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Second-harmonic generation in atomically thin 1T -TiSe2 and its possible origin from charge density
wave transitions
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Optical second-harmonic generation (SHG) can only occur in noncentrosymmetric crystals in the leading
electric-dipole approximation. Transition metal dichalcogenides with the 1T octahedral coordination is cen-
trosymmetric, hence precluding SHG. Here we report the surprising observation of SHG in atomically thin
1T-TiSe2, a prototypical charge density wave (CDW) material. Its intensity peaks in the trilayer, reaching 2%
of that in monolayer MoS2, a two-dimensional crystal featuring pronounced nonlinear optical effect. The SHG
signal exhibits a sixfold polarization dependence characteristic of a lattice with threefold rotational symmetry.
It monotonically decreases with increasing temperature and persists at room temperature. Raman spectroscopy
demonstrates that the CDW order is robust in atomically thin samples, with the transition temperature slightly
lower than in the bulk. The SHG can be explained by the lattice distortion associated with the CDW as well as its
fluctuation above the transition temperature. These results challenge the exciton insulator scenario and the chiral
nature of the CDW, but support the band Jahn-Teller mechanism. Our work demonstrates SHG as a sensitive
probe of the stacking order of the CDW in 1T-TiSe2 and enriches the material base for nonlinear optical effects.
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I. INTRODUCTION

Monolayer two-dimensional (2D) materials exhibit rich
electronic properties owing to the enhanced quantum effect
in confined dimensions and their susceptibility to external
stimuli. The stacking of monolayers can dramatically modify
their electronic properties, as highlighted by the recent de-
velopment in 2D correlated electronic phases. For instance,
interlayer tunneling is the key to engineering the flat band
in magic-angle twisted bilayer graphene [1,2], which harbors
correlated insulating states and unconventional supercon-
ductivity. In another example, both CrI3 and CrBr3 order
ferromagnetically in their monolayer form, but their bilayers
are antiferromagnetic and ferromagnetic, respectively, gov-
erned by the stacking-dependent exchange coupling [3,4].
Charge density wave (CDW) is another type of quantum state
commonly found in 2D metals [5], exhibiting simultaneous
periodic charge modulation and lattice distortion. While 2D
CDW has been shown ubiquitous [5], the role of stacking
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order on the CDW ground state remains poorly understood
[6,7].

1T-TiSe2 (referred to as TiSe2 hereafter) is a canonical
CDW material, featuring a commensurate transition at ap-
proximately 200 K into a 2a0 × 2a0 × 2c0 distorted lattice
[8]. The CDW involves atomic displacement associated with
wave vectors connecting the � point and the three equivalent L
points in the reciprocal space, superimposed to form a triple-q
state [8]. The mechanism of the CDW remains controversial
and lively discussed [8–19]. With Cu intercalation [20], pres-
sure tuning [21], or electron doping [22], the CDW phase is
suppressed and a superconducting dome emerges, offering a
rare platform to explore the interplay between these phases.
Recently, atomically thin TiSe2 has been produced using a va-
riety of methods [23–33], consistently showing CDW but with
disparate thickness dependence of the transition temperature.
Chiral superconductivity was predicted to occur in monolayer
TiSe2 after quenching a possible imaginary CDW order [34].
Intriguingly, experimental evidence suggests that the CDW
phase is also chiral [35–37], which involves helical stacking
of the CDW components, instead of the typical stacking of
2D CDW layers. This view was, however, challenged by later
works [38–41]. Although transient reflectivity initially lent
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credence to the twofold rotational symmetry characteristic
of the chiral CDW state [35], no further evidence has been
reported to confirm such a symmetry. Moreover, since the
chiral CDW rests upon the 2c0 periodicity along the stacking
direction, it remains unknown whether the stacking order is
retained in the 2D limit to support this phase.

Optical second-harmonic generation (SHG) has been
proven effective to characterize the crystal symmetry and the
interlayer stacking in 2D materials. A prime example is the
trigonal-prismatic transition metal dichalcogenides, for which
SHG establishes distinct layer-number dependencies for the
2H- and 3R-type stacking [42–46]. The lattice symmetry is
encoded in the second-order nonlinear susceptibility χ (2), en-
abling the determination of the crystal orientation [42–45].
The SHG technique also provides a sensitive probe of phase
transitions in 2D, such as the antiferromagnetic order in bi-
layer CrI3 [47] and the ferroelectric order in atomically thin
In2Se3 [48,49]. As we show in this work, the CDW-related
lattice distortion in TiSe2 makes it possible to probe the sym-
metry and the stacking order of its CDW phase.

