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Two-step charge density wave transition and hidden transient phase in 17-TiSe,
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Using variable temperature atomic pair distribution function analysis, we study the emergence of charge
density wave (CDW) order in 17-TiSe, and find that it takes place via a two-step transition. First, upon decreasing
temperature to about 235(3) K, CDW-related lattice distortions emerge in the individual TiSe, layers alone.
Then, upon further decreasing the temperature, the two-dimensional distortions in the layers couple and the
widely recognized three-dimensional 2ay X 2ay X 2c¢y superstructure emerges at about 205(3) K. Because two
different band gaps are known to emerge at the same temperatures, the finding indicates the presence of strong
electron-phonon coupling. The transient phase between the two steps lacks inversion symmetry and may serve
as a precursor of the debated chiral 17-TiSe, phase. Our findings are important for the understanding of the
enigmatic CDW transition in 17-TiSe, and CDW instabilities in van der Waals materials in general.
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I. INTRODUCTION

The transition metal dichalcogenide (TMD) 17-TiSe, ex-
hibits rich physics due to its quasi-two-dimensional (2D)
structure and interactions between its electronic and lattice
degrees of freedom [1-11]. It is made of weakly interact-
ing layers of Ti-Seg octahedra [Fig. 1(a)] that are stacked
along the ¢ axis of a structure with a centrosymmetric space
group (SG) P3m1 symmetry. Upon decreasing temperature,
commensurate charge density wave (CDW) order emerges at
Tepwapy of 205(3) K, the band gap increases, and 17-TiSe,
adopts a 2ap x 2ap x 2c¢q superstructure with a centrosym-
metric SG P3c1 symmetry [12,13]. In the superstructure, Ti
and Se atoms appear displaced from their position in the
high-temperature, undistorted phase as shown in Figs. 1(e)
and I(f). Despite the intense effort, the mechanism of the
CDW transition in 17-TiSe, remains a hotly debated topic
because, contrary to many CDW systems from the TMDs
family, it does not appear to be driven by Fermi-surface (FS)
nesting or saddle-point singularities, as parallel FS sheets
have neither been predicted [14] nor observed [15—-17]. It has
been proposed that a driving force for the transition is the
Jahn-Teller effect, where the energy is lowered, and charge
modulation emerges because of lattice distortions [16,18—
20]. Some authors have suggested that the CDW transition
is due to an exitonic condensation, which triggers lattice
distortions [11,21,22], while others argued that it is driven
by strong electron-phonon interactions. Coupled exciton and
phonon interactions have also been suggested as a driving
force for the transition [18-23]. Furthermore, it has been
suggested that CDW 17-TiSe, has chiral character [24,25].
While the discovery of static chirality in 17-TiSe, has been
questioned in later studies [26—28], the possible emergence of
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a chiral 17-TiSe; phase induced by external stimuli such as
photoexcitations has not been ruled out [10]. The contradic-
tions are further magnified by the failure of traditional Bragg
scattering experiments conducted so far to clearly reveal the
structural changes taking place during the CDW transition.
This is because such experiments do not consider the diffuse
scattering component in the experimental data [12], thereby
disregarding the presence of local structural disorder that
smears fine features of the CDW transition in 17-TiSe,. On
the other hand, prior diffuse scattering experiments success-
fully revealed the presence of soft phonon modes in 17-TiSe,
[2,23], but did not consider the Bragg component of the ex-
perimental data, thereby providing limited information about
the complex temperature evolution of the static lattice distor-
tions in 17-TiSe,. To fill the knowledge gap and resolve the
contradictions, we study 17-TiSe; by atomic pair distribution
function (PDF) analysis over a broad temperature range, in-
cluding the CDW transition. The technique considers both the
diffuse and the Bragg scattering components in the diffraction
data and has proven useful in structural studies of materials
exhibiting lattice distortions, including CDW phases of TMDs
[29-32]. We find that the CDW order emerges from an en-
vironment that includes preexisting local lattice distortions,
underlining the importance of the crystal lattice to the emer-
gence of electronic order in 17-TiSe,. We also find that the
CDW transition proceeds in two steps. First, upon decreas-
ing temperature to Tepwep) = 235(3) K, the material suffers
a lattice distortion confined to the individual Ti-Seq layers.
Then, the distortions in the individual layers couple, and three-
dimensional (3D) CDW order emerges at Tcpwpy = 205(3)
K. Because of the presence of strong rms atomic displace-
ments, i.e., dynamic structural disorder, the phase boundaries
between the undistorted ag x ag x cg, transient 2D (2ay X
2ayp) and fully evolved 3D (2ay x 2ag x 2co) CDW structures
appear smeared, which may explain the observed variation
in the reported Tcpw(spy values [26,28]. Our study resolves
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FIG. 1. (a) 2ay X 2ay x 2¢, supercell for 17-TiSe, (outlined) including layers of Ti-Seg octahedra. Ti atoms are in red and Se atoms in
blue. (b) Temperature evolution of the magnetic susceptibility for TiSe, indicating the presence of a broad phase transition at about Tepwip) =
205(3) K. Intensity color maps of selected peaks in (c) XRD patterns and (d) atomic PDFs for 17-TiSe,. Arrows indicate changes in PDF peak
intensities close to Tepwap) = 205(3) K and Tepwep) = 235(3) K. Projection of a Se-Ti-Se layer in (e) undistorted 17-TiSe, and (f) CDW
17-TiSe, on a basal Ti plane. Blue and red arrows indicate the direction of the in-plane static displacements of, respectively, Se and Ti atoms
during the CDW transition. Dark and light blue circles show Se(1) and Se(2) atoms positioned above and below the basal Ti plane, respectively.
Ti(1), Ti(2), Se(1) and Se(2) occupy positions (0,0,0.25), (0.58,0,0.25), (0.3333, 0.6667, 0.1225) and (0.3333, 0.195, 0.1225) in the SG P3¢l

