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How charge-density wave (CDW) is influenced by the change in the dimensionality is a fundamental question
in condensed-matter physics. Monolayer titanium ditelluride (TiTe,) undergoes 2 x 2 CDW despite the absence
of CDW in the bulk counterpart, whereas the mechanism of CDW is under intensive debate. Here we show that
the CDW of monolayer TiTe, can be conveniently switched by carrier tuning via controlling the Te ratio during
molecular-beam epitaxy or depositing potassium (K) atoms on the surface. This is demonstrated by monitoring
the CDW-induced 2 x 2 band folding using angle-resolved photoemission spectroscopy. Remarkably, the CDW
appears only when the inner hole pocket at the I" point and the elongated electron pocket at the M point show
partial Fermi-surface nesting. The present study suggests that the carrier doping is an effective method to pin
down the mechanism of CDW in atomic-layer transition-metal dichalcogenides.
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I. INTRODUCTION

Initiated by the discovery of a massless Dirac fermion in
graphene and associated quantum phenomena such as half
integer quantum Hall effect and valley Hall effect [1,2], a
search for new two-dimensional (2D) materials hosting exotic
physical properties is now becoming one of the central topics
in material science. Transition-metal dichalcogenides (TMDs)
offer an excellent platform to realize new 2D materials, not
only because bulk TMDs already show outstanding physi-
cal properties such as superconductivity, charge-/spin-density
wave (CDW/SDW), magnetic order [3], and exotic topolog-
ical phases [4-6], but also because its layered structure is
suitable to study the evolution of electronic states from the
bulk to the thinnest monolayer limit. Perhaps CDW is a most
fundamental and longstanding issue in the bulk and ultrathin
TMDs because many TMDs undergo CDW with a variety of
lattice periodicities, essentially due to the low-dimensional
(2D or quasi-2D) nature of electronic states which enhances
the electronic instability toward the CDW transition. Also,
since the CDW phase often appears in or close to other quan-
tum phases such as Mott-insulator [7,8], superconductivity
[9], and magnetic phases [10,11], its interplay (such as com-
petition and coexistence) has been fiercely debated.

Titanium ditelluride (TiTe,) with octahedral (17-) struc-
ture is an excellent platform to study the interplay between
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CDW and dimensionality, because it was reported to show
intriguing differences in the CDW properties between bulk
and monolayer. Bulk TiTe, is a simple semimetal [12] charac-
terized by the compensated quasi-2D hole pockets at the 1" /A
point and a strongly warped quasi-2D electron pocket at the
L point of the bulk Brillouin zone (BZ) [13,14] and it does
not exhibit CDW. On the other hand, the monolayer coun-
terpart [see Fig. 1(a) for the crystal structure] was recently
reported to show CDW accompanied by 2 x 2 superstructure.
This periodicity is identical to that observed in isostructural
monolayer TiSe; in which the CDW phase is proposed to be
stabilized by the condensation of excitons [15] as in the case
of bulk TiSe, showing similar 2 x 2 x 2 CDW [16-20]. Thus
the contrasting CDW behavior between bulk and monolayer
is a peculiar characteristic of TiTe,. To account for this un-
usual CDW, previous ARPES studies have proposed several
key ingredients such as electron-phonon coupling and orbital
selective hybridization [14,21], although the mechanism of
CDW is still unclear. Examination of the Fermi surface (FS)
nesting condition via controlling the carrier concentration is
useful to pin down the origin of CDW, whereas such studies
have not been reported in monolayer TiTe,.

