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Layered transition metal dichalcogenides (TMDCs) gained widespread attention because of their electron-correlation-
related physics, such as charge density wave (CDW), superconductivity, etc. In this paper, we report the high-resolution
angle-resolved photoemission spectroscopy (ARPES) studies on the electronic structure of Ti-doped 17-Ti,Ta;_,S, with
different doping levels. We observe a flat band that originates from the formation of the star of David super-cell at the
x = 5% sample at the low temperature. With the increasing Ti doping levels, the flat band vanishes in the x = 8% sample
due to the extra hole carrier. We also find the band shift and variation of the CDW gap caused by the Ti-doping. Meanwhile,
the band folding positions and the CDW vector gcpw are intact. Our ARPES results suggest that the localized flat band and
the correlation effect in the 17-TMDCs could be tuned by changing the filling factor through the doping electron or hole
carriers. The Ti-doped 17-Ti, Ta;_,S, provides a platform to fine-tune the electronic structure evolution and a new insight

into the strongly correlated physics in the TMDC materials.

Keywords: transition metal dichalcogenides, charge density wave, electronic structure, angle-resolved pho-

toemission spectroscopy (ARPES)
PACS: 71.20.-b, 71.45.Lr, 71.28.4d

1. Introduction

In recent years, transition metal dichalcogenides
(TMDCs) have gained wide attention because of their rich
electronic phases and unique properties.!!'™# Charge density
wave (CDW) and Mott insulator have been observed at low
temperatures, and superconductivity has been reported under
high pressure.! In 17-TMDC material 17-TaS,, a CDW state
with /13 x /13 reconstruction is formed with a Mott local-
ized electron residing in the center of the star of David (SD).
The SD super-cells form a triangular lattice, and quantum
spin-liquid states were proposed.[®! In TMDCs, there exist
several kinds of interactions, and the instabilities can not be
described by a standard mean-field model.!”) The electron—
electron correlation should be considered to understand many
exotic phenomena, such as the Mott-insulator caused by the
existence of the flat band and related physics properties.
Recently, flat bands with high density of states have been
observed in the vicinity of Fermi energy (Ef) by means of
scanning tunneling microscopy (STM) in bulk and mono-
layered TMDC materials. [7.:8] With a narrow bandwidth, a con-

siderably small Coulomb interaction or electron—electron cor-
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relation could be effective enough to drive many correlation-
related quantum phenomena. By tuning the flat band, many
exotic phenomena, e.g., metal-insulator transition, could be
realized. The flat band in TMDCs provides an ideal platform
to study electron-correlated physics on a smaller energy scale.
Among TMDCs materials, the 17-TaS, gained special
interests. The crystal structure of 17-TaS, consists of S—
Ta—S sandwiches and the tri-layer structure stacks in turns
through van der Waals interactions. At the CDW phase, ev-
ery adjacent 13 Ta atoms form an SD cluster, with an un-
paired electron localized at the center Ta of the SD. The SD
is interlocked by a triangular superlattice with a periodicity
of V13 x 4/13.191 In the SD super-cell, the unpaired elec-
tron is reported to be Mott localized at low temperatures.[!1~13]
These localized electrons are arranged on a triangular superlat-
tice with a geometric frustration, making 17-TaS; a promising
candidate for realizing a quantum spin liquid state.[!* 1]
The 17-TaS; is sensitive to external perturbations, such

as impurity, doping, or pressure.>16:17

1" Superconductivity
and Anderson localization have been observed in the Fe-

substituted 17-TaS, system.!'®! The coexistence of CDW and
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superconductivity is reported under pressure.'”) In Ti-doped
1T-TaS,, an anomaly in resistivity peak is found at about 8%
doping, and a transition from the CDW phase to an insulating
state occurs.!”-?%!1 Though much work has been performed
on 17-TaS,,[222-20] the electronic structure measurement on
Ti-doped 17-TaS; is still lacking, and the origin of the insu-
lating gap and correlation effect remains puzzled.