structure.

the controversies about the nature of the CDW transition in
17-TiSe; and calls for similar studies on the variety of CDW
orders exhibited by TMDs and other strongly correlated van
der Waals systems [33-37].

II. EXPERIMENT
A. Sample preparation and characterization

A high-quality 17-TiSe, sample was provided by 2D
semiconductors [38]. In-house x-ray diffraction (XRD) mea-
surements showed that it is phase pure and exhibits a trigonal
(SG P3m1) structure. To illustrate the effect of CDW transi-
tion on the electronic properties, we measured the temperature
evolution of the magnetization using a physical property mea-
suring system from Quantum Design. Experimental data are
shown in Fig. 1(b). In line with earlier results [12], the mag-
netic susceptibility, x, appears small, on the order of 10°8
emu/g, because its paramagnetic and diamagnetic components
are comparable in magnitude. The rate of change of y with
temperature is seen to gradually decrease near 205(3) K, re-
flecting the sluggish nature of the CDW transition.

B. Synchrotron x-ray radiation experiments

Using synchrotron x rays with energy of 105.7 keV (A =
0.1173 A), XRD data were collected at the beamline 11-ID-C

at the Advanced Photon Source, Argonne National Labora-
tory, over a temperature range from 263 to 93 K in steps of
5 K. The sample temperature was controlled using a Linkam
thermal stage and the scattered intensities were collected with
a 2D detector. Two sets of XRD patterns were collected at
each temperature. One of the patterns was collected with
the detector positioned 1500 mm away from the sample to
achieve high resolution in reciprocal space. The patterns were
used to perform Rietveld analysis. The other set of patterns
was collected with the detector positioned 300 mm away
from the sample to reach wave vector, g, values as high as
30 A~!. The patterns were used to derive atomic PDFs using
procedures described in [39,40]. Intensity color maps for the
XRD patterns collected to high ¢ values and atomic PDFs
derived from them are shown in Figs. 1(c) and 1(d). Intensity
variations are clearly seen for temperatures in the range from
200 to 240 K.

III. STRUCTURE MODELING

To investigate the average crystal structure in more detail,
the high-q resolution synchrotron XRD data were subjected to
Rietveld analysis [41]. As an example, Rietveld fits to XRD
patterns collected at 263 and 93 K are shown in Supplemental
material Fig. S1 [42]. The 263 K data set is fit better with
a model exhibiting a trigonal SG P3ml type structure in
comparison to the supercell SG P3¢l model. The opposite
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FIG. 2. (a),(b) Fits (red line) to the high- and low-r parts of the
experimental PDF (symbols) for 1T-TiSe, obtained at 263 K. The
fits are based on a SG P3m1-type model. (c),(d) Fits to the high- and
low-r parts of the same experimental PDF based on a SG P3c1-type
model. The residual difference (blue line) is shifted for clarity. The
agreement factor R, is given for each fit. The refined supercell (SG
P3c1) model does not outperform the refined undistorted model (SG
P3m1) in the higher-r PDF region (c) vs (a). The opposite is true for
the low-r PDF data (d) vs (b).

is true for the 93 K data set. The results confirm that, at
low temperature, a long-range 2ay X 2ap x 2cp superstructure
emerges in 17-TiSe;.