In this article, we report angle-resolved photoemission
spectroscopy (ARPES) investigation of monolayer TiTe,
on bilayer graphene grown by the molecular-beam epitaxy
(MBE) method. By controlling the annealing temperature

©2023 American Physical Society
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FIG. 1. (a) Schematic view of crystal structure of monolayer 17 —TiTe,. (b) RHEED pattern of TiTe, grown on bilayer graphene/SiC.
Electron beam is incident along the [1100] direction of the SiC substrate. (c) EDCs of monolayer 17 —TiTe, measured along the MI"M
cut at 7 = 180 K with ~v = 80 eV. (d) (Left) Plots of ARPES intensity and (right) corresponding second-derivative intensity of monolayer
1T —TiTe, along the MI"M cut at T = 180 K. (e) Calculated band structure of monolayer 17 —TiTe, obtained with the first-principles band
calculations. (f) Same as (d) but measured at 7 = 30 K. White arrows highlight folded bands associated with the formation of 2 x 2 CDW.
(g) BZ of 1T —TiTe, in the normal phase (black solid line) and the 2 x 2 CDW phase (blue broken line).

during epitaxy or depositing K atoms on the surface, we  mechanisms such as FS nesting and exciton condensation, by
have succeeded in systematically controlling the carrier  also comparing the band structure with isostructural TiSe,.

concentration in a wide doping range from a slightly
hole-doped to a heavily electron-doped region. As a
consequence, we found that the 2 x 2 CDW appears only in
a very narrow doping range in which the electron and hole A. Sample fabrication

carriers are compensated. We discuss the implications of the The high-quality monolayer TiTe, film was grown on bi-
present results in relation to the fermiology and various CDW  layer graphene by the MBE method [7,8,15]. First, bilayer

II. EXPERIMENTS AND CALCULATIONS
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graphene was fabricated by resistive heating of n-type 4H-
SiC(0001) single-crystal wafer at 1100 °C for 30 min under
high vacuum better than 1.0 x 10~° Torr. Subsequently, a
monolayer TiTe, film was grown by evaporating Ti atoms on
the bilayer graphene substrate kept at 400440 °C in the Te-
rich atmosphere and then the as-grown monolayer TiTe, film
was annealed for 30 min at 400 °C. The growth process was
monitored by the reflection high-energy electron diffraction
(RHEED). After the growth, the film was transferred to the
ARPES measurement chamber without exposing it to air. As
seen in Fig. 1(b), the RHEED pattern for the TiTe, film shows
a sharp 1 x 1 streak pattern, confirming the high crystallinity
of film.

B. ARPES measurements

ARPES measurements were carried out using a DA-30
electron energy analyzer with a microfocused synchrotron-
radiation at the beamline BL-28A of Photon Factory (KEK)
[22] and a MBS Al electron energy analyzer at the beamline
BL5U in UVSOR. The energy and angular resolutions were
set to be 25-50 meV and 0.2-0.3°, respectively. The Fermi
level (Ef) of the sample was calibrated with a gold film de-
posited onto the substrate. The potassium (K) deposition was
carried out using a K dispenser (SAES Getters) in a vacuum
of ~1.0 x 10~° Torr.

C. Band-structure calculations

First-principles band-structure calculations were carried
out by using the QUANTUM-ESPRESSO package [23,24] with
generalized gradient approximation [25]. The plane-wave cut-
off energy and uniform k-point mesh were set to be 60 Ry and
12 x 12 x 1, respectively. The thickness of the inserted vac-
uum layer was set to be more than 10 A to prevent interlayer
interaction.

III. RESULTS AND DISCUSSION

A. Electronic structure of monolayer TiTe,

First we present the electronic states of pristine monolayer
TiTe,. Figure 1(c) shows energy distribution curves (EDCs)
in the valence-band region measured along the I'M cut of
the hexagonal BZ at T = 180 K above the CDW transition
temperature (Tcpw ~ 90 K). One can recognize a couple
of hole bands crossing Er centered at the I" point and a
shallow electron band in the vicinity of Ep centered at the
M point, which are assigned to the Te 5p and Ti 3d orbitals,
respectively [13,14]. Corresponding ARPES-intensity and
second-derivative plots shown in Fig. 1(d) signify an
M-shaped band around the I" point at ~1.5 eV besides the
I"-centered hole and M-centered electron bands, in reasonable
agreement with the calculated band structure of monolayer
1T —TiTe, shown in Fig. 1(e). These results indicate that
pristine monolayer TiTe, is a compensated semimetal with
a negative band gap, consistent with the previous studies
[13,14]. As shown in the left panel of Fig. 1(f), the overall
ARPES intensity at 7 = 30 K appears to be similar to that
at T =180 K. On the other hand, there exists an extra
intensity below the electron band at the M point at 7 = 30 K

