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Topological defects play a key role in nonequi-
librium phase transitions, ranging from birth of
the early universe1 to quantum critical behavior
of ultracold atoms2. In solids, transient defects
are known to generate a variety of hidden or-
ders not accessible in equilibrium3–5, but how de-
fects are formed at the nanometer lengthscale and
femtosecond timescale remains unknown. Here,
we employ an intense laser pulse to create topo-
logical defects in a 2D charge density wave, and
track their morphology and dynamics with ultra-
fast electron diffraction. Leveraging its high tem-
poral resolution and sensitivity in detecting weak
diffuse signals, we discover a dual-stage growth
of 1D domain walls within 1 ps, a process not
dictated by the order parameter amplitude but
instead mediated by a nonthermal population of
longitudinal optical phonons. Our work provides
a framework for ultrafast engineering of topolog-
ical defects based on selective excitation of col-
lective modes, opening new avenues for dynami-
cal control of nonequilibrium phases in correlated
materials.

An important pathway to realize emergent state out
of equilibrium is via the creation of topological de-
fects. These singularities not only modify the local
amplitude and phase of the underlying order param-
eter, they also change the elementary excitation of a
symmetry-broken state6,7. In strongly correlated mate-

rials, a defect-induced renormalization of the electronic
structure has been shown to lead to dramatic outcomes
such as photoinduced insulator-metal transitions3 and
superconducting-like behavior4. In systems that host
several proximal states of matter, these defects can fur-
ther seed the transient growth of a competing phase that
is normally hidden in equilibrium5. Despite the ubiquity
of nonequilibrium topological defects, their ephemeral
nature makes it challenging to obtain a precise charac-
terization of their evolution in space and time. Most ex-
periments so far have been restricted to studying their
annihilation dynamics from a few picoseconds to sev-
eral minutes8–12, but it remains unclear how individual
defects are formed in the first place at a much faster
timescale.

Two-dimensional (2D) materials have been of great in-
terest in the investigation of defect dynamics since pi-
oneering studies on 2D liquid crystals13–15. At equi-
librium, topological defects readily appear due to pro-
nounced thermal fluctuations in a reduced dimension,
giving rise to exotic phases involving nematic, tetratic,
or hexatic orders depending on the underlying crystal
symmetry16,17. While scanning microscopes can image
individual defects down to the atomic scale18–20, dynam-
ics of nanoscopic defects are often too fast to capture
with traditional probes. To understand the mechanism
of defect formation at the femtosecond timescale, we use
an ultrashort light pulse to create topological defects
in a 2D charge density wave (CDW), and we examine
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FIG. 1. 2× 2 charge density wave (CDW) in 1T -TiSe2 and possible types of topological defects in the CDW.
a, Crystal unit cell of 1T -TiSe2 in the non-CDW state, where each Ti atom is octahedrally coordinated with six Se atoms.
The upper and lower Se atoms are colored differently. b, Projected Brillouin zone of the non-CDW state with high symmetry
points labeled. Arrows indicate the three wavevectors of the short-range 2 × 2 CDW, which exists right above the transition
temperature of the long-range 2 × 2 × 2 CDW order. c, Top view of the crystal structure, where CDW-induced atomic
displacements in a single layer are labeled by arrows for the indicated wavevector (q1 to q3). For visual clarity, the length of
displacement vectors and the ratio between the Ti and Se displacements are not drawn to scale. Green and beige triangles
highlight alternating chains of anti-phase displacements in each wavevector. d–g, Schematics of different topological defects in
the 2×2 CDW for wavevector q1. Right panels show the corresponding superlattice peak shape at the M point imaged in a 2D
detector. Panel d shows the state free from defects, where only Ti displacements are drawn. Yellow and white stripes correspond
to CDW displacement chains with opposite phases. Possible topological defects include 1D domain walls (e), shear (f), and
dislocations (g).

their temporal evolution encoded in diffuse scatterings
in momentum space21. Unlike specular peaks, these dif-
fuse intensities are orders-of-magnitude smaller, render-
ing quantitative analysis difficult. We developed a fem-
tosecond MeV electron diffraction beamline, whose high
electron flux enabled an ultra-sensitive probe of diffuse
signals without compromising the temporal resolution22
(see Methods). From the same set of diffraction images,
we were able to simultaneously record branch-specific
phonon dynamics23 as topological defects were formed.
The concurrent detection of both topological defects and
nonthermal phonons offers a striking visualization of dif-
ferent stages in defect growth, providing an unprece-
dented view on the mechanism of ultrafast defect gen-
eration in solids.

