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Electronic structure of layered 1T-TaSe2 in commensurate charge-density-wave phase studied
by angle-resolved photoemission spectroscopy

Y. Aiura* and H. Bando
National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki 305-8568, Japan

R. Kitagawa, S. Maruyama, and Y. Nishihara
Faculty of Science, Ibaraki University, Mito, Ibaraki 310-8512, Japan

K. Horiba, M. Oshima, and O. Shiino†

Department of Applied Chemistry, University of Tokyo, Tokyo 113-8656, Japan

M. Nakatake
Institute of Materials Structure Science, Tsukuba, Ibaraki 305-0801, Japan

~Received 6 February 2003; published 29 August 2003!

We present a detailed angle-resolved photoemission study of the electronic structure of layered 1T-TaSe2 in
the commensurate charge-density-wave~CDW! phase. A considerable reduction in the spectral weight of a
quasiparticle band centered at the binding energy of about 0.25 eV below the Fermi level is observed in the
momentum space ranging from the end of the first surface Brillouin zone to the second surface Brillouin zone.
Moreover, no crossings of the Fermi level are visible in the whole Brillouin zone, meaning that the Fermi level
lies in a pseudogap created by the tails of two overlapping Hubbard subbands. Our results indicate that not only
the electron-phonon coupling, which is responsible for the formation of the CDW, but also the subsequent
electron correlation effects in the Ta 5d band play an important role for the establishment of electronic
structure of 1T-TaSe2 in the commensurate CDW phase.
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The layered transition metal dichalcogenides 1T-TaS2 and
1T-TaSe2 have attracted much attention because of th
quasi two dimensionality~2D! and, consequently, thei
unique physical properties leading to formation of t
charge-density wave~CDW!.1 Although these two material
have the same CdI2-type crystal structure and similar CDW
superstructure, they show dramatically different physi
properties. In particular, it was revealed in 1T-TaS2 that the
metal-to-insulator transition from the quasicommensur
~metallic! CDW to the commensurate~insulating! CDW
phase occurring at 180 K is closely related to a Mott loc
ization induced by the electron correlation effects in the
5d band.2–4 Very recently, Pilloet al. studied the electronic
structure of 1T-TaS2 in the quasicommensurate~metallic!
CDW phase in detail using angle-resolved photoemiss
spectroscopy~ARPES!.5,6 They pointed out the importanc
of the electron correlation effects in the quasicommensu
~metallic! CDW phase. On the other hand, 1T-TaSe2 under-
goes an incommensurate CDW to commensurate CDW t
sition at about 430 K without drastic change in the electro
conductivity in the whole commensurate CDW phase, a
exhibits a metallic behavior.2,7,8 Because of the larger inter
action among the layers due to a large charge transfer
tween Ta 5d and Se 4p orbitals, 1T-TaSe2 has a three-
dimensional~3D! character in the electronic structure8–10

stronger than 1T-TaS2.9–12 From this viewpoint, one may
say that the Ta 5d electrons in 1T-TaSe2 may be less sus
ceptible to localization.13

To elucidate these physical properties, it is essentia
understand the role of the electron-phonon coupling, wh
is responsible for the occurrence of the CDW and the sub
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quent electron correlation effects in the Ta 5d band, in the
electronic structure. Although the importance of the elect
correlation effects in 1T-TaS2 has been recognized enoug
by virtue of various experimental techniques, such as sc
ning tunneling spectroscopy~STS!14 and ARPES,3–6,11direct
information about the occurrence of the CDW, that is, t
crucial evidence for the nesting behavior on the 2D Fe
surface~FS! has yet to be reported. The influence of t
electron correlation effect for 1T-TaSe2 in the CDW phase is
expected to be smaller than that for 1T-TaS2 in the commen-
surate~metallic! CDW phase, because of the larger intera
tion between Ta 5d and Se 4p orbitals, as mentioned above
In other words, it is thought that the role of the electro
phonon coupling to the electron correlation effects for t
electronic structure of 1T-TaSe2 becomes more importan
compared with that for 1T-TaS2. To investigate the interplay
between the electron-phonon coupling and the electron
relation effects of the Ta 5d band on the electronic structur
of 1T-TaSe2 in the commensurate CDW phase, we p
formed a detailed ARPES study.