Here we report a combination of Raman scattering and
SHG study on TiSe2 from bulk down to bilayer, the thinnest
obtained in this work. The samples are well protected by
encapsulation, enabling us to investigate their intrinsic proper-
ties, which sets this work apart from prior reports on samples
prone to degradation [23,24]. The Raman data show the CDW
amplitude mode from bulk down to bilayer, demonstrating
the persistence of the CDW order in atomically thin TiSe2.
The CDW transition temperature (TCDW) is found to weakly
depend on the sample thickness, only slightly suppressed in
the 2D limit. SHG is observed in samples of all thickness and
reaches a maximum in the trilayer. Furthermore, it decreases
monotonically with increasing temperature and persists above
TCDW. Employing first-principles calculations, we will recon-
cile the observation of SHG in this otherwise centrosymmetric
crystal with the characteristics of the CDW-related lattice
distortion as well as its fluctuation up to room temperature.

II. RAMAN CHARACTERIZATION OF CDW
TRANSITIONS

Figure 1(a) shows a schematic for the TiSe6 octahedron,
which is centrosymmetric with the Ti atom as the inversion
center. Such octahedra form the monolayer TiSe2 by edge
sharing, as shown in Fig. 1(b), and bulk TiSe2 consists of
the monolayers vertically stacked by van der Waals forces.
Figure 1(c) shows the low-frequency Stokes and anti-Stokes
Raman modes in few-layer TiSe2. Two sets of peaks can be
identified, both blue shifting upon reducing the layer num-
ber. These have been previously assigned as the interlayer
shear modes [24]. The peak positions are shown in Fig. 1(d),
with the lower branch following the form [1 − cos(π/N )]1/2,
where N is the layer number. For thicker samples we rely on
atomic force microscopy to determine their thickness. Apart
from these low-frequency modes, the crystal lattice features
two Raman-active phonon modes with Eg and A1g symmetry
[50] [see Fig. 1(e)]. These are associated with the in-plane and
out-of-plane vibrations of the Se atoms in the unit cell.

FIG. 1. (a) Exaggerated illustration of octahedral coordination of
TiSe2 in 1T and CDW phases for the topmost TiSe6 octahedron in
(b). (b) 2 × 2 lattice reconstruction in the CDW phase in a monolayer
unit. The arrows represent directions of the atomic displacement with
respect to the pristine lattice, with the blue and red colors for the
Se atoms in the plane above and below the Ti plane, respectively.
(c) Low-frequency Raman spectra of few-layer TiSe2 measured at
300 K in the cross polarization configuration. The peak positions are
shown in (d). The solid line is a fit to [1 − cos(π/N )]1/2. (e)–(g) The
Eg and A1g phonon modes and the CDW-induced modes in bulk and
bilayer TiSe2. XX and XY denote data collected in the collinear and
cross polarization configurations, respectively.

When the CDW transition sets in, a fraction of Ti and Se
atoms experience in-plane displacement, forming a superlat-
tice. The commonly accepted superlattice pattern is illustrated
in Fig. 1(b) [8]. The space group D3

3d for the high-temperature
phase changes to D4

3d [50]. Clear CDW-induced Raman modes
are observed in both bulk and bilayer samples [see Figs. 1(f)
and 1(g)]. These are the characteristic CDW amplitude modes
[51–53], attributed to the collective excitations associated
with the amplitude of the complex order parameter. Their
observation immediately proves the persistence of the CDW
phase in atomically thin TiSe2. Figure 1(g) shows that on the
one hand the bilayer A1g mode has a linewidth comparable to
that of the bulk, indicating the absence of degradation-induced
broadening; on the other hand the amplitude modes in the
bilayer are significantly broader, suggesting a less coherent
CDW phase.