Our material choice is a layered transition metal
dichalcogenide, 1T -TiSe2 (Fig. 1a), which forms a 2×2×2
commensurate CDW below Tc ≈ 195 K. In each layer, the

density modulation is a superposition of three symmetry-
equivalent wavevectors, q1 to q3 (Fig. 1b and 1c), whose
associated atomic displacements in adjacent layers are
exactly π out of phase. Right above Tc, photoemission
and diffraction measurements reveal a 2D version of the
ground state CDW24,25, featuring short-range 2 × 2 su-
perlattices in individual layers that are largely uncoupled
between layers. The existence of this 2D CDW allows us
to explore defect dynamics in a reduced dimension with-
out resorting to an atomically thin crystal.

In diffraction experiments, the type of CDW defects
can be classified by the spatial profile of the superlattice
peak. Focusing on a particular wavevector, such as q1,
we expect a δ-function-like peak at the M point if no
defects are present, corresponding to perfect atomic dis-
placements that form anti-phase chains running perpen-
dicular to q1 (Fig. 1d). If defects are present, the δ peak
gains a finite width27, whose anisotropy is indicative of
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FIG. 2. Photoinduced 1D domain walls in the CDW. a–d, Differential electron diffraction intensity at four time delays
after photoexcitation by a 3-mJ/cm2, 800-nm pulse; data were taken at 210 K. The lower left quadrant shows the simulation
result26. Intensity changes are normalized by the pre-excitation values; note the different colorscales in different panels.
Hexagons mark the Brillouin zones and images are symmetrized to enhance statistics. See Fig. S2a–d for unsymmetrized
patterns and Supplementary Video 1 for a continuous evolution of the diffraction intensity. e, Comparison of the 2D CDW
peak at the M point before and 1 ps after photoexcitation, where signals from multiple M points that are symmetry-equivalent
to (H,K) = (3,−1.5) are averaged. Dashed rectangle in the inset marks the bounding box of the images. Dashed ellipses
are fitted intensity contours at different levels relative to the peak intensity. f, Time evolution of the change in peak width at
M. Significantly more broadening is observed in the direction parallel to the CDW wavevector (‖ q) than the perpendicular
direction (⊥ q). Solid curves are guides to the eye. g, Time evolution of the change in peak intensity at M. Vertical dashed
line marks the minimum of the transient intensity. The solid curve is a fit to an error function multiplied by an exponential.
In f and g, all quantities are normalized to their respective values prior to pump incidence; error bars represent the standard
deviation of their pre-excitation values.

the defect structure. In the context of a stripe-like CDW,
an isotropic peak broadening points to the formation of
dislocations (Fig. 1g)26. If broadening is predominantly
perpendicular to q1, coherence between neighboring dis-
placement chains are maintained but are reduced along
the chain direction, consistent with shear (Fig. 1f). On
the other hand, peak broadening parallel to q1 signifies
the appearance of 1D domain walls, which consist of adja-
cent chains with in-phase atomic displacements (Fig. 1e).
In all cases, the CDW defects are topological and they
can only be created or annihilated in defect-antidefect
pairs21.

The experiments were carried out on a freestanding

thin flake of 1T -TiSe2 at 210 K in its 2D CDW state (see
Methods). Following photoexcitation by a 3-mJ/cm2,
800-nm pulse, the change of diffraction pattern recorded
with MeV relativistic electrons is shown in Fig. 2a–d
along the [001] zone axis; see Supplementary Video 1 for a
continuous evolution of the diffraction intensity. Thanks
to the high electron energy, these differential maps re-
veal a rich set of diffuse patterns with a wide momentum
range that are less affected by dynamical scattering ef-
fects compared to keV electrons28, yielding critical infor-
mation about the microscopic environment surrounding
the creation of CDW defects.

