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Charge-density wave transition of 1T-VSe2 studied by angle-resolved photoemission spectroscop
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High-resolution angle-resolved photoemission spectroscopy~ARPES! has been performed on a layered
transition-metal dichalcogenide~TMDC! 1T-VSe2 to study the (434) charge-density wave~CDW! mecha-
nism. We observed a partial Fermi-surface~FS! nesting on the electronlike FS centered at theM ~L! point. The
spectral weight nearEF is considerably suppressed below the transition temperature (Tc5110 K) around the
nested portion, while a negligible spectral change is observed even acrossTc in other portions of FS. This
suggests that the CDW transition in 1T-VSe2 is caused by the three-dimensional FS nesting. Implications are
discussed in relation to the physical properties of 1T-VSe2 as well as the ARPES results of other TMDC’s.
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I. INTRODUCTION

Layered transition-metal dichalcogenides~TMDC’s! have
attracted much attention because they show a variety
charge-density-wave ~CDW! behaviors. In particular
1T-VSe2 has attracted considerable interest. It exhibits a
34) CDW transition belowTc5110 K ~Ref. 1! and the
transport and magnetic properties show peculiar and cha
teristic anomalies at Tc ~Ref. 2!. 1T-VSe2 has a
1T-CdI2-type crystal structure@D3d ~Ref. 3! space group#,
where V atoms form a hexagonal sheet sandwiched by
atoms @Fig. 1~a!#. These Se-V-Se sandwiches are stack
without lateral displacement and are coupled to each othe
a weak van der Waals interaction. The overall crystal sy
metry is threefold~trigonal! with inequivalentGM andGM 8
directions in the Brillouin zone@Fig. 1~b!#. X-ray and
electron-diffraction experiments revealed the satellite refl
tion due to the periodic lattice distortion~PLD!,1,3 whose
wave vector has a large component normal to the layer
spite the two-dimensional nature of the crystal. It has a
been found that the PLD wave vector is commensur
within the layer, but is incommensurate perpendicular to1

These behaviors have been theoretically investigated
terms of the wiggling of the Fermi surface~FS! perpendicu-
lar to the layer.4

To understand the mechanism of the CDW in 1T-VSe2,
the electronic structure has been intensively studied by v
ous experimental techniques.3,5–16Using angle-resolved pho
toemission spectroscopy~ARPES!, Hughes et al.5 deter-
mined the overall valence-band structure, which consists
half-filled V 3d band near the Fermi level (EF) and several
dispersive Se 4p bands in the high-binding energy regio
They discussed the observed reduction of thed-band inten-
sity along theGM ~AL! direction in terms of the incipien
CDW instability. A subsequent ARPES study by Johnsonet
al.8 suggested that there is a direct overlap between thep and
d bands at theG ~A! point nearEF , producing a small hole
pocket at the center of the Brillouin zone. The band disp
sions along thec* axis (GA direction! were determined by
photon-energy-dependent ARPES~Refs. 10–12! and the un-
0163-1829/2003/68~15!/155108~8!/$20.00 68 1551
of

4

c-

e
d
by
-

-

e-
o
te

in

ri-

a

r-

occupied band structure was investigated by angle-reso
inverse photoemission spectroscopy6,7 ~ARIPES! and very
low-energy electron diffraction~VLEED!.12 In spite of these
intensive studies on the electronic structure, the mechan
of the CDW transition in 1T-VSe2 has not been elucidated
because the energy scale and the CDW amplitude are m
smaller than those of other 1T-TMDC’s.13,14The difficulty in
growing a high-quality single crystal17 may also have limited
the elucidation.

In this paper, we report a high-resolution ARPES study
a high-quality 1T-VSe2 single crystal. By using the ultrahigh
energy resolution (,10 meV) in ARPES measurements, w
have succeeded in directly observing the CDW gap and
momentum dependence of gap amplitude on the FS.
compare the present experimental results with those for o
1T-TMDC’s ~Refs. 18–21! and discuss the mechanism
the CDW transition of 1T-VSe2.

