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Gapless surface electronic structure of 17'-TiSe, in the distorted phase
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Low temperature, high resolution angle resolved photoemission experiments performed on bulk 17-TiSe,
samples display conspicuous band folding as the only prominent signature of the periodic lattice distortion. The
presence of a bulk electronic gap supporting a charge density wave phase is not confirmed in light of the new
data. These observations cast serious doubts on the common belief of an electronic instability as the likely origin

for the observed structural transition in TiSe,.
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I. INTRODUCTION

The large class and quasi-two-dimensional nature of
transition metal dichalcogenides (TMDCs) provide fecund
opportunities for studying various quantum states of mat-
ter [1-3]. In this connection, charge density wave (CDW)
phases are notable as possible competitors to superconduc-
tivity and long-range ferromagnetic order [4,5]. Among the
many TMDCs, TiSe, has long been under intense scrutiny. It
undergoes a structural transition at ~202 K with the forma-
tion of a 2a x 2a x 2c¢ periodic lattice distortion [6,7]. This
phenomenon is commonly attributed to a CDW transition and
various models have been proposed to describe the underly-
ing microscopic mechanism: (i) Fermi surface nesting [8],
(i) emergent antiferroelectric order [9], (iii) excitonic state
[10-12], (iv) Jahn-Teller mechanism [13], and (v) combined
electron-hole coupling and Jahn-Teller effect [14].

The common feature of all these models is the opening or
modification of a bulk band gap between the Ti 3d conduction
band (CB) and the Se 3p valence band (VB). In principle, the
determination of such a gap should be straightforward for an-
gle resolved photoemission (ARPES); in practice, evidences
are ambiguous and lead to a profusion of models, each only
partially supported by experimental data [12,15-17].

TiSe, is a particularly troubling case in that even the order
of magnitude of the principal parameter in the models—the
gap separating valence and conduction electrons in the dis-
torted phase—is not established, with values ranging from
15 to 150 meV in the literature [17-22]. Not surprisingly,
the experimental dispersion of the conduction band is also
inconsistent. One set of studies reports a nearly flat CB located
at the Fermi level [12,15-17], while a V-shaped CB extending
about 100 meV below the Fermi level can be seen in other
studies [18-20,23,24]. Intermediate CBs, with broader fea-
tures, can also be found and are probably due to simultaneous
probing of both bands [22,25,26]. An analogous situation is
found for the valence band and particularly for an alleged
backbending of the VB, usually interpreted as firm evidence of
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the presence of excitonic states presiding upon the structural
phase transition [12,15-17,22].

At variance with the band structure studies, however, resis-
tivity measurements do not show a prominent change across
the structural transition at 202 K [27-29]. Furthermore, based
on transport and optical measurements, TiSe; is a semimetal
in the distorted phase [30,31]. This evidence apparently con-
tradicts the computed and measured band structures, both
claiming an emergent bulk band gap.

As a matter of fact the situation in TiSe, is complex.
The periodic lattice distortion induces a conspicuous band
folding in this material, forcing multiple bands in a narrow
energy range [32—-34]. And although the electronic structures
of TMDCs are quasi-two-dimensional, each state displays
strong spectral intensity variations with photon energy and/or
experimental geometry. We believe that this photoemission
cross-section effect is the major source of the present inconsis-
tencies. It is interesting to notice that, considering all previous
experimental results lumped together, a natural conclusion is
a gapless band structure for bulk 17°-TiSe, in the distorted
phase, in open conflict with the majority of the proposed
theoretical scenarios.

