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ABSTRACT
Glass-forming liquids exhibit structural relaxation behaviors, reflecting underlying atomic rearrangements on a wide range of timescales and
playing a crucial role in determining material properties. However, the relaxation processes on the atomic scale are not well-understood due to
the experimental difficulties in directly characterizing the evolving correlations of atomic-scale order in disordered systems. Here, we harness
the coherence and ultrashort pulse characteristics of an x-ray free electron laser to directly probe atomic-scale ultrafast relaxation dynamics
in the model system Ge15Te85. We demonstrate an analysis strategy for determining the intermediate scattering function by extracting the
contrast decay of summed scattering patterns from two rapidly successive, nearly identical femtosecond x-ray pulses generated by a split-delay
system. The result indicates a full decorrelation of atomic-scale order on the sub-picosecond timescale, supporting the argument for a high-
fluidity fragile state of liquid Ge15Te85 above its dynamic crossover temperature. The demonstrated strategy opens an avenue for experimental
studies of relaxation dynamics in liquids, glasses, and other highly disordered systems.
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I. INTRODUCTION

Structural relaxation is a fundamental characteristic of all liq-
uids and glasses, involving atomic rearrangements with time. The
relaxation dynamics are extremely diverse, with the characteristic
timescales ranging from millions of years for glass aging to some
sub-picoseconds for fast relaxation processes in high-fluidity liquids.
They are critical to many properties of glass forming systems, such
as viscosity, vitrification, amorphous stability, and crystallization.1–5

Relaxation dynamics are usually characterized by measuring time
(or frequency)-dependent changes of macroscopic properties using
techniques such as dynamic mechanical spectroscopy (DMS),
dielectric spectroscopy, calorimetry, and rheology.4,6–9 However, the
atomic-level mechanisms of structural relaxations are often debated,
as few experimental techniques can directly probe the atomic-scale
structural relaxations in disordered systems. Over the past three
decades, x-ray photon correlation spectroscopy (XPCS) based on
synchrotron x-ray sources has been developed. By extracting inten-
sity autocorrelation functions from measured speckle patterns,10–12

the intermediate scattering function (ISF) can be determined, reveal-
ing the relaxation dynamics on atomic length scales.11 However,
XPCS has been limited to slow dynamics near and below the glass
transition temperature Tg, and it has been challenging to make mea-
surements on the microsecond timescale or below due to the limited
coherent photon flux at synchrotron x-ray sources.13

Direct experimental access to faster relaxation dynamics is of
particular interest because all liquids exhibit short relaxation times
(i.e., high fluidity) at high temperatures, especially for those with
a high liquid fragility. The fragility concept classifies the diverse
variety of liquids according to their temperature dependence of
relaxation times (or viscosity).14 On approaching Tg, some liquids
exhibit a near-Arrhenius rise in viscosity, classified as “strong,”
while others, as “fragile liquids,” show a range of super-Arrhenius
behavior.14 While many liquids follow a simple fragile or strong
behavior, some anomalous liquids exhibit a so-called fragile-to-
strong transition (FST) (also referred as dynamic crossover).15–17

A FST is usually accompanied by thermodynamic response func-
tion maxima (e.g., heat capacity and compressibility), as well as
local structural changes.18–20 Such a transition has been long debated
in water15,21–23 and suggested in silicon,24–27 germanium,28 oxides,
molecular and metallic systems, and many others.16,17,29–31 A clear
FST has been demonstrated in liquid Ge15Te85 near its eutec-
tic melting point.18,32,33 In the related systems (e.g., Ge15Sb85 and
AgInSbTe), the FST plays an important role in the functional-
ity of phase-change memory devices.19,20,34 Yet, understanding the
atomic-level relaxation dynamics near these transitions presents
a tremendous challenge because (1) FSTs reported in the litera-
ture typically occur far above Tg with a short relaxation timescale
from nanoseconds to sub-picoseconds, far beyond the capability
of synchrotron-based XPCS, and (2) FSTs are often hidden in the
supercooled liquid below the melting temperature Tm obscured by
fast crystallization.

