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We have studied the charge-density-wave phase transition of TiSe, using photoelectron spectros-
copy with high angle and energy resolution. We accurately measured the band dispersions of the Se
4p and Ti 3d bands, whose interaction is thought to be deeply involved in the phase transition. In
contrast to the commonly held view that TiSe, has a semimetallic band structure with a substantial
indirect band overlap, we report the existence of a small semiconducting gap for TiSe, in either
phase. This has important implications for current efforts to establish a microscopic model of the
charge-density-wave transition. At low temperatures the folding of the band structure which ac-
companies the formation of the charge-density-wave superlattice is seen directly in our photoemis-

sion spectra.

I. INTRODUCTION

The layered compound 17 —TiSe, undergoes a
2ayX2agX2cy charge-density-wave (CDW) phase transi-
tion below 200 K which involves no intermediate incom-
mensurate phase.! This strongly suggests that the com-
mensurate charge-density-wave vector is locked in by an
interaction between the Se 4p valence band maximum at
the center of the Brillouin zone (I') and the pocket of Ti
3d states at the zone edge at L. These symmetry points
are connected by the new reciprocal lattice vectors intro-
duced by the CDW transition, and therefore become
equivalent I" points in the CDW state, allowing direct in-
teraction of the p and d bands. Both an excitonic insula-
tor mechanism? and a Jahn-Teller band instability model®
have been proposed to explain in a qualitative fashion the
nature of the CDW transition; both models explicitly in-
volve the p-d interaction. Yoshida and Motizuki* have
developed a quantitative microscopic model of the lattice
instability based on the latter model. They calculate the
electronic susceptibility of TiSe, taking into account the
wave vector, temperature, and mode dependence of the
electron-lattice interaction. The principle result of their
work is a calculated temperature-dependent softening of a
transverse phonon mode at the wave vector spanning I’
and L (L ). The condensation of phonons in the three
degenerate L modes at low temperature leads to a lattice
distortion which is consistent with neutron-diffraction re-
sults.! The CDW model of Yoshida et al* takes as a
starting point the tight-binding band structure of Zunger
and Freeman,’ which exhibits an indirect p-d band over-
lap of 0.2 eV. Extending this work, Suzuki et al.® have
calculated the electronic structure of TiSe, assuming this
overlap obtains for the normal phase. In the CDW phase
they find a strong p-d interaction near the Fermi energy
which opens up a gap of about 0.2 eV over a large volume
of the Brillouin zone.

Photoemission studies’~® have suggested that the CDW
transition is indeed accompanied by changes in the elec-
tronic structure of the p and d bands in a narrow energy
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interval near the Fermi energy. Other transport and dif-
fraction experiments’>!%!! have been performed on TiSe,
crystals in which the relative positions of the p and d
bands and the Fermi energy were altered by doping or
substitution. The results demonstrate that the CDW
phase transition temperature depends sensitively on these
parameters, and that the phase transition can be complete-
ly suppressed by shifting the p and d bands by a small
fraction of an eV. Clearly, a full understanding of the
CDW state of TiSe, requires an accurate determination of
the p-d band lineups. Unfortunately, a consensus of the
magnitude and sign of the p-d overlap has not been at-
tained experimentally or theoretically. Early band-
structure calculations'? yielded a large (> 1 eV) semicon-
ductor band gap for TiSe,, but a semimetallic band over-
lap (up to 0.6 eV) was reported in later works.>!* Recent-
ly, von Boehm and Isomiki'* calculated the relative p-d
positions including relativistic corrections, and they found
a 0.24 eV band gap. Experimentally determined band
overlaps of roughly 1 eV,!® 0.2 eV,!® and 0.0 eV (Ref. 17)
were reported in previous angle-resolved photoelectron
spectroscopy (ARPES) studies by various groups.

We have performed high-resolution ARPES on TiSe,
both at room temperature and at 77 K in order to deter-
mine its electronic structure near the Fermi energy more
accurately and to search for changes accompanying the
CDW phase transition. We took into account the effects
of band dispersion perpendicular to the plane of the
layers. By varying the photon energy for these experi-
ments we are able to observe significant band dispersion
along the c-axis in spite of the quasi-two-dimensional na-
ture of TiSe,. We find that the p and d bands do not
overlap even at the extremes of this dispersion. Instead
TiSe, appears to be a very narrow gap semiconductor such
that the p and d bands can interact strongly over a small-
er volume of the Brillouin zone than if it were a true
semimetal.

