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Charge-density-wave phase transition in IT-TiSe,: EXxcitonic insulator
versus band-type Jahn-Teller mechanism
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The influence of the charge-density-wave phase transition on the electronic structtr e} is studied
by means of high-resolution angle-resolved photoemission spectroscopy with synchrotron radiation. We find
that both the Se @-type valence band maximum Etand the Ti 3I-type conduction band minimum &tare
lowered upon cooling. Our photoemission results explain the observed anomalies in the transport data and
appear to be consistent with the band-type Jahn-Teller mechanism rather than with excitonic electron-hole

interaction.
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[. INTRODUCTION tracted much more attention than the previous two. Within

this model the CDW instability arises from direct Coulomb

Among the many transition-metal dichalcogenides withinteraction between th& holes and thelL electrons: In a
charge-density-wavéCDW) instabilities, IT-TiSe, is par- semimetal with a very small number of electrons and holes
ticularly interesting because it is the only group IVB the Coulomb interaction between different carriers is only
transition-metal compound showing a structural transformaweakly screened leading to bound states between electrons
tion. Upon cooling down from room temperaturel-TiSe,  and holes, i.e., excitons. As a consequence, free carriers are
undergoes a second-order phase transitiom @200 K  removed from the FS and the semimetal eventually becomes
into a commensurate CDW phase associated with#22 a semiconductor. This semimetal-semiconductor transition,
X 2) superlattice that forms without the precursor of an in-which is necessarily accompanied by a structural distortion
commensurate phadé.The three CDW vectors are zone that doubles the periodicity of the lattice, of course requires
boundary wave vectors connecting thepoint with the L that the band overlap or gap is smaller than the exciton bind-
points of the hexagonal Brillouin zon@&2Z). ing energy:**°

At these high-symmetry points of the BZ the electronic  Finally, Hughe&® proposed a band-type Jahn-Teller
structure, which has extensively been studied botimechanism based on possible effects of the structural trans-
experimentally~” and theoreticallj;*° exhibits a Se formation on thed-band electronic energy. Band calculations
4p-type valence-band maximum and a Tid-Bype showed that the lowest lying-band is slightly lower for
conduction-band minimum, respectively. The overlap be-transition-metal dichalcogenides of thélZype than for T
tween the uppermogt band atl’ and the lowest band atl materials. Thus, from the observed atomic displacements in
was carefully estimated to be smaller than 120 fedsult-  the structural phase transition ofT4TiSe,, indicating a
ing in a relatively small Fermi surfad&S) that consists of a change in the local coordination from octahedrall') lto-
Se 4p hole pocket in the center of the BZ and Td &lectron  wards trigonal prismatic (), Hughes expected the Tid3
pockets centered at tHepoints. band to shift downwards reducing the total energy. In con-

In the lively discussion on the driving force of CDW for- trast to Hughes’ suggestion, Whangbo and Can&dkiter
mation in IT-TiSe, several mechanisms have been proposedpointed out that within the framework of the Jahn-Teller
Di Salvoet al! were the first to suggest that the simple nest-mechanism the energy lowering giving rise to the structural
ing model, which was shown to account for the CDW's in modulation of I'-TiSe, should not occur in the Ti@ bands
other low-dimensional materials, also explains the CDWhbut in the Se $ bands and that thig-band energy lowering
phase transition in T-TiSe,. Dimensionality and the topol- should be associated with the Ti-Se bond shortening in the
ogy of the FS are then particularly important in that the FSobserved displacement pattern. On the basis of the band-type
must exhibit large parallel portions that can be nested by thdahn-Teller mechanism Motizuki and co-workéré! devel-
spanning wave vector of the CDW. According to this model,oped a microscopic theory that has revealed that strong
electron-lattice interaction will produce the distortion in electron-phonon interaction lies at the heart of the CDW
1T-TiSe,, if the I'-point hole FS and the-point electron FS phase transition in T-TiSe, leading to renormalized elec-
are near nestingjIn contrast to the nesting model, White and tron as well as phonon energi&s.
Lucovsky'! proposed an antiferroelectric transition mecha- Although high-resolution angle-resolved photoelectron
nism in which the CDW formation is the result of a soft spectroscopy(ARPES datd® agreed with band-structure
phonon inherent to the lattice system itself. Their model wasalculation$® based on the band-type Jahn-Teller effect, this
motivated by the observation that the lattice and electroniicture has very recently been questioned by Ritlal.” who
polarizabilities, as determined from optical reflectivity spec-strongly favored the excitonic insulator mechanism. In their
tra, are unusually large forTtTiSe,. ARPES study, which focused on the temperature dependence