We carried out a comprehensive temperature- and
thickness-dependent Raman characterization of the CDW
transition. Figures 2(a)–2(c) are the intensity maps for bulk,
trilayer, and bilayer samples. The most pronounced feature
is the amplitude mode slightly below 80 cm−1. The mode
is weaker in the trilayer than in the bulk, but appears to be
enhanced in the bilayer. Note that the large background in
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FIG. 2. (a)–(c) Temperature-dependent Raman scattering intensity maps for bulk, trilayer, and bilayer TiSe2 measured in the cross
polarization configuration. The intensities have been normalized to that of the corresponding maximum of the CDW amplitude mode.
(d) Temperature dependence of the integrated intensity for the amplitude mode, normalized to the value at 4 K. (e),(f) Temperature dependence
of the linewidth and frequency of the Eg phonon. The latter is also overlaid on (a)–(c). Error bars are standard deviations from the peak fitting.

Fig. 2(c) gives a false impression of the enhanced amplitude
mode. By integrating the mode with respect to a linear back-
ground (see Supplemental Material Fig. S1 [54]), we obtain
its temperature dependence, shown in Fig. 2(d). The mode is
overdamped just below the transition, causing the long tail
in the temperature dependence shown in Fig. 2(d), so that
accurate determination of TCDW is challenging. Nevertheless
TCDW appears weakly dependent on thickness and slightly
suppressed (by less than 20 K) in atomically thin samples.

The weak thickness dependence of TCDW is also supported
by the linewidth of the Eg phonon mode. Figure 2(e) shows
that irrespective of the sample thickness, upon cooling, the
linewidth first remains almost unchanged and then mono-
tonically decreases below 180 K. This correlates well with
the temperature dependence of the electronic scattering rate
in bulk TiSe2 [13]. It was shown that the CDW transition
is accompanied by partial gapping of the Fermi surface and
reduction of the carrier density. These cause the sharp sup-
pression of electronic scattering and the concomitant increase
of the phonon lifetime due to the reduced electron-phonon
coupling, hence the reduction of the phonon linewidth below
TCDW. The inflection point at approximately 180 K in Fig. 2(e)
therefore signifies the CDW transition. Previous work used
the maximum in the Eg mode frequency as a criterion to
determine TCDW [24]. It works for the bulk sample, but fails for
the bilayer because no clear maximum exists [see Fig. 2(f)].
The Eg mode frequency exhibits a peculiar dichotomy be-
tween its thickness-dependent temperature dependence and
its highly consistent value deep in the CDW phase. This
suggests that the formation of CDW significantly weakens the
interlayer coupling that gives rise to thickness-dependent Eg

mode frequency above TCDW. This picture is also supported
by the weakened shear mode intensity upon entering the CDW
phase, clearly shown by the data in Figs. 2(b) and 2(c).

III. OBSERVATION AND CHARACTERIZATION OF SHG

We now turn to the most important finding of this work—
the observation of SHG in TiSe2. Figure 3(a) shows the
spectrum of the fundamental excitation as well as of the SHG.
The 1:2 energy ratio verifies the SHG process. Figure 3(b)
shows that the SHG intensity scales quadratically with the
fundamental power, in excellent agreement with expectation.
The sixfold polarization dependence shown in Fig. 3(c) indi-
cates a threefold rotation symmery of the underlying lattice.
Fiure 3(d) compares the SHG signal from 2H-MoS2 and
TiSe2 of different thickness, measured under the same con-
ditions (sample on sapphire substrate, incident power of 2
mW, integration time of 1 s, 4 K, polarization selected to
maximize SHG). Although the SHG in the trilayer TiSe2 is
only about 2% of that of monolayer MoS2, this is remarkably
strong, considering that monolayer MoS2 is among the best
2D crystals exhibiting nonlinear optical effects, and that the
intensity of trilayer TiSe2 is 20 times greater than that of
the centrosymmetric bilayer 2H-MoS2. We further note that
the SHG is highly sensitive to sample quality. We observed
degradation caused by illumination of ultrafast laser pulses
on an unprotected trilayer sample (see Supplemental Material
Note 1 [54]). A less coherent CDW state with TCDW reduced
by about 20 K is accompanied by a 25-fold suppression of the
SHG intensity.
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FIG. 3. (a) Spectrum showing the fundamental excitation cen-
tered at 810 nm and the SHG at 405 nm. (b) Power dependence
of the SHG intensity, showing a quadratic relation. (c) Polarization
dependence of the SHG in trilayer TiSe2 at 4 K. The filled and
open symbols represent data collected in the collinear and cross
polarization configurations, respectively. The solid lines are fits to
sin2 (3θ ) and cos2 (3θ ). (d) SHG intensity for 2H-MoS2, 1T-TiSe2,
1T-TiS2, and 1T-HfS2 under equivalent experimental conditions.
Layer numbers are specified on top of the bars.