Fits to PDF data obtained at 263 K are shown in Fig. 2.
The higher-r PDF data [Fig. 2(a)], which have an increased
sensitivity to the average crystal structure in comparison to
the low-r PDF data, are fit well with the undistorted (SG
P3m1) structure model. However, the low-r PDF data, in
particular the 4.5 and 5 A PDF peaks reflecting interlayer
atomic correlations (Fig. S2 in [42]), are fit better with the
supercell (SG P3c1) model in comparison to the undistorted
(SG P3m1) model [compare the PDF fits in Figs. 2(b) and
2(d)], where, in addition to the large anisotropic thermal
factors, small static displacements of Ti, A(Ti) = 0.04(1) A,
and Se, A(Se) = 0.02( 1)/0%, atoms from their positions in the
undistorted lattice are allowed to occur. The result indicates
that the crystal lattice of 17-TiSe, experiences local lattice
distortions related to CDW order at temperatures well above
Tcpw@3p)-

Fits to PDF data obtained at 93 K are shown in Fig. 3.
The PDF data cannot be fit well with the SG P3¢l model
[Figs. 3(a) and 3(c)] unless the highly anisotropic in-plane
uy1, up rms displacements for Ti atoms are decoupled
and refined independently from the u;, rms displacements
[Figs. 3(b) and 3(d)]. The result indicates that, locally, CDW
17-TiSe; keeps experiencing highly anisotropic structural dis-
order at temperatures well below Tcpwpy. Earlier neutron
diffraction studies [20] have indicated that a model featuring
a Ti-displacement pattern leading to Ti-Se distances as short
as 2.4 A is more successful in describing the local structure
in CDW 17-TiSe, in comparison to the widely accepted SG
P3c1 model. However, similarly to other high-energy XRD
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FIG. 3. (a),(c) Comparison between PDF computed from liter-
ature data (red) and experimental PDF (black) obtained at 93 K.
Fits (red) to the same experimental PDF (black) data, including both
highly anisotropic rms and static atomic displacements. In addition,
in the fits, the u;, rms displacement of Ti(1) atoms is decoupled from
the u;; and u,, rms ones. For reference, uy; = uy and u;, = 0.5u;;
in the SG P3c1 structure models. The residual difference (blue line)
is shifted for clarity. The agreement factor R,,, is given for each data
set.
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FIG. 4. (a) Rietveld and (b) PDF refined ay and c, lattice pa-
rameters for 17-TiSe, as a function of temperature. The thermal
evolution of the Rietveld refined parameters shows a departure from
linearity (follow the blue dotted lines) with an inflection point close
to Tepwipy = 205(3) K. That for the PDF refined gy and ¢ lattice
parameters shows a departure from linearity with inflection points
close to TCDW(3D) = 205(3) K and TCDW(ZD) = 235(3) K (fOl]OW the
blue dotted lines). (c),(d) Local view of the crystal structure of the
undistorted (263 K) and CDW (93 K) phase of 17-TiSe, with the rms
displacements of the atoms shown. The structure in (c) reflects the fit
to the PDF data obtained at 263 K [Fig. 2(d)]. The crystal structure
in (d) reflects the fit to the PDF data obtained at 93 K [Fig. 3(d)].
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FIG. 5. (a) Projection of a single Se-Ti-Se layer in 17-TiSe, (263 K) onto a Ti plane, as derived from a fit [Fig. 2(a)] to high-r PDF data.
(b) Projection of a single Se-Ti-Se layer in CDW 17-TiSe, (93 K) onto a Ti plane, as derived from a fit [Fig. 3(b)] to high-r PDF data. (c)
Projection of a Se-Ti-Se layer in 17-TiSe, (263 K) onto a Ti plane, as derived from a fit [Fig. 2(d)] to low-r PDF data. (d) Projection of a
Se-Ti-Se layer in CDW 17-TiSe, (93 K) onto a Ti plane, as derived from a fit [Fig. 3(d)] to low-r PDF data. (e) Schematics of the in-plane
static displacements/rotations (follow the arrows) of Ti(2) and Se(2) atoms during the CDW transition. Ti atoms are in red. Se atoms above

and below the Ti plane are in dark and light blue, respectively.