A third explanation—the  excitonic  insulator of the Ti 3d-derived band nedr, it is nicely shown that the
mechanism—was put forward by Wilstr® and has at- dband is slightly lowered in energy upon cooling down from
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room temperature. A possible temperature dependence of the T =300 K T=100 K
Se 4p bands af’, however, has not been investigated. (a)
Employing high-resolution ARPES with synchrotron ra- r
diation we show in this paper that the electronic structure of
1T-TiSe, exhibits remarkable changes near the Fermi level Er

in the temperature interval 100 KT=<300 K. Our analysis

of the temperature dependence of the FS topology and band
dispersions reveals that both the Td ®and atL as well as

the uppermost Sepiband atl” are lowered in energy upon
cooling. Our photoemission results allow a qualitative under-
standing of the observed resisitivity anomaly i-TiSe,

and are discussed with reference to the possible mechanisms
underlying the CDW phase transition.

II. EXPERIMENT

The 1T-TiSe, crystals were grown by chemical vapor
transport using iodine as transport gas and clean surfaces
were prepared by cleaving the samples in ultrahigh vacuum.
ARPES measurements were carried out at beamlines W3.2
and BW3 at the Hamburger Synchrotronstrahlungslabor
(HASYLAB). The incident photons were linearly polarized
with the photon polarization and the plane of incidence re-
siding both in the horizontal plane. The angle of incidence
was 45°. Photoelectrons were collected with our recently
developed spectrometer ASPHER&gular spectrometer for
photoelectrons with high-energy resolutigiRef. 23 which
consists of a 100-mm radius hemispherical deflection ana-
lyzer mounted on a two-axis goniometer. Computer-
controlled stepper motors enable sequential angle scanned
measurements with an absolute angular precision of better
than 0.1°. The angular acceptance, which can be adjusted by
means of an iris aperture, was set to 1°. The combiatst-
tron and photohenergy resolution was 60 meV for the pho-
toelectron a'f‘g“'_ar distributior{ﬁ?AD’s) and 35 _meV for the temperature of the charge-density wava: hr=21.2 eV and(b)
energy d|str|bu_t|on curve¢EDC’s). The_ FermHe_veI refer- hy=78.8 eV. The arrows point at the decrease of photoemission
gnce Wa_s obtained frqm a polycrystalline 90'0' film that Wa%ntensity in the center of the Brillouin zone and the appearance of a
In elec’[”(_:al contact with the sample. COO,"”G of the Se}mpleringlike structure aM, respectively. Photoemission intensity is rep-
was achieved by a two-stage evaporative cooling liquidesented in a linear gray scale with white corresponding to high

helium cryostat and the temperature was measured by tWgensity. (c) Sketch of the Brillouin zone with all relevant high-
independent sensors, a silicon diode mounted on the colghmmetry points.

parts of the cryostat and a platinum resistor glued on the
sample holder. The stability and accuracy of the temperaturgixed with respect to the sample surface, lead to intensity

FIG. 1. Constant energy surface mappings 0fTiSe, taken
above(300 K, left panel and below(100 K, right panel the onset

measurement were better tharb K. patterns that are characterized by strong intensity variations
between equivalent parts of the BZ and thus do not exhibit
IIl. PHOTOEMISSION RESULTS the trigonal symmetry of theTL structure. Nevertheless, one

can clearly see that the FS is made up of six elliptical fea-
tures centered on thd (L) andM’(L") points and a round