In this paper, we report a high-resolution angle-resolved
photoemission spectroscopy (ARPES) study on Ti-doped 17'-
Ti,Ta;—S2 (x = 5% and 8%). We observe a band folding ow-
ing to the /13 x /13 CDW formation and obtain the CDW
vector gcpw. At the 5% Ti doping, we observe the bottom of
the flat band originated from the formation of the SD cluster
and the CDW gap at low temperatures. With the increase of
the Ti-doping (x = 8%), the flat band shifts upward above Ef,
while the CDW gap still exists at the low temperature. Our
results suggest that the filling factor of the flat band could be
effectively controlled via hole-doping, such as Ti substitution
for Ta. The resistivity anomaly in the phase diagram reported
previously could be understood by the disappearance of the flat
band near Er. Unveiling the electron structure of the Ti-doped
17-Ti, Ta;_,S; will deepen the understanding of strongly cor-
related physics, such as the metal-insulator transition in the
layered materials.

2. Methods

The high-quality 17-Ti,Ta;_,S, bulk single-crystals
were grown by chemical vapor transport method. Ta (99.99%,
Aladdin), TaCls (99.99%, Aladdin), S (99.99%, Aladdin), and
Ti (99.99%, Aladdin) powders with a nominal molar ratio
of 1:1/50:x:2.05 (x = 0.1%, 0.5%, 1%, 2%, 5%, 10%) were
mixed thoroughly and then loaded into quartz tubes (inner di-
ameter/outer diameter/length: 14/16/200 mm). 0.15 g iodine
(~ 5 mg/cm?®) was added into the quartz tube to acting as the
transport agent. The quartz tubes were sealed under high vac-
uum of 1.33x 1073 Pa and then heated in a two-zone furnace
for 7 days, where the source and growth temperatures were
fixed at 960 °C and 860 °C. The quartz tubes were removed
quickly from the furnace and quenched into ice water to ob-
tain the 17 phase. Large 17-Ti,Ta;_,S, flakes with size up
to 10 mm were collected for further characterization and mea-
surement. X-ray diffraction, scanning electron microscopy, X-
ray energy dispersive spectroscopy (EDS) were employed to
determine the phase structure, morphology, and composition
of the as-prepared samples. The doping content of less than
1% was further calibrated by the relative phase transition tem-
peratures since it is beyond the resolution of EDS. The Ti dop-
ing contents of all samples are in good agreement with their
nominal molar ratios of source materials, demonstrating the
controllable synthesis.

ARPES measurements were performed at the Renmin
University of China equipped with a Scienta DA30L analyzer,
with a photon energy of 10.05 eV, and the BLO3U beamline
of Shanghai Synchrotron Radiation Facility. The energy and
angular resolutions were set to 10 meV and 0.02 A~!, re-
spectively. Clean surfaces for ARPES measurements were ob-
tained by in situ cleaving the samples. Photoemission spectra
presented in this work were recorded from 7 = 320 K to 15 K
using the photon energies v =23 eV and 70 eV, in a working
ultrahigh vacuum better than 7x 10~!'! Torr.

3. Results and discussion
3.1. Band structure

The crystal structure of 17-TaS; consists of S—Ta—S sand-
wiches, belongs to P3m1 space group. With the substitution of
Ti for Ta, hole carriers are introduced. Due to the similar ionic
radii of Ti and Ta, the system is relatively stable, and no extra
structural distortion is found with the Ti doping.[?%27]

The three-dimensional (3D) Brillouin zone (BZ) of 1T-
Ti,Ta;_,S> is shown in Fig. 1(a). Figure 1(b) shows the inte-
grated intensity of x = 5% within Er + 20 meV at high tem-
perature in the incommensurate CDW (IC-CDW) state. Six
elliptical Fermi surfaces (FSs) with high intensity around the
M point are observed. Meanwhile, no spectral intensity at BZ
center I is observed. This band structure is similar to the

