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Charge-density wave and three-dimensional Fermi surface in L-TaSe studied by photoemission
spectroscopy
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We have investigated the electronic structure of the commensurate charge-densityeR&Ve phase for
1T-TaSe by Ta 4f core-level and the angle-resolved photoemission. From the energy shifts df dard
levels due to a CDW formation, it is found that the CDW amplitude in theTASe is smaller than that in
1T-TaS reported previously. The band dispersion along the normal to the two-dimensional layers indicates
that 1T-TaSe has a three-dimensionéD) character in the Fermi surface compared with TaS,, which has
a two-dimensional Fermi surface. The 3D Fermi surface DiTASe is thought to originate from the larger
interaction between layers due to a large charge transfer betweed aadbSe 4 orbitals.
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The layered transition metal dichalcogenide§,-TaS, meV is opened at the Fermi energi#d) in the CCDW
and IT-TaSe have attracted much attention because of theiphase. The formation of the correlation gap in the CCDW
various unique physical properties related to the formation ophase of T-TaS is considered to be due to the Mott
a charge density wavéCDW).! Both materials have the localizatiot®. On the other hand, the electronic structures of
same CdJ-type structure with the space gronﬁﬁd. Ta at- 1T-TaSe have also been investigated by STRefs. 11,12
oms form a hexagonal sheet and are sandwiched betweemd photoemissioft. In the STS study of T-TaSe, a finite
sheets of hexagonally arranged chalco¢ga and $atoms density of state(DOS) exists atEg in the CCDW phase,
as shown in Fig. ). The bulk Brillouin zone and the high-
symmetry line are also shown in Fig(k). Although these
two materials have very similar crystal structures, chemical
structures and CDW superstructures, they exhibit drastically
different physical properties. Figurgcl shows a tempera-
ture dependence of electric resistivity folT-TaSe and
1T-TaS single crystals measured by a standard four-probe
method? As shown in Fig. {c), 1T-TaS, shows two succes-
sive first-order transitions; incommensurate CODMYDW) to
nearly commensurate CDWNCCDW) transition at about
350 K and NCCDW to commensurate CDWCDW) tran-
sition at about 180 K. A metal-to-insulator transition occurs
followed by NCCDW to CCDW transition. On the other
hand, Ir-TaSe shows an incommensurate CDW to CCDW
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transition at about 430 K and no drastic change of an elec- O S, Se atoms O 5100200500 200 500
trical conductivity in the whole CCDW phase, and exhibits a Temperature (K)
metallic behavior. FIG. 1. (a) The Cdb-type crystal structure of T-TaS, and

In order to understand the physical properties, the electT-TaSg. Ta atoms form a hexagonal sheet and are sandwiched
tronic structures of IT-TaS, have been intensively studied by petween sheets of hexagonally arranged chalcdgenand $ at-
various techniques, such as scanning tunneling spectroscopyhs. (b) Schematic diagram of the bulk Brillouin zone for the
(STS,2* angle-resolved  photoemission SpectroscopyCdl,-type structure and the high-symmetry liie) Temperature de-
(ARPES,>® and angle-resolved inverse photoemissionpendence of resistivity forT-TaS, and IT-TaSe. The resistivity is
spectroscopy.It is found that an energy gap of about 200 normalized with the resistivity in ICDW phase.
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FIG. 2. (a) Schematic model of Ta atoms in thd3x /13 “star = ‘
of David” CCDW superstructure. There are three Ta sites due to the g
difference in a charge populatiofb) LEED pattern of the\/13 =
X /13 superstructure inT-TaSe. Dotted lines show X 1 surface B
Brillouin zone of 1IT-TaSe and solid lines show the surface Bril- (b) 300 K .
louin zone for ay13x \/13 superstructure. The superlattice reflec- g
tions due to CDW induced superstructure are observed in center of B9
the y13x /13 surface Brillouin zone. 02 &
_ A2
indicating the metallic characteristics of fTaSe. However, ! ! ! ! !
the detailed momentum-dependent electronic structure of =0 Rl 28 2 2
1T-TaSe has been not understood yet. Binding Energy (eV)

In this report, we have investigated the electronic struc-
ture of the CCDW phase of T-TaSe in detail from the
CDW-induced core-level shift of Taf4and the valence band
dispersion using ARPES. Single crystals of-TaSe were
grown by the iodine transport method. Photoemission meay13x /13 diffraction spots due to the CDW superstructure
surements were carried out using an angle-resolved photere observed, indicating the sample is in the well-developed
emission spectrometeiVG Microtech; ARUPS1D at the  CCDW phase.

