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S1. Comparison between UED and other ultrafast
probes

To unravel the dimension-dependent nonequilibrium
states, it is important to identify appropriate signa-
tures of the order parameter along different spatial axes.
Though 17-TiSe, has been subjected to extensive studies
by ultrafast probes!™®, there lacks a technique to simulta-
neously characterize femtosecond evolutions of the CDW
both in-plane and out-of-plane.

For instance, time-resolved terahertz or optical spec-
troscopy is restricted to dynamics near the Brillouin zone
center?35, but the superlattice distortion and excitonic
condensation take place at the Brillouin zone boundary of
the non-CDW state. On the other hand, time- and angle-
resolved photoemission, being a surface-sensitive probe,
is able to access in-plane dynamics, but is difficult to
yield information at different out-of-plane momenta at
a fixed photon energy!*®8. Femtosecond x-ray diffrac-
tion can, in principle, detect changes along different cuts
of the reciprocal space. Nonetheless, the limited momen-
tum coverage prevents a concurrent measurement of both
in-plane and out-of-plane features in the same camera
image®7, making it difficult to compare their dynamics.

Here, we use ultrafast electron diffraction (Fig. le),
which can capture a large number of Brillouin zones

* These authors contributed equally: Yun Cheng and Alfred Zong.

T Corresponding authors: A.K. (anshulkogar@physics.ucla.edu),
M.W.Z. (mwz@berkeley.edu), D.X. (dxiang@sjtu.edu.cn), and
J.Z. (jzhangl@sjtu.edu.cn).

with varying cross-sectional planes in a single diffrac-
tion pattern, allowing us to gain a comprehensive view
of CDW dynamics along different spatial axes. In par-
ticular, anisotropic CDW fluctuations in this quasi-low-
dimensional system is resolved through diffuse scatter-
ings, whose intensity is around two orders of magnitude
weaker than CDW superlattice peaks. The detection of
these faint signals is made possible by the high kinetic
energy of the electron pulses (3 MeV), which reduces the
interfering backgrounds from multiple scattering. Using
state-of-the-art pulse compression with an achromatic
electron lens”, an overall temporal resolution of 50 fs
is achieved, necessary to observe the ultrafast transient
phases during the structural evolution”.

S2. Electron diffraction simulation

The CDW phase of 17-TiSey is characterized by a
triple-¢q lattice distortion that corresponds to the soft
phonon at the L point in the normal state'®!'!. In terms
of Miller indices, the three CDW wavevectors are
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A schematic of the periodic lattice distortion is shown
in Fig. S1, where atomic displacements are in-plane and
movements in adjacent TiSeq layers differ by a phase .
Mathematically, the atomic position in this modulated
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FIG. S1. Periodic lattice distortion in the CDW phase of 1T-TiSe2. a, Schematic of atomic displacements for one

1

particular wavevector q; = (5 0 %) Arrows indicate the displacement direction: In each layer, Ti and Se atoms move in-plane
and in opposite directions while displacements in adjacent layers are m out of phase. b, Top view of the CDW in a single layer
after superimposing the distortions from the triple-¢ wavevectors. Lengths of arrows are exaggerated.

triple-q structure is given by
R(nn?) = RO(naj)+
> Aj(a)coslaa - Ro(n.j) +j(aa)], (S2)

a=1,2,3

where Rg(n,j) is the equilibrium position of the j-th
atom in the n-th unit cell without CDW modulations,
and A;(qa) and ¢;(qq) are displacement amplitude and
phase. Here, Ro(n,j) = R,, + Rj, where R,, and R; are
positions of the n-th unit cell and the atomic position
within the unit cell, respectively.

To simulate the diffraction peaks in the CDW phase,
we adopt the kinematical theory of electron diffraction,
which is justified by the small sample thickness (~ 60 nm)
and the high electron kinetic energy (3 MeV)2. We de-

J

note the diffraction peak by H, expressed as'?