The organization of this paper is as follows: In Sec. II
we will' discuss the experimental equipment and pro-
cedures. Room-temperature and low temperature angle-
resolved photoemission results will be presented in Sec. III
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and IV. A discussion of these results and their implica-
tions about the CDW transition appears in Sec. V.

II. EXPERIMENTAL PROCEDURES

These ARPES experiments were performed on a 6-m
toroidal grating monochromator beam line'® at the Na-
tional Synchrotron Light Source. The photon-energy
resolution was 50 meV or better for photon energies
10 eV < 7w < 85 eV. A spherical deflector analyzer!® on a
two-axis goniometer was used to collect electron energy
distribution curves with an overall energy resolution of
better than 100 meV and an angular resolution of 1.3°.

A 5-mm-diam crystal of TiSe, was mounted on a
Dewar and cleaved under vacuum to expose a smooth sur-
face along the (0001) plane. The orientation of the sample
was determined in situ by low-energy-electron diffraction
and its cleanliness was checked by Auger spectroscopy. It
was ascertained that the sample yielded identical spectral
features over a sufficiently large area that contractions of
the Dewar during cooldown would not produce changes in
the ARPES spectra. The Dewar was filled with liquid ni-
trogen during the low-temperature experiments. The sam-
ple surface temperature was not measured directly but is
referred to as 77 K in this paper.

The TiSe, crystal was grown by standard transport
methods at a temperature chosen to promote ideal 1:2
stoichiometry. We observe a filling of the Ti 3d band
over about 1% of the Brillouin zone but find no evidence
for Se 4p holes, suggesting an excess of Ti which probably
resides in the interstitial sites between the layers. Such ex-
cess Ti would act as a multivalent donor, raising the Fer-
mi level substantially and filling part of the lowest Ti 3d
band at L and removing any holes at I'. In a rigid band
model we expect only second-order effects from non-
stoichiometry upon the relative p-d positions. A
Lorentzian peak-fitting algorithm was used to determine
precisely the relative energies, areas, and widths of the
peaks found in the ARPES spectra.

III. ROOM-TEMPERATURE ARPES RESULTS

A principal contribution of this study to the determina-
tion of the relative p-d band positions in TiSe, is an accu-
rate photon-energy-dependent measurement of the energy
of the Se 4p band maximum. In all previous ARPES
studies a set of Se 4p spectral features was seen near the
Fermi level at normal emission. These features are much
broader than the Ti 3d peaks which appear at higher
emission angles, and they do not always exhibit simple
dispersion patterns. These effects make it difficult to lo-
cate the valence-band maximum to better than a few
tenths of an eV. We find that both these problems can be
alleviated to a large extent by a choice of photon energy
which excites transitions from initial states near I". In
fact, the valence band maximum is probed only at such
photon energies.

In Fig. 1 we present a series of room-temperature spec-
tra collected at various polar angles 6 using a photon ener-
gy of 18 eV. The azimuthal angle corresponds to a >
direction of the surface Brillouin zone of TiSe,. (The rela-
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FIG. 1. Series of ARPES spectra collected from room-
temperature TiSe, along the 3 azimuth using 18-eV photons. Ti
3d and Se 4p bands are both visible, but the dispersions of the
latter are difficult to determine accurately at this and higher
photon energy.

tionship between the surface and bulk Brillouin zones of
the normal lattice and that of the reconstructed bulk lat-
tice are illustrated in Fig. 2.) The sharp peaks near Ef in
the spectra at angles near 30° arise from a pocket of Ti 3d
electrons near L. The L point has a reciprocal lattice vec-
tor parallel to the surface kH=21r/aO\/§= 1.018 A~! and
projects onto the M point of surface lattice. Using the
usual kinematic formula,

| k)| =(0.5123 A~")sin6(E; )'72 M
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FIG. 2. Reciprocal lattices of TiSe,: (a) surface and (b) bulk
lattices for the normal phase, and (c) the bulk reciprocal lattice
for the reconstructed CDW phase.
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FIG. 3. Measured dispersion of the uppermost Se 4p band
with photon energy at a constant value of kj=0.1 A along =.
We associate the maximum near #iw= 13 eV with final states
for which k, =0.

