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We report measurements of anisotropic triple-q charge density wave (CDW) fluctuations in the transition
metal dichalcogenide 1T-TiSe2 over a large volume of reciprocal space with x-ray diffuse scattering. Above
the transition temperature, TCDW, the in-plane diffuse scattering is marked by ellipses which reveal that the
in-plane fluctuations are anisotropic. In addition, the out-of-plane diffuse scattering is characterized by
rodlike structures which indicate that the CDW fluctuations in neighboring layers are largely decoupled.
Our analysis of the diffuse scattering line shapes and orientations suggests that the three charge density
wave components contain independent phase fluctuations with a hierarchy of length scales, leading to
intricate fluctuation patterns that go beyond the conventional 2D-to-3D crossover picture.
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Fluctuations are central to the critical behavior observed
near continuous phase transitions [1,2]. In quasi-two-
dimensional layered systems, where interplane coupling
is weak, fluctuations can persist to temperatures far exceed-
ing the transition temperature and can affect the system’s
normal state electronic properties. In these cases, in-plane
fluctuations start to build below the mean field transition
temperature TMF, but they initially remain uncorrelated
between layers. As the temperature is reduced further and
approaches the critical temperature Tc, a 2D-to-3D cross-
over occurs as the interplane correlation length starts to
exceed the interplane distance. At Tc, both in-plane and
out-of-plane correlation lengths diverge and full three-
dimensional long-range order sets in [2]. A wide variety
of physical systems have been shown to conform to this
simple description [2–8]; because transition metal dichal-
cogenides are layered compounds, and their charge density

wave (CDW) order is characterized by large ratios of
2Δð0Þ=kBTCDW, where Δð0Þ is the zero-temperature gap
and TCDW is the charge density wave transition temper-
ature, fluctuations in these materials should abide by a
similar phenomenology.
This picture is complicated, however, in the CDW-

hosting transition metal dichalcogenides by the fact that
their charge order consists of three unidirectional compo-
nents, in a structure that is often referred to as a triple-q
CDW [see Figs. 1(d)–1(g)] [9]. The triple-q structure
preserves the threefold crystallographic in-plane symmetry,
despite the unidirectionality of the individual CDW
components [10]. Preservation of this symmetry gives an
energetic advantage to triple-q order over CDWs contain-
ing only a single component in these compounds, which
can be described by an effective “attraction” between CDW
components in their free energy description (see
Supplemental Material [11]) [22]. For the same reason,
short-range ordered regions above TCDW will consist
of local triple-q order, while the large value of
2Δð0Þ=kBTCDW ≈ 8.7 [23] implies that long-range phase
coherence is prevented at those temperatures by the
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proliferation of phase fluctuations rather than the suppres-
sion of the CDW amplitude [24,25]. Phase slips may
occur either in all three components simultaneously, or
independently in different components. As described in
Supplemental Material [11], the latter option is generically
favored in the free energy description for a triple-q CDW.
Because the CDW order in 1T-TiSe2 contains three

components with independent phase fluctuations, both the
fluctuating regions and the crossover to three-dimensional
order may obtain a more structured character when com-
pared to the usual 2D-to-3D crossover scenario. In this
Letter, we show that while out-of-plane diffuse scattering
indicates decoupled CDW fluctuations in neighboring
layers, the in-plane diffuse scattering arising from individ-
ual CDW components is anisotropic, with a directionally
dependent characteristic length scale. We argue that, in the
temperature range near but above TCDW, each CDW
component contains independent phase slips. While the
combined triple-q short-ranged order remains isotropic on
average, the mean distance between phase slips for any
given component is anisotropic and determines its dis-
tinct correlation length scales in different directions. We
thus demonstrate that despite its threefold symmetry and

quasi-two-dimensional crystal structure, 1T-TiSe2 pos-
sesses anisotropic CDW fluctuations in the basal plane
and a hierarchy of three distinct length scales arising from
independently fluctuating CDW components [26].
To carry out our experiments, we used two different

batches of TiSe2 single crystals with different synthesis
methods. We synthesized vacancy-reduced TiSe2 crystals
using a Se-flux method under high pressure [27]. These are
insulating at low temperatures; their resistivity is hysteretic
from 30–80 K. We grew another batch of samples using
iodine vapor transport [28,29]. These are crystallographi-
cally cleaner with less mosaicity; they are semimetallic at
low temperatures with higher carrier concentrations. The
electrical transport measurement shows no qualitative
difference between semimetallic and insulating samples
at high temperatures above TCDW [27], and trace disorder is
therefore expected to have minimal impact on CDW
fluctuations away from TCDW. Indeed, both batches of
samples give identical diffuse scattering results. The data
presented in the main manuscript are from the semimetallic
sample, while the data for the vacancy-reduced sample are
provided in Supplemental Material [11].
We performed hard x-ray diffraction measurements at