H = ha* + kb* + lc* +miq1 + maede + m3qs, (S3)
where (h k 1) are the Miller indices of lattice Bragg peaks,
Ma=1,2,3 are integers and represent the orders of the
triple-q superlattice peaks, and q, are CDW wavevec-
tors given by Eq. (S1). The structure factor for diffrac-
tion from a crystal plane H is given by!?
Fu =) _ fjexp[2miH - R(n, j)], (S4)

n,j

where f; is the atomic scattering factor. Algebraic sim-
plification transforms Eq. (S4) to!®14

3
Fy = Z fje2m'K.Rj {H Z’—mae—i?’)’La¢j(QO¢)Jima [27H - Aj(qa)]} , (S5)
J

a=1

where J,,,[-] is the Bessel function of the first kind with
order m and K = ha* + kb* + Ic*.

Besides the structure factor, one needs to consider an
additional shape factor Sy, which takes into account the
fact that the Ewald sphere does not always intersect a
rel-rod at its center. The shape factor for a thin sample
with thickness t is'®
sin(mt sp)

Su ~ (SG)

TtSsH
where sy is the excitation error. It is defined as the recip-
rocal space distance between a reciprocal lattice point H
and the Ewald sphere along the sample surface normal,

given by'®

o Ko? — Ko + H|)?
H ~ 2K0 )

(S7)

where Kj is the incident electron wavevector that deter-
mines the Ewald sphere. Taken together, the diffraction
. . . . 2
intensity is given by I'g o |FaSul”.

For realistic diffraction intensity simulation, we also
adopted a Gaussian angular distribution for the incident
electron beam, whose FWHM is set to 2°. This angular
spread takes into account the wrinkling nature of the sus-
pended thin flake as well as imperfect collimation of the
electron beam. The simulated electron diffraction pat-
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FIG. S2. Measured and simulated electron diffraction patterns. a,b, Experimentally measured diffraction patterns of
the 2 x 2 x 2 CDW phase under normal incidence (a) and under oblique incidence (b), where the electron beam is rotated
from the sample surface normal by ~ 8°. ¢,d, Simulated patterns under the same conditions. Values of A;(q«) in Eq. (S2) are
taken from ref.!® while ¢;(da) is set to zero. Red circles mark select CDW superlattice peaks.

terns under both normal and oblique electron incidence
are shown in Fig. S2, which well reproduce the experi-
mental results.

S3. Bragg peak dynamics and the Debye-Waller
effect

While the main text focuses on the CDW dynamics
along the M—L cut, here we discuss the effect of photoex-
citation on the primary lattice, as reflected in the lattice
Bragg peaks. Figure S3a shows the intensity evolution
of selected Bragg peaks up to 30 ps, where the most
salient feature is a transient suppression over approxi-
mately 10 ps, which is indicative of the Debye-Waller
effect due to a transient heating of the lattice. The slow
timescale of the Debye-Waller effect is well separated
from the fast dynamics along the M-L line, suggesting
that the intensity decrease at the L point below T, has
negligible contribution from lattice heating.

Thanks to the high kinetic energy of the electron beam,

we can quantitatively extract the change in the mean-
squared displacement based on the Debye-Waller inten-
sity suppression, which is dependent on the scattering
wave vector q. From the kinematical theory of electron
diffraction, at each pump-probe delay ¢, the intensity of
a Bragg peak at q, I(t,q), is related to the change in the
mean-squared displacement, A(u?)(¢), by the following

equation!”:

I(t,q) _ 1 u2) - g2
SE e RS R

where Iy(q) is the equilibrium peak intensity. Given a
collection of Bragg peaks with different ¢2, we there-
fore expect a linear dependence of —In[I(t)/Io] on ¢?
at each time delay t. This linear relation is confirmed by
Fig. S3b, shown at a representative time step of 20 ps.
We can extract A(u?) from the slope of Fig. S3b, and the
evolution of A(u?) over 30 ps is shown in Fig. S3c. Con-
sistent with the Bragg peak intensity traces, the change
in the mean-squared displacement shows a characteris-
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FIG. S3. Debye-Waller effect in the Bragg peaks. a, Intensity evolution of selected Bragg peaks up to 30 ps, showing
suppression due to the Debye-Waller effect. b, Dependence of the Debye-Waller intensity drop as a function of ¢, taken at
20 ps pump-probe delay. Here, ¢ is the magnitude of the scattering wave vector. ¢, Evolution of change in mean-squared atomic
displacements, A{u?), which is derived from the slope in b at each delay time ¢ (see text for details). Data in all panels were
taken at 88 K with a 560 pJ/cm? incident fluence. Vertical dashed lines mark ¢ = 0.