studies [43], the first peak in the atomic PDFs obtained here
appears rather symmetric in shape (Fig. S2 in [42]), indicating
that the bonding distances in 17-TiSe, do not change dramati-
cally when the CDW order emerges. In particular, at 93 K, the
maximum static displacements of Ti and Se atoms amount to
0.06(1) and 0.03(1) A, respectively, when derived from fits to
high-r PDF data. These values are close to the previously pub-
lished results [12,43,44]. The displacements appear slightly
larger, 0.07(1) and 0.04(1) A, respectively, when derived from
fits to low-r PDF data. A local view of the crystal structure
of the undistorted and CDW phase of 17-TiSe,, emphasizing
the presence of highly anisotropic rms displacements in both
phases, is shown in Figs. 4(c) and 4(d). Also shown in the
figure is the temperature evolution of the Rietveld and PDF
refined values for the lattice parameters of 17-TiSe,. The for-
mer shows a departure from linearity with an inflection point
close to Tepw = 205(3) K. The latter shows a departure from
linearity with inflection points close to Tecpwipy = 205(3) K
and Tcpweepy = 235(3) K. The nonlinearity extends over a
temperature range from about 170 to 240 K, reflecting the
presence of an overall lattice instability in this temperature
region. Projections of the average and local structure of 17-
TiSe; at 263 K (non-CDW phase) and 93 K (3D CDW phase)
on a single Ti plane are shown in Fig. 5, as derived by fits
to high- and low-r PDF data, respectively. The temperature
evolution of the static and rms atomic displacements of Ti and
Se atoms in 17-TiSe; is shown in Fig. 6.

IV. DISCUSSION
A. Mechanism of the CDW transition

As can be seen in Figs. 6(a) and 6(b), upon decreas-
ing temperature, Ti(2) and Se(2) atoms experience in-plane

static displacements at a temperature of Tcpwp) = 235(3) K,
where Se(2) atoms above and below the Ti plane rotate in
opposite directions. The out-of-plane static displacement of
the atoms is negligible. By contrast, Se(1) atoms start ex-
periencing out-of-plane static displacements at Tcpw3p) =
205(3) K, while their in-plane static displacement is negli-
gible. Evidently, the CDW phase transition in 17-TiSe; is
a two-step process that proceeds through a transient phase
existing over a temperature range from Tcpw2p) t0 Tcpw3p)
[~30(6) K wide]. That is, upon cooling down to Tcpw2p),
static lattice distortions related to CDW order emerge only
in the individual Ti-Se, layers. Upon further cooling down
to Tecpw@p), a static CDW modulation in the z direction of
the crystal lattice develops and 3D CDW order sets in. The
presence of two steps in the CDW phase transition in 17-TiSe,
is also seen in the thermal evolution of PDF refined lattice
parameters shown in Fig. 4(b). Interestingly, the thermal evo-
lutions of the in- and out-of-plane rms displacements of Ti(1)
atoms [Fig. 6(c)], which do not undergo static displacements
during the CDW transition, also exhibit nonlinearities close to
Tepwepy and Tepwapy. The nonlinearity of the thermal evolu-
tion of the rms displacements of Ti(2) atoms, which undergo
static displacements during the CDW transition, is less well
expressed [Fig. 6(e)]. Notably, the thermal evolution of the
rms displacements of Se(1) and Se(2) atoms [Figs. 6(d) and
6(f)] appears flat in the vicinity of both Tcpw2p) and Tepw3p)s
but becomes highly nonlinear below 7* ~ 170 K, where a
broad peak in the resistivity is often observed [45-48]. It
is likely that the significantly increased in- and out-of-plane
rms displacements of Se(2) atoms and in-plane displace-
ments (uy;) of Se(1) atoms observed below T*, i.e., dynamic
structural disorder, is at least partially responsible for this
peak.
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FIG. 6. (a),(b) Temperature evolution of the average (black) and local (blue) static displacements of Ti(2), Se(1), and Se(2) atoms from
their position in the undistorted lattice. (¢)-(f) Temperature evolution of the rms displacements, u;; (black), u,, (green), u;, (blue), and u33 (red)
for Ti and Se atoms. (g) Square of the experimental energy band gaps AT" and AA* as a function of temperature. Because the 2ay x 2ay x 2¢g
lattice modulation involves a coupling between I" and L [53], AT" may be expected to exhibit an onset at Tcpwp) determined here, which
is exactly what data for AT" in (g) show. On the other hand, as discussed in Ref. [53], the gap AA* involves both the 2ay x 2ay x 2¢¢ and
2ay X 2ay x lcg lattice modulations, but the dominant effect comes from the latter, and, accordingly, the AA* onset may be expected to appear
at Tepwep) determined here, which is exactly what data for AA* in (g) show. (h) Integrated intensity of observed superlattice reflections
[26,28]. Black arrows in the plots point to Tcpwap) = 205(3) K where at 3D CDW order emerges in 17-TiSe,. Brown arrows in the plots point
to Tepwepy = 235(3) K where at 2D CDW-like order emerges in the individual Ti-Se, planes. Purple arrows in the plots point to a temperature
T* ~ 170 K where at the rms displacements of Se(1) and Se(2) atoms show a pronounced nonlinearity and an anomalous increase in the
resistivity is observed [44]. Light-brown rectangles in (b) and (g) outline the boundaries of the transient phase.

