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The 17-TiSe; is a two-dimensional charge-density-wave (CDW) material that attracts great interest. A small band
gap locates at the Fermi level separating the Ti d-bands and Se p-bands, which makes 17-TiSe; a promising candidate
for realizing excitonic condensation. Here, we studied the band gap in 17-TiSe; using angle-resolved photoemission
spectroscopy (ARPES). Instead of only focusing on the in-plane band dispersions, we obtained the detailed band dispersions
of both conduction and valance bands along the out-of-plane direction. We found that the conduction and valance bands
split into multiple sub-bands in the CDW state due to band folding. As a result, the band gap between the Ti d-bands and Se
p-bands reduces to ~ 25 meV and becomes a direct gap in the CDW state. More intriguingly, such band gap can be further
reduced by the rubidium deposition. The band structure becomes semimetallic in the rubidium-doped sample. Meanwhile,
exotic gapless behaviors were observed at the p—d band crossing. Our result characterized the band gap of 17-TiSe; in
three-dimensional Brillouin zone with unpreceded precision. It also suggests a closing of band gap or a potential band
inversion in 17-TiSe; driven by rubidium deposition.

Keywords: angle-resolved photoemission spectroscopy, metal—insulator transition, transition metal dichalco-

genides
PACS: 74.25.Jb, 74.70.Xa, 79.60.-

1. Introduction

For semiconductors and semi-metals, band gap is a crit-
ical characteristic of electronic structure, which determines
most physical properties of materials, such as transport prop-
erties, photoelectric properties, topological properties, etc.!-?]
Therefore, looking for a way to manipulate the band gap be-
comes an important direction of research for the application
of semiconductors and semi-metals. Typically, the band gap
can be regulated by modulating the crystal structure parame-
ters through pressure or chemical substitution.>! The change
of structure parameters modulates the intra-band hopping and
inter-band interactions, and thereby changes the band gap. Re-
cently, in ultrathin and two-dimensional materials, it has been
found that the electric field that applied perpendicular to the
sample surface can also modulate the band gap of the mate-
rial effectively through the Stark effect.[®1 The vertical elec-
tric field changes the potential difference and the band mixing
between the valence and conduction bands, which normally
leads to a reduction of band gap in the two-dimensional semi-
conductors.

The 17-TiSe; is a typical transition-metal-chalcogenide
material. Charge-density-wave (CDW), superconductivity,
and excitonic instability are all found in 17-TiSe,, making
1T-TiSe, one of the most studied systems in two-dimensional

(10-13] The low-energy band structure of 17-TiSe,

materials.
can be viewed as a three-bands system.!'* 1] The Se p-orbitals

contribute two hole-like bands at the Brillouin zone center
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(0,0) while the Ti d-orbitals contribute one electron-like band
at the Brillouin zone boundary (0,7). Early band calculations
suggest that 17-TiSe; is a semi-metal with a negative band
gap between the Se p-bands and Ti d-bands.!'*! However, later
angle-resolved photoemission spectroscopy (ARPES) studies
show that the material is a semiconductor with an indirect band
gap separating the Se p-bands and Ti d-bands.[!¢-17]

For a small gap semiconductor, excitonic instability is

important. It has been proposed that the CDW transition

of 1T-TiSe; is driven by an exciton condensation. [!3:15-18.19]
An excitonic insulating state has been proposed where the
Bose—Einstein condensation (BEC) of excitons occurs.20-21]
Early ARPES studies on the in-plane band structure of 17-
TiSe; found an increment of band gap between the conduc-
tion band and valence band in the CDW state, which favors
the excitonic condensation scenario.[!>!8] However, recently,
an ARPES study observed a strong modulation of band gap
along the out-of-plane direction, suggesting that the CDW may
be driven by an orbital-selective band hybridization.!'”! 17-
TiSe; is a quasi-two-dimensional material. Thereby, its out-of-
plane band dispersion is normally overlooked. Here, we char-
acterized the out-of-plane band dispersion of 17-TiSe; using
synchrotron-based ARPES. We found that the band structure
in the CDW state of 17-TiSe; can be well explained consider-
ing a band folding of the 2 x 2 x 2 CDW order along both in-
plane and out-of-plane directions and a band hybridization be-

tween the Ti d-band and Se p-band. The band gap between the
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Ti d-band and Se p-band is reduced to be around 25 meV in the
CDW state. More intriguingly, we found that such band gap
can be further reduced by the electric field generated by the ru-
bidium surface deposition. In the rubidium-doped sample, the
band structure becomes semi-metallic and a gapless state was
observed at the p—d band crossing. Our result explains how the
bands reconstruct in the CDW state of 17-TiSe, in the three-
dimensional Brillouin zone. It also suggests the existence of a
band gap closing or a band inversion in rubidium-doped 17'-
TiSez.

