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ABSTRACT: The structural relaxation processes in a Ge3As52S45 molecular
chalcogenide glass sample were directly studied by X-ray photon correlation
spectroscopy (XPCS). XPCS was conducted at the first sharp diffraction
peak at q = 1.16 Å−1 at temperatures ranging from 123 K to above the glass
transition at 328 K, and the results showed two different dynamical regimes.
At a low temperature, the observed glass dynamics are slow and dominated
by X-ray-photon-induced effects, which are temperature independent. At a
higher temperature, we observed a dramatic decrease in the fluctuation
timescales, indicating that the dynamics were mainly due to the
intermolecular correlation of the As4S3 molecule in the glass. The timescales
in this high-temperature range agree well with those determined from
measurements of the Newtonian viscosity. Our XPCS studies suggest an
extended length scale of the relaxation process in glassy Ge3As52S45 from the
single molecule to the intermolecular range across the glass transition, providing a unique direct probe of the dynamics beyond the
length scales of the individual molecule.

1. INTRODUCTION
The dynamics of the liquid-to-glass transition are extensively
investigated phenomena as the question of a thermodynamic
versus kinetic origin poses challenging and yet unsolved
problems in the field of condensed matter physics and
chemistry.1 The shear relaxation in “fragile” supercooled
liquids displays a remarkable slowdown as the temperature
approaches the glass transition temperature (Tg) from above.
For example, for the molecular liquid ortho-terphenyl, the shear
relaxation timescale (τshear) increases by 10 orders of
magnitude as temperature decreases by ∼75 K.2 Such a
dynamical slowdown implies the existence of a growing or even
diverging length scale of domains of correlated dynamics as the
temperature approaches Tg upon cooling, which has been
extensively corroborated by simulation studies.3−8 However,
direct and unequivocal experimental observation of this
dynamical lengthscale and its temperature dependence in
supercooled glass-forming liquids has remained elusive.
Understanding how shear relaxation is controlled by the
dynamics that involve intermolecular positional correlations at
different length scales holds the key in this regard.
Spectroscopic studies on organic molecular glass-forming

liquids have indicated that the translational and rotational
diffusion of the constituent molecules are intimately related to
the shear and structural relaxation.9−11 On the other hand, we
have reported in previous studies the finding of a large
temporal decoupling in inorganic molecular liquids between

the timescale of isotropic self-rotation of the roughly spherical
As4S3 and P4Se3 cage molecules and τshear by several orders of
magnitude near Tg.

12,13 Such a large decoupling may not be
entirely surprising since the energetic barrier to rotational
reorientation of molecules with a higher degree of sphericity is
expected to be low, and therefore, such dynamics can be
weakly coupled to the shear relaxation of the liquid. It is,
therefore, tempting to argue that in these liquids the dynamics
responsible for the shear relaxation may involve length scales
that must go beyond the dimensions of single molecules and
likely involve collective motion of multiple molecules, that is,
intermolecular positional correlations. An investigation of this
effect requires an experimental technique that can access both
subnanometer spatial resolution and subsecond temporal
resolution. In this article, we have utilized X-ray photon
correlation spectroscopy (XPCS) to characterize the collective
molecular dynamics in the chalcogenide glass of the
composition Ge3As52S45.
The structure of this chalcogenide glass has been shown in

previous studies to consist of isolated cage-like As4S3 molecules
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that are held together by van der Waals forces, with Ge3As52S45
being a representative composition.12,14 These molecules are
cage-shaped, consisting of a 3-membered As3 ring surmounted
by an AsS3 pyramid, with each S atom being bonded to an As
atom in the As3 ring that is directly below it. This glass, owing
to its molecular nature, displays unusual physical properties,
including a relatively high fragility index m ∼ 102 where