[28] Then we take measure-

pristine 17-TaS, at normal state.
ments along the high symmetry line '-M and show the corre-
sponding intensity and energy distribution curves (EDCs) plot
in Figs. 1(c) and 1(d), respectively. From the figure, an elec-
tron band disperses towards T and crosses Ep at k“ ~03A1,
which forms the elliptical FS around the M point. At the low
temperature, the 17-Ti,Ta;_,S, enters a near-commensurate
CDW phase, which is a mixture of the commensurate and in-
commensurate domains.>! The FS topology and the corre-
sponding band dispersion along I'-M are shown in Figs. 1(e)—
1(g). Compared to the high-temperature band structure, sig-
nificant changes are the opening of a band gap and the emer-
gence of a flat band feature near the BZ center. As highlighted
in Fig. 1(f), the electron band disperses towards Er and then
bends back at the location that corresponds to the V13 x /13
reconstructed BZ boundary. In Fig. 1(f), we observe that the
flat band is located at the BZ center, and this feature is a result
of the isolated electron residing at the center Ta atom of the
SD in 17-TaS;. As a consequence, the FS topology changes
significantly as compared to the high temperature. The ellip-
tical FSs vanish, and high intensity at the BZ center emerges,
as shown in Fig. 1(e).

The characteristics of the flat band remain unclear. The
pristine 17-TaS, system was previously believed to be in a
Mott-insulating state, with band splitting observed in STM.!7!
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However, ARPES measurements reported the existence of the
lower Hubbard band only within a certain temperature range,
and eventually the system became a band insulator at low
temperatures. >8] With the introduction of hole carriers, where
the filling of the flat band is away from one electron per SD,
surprisingly, the splitting feature still exists in STM under spa-
tial average. At x = 5%, which is far from half-filling of a SD
and where electron correlation is supposed to be weakened,
both weights below and above Ef are observed in STM. This
observation raises the question whether the observed flat band
is the bottom of an electron band, or a lower Hubbard band
if the electron correlation is strong enough to drive the Mott
transition. Further detailed ARPES and STM measurements
are needed in future studies.

Figures 2(a) and 2(b) show the intensity plot and corre-

sponding second derivative plot along a high symmetry direc-
tion (I-M'-I"") of the reconstructed BZ, marked as Cutl in
Fig. 1(e). The flat band is observed in the vicinity of Ef, and
the CDW gap opens at the reconstructed BZ boundary. From
the second derivative plot shown in Fig. 2(b), the folded band
owing to the /13 x /13 CDW reconstruction is enhanced and
better visualized. The band intercepts the shadow band with
weaker intensity at the reconstructed BZ boundaries and opens
a CDW gap near Er. We estimate the gcpw by connecting the
band crossing points between the main band and the folded
band and obtain a value of about 0.6 A~!, which is consistent
with the theoretical value of the v/13 x /13 reconstruction.
Then we schematically illustrate the band folding, the forma-
tion of the CDW gaps, and the flat band in Fig. 2(c).
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Fig. 1. (a) Three-dimensional BZ and two-dimensional projected BZ of 17-Ti,Ta;_,S>. (b) FS of the 17-Tig 05Tag.95S, taken at 7 = 320 K.
The elliptical FSs are denoted by black dashed lines. (c), (d) Band spectra and the corresponding EDC along I'-M direction, respectively. (e),
(f), (g) same as (b), (c), (d) but taken at 7' = 80 K. The yellow and grey lines depict the BZ and reconstructed BZ, respectively. The bottom of
the flat band is marked by a white arrow, and the black dashed line in (f) serves as a guide to the eyes for band dispersion. The grey line in (f)