II. EXPERIMENTS

Single crystals of 1T-VSe2 were grown by the chemica
vapor transport method. The starting materials were 99
vanadium powder and selenium shot. Crystals were grow
an evacuated sealed quartz tube with excess-selenium v
transport at 700 °C for 7 days after being preheated
850 °C for 3 days. The obtained crystals are platelet and
large as 53530.1 mm3. The thermogravimetric analysi

FIG. 1. ~a! Crystal structure and~b! Brillouin zone of 1T-VSe2.
©2003 The American Physical Society08-1
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K. TERASHIMA et al. PHYSICAL REVIEW B 68, 155108 ~2003!
shows that the crystals are stoichiometric within 1% exp
mental accuracy.17

ARPES measurements were performed using
GAMMADATA-SCIENTA SES-200 spectrometer with
high-flux discharge lamp and a toroidal grating monoch
mator. He Ia (hn521.218 eV! and He IIa (hn540.814 eV!
resonance lines were used to excite photoelectrons. The
ergy and angular~momentum! resolutions were set at 9–1
meV and 0.3° (0.01 Å21), respectively. A clean surface fo
ARPES measurements was obtained byin situ cleaving of
crystal in an ultrahigh vacuum of 3310211 Torr. The Fermi
level (EF) of the sample was referenced to that of a gold fi
evaporated onto the sample substrate.

III. RESULTS AND DISCUSSION

A. Valence-band region

Figure 2 shows valence-band ARPES spectra of 1T-VSe2
measured at 30 K along theGM ~AL! and GK ~AH! direc-
tions in the Brillouin zone. We find a very sharp peak ne
EF in the spectra for both directions, which is ascribed to
V 3dz2 band.5,8,10–12Several other peaks located at 1–6 e
are assigned to the Se 4p bands. The overall dispersive fea
ture of peaks appears to be similar in both directions
aroundu50°, while the difference becomes remarkable
the large polar-angle region ofu520° –40°. For example

FIG. 2. Valence-band ARPES spectra of 1T-VSe2 measured at
30 K with He Ia resonance line along~a! GM ~AL! and ~b! GK
~AH! directions. Polar angle (u) referred to the surface normal i
denoted on spectra.
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the V 3dz2 band is clearly seen belowEF even at u
530° –40° in theGM ~AL! direction, while it disappears a
aroundu520° in theGK ~AH! direction. The Se 4p band at
2 eV shows a very weak dispersion along theGM ~AL! di-
rection, although it shows a sizable dispersion along theGK
~AH! direction. Thus the measured ARPES spectra clea
represent the characteristic band structure for two differ
directions in the Brillouin zone. It is noted that the prese
ARPES result with respect to the gross feature of the vale
band is consistent with previous ARPES results,5,8,10–12

while the characteristic structures are better resolved in
present ARPES spectra.

To see more clearly the dispersive feature of bands in
ARPES spectra, we have mapped out the ‘‘band structu
and show the result in Fig. 3. The experimental band str
ture has been obtained by taking the second derivative
ARPES spectra and plotting the intensity on a square-r
scale by gradual shading as a function of the wave vector
binding energy.22 Dark areas correspond to the experimen
bands. It is noted that all of the previous ARPES studies
1T-VSe2 mapped the band structure by determining the p
positions in ARPES spectra by eyes/hand. To avoid an a
ficial error and/or a background effect due to secondary e
trons, we employed the above numerical method. As see
Fig. 3, we observe several dispersive features in both di
tions. A weakly dispersive band nearEF is ascribed to the V
3dz2 band, while the others are assigned to the Se 4p s
bands. The almost nondispersive band at 2 eV is assigne
the Se 4px,y band,12 while a band located nearEF at theG
~A! point having a remarkable downward dispersion towa
the zone boundary is ascribed to the Se 4pz band.12

We show in Fig. 4 the comparison of the experimen
band structure with three different band calculations; the
ear augmented plane-wave~LAPW! calculation by Brauer
et al.11 @Figs. 4~a! and 4~b!#, the first-principles self-
consistent non-muffin-tin calculation by Zunger an
Freeman23 @Figs. 4~c! and 4~d!#, and the layer-method calcu
lation by Woolley and Wexler4 @Figs. 4~e! and 4~f!#. We find
in Fig. 4 that the gross dispersive features of bands appe
be similar for the three band calculations, and show a qu
tative agreement with the experimental results. Howev
there are several quantitative disagreements between
calculation and the experiment.

