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Dynamical Scaling Reveals Topological Defects and Anomalous Evolution
of a Photoinduced Phase Transition

1

Gal Orenstein®,"*" Ryan A. Duncan,'? Gilberto A. de la Pefia Mufioz," Yijing Huang 2 Viktor Krapivin,l’2
Quynh Le Nguyen,3 Samuel Teitelbaum ,4 Anisha G. Singh,5 Roman Mankowsk?/,6 Henrik Lernke,6 Mathias Sander,6

Yunpei Deng,6 Christopher Arrell ,6 Jan R. Fisher ,5 David A. Reis®,

2 . .
and Mariano Trigo

lStanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
2Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory,
Menlo Park, California 94025, USA
*Linac Coherent Light Source, SLAC National Accelerator Laboratory,
Menlo Park, California 94025, USA
4Department of Physics, Arizona State University, Tempe, Arizona 85281, USA
5Departmem‘ of Applied Physics, Stanford University, Stanford, California 94305, USA
®Paul Scherrer Institut, Villigen, Switzerland

® (Received 24 June 2024; revised 23 May 2025; accepted 28 July 2025; published 28 August 2025)

Nonequilibrium states of quantum materials can exhibit exotic properties and enable unprecedented
functionality and applications. These transient states are inherently inhomogeneous, characterized by the
formation of topologically protected structures, requiring nanometer spatial resolution on femtosecond
timescales to resolve their evolution. Using ultrafast total x-ray scattering at a free electron laser and a
sophisticated scaling analysis, we gain unique access to the dynamics on the relevant mesoscopic length
scales. Our results provide direct evidence that ultrafast excitation of LaTe; leads to formation of
topological vortex strings of the charge density wave. These dislocations of the charge density wave exhibit
anomalous, subdiffusive dynamics, slowing the equilibration process, providing rare insight into the
nonequilibrium mesoscopic response in a quantum material. Our findings establish a general framework to
investigate properties of topological defects, which are expected to be ubiquitous in nonequilibrium phase
transitions and may arrest equilibration and enhance competing orders.
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I. INTRODUCTION

One of the defining features of complex matter is the
competition between several active degrees of freedom,
which leads to highly heterogeneous, often modulated ground
states in quantum materials [1]. The relationship between
these spatial fluctuations, topological defects and competing
phases remains a fundamental problem in condensed matter
physics [2-9]. Ultrafast light pulses could provide insight into
this relation by driving nonequilibrium phase transitions
[10-22]; however, visualizing the transient structures at the
relevant mesoscopic length scales is challenging. Novel x-ray
free electron laser (XFEL) sources offer the sensitivity to all
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length scales and can probe the spatial complexity of
these transient states on ultrafast timescales [23]. Here, we
use an XFEL to unveil the mesoscopic dynamics of topo-
logical defects of charge order following a nonequilibrium
symmetry-breaking phase transition.

In a material undergoing a symmetry-breaking phase
transition under nonequilibrium conditions, the low-sym-
metry phase develops independently in separate regions of
space, leaving behind disconnected domains. This leads to
the formation of topological defects (TDs) by the Kibble-
Zurek mechanism [24,25]. Despite a long history of
theoretical studies [25-27] and more recent experimental
implementations in artificial quantum circuits [28,29], under-
standing the impact of TDs on transient states of materials
remains notoriously challenging due to the lack of suitable
quantitative probes at the intrinsic nanometer length scales
and picosecond timescales of the defects. As a result,
photoinduced states of materials are often interpreted in
terms of time-dependent average order parameters, even
though many nonequilibrium states are expected to evolve as
transient glasses of topological defects.

Published by the American Physical Society
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Previous works have presented indirect evidence of the
central role of TDs in the evolution of quantum materials
far from equilibrium [21,30-34]. In particular, several
ultrafast structural dynamics measurements have attributed
variations in the momentum integrated Bragg diffraction
and Bragg peak width to formation and dynamics of TDs.
However, other prevalent forms of spatial inhomogeneity,
such as strain, can result in similar effects [35]. Therefore,
measurements with fine wave-vector resolution, which can
resolve the subtle variations of scattering around the Bragg
peak, are required for a sophisticated and quantitative
analysis of momentum features that are directly associated
with TD dynamics.