X-ray free electron lasers (XFELs), delivering an unprecedent-
edly high number of photons within sub-100-femtosecond pulses
that have nearly full transverse coherence, provide the opportunity
to extend XPCS to probing dynamics in the ultrafast domain from
femtosecond to nanosecond timescales. The key idea is that a fem-
tosecond x-ray pulse is split into two nearly identical pulses with an

adjustable time delay in-between. As the double pulses scatter from
the sample in rapid succession, the summed speckle patterns, col-
lected by using a 2D detector, carry information about atomic-scale
dynamics on the timescale of the double pulse separation. However,
implementing this concept has faced technical challenges, includ-
ing generating identical double pulses,35 extremely low count rates
(limited at wide angles due to the small scattering cross section from
atomic scale order) of the order of 10−4 photons/pixel,36 and lack of
robust analytical methods of separating real dynamics from noise or
artifacts.

Pioneering studies have explored the feasibility of split-delay
optics to deliver double x-ray pulses with identical properties,37–43

required for extracting the intrinsic dynamics of the sample. The
conventional division-of-wavefront split-delay systems, despite pro-
viding double pulses with good efficiency, suffer from the instability
of the crystal-optics-based beam splitters and have difficulty in
preserving sufficient mutual coherence between the two pulses.35

A more recent approach, introduced by some of the authors of
this work, employs transmission gratings as beam splitters and has
successfully generated highly mutually coherent hard x-ray pulse
pairs.44 In addition, the femto- to pico-second separation of pulse
pairs is beyond the time resolution of any x-ray detectors, which
renders the data analysis strategy significantly different from that
of synchrotron-based XPCS. Contrast extraction, relying on analyz-
ing photon statistics of the summed speckles,36 has been developed
and utilized to obtain the ISF for nanoscale dynamics from measure-
ments at small angles.45,46 However, access to atomic-scale dynamics
has been difficult due to the orders of magnitude lower scattering
signals at wide angles. Concerns revolve around two key issues: (1)
the double pulses might fail to maintain a high level of mutual sta-
bility during the extended period of data acquisition; (2) detector
noise, artifacts, and background radiation may interfere with accu-
rate extraction of speckle contrast. A recent study of water observed
the speckle contrast decay with a split-delay system, possibly reflect-
ing water’s atomic-scale dynamics; yet, it is unclear whether the
double-pulse overlap remained stable during the measurement
and any drift in overlap would lead to errors in the measured
dynamics.47

The glass forming system Ge15Te85 is known to undergo a
dynamic crossover above its eutectic melting point ∼385 ○C, at
around 400 ○C, where the viscosity drops sharply by two orders of
magnitude to a high-fluidity fragile state.18 However, the atomic-
level dynamics in this state have not been observed, making Ge15Te85
an excellent initial system for developing and demonstrating the
capabilities of XPCS at XFELs.

In this work, we probed the fragile state of Ge15Te85 using
the x-ray pulse pairs delivered by the aforementioned grating-based
split-delay system.44 Limited only by the x-ray pulse duration, this
FEL-based XPCS methodology achieves femtosecond time resolu-
tion (fs-XPCS), enabling the study of atomic-scale dynamcis in a
wide range of disordered sample systems. We developed a proto-
col to account for the imperfect spatial overlap of the pulse pairs
by simultaneously measuring the small-angle scattering (SAXS) and
wide-angle scattering (WAXS) signals. We show that even with
extremely low photon counts, contrast extraction by analyzing pho-
ton statistics allows for the observation of speckle contrast decay
resulting from the sample dynamics. We demonstrate a strategy to
determine the ISF on the sub-picosecond timescale, which provides
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the direct atomic-level evidence of fast dynamics in Ge15Te85 after it
is transformed to a fragile liquid.