FIG. 3. Experimental band structure of 1T-VSe2 along ~a! GM
~AL! and ~b! GK ~AH! directions.
8-2



u
th
e
rg

.5
he
e
la
r
gs
oo
a

ts

g to

y
d is
-

ec-

en-

the

this

and
t

ro-
fea-

nts
in

tu

d

ed

CHARGE-DENSITY WAVE TRANSITION OF 1T-VSe2 . . . PHYSICAL REVIEW B68, 155108 ~2003!
For example, both the LAPW and the first-principles calc
lations trace the experimental bands relatively well, while
layer-method calculation appears to deviate from the exp
mental result. The deviation is most prominent in the ene
position of the Se 4p band. The top of the Se 4p band at the
G ~A! point is shifted toward a higher binding energy by 0
eV in the layer-method calculation in comparison with t
experiment. It is also found that the flat band located at 2
in the experiment is well reproduced by the LAPW calcu
tion, while the same band in the other calculations is clea
shifted toward a higher binding energy. All of these findin
indicate that the LAPW band calculation serves as a g
theoretical basis for understanding the gross valence-b
structure of 1T-VSe2.

B. Near-EF region

Figure 5 shows high-resolution ARPES spectra nearEF

FIG. 4. Comparison of the experimental valence-band struc
with the band calculations;~a! and~b! for the LAPW band calcula-
tion ~Ref. 11!, ~c! and~d! for the first-principles self-consistent ban
calculation ~Ref. 23!, and ~e! and ~f! for the layer-method band
calculation~Ref. 4!. Thin solid and broken lines show the calculat
bands.
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measured at 30 K along theGM ~AL! and GK ~AH! direc-
tions. We find in Fig. 5~a! that two bands disperse nearEF in
the GM ~AL! direction. The first band has the top of i
dispersion immediately belowEF at the G ~A! point and
steeply disperses toward the high binding energy on goin
the M ~L! point. The second one appears atEF , midway
between theG ~A! andM ~L! points, and shows a relativel
slow dispersion toward the zone boundary. The first ban
assigned to the Se 4pz band, while the second one is attrib
uted to the V 3dz2 band. It is clear from Fig. 5~a! that the
experimental V 3dz2 band crossesEF at a point aroundu
56-10°. There is a clear difference between the two dir
tions in terms of the band dispersion nearEF . The V 3dz2

band monotonically disperses toward the high binding
ergy on increasing the polar angle fromu56-10° in theGM
~AL! direction, while the same band again enters into
unoccupied states at aroundu520° in theGK ~AH! direc-
tion. The V 3dz2 band in theGK ~AH! direction shows a very
flat dispersion with the maximum intensity at aroundu
515°, suggesting that the band has a bottom around
point.

Figure 6 shows the comparison of the experimental b
dispersion nearEF with the three calculations. We find tha
the experimental band dispersion is qualitatively well rep
duced by each calculation, for example, the dispersive
ture of the V 3dz2 band along theGM ~AL! direction. How-
ever, a closer look reveals quantitative disagreeme
between the experiment and the calculations. As shown

re

FIG. 5. ARPES spectra in the vicinity ofEF of 1T-VSe2 mea-
sured at 30 K with a He Ia resonance line along~a! GM ~AL! and
~b! GK ~AH! directions.
8-3
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K. TERASHIMA et al. PHYSICAL REVIEW B 68, 155108 ~2003!
Figs. 6~e! and~f!, the layer-method calculation has predict
that the top of the Se 4p band is located at 0.5 eV, althoug
the experimental Se 4p band has the top of the dispersio
immediately belowEF ~less than 0.1 eV fromEF). It is
noted here that the strong intensity around theG ~A! point in
the experiment is reminiscent of a small electron pocket c
tered at theG ~A! point. However, this is not the case becau
~i! the corresponding band is not seen in the calculations,
~ii ! we do not observe two intensity maxima atEF at both
sides of theG ~A! point indicative of band crossing. It is als
found in Fig. 6 that the energy position of the V 3dz2 band at
the M ~L! point is much closer toEF in the experiment~0.5
eV from EF) than in the calculations~0.6-0.8 eV fromEF).
TheEF-crossing point of the V 3dz2 band~namely, the Fermi
vector kF) along theGM ~AL! direction in the experimen
shows a good agreement withkF in the AL direction in the
calculations.

