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Charge-density wave and three-dimensional Fermi surface in 1T-TaSe2 studied by photoemission
spectroscopy
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We have investigated the electronic structure of the commensurate charge-density-wave~CDW! phase for
1T-TaSe2 by Ta 4f core-level and the angle-resolved photoemission. From the energy shifts of Ta 4f core
levels due to a CDW formation, it is found that the CDW amplitude in the 1T-TaSe2 is smaller than that in
1T-TaS2 reported previously. The band dispersion along the normal to the two-dimensional layers indicates
that 1T-TaSe2 has a three-dimensional~3D! character in the Fermi surface compared with 1T-TaS2, which has
a two-dimensional Fermi surface. The 3D Fermi surface of 1T-TaSe2 is thought to originate from the larger
interaction between layers due to a large charge transfer between Ta 5d and Se 4p orbitals.
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The layered transition metal dichalcogenides, 1T-TaS2
and 1T-TaSe2 have attracted much attention because of th
various unique physical properties related to the formation
a charge density wave~CDW!.1 Both materials have the
same CdI2-type structure with the space groupD3d

3 . Ta at-
oms form a hexagonal sheet and are sandwiched betw
sheets of hexagonally arranged chalcogen~Se and S! atoms
as shown in Fig. 1~a!. The bulk Brillouin zone and the high
symmetry line are also shown in Fig. 1~b!. Although these
two materials have very similar crystal structures, chem
structures and CDW superstructures, they exhibit drastic
different physical properties. Figure 1~c! shows a tempera
ture dependence of electric resistivity for 1T-TaSe2 and
1T-TaS2 single crystals measured by a standard four-pr
method.2 As shown in Fig. 1~c!, 1T-TaS2 shows two succes
sive first-order transitions; incommensurate CDW~ICDW! to
nearly commensurate CDW~NCCDW! transition at about
350 K and NCCDW to commensurate CDW~CCDW! tran-
sition at about 180 K. A metal-to-insulator transition occu
followed by NCCDW to CCDW transition. On the othe
hand, 1T-TaSe2 shows an incommensurate CDW to CCD
transition at about 430 K and no drastic change of an e
trical conductivity in the whole CCDW phase, and exhibits
metallic behavior.

In order to understand the physical properties, the e
tronic structures of 1T-TaS2 have been intensively studied b
various techniques, such as scanning tunneling spectros
~STS!,3,4 angle-resolved photoemission spectrosco
~ARPES!,5–8 and angle-resolved inverse photoemiss
spectroscopy.9 It is found that an energy gap of about 20
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meV is opened at the Fermi energy (EF) in the CCDW
phase. The formation of the correlation gap in the CCD
phase of 1T-TaS2 is considered to be due to the Mo
localization10. On the other hand, the electronic structures
1T-TaSe2 have also been investigated by STS~Refs. 11,12!
and photoemission.13 In the STS study of 1T-TaSe2, a finite
density of state~DOS! exists atEF in the CCDW phase,

FIG. 1. ~a! The CdI2-type crystal structure of 1T-TaS2 and
1T-TaSe2. Ta atoms form a hexagonal sheet and are sandwic
between sheets of hexagonally arranged chalcogen~Se and S! at-
oms. ~b! Schematic diagram of the bulk Brillouin zone for th
CdI2-type structure and the high-symmetry line.~c!Temperature de-
pendence of resistivity for 1T-TaS2 and 1T-TaSe2. The resistivity is
normalized with the resistivity in ICDW phase.
©2002 The American Physical Society06-1
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indicating the metallic characteristics of 1T-TaSe2. However,
the detailed momentum-dependent electronic structure
1T-TaSe2 has been not understood yet.

In this report, we have investigated the electronic str
ture of the CCDW phase of 1T-TaSe2 in detail from the
CDW-induced core-level shift of Ta 4f and the valence ban
dispersion using ARPES. Single crystals of 1T-TaSe2 were
grown by the iodine transport method. Photoemission m
surements were carried out using an angle-resolved ph
emission spectrometer~VG Microtech; ARUPS10! at the
BL-1C of the Photon Factory~PF!.14 The samples were
cleavedin situ in ultra high vacuum. The base pressure w
in the order of 10210 Torr. The sample orientation and th
CDW-induced superstructure as well as the surface qua
were monitored by low-energy electron diffraction~LEED!.
High-resolution core-level photoemission spectra of Taf
were taken at the photon energy of 80eV at room temp
ture ~RT! and 20 K. ARPES was performed along the hig
symmetry G-A direction of a 1T-TaSe2 Brillouin zone,
which is shown in Fig. 1~b!. The band dispersions along th
G-A direction were measured by changing the photon ene
from 20 to 35 eV at the normal emission. The angular re
lution of the photoemission measurements was about62°.
All the ARPES measurements were performed at RT and
total energy resolution was about 100 meV. High-resolut
angle-resolved photoemission measurements along theG-A
direction were also performed using another photoemis
spectrometer~Gammadata Scienta SES100! at the normal
incident monochromator beamline BL-20A of the PF. T
measurements temperature was about 20 K and the tota
ergy resolution and angular resolution were about 20 m
and about60.2°, respectively.