Cornell High Energy Synchrotron Source using a photon
energy of 27.3 keV. High energy data at 56.7 keV and
additional data from the Advanced Photon Source with a
photon energy of 87.4 keV are shown in Supplemental
Material [11]. We used a transmission geometry for these
measurements with a single-photon counting detector
suited for high-energy diffraction. We glued the samples
onto Kapton capillaries and cooled them by a helium or
nitrogen gas jet. At each temperature, we swept the sample
through a full rotation to obtain three dimensional momen-
tum mappings [30].
1T-TiSe2 is a layered van der Waals material with an

octahedrally coordinated structure [10]. Upon cooling
below the transition temperature (TCDW ¼ 195 K in the
semimetallic sample), 1T-TiSe2 undergoes a second-order
phase transition into a commensurate 2 × 2 × 2 CDW
superstructure. The microscopic driving mechanism giving
rise to the CDW order has been controversial for decades,
though the emerging consensus is that both excitonic
and electron-phonon effects contribute [10,26,31–34].
Regardless, triple-q long-range charge order forms, with
the three CDW wave vectors pointing 120° apart when
projected onto the plane [Figs. 1(d)–1(g)].
In Fig. 1(a) we show that CDW satellite peaks form

below TCDW ¼ 195 K. Three distinct CDW components
q1, q2, and q3 are observed at the boundaries of the normal
state Brillouin zone [labeled in Fig. 1(b)]. Warming
the sample above the transition temperature to 240 K,
diffuse scattering near the CDW wave vectors is the
dominant feature, as reported previously from a single
one-dimensional linecut along (1, K, 3.5) [35]. The diffuse
scattering intensity is at least an order of magnitude weaker

FIG. 1. In-plane anisotropy of CDW fluctuations. (a)–(c) In-
plane momentum maps at L ¼ 0.5 r.l.u. for temperatures below
(180 K), above (240 K), and well above (400 K) TCDWð¼195 KÞ.
Below TCDW, sharp peaks are observed at the Brillouin zone
boundaries (white line), indicating the presence of an ordered
state. As the CDW is melted, CDW fluctuations become
elongated along the in-plane CDW vectors qi (i ¼ 1, 2, 3).
The diffuse feature at the center of the Brillouin zone corresponds
to the tail of the structural Bragg peaks from neighboring L
planes. The intensity scale bar is in arbitrary units and follows a
logarithmic scale. (d)–(f) Schematic depictions of the in-plane
displacement pattern of the three components contributing to the
triple-q CDW. (d) q1-type component, (e) q2-type component,
and (f) q3-type component. Black arrows indicate the direction of
the propagation vector for each CDW component, while small
orange vectors indicate the atomic displacement directions that
would result from having only each single component present.
(g) The full in-plane triple-q distortion pattern obtained by adding
the atomic displacements from all three CDW components. Black
circles represent Ti atoms, blue circles represent Se atoms in the
upper plane, and red circles represent Se atoms in the lower plane.
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than the CDW peak intensities at 180 K. As can clearly be
seen in Figs. 1(b) and 1(c), the diffuse scattering is
anisotropic in the plane. For each of the three CDW peaks,
the widths along the major axis of the ellipse are roughly
three times those along the minor axis at 240 K. These
ellipses effectively become streaks at 400 K, the highest
temperature measured in our Letter [Fig. 1(c)]. Importantly,
the ellipses for each scattering peak form with their major
axes in the direction parallel to the corresponding in-plane
CDW wave vector. The orientation of these ellipses implies
that the Ti and Se atoms involved in individual CDW
components form chainlike structures transverse to each in-
plane CDW wave vector, with interchain coupling weaker
than the intrachain coupling [Figs. 1(d)–1(g)] [36,37].
These observations are consistent with the proposed hier-
archy of energy scales in 1T-TiSe2 [26].
To visualize the out-of-plane diffuse scattering, we

examine (H, L) momentum maps with K ¼ 0.5 r.l.u.
(reciprocal lattice units) as shown in Fig. 2. The white
dashed line drawn in Fig. 1(a) schematically depicts this cut
with respect to the in-plane ellipses. Below the CDW
transition temperature (T ¼ 180 K), the observed peaks in
the K ¼ 0.5 r.l.u. plane arise due to the CDW superlattice
[Fig. 2(a)]. They are resolution limited both in the in-plane
and out-of-plane directions, as can be seen more quanti-
tatively in Fig. 3. (Data well below TCDW are presented in