Figure 4(b) shows the spatial mapping of the SHG inten-
sity of an exfoliated TiSe2 sample. The corresponding optical
image is shown in Fig. 4(a), with the layer numbers labeled,
and a larger-scale image is included in Supplemental Material
Fig. S2 [54]. Clear thickness dependence is observed, which
is quantified in Fig. 4(c). The maximum in the trilayer was re-
produced in multiple samples (see Supplemental Material Fig.
S3 [54]). Because the whole flake derives from the same crys-
tal, polarization-dependent measurements show that regions
of different thickness exhibit the same orientation [see inset
to Fig. 4(c)]. Figure 4(d) shows the temperature dependence
of the SHG. It monotonically decreases by about 40% from 4
to 300 K and shows no clear signature of the CDW transition,
regardless of the sample thickness.

IV. ORIGIN FOR THE SHG

The observation of strong SHG in TiSe2 is unexpected
given the centrosymmetric structure of the typical octohedral
1T coordination. Because of the normal-incidence measure-
ment configuration, the electric-quadrupole contribution is
unlikely to dominate [55]. The clear thickness dependence
of the SHG suggests its dominant contribution from the bulk
rather than from the surface. One possibility is that the TiSe6

octrahedra are distorted, as typically found in the distorted
octahedral coordination. Indeed, SHG has been observed in
1T ′-MoTe2 [56,57], 1T ′-ReS2 [58], and Td -WTe2 [59]. How-
ever, the SHG for these materials only appears in even-layer
samples and shows twofold polarization dependence. In fact,
if such distortions were present, the space group of the normal

phase should have been entirely different, giving rise to char-
acteristic Raman-active phonon modes [56]. Our observation
of just the Eg and A1g phonons at 300 K for the D3

3d space
group rules out this possibility. This leaves the CDW-related
lattice distortion as a natural explanation for the SHG. At first
glance, this conclusion seems at odds with the persistence of
SHG above TCDW. However, at room temperature, electron
and x-ray diffraction on bulk samples revealed diffuse scat-
tering showing the CDW superlattice periodicity [60], x-ray
scattering found CDW correlation [61], and angle resolved
photoemission spectroscopy measurements showed gap open-
ing [14,26,62], all attributed to local fluctuations into the
CDW superlattice. More strikingly, scanning tunneling mi-
croscopy study at room temperature revealed disconnected
but highly oriented triangular structures occupying a sizable
fraction of the lattice [63], with their possible origin related
to excess Ti atoms [64], which induce Jahn-Teller distortion
[9,65] and act as nucleation centers for the CDW [66]. The ob-
servation of the SHG above TCDW could be another indication
for the strong fluctuation effects, in the sense that the system
is unstable in the normal phase, with a tendency to lower its
energy by locally distorting the lattice. The locally distorted
clusters still lock to the pristine lattice, explaining the same
polarization dependence as that in the coherently ordered low-
temperature phase, shown in the inset to Fig. 4(d).

The sixfold polarization dependence is compatible with the
established superlattice pattern for TiSe2 shown in Fig. 1(b).
In those octahedra where the Ti atoms remain undisplaced, the
Se atoms in the planes above and below the central Ti plane
rotate in opposite directions, with a tendency to transform
to the trigonal prismatic coordination seen in the 2H-type
transition metal dichalcogenides. This forms the basis of the
band Jahn-Teller effect that was thought to drive the CDW
formation in TiSe2 [9]. Such distortion, as shown in Fig. 1(a)
breaks the inversion symmetry and induces SHG. Moreover,
an in-plane threefold rotational symmetry of the distorted lat-
tice can be identified, with the rotation axis going through any
atom that remains undisplaced. For samples thicker than one
monolayer, the superlattice features a 2c0 periodicity along
the c axis [8,10,50]. First-principles calculations confirm that
the system is indeed more stable when the two adjacent dis-
torted monolayers are stacked out of phase [67]. This stacking
order restores the inversion symmetry in the bilayer, with
the inversion center situated midway in the van der Waals
gap, and should eliminate SHG, similar to that in 2H-MoS2

[42]. However, TiSe2 is highly absorbing in the optical and
infrared frequency range [13]. As we show below, this can
cause incomplete cancellation of the contributions from the
constituent monolayers and hence SHG remains finite.

