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Charge-density wave transition of II-VSe, studied by angle-resolved photoemission spectroscopy
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High-resolution angle-resolved photoemission spectrosd®®PES has been performed on a layered
transition-metal dichalcogenidd@MDC) 1T-VSe, to study the (4 4) charge-density waveCDW) mecha-
nism. We observed a partial Fermi-surfd€&) nesting on the electronlike FS centered atithél) point. The
spectral weight nedEg is considerably suppressed below the transition temperalyre {10 K) around the
nested portion, while a negligible spectral change is observed even dgrasother portions of FS. This
suggests that the CDW transition iT/Se, is caused by the three-dimensional FS nesting. Implications are
discussed in relation to the physical properties ©f\ISe, as well as the ARPES results of other TMDC's.
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[. INTRODUCTION occupied band structure was investigated by angle-resolved
inverse photoemission spectroscBPYARIPES and very
Layered transition-metal dichalcogenid@MDC'’s) have low-energy electron diffractioV/LEED).*? In spite of these
attracted much attention because they show a variety dfitensive studies on the electronic structure, the mechanism
charge-density-wave (CDW) behaviors. In particular, of the CDW transition in T-VSe, has not been elucidated,
1T-VSe, has attracted considerable interest. It exhibits a (4because the energy scale and the CDW amplitude are much
X 4) CDW transition belowT.=110 K (Ref. 1) and the smaller than those of othet*TMDC's.*3**The difficulty in
transport and magnetic properties show peculiar and charagrowing a high-quality single crystdlmay also have limited
teristic anomalies atT, (Ref. 2. 1T-VSe, has a the elucidation.
1T-Cdl,-type crystal structur¢Dsy (Ref. 3 space group In this paper, we report a high-resolution ARPES study on
where V atoms form a hexagonal sheet sandwiched by Sa high-quality I'-VSe, single crystal. By using the ultrahigh
atoms[Fig. 1(@]. These Se-V-Se sandwiches are stackedenergy resolution<€10 meV) in ARPES measurements, we
without lateral displacement and are coupled to each other blgave succeeded in directly observing the CDW gap and the
a weak van der Waals interaction. The overall crystal symimomentum dependence of gap amplitude on the FS. We
metry is threefoldtrigonal) with inequivalent"M andI’'M’ compare the present experimental results with those for other
directions in the Brillouin zong[Fig. 1(b)]. X-ray and 1T-TMDC's (Refs. 18—2}1 and discuss the mechanism of
electron-diffraction experiments revealed the satellite reflecthe CDW transition of T-VSe,.
tion due to the periodic lattice distortiofPLD),>> whose
wave vector has a large component normal to the layer de-
spite the two-dimensional nature of the crystal. It has also

been found that the PLD wave vector is commensurate sjngle crystals of T-VSe, were grown by the chemical
within the layer, but is incommensurate perpendicular fo it. vapor transport method. The starting materials were 99.5%
These behaviors have been theoretically investigated ijanadium powder and selenium shot. Crystals were grown in
terms of the wiggling of the Fermi surfacES) perpendicu-  an evacuated sealed quartz tube with excess-selenium vapor
lar to the layef. _ transport at 700 °C for 7 days after being preheated at
To understand the mechanism of the CDW ii-¥Se,,  g50 °C for 3 days. The obtained crystals are platelet and as

the electronic structure has been intensively studied by varigrge as 5¢5x0.1 mn?. The thermogravimetric analysis
ous experimental techniqués®Using angle-resolved pho-

toemission spectroscopyARPES, Hugheset al® deter-
mined the overall valence-band structure, which consists of & @) : (k)
half-filled V 3d band near the Fermi leveEg) and several
dispersive Se @ bands in the high-binding energy region.
They discussed the observed reduction of digand inten-
sity along thel'M (AL) direction in terms of the incipient
CDW instability. A subsequent ARPES study by Johnson © Se
al. suggested that there is a direct overlap betweep tred