FIG. 6. Experimental band structure nearEF ~bright areas! ob-
tained by plotting the ARPES intensity as a function of bindi
energy and momentum, compared with three band structure ca
lations:~a! and~b! for the LAPW band calculation~Ref. 11!, ~c! and
~d! for the first-principles self-consistent band calculation~Ref. 23!,
and~e! and~f! for the layer-method band calculation~Ref. 4!. Thin
solid and broken lines show the calculated bands.
15510
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In contrast with theGM ~AL! direction, the situation in
the GK ~AH! direction seems complicated. We find a fini
intensity atEF between theG ~A! and K ~H! points in the
experiment. The band atEF does not show any dispersion
but only loses its weight on approaching both theG ~A! and
K ~H! points. A corresponding band which gives this chara
teristic intensity variation is not seen in the layer-meth
calculation@Fig. 6~f!#, while a band with similar characteris
tics is found in the unoccupied states of the LAPW@Fig.
6~b!# and the first-principles@Fig. 6~d!# calculations~band
a). Since the temperature of the measurement is sufficie
low ~30 K!, the finite intensity atEF observed in the experi
ment is not explained by the thermally broadened tail
banda in the unoccupied states. Taking into account of t
fact that bandsa andb in Fig. 6 are originally the same ban
dispersing along thekz direction, it is most probable that th
finite intensity atEF can be ascribed to the intermediate po
tion of the band between theGK and AH high-symmetry
lines.

One of the important questions concerning the experim
tal band structure of 1T-VSe2 is whether the Se 4p band
crossesEF and gives rise to a small hole pocket centered
theG ~A! point. This is crucial in clarifying whether holes i
thep band play an important role for the CDW in 1T-VSe2.
We show the ARPES spectra in the vicinity ofEF measured
along theGM ~AL! direction in Fig. 7. As is clearly seen in
Fig. 7, the peak atu50° @namely, at theG ~A! point# is
located 40–50 meV away fromEF . This indicates that the
band does not reachEF since the Fermi-edge cutoff indica

u-

FIG. 7. ARPES spectra of 1T-VSe2 in the vicinity of EF mea-
sured at 30 K alongGM ~AL! direction. Filled circles show the pea
positions of spectra.
8-4
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CHARGE-DENSITY WAVE TRANSITION OF 1T-VSe2 . . . PHYSICAL REVIEW B68, 155108 ~2003!
tive of theEF crossing is expected to appear within 10 me
of EF . In contrast, the V 3dz2 band located at around 12
meV at u513° shows a steep dispersion towardEF on de-
creasing the polar angle and appears to reachEF at u59°.
On further decreasing the polar angle, the intensity of
peak suddenly decreases. This indicates that the band cr
EF at aroundu59°. Thus, the present experimental resu
clearly show that there is no FS due to thep band at the
G(A) point, contrary to the suggestion from the previo
ARPES work.8 However, the thermal excitation of electron
at the top of thep band to the conduction band~unoccupied
states! is likely to occur at high temperatures since the e
ergy position~40 meV fromEF) is well within the thermal
broadening of the Fermi-Dirac~FD! function at high tem-
peratures~for example, 3kBT at 300 K is 100 meV!. Since
the velocity of thep band nearEF is much larger than that o
thed band as seen in Fig. 5~a!, the holes with higher mobility
may contribute substantially to the electric conductivity
high temperatures. This is consistent with the experime
finding that the Hall coefficient has a positive sign at te
peratures higher than 310 K.24,25

It is noted here that no discernible variations in the ove
dispersion are observed even acrossTc ~up to 180 K!, show-
ing that band folding caused by the (434) reconstruction is
considerably weak, probably due to the small Fourier co
ponent of the CDW potential18,19,26and/or the small size o
the reconstructed Brillouin zone.19

C. Fermi surface topology

In Fig. 8, we show the ARPES-intensity plot atEF of
1T-VSe2 as a function of the two-dimensional wave vect