Here, we use the unprecedented temporal and momentum
resolution provided by an x-ray free electron laser to reveal
the existence of photoinduced topological defects and
capture their dynamics. We study the photoinduced coars-
ening process of the charge order in the prototypical charge
density wave (CDW) material LaTe;, which is a member of
the rare-earth tritellurides. These materials possess a lay-
ered, quasi-two-dimensional crystal structure and undergo a
second-order phase transition with temperature into a CDW
state directed along the in-plane ¢ axis [36-38]. Recently,
the rare-earth tritellurides have attracted attention as a model
system to investigate the dynamics of symmetry-breaking
phase transitions [11,19,30,32,39,40]. The high-quality data
from the XFEL enables a sophisticated scaling analysis of
the structure factor. This incisive analysis reveals unequivo-
cal signatures of vortex strings, which govern the return to
equilibrium with a growth exponent of f = 0.29. The
subdiffusive coarsening process is likely due to restricted
microscopic mobility of the CDW dislocations correspond-
ing to the vortex strings.

II. EXPERIMENTAL SIGNATURES
OF COARSENING

We probed the dynamics of the lattice component of the
CDW in LaTe; using 50-fs, 10-keV hard x-ray pulses at
the Bernina instrument [41] of the SwissFEL facility [42].
The dynamics were initiated by a 35-fs optical pump pulse
as illustrated in Fig. 1(a) (see Appendix A). The following
results were taken with a pump fluence of 8 mJ/cm?.
Figure 1(b) shows the detector image of the G =
(2/a,2/b, (1 — gcpw)/c) CDW Bragg peak, where a, b,
and ¢ are the respective standardized cell parameters and
qcpw = 2/7. The intensity is shown with logarithmic scale
and integrated over pump-probe delays between —2 and
22 ps. The peak elongates in the b* direction due to shorter
correlations along the out-of-plane b axis compared to the
in-plane a-c axes.

Figure 1(c) shows the intensity normalized by the
equilibrium value as a function of pump-probe delay, ¢, at
the representative regions along the b* direction marked in
Fig. 1(b). The intensity near the peak (blue line), which
represents the long-range order of the CDW, decreases
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FIG. 1. X-ray scattering signatures of coarsening dynamics.

(a) Experimental setup. The dynamics were initiated by an
intense 800-nm pulse. The temporal evolution of the CDW’s
lattice component was probed by 10-keV hard x-ray pulses
delayed by ¢ with respect to the 800-nm pulses. (b) Detector
image of the (2,2,1 — gcpw) superlattice peak, integrated over
all pump-probe delays. The red arrows indicate directions on the
detector which are predominantly oriented along the b* and a*
axes. The circles correspond to the black to yellow lines in (c).
(c) X-ray intensity versus #, normalized by the equilibrium
intensity. The blue line shows the normalized intensity near
the peak. The black to yellow lines correspond to the same
colored circles in (b). (d) X-ray intensity on a logarithmic scale
versus wave vector along G + k, for k = (0, k,0), at different
pump-probe delays starting from 6.5 ps. The dashed black line is
the equilibrium intensity. The intensity in (c) and (d) is averaged
over a time window and regions of the detector as described
in Appendix B 1.

sharply after + =0 and remains depressed below the
equilibrium level throughout our measurement. Generally,
photoexcitation above the CDW band gap induces a fast
suppression of the long-range order, which subsequently
recovers with an extremely long timescale depending on the
strength of the excitation [14,21,31,39]. In contrast, on the
tail of the peak (black to yellow lines), the initial decrease in
normalized intensity due to the suppression of the CDW
modulation is followed by an increase well above equilib-
rium values over several picoseconds. This increase starts
aftert ~ 1 ps, which is roughly the time it takes for the CDW
electronic gap to restore according to time- and angle-
resolved photoelectron spectroscopy measurements [11,32].
The increase of diffuse intensity away from the CDW wave
vector is a signature of growing inhomogeneity and spatial
fluctuations of the CDW induced by photoexcitation. Its
observation is enabled by the high brightness of the XFEL
together with its exceptional temporal and wave-vector
resolution, which allow subtle details of the dynamics of
the diffuse intensity on the tails of the peak to be captured.
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In Fig. 1(d), we show the scattering intensity /(k, 7) as a
function of wave vector along G + k, for k = (0, k,0), at
representative  delays after approximately 6.5 ps.
Comparing these plots with the equilibrium intensity
shown by the black dashed line, it is clear that the tails
of the peak grow initially (black dots) and gradually narrow
back at later times (copper dots). The narrowing is the
hallmark of coarsening of spatially inhomogeneous regions
as the system recovers toward equilibrium. The asymmetry
in the peak shape is likely from the grazing geometry. The
outgoing photons at the left side of the peak have a
shallower exit angle with respect to the sample surface
and suffer stronger absorption.