We first focus on photoinduced changes near the M
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point that report the 2D CDW dynamics. The emergence
of blue spots in the difference map shown in Fig. 2a indi-
cates a transient suppression of the CDW amplitude25,29.
Their elongated shape with the long axis oriented perpen-
dicular to the Brillouin zone boundary further suggests
anisotropic peak broadening. In Fig. 2e, we zoom into
a particular M point corresponding to one of the three
CDW wavevectors, and we examine the diffuse intensity
profile before and 1 ps after photoexcitation. As illus-
trated in the fitted contours (dashed ellipses), the peak
width significantly increases in the direction parallel to
the CDW wavevector (‖ q) while much smaller broad-
ening occurs in the perpendicular direction (⊥ q). As
the CDW correlation length is inversely proportional to
the peak width, we estimate the correlation length to be
5.3 unit cells (defined in the non-CDW state) parallel to q
and 17.3 unit cells perpendicular to q at 1 ps26. Based on
the schematic in Fig. 1e, we therefore conclude that pho-
toexcitation primarily gives rise to 1D domain walls while
preserving the correlation along individual displacement
chains. To confirm our defect assignment, we simulated
the change of the M point intensity using anisotropic
CDW correlations for all three wavevectors26. The com-
puted patterns displayed in the bottom left quadrant of
Fig. 2a–d demonstrate an excellent agreement with the
experimental data.

These chain-like domain walls distinguish 1T -TiSe2
from previous experimental and theoretical studies of
transient defects in CDW compounds where disloca-
tion pairs are created by photoexcitation8,9,30,31. Here,
the preferential formation of 1D domain walls instead
of point-like dislocations validates an early prediction
that CDWs in 1T -TiSe2 can be viewed as weakly linked
chains32. From the theoretical standpoint, both second-
order Jahn-Teller distortion and excitonic interaction be-
tween Se 4p holes and Ti 3d electrons are thought to
account for the underlying 1D nature of the CDW in
equilibrium. In our experiments, the high photoexcita-
tion density leads to transient suppression of excitonic
correlations due to screening by excited free carriers33,
suggesting that excitons do not play a significant role in
maintaining this 1D chain configuration in the nonequi-
librium context.

To understand how the 1D domain walls are created in
the 2D CDW, in Fig. 2f, we plot the M point peak widths
in two orthogonal directions as a function of pump-probe
delay. For comparison, we also show the time evolution
of the peak intensity in Fig. 2g, which reports the local
amplitude of the order parameter34. Within 200 fs af-
ter photoexcitation, the CDW amplitude reaches a mini-
mum, as indicated by the vertical dashed line. A similar
timescale (200–300 fs) marks the initial peak broadening
in both directions: parallel (yellow circles) and perpen-
dicular (blue circles) to the CDW wavevector q. After
300 fs, the CDW amplitude partially recovers and the
peak width perpendicular to q remains constant. On the

other hand, peak width parallel to q continues to grow
significantly up to ∼ 1 ps, leading to an increasingly more
anisotropic peak. These observations allow us to divide
the domain wall formation into two stages. First, the
transient loss of local CDW amplitude triggers a concur-
rent suppression of the CDW coherence, suggesting that
the atomic displacement towards the high symmetry po-
sition is not executed in a concerted manner. Instead,
significant disordering occurs in the atomic movement35,
especially between different CDW chains. In the second
stage, further development of chain-like domain walls re-
lies on a partial CDW amplitude recovery, where adjacent
chains adopt an incorrect phase as atoms move back to
the distorted lattice positions. Beyond ∼ 1 ps, domain
walls start the slow annihilation process, and the change
in the M point peak width remains highly anisotropic
throughout our time delay window up to 4.7 ps.