ARPES measurements were carried out at BL-1C of
Photon Factory~KEK, Tsukuba! using an electron spectrom
eter mounted on a two-axis goniometer~VG ARUPS10!.15

The sample goniometer used here provides independen
lar, azimuth, and tilt rotation of the sample.16 All ARPES
spectra were taken at the photon energy (hn) of 40 eV. The
radiation was linearly polarized in the horizontal plane
incidence. The samples were mounted vertically and o
photoelectrons emitted from the plane defined by the li
beam and the surface normal were observed. The emis
angle of the photoelectron measured from the surface nor
©2003 The American Physical Society08-1
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(ue) can be varied by rotating the sample along the po
axis or by rotating the energy analyzer horizontally. To av
polarization effects of the light reported previously,17 we ro-
tated the energy analyzer and fixed the angle of incidenc
the light (u I) to 45°. The azimuth angle (we) was varied by
rotating the samples to the surface normal. Single crystal
1T-TaSe2 were grown by the iodine transport method.7,8 The
samples were cleavedin situ in an ultrahigh vacuum. The
base pressure in the system was about 131029 Torr. The
angular resolution and the energy resolution were62° and
about 150 meV, respectively.

Figure 1 shows energy distribution curves~EDC’s! for
1T-TaSe2 along the high-symmetry directions~a! GM , ~b!
MK, and~c! GK of the surface Brillouin zone~SBZ! for the
CdI2-type structure and~d! the empirical band dispersio
visualized by use of the second derivatives of the EDC sp
tra, respectively.18 The empirical bands are displayed in lin
ear gray scale plots, where the black regions denote the n
tive peak of the second derivatives. The EDC spectra at thḠ

point denote normal emission and theM̄ andK̄ points in the
SBZ correspond to parallel momenta ofki51.05 and
1.21 Å21, respectively. At first sight, we find three distin
quasiparticle~QP! bands centered at the binding energy

FIG. 1. EDC spectra of 1T-TaSe2 along the~a! GM , ~b! MK,
and ~c! GK directions, taken withhn540 eV at RT, and~d! the
empirical band dispersion visualized by use of the second der
tives of the EDC spectra. The empirical bands are displayed in
linear gray scale plots, where the black regions denote the neg
peak of the second derivatives. The notation in the parenthesis
the irreducible representations in the bulk BZ.~e! Drawing of the
SBZ with the corresponding high-symmetry points for t
CdI2-type structure.
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about 0.9, 0.25, and 0.1 eV, denoted by A, B, and C, resp
tively in the EDC spectra. These QP bands can be expla
by a gross distortion of the band structure due to the form
tion of the CDW superstructure.19 Also, an exchange of the
spectral weight between these QP bands along theGM di-
rection is shown in Fig. 1~a!. As a result of the exchange,
is shown in Fig. 1~d! that the center-of-gravity of the spectr
weight disperses downward in energy along theGM direc-
tion. The empirical dispersive behavior along theGM direc-
tion is predicted by theoretical calculations in the norm
state without the formation of the CDW,9,10 which is very
similar to that of 1T-TaS2 in the CDW phase.5,11,19–21This
means that the overall shape of the electron wave funct
along theGM direction is governed by the Fourier comp
nents of the crystal potential of the undistorted 1T lattice,
rather than the CDW-related contribution.21 In contrast, such
an exchange behavior of the spectral weight is not seen a
the MK direction, only band A appears around theM̄ point,
as shown in Figs. 1~b! and 1~d!.

In order to get more detailed information about the act
behavior of these QP bands near theMK direction, we mea-
sured azimuth dispersion spectra through the first and
second SBZ for the different parallel momenta, as shown
Fig. 2. The data start near theGM direction and end near th
next GM direction through theGM 8 direction.22 Each azi-
muth scan has been carried out along one of the arcs sh
in the bottom right sketch of Fig. 2. The parallel momentu
on the top right of each dispersion spectra corresponds to
radius of the azimuth scan. In Fig. 2, the azimuth spec
show no significant polarization effects of the light along t
KMK andKM 8K lines17 becauseu I was kept constant (45°)
during the measurement. This facilitates the following d
cussion. In these azimuth dispersion spectra, one obse
two bands A and B, but not band C, which is shown arou
the Ḡ point in Fig. 1. The bands A and B show significa
modulation with parallel momentum. Atki50.64 Å21, the
band B dominates the spectral shape. The band A appea
the azimuth spectra atki50.74 Å21. As we go from ki
50.74 to 0.95 Å21, the spectral weight of the band A in
creases and that of the band B decreases gradually. Then
band B becomes faint atki51.05 Å21. The considerable
reduction in the spectral weight of the band B is shown in
momentum region fromki51.05 to 1.24 Å21. Finally, the
band B reappears in the azimuth spectra atki51.34 Å21 and
ki51.44 Å21.