as indicated by a white arrow. Such an extra intensity is
completely absent at 7 = 180 K. As seen from the second
derivative intensity plot in the right panel of Fig. 1(f), this
extra feature is the replica of the two hole bands at the I" point
which are folded to the M point due to the 2 x 2 periodic
potential of CDW [14,21,27], as also clearly seen from the
momentum distribution curves (MDCs) around the M point
(see Fig. S1 in the Supplemental Material [26]). Moreover, by
following the periodicity of reconstructed BZ [see the original
and reconstructed BZs in Fig. 1(g)], the shallow electron band
at the M point is folded back to the I" point (see Fig. S2 in
Supplemental Material [26]). These results strongly suggest
that the electronic structure at 7 = 30 K is reconstructed by
the formation of 2 x 2 CDW, consistent with the previous
reports [14,21,27]. We estimated the intensity ratio of folded
hole bands around the M point relative to that of the main
hole bands around the I" point to be ~10%, which is distinct
from the case of 7 = 180 K in which the intensity ratio is 0%
because of the complete absence of the folded hole bands.
It is also noted that the spectral weight of folded bands is
much weaker than that of isostructural monolayer TiSe, (and
also bulk TiSe,) [15,18,19,28,29]. We will come back to this
point later.

B. Carrier doping effect on the CDW

Next, we present how the CDW is influenced by the change
in the carrier concentration. While the previous studies have
focused on the experiments on the pristine sample, we are
able to modulate the carrier concentration by adopting two
methods, i.e., (i) changing the substrate temperature 7; during
the epitaxy to effectively control the stoichiometry of the
sample and (ii) systematically depositing potassium (K) atoms
on pristine TiTe,. Figures 2(a)-2(c) show (top panel) ARPES
intensity and (bottom panel) corresponding second derivative
intensity plots along the I"M cut, measured at 7 = 40 K, for
three different 7; values of 400, 420, and 440 °C, respectively;
note that the data for 7; = 420 °C were already presented in
Fig. 1. One can recognize a systematic change in the band
structure upon increasing 7. For example, the bottom of the
electron band at the M point systematically moves downward
to cause the expansion of the electron pocket. Also, kg points
of the hole bands move toward the I" point, being associated
with the shrinkage of the hole pockets. These changes are
more clearly visualized in the ARPES intensity at Er plotted
as a function of a 2D wave vector in Figs. 2(d)-2(f). From
the size of electron and hole pockets in the FS mapping (see
red circles and dashed black curves), we have estimated the
electron and hole carrier concentrations for the 7; = 420 °C
sample to be ~0.08¢~ and ~0.08k*, respectively (for details
to estimate the carrier concentration, see Supplemental
Material S3 [26]). This suggests the effectively zero total
carriers and the well compensated nature. Thus one can
define this sample as a “pristine” sample. On the other hand,
we have estimated the total carrier for the 7, = 400 °C and
440 °C samples to be ~0.06h" and ~0.37¢~, respectively,
indicative of the violation of the compensated nature. These
results suggest that the tuning of 7; works as an effective
method to control the carrier concentration. We speculate
that the annealing at slightly higher temperature than
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FIG. 2. (a)—(c) (Top) Plots of ARPES intensity and (bottom) corresponding second-derivative intensity along the M I"M cut for monolayer
TiTe, grown at the substrate temperature of 7, = 400, 420, and 440 °C, respectively. (d)—(f) Plots of ARPES intensity as a function of 2D
wave vector integrated within an energy window of Er £ 50 meV for the films shown in (a)—(c). Blue arrow in (e) corresponds to the 2 x 2
nesting vector qcpw. Red circles are kg points determined by tracing the band dispersion and black curves are experimental FS determined
from the estimated kg points. (g)—(i) K-dosing dependence of the ARPES intensity and corresponding second-derivative plots for the K dosing
time of tx = 6, 12, and 24 min, respectively. (j)—(1) Same as (d)—(f) but for the films shown in (g)—(i). (m) Temperature dependence of EDC
measured at the Kg point of the inner hole pocket shown in the inset (red circle). (n) Plot of leading-edge shift as a function of temperature
which signifies Tcpw of ~90 K. (0) EDCs at T = 30 K on the ellipsoidal electron pocket at the M point obtained at representative kg points
(points 1-5) shown in the inset. (p) Corresponding symmetrized EDCs. Peak position is indicated by blue circles. (q) Plot of leading-edge shift
(red circles) in the EDCs and peak position in symmetrized EDCs (blue circles) at five representative kg points (points 1-5). (r) Schematic FS
topology for hole-doped, pristine, and electron-doped monolayer TiTe,. Horizontal dashed lines represent the size of the inner hole pocket.