While we have identified two stages of defect forma-
tion separated by the transient minimum of the CDW
amplitude, it remains elusive what microscopic process
contributes to phase disordering between adjacent chains
during either stage. As domain wall formation fundamen-
tally represents a special type of lattice dynamics, we look
into nonthermal phonon populations induced by the fem-
tosecond laser pulse, whose evolution is encoded in dif-
fuse scattering signals away from Bragg peaks (Γ point)
and 2D CDW peaks (M point). In Fig. 3a–d, we re-
examine the differential intensity patterns, zooming into
the six Brillouin zones closest to the (0, 0) order. Based
on the momentum anisotropy of red diffuse features, we
can categorize them into either longitudinal or transverse
phonons, shown schematically in Fig. 3e and 3f. For ex-
ample, at 0.2 ps, elongated diffuse signals resembling an
hourglass shape are observed near Brillouin zone centers
(dashed curves in Fig. 3a), where the elongation is par-
allel to the line connecting the zone center (Γ point) and
(0, 0). These are primarily longitudinal phonons, whose
polarization vector e is parallel to the phonon wavevec-
tor q defined relative to the Γ point. This assignment
originates from the fact that the one-phonon structure
factor contains a term (e · k), where k is the scatter-
ing wavevector measured from (0, 0)36. Hence, the most
prominent diffuse intensity appears in regions of the Bril-
louin zone where q ‖ k. The same argument implies that
transverse phonons near the Γ point appear in similarly
shaped diffuse features but are 90◦ rotated (Fig. 3f). This
is the case at 4.3 ps in the (1, 1) Brillouin zone (dashed
curves in Fig. 3d). Using phonon structure factors ob-
tained from first-principles calculations, we can further
break down longitudinal and transverse phonons into op-
tical and acoustic branches26. Specifically, diffuse signals
from optical phonons are more intense in (H,K) zones
where (H − K) 6= 0 (mod 3); the opposite applies to
acoustic phonons (Fig. 3g and 3h). Hence, at 0.2 ps, the
longitudinal optical phonons are the first to be excited
among all branches (Fig. 3a) while the quasi-equilibrium
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FIG. 3. Photoinduced phonon dynamics in different branches. a–d, Differential diffraction patterns taken from Fig. 2a–
d, zooming into the six Brillouin zones near the undiffracted beam at (0, 0). Regions of interest marked by dashed curves in a and
d highlight the diffuse scatterings from longitudinal optical phonons (LO) and transverse acoustic phonons (TA), respectively.
e,f, Schematics of atomic displacements (left) and diffuse scatterings (right) for longitudinal (e) and transverse (f) phonons for
a given wavevector q, which is defined from the closest Γ point. The scattering wavevector k is measured with respect to (0, 0).
g,h, Calculated one-phonon structure factor for longitudinal (L) and transverse (T) phonons from optical (O) and acoustic (A)
branches. The structure factor of optical phonons concentrates in Brillouin zones with H −K 6= 0 (mod 3); the opposite holds
for acoustic phonons. See Figs. S4 and S5 for full images with more Brillouin zones included. i–k, Time evolution of diffuse
intensities for different phonon branches, taken from color-coded regions of interests in the inset of panel k. Intensities from
symmetry-equivalent Brillouin zones are averaged. Solid curves are guides to the eye. In panel i, the time trace of the 2D
CDW peak width parallel to the CDW wavevector is overlaid (yellow circles, reproduced from Fig. 2f). Both the width and LO
phonon population show similar three-part dynamics, labeled I–III, which are qualitatively distinct from TO and TA phonons
in panels j and k.

state at 4.3 ps is characterized by dominant population
of transverse acoustic phonons (Fig. 3d). These assign-
ments are further confirmed by diffuse scattering simu-
lations in Fig. 2a–d (bottom left quadrant), which accu-
rately reproduce the experimental observation, including
the suppression of Bragg peaks at long time delay pri-
marily due to the acoustic phonons emitted.

