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Electronic structure of layered 1T-TaSe, in commensurate charge-density-wave phase studied
by angle-resolved photoemission spectroscopy
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We present a detailed angle-resolved photoemission study of the electronic structure of lay@egilin
the commensurate charge-density-wa@®W) 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 TadSand play an important role for the establishment of electronic
structure of I-TaSe in the commensurate CDW phase.
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The layered transition metal dichalcogeniddsTaS, and  quent electron correlation effects in the Td band, in the
1T-TaSe have attracted much attention because of theielectronic structure. Although the importance of the electron
quasi two dimensionality(2D) and, consequently, their correlation effects in I-TaS, has been recognized enough
unique physical properties leading to formation of theby virtue of various experimental techniques, such as scan-
charge-density wavéCDW).! Although these two materials ning tunneling spectroscog$T9* and ARPES 5! direct
have the same Cgltype crystal structure and similar CDW information about the occurrence of the CDW, that is, the
superstructure, they show dramatically different physicakrucial evidence for the nesting behavior on the 2D Fermi
properties. In particular, it was revealed if-TaS, that the  surface(FS has yet to be reported. The influence of the
metal-to-insulator transition from the quasicommensurateelectron correlation effect forT-TaSe in the CDW phase is
(metallig CDW to the commensuratéinsulating CDW  expected to be smaller than that fof-TaS, in the commen-
phase occurring at 180 K is closely related to a Mott local-surate(metallicc CDW phase, because of the larger interac-
ization induced by the electron correlation effects in the Tation between Ta 8 and Se 4 orbitals, as mentioned above.
5d band?~* Very recently, Pilloet al. studied the electronic In other words, it is thought that the role of the electron-
structure of I-TaS in the quasicommensuraignetallic phonon coupling to the electron correlation effects for the
CDW phase in detail using angle-resolved photoemissiomlectronic structure of T-TaSe becomes more important
spectroscopyARPES.>® They pointed out the importance compared with that for T-TaS,. To investigate the interplay
of the electron correlation effects in the quasicommensuratbetween the electron-phonon coupling and the electron cor-
(metalli CDW phase. On the other handT-TaSe under-  relation effects of the Tad band on the electronic structure
goes an incommensurate CDW to commensurate CDW traref 1T-TaSe in the commensurate CDW phase, we per-
sition at about 430 K without drastic change in the electronidormed a detailed ARPES study.
conductivity in the whole commensurate CDW phase, and ARPES measurements were carried out at BL-1C of the
exhibits a metallic behavidr’® Because of the larger inter- Photon FactoryKEK, Tsukuba using an electron spectrom-
action among the layers due to a large charge transfer beter mounted on a two-axis goniomet&G ARUPS10.1®
tween Ta % and Se 4 orbitals, IT-TaSe has a three- The sample goniometer used here provides independent po-
dimensional (3D) character in the electronic structfré® lar, azimuth, and tilt rotation of the sampf2All ARPES
stronger than TI-TaS,.°~*? From this viewpoint, one may spectra were taken at the photon energy)(of 40 eV. The
say that the Ta & electrons in T-TaSe may be less sus- radiation was linearly polarized in the horizontal plane of
ceptible to localizatior? incidence. The samples were mounted vertically and only

To elucidate these physical properties, it is essential tgphotoelectrons emitted from the plane defined by the light
understand the role of the electron-phonon coupling, whictbeam and the surface normal were observed. The emission
is responsible for the occurrence of the CDW and the subseangle of the photoelectron measured from the surface normal
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about 0.9, 0.25, and 0.1 eV, denoted by A, B, and C, respec-
tively in the EDC spectra. These QP bands can be explained
by a gross distortion of the band structure due to the forma-
tion of the CDW superstructuré.Also, an exchange of the
spectral weight between these QP bands alondl ke di-
rection is shown in Fig. (). As a result of the exchange, it

is shown in Fig. 1d) that the center-of-gravity of the spectral
weight disperses downward in energy along e direc-

tion. The empirical dispersive behavior along thil direc-

tion is predicted by theoretical calculations in the normal
state without the formation of the CDW?° which is very
similar to that of IT-TaS, in the CDW phasé:***~2'This
means that the overall shape of the electron wave functions
along thel'M direction is governed by the Fourier compo-
nents of the crystal potential of the undistorted [attice,
rather than the CDW-related contributiéhln contrast, such