In order to reveal the topology of the electronic structurestructure in the center of the BZ. The first originate from
close to the Fermi level as well as possible changes due telectrons of the Ti 8-derived band and the latter is Se
the formation of the CDW we have measured PAD’s of4p-like in accordance with band-structure calculatibne.
1T-TiSe, above(300 K) and below(100 K) the onset tem- At —0.5 eV thel'-centered emission has developed into a
perature of the CDW, i.e., we have recorded the photoemisnore intense and broader shape, while the photoemission
sion intensity at constant energy as a function of the surfacantensity at the BZ boundaries has become very weak. Since
parallel momenturk. The results for photon energies of the topology of the FS appears to be very similar to that of
21.2 eV and 78.8 eV are depicted in Fig. 1 where the mapthe isostructural T-TiTe,,* which is (semimetallic due to
taken at the higher photon energy cover two complete Bril-an indirectp-d band overlap of about 0.6 eV, it is tempting to
louin zones. In all the maps shown matrix element effectsgeduce a corresponding band overlap of roughly 0.5 eV for
which are particularly due to the light polarization being 1T-TiSe, from these maps. This conclusion, however, would

A. Fermi-surface mapping
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I(A) ML) of the measured data is sufficient to state that the FS features
i exhibit considerable dispersion perpendicular to the layers,
which underlines the importance of three-dimensional effects
in 1T-TiSe, as noted earliét.In spite of some intensity
modulations due to matrix elements, a large T-@erived
ellipsoid centered at as well as enhanced photoemission
intensity around” arising from the Se g-like states are well
revealed. The assignments of the high-symmetry points of
the BZ to photon energies of 13 eV (point) and 19.5 eV IL
point) reflect the theoretical band dispersions that always ex-
hibit a Se 4 band maximum at” and a Ti 31 band mini-
mum atL.871° They are corroborated by ARPES measure-
FIG. 2. Photon energy dependent Fermi-surface mapping ofents in the EDC mod& and are in good agreement with
1T-TiSe, obtained at room temperature by polar angle scans withiforevious  photoemission  studies using synchrotron
the TMAL plane of the Brillouin zone. Photoemission intensity is radiation>®
represented in a linear gray scale with white corresponding to high From the FS maps of Figs. 1 and 2 we can estimate the
intensity. Thel' and theL point are indicated. volumes of the FS sheets to be about 1% of the full BZ for
the Se $ pocket and approximately 6% of the full BZ for all
be in striking contrast to previous high-resolution ARPESthe Ti 3d pockets. Hence, we already find evidence for two
studies suggesting a very small overlag@.12 eV) be- important conclusions regarding the CDW mechanism of
tween the uppermogi band atl” and the lowest band at  1T-TiSe,. First, in view of the small areas of FS available
L.5" Hence, the problem of accurately determining the posfor nesting and the different sizes and shapes ofpthand
sible band overlap in T-TiSe, seems to be more compli- d-band pockets a simple direct coupling between these pock-
cated and evidently requires measurements in the ED@ts within the nesting model seems very unlikely. And sec-
mode. ond, the larger volume of the pockets as compared to the
The constant energy surfaces mapped at room temperatupepocket indicates an imbalance in the number of electrons
[Figs. Xa and 1b), left panel are consistent with those and holes on the FS, which will reduce possible excitonic
presented in Ref. 7. However, PAD’s ofTdTiSe, in the insulator effects.
CDW state have not been reported so far. We find that the
low-temperature PAD'JFigs. 1a and Xb), right pane]
closely resemble the normal-state data except for two re-
markable differences. First, the photoemission intensity at As pointed out in the preceding section, the determination
the Fermi energy arising from the Se-ike states in the BZ of band overlap, band masses, and band interaction requires
center has become very weak, which could indicate an erphotoemission measurements in the EDC mode rather than
ergy lowering of the related bands. Second;-&.5 eV the FS maps. Therefore, we present in Fig. 3 complete ARPES
intensity at theM(L) and M'(L’) points is slightly en- spectra in thd' MAL plane taken near thE and thelL point
hanced, and fohy=21.2 eV one can even identify a ring- at room temperaturéRT) and at 100 K in the CDW phase.
like structure at some of these points. This may be interThe photoemission intensity is visualized by linear gray
preted as the Sepibands that are backfolded from thie  scale maps in the energy versysplane. The positions of the
point due to the formation of the (22x2) superlatticé, Se 4p emissions and the midpoint of the leading edge are
but again without an analysis of band dispersions by meandenoted by circles and thin solid lines, respectively.
of EDC'’s these interpretations remain rather questionable.  In the RT data setfFigs. 3a) and 3b)] one can identify
The great potential of photoemission intensity mapping igshe Se 4 bands atl’ and the Ti 3l band atL, the first
to reveal the topology of the electronic structure close to thexhibiting strong holelike dispersion, the latter showing
Fermi level, i.e., the size and shape of the relevant FS sheetweaker electronlike dispersion as indicated by khelepen-
While the PAD’s in Fig. 1 clearly display the relatively small dence of the leading edge. Fitting second-order polynomials
k, extensions of the Sep4 and Ti 3d-like pockets at the to the experimental dispersions yields band masses,ef
I'(A), M(L), andM'(L") points of the BZ, the photon en- —(0.36+0.1)m, (M, is the mass of a free electrpfor the
ergy dependent intensity map shown in Fig. 2 demonstratesppermost Se @ band andm,=(7*2)m, for the Ti 3d
thek, dispersion of these FS features. To produce this imband. Both values agree very well with previous results.
age, we have measured the photoemission intensify ats The most striking feature of Fig. 3 is the appearance of an
a function of the photon enerdyr and momentunk, i.e.,  additional band close to thie point in the low-temperature
we have performed polar angle scans alonglifedirection  phase[Fig. 3(d)]. Since this band exhibits nearly the same
of the BZ for an appropriate range of polar emission anglesffective mass as the S@dands around’ we may identify
and photon energies that span the bulk BZ cross section. As as ap-band that is backfolded due to the formation of the
the surface-perpendicular momentm is implicitly given  (2X2X2) CDW superlattice. This interpretation, which is in
by the condition thahv connects initial and final states in a line with published data/ is straightforward, if one bears in
direct transition, théhv axis in Fig. 2 is somehow nonlin- mind that the “old” L point becomes & point in the recon-
early related to the truk, axis. However, our representation structed BZ. Generally, the folding induced by the CDW