III. OBSERVATION OF SUBDIFFUSIVE
DYNAMICS

To study the wave-vector dependence of the coarsening
process, it is convenient to define & (k, t) = k>S(k, t), where
S(k,r) is the structure factor as measured by x-ray
scattering. In Fig. 2(a), we show the measured h(k, ) by
plotting k*I(k, t) at several representative delays, normal-
izing each trace by its maximal value. The traces exhibit a
distinct maximum whose horizontal position k,,(#) shifts
visibly to lower k values with increasing ¢. To robustly
resolve the horizontal shift of the maximum shown in
Fig. 2(a), we fit the maximum region for each delay to a
Gaussian and identify k,,(¢) with the Gaussian’s center. In
Fig. 2(b), we plot log|k,,(#)] versus log(z). The plot fits a
straight line very well with a slope of f =0.29. In
Supplemental Material Fig. S1 [43], we plot similar traces
to Fig. 2 for fluences of 4, 6, and 9 mJ/cm?, showing no
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FIG. 2. Dynamic scaling exhibiting a subdiffusive growth
exponent. (a) k*I(k,t) [the measured h(k, f)] plotted at different
delays. The vertical axis was normalized by the maximum value
for each delay. (b) log|k,,(?)] versus log(#). The red solid straight
line is the fit to the data with § = 0.29. (c),(d) The traces plotted
in (a) plotted with the horizontal axis scaled by L(t) = (At)” per
delay for f = 0.29 and 0.5, respectively. In both (c) and (d), A
was chosen to be 1/12 Al P Ips for better visualization. Note that
the traces in (a) correspond to f = 0.

notable change to . This demonstrates that the power law
is an intrinsic property of the system, which does not
depend on the excitation strength.

As the system evolves toward equilibrium, topological
defects annihilate and the independently ordered domains
coalesce. Generally, this coarsening process is expected to
obey self-similar dynamic scaling [21,26,34,44,45], where
the fluctuations are characterized by a single length scale
L(t). Here, L(t) corresponds to a mean domain size or an
average distance between TDs. Under such conditions,
S(k, t) has the scaling form

S(k, 1)

= g()F(KL(1)),
L(1) = (

AP, (1)

where ¢(t) is an amplitude which depends only on time and
scales the intensity equally for all wave vectors, F(X) is a
universal function, A? is a proportionality constant, and j
determines whether the coarsening is superdiffusive
(f > 1/2), diffusive (f = 1/2), or subdiffusive (f < 1/2).
Since h(k, ) has the same scaling form as S(k, 1), the k
position of the maximum as a function of time, k,,(¢),
satisfies k,, () o L™'(¢) « t7, because L(t) is the only
relevant length scale, completely governing the system’s
evolution. Furthermore, k,,(¢) is independent of g¢(¢),
because g(t) scales the intensity equally for all wave vectors
(see Appendix B 2).