2. Materials and methods

High-quality single crystals of 17-TiSe, were synthe-
sized using chemical vapor transport (CVT) method. By mix-
ing the appropriate ratio of Ti powder and Se pieces (2% ex-
cess) well, the compound was sealed in a quartz tube using
iodine as the transport agent. The quartz tube was put in the
two-zone furnace with thermal gradient between 560 °C and
640 °C for 336 h. ARPES data were taken at BLO3U beamline
of Shanghai Synchrotron Radiation Facility (SSRF) and also at
Peking University using a helium discharging lamp. The over-
all energy resolution was ~ 12 meV and the angular resolution
was ~ 0.3°. The crystals were cleaved in-situ and measured in
vacuum with a base pressure better than 6 x 10~!! mbar. The
alkali-metal deposition was performed in situ using a rubidium
dispenser. For each deposition step, we only kept the rubid-
ium evaporator at the working current for few tens of seconds
to achieve a fine doping step, and then took ARPES spectra.
The depositing time is defined as the total time of the rubidium

3. Results and discussion

We first characterized the band structure of 17-TiSe,
above the CDW transition temperature. The Brillouin zone of
1T-TiSe, is shown in Figs. 1(a) and 1(b). At the (0,0) point,
we observed two valance bands (v and v,) [Fig. 1(c)]. They
are constructed by the Se p-orbitals. The band tops of v and
vy show moderate k, dispersions [Fig. 1(d)]. When moving
from A to I', both v; and v; shift towards the Fermi energy
(Ep). The band maximum of v; is at the I point, locating at
~ 45 meV below Eg. For the conduction band, one band (c;)
was observed near the L point [Fig. 1(e)]. It is constructed by
the Ti d-orbitals. The k, dispersion of c¢; is consistent with
the band calculation.!!*!”] The ¢; band is far away from E
at M and thereby cannot be observed by ARPES. When the
k; moves from M to L, the ¢ band shifts towards Eg. If the
sample temperature is high, electrons can be thermally excited
to the states above Efr and thereby can be detected by ARPES.
Our data taken at 235 K [Fig. 1(e)] clearly exhibit the ¢; band
at the L point whose band bottom is at ~ 15 meV above Ef.
Our data are consistent with previous ARPES studies, con-
firming that above the CDW transition temperature, the band
structure of 17-TiSe, is characterized as a small gap semicon-
ductor. The indirect band gap is around 60 meV. It is also
worth to be noted that a broad feature was observed at high
binding energy in Fig. 1(e). One explanation is that the broad
feature reflects the band folding originating from the short-
range CDW order above the CDW transition temperature. It
has also been proposed that the broad feature is induced by the

deposition. strong electron—exciton coupling effect in 17-TiSe,.??)
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Fig. 1. The band structure of 17-TiSe, above the CDW transition temperature. (a) Schematic drawing of the three-dimensional Brillouin zone
of 17-TiSe,. (b) Fermi surface mapping of 17-TiSe, taken at 250 K using 21.2 eV photons. The two-dimensional Brillouin zone and the cut
positions are illustrated. (c) Photon energy dependent cuts taken at the Brillouin zone center (0,0). (d) Energy—momentum cut (left panel) and
its second derivative image (right panel) taken along the A-I" direction. The energy distribution curves taken at different photon energies are
merged into one image to better illustrate the &, dispersions. (e) is the same as (c) but taken at the Brillouin zone boundary (0,7). (f) is the same
as (d) but taken along the L—-M direction. All the photon energy dependent data were taken at 235 K.
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Fig. 2. The band structure of 17-TiSe; below the CDW transition temperature. (a) Schematic drawing of the folded three-dimensional Brillouin
zone of 17-TiSe, in the CDW state. The folding vector is illustrated using a black arrow. (b) Fermi surface mapping of 17-TiSe, taken at
11 K using 21.2 eV photons. The folding of Fermi pocket and the two-dimensional Brillouin zone are illustrated. (c) Photon energy dependent
cuts taken at (0,0). (d) Energy—momentum cut (left panel) and its second derivative image (right panel) taken along the A-I" direction. The
energy distribution curves taken at different photon energies are merged into one image to better illustrate the k, dispersions. (e) is the same as
(c) but taken at the (0,7). (f) is the same as (d) but taken along the L-M direction. All the photon energy dependent data were taken at 15 K.
(g) Schematic drawing of the band dispersions along the A—I" and L-M directions above the CDW transition temperature. (h) Schematic drawing
of the band dispersions along the L-M direction considering the 2 x 2 x 2 band folding. (i) and (j) are the same as (h) but further considering the

gap opening and additional band folding, respectively.