II. EXPERIMENTS

d bands at thd™ (A) point nearEg, producing a small hole ‘k

pocket at the center of the Brillouin zone. The band disper- = /a*

sions along the* axis (I'A direction were determined by

photon-energy-dependent ARPESefs. 10—12and the un- FIG. 1. (a) Crystal structure an¢b) Brillouin zone of IT-VSe,.
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=30°-40° in the'M (AL) direction, while it disappears at
0° aroundd=20° in theI'K (AH) direction. The Se g band at
2 eV shows a very weak dispersion along fhel (AL) di-
rection, although it shows a sizable dispersion alongltke
(AH) direction. Thus the measured ARPES spectra clearly
S 0 SN S iS5 represent the characteristic band structure for two different
76 54 321 Ep 765 4321 Eg directions in the Brillouin zone. It is noted that the present
T T ARPES result with respect to the gross feature of the valence
Binding Energy (eV) Binding Energy (eV) band is consistent with previous ARPES restift$?-12
FIG. 2. Valence-band ARPES spectra of-VSe, measured at While the characteristic structures are better resolved in the
30 K with He I resonance line alon¢e) 'M (AL) and (b) 'K Ppresent ARPES spectra.
(AH) directions. Polar angleé) referred to the surface normal is ~ To see more clearly the dispersive feature of bands in the
denoted on spectra. ARPES spectra, we have mapped out the “band structure”
and show the result in Fig. 3. The experimental band struc-
shows that the crystals are stoichiometric within 1% experi—%;epgas been obtained b_y taklng the §econd derivative of
S spectra and plotting the intensity on a square-root
mental accuracy. . scale by gradual shading as a function of the wave vector and
ARPES measurements were performed using inding energy? Dark areas correspond to the experimental
GAMMADATA-SCIENTA SES-200 spectrometer with @ panqs |t is noted that all of the previous ARPES studies on
high-flux discharge lamp and a toroidal grating monochro—l-r_vsez mapped the band structure by determining the peak
mator. He k (hv=21.218 eV and He I (hv=40.814 eV positions in ARPES spectra by eyes/hand. To avoid an arti-
resonance lines were used to excite photoelectrons. The eficial error and/or a background effect due to secondary elec-
ergy and angulaimomentum resolutions were set at 9-17 trons, we employed the above numerical method. As seen in
meV and 0.3° (0.01 A%), respectively. A clean surface for Fig. 3, we observe several dispersive features in both direc-
ARPES measurements was obtainediibysitu cleaving of  tions. A weakly dispersive band neBE is ascribed to the V
crystal in an ultrahigh vacuum of810™ ! Torr. The Fermi 3d,> band, while the others are assigned to the Pect
level (Ef) of the sample was referenced to that of a gold filmpands. The almost nondispersive band at 2 eV is assigned to
evaporated onto the sample substrate. the Se 4,, band*? while a band located ned at thel’
(A) point having a remarkable downward dispersion toward
the zone boundary is ascribed to the $g #and*?

lll. RESULTS AND DISCUSSION We show in Fig. 4 the comparison of the experimental
band structure with three different band calculations; the lin-
ear augmented plane-wayeAPW) calculation by Brauer

Figure 2 shows valence-band ARPES spectraloVBe, et al!' [Figs. 4a) and 4b)], the first-principles self-
measured at 30 K along tHéM (AL) andI'K (AH) direc-  consistent non-muffin-tin calculation by Zunger and
tions in the Brillouin zone. We find a very sharp peak nearFreemaf® [Figs. 4c) and 4d)], and the layer-method calcu-

Er in the spectra for both directions, which is ascribed to theation by Woolley and WexIér[Figs. 4e) and 4f)]. We find