To quantify the nonthermal phonon population, we
plot the diffuse intensity evolutions in Fig. 3i–k for the
three dominant phonons observed: longitudinal optical
(LO), transverse optical (TO), and transverse acoustic
(TA). Below 300 fs, the LO phonons are preferentially
excited, which continue to grow after 300 fs but at a
smaller rate of increase (Fig. 3i). Their population sub-
sequently decreases after 1 ps and reaches a metastable
value. This three-part evolution of the LO phonons (la-
beled I–III in Fig. 3i) distinguishes them from TO and TA
phonons, which only feature a rise on slower timescales
without any relaxation over a few picoseconds (Fig. 3j

and 3k). Notably, the LO phonon dynamics (red cir-
cles in Fig. 3i) almost exactly coincide with the change
in the CDW peak width in the direction parallel to the
CDW wavevector (yellow circles in Fig. 3i), both showing
a dual-stage growth followed by a relaxation with identi-
cal timescales. As the peak width scales with the domain
wall density, this correlation suggests that the emission
of LO phonons from excited electrons play a critical role
in creating the topological defects in the 2D CDW.

We can gain some insight into the coupling between
the LO phonons and 1D domain walls by considering
the model of linked CDW chains for each of the three
CDW wavevectors26,32. Here, we treat each chain as an
individual entity coupled by a spring constant k, where
LO phonons manifest as local, non-propagating oscilla-
tions that modulate the inter-chain distance (Fig. 4a).
The most drastic change in inter-chain coupling is ex-
pected to occur at CDW domain walls due to the in-
phase atomic displacements in two neighboring chains
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FIG. 4. Ultrafast domain wall creation mediated by longitudinal optical phonons. a, Schematic of dual-stage
formation of CDW domain walls illustrated for a particular CDW wavevector. Only Ti atoms are shown (circles), where arrows
denote CDW displacements. In the first stage (up to ∼ 0.3 ps), the CDW amplitude decreases, represented by the shrinking
arrow length; in the second stage (up to 1 ps), the CDW amplitude partially recovers. Pairs of domain walls are indicated
by red shades, where CDW displacements in the opposite direction compared to the t < 0 configuration are highlighted by
red arrows. Domain wall formation modifies the local inter-chain coupling (k → k′), leading to local displacements (δ) that
constitute the longitudinal optical phonons. b, Simulated change of diffuse scattering intensity due to longitudinal phonons
arising from local atomic displacements at domain walls (δ motion in panel a). Simulations were performed for a variable
numbers of domain wall (DW) densities. The dip at the zero momentum (the Γ point) reflects the Debye-Waller intensity drop
of the Bragg peak. The shaded area represents the momentum range for calculating the integrated intensity ∆Idiffuse used in
panel d. c, Simulated CDW peak at the Brillouin zone boundary for various domain wall densities (same color coding as in
panel b). Solid curves are Lorentzian fits. d, Simulated diffuse intensity change arising from LO phonons as a function of CDW
domain wall densities (top axis), or equivalently, the width of the 2D CDW peak (bottom axis).

(shaded regions in red). This modification of the spring
constant from k to k′ inevitably leads to a change of the
local inter-chain distance and hence the excitation of LO
phonons at the domain wall (δ vibrations in Fig. 4a).
Conversely, nonthermal population of LO phonons can
result in large inter-chain displacements, where in-phase
rather than out-of-phase CDW distortions can be favored
locally, seeding the growth of a domain wall. To be more
quantitative, we compute from this model the change in
diffuse intensity associated with LO phonons (∆Idiffuse,
Fig. 4b) for various domain wall densities, which are pro-
portional to the peak widths of the 2D CDW in the di-
rection parallel to the CDW wavevector (Fig. 4c). The
nearly perfect linear relation between ∆Idiffuse and the
peak width shown in Fig. 4d provides a natural ex-
planation for their overlapping temporal evolutions ob-
served in Fig. 3i. Our calculation further predicts that
the momentum-space profile of the phonon diffuse sig-
nal remains unaltered despite a change in the intensity
(Fig. S9e). This universal line profile is clearly evidenced
in the experimental diffraction pattern, lending further