FIG. 8. Fermi surface of 1T-VSe2 obtained by plotting the
ARPES intensity atEF as a function of two-dimensional momen
tum. The ARPES intensity is estimated by integrating the spec
weight within 20 meV with respect toEF , and symmetrized by
assuming the trigonal symmetry. Bright areas show the strong
tensity and dashed lines trace the local maxima of the inten
showing a rough sketch of the Fermi surface. Thick solid lin
indicate the straight portion of the Fermi surface. Gray arrows sh
the nesting vector determined by the present ARPES experime
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measured with the He IIa resonance line at 30 K. The inten
sity is obtained by integrating the spectral weight within
meV with respect toEF and is symmetrized on the assum
tion of the trigonal symmetry. We also show the position
the FS by broken lines obtained by tracing the local ma
mum of the intensity. In Fig. 8, we observe two distin
features: one is a large ellipsoidal FS centered at theM ~L!
point and another is an intense feature at theG ~A! point. The
large ellipsoidal FS is attributed to the V 3dz2 band, while
the strong intensity at theG ~A! point is due to the Se 4p
band whose top is located very close to, but belowEF . We
find that the V 3d-derived FS has a straight portion as show
by the thick solid line in Fig. 8, suggesting a good nesti
condition of the FS in this specific momentum region. A
suming that the in-plane nesting vector has a component
along thea* axis as reported from the XRD measuremen1

we have estimated the nesting vector from the pres
ARPES experiment at 0.2760.03a* . We have also per-
formed photoemission measurements with another pho
energy~He Ia; 21.218 eV!, and obtained a similar value o
0.2660.02a* for the nesting vector. These values show
good agreement with the value obtained from the XRD
periment (0.25a* ).1 It is thus found that electrons on thi
nested portion play an essential role in the formation
CDW in 1T-VSe2. The volume of the electron pocket i
estimated at 4463% of the whole Brillouin zone, confirming
the half-filling nature of thed band.

Next we compare the topology of the FS between
experiment and the calculation. Band calculations4,11,23have
predicted that there is an ellipsoidal electronlike FS cente
at theA point in theALH plane@see Fig. 1~b!# while the FS
extends over theG point in theGKM plane, producing a FS
with an open orbit. In the present ARPES experiment, the
centered at theM ~L! point does not reach the zone cent
and the overall shape is similar to that of theAHL plane in
the calculation. This implies that the present ARPES o
serves the photoemission mainly from theAHL plane rather
than theGKM plane. The small finite intensity atEF along
the GK ~AH! line as seen in Fig. 8 may be due to the fina
state broadening which gives an uncertainty inkz in the pho-
toemission process. As discussed in Fig. 6, the V 3dz2 band
crossesEF at a specifickz point between theGK and AH
lines. Because of the final-state broadening, the electr
around thiskz are expected to contribute to the photoem
sion intensity measured in theGKHA plane.

To clarify the nature of the CDW gap at the nested port
of FS, we have performed detailed temperature- a
momentum-dependent ARPES. In the next section, we re
the direct observation of the CDW gap and discuss
mechanism of the CDW in 1T-VSe2.

D. Charge-density-wave gap

Figure 9 shows ARPES spectra in the vicinity ofEF at
various momenta~k! on the FS measured at two temperatu
below and aboveTc . At 30 K below Tc , the peak in the
spectrum is located at about 20 meV in thek region near the
G ~A! point ~spectra 1–5!. On approaching theM ~L! point
on the FS, the peak gradually moves toward a higher bind
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s
w
t.
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K. TERASHIMA et al. PHYSICAL REVIEW B 68, 155108 ~2003!
energy and finally reaches 80–100 meV near theM ~L! point
~spectra 10–13!. It is noted here that thek region where the
peak is located at high energy~spectra 10–13! coincides well
with the k region where the nesting condition is fulfilled a
discussed above~see Fig. 8!. This suggests that the observe
anomalousk dependence of the peak position in the spectr
is closely related to the CDW formation in 1T-VSe2. In con-
trast to the strongk dependence of the ARPES linesha
below Tc , the k dependence of the spectrum aboveTc is
considerably weak as seen in Fig. 9~b!, where the peak po
sition at 180 K~filled circles! shows a much smallerk de-
pendence and does not coincide with that belowTc ~open
circles!. This obviously rules out the possibility of the ban
structure effect for the anomalousk dependence of the pea
position, and confirms that the distinct spectral differen
acrossTc is closely related to the CDW formation.