V 3d,2 band>®1°-*2Several other peaks located at 1-6 eVin Fig. 4 that the gross dispersive features of bands appear to
are assigned to the Sgpdands. The overall dispersive fea- be similar for the three band calculations, and show a quali-
ture of peaks appears to be similar in both directions atative agreement with the experimental results. However,
around#=0°, while the difference becomes remarkable inthere are several quantitative disagreements between each
the large polar-angle region af=20°-40°. For example, calculation and the experiment.
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FIG. 5. ARPES spectra in the vicinity &g of 1T-VSe, mea-
sured at 30 K with a Hed resonance line alon@ I'M (AL) and
(b) 'K (AH) directions.

measured at 30 K along tHeM (AL) andI'K (AH) direc-

tions. We find in Fig. 8a) that two bands disperse ndag in
E the I'M (AL) direction. The first band has the top of its
A Wave Vector - B e Vodiah dispersion immediately belog at thel' (A) point and
steeply disperses toward the high binding energy on going to
FIG. 4. Comparison of the experimental valence-band structurghe M (L) point. The second one appearsEt, midway
with the band calculationga) and(b) for the LAPW band calcula-  between thd™ (A) andM (L) points, and shows a relatively
tion (Ref. 11, (c) and(d) for the first-principles self-consistent band sjow dispersion toward the zone boundary. The first band is
calculation (Ref. 23, and (e) and (f) for the layer-method band assigned to the Sep4 band, while the second one is attrib-
calculation(Ref. 4. Thin solid and broken lines show the calculated \jted to the V 3,2 band. It is clear from Fig. B) that the
bands. experimental V 8,2 band crosse&q at a point around?
For example, both the LAPW and the first-principles calcu-=6-10°. There is a clear difference between the two direc-
lations trace the experimental bands relatively well, while thetions in terms of the band dispersion né&s. The V 3d,2
layer-method calculation appears to deviate from the experipand monotonically disperses toward the high binding en-
mental result. The deviation is most prominent in the energyergy on increasing the polar angle frahs=6-10° in thel'M
position of the Se g band. The top of the Septband at the (AL) direction, while the same band again enters into the
I (A) point is shifted toward a higher binding energy by 0.5unoccupied states at aroumd-20° in thel'K (AH) direc-
eV in the layer-method calculation in comparison with thetion. The V 3,2 band in thel'K (AH) direction shows a very
experiment. It is also found that the flat band located at 2 e\flat dispersion with the maximum intensity at aroumd
in the experiment is well reproduced by the LAPW calcula-=15°  suggesting that the band has a bottom around this
tion, while the same band in the other calculations is cIearI)point_
shifted toward a higher binding energy. All of these findings  Figure 6 shows the comparison of the experimental band
indicate that the LAPW band calculation serves as a goodispersion neaE with the three calculations. We find that
theoretical basis for understanding the gross valence-bangle experimental band dispersion is qualitatively well repro-
structure of I-VSe,. duced by each calculation, for example, the dispersive fea-
ture of the V 31,2 band along thé"M (AL) direction. How-
ever, a closer look reveals quantitative disagreements
Figure 5 shows high-resolution ARPES spectra rfear between the experiment and the calculations. As shown in

Binding Energy (eV)

B. Near-E¢ region
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FIG. 7. ARPES spectra of T:VSe, in the vicinity of Ex mea-
sured at 30 K along’'M (AL) direction. Filled circles show the peak
positions of spectra.

In contrast with thel'M (AL) direction, the situation in
A L L the 'K (AH) direction seems complicated. We find a finite
Wave Vector Wave Vector intensity atEg between thd’ (A) andK (H) points in the
FIG. 6. Experimental band structure nd&r (bright areasob- ~ experiment. The band &g does not show any dispersion,
tained by plotting the ARPES intensity as a function of binding but only loses its weight on approaching both théA) and
energy and momentum, compared with three band structure calci< (H) points. A corresponding band which gives this charac-
lations:(a) and(b) for the LAPW band calculatiofRef. 11, (c)and  teristic intensity variation is not seen in the layer-method
(d) for the first-principles self-consistent band calculatiRef. 23, calculation[Fig. 6(f)], while a band with similar characteris-
and(e) and(f) for the layer-method band calculatioRef. 4. Thin  tics is found in the unoccupied states of the LAHWIg.
solid and broken lines show the calculated bands. 6(b)] and the first-principlegFig. 6(d)] calculations(band
a). Since the temperature of the measurement is sufficiently