In Fig. 2(c), we plot the same traces as in Fig. 2(a),
with the horizontal axis rescaled for each delay by L() o #*
with # = 0.29. The maxima as well as the entire region with
kL(t) > 0.02 collapse quite well for all presented delays.
The deviation from scaling at low k is expected, since
scaling applies only at length scales smaller than the system
size. In the photoexcited system, the system size is effec-
tively the pumped volume, which is limited by the laser
penetration depth. Here, the stationary local maximum
around k = 0.01 A~! in Fig. 2(a), which can be seen in
Fig. 1(d) as well, is associated with the 100-200 A
penetration depth of the laser [39], so a robust data collapse
is observed up to length scales of approximately 50 A. This
data collapse clearly shows that the system exhibits a
coarsening length scale L(t) o 1%%. To further confirm this
result, in Fig. 2(d) we rescale the horizontal axis of each
trace in Fig. 2(a) by L(#)  ## for # = 0.5. The data collapse
visibly better for f = 0.29 [Fig. 2(c)] than for f# =0.5
[Fig. 2(d)], confirming that the system indeed behaves
subdiffusively. Subdiffusive behavior suggests that the
dynamics are constrained by additional conserved quan-
tities. It has been established that for a system with a
conserved order parameter # = 0.25 [27]. While the appro-
priate order parameter, which theoretically describes the
CDW here, is quite different from a conserved order
parameter, the anomalous subdiffusive dynamics is a mani-
festation of restricted microscopic motion of the system.
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The scaling of F(x), as well as the value of the growth
exponent f3, are powerful indicators of the symmetry of the
order parameter and reveal microscopic properties and
conserved quantities [44,46—48]. A growth exponent of
$ =029 is an intriguing result. Extensive theoretical
studies [27,44] concluded that, in systems with a non-
conserved order parameter, the recovery of long-range order
at long times follows a diffusive process with g = 0.5.
Experimentally, recent ultrafast works on CDWs attempted
to relate the time-resolved intensity and width of the Bragg
peak with topological defects [21,32-34], reporting expo-
nents that range from S =0.5 [21] to = 0.03 [34].
However, these measurements alone are not a unique
signature of TDs, because many sources of heterogeneity
such as strain [35] and disorder [23,49] can induce peak
broadening and suppress the peak intensity. Additionally,
variations in Bragg peak intensity cannot directly distin-
guish between spatially inhomogeneous dynamics and
spatially coherent processes described by an average order
parameter.

In Sec. IV, we show that the momentum-resolved x-ray
scattering around the CDW peak exhibits specific power
laws that are robust signatures of the TDs. This analysis on
our high-wave-vector-resolution data enables a quantitative
measurement of the topological defect properties and order
parameter symmetry. It shows scaling evidence that the
coarsening process is dominated by photoinduced vortex
strings or dislocations of the CDW. The subdiffusive
behavior is likely a signature of the restricted mobility
of these dislocations.

IV. SCATTERING SIGNATURES
OF VORTEX STRINGS

The unique properties of the XFEL enable us to measure
the subtle intensity changes around the CDW peaks with
high sensitivity and wave-vector resolution and search for
these power-law signatures of the TDs [Eq. (2)]. The black
to yellow dotted lines in Fig. 3(a) show the scattering
intensity for k > 0.02 A~! at different times in a log-log
plot, and the blue line is a k= power law. Clearly, at large k,
the traces for different times, as represented by the solid
lines with markers, exhibit a similar k> behavior. To
extract the scaling, we take the 174 data points with
markers in Fig. 3(a) and fit them to Ct?k", extracting
a = —0.96 and n = —4.96. The red and blue symbols in the
log-log plot in Fig. 3(b) show I(k,t)t™* and I(k,t)k™",
which are the data points collapsed in ¢ and k, respectively,
using the extracted exponents a and 7. This remarkable data
collapse indicates that the asymptotic scattering is governed
by Eq. (2) with # =4.96. In Supplemental Material
Fig. S2 [43], we show the data collapse in ¢ for fluences
of 4, 6, and 9 mJ/ cm?, resulting in similar values for #.

At large wave vectors, where interference between
multiple TDs is negligible, the structure factor for a
network of TDs has the asymptotic form of an isolated
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FIG. 3. Data collapse and vortex string power law in momen-
tum space. (a) Scattering intensity versus k for k > 0.02 A~! on
logarithmic scales for different delays. The solid lines with
markers highlight the power-law region at high k. (b) Data
collapse of the 174 points marked in (a). The blue and red
symbols show I(k, 1)t ™ (a = —0.96, left axis) and I(k, )k™"
(n = —4.96, right axis) versus k (top) and ¢ (bottom) axes,
respectively; all axes are logarithmic. The black solid straight
lines are the fit to data with n =—-4.96 and a = —0.96.
(c) I(k,t)g~'(¢) versus kL(t), for kL(t) > 0.02, using only a,
p, and n; both axes are logarithmic. The different colors represent
different delays, and the solid straight lines show power laws
associated with different regions.

defect. This asymptotic form is universal and depends
only on n, the number of components of the vector
order parameter, and d, the spatial dimension of the
system [50,51]:

Sto (k. 1) &< p(r)k= "+, (2)

where p(7) is the density of TDs, which under reasonable
conditions also exhibits power-law behavior, p(7) o
[26,50,51]. For the incommensurate CDW considered here,
the expectation is that n = 2 and d = 3; thus, the stable
TDs are vortex strings [26] with the asymptotic structure
factor S(k,t) ~ p(t)k=>. The fact that our measurements
show that # = —(n + d) ~ 5, independently of the pump
fluence, provides decisive evidence that vortex strings
dominate the scattering in the high-k tail following the
ultrafast quench. The analysis presented here has been
carried out along the out-of-plane direction; however, the
exponent 7 and the coarsening dynamics are independent
of the anisotropy in this system (see Supplemental
Material [43]).

Having found a clear signature of vortex strings in the
scattering, we now combine the scaling expression in
Eq. (1) with the asymptotic scattering in Eq. (2) to scale
the data. We find that, for the vortex string power-law
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region, g(t) « t*¥ (see Appendix B 3). We use the S, a,
and 7 extracted from our data to determine g(z) o %3 and,
together with L(t), scale I(k, 1) according to Eq. (1), as
shown in Fig. 3(c). This plot shows remarkable self-
similarity for kL(z) > 0.02. The data scaling relies on
the vortex string parameters a and #, which were extracted
independently of f, yet these parameters collapse the data
at lower k as well, beyond the power-law region where
I(k,t) o t*k". This relation between the TD scaling in &
and the global self-similar behavior in time reveals the
strong connection between the vortex strings and the
subdiffusive coarsening process.

Figure 3(c) provides additional insight into the evolution
of the nonequilibrium state. Our high-resolution measure-
ments clearly identify a crossover from n = —4.96 (solid
blue line) to 7, = —1.93 (solid purple line) at large kL (z).
This crossover means that at later times, as the TD density
decreases, the scattering at high k is no longer dominated
by the TDs; instead, scattering comes primarily from phase
modes, which have the asymptotic form S(k, t) ~ k=2 [27].

V. PHENOMENOLOGICAL
GINZBURG-LANDAU MODEL

To visualize the vortex string dynamics, we simulated
the Ginzburg-Landau model [26,52] for a complex order

y [nm]

10

parameter (n =2), y(r,t), in three spatial dimensions
(d =3) (see Appendix C and Supplemental Material
Movie 1 [43]). Figures 4(a)-4(c) show the surface
ly(r,7)|> = 0.5 following a sudden quench to the low-
symmetry potential energy, at representative delays of 4, 8,
and 22 ps, respectively. The initial random configuration of
the disordered state around w(r,7) =0 quickly breaks
down into strings whose density decreases with time [26].
Figure 4(d) shows the phase of w(r,t) winding by 2z
around the string center on the plane z = 20 indicated in
Fig. 4(c); this winding of the phase occurs along the entire
string length and is a topological invariant. Therefore,
vortex strings can vanish only by annihilating with other
vortex strings with an opposite winding number or
by shrinking of closed loops [26]. The solid symbols in
Fig. 4(e) show the simulated S(k, #) versus k on a log-log
plot, and the solid lines are power-law fits. The blue
symbols exhibit an asymptotic power law with an exponent
of n =-5.2, which agrees well with our experimental
observations (Fig. 3). In contrast, the green symbols in
Fig. 4(e) correspond to a thermal equilibrium starting from
the ordered state, y/(r, f) = 1. In this case, the system does
not produce vortex strings, and it exhibits a power law with
n = —1.8, close to the theoretical # = —2 expected for
phase modes. Furthermore, the blue symbols in Fig. 4(e)
show a crossover between scattering dominated by vortex

x[nm]

= quench
equilibrium

40 50 60 70
X [nm]

-0.5
log(k)

X [nm]