BL-1C of the Photon FactoryPP.!* The samples were In a 13x13 CDW superstructure of T-TaSe, as
cleavedin situ in ultra high vacuum. The base pressure wasshown in Fig. 2a), there are three different Ta sites, namely,
in the order of 10%° Torr. The sample orientation and the site A with one atom, and siteB and C with six atoms each,
CDW-induced superstructure as well as the surface qualitdue to the difference in local charge densifie¥®At the site
were monitored by low-energy electron diffractidnEED). A and B with a larger local charge density, the screening
High-resolution core-level photoemission spectra of Ta 4 effect of a photohole created by photoemission is stronger
were taken at the photon energy of 80eV at room temperaand the binding energy shifts toward the lower energy
ture (RT) and 20 K. ARPES was performed along the high-side®’ Figure 3 show the high-resolution photoemission
symmetry I'-A direction of a I'-TaSe Brillouin zone, spectra of Ta 4 core levels at 20 Ka) and at RT(b). The
which is shown in Fig. (b). The band dispersions along the spin-orbit-split doublet § Ego~1.90+0.10 eV) is split into
I'-A direction were measured by changing the photon energy further triplet which corresponds to three different Ta sites
from 20 to 35 eV at the normal emission. The angular resoA, B, and C. The peaks show asymmetric line shapes. We
lution of the photoemission measurements was akio2t. fitted the peaks using six Doniach-Sunjic line shapesd

All the ARPES measurements were performed at RT and thebtained the optimal fitting results. The parameters used for
total energy resolution was about 100 meV. High-resolutiorthe optimal fitting are shown in Table I. The CDW-induced
angle-resolved photoemission measurements alond the  core-level shift of I-TaSe (AEcpw=Eg—Ec) is 0.65
direction were also performed using another photoemision-0.01 eV, which is smaller than the corresponding shift of
spectrometefGammadata Scienta SES)0& the normal 1T-TaS, of 0.70+0.01 eV®1"'®The CDW-induced shift
incident monochromator beamline BL-20A of the PF. Thecorresponds to the magnitude of the difference in electron
measurements temperature was about 20 K and the total edensity between sitB-and site€ and is directly connected
ergy resolution and angular resolution were about 20 meWvith the amplitude of CDW. It is suggested that the ampli-
and about+0.2°, respectively. tude of CDW in IT-TaSe is slightly smaller than that in

In the CCDW phase of T-TaSe, Ta atoms are periodi- 1T-TaS,.
cally displaced followed by the CDW formation and 13 Ta  In 1T-TaS,, a drastic temperature dependence of the spec-
atoms form, the so-called “star of David” cluster as showntral line-shape was observed due to a temperature-dependent
in Fig. 2(a).! This leads to a/13x 13 CDW-induced super- growth of the CCDW domain&*® The metal-to-insulator
cell, which is rotated by 13.9° from theXl1 unit cell. Fig-  transition of IT-TaS, is closely related to the growth of the
ure Ab) shows a LEED pattern of I-TaSe at RT. Clear commensurate domains in the nearly commensurate phase,

FIG. 3. High-resolution photoemission spectra of Th ebre
levels for 1T-TaSe (@) at 20 K and(b) RT.
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TABLE |. Fitting parameters of six components for T& dore- (a) (b)
level photoemission spectra. T e Ep
Peak Al Bl Cl1 A2 B2 C2 _ ‘g\"\f@gﬁy e :
. = \/‘\—\- 34 029 4(2 I
Binding 2242 22.65 2329 2431 2457 2522 '3 @ o | A I
energy(eV) : ﬁ— 32 021 : ! -
Gaussian RT 029 029 029 029 029 029 & s o | 5 e
width (eV) 20K 024 024 024 024 024 0.24 = =
. > ~30 013 | & 26 -0.04
Lorenzian 0.04 0.04 004 011 011 o011 b= *(%
width (eV) % \ gg 8'82 g 25  -0.09
Singularity RT 079 020 0.16 0.79 0.20 0.16 b= v 0' b= 24 -0.13
20K 059 017 013 059 017 013 w o0t | SO
25 -0.09 22 -0.21
%%‘5 g 21 -0.25
\/‘_/I)\Ixé(%) ;§E§é 20 -0.29

as the temperature decreases. On the other hand, in 110 0.5 0.0 1|.0 0|.5 0.0
1T-TaSe, no drastic change in the spectral line shape of Ta Binding Energy (eV)  Binding Energy (eV)
4f between RT and 20 K was observed, that is contrary to

the previous repo® Compared with theAEcpyy, from the
spectra taken at RT and 20 K, there is no temperature depe
dence, indicating that the amplitude of CDW iT-TaSe
remains constant in the whole temperature range of CCDV@
phase.