Figs. Ge) and(f), the layer-method calculation has predicted!oW (30 K), the finite intensity aEr observed in the experi-

that the top of the Septband is located at 0.5 eV, although MeNt is not explained by the thermally broadened tail of
the experimental Septband has the top of the dispersion banda in the unoccupled. states. Ta!qng into account of the
immediately belowE; (less than 0.1 eV fronEg). It is fact that bands andb in Fig. 6 are originally the same band

noted here that the strong intensity around Fh€d) point in Q|§per5|ng glong thee, dlrectlon,.|t IS most p_robable that the
. . . finite intensity atEg can be ascribed to the intermediate por-

the experiment is reminiscent of a small electron pocket CeNion of the band between thEK and AH high-svmmetr

tered at thd” (A) point. However, this is not the case because;; es gn-sy y

) . ) . . li
(i) the corresponding band is not seen in the calculations, ancp One of the important questions concerning the experimen-

(i) we do not observe two intensity maxima B¢ at both tal band structure of T-VSe, is whether the Se @ band
sides of thd™ (A) point indicative of band crossing. It is also crossesEr and gives rise to a small hole pocket centered at
found in Fig. 6 that the energy position of the M3 band at  the T (A) point. This is crucial in clarifying whether holes in
the M (L) point is much closer t&r in the experiment0.5  the p band play an important role for the CDW irT4VSe,.

eV from Eg) than in the calculationg.6-0.8 eV fromEg). e show the ARPES spectra in the vicinity Bf measured
TheEg-crossing point of the V 8,2 band(namely, the Fermi  along thel'M (AL) direction in Fig. 7. As is clearly seen in
vector kg) along thel’'M (AL) direction in the experiment Fig. 7, the peak a#=0° [namely, at thel' (A) point] is
shows a good agreement wiki in the AL direction in the located 40—-50 meV away frof. This indicates that the
calculations. band does not readBr since the Fermi-edge cutoff indica-
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measured with the He dl resonance line at 30 K. The inten-
sity is obtained by integrating the spectral weight within 20
meV with respect td&Eg and is symmetrized on the assump-
tion of the trigonal symmetry. We also show the position of
the FS by broken lines obtained by tracing the local maxi-
mum of the intensity. In Fig. 8, we observe two distinct
features: one is a large ellipsoidal FS centered atMhig.)
point and another is an intense feature atlthi@) point. The
large ellipsoidal FS is attributed to the W2 band, while

the strong intensity at thE€ (A) point is due to the Sep}
band whose top is located very close to, but belew We

find that the V 3l-derived FS has a straight portion as shown
by the thick solid line in Fig. 8, suggesting a good nesting
condition of the FS in this specific momentum region. As-
suming that the in-plane nesting vector has a component only
along thea* axis as reported from the XRD measurement,
we have estimated the nesting vector from the present
ARPES experiment at 0.270.0%*. We have also per-
formed photoemission measurements with another photon