Here, we reexamine the electronic structure of bulk
1T -TiSe, through extensive high-resolution ARPES measure-
ments. Strictly adhering to the principle of only one reality,
earlier experimental ARPES results and analysis are closely
reproduced and extended with new ones, combining an at-
tentive use of variable light polarization and experimental
geometry. The overall picture that emerges for TiSe, in the
distorted phase is of a metallic material without any bulk
band gap separating the VB from the CB. Although these
observations do not support the presence of CDW or excitonic
insulator phases in this material, they clarify long-standing in-
consistencies between ARPES data and are in good agreement
with transport observations.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Single crystal 17-TiSe, samples were grown through
the floating zone method. The ARPES experiments were
performed at the 21ID-I ESM beamline at the National Syn-
chrotron Light Source IT (NSLS-II), using a DA30 Scienta
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FIG. 1. (a), (b) Experimental Fermi surfaces for 17-TiSe; in the distorted phase at I'(hv = 99 eV) and A(hv = 119 eV), respectively. (c),
(d) ARPES spectra along the M-I"-M and L-A-L directions. (e), (f) EDCs along the red and green dashed lines in (c) and (d). Vertical dashed
green and red lines mark the probable bulk band gap as assigned in earlier reports. All spectra were measured with LH polarization except for
the left panel in (d). Black and red hexagons in (a) and (b) represent the Brillouin zones of the normal and distorted phase, respectively. See
the text for yellow dashed rectangles. The Fermi levels are also indicated in panels [(c)—(f)]. All the data are recorded at 15 K.

electron spectrometer with an energy resolution better than
15 meV. Samples were cooled by a closed-cycle He cryostat
and cleaved at 15 K just before collecting the photoemission
data. The synchrotron radiation incidence angle was 55°. The
analyzer slit was along the M-I'-M direction of the hexagonal
Brillouin zone during the ARPES measurements at normal
emission. The electric field of the linear vertical (LV) polar-
ized light was parallel to the sample surface and analyzer slit
while it was on the incident plane for linear horizontal (LH)
polarized light.

The basic ARPES spectra for TiSe, in the distorted phase
are reproduced in Fig. 1. These data are in excellent agreement
with the one reported in the literature and display the main
features used in the various models mentioned above. The
principal Fermi surface sections at k, = I' and A consist of
circular features located at the high-symmetry points M (L) of
the hexagonal Brillouin zone and are decorated by small tails
aligned along the I'(A)-M (L) direction [Figs. 1(a) and 1(b)].
The hallmark of the 2a x 2a x 2¢ periodic lattice distortion
is the folding of the Se 4p-derived VBs from I" onto M (L)
[Figs, 1(c) and 1(d)]. Similarly, CB at the M(L) point is
expected to be folded onto the I'(A). However, due to the low
spectral intensity, this part of the band structure appears as
a faint feature that will be addressed later in this work. A
gap between the VB at I'(A) and the CB at M (L) points can
be deduced from the energy distribution curves (EDCs) by
identifiying the relative maxima with the band positions [see
Figs. 1(e) and 1(f)]. This procedure yields gaps of 106 meV
and 17 meV at k, corresponding to the I" plane and A plane,
respectively. Both measured gaps have excellent correspon-

dence in the literature [18,22]. However, they are not reliable
measurements for the following reasons. First, CB bottom and
VB top are not well defined at the I" plane. Second, a high
density of states is always present in the presumably gapped
region. Third, the individual components are not resolved
in the yellow dashed rectangular area where multiple bands
coexist [Fig. 1(c)]. The same issues can be found in the earlier
reports and are not unique to our case.

Furthermore, it is important to emphasize that the CB ap-
pearance changes dramatically with the photon energy. It has
a V shape with a high density of state at the L point but a
much weaker spectral intensity at the M point. Considering
the highly two-dimensional nature of the material, this be-
havior is likely due to the variability of photoemission cross
sections and cannot be attributed to intrinsic electronic band
dispersion. Therefore, it is difficult to identify 2D and 3D
bands to associate with an orbital selective gap opening.