tic timescale over approximately 10 ps before reaching
a plateau, which represents a quasi-equilibrium thermal-
ized state.

S4. Recovery dynamics of the CDW peak

In the main text, we showed that the fluence-
dependent sub-picosecond suppression of the CDW peak
intensity at L remains featureless at the threshold fluence
F. ~ 50 wJ/cm? (Fig. 4d). Nonetheless, a separate flu-
ence threshold, ﬁc ~ 120 pJ/cm? is observed during the
recovery of the CDW peak intensity at long time delay,
as explained below.

Figure S4a shows several time traces of the CDW peak
intensity at select incident fluences for time delays up to
30 ps. At higher pump laser fluence, the intensity recov-
ers to a lower value as it relaxes into a quasi-equilibrium
level after a few picoseconds. This quasi-equilibrium rep-
resents a metastable state that persists at least to 100 ps
(Fig. S4b). We fit the long-time dynamics to a two-
exponential relaxation function

AI(t) = % lH—Erf (Wt‘))) 1
wo

(he - m/m 4 pemtmlm) - (s)

where wg characterizes the initial system response time,
to is determined by the pump-probe temporal overlap,

112 and 7 2 are the magnitude and relaxation time for
the fast and slow recovery. The fitting yields =, =
6.1 £0.6 ps and 75 = 2.5+ 0.6 ns, confirming the persis-
tent nature of the intensity plateau after the initial fast
relaxation.

The fluence-dependence of the CDW peak recovery is
summarized in Fig. S4d, where the transient intensities
are normalized between 0 and 1 for comparison among
several time delays. At delays > 1 ps — the recovery
portion of the dynamics — a clear kink is observed at
F. ~ 120 wJ/cm?, marking the onset of a steep drop of
the intensity plateau at long time delay. This value corre-
sponds to a transient complete suppression of the CDW
order in parts of the sample, which is reflected in three
distinct observables tracked by time-resolved photoemis-
sion experiments®®: (i) upward shift of the Se-4p valence
band beyond its value at T, in equilibrium, (ii) onset of
anharmonicity in the light-induced coherent A;,-CDW
phonon oscillation, and (iii) kink in the relaxation rate of
excited electrons above the Fermi level. At fluences above
F., the reestablishment of the CDW order involves the
formation of both in-plane and out-of-plane coherence,
during which photoinduced defects can lead to a slow re-
covery rate and reduced diffraction intensity in the CDW
peak!®19 accounting for the rapid drop of the intensity
value at long time delays in Fig. S4d.

One signature of persistent presence of photoinduced
defects is observed in Fig. S4c, which shows the time evo-
lution of in-plane width for the L-point CDW peak. The
initial spike at ¢ < 3 ps is associated with the melting
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FIG. S4. Recovery dynamics of the CDW peak. a, Fluence-dependent evolutions of the CDW peak, whose intensity
values are normalized by their respective pre-excitation values. Solid curves are guides to the eye. b, Long-time recovery
dynamics of the CDW peak intensity. Blue curve is a fit to Eq. (S9). ¢, Change in the in-plane width of the CDW peak.
The width, expressed in terms of FWHM, was calculated as the geometric mean between the fitted widths of 1D line profiles
projected along the horizontal and vertical directions in the detector'®. Solid curve is a guide to the eye. In b and c, data was
taken with a 560 pJ/cm? incident pump fluence at 88 K. All values were normalized by their average prior to photoexcitation.
d, Fluence-dependent CDW peak intensity at select time delays, where each trace is normalized between 0 and 1 for comparison.
Red data points are taken from a separate sample compared to the other data points. Vertical dashed line indicates the second

threshold fluence, F..

of the 3D CDW order into 2D incoherent fluctuations,
during which both out-of-plane and in-plane CDW co-
herences are significantly reduced. By 10 ps, the in-plane
peak width has completed its relaxation into the quasi-
equilibrium state and it stays at a plateau level that is
larger than the equilibrium value. The nonzero long-time
plateau in Fig. S4c suggests that the CDW correlation
length is only recovered over a much longer timescale,
and the slow annihilation of defects is consistent with
this observation.