In the CCDW phase of 1T-TaSe2, Ta atoms are periodi
cally displaced followed by the CDW formation and 13 T
atoms form, the so-called ‘‘star of David’’ cluster as show
in Fig. 2~a!.1 This leads to aA133A13 CDW-induced super
cell, which is rotated by 13.9° from the 131 unit cell. Fig-
ure 2~b! shows a LEED pattern of 1T-TaSe2 at RT. Clear

FIG. 2. ~a! Schematic model of Ta atoms in theA133A13 ‘‘star
of David’’ CCDW superstructure. There are three Ta sites due to
difference in a charge population.~b! LEED pattern of theA13
3A13 superstructure in 1T-TaSe2. Dotted lines show 131 surface
Brillouin zone of 1T-TaSe2 and solid lines show the surface Bri
louin zone for aA133A13 superstructure. The superlattice refle
tions due to CDW induced superstructure are observed in cent
the A133A13 surface Brillouin zone.
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A133A13 diffraction spots due to the CDW superstructu
are observed, indicating the sample is in the well-develo
CCDW phase.

In a A133A13 CDW superstructure of 1T-TaSe2, as
shown in Fig. 2~a!, there are three different Ta sites, name
siteA with one atom, and sitesB andC with six atoms each,
due to the difference in local charge densities.15,16At the site
A and B with a larger local charge density, the screeni
effect of a photohole created by photoemission is stron
and the binding energy shifts toward the lower ener
side.16,17 Figure 3 show the high-resolution photoemissi
spectra of Ta 4f core levels at 20 K~a! and at RT~b!. The
spin-orbit-split doublet (DESO;1.9060.10 eV) is split into
a further triplet which corresponds to three different Ta si
A, B, and C. The peaks show asymmetric line shapes.
fitted the peaks using six Doniach-Sunjic line shapes18 and
obtained the optimal fitting results. The parameters used
the optimal fitting are shown in Table I. The CDW-induce
core-level shift of 1T-TaSe2 (DECDW5EB2EC) is 0.65
60.01 eV, which is smaller than the corresponding shift
1T-TaS2 of 0.7060.01 eV.16,17,19 The CDW-induced shift
corresponds to the magnitude of the difference in elect
density between site-B and site-C and is directly connected
with the amplitude of CDW. It is suggested that the amp
tude of CDW in 1T-TaSe2 is slightly smaller than that in
1T-TaS2.

In 1T-TaS2, a drastic temperature dependence of the sp
tral line-shape was observed due to a temperature-depen
growth of the CCDW domains.6,19 The metal-to-insulator
transition of 1T-TaS2 is closely related to the growth of th
commensurate domains in the nearly commensurate ph

e

of

FIG. 3. High-resolution photoemission spectra of Ta 4f core
levels for 1T-TaSe2 ~a! at 20 K and~b! RT.
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as the temperature decreases. On the other hand
1T-TaSe2, no drastic change in the spectral line shape of
4 f between RT and 20 K was observed, that is contrary
the previous report.20 Compared with theDECDW from the
spectra taken at RT and 20 K, there is no temperature de
dence, indicating that the amplitude of CDW in 1T-TaSe2
remains constant in the whole temperature range of CC
phase.

Figure 4~a! shows the band dispersion along theG-A di-
rection of the 1T-TaSe2 Brillouin zone @Fig. 1~b!#. We have
observed two flat bands at the binding energies of 0.2 eV
0.8 eV~Fig. 4; open triangles!. In addition, we have observe
a band, which crossesEF ~Fig. 4; filled triangles! with a
dispersion of about 300 meV. This band crosses theEF at the
photon energies of 2261 eV, (k'520.2560.04 Å21),
and 3261 eV (k'50.2560.04 Å21). TheEF crossing be-
tween the photon energies of 22 and 23 eV is more cle
observed in the high-resolution photoemission measurem
shown in Fig. 4~b!. The bottom of the band (G point, k'

50) is located at the photon energy of 27 eV. In contras
is observed very recently that 1T-TaS2 has no such band
with a noticeable dispersion along thek' direction and no
band crosses toEF .8 It is thus concluded that 1T-TaSe2 has
a three-dimensional~3D! Fermi surface, whereas 1T-TaS2
has a two-dimensional~2D! Fermi surface.