Figure 2 shows the photon energy dependent data taken
below the CDW transition temperature. In the CDW state, the
bands fold and the Brillouin zone reduces [Figs. 2(a) and 2(b)].
As shown in Figs. 2(c) and 2(d), in comparison with bands in
the normal state, the valence bands are nearly unchanged at
the A point, but reconstruct significantly at the I" point. Four
sub-bands (v, v}, v2, and v}) could be resolved in the CDW
state. At the zone boundary [Figs. 2(e) and 2(f)], the CDW
order folds the valence bands to the (0,7) point. Therefore, the
four sub-bands vy, v}, v, and v could also be resolved in the
k, band dispersion taken along the L-M direction [Fig. 2(f)].
However, we note that the 2 x 2 x 2 CDW vector of 17-TiSe,
has an out-of-plane component [Fig. 2(a)]. Instead of connect-
ing I" and M, the CDW vector connects I and L. As aresult, in
comparison to the main bands [Fig. 2(d)], the &, dispersions of
the folded valence bands reverse in the data taken along the L—
M direction [Fig. 2(f)]. For the conduction bands, as shown in
Fig. 2(b), the CDW order folds the two nearby electron bands
to the (0,7) point. The conduction bands are thereby three-fold
degenerated at the (0,7) point in the CDW state [Fig. 2(h)].
Considering a band hybridization between ¢ and vy, the hy-
bridization gap opens around the L/I" point [Fig. 2(i)]. This
explains the huge reconstruction of v; observed at the I" point
[Figs. 2(c) and 2(d)]. It also explains the energy splitting of
c1 and ¢, 3 observed in Fig. 2(f). Furthermore, considering the

doubling of unit cell along the c-axis in the CDW state of 17'-
TiSe,, there is an additional band folding between L/I" and
M /A [Fig. 2(j)]. This explains the observation of four sub-
bands (vy, v}, v2, and v}) in Figs. 2(d) and 2(f). It is expected
that the additional band folding should also be applied for the
c¢1 and ¢ 3 bands. However, the photoemission intensity of the
folded bands may be too weak to be observed in our data due
to the matrix element effect. Overall, six sub-bands were ob-
served in the CDW states of 17-TiSe,, which can be explained
well by the band folding of the 2 X 2 x 2 CDW order and the
hybridization gap opening between c; and v;.

It is intriguing to note that the band gap separating the
Ti d-bands and Se p-bands becomes a direct gap (A) in the
CDW state [Fig. 2(j)]. The gap is around 25 meV between
the ¢2 3 and v bands. It has been shown that the alkali-metal
deposition could tune the band gap of a two-dimensional semi-
conductor by generating a vertical electric field at the sample
surface.[%?3241 We then performed the surface deposition of
rubidium on 17°-TiSe;. Figure 3 shows the doping dependence
of the ¢ 3 and v{ bands. Instead of a rigid-band shift, the ¢2 3
and v; bands respond to the rubidium deposition differently.
While both the ¢ 3 and vi bands shift to higher binding en-
ergy, the band shift of ¢; 3 is roughly three times larger than
that of vi. As a result, the band gap between ¢33 and v; de-
creases to nearly zero in the 170 s doped sample.
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Fig. 3. The doping dependence of the band gap in rubidium-doped 17-TiSe;. (a) Doping dependence of the raw images (upper panels) and the
second derivative images (lower panels) of the energy—momentum cuts taken at (0, 7). The data were taken at 51 eV photon energy to illustrate
the energy shift of the ¢ 3 band bottom. (b) is the same as (a) but taken at the 61 eV photon energy to illustrate the energy shit of the v; band top.
(c) Doping dependence of the ¢; 3 band bottom and the v; band top. The band positions were determined based on the second derivative images

and the EDC peak positions. The error bars were estimated based on the peak width in the second derivative images and the EDCs.

When the band gap of a semiconductor decreases to
zero or negative, the band crossing between the valance band
and the conduction band occurs. If no inter-band interaction
is considered, the two bands would cross each other with-
out any gap opening as shown in Fig. 4(a). However, if
the inter-band interaction is turned on, the hybridization gap
opens between the two bands and the band crossing is avoided
[Fig. 4(b)]. However, none of these behaviors was observed in
rubidium-doped 17-TiSe;. In the pristine sample, the 25 meV
band gap was clearly resolved in the energy—momentum cut
[Fig. 4(c)]. The band gap could be further confirmed by the
EDCs where the two separated peaks were resolved around
—80 meV [Fig. 4(d)]. In contrast, in the 110 s doped sam-
ple, the energy—momentum cut shows a clearly gapless be-
havior [Fig. 4(e)]. Consistently, the two EDC peaks merged
into one peak whose photoemission intensity reaches the max-
imum at the band crossing [Fig. 4(f)]. The observed spectra
indicate a gapless behavior between ¢>3 and v, which ex-
cludes the interacting scenario [Fig. 4(b)]. If the inter-band
interaction is prohibited, then one would expect a simple band
crossing between c; 3 and vi when the band gap becomes neg-
ative [Fig. 4(a)]. Figure 4(g) shows the energy—momentum cut
taken in a heavily-doped sample. Due to the electron doping of
rubidium, the Fermi crossings of the conduction band are now

two times larger than that in the 110 s doped sample. However,
contrary to the simple band crossing scenario [Fig. 4(a)], the
band meeting point remains unchanged at around —100 meV.
Its momentum is located at the (0, ) point.