S5. Diffuse intensity change along the M-L cut

In Fig. 2f of the main text, we showed light-induced
intensity evolutions at two selected L and M points.
We affirm this result by examining momentum points
in other Brillouin zones in the diffraction pattern, shown
in Fig. S5. Clearly, while the CDW peak at the L point
shows a sub-picosecond intensity drop with a damped co-
herent oscillation, diffuse intensity at other points along

the M—L cut displays a transient rise, validating our in-
terpretation of a proliferation of 2D CDW fluctuations.

To evaluate the extent of the CDW dimension
crossover, we compare the absolute values of peak in-
tensity among points along the M—L cut after photoexci-
tation. If one neglects the structure factor, a uniform dif-
fuse intensity spanning across M to L indicates the max-
imal loss of interplane coherence. We show in Fig. S6a,b
the diffraction patterns before and 1.5 ps after photoex-
citation, where several peaks near the L point (labeled
i, ii) and away from the L point (labeled iii, iv) are
highlighted. These two images correspond to the data
presented in Fig. 2e—g in the main text, taken at 88 K
in the tilted geometry with a 560 wJ/cm? incident flu-
ence. At t < 0, only sharp peaks at the L point are
observed with no discernible peak away from L along the
M-L line. By contrast, at ¢t = 1.5 ps, points at L, M,
and in between them are characterized by weak diffuse
peaks of similar intensity. For a more direct comparison
of absolute peak intensities along the M-L line follow-
ing the 3D-to-2D dimension crossover, we plot the peak
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FIG. S5. Dynamics of diffuse peaks along the M—L cut. a, Differential diffraction pattern at 1 ps after photoexcitation,
reproduced from Fig. 2e. Colored circles mark the peaks analyzed in b. b, Temporal evolutions of different peaks along the
M-L cut. Intensities are normalized by the averaged value at ¢t < 0.
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FIG. S6. Intensity comparison between diffuse peaks along the M—-L cut. a,b, Diffraction patterns at 8 K before
and 1.5 ps after the arrival of a 560 wJ/cm? pump pulse. Four peaks of interest along the M-L line are circled. c, Intensity
profiles of selected peaks at ¢ = 1.5 ps projected along the b* axis, where a linear background has been subtracted. Curves are

Gaussian fits.

line profiles projected along the b* axis in Fig. S6c. The
integrated intensities based on these line profiles demon-
strate a comparable value along the M-L line within a
factor 2, suggesting a 2D CDW state with nearly zero
phase coherence between layers. The intensity variation
in Fig. S6¢ at 1.5 ps may be attributed to the geometric
structure factor, and one needs to resort to diffuse scat-
tering simulation for a more quantitative analysis, which
is beyond the scope of this paper.

S6. Distinct photoinduced changes above and
below T,

In Fig. 3 of the main text, we compared the light-
induced dynamics above and below T, at the M point.
To verify that the behavior at M represents the entire
M-L cut above T,., we repeated the measurement on a
separate sample with oblique electron beam incidence to
access the L point in the same detector image. The differ-
ential diffraction maps in this tilted geometry below and
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FIG. S7. Distinct photoinduced dynamics along the M—-L cut below and above T.. a,b, Differential diffraction
pattern upon photoexciting the same sample in a tilted geometry at 88 K (a) and 250 K (b), respectively. Image was taken at
1 ps (a) and 0.2 ps (b). Yellow and green circles mark the points close to M and L respectively. The zone axis is [-9 16 82].
In both panels, intensities are normalized to respective pre-excitation values. The incident fluence was 560 pJ/ cm?.