Supplemental Material [11]). CDW peaks sit at half-integer
L values which indicates that the phase of the charge
ordering pattern alternates between adjacent layers.
As the temperature is increased above TCDW, only CDW

fluctuations in the form of diffuse scattering is observed.
Specifically, scattering intensity from CDW fluctuations
form in a “raindroplike” pattern and sharp CDW peaks are
no longer present. (The diffuse scattering streaking diago-
nally across the images are due to thermal diffuse scattering
from a transverse acoustic phonon that is not relevant to the
present Letter.) For fixed H, intensities of the “raindrop”
features are modulated with a period of four reciprocal
lattice units along L. These intensity modulations, both in
the diffuse scattering and in the CDW peaks below TCDW,
arise from the geometric structure factor associated with
scattering from the Se atoms. Because the Se planes are
positioned roughly 1=4 and 3=4 along the c axis in the
conventional unit cell, scattering intensities correspond-
ingly vary along L, spanning a period of roughly four
reciprocal lattice units. The data can be thought of as
complete rods along L that are interrupted by this structure

FIG. 2. (H, L) momentum maps atK ¼ 0.5 r.l.u. showing sharp
CDW diffraction peaks and diffuse scattering arising from CDW
fluctuations. (a) At 180 K [< TCDWð¼195 KÞ], the observed
pattern shows sharp peaks, indicative of long-range CDW order.
(b) Above TCDW, at 240 K, only diffuse scattering in the form of a
raindroplike pattern is clearly visible which indicates the presence
of significant interlayer phase fluctuations (CDW stacking
faults). (c) Well above TCDW at 400 K, structures within the
“raindrops” have disappeared and featureless “rods” remain,
which indicates the loss of all out-of-plane phase coherence.
The intensity modulation with roughly period four visible in all
panels is due to a geometric structure factor. The K ¼ 0.5
reciprocal lattice units (r.l.u.) momentum cut is shown schemati-
cally in Fig. 1(a) with respect to the in-plane elliptical diffuse
scattering. The scale bar is in arbitrary units and follows a
logarithmic scale.

FIG. 3. Momentum scans and correlation lengths at different
temperatures. (a) In-plane momentum scans for (−3.0, 1.5, 0.5)
along H below and above TCDWð¼195 KÞ. The constant back-
ground far away from the CDW peak is subtracted. Below TCDW,
the resolution-limited sharp peak indicates the presence of long-
range order, with the line serving as a guide to the eye. Above
TCDW, the peaks are fitted with Lorentzians, indicating fluctuat-
ing short-range order. (b) Out-of-plane momentum scans for
(−3.0, 1.5,�0.5) along L. The scattering profile is fitted with two
Lorentzian functions near L ¼ �0.5 r.l.u. and a Gaussian
function around L ¼ 0. (c) Hierarchy of correlation lengths.
In-plane and out-of-plane correlation lengths for (−3.0, 1.5, 0.5)
are shown. Here, qkCDW denotes the in-plane CDW wave vector.
Solid lines represent fits to power-law dependence of the
correlation length on T − TCDW above TCDW. Below TCDW, in
the shaded gray region, the peak width corresponding to long-
range order is limited by the instrument resolution. The dashed
line represents an extension of the power-law fit to TCDW,
showing the diverging behavior. Below TCDW, the correlation
lengths are obtained from Gaussian fits to the peaks, while above
TCDW, they are extracted from Lorentzian fits.
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factor effect. We can thus interpret the rodlike scattering
along L as indicating that the CDW fluctuations become
uncorrelated in the out-of-plane direction for T ≫ TCDW,
similar to the recent observation in 1T-TaS2 upon
photoexcitation [38].
To better quantify the CDW correlation lengths, we take

H and L cuts at different temperatures. In Fig. 3(a) we show
anH cut of a q3-type CDW peak with Miller indices (−3.0,
1.5, 0.5). At each temperature a constant background,
arising from thermal diffuse scattering from phonons not
relevant to the CDW, is subtracted from these cuts. At
190 K, the CDW peak is resolution limited. Above TCDW,
the diffuse scattering intensity decreases and the features
broaden with increasing temperature. However, even up to
our highest measured temperature, T ¼ 400 K, diffuse
scattering can still be resolved.
Out-of-plane momentum cuts of a pair of q3-type CDW

peaks (−3.0, 1.5, �0.5) are shown in Fig. 3(b). The CDW
peaks at 190 K are resolution limited but have tails arising
from diffuse scattering (data well below TCDW showing
negligible residual intensity between CDW peaks are
presented in Supplemental Material [11]). Above TCDW,
the diffuse peaks broaden with increasing temperature,
with weight primarily concentrated into a central plateau
that constitutes the raindrop centered at L ¼ 0 (see
Supplemental Material [11]). This raindrop implies that
the CDW loses out-of-plane phase coherence, even
though the in-plane diffuse scattering indicates that the
order within layers remains phase coherent over a consid-
erable length [39–43]. At 280 K, for example, the diffuse
scattering possesses a width of δH ¼ 0.05 r.l.u., but is
broad in the L direction with width δL > 1 r.l.u. [see
Figs. 3(a) and 3(b)].
To quantify the anisotropy in the fluctuation regime, we