support to our model26.
The simultaneous measurements of both 2D CDW

peaks and diffuse phonon signals offer a detailed picture
of how topological defects develop in two stages in the
sub-picosecond regime, as summarized in Fig. 4a. Within
the first ∼ 300 fs — a timescale not limited by the instru-
ment temporal resolution (see Methods) — a high density
of free carriers excited by the laser pulse transiently sup-
presses the CDW amplitude. At the same time, a rapidly
increasing LO phonon population significantly modulates
the inter-chain interaction, leading to predominantly lo-
cal flips of the CDW displacement direction and the pro-
duction of pairs of 1D domain walls. During the second
stage that lasts up to 1 ps, the CDW amplitude starts to
recover, but continued emission of the LO phonons cre-
ates local minima in the energy landscape where in-phase
CDW displacements between neighboring chains are pre-
ferred. Hence, more pairs of domain walls are formed,
which are not annihilated until several picoseconds or
longer.

The 1D domain walls identified in this study disrupts
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the translational order of the 2 × 2 CDW in 1T -TiSe2
while respecting the threefold rotational symmetry. The
resulting state is consistent with the hexatic order that
appears as an intermediate phase when a 2D triangu-
lar lattice is melted by dissociation of bound topologi-
cal defects. Our work provides the missing time axis in
the sub-picosecond scale for describing this defect-driven
transition, highlighting the role of longitudinal phonons
in mediating the domain wall generation. We expect
the mechanism discovered here to be general for other
symmetry-broken states, where defect generation takes
place regardless of the order parameter amplitude but is
instead associated with nonthermal excitation of specific
collective modes. This result paves the way for ultrafast
manipulation of topological defects in different ground
states, a fruitful avenue for discovering new phases of
matter in quantum materials and beyond37.

METHODS

Sample growth and preparation. High-quality single
crystals of 1T -TiSe2 were grown by chemical vapour
transport with an iodine transport agent. Ti and Se
were mixed in a molar ratio of 1:2 and placed into an
alumina crucible before being sealed into a quartz tube.
The quartz tube was heated to 700◦C and 1T -TiSe2
crystals were synthesized at the 650◦C zone for two
weeks. 1T -TiSe2 thin flakes were obtained by repeated
exfoliation of the bulk crystal with polydimethylsiloxane
films (PDMS, Gel-Pak). Flakes were pre-screened for
thickness and uniformity with an optical microscope
using the color contrast and further characterized by
atomic force microscopy. Selected flakes were detached
from PDMS in ethanol and scooped onto standard
copper TEM grids. The resulting free-standing flake has
a typical lateral dimension of ∼ 400 µm and thickness of
∼ 30 nm. A typical optical image of a flake is shown in
Fig. S10a.

MeV ultrafast electron diffraction. Details of the
ultrafast electron diffraction beamline are discussed in
ref.22. Briefly, the 800-nm (1.55-eV), 30-fs pulses from
a Ti:sapphire regenerative amplifier system operating at
a repetition rate of 100 Hz (Vitara and Legend Elite
Duo HE, Coherent) were split into pump and probe
branches. The probe branch was frequency tripled in
nonlinear crystals before illuminating a photocathode
for electron pulse generation, producing approximately
30,000 electrons per pulse (5 fC). After being accelerated
by an intense radio-frequency field to relativistic velocity
(∼ 0.989c), the electron beam went through a double-
bend achromatic lens for pulse compression and jitter re-
moval. The typical electron beam spot size on the sam-
ple was approximately 150 µm measured at full-width
at half maximum (FWHM), nearly five times smaller

than the size of the pump pulse, ensuring a homoge-
neous photoexcitation condition. The temporal delay
between the pump and probe pulses was adjusted by a
linear translation stage, and the temporal resolution was
50 fs. Diffracted electron beams were incident on a phos-
phor screen (P43) and the image was collected by an
electron-multiplying charge-coupled device. The sample
was cooled by liquid nitrogen.
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S. Grübel, J. Rittmann, J. A. Johnson, V. Esposito,
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