indicates the reconstructed BZ boundary.
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Fig. 2. (a) The band spectra along Cutl direction from Fig. 1(e). The vertical black line indicates the reconstructed BZ boundary. (b) The
corresponding second derivative plot. (c) The sketch with extracted data from (a) and (b). The white arrow presented the gcpw.
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The ARPES measurement on the 17°-Ti,Ta; _, S, with 8%
Ti doping, which corresponds to one Ti substitution of Ta in a
SD super-cell (1/13 ~ 0.077), is shown in Fig. 3. Similar to
the x = 5% doping at high temperature, we observe six ellipti-
cal FSs around the M point in the IC-CDW state, as shown in
Fig. 3(a). The intensity plot and EDCs plots along I —M show
an electron band dispersing towards I" and across Eg, shown
in Figs. 3(b) and 3(c). In the CDW state, the electron band
also opens a CDW gap at the reconstructed BZ boundary and
shows a band bending. Similar to the x = 5% sample, the in-
tensity plot shows the disappearance of the elliptical FSs due
to the gap opening. However, the higher intensity at the T is
not present at this doping level, as shown in Fig. 3(d).

The change in the FS topology with doping could be at-
tributed to the extra hole carriers introduced with Ti substitu-

(a)

IR 282 K

ky (A7)

ky (A7)

tion for Ta. This is also identified by the extracted band dis-
persion from the two samples, as shown in Fig. 3(g). From the
figure, in the IC-CDW state, the band of the x = 8% sample
is shifted upward in comparison to that of the x = 5% dop-
ing, which is caused by the introduction of hole carriers and
the corresponding downshift of the chemical potential. The
larger kg of the x = 8% sample indicates the shrink of the en-
closed area of the six elliptical electron-like FSs, consistent
with the Luttinger theorem. As a consequence, the flat band
in the CDW state eventually moves above Er and beyond the
ARPES measurements. The disappearance of the flat band
near Ef, and the corresponding low energy carriers, will cause
a rapid increase of electronic resistivity at this doping region

and was reported by transport measurement. !}
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Fig. 3.7(a) The FS of 17-Tig 03 Tap 9252 recorded with hv = 70 eV, taken at 7 = 282 K. (b), (c) Intensity and the corresponding EDCs plots
along I'-M direction, respectively. (d)—(f) same as (a)-(c) but with 4v =23 eV at T = 15 K. The black dashed line in (e) is a guide to the eyes
for band dispersion, and the grey line indicates the reconstructed BZ boundary. (g) Band dispersion extracted from x = 5% and 8% samples.
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Fig. 4. (a), (b) Temperature-dependent band dispersions of the x = 5% and 8% samples of 17-Ti,Ta;_,S, with hv = 70 eV along the I'-M direction. The
bottom of the flat band and band bending are marked by the yellow and black dashed lines, respectively. The grey line indicates the reconstructed BZ boundary.
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Temperature-dependent measurements are taken to inves-
tigate the spectral change across the CDW transition. Figure 4
shows the band dispersions along the I'-M direction of 17-
Ti,Ta;_S> with x = 5% and x = 8% at selected temperatures.
For both doping levels, the bands cross EF at high temperature
in the IC-CDW state (T = 300 K for x = 5% and T = 282 K
for x = 8%), and then start to lose intensity in the vicinity of
EF near the reconstructed BZ boundary with the decrease of
temperature. At the lowest temperatures, both x = 5% and 8%
samples show band bendings at the reconstructed BZ bound-
ary and open the CDW gaps. Meanwhile, the flat band fea-
ture gradually emerges near Ef at the BZ center at the x = 5%
doped sample, as illustrated in Fig. 4(a). However, the sign of
the flat band is lacking during the decrease temperature in the
x = 8% doped sample, as shown in Fig. 4(b).