qcpw is also shown by red arrow.

the optimal value of 7; = 420 °C produces Te deficiencies in
the film that work as an electron donor. On the other hand,
annealing at a slightly lower temperature than the optimal
one creates Te adatoms on the film that work as an effective
accepter probably due to the slightly larger work function of
Te (4.95 eV) [30] than that of TiTe, (4.86 eV) [31].
Interesting physics manifests itself when we carefully
monitor the folded bands at the M point. While the T; =
420 °C sample apparently shows replica hole bands at the
M point due to CDW [arrows in the top and bottom panels
of Fig. 2(b)], the replica bands are not seen for both the
T, = 400 °C [Fig. 2(a)] and 440 °C [Fig. 2(c)] samples. This
suggests that CDW appears only in a narrow carrier concen-
tration range around the zero total carrier in both the hole-
and electron-doped regions. To further examine the evolution
of band structure upon carrier doping, we have systemati-
cally deposited K atoms on the pristine sample (7; = 420 °C)
and show in Figs. 2(g)-2(i) the ARPES intensity for the K
dosing time 7 of 6, 12, and 24 min. It is evident that the
dosing of K atoms systematically moves the electron and hole
bands downward indicative of electron doping into the sys-
tem, similarly to the case of increasing 7. The effective total
carrier estimated from the FS volume shown in Figs. 2(j)—
2(1) is ~0.07¢~, ~0.21e¢™, and ~0.39¢~ for tx = 6, 12, and
24 min, respectively. These values correspond to the effective
K coverage of 7, 21, and 39% per TiTe; unit cell, under the
assumption that one K atom donates one electron to a TiTe,

layer. As can be seen from Figs. 2(g)-2(i), folded bands are
always absent irrespective of 7x. This suggests that CDW ap-
pears only at the zero doping where electron and hole carriers
are compensated.

C. Observation of a CDW gap

To clarify the CDW transition temperature (7cpw) in
monolayer TiTe,, we have performed the temperature-
dependent ARPES measurements near Eg. Figure 2(m) shows
the EDC:s at the kg point on the inner hole pocket around the I”
point measured at various temperatures (7" = 30-230 K). One
can see that the leading-edge midpoint is shifted toward higher
Eg by 2-10 meV at T = 30 K, accompanied by a two-peaked
structure (black arrows). The peak closer to Ef is associated
with the CDW-gap opening, whereas that at higher Ep is pro-
duced by the electron band folded from the M point due to the
2 x 2 CDW formation [21]. On increasing temperature, the
leading-edge midpoint gradually moves toward Er and finally
reaches Ep at T = 90 K, suggesting that the CDW sets in at
~90 K. We found that the CDW gap opens also on the electron
pocket at the M point and it is strongly anisotropic. As seen
from Fig. 2(0), there is a peak at 70 meV in the EDC at the kg
point along the shorter axis of the ellipsoidal pocket (point 5 in
the inset) where the FS of the ellipsoidal pocket overlaps well
with the folded inner hole pocket. This peak exhibits a finite
leading-edge shift toward higher Ep (see vertical black line
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FIG. 3. (a) ARPES-intensity plots of monolayer TiSe, measured
along the I'M cut in the CDW phase. (b) Schematics of the overall
band structure for monolayer TiSe,. (c), (d) Same as (a) and (b) but
for monolayer TiTe,.