-1 o 1
k, (A)

B. Band dispersions near” and L
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FIG. 3. Energy distribution curves for tHéMAL plane of the FIG. 4. Temperature-dependent energy distribution curves taken

Brillouin zone taken with 13 eV(a) and(c)] and 19.5 e\f(b) and ~ With 21.2 eV photons(a) at normal emission andb) at the
(d)] photons at room temperatufés) and (b)] and 100 K[(c) and Brillouin-zone b(_)undary(c) Position of the midpoint of the leading
(d)]. Se 4 emission features are indicated by circles. Solid lines®dge as a function of temperature.
denote the position of the midpoint of the leading edge. Photoemis-
sion intensity is represented in a linear gray scale with white correestimated to be approximately 30 meV that agrees very well
sponding to high intensity. with the value of 25 meV we obtain from the shift of the
midpoint of the leading edges in Figs(b3 and 3d).
superlattice should have only weak effects on the ARPES |n summary, the temperature induced changes of FS to-
spectra because the perturbation of the crystal potential isology in 1T-TiSe, appear to be the following: starting at RT
relatively small. In our case, however, the strong effect cafith a small number op holes andd electrons on the FS,
probably be explained by-d hybridization of the states near hoth the uppermost Sep4band atl’ as well as the Ti @
I' leading to a much stronger coupling of théoands to the  band atL are lowered upon cooling, eventually leading to a
Ti 3d final states at.° complete removal op holes from the FS in the CDW phase.
Additional evidence for significam-d interaction is sug-
gested by the apparent energy lowering of the ebdnds
near" in the CDW phasésee Fig. &)]. While in the RT
map[Fig. 3(@)] the uppermosp-band emissions are grazing  In order to investigate the evolution of tiped band sepa-
the Fermi level, thus indicating the presence of holes on theation in more detail we have taken ARPES spectra of the Se
FS in agreement with previous resifitthe top of the valence 4p-like and Ti 3d-like emissions af’(A) andM(L) in the
band is clearly shifted by approximately 60 meV towardstemperature regime 100 KT<300 K with hy=21.2 eV
higher binding energies as the temperature has been dfFigs. 4a) and 4b)]. At this photon energy the correspond-
creased to 100 KFig. 3(c)]. This effect, experimentally veri- ing k, is very close to thel point, but quite far off the”
fied here for the first time, can result from a slight repulsionpoint. However, we assume that the relative changes upon
of thep andd bands af” and demonstrates that not only the varying the temperature will not too strongly deviate from
Ti 3d band is affected by the formation of the CDW as notedthose at the actual high-symmetry points.
recently’ The series of normal emission spectra shown in Fig) 4
In contrast to the Sp bands af’, the temperature depen- reveals a double-peak structure related to the spin-orbit split
dence of the Ti 8 band atL is more difficult to analyze Se 4p band atI'(A). Note that contrary to Fig. (3) the
because thal emission is strongly affected by the Fermi- photoemission intensity exactly at the Fermi energy has de-
Dirac cutoff and the backfolded bands. In a recent high- creased to almost zero in the RT data, which demonstrates
resolution ARPES study, however, using symmetrized the effect ofk, dispersion upon changing the photon energy
ARPES spectra it was nicely shown that the T Band is from 13 eV to 21.2 eV. As the temperature is decreased, the
situated slightly above the Fermi level at RT, hence onlytwo peaks shift towards higher binding energies without ex-
thermally occupied, but shifts into the occupied region uporhibiting any discontinuity al c=~200 K. BelowT¢ no indi-
cooling to 120 K. The energy lowering of the Td®and was cation is found for a backfolded band.