an exchange behavior of the spectral weight is not seen along

the MK direction, only band A appears around tiepoint,
as shown in Figs. (b) and Xd).
' In order to get more detailed information about the actual
-y behavior of these QP bands near M& direction, we mea-
sured azimuth dispersion spectra through the first and the
L second SBZ for the different parallel momenta, as shown in
I'(A) Fig. 2. The data start near tliM direction and end near the
- next 'M direction through thd"M’ direction?® Each azi-
FIG. 1. EDC spectra of T-TaSe along the(a I'M, (b) MK, muth scan has been carried out along one of the arcs shown
and (c) I'K directions, taken witthv=40 eV at RT, andd) the  in the bottom right sketch of Fig. 2. The parallel momentum
empirical band dispersion visualized by use of the second derivagn the top right of each dispersion spectra Corresponds to the
tives of the EDC spectra. The empirical bands are displayed in thegdius of the azimuth scan. In Fig. 2, the azimuth spectra
linear gray scale plots, where the black regions denote the negatighow no significant polarization effects of the light along the
peak of the second derivatives. The notation in the parenthesis ABMK andKM 'K lined” because, was kept constant (45°)
the imeducible representations in the bulk B&) Drawing of the during the measurement. This facilitates the following dis-
cszgi_tyvglttahstrtﬂsturc;orrespondlng high-symmetry - points _for the cussion. In these azimuth dispersion spectra, one observes
' two_bands A and B, but not band C, which is shown around

the I" point in Fig. 1. The bands A and B show significant
(6.) can be varied by rotating the sample along the polar, P d ]

; : . “modulation with parallel momentum. A¢=0.64 A™*, the
axis or by rotating the energy analyzer horizontally. To avo'dband B dominates the spectral shape. The band A appears in
polarization effects of the light reported previouiywe ro-

. S the azimuth spectra dt;=0.74 A™*. As we go fromk;
tated the energy analyzer and fixed the angle of incidence Lo 74 t0 095 AL the spectral weight of the band A in-

the Ii_ght (6) to 45°. The azimuth anglet) was varied by reases and that of the band B decreases gradually. Then, the
rotating the samples to the surface normal. Single crystals Cﬁand B becomes faint at=1.05 A1 The considerable

. . 7 . .
1T-TaSe were grown _by t_he _|od|ne transport methitiThe reduction in the spectral weight of the band B is shown in the
samples were cleaveid situ in an ultrahigh vacuum. The momentum region fronk,=1.05 to 1.24 A*. Finally, the

base pressure in the system was abouqm % Torr. The band B reappears in the azimuth spectri at1.34 A1and
angular resolution and the energy resolution wer2° and kj=1.44 AL
abom_Jt 150 meV, respectlvely._ o , In order to corroborate the reduction in the spectral
Figure 1 shows energy distribution curvéSDC's) for \eiont of the band B, we showegaralle) momentum dis-
1T-TaSe along the high-symmetry directiori®) I'M, (b)  yipytions of the spectral weight at the binding energ)
MK, and(c) 'K of the surface Brillouin zonéSB2) for the  of (@) 100, (b) 200, (c) 400, (d) 600, (€) 800, and(f) 1000
Cdly-type structure andd) the empirical band dispersion meV in Fig. 3. The topology of the Fermi surface, or the
visualized by use of the second derivatives of the EDC spe¢momentum distribution of the spectral weight &g
tra, respectivelf’? The empirical bands are dlsplayed in lin- =0 meV (not ShOWI) is almost consistent with that ﬁB
ear gray scale plots, where the black regions denote the nega-100 mev. White and black corresponds to high and low
tive peak of the second derivatives. The EDC spectra af the gpectral weight, respectively. The momentum distributions of
point denote normal emission and thleandK points in the  the spectral weight aEg=100, 200, and 400 meV are in-
SBZ correspond to parallel momenta &f=1.05 and duced by band B and those =600, 800, and 1000 meV
1.21 A1, respectively. At first sight, we find three distinct are induced by band A. For the sake of convenience, the
quasiparticle(QP) bands centered at the binding energy ofdistributions of the high spectral weight at each binding en-
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(a) Es=100meV (d) E==600meV

4
k=1.24 A

(b) Es=200meV (e) Es=800meV
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FIG. 2. Azimuth dispersion spectra ofTiTaSe through the -

first SBZ and the second SBZ for the different parallel momenta, FiG. 3. Momentum distributions of the spectral weight of

taken withh»=40 eV at RT. Spectra visualized by use of the sec-11.1a5g at the binding energy d&) 100, (b) 200, (c) 400, (d) 600,
ond derivatives start near téM direction and end near the next (g) 800, and(f) 1000 meV. White and black corresponds to high and

T'M direction through thd'M’ direction. Bottom right: Sketch of  |ow spectral weight, respectively. The SBZ and the high-symmetry
the arcs where spectra have been taken with the fixed parallel m@oints are indicated.

menta indicated.