and arrows) due to the CDW-gap opening. On approaching the
longer axis of the ellipsoidal pocket (from point 5 to point 1),
the peak systematically approaches Er and the leading-edge
shift eventually vanishes. This strong k dependence is better
visualized in the symmetrized EDCs in Fig. 2(p) as well as the
plot of peak position in the symmetrized EDCs and leading-
edge shift in Fig. 2(q). From the analyses of the FS, we found
that the inner hole pocket at I” and the elongated electron
pocket at M partially overlap by the 2 x 2 q vector (qcpw)
in the pristine sample, as schematically shown in Fig. 2(r).
We will come back to this point later.

D. Mechanism of CDW

Now that the band structure of pristine and doped mono-
layer TiTe, is established, an important question is the
mechanism of CDW in monolayer TiTe,, which occurs only
in the pristine sample. We compare in Fig. 3 the band
structure between monolayer TiTe, and isostructural mono-
layer TiSe, which also undergoes a 2 x 2 CDW below
~240 K [15,28,29,32]. In the CDW phase of monolayer
TiSe, [Fig. 3(a)], replica hole bands with a sizable inten-
sity at the M point associated with the exciton condensation
are seen, in line with its indirect zero-gap semiconduct-
ing nature which does not satisfy the FS-nesting condition
[15]. The exciton condensation is associated with the strong
Coulomb interaction between electron and hole [Fig. 3(b)]
[16-20] and gives rise to a sizable energy gap (exciton gap)
of ~0.2 eV [18-20]. On the other hand, monolayer TiTe; is
a semimetal with a negative band gap [Fig. 3(c)] so that it
is hard to stabilize excitons because of the strong screening
by mobile carriers [Fig. 3(d)]. Thus the exciton conden-
sation mechanism is unlikely to account for the observed
2 x 2 CDW in monolayer TiTe, as discussed in the previous
studies [13,14].

There are some other mechanisms to possibly account for
the CDW in TiTe,, such as (i) disorder effect, (ii) electron

scattering between van Hove singularities [33-35], (iii) the
Jahn-Teller distortion [36], (iv) strong electron-phonon cou-
pling [37-40], and (v) FS nesting. Scenario (i) is unlikely
because we observed that the quasiparticle lifetime remains
unchanged even in the K-deposited (fx = 6 min) sample in
which the CDW is absent (see Fig. S5 in the Supplemental
Material [26]). Scenario (ii) is also ruled out because the
band structure in the normal state does not contain van Hove
singularities. For scenario (iii), the Jahn-Teller distortion is
generally accompanied by the change in the atomic arrange-
ment and the crystal symmetry, leading to the energy shift of
bands, band folding, and sometimes lifting of band degener-
acy. We found that the energy position of bands (such as the
M-shaped band at 1.6-2.0 eV at the I" point, two hole bands
dispersing toward Er around the I" point, and the electron
band at the M point) shows no apparent difference between
T =180 K and 30 K [Figs. 1(d) and 1(f)] except for the
energy-gap opening in the vicinity of Eg. This implies that
the influence of Jahn-Teller distortion to the electronic states
(if it exists) may be rather small, while a structural experiment
to determine the exact amount of distortion needs to be further
carried out. For scenario (iv), we found that a kink in the
energy dispersion, a hallmark of a strong electron-phonon
coupling, is not clearly observed in monolayer, in contrast to
the case of bulk TiTe, [40] (see Fig. S4 in the Supplemental
Material [26]). Since the possibility of insufficient energy
resolution is not fully excluded at the moment to account
for the absence of kink, further examination of this scenario
requires higher-resolution ARPES data and the experimental
determination of phonon dispersion below and above Tcpw.
We think that the most plausible scenario is (v) the FS nesting.
As shown by the schematic FS topology for three different
doping levels (hole-doped, pristine, and electron-doped) in
Fig. 2(r), the inner hole and elongated electron pockets are
partially nested with each other in the pristine sample. In
fact, we identified an energy gap on the hole pocket below
~90 K associated with the CDW gap, as already demonstrated
in Fig. 2(m) (note that the gap opening associated with the
overlap between the inner hole pocket and the shorter axis
of electron pocket is consistent with the proposed orbital-
selective band hybridization [14]). Also, the observation of an
anisotropic CDW gap on the electron pocket at the M point is
well explained in terms of the FS nesting, because the overlap
between the folded hole pocket and the ellipsoidal electron
pocket becomes gradually small on approaching point 1 from
point 5 as seen in Fig. 2(0), in accordance with the closure of
the CDW gap. On the other hand, the FS overlap becomes ill
defined in the hole- (top panel) and electron-doped (bottom
panel) regimes and no clear signature of the CDW gap was
observed in these samples. Specifically, in the hole-doped
sample, the electron pocket shrinks and the kp point along
its shorter axis becomes smaller than that of the inner hole
pocket. In the heavily electron-doped sample, the electron
pocket significantly expands and its kg point becomes larger
than that of the outer hole pocket. As a result, the FS of the
pristine sample accidentally shows a relatively good nesting
condition compared to the doped samples. One may wonder
by comparing Figs. 2(e) and 2(j) why the CDW is absent
in the fx = 6 min sample which seems to still satisfy the
partial nesting condition. While the reason is unclear at the
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FIG. 4. (a), (b) Intensity plots of Re[x(q)] obtained from the
calculated FS for the pristine and electron-doped monolayer TiTe,,
respectively. Inset shows the calculated FS. Difference in the chemi-
cal potential is 0.1 eV between (a) and (b).