II. RESULTS
A. Experimental strategy for harnessing
the coherence of double x-ray pulses
in rapid succession

Figure 1 shows the schematic of the fs-XPCS experimental
setup. The experiment was performed at the x-ray pump–probe
instrument of the Linac Coherent Light Source (LCLS). The output
pulse pairs from the split-delay system44 have a photon energy of
9.5 keV and are focused on the sample location by a set of com-
pound refractive beryllium lenses with a focal length of 1.5 m. The
sample, Ge15Te85, is encapsulated in a quartz capillary with an inner
diameter of about 10 �m and is resistively heated to the fragile liquid
state at 550 ○C (well above the eutectic melting point of 385 ○C). The
sample temperature is constantly monitored by two thermocouples
placed close to the sample position on both sides of the capillary. The
temperature stability is within 0.1 ○C throughout the measurements
and the difference between two thermocouples stay within 4 ○C. The
focal spot size is ∼2 �m (FWHM), and the average pulse pair energy
is characterized to be 0.15 �J at the sample plane. Four ePix100 detec-
tors48 are assembled in a 2 × 2 array and placed 2.5 m downstream
to cover the first structure factor S(Q) peak (at Q0 = 2.0 Å−1) of
the sample to probe its atomic-scale relaxation dynamics. The scat-
tering signal-to-background ratio is optimized to be larger than 10.
Another ePix100 detector is mounted 5 m downstream to simulta-
neously measure the SAXS signal, which originates mostly from the
quartz capillary and allows for in situ characterization of the spatial
overlap of the two pulses.

Ensuring the stable and highly overlapped condition of pulse
pairs is essential for distinguishing intrinsic sample dynamics from
many possible artifacts. In Fig. 1 (left panel), each XFEL pulse is
split into two pulses via a diamond transmission grating.44 The
two pulses are directed by Bragg crystal reflections to travel along

different optical paths with the path length difference determining
their time delay �t. They are then recombined to the same trajec-
tory by the other diamond grating further downstream. The pair of
transmission gratings enables amplitude splitting to generate two
collinear pulses, which is a prerequisite for performing ultrafast
XPCS via speckle visibility analysis.35,44 Transmissive intensity diag-
nostics consisting of a diode collecting the scattering signal from a
Kapton target are placed in the optical paths of individual branches
to measure their intensities on a shot-to-shot basis. One shot con-
sists of a single pulse or a pulse pair, depending on the measurement
mode. By installing shutters in the respective optical paths for the
two beams, we can constantly cycle between three modes of pulses:
(1) a single pulse per shot through the path length adjustable branch
(i.e., delayed branch), (2) a single pulse per shot through the fixed
path branch (i.e., fix-delay branch), and (3) a pulse pair per shot
through both branches. As a result, speckle patterns for each shot
were collected as “data frames” at both SAXS and WAXS detec-
tors. Each data frame corresponds to one of the three modes (i.e.,
delayed, fix-delay, and both). By comparing the speckle contrast of
SAXS signals from the three measurements, we are able to monitor
the degree of transverse coherence as well as the spatial overlap of
the two pulses continuously. This information provides feedback to
the analysis of the wide-angle contrast degradation, mandatory for
the accurate extraction of the ISF for studying sample dynamics, as
discussed in the following.

The contrast of the summed speckle pattern from both beams(βboth) can be related to that of the single branch beams (βfix–delay
and βdelayed) with46

βboth = r2βfix−delay + (1 − r)2βdelayed+ r(1 − r)(βfix−delay + βdelayed)�F, (1)

where F = � f �2 is the experimentally accessible quantity by fs-XPCS
and f = f(Q, �t) is the ISF to be determined for characterizing the
relaxation dynamics, at a given scattering wavevector Q and a time
delay �t. The branching ratio r = ifix–delay�(ifix–delay + idelayed) is the

FIG. 1. Schematic of the experimental
setup of the femtosecond x-ray pho-
ton correlation spectroscopy (fs-XPCS)
experiment. The grating-based split-
delay system is schematically shown on
the left panel. An array of WAXS and
SAXS detectors, placed downstream of
the sample, collects speckle patterns at
wide and small angles simultaneously.
Here, we show the WAXS and SAXS pat-
terns averaged over 1 × 106 and 100
shots, respectively.
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intensity fraction of the fix-delay branch in the pulse pair (see the
supplementary material, Sec. 1, for details regarding the intensity
distribution of the split-delay system). The beam overlap coefficient
� (0 ≤ � ≤ 1) characterizes the effect due to the imperfect spatial
overlap between the two branches.45 � = 1 corresponds to an ideal
overlap, while in the case of � = 0, the two beams are probing differ-
ent sample locations, and the contrast from their summed speckle
pattern βboth no longer encodes sample dynamics, i.e., the ISF. We
stress that since both � and the ISF contribute to the change in βboth,
extracting the contrast changes alone does not yield the ISF. As a
result, both a sufficiently high level of spatial overlap and a real-time
diagnostic of the overlap coefficient are a prerequisite for accurately
extracting the ISF. This diagnostic also enables live feedback dur-
ing data collection. If � indicates a drift in the beam condition, we
re-align the two pulses. This is accomplished by measuring the indi-
vidual beam profiles on a scintillator-based profile monitor at the
sample plane. Using the fix-delay beam as a reference, we adjust the
position of the delayed beam via motion stacks of the crystal towers
in the delayed branch.44