erav are shown by means of an arbitrary elliose centered r[esting scenario. First, the locations in the momentum space
gy ¢ y y ellip here the drastic reduction in the spectral weight of the band

the M point in Fig. 3. The extension of the ellipses from the g gccurs are different for T-TaSe and IT-TaS,. This
bands A and B reduces gradually with increasing bindingsnould be explained in terms of the difference in the
energy. This behavior is qualitatively consistent with the pre-4imensionality = The electronic structure ofT:Ta$S, is in-
diction of theoretlcal calculations |nlthe normal state W'thOUtdependent of the momentum normal to the layérs due to
the formatBn of the CDW, showing an electron pOCkEtneinginy small charge transfer between Td &nd S 3
around theM point®'®*?As shown in Figs. @), 3(b), and  orbitals™® resulting in the highly 2D charact®t’ On the
3(c), however, a considerable reduction in the spectrabther hand, the electronic structure of-TaSe depends on
weight of the band B is shown in the momentum space fok, because of a large charge transfer betweendrard Se
the area between the end of the first SBZ and the secongly orbitals®° In order to confirm thek, effects on the
SBZ. Very recently, Pilloet al. observed similar behavior nesting of the FS for T-TaSe, further ARPES experiments
with respect to the band B forTtTa$, in the quasicommen-  are required using various photon energies. The other ques-
surate CDW and commensurate CDW phases, showing thattmn is that the size of the energy gap is inconsistent with that
considerable reduction in the spectral weight of the band Bpredicted by mean-fiel@MF) theory. Using the binding en-
occurs around th&! point?® ergy of the band B forApy (0.25 eV} and the transition
Based on a theoretical picture where the nesting of théemperature Tcpyw) Of 600 K used in Ref. 23,
Fermi surface plays a key role in the formation of the CDW,2A pw/kgTcpw iS estimated to be 9.7, indicating strong
it is considered that the observed reduction in the spectraioupling in the CDW phase, whekg is Boltzmann’'s con-
weight of band B is ascribed to the CDW-induced energystant.
gap. From previous tunneling studies fof-TaSe, it was The strong coupling behavior is supposed to be caused by
reported that the values of CDW-induced energy gAp®y  the electron correlation effects in the Tal Band®® For
are about 0.3Ref. 23 and 0.5 e\#* The size of these energy 1-TaS in the quasicommensuraignetallio CDW phase,
gaps is almost consistent with the binding energy of the bangrevious ARPES studies showed that no crossings of the
B (0.25 e\j. However, there are two questions about thisFermi level are visible in the complete Brillouin zone, result-
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ing in a pseudogap of the PS.1t was concluded that the hybridization effects between Tad5and Se 4 orbitals
pseudogap behavior is induced by the electron correlatiowhich cause the observed 3D character.

effects in the Ta 8 band. Our ARPES spectra foTiTaSe We examined in detail the electronic band structure of
in the commensurate CDW phase also shows no crossings @fT-TaSe in the commensurate CDW phase by means of
the Fermi level, as shown in Figs. 1 and 2. For=40 eV ARPES. In particular, a considerable reduction in the spec-
used here, thEM line in the first SBZ almost corresponds to tral weight of the QP band centered at the binding energy of
the AL line in the bulk BZ, assuming a work function of 4.5 ghout 0.25 eV was shown in the momentum space ranging
eV and an inner potential of 12.2 VAlong the AL line,  from the end of the first SBZ to the second SBZ. Moreover,
band calculations predict one-particle Td and crossing no crossings of the Fermi level were shown in the complete
the Fermi levef.*° This means that the lack of bands cross-gyiliouin zone, which means that the Fermi level lies in a
ing the Fermi level is not due to the 3D character of thepseudogap created by the tails of two overlapping Hubbard
electronic structure of T-TaSg, but due to the electron cor- g,phands. Our results indicate that not only electron-phonon
relation effects in the Tadband, resulting in a pseudogap at ¢ pling, which is responsible for the formation of the CDW,
the Fermi level created by the tails of two overlapping Hub-p, ¢ 3150 the effects of subsequent electron correlation in the
bard subbands. Ta 5d band play an important role for the establishment of

In our previous ARPES study, we concluded thalgjecironic structure of T-TaSe in the commensurate CDW
1T-TaSe has a 3D electronic structure from the normal phase.

emission spectra results along thé direction® From the
previous results and the present ARPES results, one may say The authors have benefited from useful discussions with
that the electronic structure ofTtTaSe in the commensu- Dr. S. Koikegami. This work was partly done under Project
rate CDW phase can be described by the interplay of th&lo. 2002G174 at Institute of Material Structure Science in

electron correlation effects in the Tal®and and the large KEK.
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