( )
m

T T

d(log )

d
T

T

shear

g

g

=
=

, low Tg (∼312 K), and a high thermal

expansion coefficient (96 ppm/K).14 The high degree of
intermolecular As−As correlational ordering results in a strong
first sharp diffraction peak (FSDP).15,16 The XPCS measure-
ments reported here were performed by accessing the FSDP of
this glass, which enabled us to investigate the molecular
dynamics that involve the temporal decay of the intermolecular
positional correlation of the constituent As4S3 molecules over a
length scale of ∼5−6 Å. These measurements were carried out
at temperatures ranging from 123 K to immediately above its
Tg, up to 328 K. We observed that X-ray-photon-induced
dynamics dominate at low temperatures, while at higher
temperatures near Tg, the intermolecular positional correla-
tions play a stronger role. We observe that the X-ray-induced
dynamics directly depend on the X-ray fluence and occur on a
relatively slower timescale, while the collective molecular
dynamics are faster and highly temperature-dependent. Near
and above Tg, the timescale of the intermolecular correlational
dynamics is found to be in good agreement with the τshear for
this liquid.

2. EXPERIMENTAL SECTION
The Ge3As52S45 glass was synthesized by melting a mixture of
the starting elements (≥99.9995% purity in metals basis) in an
evacuated (10−6 Torr) fused silica ampoule at a temperature of
1073 K in a rocking furnace for at least 24 h, and subsequently
quenching the ampoule in cold water. The small amount of Ge
doping (3 at %) was necessary in stabilizing this As-rich sulfide
glass against devitrification. The recovered glass sample was
cylindrical in shape and was cut into ∼ 1 mm thick disks of
diameter ∼5 mm.
The Newtonian viscosity of the Ge3As52S45 liquid in the

range ∼104−108 Pa·s was measured in a parallel plate
rheometer (MCR 92, Anton-Paar) using steady shear in an

environment of flowing nitrogen gas. In this rheometer, the
temperature was controlled by a Peltier heater. Before the
rheometry measurements, the glass samples were heated above
the softening point to reach a viscosity of ∼105 Pa·s and
trimmed between the two plates (8 mm diameter, stainless
steel) to form a sandwich-like geometry with a gap of ∼1 mm.
At each desired measurement temperature, the samples were
allowed to equilibrate for 5 min. Viscosity was determined as
the ratio of stress and strain rate at various shear rates ranging
between 0.01 and 1 s−1 at each temperature.
The XPCS experiment was conducted at Beamline 8-ID-E of

the Advanced Photon Source (APS) at the Argonne National
Laboratory. The X-ray beam (7.35 keV) was focused onto a
spot size of 5 μm using Be compound refractive lenses
according to a scheme described in Table 2 of Ref 17. The
Ge3As52S45 sample was placed under a vacuum of 10−3 torr
under a beryllium dome and was fixed at a symmetric
scattering geometry with 2θ of 18° to access the FSDP.
Scattered X-ray photons from the sample were collected by a
two-dimensional (2D) Lambda detector with a pixel size of 55
μm positioned 1 m away from the sample. The sample stage
temperature was controlled by a resistivity heater and
Lakeshore temperature controller with a precision of 0.01 K.
The glass sample was allowed to thermally equilibrate for 30
min at each temperature step before the actual measurement.
XPCS measurements were performed on the FSDP of the
Ge3As52S45 sample from a temperature range of 123 to 328 K
(Tg ∼312 K). For each XPCS scan from 123 to 318 K, an
exposure time of 0.1 s was utilized to access subsecond
dynamics, and a total of 10,000 images were collected. The q
range that is used for the calculation of the autocorrelation
curve is approximately 0.04 Å−1 in both qx and qz directions.
For the XPCS scan at 328 K, a 0.015 s exposure time was used
to capture faster dynamics. In order to study the X-ray-beam-
induced effects, we performed measurements at three X-ray
beam intensities, F1, F0.5, and F0.25, where F1 corresponds to the
full intensity of the X-ray beam at 7.25 × 109 photons/s, and
F0.5 and F0.25 correspond to 50% and 25% of the full intensity.
After each measurement, the sample stage was moved either 10
μm in a horizontal direction or 20 μm in a vertical direction to
avoid any accumulated X-ray effects.