B. Small-angle speckle contrast and spatial
overlap of double pulses

As stated above, the SAXS intensity in the experiment, originat-
ing predominantly from quartz capillary, serves as a static reference,

i.e., � f(Q, �t)� = 1, as the observation timescale (of order ∼ps) is far
smaller than the relaxation time of quartz glass (i.e., fused silica)
in this low-Q region at a temperature well below its Tg = 1173 ○C.
We are, therefore, able to quantify � directly from the single and
both beam SAXS contrasts. Figures 2(a)–2(c) show a region in the
averaged speckle patterns of the SAXS data corresponding to the
three measurement modes. Qualitatively, the high similarity of the
three patterns already indicates an excellent spatial overlap between
the two pulses. Their contrasts as a function of the measurement
time are shown in the upper panel of Fig. 2(d). Since the transmis-
sive intensity diagnostic provides a real-time measurement of the
branching ratio, as shown in the middle panel, the overlap coeffi-
cient � can be derived using Eq. (1) and is shown in the lower panel.
It is clear that � drifts on a minute timescale. The value of � remains
mostly above 0.6, indicating a satisfactory overlap, thanks to the real-
time monitoring and re-alignment of the beams, although � of some
frames may occasionally drift below 0.6 [e.g., on Jun-05 9:30–10:00
as in Fig. 2(d)]. For the consistency of analysis, we have excluded
the WAXS data frames with � < 0.6. Furthermore, an effective over-
lap value �̄ is derived from the averaged SAXS contrast values of the
three modes during the exact same time span of the WAXS mea-
surements. This value is then inserted into Eq. (1) to benchmark
the WAXS contrast reduction and compute F for each time delay,
as detailed in Table I.

FIG. 2. Small-angle coherent scattering from the static reference for obtaining the real-time overlap coefficient of the pulse pairs. The speckle patterns are averaged over
40 frames for the delayed (a), fix-delay (b), and both (c) branch modes. They are measured, while collecting the wide-angle data, at the delay time of 0.1 ps. The displayed
region corresponds to the square highlighted in magenta in the SAXS detector shown in Fig. 1. The gray scales indicate the count rate and have a unit of photons/pixel/shot.
The scale bar in panel (a) is the same for all three plots and corresponds to 0.0005 Å−1. (d) The speckle contrasts β (upper panel), the branching ratio r of the pulse pairs,
and the overlap coefficient � (lower panel) obtained from the intensity diagnostic and the SAXS data with the elapse of the measurement time. During the same period, the
wide-angle speckle data for 0.1 and 0.65 ps delays are collected, respectively. The magenta arrow points to the time when the speckles in panels (a)–(c) are measured.
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TABLE I. Measurement statistics, parameters, and results including the count rate k̄, the number of frames Nframe and pixels
Npixel ≈ 7 × 105, the speckle contrast levels β̂, their error bars from both the maximum likelihood fitting δβMLE, and the photon
statistics δβPoisson for the two delays, i.e., 0.1 and 0.65 ps. The effective overlap �̄ from the SAXS measurements and the
averaged branching ratio r̄ from the intensity diagnostic, corresponding to the same period of WAXS data collection, are used
to calculate F. The error, i.e., standard deviation, is reported in the parentheses.

�t (ps) k̄ (photons/pixel) Nframe β̂ δβMLE δβPoisson �̄ r̄ F

0.1 5.8 × 10−5 257 250 0.17 0.05 0.05 0.80 (0.03) 0.51 (0.05) 1.3 (0.9)
0.65 4.6 × 10−5 283 067 0.04 0.05 0.05 0.76 (0.08) 0.59 (0.07) −0.7 (0.8)