We first discuss the three-dimensionality of the band
structure of 17-TiSe;. Our data provide a detailed character-
ization of the k, band dispersion of 17-TiSe, above and be-
low the CDW transition temperature. We found that the k,
band dispersion and the out-of-plane component of the CDW
vector cannot be overlooked. We confirmed that a band hy-
bridization occurs between the ¢; and v; bands in the CDW
state. Such band hybridization is strongly k, dependent. It is
only significant at the L and I" points where the band min-
ima of ¢; and band maximum of v; locate. The momentum
vector that connects the L and I" points matches the 2 x 2 x 2
CDW vector. Therefore, our results suggest that the band hy-
bridization between c; and v bands plays an important role in
driving the CDW in 17-TiSe;. Such hybridization could be re-
ferred to the exciton formation on the ¢; and v; bands!>-18:21]
or to an orbital redistribution due to the change of lattice
parameters.[!7-23:26]

Similar to other two-dimensional materials, the band
gap of 17-TiSe, can be manipulated by the alkali-metal

deposition. Since the band gap of 17-TiSe; is relatively
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small, a semiconductor to semi-metal transition is induced in
rubidium-doped 17-TiSe;. It is intriguing that no hybridiza-
tion gap is detected with our energy resolution when the ¢, /c3
and v bands touch with each other. On one hand, our results
may suggest that the electron—hole interactions in 17-TiSe;
are strongly band selective. While strong band hybridization
exists between c¢; and v;, the inter-band interaction between
¢2,3 and vy is prohibited. On the other hand, the ARPES data
taken in the heavily-doped sample seems to suggest that the
momentum of the gapless state is pinned to the (0,7) point.
This may indicate that the band hybridization between ¢, /c3
and v is strongly momentum dependent. While the band hy-
bridization is prohibited at the (0,7) point, the hybridization
gap opens at other momenta. Nevertheless, the emergence
of a gapless state in rubidium-doped 17'-TiSe, is unexpected,
which requires further experimental and theoretical studies.

Non-interacting (b) Interacting
()
80 2,3
: \
@ U1 vy \
Ky Doping k| k| Doping k|
(c)  Pristine (e) 110 s doped (g) Heavily doped

(eV)
°

A=

—0.2 (0,m) 0.2 —0.2 (0,m) 0.2

ky (A™h High [l Low
() () v
:‘ST 'ﬁw\ “‘
P =
2
'z
g
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Fig. 4. The gapless electronic state observed in rubidium-doped 17-
TiSe;. (a) Schematic drawing of the band inversion in a non-interacting
scenario. (b) is the same as (a) but considering the interaction between
c23 and vy. (c) The second derivative images of the energy—momentum
cuts taken at the (0,7) point in the pristine samples using 52 eV photon
energy. (d) The EDCs extracted from the data in panel (c). (e) is the same
as (c) but taken in the 110 s doped sample using 53 eV photon energy.
(f) The EDCs extracted from the data in panel (e). (f) The second deriva-
tive images of the energy—momentum cuts at the (0,7) point taken in the
heavily-doped sample using 21.2 eV photon energy.

4. Conclusion and perspectives

In summary, we characterized the band structure of 17-
TiSe; in three-dimensional Brillouin zone using synchrotron-
based ARPES. Our data highlight the importance of k, band
dispersion and the out-of-plane component of the CDW or-
der in 1T-TiSe;. To construct an effective theoretical model
that describes the physics of 17-TiSe;, the hopping and in-

teractions along the out-of-plane direction should be consid-
ered. More intriguingly, we observed a gap closing behavior in
rubidium-doped 17-TiSe;. The result not only demonstrates
that the alkali-metal deposition is an effective way to manipu-
late the band gap of two-dimensional semiconductors, but also
suggests the existence of a gapless state in the gap-tuned 17'-
TiSe;. The origin of the gapless state requires further under-
standing. Band calculations and symmetry analysis need be
conducted on all the related bands in the CDW state of 17-
TiSe,. It is also intriguing to measure the transport proper-
ties of 17-TiSe; using a gate-tuning device. With the unique
small-gap semiconducting band structure, 17-TiSe, serves as
an ideal platform to study the excitonic phenomena, CDW, and
topological properties of two-dimensional materials.
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