Figure 1. (a) Scattering geometry of the experiment and the schematic illustration of the molecular structure of this glass (Ge atoms are not
shown), where As4S3 molecules are held together by van der Waals forces with an average intermolecular distance of ⟨r⟩. (b) X-ray scattering
intensity obtained from the Ge3As52S45 sample, with FSDP as labeled. The inset shows a schematic diagram of the As4S3 molecule.
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3. RESULTS
Figure 1b shows a θ−2θ scan of the Ge3As52S45 sample
performed in a symmetric scattering geometry. The FSDP is
located at 2θ = 18° or scattering wavevector q = 1.16 Å−1,
which corresponds to the intermolecular As−As correlation at
∼5.4 Å.15 The scattering peaks observed at higher angles are
the principal peak (2θ = 32°) that represents the chemical
ordering in an amorphous structure at the extended range
length scale, and the secondary peak (2θ = 58°) corresponds
to the topological ordering occurring near q = 5π/2r, where r is
the mean nearest-neighbor distance (Figure 1a). Previous
empirical potential structure refinement studies revealed that
the principal peak arises from S−S, As−S, and As−As nearest-
neighbor correlations in the structure.15 A schematic for the
molecular structure of this glass is presented in Figure 1.
In order to study the dynamical behavior as a function of

temperature, XPCS studies were performed using coherent X-
rays. As coherent X-rays scatter from the local structure in the
sample, they undergo a constructive/destructive interference
resulting in a “speckle” pattern on the detector. This speckle
pattern is a fingerprint of the detailed sample structure in
reciprocal space and was measured as a function of time at a
given temperature to investigate dynamical fluctuations in the
sample. In order to quantify the time-dependent behavior, the
temporal intensity correlation of the speckle pattern measured
at the FSDP was calculated using autocorrelation function,
g2(Q,t)

g Q t
I Q I Q t

I Q
( , )

( , ) ( , )
( , )2 2= +

(1)

where I(Q,t) and I(Q,t + τ) are the intensity values of a specific
pixel at a given time and scattering vector.16,18 A spatial
averaging of all the pixels in the q-range of 0.04 Å−1 (for both
qx and qz directions) for the FSDP was applied to obtain the g2
function. The calculated autocorrelation was fitted with an
empirical Kohlrausch−Williams−Watts-type stretched (or
compressed) exponential function

g Q t C F Q t c( , ) 1 ( , ) 1 e t
2

2 ( / ) 2= + | | = + | | (2)

where C is the speckle contrast factor, which is dependent on
the experimental setup, background strength, and sample
behavior; τ is the characteristic decay constant; β is the
stretching (compression) exponent that controls the shape of
the curve. The contrast values for all the measurements in this
study range from 0.017 to 0.04 with no obvious temperature or
X-ray fluence dependency (see the Supporting Information

section S1). For all the temperatures and X-ray fluences, β < 1
was obtained (see the Supporting Information section S4),
which is indicative of glassy dynamics and has been previously
observed in colloidal systems and glasses.
At the beginning of each XPCS scan, a decay of FSDP

intensity is observed when the X-ray photon is first incident on
the sample. The decay in intensity stabilizes within ∼200−
300 s with a maximum drop in amplitude of 10% of the initial
value. Detailed analysis can be found in the Supporting
Information S2, where this initial intensity stabilization can be
treated as a nonequilibrium dynamical response, and the
dynamics measured after 400 s correspond to steady-state
fluctuations since no intensity change is observed for t ≥ 400 s.
For the rest of the data analysis and discussion in this article,
we focus on the steady-state fluctuations observed during 400 s
≤ t ≤ 1000 s.
Figure 2a,b presents the g2 curves that are normalized by