where Ej is the kinetic energy of the photoelectrons (in
eV), we find that the emission from the L pocket should
be centered about 8=33.5° at 18 eV photon energy. Simi-
larly, we find that features in the normal emission spectra
originate in the Se 4p bands along the A axis (T'). The
data of Fig. 1 does not show a semimetallic overlap, but
this is not conclusive because the apparent separation of
the p and d bands varies with photon energy. They are in
fact closer in energy at 13 eV photon energy. This is be-
cause the Se 4p bands exhibit significant dispersion with
photon energy as indicated in Fig. 3. Here the energy of
the uppermost Se 4p band is plotted as a function of pho-
ton energy for a constant value of kj;=0.1 A~ An ex-
tremum occurs near 7iw=13 eV which we attribute to
emission from initial states with perpendicular wave vec-
tor |k, | =0 in accordance with band-structure calcula-
tions.
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_ FIG. 4. Set of spectra taken at 13 eV photon energy along the
T azimuth. ‘The Se 4p bands display a maximum energy at
6=0°, which is slightly below the lowest Ti 3d bands.
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FIG. 5. Photon-energy dependence of the Ti 3d emission at a
value of kj| corresponding to M. Local maxima in intensity are
observed at 19, 26, 47, and 75 eV photon energies but very little
dispersion is seen.

A set of room temperature spectra with fio=13 eV ap-
pears in Fig. 4. Not coincidentally, these spectra display
stronger and sharper features at the valence-band max-
imum than appear at higher photon energies. This obser-
vation supports the proposition that we are exciting direct
' —T optical transitions at this photon energy. The low
group velocities of the initial states normal to the surface
at T" will lead to narrower linewidths at such symmetry
points due to reduced momentum broadening.

In principle the binding energy of the Ti 3d band
should also demonstrate a photon-energy dependence.
The observed dispersion is in fact no more than 40 meV
for photon energies between 10 and 85 eV. There are
strong fluctuations of the Ti 3d intensity with photon en-
ergy as if it were periodically dispersing toward the Fermi
level, but the peak position does not change accordingly.
For example, the behavior of the 3d emission for photon
energies near #iw =19 eV is shown in Fig. 5. We conclude
that the proximity of the Fermi level and the finite experi-
mental resolution conceal the actual 3d dispersion and to
some extent limit the accuracy to which its energy can be
determined. The fittings of our data yield a minimum en-
ergy of —0.23 eV. When the Fermi function is folded
into the fitting procedure, the algorithm returns values
with more photon-energy dependence but the same ap-
parent minimum. Maxima in 3d intensity occur at fio=
19, 26, 47, and 75 eV. We associate these maxima with
emission from initial states near the calculated 3d-band
minimum at the L point. We place the Ti 3d energy
minimum at —0.23 eV. Because of the Fermi-level-
related effects mentioned above, we estimate a larger un-
certainty toward higher energy (+ 0.10 eV) than toward
lower energy (—0.05 eV).

The Se 4p peak in the normal emission spectrum of Fig.
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4 is centered at —0.36 e¢V. However, if we assume that
this peak is comprised of two unresolved peaks separated
by 0.14 eV, the uppermost valence band might be as high
as —0.29 eV. (The source of the 0.14 eV estimate of the
splitting will become apparent later in this paper.) This is
our best estimate of the absolute valence-band maximum.
Since the conduction-band minimum is located at —0.23
eV, TiSe, appears to us to be a semiconductor at room
temperature with a gap of 0.06 eV. Experimental uncer-
tainties leave open the possibility of a slight overlap, but
our findings contradict the results of Chen et al.!® and
Bachrach et al,!® both of which report substantial sem-
imetallic overlaps at room temperature.

Before turning to the low-temperature data we wish to
comment on the angular dependence of the Ti 3d emis-
sion. The angular profiles of the 3d intensity are essen-
tially Gaussian. Sharp intensity drops at the Fermi-level
crossing angle are not seen. Momentum broadening of the
angular distribution might account for some of the round-
ing of the angular profile. The full width at half max-
imum of the filled d-band pockets in our samples is about
02 A~! along T and 0.1 A~! in the perpendicular di-
rection. Therefore the three L pockets of Ti 3d electrons
fill about 1% of the first Brillouin zone as mentioned in
Sec. II. The extent of this band filling is unchanged at 77
K.