above T, are shown in Fig. S7, where M and L points
are both visible and are marked by yellow and green cir-
cles. While the M and L points display opposite intensity
changes in the 3D CDW phase below T, (Fig. S7a), both
show a transient intensity dip above T, (Fig. S7b). The
nearly identical change at M and L above T, can be un-
derstood as a suppression of 2D CDW patches that are
uncorrelated in the c-axis, which in the momentum space
is represented by a diffuse rod along the M-L cut with
negligible intensity modulation. In this incoherent 2D
CDW state, there is hence minimal distinction between
the L and M points.

Compared to the transient intensity rise at M below
T, the light-induced loss of the 2D CDW order above T,
occurs at a much faster timescale®, as shown in Fig. 3¢
in the main text. This discrepancy of timescales dictates
our selection of the delay time in the differential diffrac-
tion plots in Figs. 3 and S7. It is worth noting that
the fast suppression of the M point intensity above T,
(Fig. 3c¢) is comparable to the initial decrease of the L
point intensity below T, (Figs. 2f and S5b), which shows
remarkable similarity to the ultrafast CDW dynamics
in rare-earth tritellurides?®. This similarity suggests a
common origin of the two processes. Both can be in-
terpreted as a fast decrease in the atomic displacement
that is responsible for the periodic lattice distortion, and
their differences mainly originate from the respective pre-
excitation states: Below T, the displacements possess 3D
long-range order; above T., they remain as short-range
fluctuations with mostly 2D correlations.

To better visualize the two timescales of the M point
dynamics below and above T, we show in Fig. S8 a side-
by-side comparison for differential patterns at two time
delays (0.2 ps and 1 ps) for two temperatures (88 K

and 250 K). At 0.2 ps, we observe the opposite inten-
sity changes at the M point by contrasting Fig. S8a and
S8b. At 1 ps, the M-point suppression above T, has par-
tially recovered (Fig. S8d) due to the proliferation of inco-
herent CDW fluctuations induced by photoexcitation?!.
On the other hand, the M-point enhancement below T,
reaches its maximum around 1 ps (Fig. S8c), and the
slower timescale here suggests the incoherent develop-
ment of 2D CDW fluctuations.

S7. Experimental determination of the fluence
threshold for excitonic melting

In the main text, we identified the fluence thresh-
old F, ~ 50 pJ/cm? with the critical carrier excita-
tion density needed to completely suppress the exci-
tonic correlations in the CDW ground state. This in-
terpretation is drawn by comparing the fluence used in
the present experiment with those reported by previous
time-resolved measurements on 17-TiSes; that employ
terahertz spectroscopy?, angle-resolved photoemission®?®,
resonant x-ray diffraction’, and optical reflectivity®.

For a fair comparison, we convert the incident fluence
value F, =~ 50 wJ/cm? to absorbed pump energy per nor-
mal state unit cell (u.c.) in the top-most layer of the
sample, €15;. From Beer-Lambert law, the absorbed en-
ergy density €(z) follows an exponential decay

A, (S10)

€(z) = ege
where €y denotes the absorbed energy density on the sam-
ple surface and d is the wavelength-dependent penetra-
tion depth; in our case, dggonm = 35 nm’. From energy
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conservation,

o0
Fu(l— Ry) = / () dz = codr,  (S11)
0
where F}, is the incident fluence and R, is the reflectivity
at normal incidence with Rggonm = 0.6822. One readily
obtains

€15t = / e(2)a’sin 60° dz, (S12)
0

where @ = 3.54 A and ¢ = 6.00 A are the lattice con-
stants in the normal phase. For Fj, = 50 wJ/cm?, we
obtain the corresponding threshold in €5 as 1.8 meV /uc,
which is consistent with literature values summarized in
Table I in the main text. From time-resolved terahertz
spectroscopy, both real and imaginary parts of the in-
verse dielectric function can be measured, yielding a free
carrier density of 4 x 102° ecm ™3 at this critical absorbed
energy®.
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