FIG. 4. Ginzburg-Landau simulations of vortex strings. (a)—(c) Isosurface plots of |y/(r,)|> = 0.5 at representative times after a
sudden quench to the low-symmetry Ginzburg-Landau potential. These plots are snapshots of the evolution shown in Supplemental
Material Movie 1 [43]. (d) An enlarged view of the order parameter phase, ¢(r, t) = arg{y(r, 7)}, on the plane indicated in (c), which
winds by 2z around the vortex string. (¢) Simulated structure factor S(k,7) on a log-log plot (solid symbols), averaged between
approximately 2 and 8 ps. Blue dots represent S(k, #) when the system is quenched suddenly from the high-symmetry phase. Green
symbols represent S(k, t) without vortex strings (only phase modes) and were computed from thermal equilibrium starting in the ordered
phase. (f) lllustration of the CDW lattice distortion given by u(x, )  cos[q - r + ¢(r, 1)] at t = 22 ps with the ¢(r, 7) from the plane

indicated in (c). For better visibility, we use q = qcpw/0.
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strings, S ~ k73, to scattering dominated by phase modes,
S ~ k=2. We observe a similar crossover experimentally in
Fig. 3(c).

In the present context, vortex strings correspond to
dislocations of the CDW. Figure 4(f) illustrates a CDW
lattice distortion in the z = 20 nm plane, taking the phase
from Fig. 4(c). The vortices with opposite winding numbers
correspond to two dislocations with opposite Burgers
vectors [53], indicated by blue arrows in Fig. 4(f). While
the simple Ginzburg-Landau theory correctly predicts the
formation of vortex strings with n+d =135 [26,44], it
incorrectly predicts purely diffusive coarsening with
p=0.5 [26,44]. The observed subdiffusive dynamics
requires a description beyond this phenomenological
model, as it does not account for the anisotropic motion
of the dislocations along and perpendicular to the Burgers
vectors. More fundamentally, the model describes a gen-
eralized order parameter and does not include the micro-
scopic spatial modulation of the CDW, which may
constrain the motion of topological defects. Dislocations
with restricted mobility are analogous to other systems with
restricted motion, which exhibit subdiffusive thermaliza-
tion and broken ergodicity due to additional conserved
microscopic quantities [47,48]. Theoretical work incorpo-
rating such microscopic effects has shown that they can
indeed give rise to subdiffusive behavior consistent with our
observations [54]. Clearly, our measurements and incisive
analysis reveal subtle microscopic details that challenge the
canonical framework used in the interpretation of many
ultrafast condensed-matter experiments [14,19,30,32].

VI. CONCLUSIONS

Our x-ray diffuse scattering measurements reveal explicit
hallmarks of photoinduced topological defects of the
prototypical CDW in LaTe; on ultrafast timescales. We
show that shortly after photoexcitation the evolution of the
highly nonequilibrium state is subdiffusive, indicating that
the dynamics is dominated by the restricted motion of the
topological vortex strings, which crucially impacts the
system’s thermalization and broken ergodicity. Our meth-
ods, as well as the implications of our findings, extend well
beyond LaTe;, as formation of topological defects is
expected to be ubiquitous in symmetry-breaking phase
transitions under nonequilibrium conditions [24,25] even in
quantum systems [28,29]. Thus, the high-resolution XFEL
measurements, combined with scaling and data collapse
analysis, establish an incisive approach to probe the
mesoscopic, out-of-equilibrium behavior of intertwined
orders in quantum materials [20].
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APPENDIX A: EXPERIMENTAL DETAILS

Single crystals of LaTe; were grown from a self-
flux [36,55]. Below the transition temperature, which is
estimated at approximately 670 K [56], LaTe; develops an
incommensurate CDW with wave vector along the in-plane
c axis. The in-plane a and ¢ axes of the samples were
determined with x-ray diffraction by comparing the inten-
sity of the (0, 6, 1) peak with its forbidden counterpart
(1, 6, 0). The crystal was cleaved before the experiment and
kept under nitrogen gas flow to avoid oxidation. The
sample normal was along the b axis.

Measurements were performed at the Bernina
instrument [41] of the SwissFEL facility [42]. We probed
the dynamics of the lattice component of the CDW using
50-fs monochromatized hard x-ray pulses, tuned to 10 keV.
The dynamics were initiated by a 35-fs optical pump pulse
with a wavelength of 800 nm. Measurements were con-
ducted in a grazing incidence geometry to achieve similar
x-ray (150 nm) and optical (20 nm) penetration depths. The
x-ray beam was incident at 1° with respect to the sample
surface, focused to a 0.01 mm x 0.2 mm spot, while the
laser was impinging on the sample at an angle of 5°,
focused to 0.3 mm x 0.4 mm. The scattered photons were
recorded by a Jungfrau area detector positioned 482 mm
from the sample. We present results for a fluence of
8 mJ/cm?; however, measurements were taken with 4,
6, and 9.7 mJ/cm? as well, showing no notable change to
the exponents £ and n + d.