In order to corroborate the reduction in the spect
weight of the band B, we showed~parallel! momentum dis-
tributions of the spectral weight at the binding energy (EB)
of ~a! 100, ~b! 200, ~c! 400, ~d! 600, ~e! 800, and~f! 1000
meV in Fig. 3. The topology of the Fermi surface, or th
momentum distribution of the spectral weight atEB
50 meV ~not shown! is almost consistent with that atEB
5100 meV. White and black corresponds to high and l
spectral weight, respectively. The momentum distributions
the spectral weight atEB5100, 200, and 400 meV are in
duced by band B and those atEB5600, 800, and 1000 meV
are induced by band A. For the sake of convenience,
distributions of the high spectral weight at each binding e
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ergy are shown by means of an arbitrary ellipse centere
the M̄ point in Fig. 3. The extension of the ellipses from t
bands A and B reduces gradually with increasing bind
energy. This behavior is qualitatively consistent with the p
diction of theoretical calculations in the normal state witho
the formation of the CDW, showing an electron pock
around theM̄ point.9,10,12As shown in Figs. 3~a!, 3~b!, and
3~c!, however, a considerable reduction in the spec
weight of the band B is shown in the momentum space
the area between the end of the first SBZ and the sec
SBZ. Very recently, Pilloet al. observed similar behavio
with respect to the band B for 1T-TaS2 in the quasicommen
surate CDW and commensurate CDW phases, showing th
considerable reduction in the spectral weight of the ban
occurs around theM̄ point.5

Based on a theoretical picture where the nesting of
Fermi surface plays a key role in the formation of the CD
it is considered that the observed reduction in the spec
weight of band B is ascribed to the CDW-induced ene
gap. From previous tunneling studies for 1T-TaSe2, it was
reported that the values of CDW-induced energy gap 2DCDW
are about 0.3~Ref. 23! and 0.5 eV.24 The size of these energ
gaps is almost consistent with the binding energy of the b
B ~0.25 eV!. However, there are two questions about t

FIG. 2. Azimuth dispersion spectra of 1T-TaSe2 through the
first SBZ and the second SBZ for the different parallel momen
taken withhn540 eV at RT. Spectra visualized by use of the se
ond derivatives start near theGM direction and end near the nex
GM direction through theGM 8 direction. Bottom right: Sketch of
the arcs where spectra have been taken with the fixed parallel
menta indicated.
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nesting scenario. First, the locations in the momentum sp
where the drastic reduction in the spectral weight of the b
B occurs are different for 1T-TaSe2 and 1T-TaS2. This
should be explained in terms of the difference in t
dimensionality.8–11The electronic structure of 1T-TaS2 is in-
dependent of the momentum normal to the layers (k') due to
negligibly small charge transfer between Ta 5d and S 3p
orbitals,11 resulting in the highly 2D character.9,10 On the
other hand, the electronic structure of 1T-TaSe2 depends on
k' because of a large charge transfer between Ta 5d and Se
4p orbitals.8–10 In order to confirm thek' effects on the
nesting of the FS for 1T-TaSe2, further ARPES experiments
are required using various photon energies. The other q
tion is that the size of the energy gap is inconsistent with t
predicted by mean-field~MF! theory. Using the binding en
ergy of the band B forDCDW ~0.25 eV! and the transition
temperature (TCDW) of 600 K used in Ref. 23,
2DCDW/kBTCDW is estimated to be 9.7, indicating stron
coupling in the CDW phase, wherekB is Boltzmann’s con-
stant.

The strong coupling behavior is supposed to be cause
the electron correlation effects in the Ta 5d band.23 For
1-TaS2 in the quasicommensurate~metallic! CDW phase,
previous ARPES studies showed that no crossings of
Fermi level are visible in the complete Brillouin zone, resu

,
-

o-

FIG. 3. Momentum distributions of the spectral weight
1T-TaSe2 at the binding energy of~a! 100,~b! 200,~c! 400,~d! 600,
~e! 800, and~f! 1000 meV. White and black corresponds to high a
low spectral weight, respectively. The SBZ and the high-symme
points are indicated.
8-3
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ing in a pseudogap of the FS.5,6 It was concluded that the
pseudogap behavior is induced by the electron correla
effects in the Ta 5d band. Our ARPES spectra for 1T-TaSe2
in the commensurate CDW phase also shows no crossing
the Fermi level, as shown in Figs. 1 and 2. Forhn540 eV
used here, theGM line in the first SBZ almost corresponds
the AL line in the bulk BZ, assuming a work function of 4
eV and an inner potential of 12.2 eV.8 Along the AL line,
band calculations predict one-particle Ta 5d band crossing
the Fermi level.9,10 This means that the lack of bands cros
ing the Fermi level is not due to the 3D character of t
electronic structure of 1T-TaSe2, but due to the electron cor
relation effects in the Ta 5d band, resulting in a pseudogap
the Fermi level created by the tails of two overlapping Hu
bard subbands.

In our previous ARPES study, we concluded th
1T-TaSe2 has a 3D electronic structure from the norm
emission spectra results along theGA direction.8 From the
previous results and the present ARPES results, one may
that the electronic structure of 1T-TaSe2 in the commensu-
rate CDW phase can be described by the interplay of
electron correlation effects in the Ta 5d band and the large
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