Figure 4a) shows the band dispersion along theA di-
rection of the I-TaSe Brillouin zone[Fig. 1(b)]. We have 1T-TaSe has stronger interlayer interactions thaf-IaS,
observed two flat bands at the binding energies of 0.2 eV andnd the Ta 8 band crosseEkr between thd" point and the
0.8 eV(Fig. 4; open trianglgs In addition, we have observed A point. Our ARPES results agree with the calculation and it
a band, which crosseBg (Fig. 4; filled triangle$ with a  is suggested that the strong interlayer interactions remain in
dispersion of about 300 meV. This band crosses5hat the  the CCDW state of T-TaSe.
photon energies of 221 eV, (k, =—0.25+0.04 A™Y), The 3D electronic structure inTkTaSe is considered to
and 32:1 eV (k, =0.25:0.04 A™*). TheEg crossing be-  pe due to the largep-d transfer interactions. Since thep4
tween the photon energies of 22 and 23 eV is more clearlypjta| of the Se ion has a larger spatial extent compared with
observe_d |n_the high-resolution photoemission measurementge 3p orbital of S ion, thep-d transfer interaction between
shown in Fig. 4b). The bottom of the bandI{ point, k,  chaicogerp orbital and Ta 8l orbital in 1T-TaSe becomes
.:0) is located at the photon energy of 27 eV. In contrast, ItIarger than that in T-TaS,. This largerp-d transfer interac-

IS observe_d Very re_.\cently thalTiTaS ha§ ho such band tion in 1T-TaSe causes a larger interaction between layers
with a noticeable dispersion along tlke direction and no and forms a 3D Fermi surface. In the case dFTaS, the

band crosses t&g .2 It is thus concluded thatT-TaSe has o . L .
: . : origin of the metal-to-insulator transition is considered to be
a three-dimensional3D) Fermi surface, whereasTiTaS . .
due to the Ta B electrons that are localized in “star of

has a two-dimensiondRD) Fermi surface. o .
Two flat bands shown with open triangles in Figa David” clusters as a result of CDW. However, in the case of

suggest that the bands incorporate the atomic displacemehf "125@, because of the larger interlayer interactions, the
due to the formation of CDW. A tight-binding band calcula- electron localization is relatively weak exhibiting metallic
tion for the CDW phase of T-Ta$S, is reported by Smith ~character even at a low temperature.

et al,'® where the CCDW band structure is calculated by In conclusion, we have observed the electronic structure
folding the non-CDW Ta B band structure toward Brillouin  ©f the CCDW phase of T-TaSe by core-level photoemis-
zone boundary of the/13x /13 CCDW superlattice. There Sion spectroscopy and ARPES. The CDW splitting of Ta 4
are three subbands along the high-symmetry direction, jugtore levels reveals that the CDW amplitude Gf-TaSe is
below Eg, in the range from 0.23 to 0.67 eV, and in the slightly smaller than that of T-TaS,. ARPES results along
range from 0.74 to 1.13 eV. At thE point, the calculation theI'-A direction indicate that I-TaSe has a 3D electronic
predict two peaks in the spectrum at the binding energies ddtructure compared withT:TaS,. The 3D electronic struc-
about 0.4 and 0.8 eV. Since the non-CDW Tailsand struc-  ture observed in I-TaSe originates from the larger transfer

FIG. 4. (a) Angle-resolved photoemission spectra aldnep
ﬂi_rection. Three subband shown with open and filled triangles were
observed(b) High-resolution angle-resolved photoemission spectra
longI"-A direction. It is clearly observed that a band crossdsgto
etween the photon energy of 22 and 23 eV.

ture in 1T-TaSe is very similar to that in T-Ta$, the cal-  interaction between Tacband Se 4 orbitals.

culation seems to be applied to that iT-TaSe. But we

cannot app|y this calculation to a band Crossin@ﬁoshown This work was done under PrOjeCt No. 97S1-002 at Insti-
with filled triangles in Fig. 4a), because of the assumption in tute of Material Structure Science in KEK, and was partly
this calculation that there is no interlayer interactions. supported by Grant in Aid for Scientific Reseaf@rant No.

Other band calculations for the non-CDW state ofB2-13554012 from Ministry of Education, Culture, Sports,
1T-TaS, and 1T-TaSe (Refs. 21,22 predicted that Science and Technology.
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