The thickness dependence shown in Fig. 4(c) can be under-
stood along this line. Assuming each monolayer contributes
a nonlinear dipole P j

2ω = χ (2)E2(ω) and considering antipar-
allel stacking for the CDW phase, the components in all N
layers superimpose to yield the total SHG intensity I2ω =
| ∑N

j=1 P j
2ωeiφ j |2, with φ j alternating between 0 and π . Tak-

ing into account finite absorption when the fundamental and
second-harmonic electromagnetic waves propagate through
the material, one can qualitatively explain the nonmonotonic
thickness dependence for samples thinner than tetralayer and
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FIG. 4. (a) Optical image of exfoliated TiSe2 with layer numbers labeled. Scale bar: 5 μm. (b) SHG intensity map for the sample in
(a) measured at 4 K in the cross polarization configuration. (c) Thickness dependence of the SHG intensity, corresponding to the statistical
average of the signal in different regions in (b). Error bars are standard deviations from the statistical analysis. The inset shows the polarization
dependence measured in the trilayer and 6-layer regions. (d) Temperature dependence of the SHG intensity for bilayer, trilayer, and 22-layer
TiSe2, normalized to the corresponding value at 4 K. Error bars are derived from repeated measurements. The inset shows the polarization
dependence for the trilayer sample at 4 K and 300 K.

the flattening out for pentalayer and thicker (see Supplemental
Material Note 2 [54]). This is also consistent with the same
polarization dependence for samples of different thickness,
shown in the inset to Fig. 4(c), because a phase shift of π be-
tween adjacent layers does not alter the angular dependence.

Intriguingly, appreciable SHG was also observed in 1T-
TiS2, as shown in Fig. 3(d). This is consistent with the
observation of diffuse streaking in bulk 1T-TiS2 from electron
diffraction [68]—which was also attributed to the Jahn-Teller
distortion mechanism—and with the suggestion that 1T-TiS2

exhibits incipient CDW [69]. We found that its SHG is inde-
pendent of temperature and its Raman spectra do not show
new modes upon cooling (see Supplemental Material Fig.
S4 [54]), signifying the absence of a CDW transition. The
isostructural 1T-HfS2 exhibits temperature-independent SHG
as well (see Supplemental Material Fig. S5 [54]), albeit with a
signal almost one order of magnitude weaker than in 1T-TiS2

[Fig. 3(d)]. This is in line with the electronic stability of 1T-
HfS2, as it is a semiconductor with a band gap over 1 eV [70].

To further elucidate the relation between the lattice dis-
tortion and the CDW transition, we have calculated from
first-principles the electronic and vibrational properties of
bulk and monolayer TiSe2 as two thickness extremes of this
system, using the superlattice proposed by Di Salvo et al.
[8] shown Fig. 1(b). The bulk (monolayer) results are shown
in Fig. 5 (Supplemental Material Note 3 [54]). These results
strongly support the Jahn-Teller mechanism as the driving
force for the CDW in TiSe2 [9]. A characteristic feature of
this mechanism is the distortion of the otherwise isotropically
coordinated metal-ligand bonds [see Fig. 1(a)], thereby en-
hancing charge transfer from the metal to ligand, and hence,

the overall stability of the whole structure. The superlattice
considered in our calculations similarly distorts the octahe-
drally coordinated Ti-Se bonds, creating new channels to
transfer charge from Ti-3d orbitals to Se-4p orbitals, hence
pushing the resulting bonding to a semi-ionic d0 state. The
manifestation of this mechanical distortion is a deprivation
of electronic states at the Fermi level, turning into a CDW-
like band gap at sufficiently large distortions, as shown in
Figs. 5(b)–5(d) and Supplemental Material Note 3 [54].