IV. ARPES OF THE CDW STATE

When the TiSe, sample is cooled to 77 K a marked de-
crease in the linewidths of the Se 4p bands is observed,
particularly in the 10—15 eV photon-energy range. For
example, a series of low-temperature spectra is shown in
Fig. 6 for #iw=13 eV. In contrast to the room tempera-
ture data of Fig. 4, it is possible to resolve two Se 4p
bands with different effective masses in the off-normal
spectra of Fig. 6. Near normal emission these bands can-
not be resolved. In part this is due to a loss of intensity,

T T T T
Tise, T=77K hw=13ev
8=10°
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50
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ENERGY (eV)
FIG. 6. Low-temperature spectra showing two well-resolved
Se 4p bands, both of which lose intensity at =0°. The disper-
sion of these bands appears in Fig. 7.

especially of the upper band, near §=0 which does not
occur in the corresponding spectra of Fig. 4. The narrow-
ing of the photoemission peaks we attribute to
temperature-dependent momentum broadening. However,
the loss of intensity at k| =0 appears to be directly related
to the formation of the charge density wave.

The simplicity of the dispersions and sharpness of the
peaks make possible a very precise determination of the
effective masses and energies of the two bands visible in
Fig. 6. The dispersions of these bands are plotted in Fig.
7 along with those of similar data taken at 12 and 14 eV
photon energies. There is negligible k, dispersion in this
narrow photon-energy range, and the data fall along two
well-defined bands. The Lorentzian widths of the photo-
emission peaks, as determined by the peak-fitting algo-
rithm, increase systematically from roughly 0.3 eV near
k = 0 to 0.8 eV near the zone edge. The binding ener-
gies determined by the fitting procedure should be accu-
rate to about 30 meV. The least-squares method was used
to fit the points in Fig. 7 to two sine functions of |k |
with the periodicity of the reciprocal lattice. This fitting
provides a very accurate estimate of the two p-band maxi-
ma if the bands are in fact sinusoidal. The upper sine
curve reaches a maximum at —0.26 eV and the splitting
between the two maxima is 0.14 eV. The effective masses
of the two bands are found to be nearly isotropic along the
layer directions. At k=0 they are —0.44 and —0.23
electron mass units +5% for the upper and lower bands,
respectively.

The effects of cooling to 77 K upon the Ti 3d peaks are
very modest. The binding energy is increased by 0.01 to
—0.24 eV but the linewidths and areas at M are essential-
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FIG. 7. Dispersion of the Se 4p bands in TiSe, at 77 K.
Sinusoidal curves are drawn through the data as discussed in the
text. Data taken at 12, 13, and 14 eV photon energy are includ-
ed.
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ly identical at 77 and 300 K. We conclude from the
sinusoidal fit to the data that TiSe, also has a small semi-
conductor gap in the CDW phase. The magnitude of this
apparent gap is reduced with respect to the room-
temperature result principally due to an upward shift of
the Se 4p bands at low temperature.

V. DISCUSSION

The relative positions of the p and d bands determine
the strength of their interaction. Suzuki ef al. have calcu-
lated the band structure of TiSe, in the p-d interaction re-
gion under the assumption of a 0.2-eV p-d overlap
without any interaction.® They report that the electron-
lattice coupled interaction between the p and d bands in
the CDW phase opens gaps of 0.2 eV about the center of
the Brillouin zone. The data in Figs. 6 and 7 rule out
such a large gap, but smaller deviations from sinusoidal
dispersion might be present.

The absence of the large predicted gap does not imply
that the p-d interaction is negligible in the CDW phase.
The presence of the CDW superlattice can be observed
directly as an eightfold contraction of the Brillouin zone
in the low temperature phase. The superlattice causes the
L, A, and M symmetry points of the normal reciprocal
lattice to become equivalent to I' points of the smaller
Brillouin zone of the CDW phase as illustrated in Fig. 2.
These points are all connected by the new Fourier com-
ponents of the superlattice crystal potential. In practice
the folding down of the band structure need have only
weak effects upon the ARPES spectra, because the pertur-
bation of the crystal potential is relatively small.
Nevertheless, we do see such an effect in Fig. 8. There, a
distinct band of peaks exhibiting a negative effective mass
can be seen within 1 eV of Ep, with both an energy and
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FIG. 8. Se 4p band which appears at M of the undistorted
lattice due to the folding of T into this point by the CDW super-
lattice. .
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o
(¢
T

K (&)