C. Wide-angle speckle contrast and atomic-scale
relaxation dynamics

The wide-angle speckle patterns collected at the first S(Q)max-
imum contain the information of the characteristic atomic-scale
relaxation dynamics of the fragile liquid state. Since the scattering
cross section from the atomic-scale order is limited, the count rate is
on average about 5 × 10−5 photons/pixel per shot, with both beams
illuminating the sample. It, therefore, requires a large number of
data frames from detectors containing multi-million pixels and the
careful treatment of artifacts including abnormal detector pixels,
and background radiation from impurities in concrete and cosmic
rays49 to accurately extract the contrast values from photon statis-
tics, i.e., from the probability of multiple photon per pixel events
(see the supplementary material, Sec. 2). The method of obtain-
ing contrast from speckle patterns in the discrete photon limit has
been demonstrated by Hruszkewycz et al. in Ref. 36, albeit at a
much larger count rate, on average more than 0.01 photons/pixel.
At this count rate, beam-induced permanent changes are visible
when the sample was evaluated with a scanning electron microscope.
It remains experimentally unclear whether the contrast extraction
method can be further applied to even lower count rates in the non-
perturbative regime, by simply extending the measurement time.
Moreover, since monochromatic SASE (self-amplified spontaneous
emission) pulses from an XFEL exhibit large intensity fluctuations,50

it is essential to appropriately weigh the signal contribution of indi-
vidual frames to the overall photon statistics. Therefore, we adopt a
different approach to obtain the contrast by introducing a maximum
likelihood-based contrast estimator (MLE). The likelihood ratio χ2 is
defined as45,51

χ2(β) = −2
Nframe�

f =1

nk�
k=0

p f ,kNpixel ln�Pk(β, k̄f )
p f ,k

�. (2)

For each frame f with available pixels Npixel, the probabilities of
each pixel having detected k = 0, 1, 2 photons, denoted as p f ,k,
are extracted from the WAXS data (we only consider up to nk = 2
photon/pixel events). p f ,k are then compared to the projected theo-
retical probability Pk [using Eq. (1) in the supplementary material]
for a given count rate k̄f . The optimal estimate of the contrast, β̂, is
obtained by finding the minimum χ2 values from the numerical cal-
culations. The error δβMLE can be retrieved by computing the second
derivative of χ2 at β̂,

δ2βMLE = �@2χ2(β)
2!@β2 �

−1�����������β=β̂

. (3)

This method is used to determine the contrast values for
each mode of WAXS measurements, including the two single-pulse
modes (i.e., fix-delay and delayed branch) as well as the both-beam
mode at 0.1 and 0.65 ps, as shown in Fig. 3 of the supplementary
material. We furthermore plot the results of the contrast extraction,
which converges with an increasing number of frames [see Figs. 3(a)
and 3(b)]. The error bars are estimated using Eq. (3). For the two
delays, i.e., 0.1 and 0.65 ps, the difference in their contrast becomes
significantly larger than their errors when accumulating over
100 000 shots. Adding more frames further reduces the error, with
the final values summarized in Table I. Strikingly, the MLE error
δβMLE is in an excellent agreement with the error derived from the
photon counting statistics,

δβPoisson = 1
k̄

���� 2(1 + β̂)(1 +M)NpixelNframe
, (4)

where M ≈ 1 characterizes the intensity fluctuations of the double
pulses incident onto the sample (see the supplementary material
Sec. 2 for the derivation). Such a high level of agreement shows that
Eq. (2) is an efficient contrast estimator, and the shot noise is the
main source of error even at this extremely low count rate. This
agreement is non-trivial because it suggests that the measurement
accuracy of the fs-XPCS experiment is merely limited by photon
statistics and thus can be only improved by increasing data volume.
It is also worth noting that due to the count rate being halved, the
error bars for the single-pulse contrasts are larger compared to those
in the both-beam mode despite that they are calculated using more
than half a million frames, as shown in Fig. 3(a).