contrast c, that is, [g2(t) − 1]/c, as a function of temperature
and fluence, respectively. It may be noted here that the square
root of this function is equivalent to the intermediate scattering
function. Figure 2a shows the temperature dependence of this
function over a temperature range of 123−328 K for a fixed X-
ray fluence F1, while Figure 2b shows the dependence on X-ray
fluence (F1, F0.25, F0.5) at a temperature of 123 K. Fluence
dependence at other temperatures can be found in section S3.
Based on Figure 2a, we can divide the temperature behavior
into a low-temperature regime and a high-temperature regime.
In the low-temperature regime from 123 to 223 K, the
normalized g2 curves (referred as g2 curves hereafter) almost
overlap each other, suggesting a minimal dependence on the
temperature. In the high-temperature regime from 283 to 328
K, where the temperature approaches Tg, the g2 curves decay at
a faster rate. At the highest temperature (328 K), the g2 curve
decays to zero within ∼0.1 s. The difference in the
temperature-dependent behavior of g2 in these two regimes
clearly indicates the presence of two separate dynamic
processes. At lower temperatures in the range of 123−223 K,
the equilibrium fluctuations of the glass are frozen-in at the
timescale of the experimental observation, and the dynamics
are predominantly driven by the X-ray beam, resulting in a
nearly temperature-independent decay of g2. This is also clear
from Figure 2b, where for 123 K, we see a strong dependence
of the decay of g2 on the incoming X-ray fluence. The high X-
ray fluence at F1 promotes the fastest decay of g2, followed by
F0.5. At an X-ray fluence of F0.25, the decay of g2 is the slowest
for a given temperature, and this behavior is consistent at all
measurement temperatures. As the temperature approaches Tg,
both structural relaxation processes and X-ray-beam-induced

Figure 2. (a) Normalized g2 autocorrelation curve for seven different temperatures at a beam fluence of F1. (b) Normalized g2 autocorrelation curve
for three different X-ray fluences, F1, F0.5, and F0.25, measured at a temperature of 123 K.
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dynamics occur in the sample within the time window of
observation. At 328 K, the g2 curves for F1 and F0.5 overlap with
each other, suggesting a minimal role of beam-induced
dynamics at this temperature (Supporting Information S3).
In Figure 3, we plot τ, as obtained from fitting eq 2 to the

g2(t), as a function of temperature and fluence. The parameter

τ describes the ensemble-averaged timescale governing
molecular correlations and fluctuations in the Ge3As52S45
system. At low temperatures in the range 123−223 K, τ is
nearly independent of temperature but depends only on the X-
ray fluence, which clearly highlights that the dynamics
observed at these temperatures are induced by the X-ray
beam. On the other hand, in the high-temperature regime (T
≥ 283 K), τ decreases, and thus the dynamics become faster
with increasing temperature. At 328 K, τ becomes independent
of X-ray fluence and ranges around 0.05 s. These τ values are
consistent with tshear for this glass/supercooled liquid at this
temperature as discussed below.

4. DISCUSSION
A deconvolution of the X-ray-beam-induced effects and
equilibrium structural fluctuations in intermolecular correla-
tions is needed for a meaningful analysis of the dynamics
observed in the Ge3As52S45 glass. As noted above, the exposure
of the sample to the X-ray beam leads to a transient stage
followed by steady-state fluctuations. In this steady-state
regime, the observed dynamics in the temperature range
123−223 K can be attributed to purely beam-induced effects.
The observation of such beam-induced dynamics in oxide
glasses has been reported in recent studies by Ruta and co-
workers.19 Moreover, the expected structural relaxation
timescale in this temperature range well below Tg would be
too long to observe within the time window of these
measurements. In contrast, for higher temperatures (283−
328 K), accelerated fluctuations are observed. In this regime,
the equilibrium structural fluctuations associated with the
collective motion of the constituent molecules start to
contribute significantly to the estimated ⟨τ⟩. However, as

illustrated in Figure 3, a contribution to ⟨τ⟩ from beam-
induced effects cannot be completely neglected at 283, 298,
and 318 K although this contribution rapidly decreases with an
increasing temperature and nearly vanishes at ∼318 and 328 K.
A deconvolution model by Pintori et al. for the B2O3 glass

has been previously proposed to separate structural relaxation
and beam-induced dynamics, with the assumption that the
beam-induced timescale is strictly temperature-independent
even at Tg. The temperature independence was then utilized to
estimate the two different timescales using, 1 1 1