On the other side, by expanding the investigation on
higher-order zones and/or using different light polarization,
it may be possible to exploit the matrix element effects to
distinguish individual electronic states. These data are pre-
sented in Fig. 2. The Fermi energy cuts around six equivalent
L points display very similar features, except for slight varia-
tions in the spectral intensity [Fig. 2(a)]. The corresponding
binding energy versus k; maps along the A-L-A direction
are presented in Fig. 2(b) and probe the electronic structure
in the region where the gap is expected to emerge. Clearly
no empty region separates the conduction from the valence
band. On the contrary, particularly cuts 2, 3, and 6 show a
clear overlap between the CB and VB at ~100 meV binding
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FIG. 2. (a) Multizone Fermi surfaces around six equivalent L points. LH polarization is used for these spectra. (b) Binding energy versus
in-plane momentum maps along the corresponding dashed lines in (a). Cuts 1-7 are along the A-L direction while cut 8 is along the H-L
direction. Photon polarization is given at the bottom of each spectrum. Pink arrows pointing at peaks in the EDCs signal overlaps between
valence and conduction bands. All the data are collected with 119 eV lights at 15 K. Red, green, and blue horizontal arrows in cut 6 indicate

the three components of the VB.

energy, highlighted by sharp peaks in the corresponding EDCs
[see pink arrows in Fig. 2(b)]. The apparent bulk band gap
extracted from cuts 1, 4, and 5 are clearly artifacts since all
cuts represent the same band structure. Thereby, the surface
electronic structure in the distorted phase is a semimetal in
contrast to the general belief. It is also worth mentioning that
the k, will be slightly different at the higher Brillouin zones.
But, this will have negligible impact on the conclusion due to
the two-dimensional surface electronic structure that will be
discussed in Fig. 4.

Furthermore, in the CB region, a relatively flat band located
in the vicinity of the Fermi level is resolved in addition to the

V-shaped one (marked with a green arrow in cut 1). A similar
band can be found in previous studies and is usually attributed
to backbending of the CB due to the formation of an excitonic
insulator phase. However, the simultaneous observation of the
V-shaped band makes these claims quite doubtful. The VB
tip also does not exhibit a backbending at the A point as seen
in the spectra taken along cuts 7 and 8, further opposing the
hypothesis of an excitonic insulator state in TiSe,.

It is also essential to reveal the gapless nature of the
band structure in the zone center for the distorted phase.
Figures 3(a) and 3(b) present the ARPES maps along the

K-T-K and M-T'-M directions, respectively. A weak V-shape
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FIG. 3. (a), (b) ARPES maps along the K-I'-K and M-T'-M directions. (c), (d) Constant energy cuts at the Fermi level and at 200 meV
below the Fermi level. (e) Constant energy cuts at various binding energies allow one to trace the gapless bulk band structure in the zone center.
All the data were collected with 65 eV, LH polarized light, and at 15 K.
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FIG. 4. (a), (b) ARPES spectra at M and L points, respectively.
(c) EDCs along the M as a function of photon energy. Blue, green,
and red dashed lines mark banding energies of the A, B, and C
bands, respectively. Spectra are recorded at normal emission with LH
polarized lights with 2 eV steps. 99 eV and 119 eV photon energies
correspond to the k, = I and A high symmetry points, respectively.
See the text for yellow dashed rectangles.

CB marked with red arrows can be seen in both spectra. The
corresponding constant energy cuts evolves from a petal-like
structure at the Fermi level [Fig. 3(c)] to a pair of momentum
arcs surrounded by a circular halo in the CB region [Fig. 3(d)].
The detailed evolution with binding energy is shown in the
panels of Fig. 3(e). As already observed at L, also at I, the
electronic structure exhibits a continuum of states across the
entire binding energy region of the alleged bulk band gap.
Therefore, neither a direct nor an indirect bulk band gap is
observed in the band structure of the periodically distorted
TiSe, and the system is a semimetal.