FIG. 8. Fermi surface of T-VSe, obtained by plotting the

ARPES intensity aEg as a function of two-dimensional momen- ] . o
tum. The ARPES intensity is estimated by integrating the spectra nergy(He la; 21.218 eV, and obtained a similar value of

weight within 20 meV with respect t&r, and symmetrized by .26+0.02" for thQ nesting vector. _These values show a
assuming the trigonal symmetry. Bright areas show the strong ingoqd agreement v¥|th Fhe value obtained from the XRD ex-
tensity and dashed lines trace the local maxima of the intensiyPeriment (0.28%). It is thus found that electrons on this
showing a rough sketch of the Fermi surface. Thick solid linesneSted portion play an essential role in the formation of
indicate the straight portion of the Fermi surface. Gray arrows shoWcDW in 1T-VSe,. The volume of the electron pocket is
the nesting vector determined by the present ARPES experiment.estimated at 44 3% of the whole Brillouin zone, confirming
the half-filling nature of thed band.
tive of the Eg crossing is expected to appear within 10 meV ~ Next we compare the topology of the FS between the
of Er. In contrast, the V @,2 band located at around 120 experiment and the calculation. Band calculatfoi€®have
meV at §=13° shows a steep dispersion towdtd on de-  predicted that there is an ellipsoidal electronlike FS centered
creasing the polar angle and appears to réactat 6=9°.  at theA point in theALH plane[see Fig. 1b)] while the FS
On further decreasing the polar angle, the intensity of theéxtends over th& point in the['KM plane, producing a FS
peak suddenly decreases. This indicates that the band cros3##h an open orbit. In the present ARPES experiment, the FS
Er at aroundd=9°. Thus, the present experimental resultscentered at thé/ (L) point does not reach the zone center
clearly show that there is no FS due to theband at the and the overall shape is similar to that of thelL plane in
]"(A) point, contrary to the suggestion from the previousthe calculation. This implies that the present ARPES ob-
ARPES work? However, the thermal excitation of electrons serves the photoemission mainly from theiL plane rather
at the top of the band to the conduction baridnoccupied than thel’KM plane. The small finite intensity & along
state$ is likely to occur at high temperatures since the en-the 'K (AH) line as seen in Fig. 8 may be due to the final-
ergy position(40 meV fromEg) is well within the thermal state broadening which gives an uncertaintkjrn the pho-
broadening of the Fermi-DiraFD) function at high tem- toemission process. As discussed in Fig. 6, thedy>3and
peraturegfor example, XgT at 300 K is 100 meY. Since  crossesEg at a specifick, point between thd’K and AH
the velocity of thep band neaEg is much larger than that of lines. Because of the final-state broadening, the electrons
thed band as seen in Fig(&, the holes with higher mobility around thisk, are expected to contribute to the photoemis-
may contribute substantially to the electric conductivity atsion intensity measured in tHeKHA plane.
high temperatures. This is consistent with the experimental To clarify the nature of the CDW gap at the nested portion
finding that the Hall coefficient has a positive sign at tem-of FS, we have performed detailed temperature- and
peratures higher than 310 %2 momentum-dependent ARPES. In the next section, we report
It is noted here that no discernible variations in the overalthe direct observation of the CDW gap and discuss the
dispersion are observed even acrésgup to 180 K, show- mechanism of the CDW inT-VSe,.
ing that band folding caused by theX4}) reconstruction is

considerably weak, probably ggg to the small Fourier com- D. Charge-density-wave gap
ponent of the CDW potentl%ﬁ' ““?and/or the small size of ) ) o
the reconstructed Brillouin zon§. Figure 9 shows ARPES spectra in the vicinity Bf at

various moment&k) on the FS measured at two temperatures
below and abovel .. At 30 K below T, the peak in the
spectrum is located at about 20 meV in theegion near the

In Fig. 8, we show the ARPES-intensity plot Bk of I' (A) point (spectra 1-b On approaching th& (L) point
1T-VSe, as a function of the two-dimensional wave vector, on the FS, the peak gradually moves toward a higher binding