moment, we speculate that the expansion of the longer axis
of the ellipsoidal electron pocket in the fx = 6 min sample
effectively reduces the ratio of the nested k region with respect
to the total FS region, making the CDW relatively unstable.
To further examine the scenario of FS-nesting-driven CDW,
we calculated the electronic susceptibility xo(q) based on the
results of our DFT calculations. Specifically, we calculated
the q (momentum transfer) dependence of the real part of
xo(q) (Re[xo(q)]), based on the calculated FS for monolayer
TiTe,. As seen in Fig. 4(a), a local maximum of Re[xo(q)]
is located at q = 1/2G corresponding to the M point (G:
reciprocal lattice vector) in pristine nondoped TiTe,. This
feature is associated with the FS nesting between the inner
hole pocket and the ellipsoidal electron pocket. On the other
hand, in electron-doped TiTe, (nearly corresponding to the
case of 7y = 12 min), the bright spot is absent at q = 1/2G
[Fig. 4(b)], consistent with the absence of the 2 x 2 CDW
in the electron-doped samples. Thus our experimental finding
that the FS-nesting-driven CDW is realized only around the
nondoped region is supported by the calculated electronic
susceptibility. Since appearance/absence of the 2 x 2 CDW in
monolayer TiTe; is sensitive to the FS topology, it is inferred
that the FS-nesting-driven CDW in monolayer TiTe, is more
fragile compared to the exciton-condensation-driven CDW in
monolayer TiSe,. The reason why CDW is absent in bulk,
but not in monolayer, would be due to the difference in the

dimensionality of the FS between bulk and monolayer; i.e.,
bulk TiTe, shows a strong warping effect along k, for the
electron pocket at the M /L point which does not favor the
FS nesting, instead of the purely 2D pocket in the monolayer
case. The high controllability of the FS topology for mono-
layer TiTe, established in this study is thereby useful to switch
normal metallic and CDW phases. A next step is to search
for exotic quantum phases such as superconductivity in the
proximity to the CDW phase by perturbing the system using,
e.g., electrical gating and/or chemical doping.

IV. CONCLUSION

In conclusion, we performed a high-resolution ARPES
study on monolayer 17 —TiTe, grown on bilayer graphene.
We have succeeded in controlling the carrier concentration in
a wide range, by using two independent methods, controlling
the substrate temperature during epitaxy and K dosing on the
sample. We found that the 2 x 2 CDW, as characterized by
the band folding, is fragile against carrier doping and emerges
only at the effectively zero doping level with the electron and
hole compensation. The present study points to importance of
carrier tuning to clarify the mechanism of CDW in monolayer
TMDs.
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