The fingerprint of this geometrical reformation can also
be seen in the vibrational modes. In the absence of any
distortion, TiSe2 suffers from negative phonon frequencies
at its Brillouin zone’s boundary center, M, regardless of its
thickness, as shown in Fig. 5(e) and Supplemental Mate-
rial Note 3 [54]. This is a symptom of structural instability
existing in this system. Remarkably, even a tiny bit of the
proposed distortion removes all these negative frequencies,
hinting at how CDW prevails in this system. To confirm
this further, we have also calculated the Raman and infrared
spectra for both bulk and monolayer TiSe2 [see Fig. 5(e) and
Supplemental Material Note 3 [54]]. Comparing the calcu-
lated Raman peaks with that in Fig. 1(f) reveals excellent
agreement in terms of both frequency and relative intensity
of the A1g and Eg modes. For distorted structures, we have
only calculated the infrared spectra, as they are more com-
putationally affordable. Nevertheless, this should not be an
issue, as we are interested in the frequency region where
CDW peaks appear. Remarkably, once the distortion is in-
troduced, no matter how small, additional peaks clustering
around the Eu mode emerge. The frequency region of these
peaks is consistent with that reported in previous infrared
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FIG. 5. Electronic band structure and density of states (DOS) of (a) bulk 1T -TiSe2 and (b)–(d) its CDW phase. Above, δ corresponds to
the bond length distortion ratio according to the superlattice pattern illustrated in Fig. 1(b). Upon increasing δ, the band structure undergoes
significant reconstruction, developing a CDW-like gap around the Fermi level. Blue color corresponds to Se-based bands and red indicates the
Ti-dominated bands. The corresponding phonon structure and infrared (IR) spectra are shown in (e)–(h). We have also included the Raman (R)
spectra for the pristine lattice to compare the Raman-active phonon modes with the IR ones.

experiments [13,50,68]. This reassures the planar nature of
the CDW distortions observed in this system and, more
importantly, reveals that TiSe2 is, in general, an inversion-
asymmetric system even though marginally at ambient
conditions.

Overall, these calculations combined with the observation
of SHG suggest that lattice distortion is already present in
TiSe2 even at room temperature but perhaps not sufficient
to form a collective response, observable as a CDW transi-
tion. Cooling the sample is expected to enhance the lattice
distortion monotonically to the extent that below a certain
critical temperature (∼200 K according to our experiments),
the system can exhibit a clear CDW transition with a (partial)
gap opening at the Fermi level. As SHG can more sensitively
probe the local distortions, it can thus reveal such micro-
scopic features before they become strong enough to appear
in Raman measurements. The slow variation of SHG below
TCDW is due to the fact that by the time the system exhibits
its collective response to the cooling in the form of the CDW
phase transition, it has already undergone substantial local dis-
tortions. As such, further cooling can only slightly affect the
local displacements and their optical implications, appearing
as a slow linear evolution of SHG at low temperatures shown
in Fig. 4(d).

V. DISCUSSION

Having established the CDW origin of the SHG, we now
discuss the possibility of the chiral CDW phase in TiSe2. The

proposal of the chiral CDW [35,36] builds upon the triple-q
CDW state, with phase shift between the CDW wave vectors.
One of the three components lies within the monolayer while
the other two reside in virtual layers in the van der Waals
gap. This is expected to break the inversion symmetry, but
the associated point group is C2 [37], in contradiction with the
threefold rotational symmetry suggested by our data. Recent
STM [38], x-ray natural circular dichroism [39], and x-ray
diffraction [40] results as well as reinterpretation [41] of pre-
vious x-ray diffraction data [36] also suggest that the CDW
is achiral. A recent work reported evidence of a stimulus-
induced chiral order in TiSe2 by shining circularly polarized
light on the sample while it was cooled from above TCDW to
50 K [71]. Whether this order is associated with a chiral CDW
phase could be checked by performing polarization-resolved
SHG on the light-trained samples, to see if it is compatible
with the C2 symmetry.

The thickness dependence of TCDW observed here bears
important implications for the CDW mechanism. The samples
were encapsulated to minimize degradation, and the insulating
sapphire substrate is expected to interact weakly with them,
hence the dimensionality effect found in our work should be
intrinsic. 2D semiconductors in the transition metal dichalco-
genide family have been shown to exhibit prominent excitonic
effects, due to the combination of spatial confinement and
the enhanced Coulomb interactions resulting from reduced di-
electric screening [72]. Analogously, excitonic effects should
be more pronounced in atomically thin TiSe2 than in its bulk
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counterpart. Our observation of the weak dimensionality ef-
fect on TCDW and the indication that TCDW is even reduced
in the 2D limit challenges the exciton insulator scenario, al-
though this is widely believed to drive the CDW formation in
TiSe2 [14,15,18,19].

