that electron-phonon interaction is
also important). As for the origin of the -70-K phase
transition, we propose that the orthorhombic distortion,
which gradually increases below -240 K with decreasing
temperature, lowers one of the d levels, d„. The d„
band becomes half-filled below -70 K, when electrons
are fully transferred to the latter band, resulting in the
opening of a Mott-Hubbard gap. In the Mott-insulating
state, antiferromagnetic coupling exits between the V
spins but does not lead to a static magnetic order above
-3S K, and below this temperature a static short-range
order develops. The large 8 implies the instability of the
Luttinger liquid toward a Mott insulator for the single-
band (d„band) model, consistent with the appearance of
the semiconducting state without magnetic ordering just
below -70 K.
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