With the wide-angle contrasts in the single-pulse and both-
beam mode, the effective overlap coefficient �̄ from the SAXS
monitor, and the averaged branching ratio r̄ from the intensity
diagnostics, F, for each delay can be determined using Eq. (1). In
particular, F = 1.3 ± 0.9 for 0.1 ps and F = −0.7 ± 0.8 for 0.65 ps are
obtained (Table I) and denoted as F(0.1 ps) and F(0.65 ps), respec-
tively. Due to the shot noises, relatively large error bars are present
for both F values. To determine the presence of a decorrelation, the
statistical significance of the difference between the two F values
must be evaluated. Therefore, we performed a Monte Carlo statis-
tics analysis for the two delay points. In this analysis, we assumed
two normal distributions of possible values of F at the two delay
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FIG. 3. Convergence of contrasts for (a)
single-pulse and (b) both-beam mode.
For each beam condition, the dashed
line and the shaded area show the
final contrast value and the MLE error
when using all the data, respectively,
which correspond to the supplementary
material, Fig. 3. The contrasts for the
fix-delay (blue) and the delayed branch
(green) in panel (a) are offset by using
double y axes for clarity. For the both-
beam mode in panel (b), the clear differ-
ence in the final contrast values between
0.1 and 0.65 ps indicates contrast decay.

points and generated a sufficiently large number (i.e., 10 000 000)
of random numbers for the two distributions, with the mean val-
ues corresponding to the F(0.1 ps) and F(0.65 ps), respectively,
and the standard deviations representing the errors. We then per-
formed a simulation by sampling these numbers and compared each
value against 1�e, as well as compared the values drawn from each
of the distributions. This procedure then gives the probabilities of
the three conditions: (1) the probability for F(0.1 ps) > 1�e is 85%;
(2) the probability for F(0.65 ps) < 1�e is 91%; and (3) the proba-
bility for F(0.65 ps) < F(0.1 ps) is 95%. These results indicate that
our measurement has successfully captured the drop in ISF between
the two delay points (with 95% confidence level). Since the timescale
of decorrelation corresponds to the time when F decays to, typi-
cally, 1�e, the value of F(0.1 ps) suggests that the sample retains
substantial correlation, whereas F(0.65 ps) reflects almost full decor-
relation. This suggests that the characteristic relaxation time τ at
550 ○C is most likely within the range of 0.1–0.65 ps. This result-
ing τ range is well consistent with the τs ≈ 0.29 ps inferred from the
Adam–Gibbs equation (see the supplementary material, Sec. 4), as
expected from the highly fragile behavior of Ge15Te85 above its FST
temperature.18 To this end, we have successfully extracted atomic-
level sub-picosecond dynamics of a high fluidity liquid state from the
fs-XPCS experiment. An important consideration in XPCS measure-
ments is the potential beam-induced effects. By directly examining
contrast degradation at varying incident flux levels, we have shown
that the contrast values remain consistent within the error margin,

when varying pulse influx, and thus ruled out the possibility of first
pulse induced dynamics (see the supplementary material, Sec. 3).

III. DISCUSSION
Our results demonstrate the strategy for XFEL-based XPCS,

attaining femtosecond temporal and atomic-scale spatial resolution.
This extends the lower boundary of the accessible timescale by 12
orders of magnitude from the millisecond regime of synchrotron-
based XPCS.52 The latter has been a major experimental tool in the
past decade for understanding the atomic-level relaxation dynam-
ics near or below Tg in glasses.4,10,53,54 By adjusting the optical
path of the delayed branch, the split-delay system enables probing
the timescales from femto- to several nanoseconds.37–42 Individ-
ual pulses separated by tens to hundreds of nanoseconds can be
produced by the nanosecond double-bunch mode using accelera-
tor techniques,55 as demonstrated in a study of colloidal dynamics.46

At the European XFEL, the unique time structure of intra-train
MHz pulses is shown to enable XPCS to cover the timescale of∼�s.56 Corresponding to the wide range of timescales, the entire
temperature range of the Angell plot14 is thus covered from the
ultraviscous strong liquid near Tg to the highly fragile liquid well
above its melting point. Unlike the frequency-domain analysis per-
formed in inelastic scattering experiments, direct measurements
in the time-domain with XPCS also give access to higher order
time correlations.11 This information is intrinsic to, and revealing
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of, temporally heterogeneous dynamics in disordered systems.57,58

Recent work by Böhmer et al.,59 using multispeckle dynamic light-
scattering measurements, demonstrated an experimental determina-
tion of “material time” (a concept coined to describe the intrinsic
time measured on a clock whose rate changes with glass aging) in
glass formers near Tg. The authors stressed that time-domain exper-
iments are preferred to access material time,59 as it can, in principle,
access instantaneous autocorrelations even when aging or decorrela-
tion takes place on comparable timescales that may change material
properties. Thus, XFEL-based XPCS promises to be a crucial tech-
nique to determine material time in fast aging systems well above Tg
(e.g., an undercooled liquid just below the melting point).