C. Fermi surface topology
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FIG. 9. ARPES spectra ne&j of 1T-VSs, at(a) 30 K and(b)
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energy and finally reaches 80—100 meV nearlth@.) point
(spectra 10—13 It is noted here that thk region where the FIG. 10. Temperature dependence of ARPES spectra for
peak is located at high energspectra 10—1Gcoincides well 1 1-VS& measured at two representatkepoints(points 3 and 1L
with the k region where the nesting condition is fulfilled as Ic? .tg.e legaggszone. Ins:t sktlov'\%tre pgrtlal DOShobtalned by
discussed abovésee Fig. 8 This suggests that the observed ° - mlg it sp%:tra Y the | .un?'on.at eac ter?_peratu_re
anomalouk dependence of the peak position in the spectrun]convo Ut?. V:;'tb t.et auts S('jan resto l:t.'op ur_1ct|]?n. Sge;ttral":erslty
is closely related to the CDW formation iffiVSe,. In con- s normalized by integrated spectral intensity from 0.7 o 1.4 eV.
trast to the strong dependence of the ARPES lineshape
below T., the k dependence of the spectrum aboWgis  Shows no or a negligible temperature dependence, indicating
considerably weak as seen in Figh9 where the peak po- that electrons in thi& region do not contribute to the CDW
sition at 180 K(filled circles shows a much smalldt de-  formation. In contrast, the temperature dependence at point
pendence and does not coincide with that bew(open 11 is anomalous as seen in Fig(l)0) where we find a strong
circles. This obviously rules out the possibility of the band- asymmetry of the spectral change with respecEta Sur-
structure effect for the anomalousdependence of the peak prisingly, the peak at 50 meV systematically reduces its in-
position, and confirms that the distinct spectral differencetensity on cooling, opposite to the behavior expected from
acrossT, is closely related to the CDW formation. the temperature dependence of the FD function. As a result,