Two flat bands shown with open triangles in Fig. 4~a!
suggest that the bands incorporate the atomic displacem
due to the formation of CDW. A tight-binding band calcul
tion for the CDW phase of 1T-TaS2 is reported by Smith
et al.,15 where the CCDW band structure is calculated
folding the non-CDW Ta 5d band structure toward Brillouin
zone boundary of theA133A13 CCDW superlattice. There
are three subbands along the high-symmetry direction,
below EF , in the range from 0.23 to 0.67 eV, and in th
range from 0.74 to 1.13 eV. At theG point, the calculation
predict two peaks in the spectrum at the binding energie
about 0.4 and 0.8 eV. Since the non-CDW Ta 5d band struc-
ture in 1T-TaSe2 is very similar to that in 1T-TaS2, the cal-
culation seems to be applied to that in 1T-TaSe2. But we
cannot apply this calculation to a band crossing toEF shown
with filled triangles in Fig. 4~a!, because of the assumption
this calculation that there is no interlayer interactions.

Other band calculations for the non-CDW state
1T-TaS2 and 1T-TaSe2 ~Refs. 21,22! predicted that

TABLE I. Fitting parameters of six components for Ta 4f core-
level photoemission spectra.

Peak A1 B1 C1 A2 B2 C2

Binding
energy~eV!

22.42 22.65 23.29 24.31 24.57 25.2

Gaussian RT 0.29 0.29 0.29 0.29 0.29 0.2
width ~eV! 20 K 0.24 0.24 0.24 0.24 0.24 0.24
Lorenzian
width ~eV!

0.04 0.04 0.04 0.11 0.11 0.11

Singularity RT 0.79 0.20 0.16 0.79 0.20 0.16
20 K 0.59 0.17 0.13 0.59 0.17 0.13
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1T-TaSe2 has stronger interlayer interactions than 1T-TaS2

and the Ta 5d band crossesEF between theG point and the
A point. Our ARPES results agree with the calculation an
is suggested that the strong interlayer interactions remai
the CCDW state of 1T-TaSe2.

The 3D electronic structure in 1T-TaSe2 is considered to
be due to the largerp-d transfer interactions. Since the 4p
orbital of the Se ion has a larger spatial extent compared w
the 3p orbital of S ion, thep-d transfer interaction betwee
chalcogenp orbital and Ta 5d orbital in 1T-TaSe2 becomes
larger than that in 1T-TaS2. This largerp-d transfer interac-
tion in 1T-TaSe2 causes a larger interaction between lay
and forms a 3D Fermi surface. In the case of 1T-TaS2, the
origin of the metal-to-insulator transition is considered to
due to the Ta 5d electrons that are localized in ‘‘star o
David’’ clusters as a result of CDW. However, in the case
1T-TaSe2, because of the larger interlayer interactions,
electron localization is relatively weak exhibiting metall
character even at a low temperature.

In conclusion, we have observed the electronic struct
of the CCDW phase of 1T-TaSe2 by core-level photoemis-
sion spectroscopy and ARPES. The CDW splitting of Taf
core levels reveals that the CDW amplitude of 1T-TaSe2 is
slightly smaller than that of 1T-TaS2. ARPES results along
theG-A direction indicate that 1T-TaSe2 has a 3D electronic
structure compared with 1T-TaS2. The 3D electronic struc-
ture observed in 1T-TaSe2 originates from the larger transfe
interaction between Ta 5d and Se 4p orbitals.

This work was done under Project No. 97S1-002 at In
tute of Material Structure Science in KEK, and was par
supported by Grant in Aid for Scientific Research~Grant No.
B2-13554012! from Ministry of Education, Culture, Sports
Science and Technology.

FIG. 4. ~a! Angle-resolved photoemission spectra alongG-A
direction. Three subband shown with open and filled triangles w
observed.~b! High-resolution angle-resolved photoemission spec
alongG-A direction. It is clearly observed that a band crosses toEF

between the photon energy of 22 and 23 eV.
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