Another scenario sometimes invoked to explain the struc-
tural transition in 17-TiSe, is the one of the excitonic
insulator state. In this case, at low temperature, a k,-dependent
hybridization is assumed to take place between the folded
CB and VB, resulting in a larger gap at the L point and a
smaller one at the M point, due to dispersion of the VB.
The experimental observations supporting this model are an
energy shift and a flattening of the CB at the L point relative to
the M point. However, the evidence presented in the literature
is far from compelling [12,15-17].

0.1
(a) M—T
PN o Jf S
S
9
< -0.1
2
2
£ -0.2
2
£ -03
£
“ _0.4 s
99 eV, CR |
-0.5 I
-1.4 -1.2 -1.0 -0.8
ky (A7h)
0.1
(c) M—T
RN Yo JE SEr——— et [ S —
> 1
g 1
-0.1
: .
2 —0.2 7R
L : /A \
o 1B~
C - o
'_6 —0.3 ‘E -
£ !
@ _0.4 i P
e leg-loy 46 eV, LH |
-14 -12 -1.0 -0.8 -14 -12 -1.0 —0.8
ky (A74) ky (A71)

FIG. 5. (a), (b) ARPES spectra taken at M point with circular
right (CR) and circular left (CL) light polarization. (c) Difference
spectrum: (a), (b). (d) ARPES spectra taken with 46 eV correspond-
ing to k, at the L point and with LH polarized light. Green and red
dashed lines highlight the B and C bands.

An example of data leading to such an interpretation is
given in Fig. 4. For consistency with the literature, the spectra
are measured at normal emission with LH polarized light.
The ARPES spectra at M and L points are presented side
by side to facilitate the visualization of the energy shift and
visual flattening of the VB [see yellow dashed rectangles in
Figs. 4(a) and 4(b)]. Although these data are in line with
previous observations, a closer look at the EDCs along the
entire M-L high-symmetry line suggests a different origin for
the apparent evolution of the CB with k, [Fig. 4(c)]. Two
distinct structures, B and C, are present in the binding energy
region subtended by the yellow rectangles. Both features are
present at all photon energies and, in agreement with the 2D
nature of this material, display only moderate dispersion. It is
only the relative variation of their spectral weights that gives
the false impression of a binding energy shift, interpreted as a
band backbending.

The absence of backbending in the bands at the M or
L point is further confirmed using circularly polarized light
and low photon energies (Fig. 5). At the M point (99 eV
photon energy), the individual B and C components are clearly
resolved in the circular dichroism spectrum [panel (c)] and do
not display any sign of backbending flattening. Furthermore,
probing the L point with lower photon energy [panel (d),
46 eV photon energy] enhances the dominating character of
the B bands which also display a round top.
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III. CONCLUSIONS

In summary, the bulk band structure of TiSe, does not host
a direct or an indirect bulk band gap in the low 7', distorted
phase. This evidence is in sharp contrast with the majority of
models currently used to describe the 2a x 2a x 2c¢ structural
phase transition. Earlier ARPES results have been reproduced
and their interpretation has been shown to stem from poorly
defined CB and VB edges. Backbending of the bulk bands as
the origin of the indirect bulk band gap is also absent. The only
prominent impact of the periodic lattice distortion is found to
be the band folding due to the 2a x 2a x 2c¢ superstructure.
Additionally, our data also resolves the inconsistent electronic
structures reported in the literature by constructing a more
complete experimental band structure resulting from the ob-
servation of V-shaped and relatively flat components of the
CB, simultaneously.

The overall findings presented here support the impor-
tant conclusion that there is a critical mismatch between the
theoretical and experimental band structures. Although both

appear to be consistent in the literature, details of the band
structure prove otherwise. We recently found similar issues in
VSe; in which the surface electronic structure hosts multiple
bands, not captured by the density functional theory [35]. Pre-
vious observation attributed the CDW phase in VSe; can be
explained by using these data and shown to be not correlated
with a pseudogap or Fermi surface nesting. Therefore, our
results are likely to be generally applicable to other TMDCs,
making the claims of CDW phases in these materials highly
questionable.
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