In order to clarify how the anomalous spectral featu
evolves with temperature, we measured the temperature
pendence of ARPES spectra at two representativekF points.
Results are shown in Fig. 10. The spectral intensity is n
malized with the integrated intensity of 0.7–1.4 eV bindi
energy since it is expected that electrons at such high bin
energy are not affected by the CDW formation. As shown
Fig. 10~a!, the temperature dependence of the ARPES sp
trum is symmetric with respect toEF at point 3 where the
nesting condition is found to be poorly fulfilled. The ins
shows the partial density of states~DOS! obtained by divid-
ing the ARPES spectra by the FD function at each temp
ture convoluted with the energy resolution. The partial DO

FIG. 9. ARPES spectra nearEF of 1T-VSe2 at ~a! 30 K and~b!
180 K measured at severalkF points on the FS shown in the uppe
panel. The peak position in the spectra determined by fitting w
Gaussian around the peak is indicated by filled circles. Peak p
tions of 30 K are shown by open circles in~b! for comparison.
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shows no or a negligible temperature dependence, indica
that electrons in thisk region do not contribute to the CDW
formation. In contrast, the temperature dependence at p
11 is anomalous as seen in Fig. 10~b!, where we find a strong
asymmetry of the spectral change with respect toEF . Sur-
prisingly, the peak at 50 meV systematically reduces its
tensity on cooling, opposite to the behavior expected fr
the temperature dependence of the FD function. As a re
the spectral intensity atEF is gradually depleted with de
creasing temperature. Taking into account of the fact that
nesting condition is well fulfilled at point 11, we conclud
that the observed spectral change reflects the opening o
CDW gap. It is remarked here that the Fermi edge is retai
even belowTc . This suggests that the CDW gap is not a fu
gap but a pseudogap or a partial gap with a finite DOS
EF . The pseudogap-opening behavior is more clearly ill
trated in the inset, where the partial DOS nearEF , obtained
by the same method as described above, shows a mono
decrease with decreasing temperature, but has a finite we
at EF even at 30 K far belowTc ~110 K!. It is also noted that
the temperature-induced change of the DOS starts at a

h
si-

FIG. 10. Temperature dependence of ARPES spectra
1T-VSe2 measured at two representativekF points~points 3 and 11!
in the Brillouin zone. Inset shows the partial DOS obtained
dividing ARPES spectra by the FD function at each temperat
convoluted with the Gaussian resolution function. Spectral inten
is normalized by integrated spectral intensity from 0.7 to 1.4 eV
8-6



w

s

g

th
tu
ha
iv
w
in
s
a

d
u
lit
S

e

he
r

a

uc
e

an
p
f

a

f

ra

the

QC-

s a
e-
that

We

that
he

of
nd
tion

on
mi
ion.
ture
nd

We
at

y

tor
nt.

em-

ens
ting
om-
ties
on

-
lo-

e
the

CHARGE-DENSITY WAVE TRANSITION OF 1T-VSe2 . . . PHYSICAL REVIEW B68, 155108 ~2003!
150 K, which is much higher thanTc . All of these findings
indicate that the gap opening starts at a temperature
aboveTc and a finite DOS remains atEF even belowTc . We
speculate that the finite DOS atEF below Tc is due to the
three-dimensional nature of the nesting vector, as sugge
by the XRD experiment1 as well as the band calculation.4

Next we discuss the relationship between the pseudo
and the physical properties of 1T-VSe2. It has been reported
that the electrical resistivity of 1T-VSe2 remains metallic
even belowTc with a small bump structure at 70 K~Ref. 2!.
The metallic nature even belowTc is consistent with the
existence of a pseudogap with a finite DOS atEF belowTc ,
although we do not observe any anomalous behavior in
photoemission spectrum corresponding to the bump struc
at 70 K in the electrical resistivity. It has been reported t
the Hall coefficient changes its sign from positive to negat
at around 310 K upon decreasing temperature, and sho
rapid decrease at around 120 K upon further lower
temperature.2,24,25 The intrinsic magnetic susceptibility i
temperature independent at high temperature, but gradu
starts to decrease at around 150 K and then is steeply
duced at low temperatures below 120 K~Ref. 2!. We con-
sider that the reduction of DOS atEF due to the formation of
the pseudogap is responsible for the strong temperature
pendence of both the Hall coefficient and the magnetic s
ceptibility. The slight decrease of the magnetic susceptibi
aboveTc may be related to the small variation of the DO
nearEF at temperatures betweenTc and 150 K as shown in
Fig. 10.