In these contexts, the XFEL-based fs-XPCS using separated
pulse pairs may open a new avenue for studying the atomic-
scale structural relaxations in uncharted territories (obscured by
extremely fast relaxation or other fast competing processes such as
crystallization) in the glass and liquid sciences. For instance, one
could implement a laser-pulse pump shortly before the double x-ray
pulses and probe the dynamics during the rapid melt-and-quench
process of a liquid before fast crystallization interferes. This neces-
sitates a high cooling rate, achievable only with the small sample
sizes, as permitted by x-ray scattering. Such a pump-and-double-
probe scheme might be used to access the relaxation dynamics of
supercooled water below its homogeneous nucleation limit of 231
K60 (termed as “no-man”s land), where the origin of the well-known
thermodynamic anomalies has been debated for decades.61 Poor
glass forming phase-change materials (e.g., Ge15Sb85 and others19,20)
undergo a metal-to-semiconductor fragile–strong transition during
supercooling (20%–30% below Tm) before they crystallize within
a few nanoseconds. Measuring the atomic-scale relaxation dynam-
ics near these “short-lived” transitions is of particular relevance for
understanding the functionality of these materials in phase-change
memory devices.

Although inelastic (and quasi-elastic) neutron scattering is con-
ventionally used to measure dynamics on the energy transfer of meV
to �eV, corresponding to timescales from picoseconds to nanosec-
onds, these techniques require a large sample and beam size, on
the order of one to several centimeter, due to the weak interaction
of neutrons with matter and the limited neutron flux. This makes
it difficult to achieve substantial undercooling in liquids that are
poor glass formers, or produce a large quantity of samples. In addi-
tion, neutron incoherent scattering occurs usually in the meV energy
transfer range, interfering the signal of interest for coherent atomic
dynamics.62 As an alternative frequency-domain technique, inelastic
x-ray scattering (IXS) can probe small samples with a focused x-ray
beam (∼10–100 �m beam spot size).62 Owing to the high energy
of x-rays of order ∼10 keV, the energy resolution of IXS is limited
and is thus suited to probe large energy transfer of scattering (e.g.,
phonon dynamics). Yet, resolving meV energy transfer requires
extremely high energy resolution �E�E ∼ 10−7.62 Recent progress of
high-resolution IXS makes it possible to probe 1–100 meV; however,
resolving ∼1 meV or below (i.e., order of ∼1 ps or larger) remains
increasingly challenging.62

It is worth noting that ∼1.7 × 106 frames are analyzed in this
study to determine the ISF at two delay points. The number of delay
points is constrained by the data collection rate, which is mainly lim-
ited by the pulse repetition rate of 120 Hz presently available at the
LCLS, and the precision of our measurements is primarily limited

by shot noise. Thus, data collection for each delay point requires
several hours. However, this scenario will undergo a transformative
change with the advent of the LCLS-II-HE, which will provide hard
x-ray pulses with MHz repetition rates.63 Together with cutting-edge
multi-mega-pixel x-ray detectors such as CITIUS,64 SParkPix-S,65

and AGIPD,66 which operate at tens of kHz to MHz frame rates, it
naturally allows us to collect data at substantially higher rates (∼four
orders of magnitude faster), potentially reducing the measurement
time per delay point to tens of seconds. The methodology demon-
strated in this work can then be efficiently employed to investigate
the structural relaxation over the entire temperature range where
the dynamic crossovers may occur. We note that since potential
beam-induced effects could depend on specific systems, deposited
energy, and repetition rates, systematic investigation is worth pursu-
ing in future studies across diverse systems. Finally, the picosecond
timescale of relaxation dynamics is readily accessible through stan-
dard computer simulations. The approach here, therefore, holds
potential for bridging the gap between experimental observations
and molecular dynamics simulations.

SUPPLEMENTARY MATERIAL

The supplementary material provides (1) intensity distribution
of the double pulses from the split-delay system; (2) contrast extrac-
tion and calibration; (3) evaluation of the x-ray beam perturbation;
and (4) the prediction curve based on the Adam–Gibbs equation.
Figures 1–5 (supplementary material).
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