VI. CONCLUSION

To summarize, we have observed SHG in TiSe2 from bulk
to atomically thin layers, which can be ascribed to the lattice
distortion induced by the CDW formation in this system.
Combined with Raman spectroscopy of the CDW phase, the
polarization and thickness dependence of the SHG suggest
that the superlattice pattern, particularly its 2c0 periodicity
along the c axis, remains unchanged down to two monolay-
ers. Our work suggests broken inversion symmetry in the
constituent monolayers of TiSe2 in its CDW phase, which
may have interesting consequences on the coexisting super-
conducting state under certain conditions.
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APPENDIX: METHODS

1. Sample preparation

TiSe2 single crystals were grown by the chemical vapor
transport method. Atomically thin samples were produced by
mechanical exfoliation and transferred on sapphire substrates,
carried out in a glovebox filled with N2 gas. The flakes were
encapsulated by h-BN with 10–20 nm thickness before being
exposed to air. Although monolayer samples are in principle
achievable, the thinnest samples we obtained were bilayers,
due to the low yield and small lateral size of the monolay-
ers. The flake thickness was determined by the layer-number
dependent Raman modes if thinner than six layers and by
atomic force microscopy for thicker samples. 2H-MoS2, 1T-
TiS2, and 1T-HfS2 crystals were purchased from SixCarbon
Technology Shenzhen.

2. Raman and SHG characterizations

Raman scattering spectroscopy and SHG were performed
using a home-built confocal microscopy setup under normal
incidence with a 40× microscope objective. Raman scattering
was performed using 633 nm laser excitation and a power
of 0.15–0.40 mW. The backscattered signal passed through
notch filters and was detected using a spectrometer and a CCD
detector. SHG was performed using a Ti:sapphire oscillator,
with the fundamental excitation set to 810 nm, pulse width
of 70 fs, and repetition rate of 80 MHz. The SHG spectra
were checked using the aforementioned spectrometer, but for
systematic polarization- and temperature-dependent studies
the signal was detected using a photomultiplier tube, with a
bandpass filter positioned before the detectors to single out
the second-harmonic signal. Spatial mapping was achieved
using a dual-axis scanning galvo system. The polarization
direction of the incident beam was varied using a polarizer
and a half-wave plate, while another polarizer in the detection
path set the collinear or cross polarization configurations.
Samples were placed in a vacuum cryostat throughout the
measurement.

3. First-principles calculations

The electronic structure calculations were performed
within density functional theory using Perdew-Burke-
Ernzerhof exchange-correlation functional [73] and projector
augmented wave method as implemented in the VASP pro-
gram [74,75]. We considered a 2 × 2 × 1 superlattice derived
from the unit cell of 1T -TiSe2 and manually distorted it
using the pattern proposed in Ref. [8]. The corresponding
Brillouin zone was sampled using a 8 × 8 × 8 (8 × 8 × 1) k
mesh for the bulk (monolayer) superlattice. The plane-wave
cutoff energy was set to 520 eV, and the total energy conver-
gence was fixed at 10−8 eV. Relativistic corrections, including
spin-orbit interaction, were fully taken into account. The vi-
brational properties were determined using PHONO3PYcode
[76] interfaced with VASP. For this, we first expanded each
bulk (monolayer) superlattice into a 2 × 2 × 2 (2 × 2 × 1)
supercell, then computed the real space force constants up to
third order using the finite displacement method implemented
in VASP, and finally, fed them into PHONO3PY and PHONON-
SPECTROSCOPY [77] to calculate the phonon modes and their
resulting Raman and infrared spectra.

In our calculations to consider the CDW instability of the
pristine structures at high temperatures, we took a realistic
thermal broadening factor of σ = 0.05 eV for the Fermi-
Dirac smearing method used to sample the partially occupied
states at the Fermi level. This enforced imaginary phonon
frequencies centered at the M point in the Brillouin zone
(BZ). We emphasize that the choice of this σ value was in-
tentional, as it enabled us to examine whether introducing the
proposed structural distortion can dynamically stabilize the
whole structure (and thus remove the imaginary frequencies)
or destabilize it. It is worth noting that increasing σ can artifi-
cially vanish the imaginary frequencies at the M point [53,78].
Nevertheless, at the BZ center � point, which is relevant for
Raman spectra analysis, the σ variation has a marginal effect
and is therefore negligible (see Supplemental Material Note 4
[54]).
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