C. Temperature dependence of the valence-band emissions
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On the other hand, the zone boundary EDC series de- 4 T
picted in Fig. 4b) shows a superposition of orkband and ~ 1T-TiSe
two p-band emissions for low temperatures. From the large % 301
asymmetry of the photoemission spectra ab®yeone may Z ol
conclude that the substructure of three peaks already exists at é ...............
higher temperatures, thus pointing to the fact that the transi- Z 10 ) e
tion is affected by fluctuations over a wide range in N

temperaturé. Upon cooling down from RT, the peaks con-
tinuously change in intensity and binding energy starting
with a predominating Ti @-like emission abovd . and fi-
nally exhibiting very strong Septderived emissions at low FIG. 5. Electrical resistivity of I-TiSe, and IT-TiTe, as a
temperatures. Apparently, very close T the p- and function of temperature.
d-bands seem to have almost equal spectral weight.
For a more quantitative analysis we display the positiongshow that there is @-d band gap with a lower limit of 80
of the midpoint of the leading edge as a function of temperameV at low temperatures<(100 K).
ture in Fig. 4c). If a band lies very close t&r—as thep-
andd-bands of T-TiSe, obviously do—then an energy low- IV. DISCUSSION
ering of this band will naturally result in a corresponding
shift of the midpoint of the leading edge. This is illustrated in ~ With regard to the CDW mechanism ifT1TiSe, we will
Fig. 4(c) where the continuous changes with temperature renow try to achieve a qualitative understanding of the charac-
veal the developing second-order phase transition in the elegeristic transport propertigglectrical resistivity and Hall co-
tronic properties of T-TiSe,. Both the uppermost Sep4  efficieny on the basis of our photoemission results. Figure 5
band atl'(A) and the Ti 3l band atM (L) exhibit the same displays the in-plane resistivity measuretf on a IT-TiSe,
qualitative behavior: in the temperature intervB<T  sample that was taken from the same sample charge as the
<300 K the bands are only slightly lowered in energy,one used in the photoemission experiments. For comparison,
whereas belowT. the bands shift more rapidly towards we also show a resistivity curve of isostructural-TiTe,
higher binding energies. The total energy shifts are about 3which is metallic and exhibits no structural phase transition.
meV for the Ti & band and 60 meV for the Sepdband.  Clearly, the resistivity of IT-TiSe, shows a broad hump su-
However, one should keep clearly in mind that the positionPerimposed on the metallic background behavior. The resisi-
of the midpoint of the leading edge is not a measure of thdivity ratio p(165 K)/p(300 K)~3.2 agrees with other pub-
position of the actual band center. lished data and indicates rather good sample stoichiorhetry.
An accurate determination of band positions would re-The Hall coefficient of T-TiSe, has been shown to be posi-
quire an analysis of the ARPES spectra in terms of line shaptive at RT" Upon cooling it changes sign near 200 K, rapidly
fitting, i.e., calculation of an appropriate spectral function,decreases until about 100 K, and remains almost constant
multiplication by the Fermi-Dirac distribution and convolu- below!
tion with the spectrometer response function. We do not in- In a simple two-band model the conductivity and Hall
tend to present such an analysis here, mainly because of tiseefficient are given by
lack of appropriate self-energy models for CDW systems.
Instead, we will rely on arguments that have been put for- o=1lp=e(np pup+Ne pe), 1)
ward in previous ARPES studi&s: (i) From Fig. 4a) we
determine a spin-orbit splitting between the Se @mpo- 1 nppi—neu’
nents of 130 meV at RT and 110 meV at 100 K. Under the RH:E (n+—n)2
assumption of a constant splitting aloRgA) it follows,® by hHnT e fe