summarize the hierarchy of correlation length scales in
Fig. 3(c). In this figure, we plot the in-plane and out-of-
plane correlation lengths of a q3-type CDW peak (−3.0,
1.5, 0.5) as a function of temperature above TCDW. The
fluctuations of each CDW component are clearly aniso-
tropic in the plane, with the longer (shorter) correlation
lengths in the direction perpendicular (parallel) to the in-
plane wave vector of the corresponding CDW component.
Meanwhile, the out-of-plane fluctuations have much
shorter correlation lengths than in-plane ones above
TCDW. At 280 K, the CDW order in real space is every-
where locally triple q in nature, but each CDW component
contains domain walls across which the CDW modulation
pattern is inverted (i.e., undergoes π phase slip). The
characteristic length scale between such domain walls is
about 22 unit cells perpendicular to the in-plane wave
vector of the CDW component, 7 unit cells parallel to the
in-plane wave vector, and 2 unit cell in the out-of-plane
direction [Fig. 3(c)]. This anisotropy is inherent within each
individual CDW component, such that global threefold
rotational symmetry is preserved by the combination of

three CDW components in the overall fluctuating triple-q
CDWorder, as schematically depicted in Figs. 4(a) and 4(b).
Note that the correlation lengths along both in-plane and out-
of-plane directions can be seen to all diverge at the same
critical temperature TCDW by fitting their temperature
dependence above TCDW to power laws in T − TCDW, as
shown in Fig. 3 (see Supplemental Material for details [11]).
The simple picture that emerges from our studies is

captured in Fig. 4. Similar to most CDW-forming tran-
sition metal dichalcogenides, 1T-TiSe2 lies in the strong
coupling limit with 2Δð0Þ=kBTCDW ≈ 8.7 [23]. It is
expected, therefore, that a nonzero CDW amplitude is
present throughout the sample in the temperature regime
TCDW ≲ T ≪ TMF ≈ 500 K, without it being phase coher-
ent over long distances [24,25]. The correlation lengths of
each CDW component are determined by the mean dis-
tance between phase slips. These phase slips are dynamic
so that neither short- nor long-range static order is present
above TCDW, except in regions near impurities, which can
pin CDW order [44,45]. Because the phase slips occur
independently for individual CDW components (see
Supplemental Material [11]), neighboring, fluctuating
triple-q regions in real space typically differ by a π phase
flip of just one component. Combining three CDW

FIG. 4. Structure factors from real space anisotropic CDW
fluctuations. Because the charge order in 1T-TiSe2 occurs in the
strong coupling regime, the CDW amplitude is expected to be
nonzero throughout the sample well above TCDW. Finite corre-
lation lengths in individual CDW components originate in
domain walls across which individual CDW components invert
(equivalent to a π phase slip consistent with the 2 × 2 × 2 order).
(a) In-plane domain distributions for the three CDW components
obtained from modeling domains by an anisotropic Ising model
(see Supplemental Material for details [11]). (b) Overlapping the
smaller dashed windows marked in the three plots in (a) yields
the overall CDW distribution, with eight types of domains.
(c) Simulated diffuse scattering from CDW fluctuations at each
of the three in-plane CDW vectors qi, obtained by Fourier
transforming the corresponding plot in (a) and enlarging around
the origin. The anisotropy in the scattering intensity reproduces
the experimental observations shown in Fig. 1(b). (d) Simulated
ðH;LÞ structure factor for K ¼ 0.5 r.l.u., in the presence of a
random stacking of alternating types of domains (see Supple-
mental Material for details [11]). The intensity modulations of the
“rods” reproduce the observed modulations shown in Fig. 2(c).
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components, a total of eight different triple-q fluctuation
domain types can form. Many such domains together
[Fig. 4(b)] result in the anisotropic diffuse scattering
intensities shown in Fig. 4(c), which reproduces the
experimental observation in Fig. 1. Similarly, Fig. 4(d)
shows calculated structure factors in the ðH;LÞ plane in the
presence of randomly stacked, but in-plane-coherent
CDWs (see Supplemental Material for details [11]), which
reproduces the raindrop pattern of Fig. 2.
Our results illustrate how a simple 2D-to-3D crossover

picture is inadequate in describing the emergence of long-
range order from local fluctuations in 1T-TiSe2. The picture
of anisotropic CDW fluctuations presented here may gen-
eralize to many other systems. The transition is instead
characterized by anisotropic domains within each CDW
component. A hierarchy of length scales combines to yield a
highly structured pattern of fluctuations upon approaching
the transition temperature, as predicted in Ref. [26].
Importantly, the fluctuations persist to high temperatures,
and may therefore play an important role in the thermody-
namic and electronic properties of these materials.
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