APPENDIX B: DATA ANALYSIS DETAILS
1. Averaging for Figs. 1(c) and 1(d)

(1) Figure I(c), black to yellow lines—A 20 pixel x
20 pixel average and a 525 fs time average, corre-
sponding to approximately 2400 x-ray pulses per
time point.
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(i1) Figure I(c), blue line—A 10 pixel vertical x6 pixel
horizontal average [directions are relative to
Fig. 1(b)] and a 75 fs time average, corresponding
to approximately 350 x-ray pulses per time point.

(iii) Figure 1(d)—A 10 pixel vertical x20 pixel hori-
zontal average [directions are relative to Fig. 1(b)]
and a 828-fs time average, corresponding to ap-
proximately 3800 x-ray pulses per time point.

2. Relation between k,,(¢), L(t), and g(t)

In the main text, we defined h(k,t) = k*S(k, t), which
has the same scaling form as S(k, t) [Eq. (1)] with §(z) =
g(t)L™%(t) and F[kL(t)] = [kL(t)]*F[kL(t)]. We want to
show that the position of the maximum of A(k,t) as a
function of time satisfies the relation k,,(¢) = x,,L~'(t),

where x,, does not depend on time or g(¢). The maximum
of h(k,t) obeys

Oh(kyu (1), 1)

& = g(0) {2k (0 F (ki (1L(1))

+ kg (DL (0 F (k1)L (1))} = 0.

where F'(x) = dF(x)/dx. Clearly, g() drops out of this
equation, which yields

2F (K (1)L (1)) + ki (1) L(D) F' (K, (1)L (1)) = 0.

(B1)

(B2)

Equation (B3) depends on time only through the func-
tion k,,(¢)L(z); therefore, it can be solved by the time-
independent variable x,,, defined as

(B3)

Thus, k,,(¢) has the same scaling as L' (7). When L(?) is a
power law, the exponent can be extracted directly from the
position of the maximum, k,,(¢), as shown in the loga-
rithmic plot in Fig. 2(b).

3. Scaling of the data, using a, §, and 7

To scale the measured intensity /(k, t), we assume both
scaling forms [Egs. (1) and (2)] and find g(¢):

S(k,t) = Ct*P[kL(1)]",

g(t) = CtoP, (B4)

APPENDIX C: GINZBURG-LANDAU
SIMULATION DETAILS

We performed Ginzburg-Landau simulations in three
spatial dimensions for a complex order parameter including
a random Langevin force. The temporal evolution was
simulated using the Euler-Maruyama method, and the
spatial derivatives were calculated with a Fourier spectral
method. The order parameter y(r, ¢) in the low-symmetry
free energy evolves according to [26]

oy

r= —
ot

1
{1- \wlz}w+§§2vzw+é, (C1)

where I'=4.8 ps is a phenomenological damping,
& = 1.2 nm is the coherence length of the order parameter,
and ¢ is the random Langevin force. For simplicity, we have
assumed the terms to be isotropic, which should not affect
the general conclusion extracted from the simulations. The
simulations were carried out on a 64 x 64 x 64 grid
representing a volume of 80 nm x 80 nm x 80 nm, with
a time step of 20.8 fs over a range of 25 ps.

For the vortex string results [Figs. 4(a)-4(d) and blue
symbols in 4(e)], we started with a random initial condition
with zero spatial mean, [ d°ry(r,0) = 0. This corresponds
to the system suddenly being quenched to the low-sym-
metry free energy at ¢ > 0, forming TDs. The thermal
equilibrium simulation [green symbols in Fig. 4(e)] started
from an ordered state of w(r,0) =1 and develops only
low-energy excitations, i.e., phase modes.

The structure factor is given by S(k,t) = |y (r,?)
where @ (k,t) is the Fourier transform of y/(r, ). The
graphs in Fig. 4(e) were obtained by averaging S(k,1)
between 2 and 8 ps.

We performed a finite size analysis to verify that the
values of the exponents do not depend on the volume of the
cubic simulation box, defined as V = (N¢)3. The values
converge to the results shown in Fig. 4(e) for N > 60.
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