3.2. Gap in 17-Ti, Ta;_,S;

Figures 6(a) and 6(b) show the schematic illustration
of the bands extracted from the x = 5% and 8% Ti-doped
17-Ti,Ta;_,S, along the I'—M direction at low temperature,
respectively. There are three energy scales, Ay, Ay, and CDW
gaps, as illustrated in the figure. To reveal the energy scales
during the CDW transition, we take the EDCs at the recon-
structed BZ boundary and BZ center I” at different temper-
atures and extract the A;, Ay, and CDW gaps. The gaps A;
and A, defined as the difference between Er and the top of
band bendings, are extracted from the symmetrized EDCs
at the reconstructed BZ boundaries for x = 5% and 8% doped
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Y/ \ 300 = ‘X A VAN

. F\//'\\ Ir\\ o />‘\\“ 282 K///\ \\\
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Fig. 5. (a) Symmetrized EDC of x = 5% sample at reconstructed BZ
boundary as marked in Fig. 4(a). (b) EDCs of x = 5% at I point (dashed
lines) and reconstructed BZ boundary (solid lines). (c) Symmetrized
EDC of x = 8% sample at the reconstructed BZ boundary marked in
Fig. 4(b). (d) Extracted values of A1, Az, and CDW gaps from (a)—(c)
at selected temperatures.

samples, respectively. In Figs. 5(a) and 5(c), the symmetrized
EDCs show one peak at a temperature slightly above the CDW
transition and two peaks at the temperatures below the transi-
tion, supporting the opening of gaps at this momentum through
the transition.[?%3%! The CDW gap is defined as the difference
between the flat band and the top of band bending and ex-
tracted from the peaks between the EDCs at the reconstructed
BZ boundary (solid lines) and the I" point (dashed lines), as
shown in Fig. 5(b).

(a)

Er

E,(d)
5% 8%

Flat band
Flat band

Ay N(E)

Fig. 6. (a), (b) The sketch of band dispersion of the x = 5% and 8%
samples of 17-Ti,Ta;_,S, along the I'-M direction at CDW state, re-
spectively. (c), (d) The schematic illustration of the density of state at
x = 5% and 8% Ti dopings, respectively.

The extracted Aj, Ay, and CDW gap sizes are summa-
rized in Fig. 5(d). As the temperature decreases through the
transition point, the Ay, A>, and CDW gaps open and gradu-
ally increase. As a comparison, the gap A, (x = 8%) is smaller
than the gap A (x = 5%), which is most probably due to the
band shift-up with the further increase of the doping level, as
shown in Fig. 3(g). The CDW gap is defined as the indirect
gap between the top of the band bending and the flat band at
x = 5% doping. For x = 8% doping, the flat band shifts up
above Ef, the CDW gap is estimated by the A,, which gives a
smaller value. We find that the CDW gap (A;) in the x = 8%
sample is larger than that in the x = 5% sample, as seen in
Fig. 5(d). It suggests that the CDW gap increases with fur-
ther Ti-doping, and the CDW strength becomes stronger with
the increase of the doping level. With the up-shift of the flat
band across EF, the filling factor of the flat band decreases to
zero, and thus the electron correlation driven Mott localiza-
tion should vanish at x > 8% Ti-doped system. A CDW to
insulator transition has been reported at the Ti-concentration
of about 8%—10% and is consistent with our result.!”! The fill-
ing control of the Mott insulator and its exotic behavior have
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been challenging for decades, such as high 7¢ superconductiv-
ity. The delicate fine-tuning of the filling factor of the flat band
in this TMDC with a smaller energy scale will provide another
testing ground for understanding the electron—electron corre-
lation phenomena, such as Mott-localization and quantum spin
liquid behavior.

4. Summary

In summary, we report the electron structure of the Ti-
doped 17-Ti,Ta;_,S, sample with different doping levels and
temperatures by ARPES measurements. In both x = 5% and
x = 8% dopings, the band bending due to the formation of SD
is observed. As the CDW gaps exist in both samples, the bot-
tom of the flat band is only observed at the low temperature in
the x = 5% sample but absent with further doping. The CDW
gap in x = 8% is larger than that in the x = 5% sample, indi-
cating that the CDW strength becomes stronger with further Ti
doping. As the ground state of 17-TaS; remains puzzling due
to many kinds of interactions, revealing the electron structure
of the doped 17-TaS; family with the variation of temperature
and doping will deepen our understanding of the strongly cor-
related physics in the layered materials and indeed needs more
theoretical exploration.
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