FIG. 9. Dispersion of the peaks in Fig. 8. The sinusoidal
curve drawn through the data has the same effective mass as the
upper curve in Fig. 7.

intensity maximum near 6=50°. The dispersion of this
band is plotted in Fig. 9. It forms a partial band about
|k, |=1.0 A~ Its effective mass and binding energy
clearly identify it as a Se 4p band similar to those at
k=0 rather than as a Ti 3d band. (Because k, is dif-
ferent, the mass and energy are slightly different.) Its ap-
pearance at a wave vector corresponding to the zone
boundary of the normal phase can only be explained by
the folding of the band structure induced by the CDW.
The folded Se 4p bands are seen at M over a wide range
of photon energies in the CDW phase, often as a shoulder
on the low binding energy side of an intense Ti 3d peak.

If TiSe, is intrinsically a semiconductor, good quality
stoichiometric crystals will have a conduction band which
is essentially unoccupied except for thermally excited elec-
trons. An earlier ARPES study® by one of the present au-
thors apparently involved more nearly stoichiometric
samples than the current experiment. Those samples
showed no d-band peak near M at room temperature (see
Fig. 10), but at 95 K a peak appears near —0.5 eV. The
current results suggest that this low-temperature peak is
derived from the valence band maximum rather than the
conduction band. The published spectra in Ref. 8 also
suggest a negative effective mass for this peak. The band
folding therefore seems to be a stoichiometry independent
effect. The folded Se 4p band at M might account for re-
ports of semimetallic overlaps in TiSe, in earlier ARPES
experiments.

Only the states comprising the valence band maximum
show a doubled periodicity. To explain this selective ef-
fect we propose that the valence band is hybridizing with
Ti 3d states only near I'. By taking on appreciable 3d
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FIG. 10. Temperature-dependent M spectra taken from Ref.
8. The d bands are very weak in these nearly stoichiometric
samples. The low-temperature peak is apparently the zone-
folded valence-band peak.

character this band will couple more strongly to the same
M final states as do the Ti 3d bands. The CDW therefore
leads to a selective transfer of the normal emission inten-
sity to the M points. Apparently both p-d hybridization
and the extra reciprocal lattice vectors of the CDW phase
are necessary to account for these temperature-dependent
effects.

The temperature dependence of the spectral linewidths
is not localized in energy or wave vector, and therefore
has a more general origin. Photoemission linewidths are
usually determined by electron and hole lifetimes and by
momentum broadening. These effects should be weakly
temperature dependent unless they are dominated by
phonon-scattering processes. The broadening due to hole
lifetimes should tend to zero for initial states near the Fer-
mi level, yet temperature dependent effects in our spectra
are very strong near Ep. If the final-state electron life-

times decrease with temperature, the photoyield should
vary along with the electron escape depth; this effect is
not seen. Instead, we suggest that the temperature depen-
dence arises from momentum broadening perpendicular to
the surface. Owing to its layer structure the longitudinal-
acoustic phonon modes in TiSe, are fairly low in energy
along the interlayer direction. The uncertainty of the per-
pendicular wave vector, Ak, in the photoemission pro-
cess could be influenced strongly by scattering from a
temperature-dependent population of such phonons.
Since both band structure calculations and our results
show that there is substantial dispersion along k; and
since I' and A are separated by only 0.52 A~ this uncer-
tainty will lead to substantial broadening of the ARPES
features.

VI. CONCLUSIONS

The accurate measurements of the band structure in the
p-d interaction region of TiSe, which we present herein
should help in the refinement of the microscopic theory of
the charge-density-wave phase transition. The relative
p-d band positions determine not only the strength of
their interaction, but also the volume of k space over
which they can interact. The substantial semimetallic
overlap suggested by some previous experimental and
theoretical studies is not supported by our results.
Nonetheless, the Se 4p and Ti 3d bands do have a signifi-
cant interaction. This is suggested by the appearance of a
new, presumably hybridized 4p band at M and by the pos-
sible slight repulsion of the p and d bands at I" and the
weakening of the p-band maximum at 77 K. The obser-
vation of the increased periodicity of parts of the electron-
ic band structure below the phase transition temperature
is an interesting demonstration of what was recently only
a theoretical construction. The narrowing of the
linewidths at low temperatures is an apparently fortuitous
consequence of reduced phonon scattering which makes
possible the accurate measurements we have reported.
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