addition of these values to the lower component in the speowhereny,, ne, un, ue are the densities and mobilities pf
trataken al’ (hv=13 eV), that the center of the uppermost holes andd electrons, respectively. Our room-temperature
Se 4p band shifts from about 30 meV belol: at RT to =~ ARPES data have revealed a small number of gddles at
about 130 meV belowEg at 100 K. (i) In a recent T as well as some electrons in the thermally populateddTi 3
publicatior the maximum binding energy of the Td3and  band atL. In fact, we have found the-electron pockets in
was estimated to be—(5-10) meV at RT and the FS maps covering a larger volume than héole
+(20—-25) meV at 120 K. These values correspond well tgpocket, indicating than.>n,;,. Although this nonstoichio-
the positions of the Ti 8 peak maxima in Fig. @) at RT  metric electron-hole imbalance is probably due to excess Ti
and 100 K, respectively. atoms in the van der Waals gap®r due to iodine atoms
Thus, we arrive at the conclusion that the Sg-4i 3d incorporated in the crystal growtfi the defects and excess
band gap betweehi andL in 1T-TiSe, increases from about electrons evidently do not hamper the formation of the CDW.
35 meV to 110 meV upon cooling from RT to 100 K. We From the band dispersions we have determined an effective
have to emphasize that these values are estimated and thmass ratiom,/my~20 which, if we assume that no pro-
the error bars are of the order of 30 meV. Therefore, it is nohounced differences occur in the carrier collision times, will
possible to decide unambiguously wheth@rTiSe, is semi-  result in a hole mobilityu,, that is about one order of mag-
metallic or semiconducting at RT. But our results definitelynitude larger than the electron mobility,. Hence, accord-

0950 7100 150 200 250 300
temperature (K)

@
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ing to Eq.(2) we do get a positive Hall coefficient at RT even of the d band, we strongly favor the picture presented by
though the electron concentratiop exceeds the hole con- Whangbo and Canadell. Note that their argumentation does
centrationn,,. Upon cooling both the Septband atl’ and  not rely on the presence of electrons in the lowestd’band
the Ti 3d band atL are slightly lowered in energy leading to as Hughes’ explanation obviously does. Hence, we may con-
a decrease dfi,, and, on account of charge neutrality,mf  clude that the CDW phase transition iT-TiSe, is indeed
as well. Thus, the resistivity will rise as is indeed observed inintrinsic to this compound and is not due to the imperfections
Fig. 5. NearTc~200 K thep andd band start to shift more Wwhose presence is indicated through the nonstoichiometric
rapidly to higher binding energies, the Hall coefficient occupation of the lowest band.(ii) The observed band dis-
changes sign and decreases considerably indicating thdt thgortions in the electronic structure close g are in rather
electrons, in spite of their lower mobility, are becoming thegood agreement with a band-structure calculation for the
dominant carriers. At the resistivity maximum at about 165CDW phase based on the band-type Jahn-Teller effdct.
K the Ti 3d band has entered the occupied region and th@articular, the measured lowering of the Se-#pe band at
p-d gap has become greater thkgT so thatp holes no I, resulting in ap-d gap of about 100 meV, is reproduced
longer play a role. Upon further cooling the resistivity startsquite well by band theoryiii) Due to the small FS volumes
to decrease because the relaxation rate ofdtleéectrons is  and the different shapes of the Sp Hole pocket and the Ti
reduced due to the lower temperatures. Finally, below aboudd electron surface direct nesting of these features cannot
100 K the resistivity curve appears to reflect normal metallicaccount for the CDW phase transition. As Motizuki and
behavior. co-worker$®~2* have shown, a microscopic model based on