In order to clarify how the anomalous spectral featurethe spectral intensity &g is gradually depleted with de-
evolves with temperature, we measured the temperature dereasing temperature. Taking into account of the fact that the
pendence of ARPES spectra at two representdgivpoints.  nesting condition is well fulfilled at point 11, we conclude
Results are shown in Fig. 10. The spectral intensity is northat the observed spectral change reflects the opening of the
malized with the integrated intensity of 0.7—1.4 eV binding CDW gap. It is remarked here that the Fermi edge is retained
energy since it is expected that electrons at such high bindingven belowT . This suggests that the CDW gap is not a full
energy are not affected by the CDW formation. As shown ingap but a pseudogap or a partial gap with a finite DOS at
Fig. 10a), the temperature dependence of the ARPES spedsr. The pseudogap-opening behavior is more clearly illus-
trum is symmetric with respect tB at point 3 where the trated in the inset, where the partial DOS ng&ar, obtained
nesting condition is found to be poorly fulfilled. The inset by the same method as described above, shows a monotonic
shows the partial density of statéBOS) obtained by divid- decrease with decreasing temperature, but has a finite weight
ing the ARPES spectra by the FD function at each temperaat E even at 30 K far belowl . (110 K). It is also noted that
ture convoluted with the energy resolution. The partial DOSthe temperature-induced change of the DOS starts at about
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150 K, which is much higher tham,. All of these findings CDW transition at 180 K. It has been suggested that the
indicate that the gap opening starts at a temperature welpC-CDW of 1T-Ta$, is driven by the Mott localizatiot?*®
aboveT,. and a finite DOS remains &g even belowl.. We  due to the strong electron correlation betwekmplectrons.
speculate that the finite DOS B below T, is due to the Previous ARPES studies onTiTaS (Refs. 18,19 have re-
three-dimensional nature of the nesting vector, as suggestgubrted that a pseudogap opens all across the FS in the QC-
by the XRD experimeritas well as the band calculatién. CDW phase, and accordingly, no bands crBgsanywhere
Next we discuss the relationship between the pseudogap the Brillouin zone. In contrast, inT-VSe,, the pseudogap
and the physical properties off3VSe,. It has been reported is observed only in a partial portion of the FS, and there is a
that the electrical resistivity of T-VSe, remains metallic band which crossegr even in the CDW phase. These re-
even belowT . with a small bump structure at 70 (Ref. 2. markable differences in the pseudogap behavior suggest that
The metallic nature even beloWl; is consistent with the the CDWSs of these compounds have different origins. We
existence of a pseudogap with a finite DOSEatbelow T, conclude that the CDW of T-VSe, is caused by the FS
although we do not observe any anomalous behavior in theesting, as is evident in the present ARPES study, while that
photoemission spectrum corresponding to the bump structuref 1T-TaS, in the QC-CDW phase may be induced by the
at 70 K in the electrical resistivity. It has been reported thatMott localization, as proposed previous®!® This is sup-
the Hall coefficient changes its sign from positive to negativeported by the experimental finding that the band structure of
at around 310 K upon decreasing temperature, and showsla -VSe, determined by ARPES agrees well with the band
rapid decrease at around 120 K upon further loweringstructure calculation, suggesting that the electron correlation
temperaturé:?*?° The intrinsic magnetic susceptibility is is less important in T-VSe,.
temperature independent at high temperature, but gradually
starts to decrease at around 150 K and then is steeply re-
duced at low temperatures below 120(Ref. 2. We con-
sider that the reduction of DOS Bt due to the formation of We performed high-resolution ARPES measurements on
the pseudogap is responsible for the strong temperature d&éT-VSe, to study the electronic band structure, the Fermi
pendence of both the Hall coefficient and the magnetic sussurface, and consequently the mechanism of CDW transition.
ceptibility. The slight decrease of the magnetic susceptibilityWwe compared the experimentally determined band structure
aboveT. may be related to the small variation of the DOS with three band calculations and found that the LAPW band
nearEg at temperatures betwedn and 150 K as shown in calculation reproduces the experimental result well. We
Fig. 10. found an ellipsoidal electronlike Fermi surface centered at
It is evident from Fig. 1(b) that the spectral weight in the the M (L) point in the Brillouin zone, which has a relatively
nested region of the FS is depleted bel®wwithin 200 meV  straight portion parallel to tha* axis, which is indicative of
with respect tde . When we take the value 200 meV as thea good nesting condition. The estimated nesting vector
CDW-gap sizeA, 2A/kgT. becomes 40, which is far larger shows good agreement with that from the XRD experiment.
than the mean-field valu@.52. The peak of the partial DOS We found that the partial density of states n&ar on the
is located at 80—100 meV binding energy at 30-50 K, asiested portion shows a remarkable suppression at low tem-
seen in the inset to Fig. 16). This value shows a good peratures belowl; (110 K), but still has a substantial finite
agreement with the peak position of the tunneling conducweight even at 30 K. This indicates that a pseudogap opens
tance spectrum at 60 kK80 me\).}* This suggests that the on the Fermi surface at low temperatures and the nesting
size of the pseudogap is 80—-100 meV and the/K3T.  vector has a substantial three-dimensional nature. We com-
value is about 20, which is still much larger than the meanpared the present ARPES result with the physical properties
field value. A similar substantial deviation of the CDW-gap of 1T-VSe, and found a good correspondence. A comparison
value from the mean field theory has also been reported foof ARPES results on T-VSe, with those on T-TaS, con-
other IT-TMDC's. For example, it has been reported thatfirms that the CDW in T-VSe, is caused by the three-
1T-TaSe and 1IT-TaS, have 2A/kgT. values of dimensional Fermi-surface nesting, but not by the Mott lo-
12-35182021Thys, the relatively large®/kg T, value seems  calization.
a common feature forT-TMDC'’s.
. Finally, we compare I-VSe, with 1T-Ta§‘2, which is ACKNOWLEDGMENTS
isostructural to I-VSe, and has a FS similar to that of
1T-VSe,.'8% It is known that Ir-TaS, shows a two-step ~ We thank Y. lida and N. Takahashi for their help in the
CDW transition; the first one is a quasicommensuf&€) experiment. This work was supported by a grant from the
CDW transition at 350 K and the second is a commensurat®EXT of Japan.
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