Plotted in Fig. 6(h) is the temperature evolution of the
intensity of superlattice reflections measured by single-crystal
experiments [26,28,49]. The evolution of (0.5,1,1.5) and
(1.5,1.5,0.5) peaks resembles that of the in-plane static dis-
placements of Ti(2) and Se(2) atoms [Fig. 6(a)]. On the other
hand, the evolution of (2.5,1,0) and (0,0.5,8) peaks resembles
that of the out-of-plane static displacements of Se(1) atoms
[Fig. 6(d)]. Furthermore, the temperatures whereat the peaks
are seen to decay to zero appear scattered over a broad tem-
perature range extending between T* and Tcpw@p). Then, it
appears that the debated differences [28] in the decay of dif-
ferent superlattice peaks with temperature merely reflect the
fact that different families of superlattice peaks are sensitive
to different types of atomic displacements [26], which, in turn,
vary widely in amplitude and temperature evolution below
Tepwpy (see Fig. 6). Furthermore, it also becomes evident
that, essentially, due to the incomplete 3D CDW order and
large dynamic disorder, the transient 2D CDW order emerging
between Tcpw2p) and Tcpwsp) would be hard to detect using
traditional techniques based on an analysis of sharp Bragg
peaks alone. However, as demonstrated here, it is possible
to be detected using atomic PDF analysis, which considers
both the Bragg and the diffuse scattering components in the
diffraction data in real space [39].

B. Electron-lattice interaction

In its normal state, 17-TiSe; is a narrow band gap semi-
conductor, where the Se 4p valence-band maximum is at the
I point and the Ti 3d conduction-band minimum is at the L
point of the Brillouin zone. Studies have shown that the CDW

transition leads to band folding and gap renormalization. In
particular, the I and L points appear significantly repelled
from the Fermi energy, and the valence-band maximum shifts
to the A point [45,49-52]. To explore the relationship between
the emerging lattice distortions and changes in the electronic
structure taking place during the CDW transition, in Fig. 6(g)
we plot experimental data for the energy band gaps AI" and
AA* between, respectively, I" and L and A* and L points as a
function of temperature [53]. The data show that AT" and AA*
increase as the temperature decreases, but the onset tempera-
ture of their increase is different. The onset of AA* appears
close to Tecpw2py While that of AT™ appears close to Tcpw(3p)-
The result indicates that both the emergence of CDW-related
periodic lattice distortions and renormalization of different
band gaps is a two-step transition, where the respective transi-
tion temperatures are nearly identical, attesting to the presence
of a strong electron-phonon coupling in 17-TiSe, [23,54].