In conclusion, we can successfully explain the transporthe band-type Jahn-Teller effect must definitely include
anomalies in T-TiSe, by the temperature induced lowering Strong (wave-vector-dependenelectron-lattice interaction.
of the Se 4 and Ti 3d bands neaEr as revealed by pho- In fact, the remarkable changes in the electronic structure
toemission spectroscopy. In particular, we argue that the inrearEg due to superlattice formation suggest that electrons
crease of resistivity with decreasing temperature below RT i@nd phonons are strongly coupled ii-TiSe;.
caused by the removal gf holes from the FS due to the =~ We emphasize that due to its peculiar band topology
lowering of thep band and not by the formation of excitons 1T-TiSe, is an exception to the transition metal dichalco-
as proposed recentfyAlthough we cannot rule out that ex- genides exhibiting CDW's. Therefore, the CDW phase tran-
citons are present in the temperature interval 108 TK  sitions in other layered compounds may of course be ex-
<300 K, their influence will certainly not become domi- plained by conventional FS nestfigor the saddle point
nant. Excitons will only be formed as long as thal gap is mechanisn{?
smaller than the exciton binding energy that is of the order of
kgTc~17 meV. But we have clearly shown that the gap
between the Se pt and the Ti &l band continuously in- V. CONCLUSIONS
creases to abo.ut 80 meV upon cooling so that the probability Using temperature and photon energy dependent ARPES
of f_ormmg excitons ste.adll_)iSdecreases..Therefore, the eXCign the layered charge-density-wave systemTiSe,, we
tonic insulator mechanlsﬁl can most likely be ruled out ¢ accurately measured the three-dimensional FS topology
as an adequate explanation of the CDW phase transition IDs well as the band dispersions n&s both in the normal
1T-T|Sez.. . and in the CDW phaseT(~200 K). At room temperature
th Inbthedl_ltght Oj] orl:r_;_)rhcl)ltoerr#ss;%n results \k’)\'e st;ongly .fav_orwe find a small Se @g-type hole surface df and a larger Ti

€ band-type Jahn- [€lier efiect for a number o reasoms. 3d-type electron surface centeredlatUpon cooling, both
The ttl)p cif tlhe Se g band and thg Eottom of Fhe Tdzband the Se 4 and the Ti 3 band continuously shift towards
?r;e crteanrﬂy ?r:/veredr:nrenerr]gi;% Vg't drﬁcreta:srg :??&eractg@gigher binding energies with the band separation steadily in-

hpo ?) Iy\,/ﬂ' esee IS gy s Sh.eﬁq d?s N gr? h et reasing. In the CDW phase at 100 K all Sp Holes are

phase belowl ¢ [see g 4c)], which indicates t at the gain actually removed from the FS and we observe a folding of
in electronic energy is indeed caused by the lattice d|stort|0|?he Se 4 band fromT to L due to the formation of the (2

goeupe)fgeilocéhgf?h[;V\élgggorrll?é getrhe nc?srirtri]c?:]sucair;ep?cr)a;[;trt?cx2X2) superlattice. Our photoemission results provide a

coﬁtraction Additionally, the magni?gdz of the energy Shifts8irect connection to transport measurements in that they can

appears to.be much Iar(:;er than expected for “normal” tem_q_uahtatlvely explain the cha_ng_e_ of sign of the Hall coeffi-
cient and the observed resistivity anomaly around 165 K.

e e e/Wth regar 1o th dring frce of the CDW phase trans:
kinds of Ti environmentgtwo different TiSg octahedrain on, the results are consistent with the band-type Jahn-Teller

. . . mechanism, whereas the scenario of excitonic phases seems
the distortion pattern have been proposed: According t P

Hughed® the rotational motion of the first octahedron tO_Q/ery unikely.

wards a trigonal prism is energy lowering in tklebands,

whereas Whangbo and CanadieBuggested that the struc- ACKNOWLEDGMENT
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