It is evident from Fig. 10~b! that the spectral weight in th
nested region of the FS is depleted belowTc within 200 meV
with respect toEF . When we take the value 200 meV as t
CDW-gap sizeD, 2D/kBTc becomes 40, which is far large
than the mean-field value~3.52!. The peak of the partial DOS
is located at 80–100 meV binding energy at 30–50 K,
seen in the inset to Fig. 10~b!. This value shows a good
agreement with the peak position of the tunneling cond
tance spectrum at 60 K~80 meV!.14 This suggests that th
size of the pseudogap is 80–100 meV and the 2D/kBTc
value is about 20, which is still much larger than the me
field value. A similar substantial deviation of the CDW-ga
value from the mean field theory has also been reported
other 1T-TMDC’s. For example, it has been reported th
1T-TaSe2 and 1T-TaS2 have 2D/kBTc values of
12–35.18,20,21Thus, the relatively large 2D/kBTc value seems
a common feature for 1T-TMDC’s.

Finally, we compare 1T-VSe2 with 1T-TaS2, which is
isostructural to 1T-VSe2 and has a FS similar to that o
1T-VSe2.18,19 It is known that 1T-TaS2 shows a two-step
CDW transition; the first one is a quasicommensurate~QC!
CDW transition at 350 K and the second is a commensu
15510
ell

ted

ap

e
re
t
e
s a
g

lly
re-

e-
s-
y

s

-

-

or
t

te

CDW transition at 180 K. It has been suggested that
QC-CDW of 1T-TaS2 is driven by the Mott localization18,19

due to the strong electron correlation betweend electrons.
Previous ARPES studies on 1T-TaS2 ~Refs. 18,19! have re-
ported that a pseudogap opens all across the FS in the
CDW phase, and accordingly, no bands crossEF anywhere
in the Brillouin zone. In contrast, in 1T-VSe2, the pseudogap
is observed only in a partial portion of the FS, and there i
band which crossesEF even in the CDW phase. These r
markable differences in the pseudogap behavior suggest
the CDWs of these compounds have different origins.
conclude that the CDW of 1T-VSe2 is caused by the FS
nesting, as is evident in the present ARPES study, while
of 1T-TaS2 in the QC-CDW phase may be induced by t
Mott localization, as proposed previously.18,19 This is sup-
ported by the experimental finding that the band structure
1T-VSe2 determined by ARPES agrees well with the ba
structure calculation, suggesting that the electron correla
is less important in 1T-VSe2.

IV. SUMMARY

We performed high-resolution ARPES measurements
1T-VSe2 to study the electronic band structure, the Fer
surface, and consequently the mechanism of CDW transit
We compared the experimentally determined band struc
with three band calculations and found that the LAPW ba
calculation reproduces the experimental result well.
found an ellipsoidal electronlike Fermi surface centered
the M ~L! point in the Brillouin zone, which has a relativel
straight portion parallel to thea* axis, which is indicative of
a good nesting condition. The estimated nesting vec
shows good agreement with that from the XRD experime
We found that the partial density of states nearEF on the
nested portion shows a remarkable suppression at low t
peratures belowTc ~110 K!, but still has a substantial finite
weight even at 30 K. This indicates that a pseudogap op
on the Fermi surface at low temperatures and the nes
vector has a substantial three-dimensional nature. We c
pared the present ARPES result with the physical proper
of 1T-VSe2 and found a good correspondence. A comparis
of ARPES results on 1T-VSe2 with those on 1T-TaS2 con-
firms that the CDW in 1T-VSe2 is caused by the three
dimensional Fermi-surface nesting, but not by the Mott
calization.
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