0 s ind
= +

where τ0 is the fitted decay constant to the experimental g2
curve, τind is the timescale of the beam-induced dynamics that
are temperature-independent, and τs is the structural relaxation
timescale.20 Based on the calculation shown in Table S5 in the
Supporting Information, this model does not completely agree
quantitatively with our measurements, implying that for the
Ge3As52S45 chalcogenide glass system, the mathematical
deconvolution model may not be tenable. At lower temper-
atures, where the structural relaxation is too slow to be
observed within the experimental time window, the X-ray-
beam-induced dynamics control the decay of g2(t). However,
with increasing temperature, both X-ray beam and structural
relaxation actively promote molecular dynamics.
As the temperature increases, at T ∼ 318 K, the estimated

⟨τ⟩ becomes nearly independent of the X-ray fluence as shown
in Figure 3. Finally, at T ∼ 328 K, the estimated ⟨τ⟩ is fully
independent of the X-ray fluence and thus represents the true
structural relaxation timescale. For both of these temperatures,
we compare the ⟨τ⟩ of ∼0.4−1.3 s at 318 K and ∼0.05 s at 328
K to the timescales of enthalpy and shear relaxation τen and
τshear, respectively, near and above Tg (∼312 K) in this system.
Since Tg of this glass was determined using differential
scanning calorimetry at a heating rate of 10 K/min, τen is
estimated to be on the order of ∼100 s at T ∼ Tg.

21,22 On the
other hand, a recent study on supercooled liquids in the As−Se
system has revealed that τshear for fragile glass-forming liquids
can be significantly lower (e.g., an order of magnitude) than
τen.21 We estimated τshear for this liquid from the viscosity data
measured by parallel plate rheometry using the Maxwell
relation τshear = η/G∞, where η is the Newtonian viscosity, and
G∞ is the glassy modulus, which for a wide variety of
chalcogenide glasses is on the order of 5 GPa.
Figure 4 compares τshear with the decay constant ⟨τ⟩

observed in our study using XPCS in the high-temperature
regime. It can be clearly seen in Figure 4 that ⟨τ⟩ indeed agrees
well with τshear at 318 and 328 K. Since ⟨τ⟩ from XPCS
represents the timescale of a structural relaxation process that
involves intermolecular correlations over a length scale of ∼5−
6 Å, the observed agreement between ⟨τ⟩ and τshear points
toward a temporal coupling between this relaxation process
and the viscous flow at T ≥ 318 K. In contrast, the self-rotation
timescale of the constituent molecules in this liquid, as
determined in a previous study by NMR spectroscopy,12

couples to τshear only at significantly higher temperatures (T >
∼360 K). Therefore, when taken together, these results clearly
suggest that, compared to the single-molecule motion, a
collective motion of molecules involving correlations at longer
length scales becomes increasingly important for shear
relaxation as the temperature approaches Tg from above in
this fragile glass-forming liquid.

Figure 3. Characteristic decay time extracted by fitting eq 2 to the g2
curves in Figure 2 as a function of temperature. At lower
temperatures, there is no obvious temperature dependence on the
fitted timescale but there is dependence on X-ray beam fluence, where
a higher X-ray fluence promotes faster dynamics. At temperatures that
are close or/and above Tg, we can observe a speeding up of the
measured dynamics mainly due to the active intermolecular
correlations as discussed in the text. Please note, at 328 K, the data
points of F1 and F0.5 overlap well with each other.
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5. CONCLUSIONS
In conclusion, XPCS measurements of molecular dynamics in
the Ge3As52S45 chalcogenide glass were performed from
cryogenic temperatures (123 K) to just above its Tg by
accessing the FSDP. The interaction of the X-ray photons with
largely unconstrained As4S3 molecules results in a complex
dynamical behavior. At low temperatures in the range of 123−
223 K, a temperature-independent beam-induced dynamics are
observed, which is attributed to the effect of energy transfer
from X-ray photons to the sample. At higher temperature
closer to Tg in the range of 283−328 K, the dynamics become
dominated by the fluctuations in intermolecular correlations at
a length scale of ∼5−6 Å, with timescales similar to τshear as
obtained from the Newtonian viscosity. On the other hand, the
single-molecule rotational correlation times at these temper-
atures are known to be orders of magnitude faster than τshear.
These findings indicate that in this fragile glass-forming liquid,
the molecular correlations at longer length scales become
increasingly relevant for shear relaxation and viscous flow upon
cooling toward the glass transition.
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