C. Transient CDW state and chiral order

The phonon dispersion for 17-TiSe; is known to exhibit
two soft modes, one at the L and the other at the M point.
It also exhibits a strong anharmonicity in the vicinity of
the CDW transition [23,55], which likely reflects the highly
anisotropic nature of the rms displacement of Ti and Se atoms
(see Figs. 5 and 6). The soft mode at the L point corresponds
to a 2ag X 2ag x 2cq lattice reconstruction while that at the
M point corresponds to a 2ag X 2ay X lcg lattice reconstruc-
tion. As our PDF result shows, upon decreasing temperature,
the 2ay x 2ay X lcg lattice reconstruction involving in-plane
static atomic displacements [rotations; see Fig. 5(e)], i.e.,
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softening the M phonon mode, takes place at Tcpwp). Be-
cause atomic displacements/rotations in different layers are
effectively decoupled, they may not necessarily appear related
by inversion symmetry, as they are in the 2ay x 2ay X 2¢g
superstructure with centrosymmetric (achiral) SG P3c1 sym-
metry that emerges when the L phonon mode also softens
and 3D CDW order emerges at Tcpwip). Hence, transient
domains of CDWs fluctuating [56-58] in terms of chiral-
ity may emerge in the temperature range between Tcpw2p)
and Tcpwspy. Depending on the thermal prehistory of the
sample and/or application of specific external stimuli, chiral
CDW domains may grow and stabilize below Tcpw3p) at
the expense of nonchiral CDW domains, eventually leading
to the emergence of a more-or-less complete chiral CDW
order [59-62]. As shown in numerous studies, however, under
normal thermodynamic conditions, achiral CDW order tends
to set in below Tcpwsp) [1-6,12-18,41,46-48].

D. Dimensionality effect on the CDW transition

Reducing the physical dimensions of TMDs down to a few
layers may be expected to affect the CDW order they exhibit
because of the weakening of the interlayer interactions and
reduced electronic screening. In the monolayer (ML) limit,
17T-type TMDs involving Se such as 17-NbSe, and 17-TaSe;
have been found to exhibit strongly enhanced CDW order,
where the temperature at which it sets in, Tepwmr), 1 higher
than Tcpw@ap) in the respective bulk material [63,64]. For
example, while in bulk 17-NbSe, the CDW order sets in
at Tepwipy = 33.5 K, the CDW transition in a 17-NbSe,
monolayer takes place at Tcpwvr) = 145 K. Single-layer
17-VSe; has also been reported to exhibit strongly enhanced
CDW order, where Tepwvr) = 220 K is nearly twice the bulk
value of Tcpwspy = 110 K. Contrary to the case of 17-NbSe,,
however, the CDW periodicity in a 17-VSe, monolayer
appears different from that of the layers in bulk 17-VSe, [65].
It has been reported that a supported 17-TiSe, monolayer
preserves the 2ap x 2ap CDW periodicity of the stacked
layers in bulk 17-TiSe, and, furthermore, exhibits CDW order

below Tcpwmr) = 232(5) K [44,53,66], which is the same
as Tcpwep) for the stacked layers forming bulk 17-TiSe;.
The picture that emerges from our study is that each layer
in bulk 17-TiSe, develops a 2ay x 2ay lattice modulation
independently at Tcpw2p), Which is also the CDW transition
temperature Tcpwmr) for a 17-TiSe, monolayer. At the lower
transition temperature Tcpwap), the 2ag x 2ap modulated
17-TiSe, layers merely lock their 2D structure into a
2ap x 2ap x 2cp  superstructure, accompanied by an
anisotropic band gap increase.

V. CONCLUSION

We find that 17-TiSe, suffers significant local structural
disorder well above the CDW transition, including both static
and rms atomic displacements of Ti and Se atoms from their
position in the (on average) centrosymmetric SG P3ml crys-
tal lattice. Upon decreasing temperature, 17-TiSe, undergoes
a two-step phase transition. At first, 2D CDW-like order
emerges in the individual Ti-Se, layers alone and the material
loses its inversion symmetry, providing an opportunity for
the emergence of chiral CDW order. Due to strong dynamic
structural disorder, this 2D CDW order remains “hidden” for
traditional crystallography.

Upon further decreasing the temperature, achiral 3D CDW
order emerges, where the average crystallographic structure
attains centrosymmetric SG P3c1 symmetry. The results shed
extra light on the mechanism of the enigmatic CDW transition
in 17-TiSe, and are likely to help achieve a comprehensive
understanding of charge ordering phenomena in TMDs, in
particular, and van der Waals materials, in general.
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