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The microscopic dynamics of metallic glasses are fundamentally governed by their out-of-equilibrium state.
In this study, we combine synchrotron x-ray photon correlation spectroscopy with atomistic simulations to
track the evolution of structural dynamics from the out-of-equilibrium glassy solid into the metaequilibrium
state. The experiments reveal a clear transition from compressed- to stretched-exponential dynamics driven
by physical aging. In contrast, the simulations consistently exhibit stretched-exponential behavior across all
tested conditions, including zero pressure and applied hydrostatic stress. Despite these qualitatively different
initial responses, we demonstrate here that both experimental and computational approaches converge toward a
common metaequilibrium stretched relaxation shape with β ≈ 0.8. Further, in this regime both experiment and
simulation exhibit de Gennes narrowing in the relaxation timescale and shape parameter, a behavior that emerges
in the experiments even before the metaequilibrium state is reached. Ultimately, the absence of compressed-
exponential dynamics in simulated quenched-in and pressurized states indicates that the experimental as-cast
state possesses a distinct dynamical fingerprint whose exact structural origin continues to remain unresolved.

DOI: 10.1103/cx29-r8ht

I. INTRODUCTION

Amorphous materials have advanced many fields of so-
cietal importance, such as medicine [1], energy conversion
[2], communication technology [3], and data storage [4].
The disordered structure of amorphous matter, lacking long-
range order and grain boundaries, is typically exploited in
its out-of-equilibrium condition. Naturally, in this state, the
system is thermodynamically driven to achieve metaequilib-
rium, yet kinetically hindered so that structural changes are
tied to an ongoing but slow structural recovery. In metae-
quilibrium, the system is equilibrated through accessible
configurational degrees of freedom on the relevant observa-
tion timescale, while remaining metastable with respect to
the true thermodynamic equilibrium state, the crystal. Various
experimental approaches are able to quantify this process of
physical aging by measuring macroscopic material properties
such as enthalpy [5,6], volume [7], or dielectric permit-
tivity [8–10] as a function of time. For example, tracking
enthalpy and the associated loss in impact toughness [11]
below the glass transition (T < Tg) exemplifies how these
properties can change considerably with physical aging. The
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phenomenological description of such an aging response is
based on functions of exponential form [8,12,13], where
an empirical but common representative is the Kohlrausch-
Williams-Watts (KWW) function [14,15], which is a stretched
exponential function with a characteristic timescale τ and
shape parameter β:

f (t ) ∝ e−(t/τ )β . (1)

For many glass-forming materials and methods, experi-
mental values of the shape parameter are reported as β < 1
in the metaequilibrium range of the super-cooled liquid at
T > Tg [8,16], as well as in the glassy solid domain T < Tg

[8,17]. This observation of stretched-exponential dynamics is
considered physically sound, given the interpretation of the
shape parameter as representative of the width of the relax-
ation mode spectrum, constructed on the basis of intrinsically
heterogeneous dynamics.

An experimental approach that challenges this descrip-
tion is x-ray photon correlation spectroscopy (XPCS) that
allows for measurements of a structural decorrelation time
of amorphous materials such as polymer, metallic, network,
and spin glasses [18–24]. Here, the choice of the probed
wave vector, q, allows for the assessment of dynamics across
various length scales [25,26] in structurally and dynam-
ically heterogeneous systems. Focusing on metallic glass
dynamics, XPCS studies in the supercooled-liquid state yield
timescales comparable to those obtained via macroscopic
techniques [27,28]. However, tests within the glassy-solid
regime reveal a distinctly different outcome: The dynamics
are characterized by compressed—rather than stretched—
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exponential behavior (β > 1 vs β < 1) [20,21,25,29–38].
Both regimes are formally described by the KWW func-
tion [Eq. (1)]. The emergence of a shape parameter β > 1,
signifying compressed-exponential dynamics, fundamentally
conflicts with established hypotheses regarding the construc-
tion of the relaxation mode spectrum. Mathematically, such
a distribution of relaxation times is bounded by β � 1
and cannot account for compressed-exponential behavior.
Consequently, while being phenomenologically captured by
the KWW function, the numerous examples of compressed-
exponential dynamics observed across diverse glassy systems
reflect the limit of such a microscopic interpretation and
suggest that these dynamics arise from physical mechanisms
that include aspects beyond the shape of relaxation-mode
distributions.

Importantly, compressed-exponential dynamics are not
unique to XPCS or metallic glasses. They are also prevalent in
soft-matter systems such as colloidal gels, concentrated emul-
sions, and jammed systems, as evidenced by XPCS, dynamic
light scattering (DLS), and traditional light scattering tech-
niques [18,39–43]. Furthermore, both the out-of-equilibrium
state of the glassy solid and externally applied or in-
ternally induced stresses promote compressed-exponential
dynamics [19,33,44].

Imposed boundary conditions such as temperature gradi-
ents and convection [45] or beam-induced dynamics [22,46]
have been proposed as potential explanations for the observed
compressed-exponential behavior. Similarly, aging through
a strong out-of-equilibrium condition following significant
temperature up-jumps has been reported to yield compressed-
exponential one-time response functions. This occurs due
to pronounced autoacceleration associated with the evolving
aging rate of amorphous materials [9,47–52]. These con-
ditions further entail compressed-exponential dynamics in
momentary relaxation traces, as demonstrated through the
Tool-Narayanaswamy formalism [53,54] for model polymer
systems [47], and are representative of the two-time response
functions obtained via coherent scattering techniques such as
XPCS and DLS.

However, none of these scenarios, namely temperature
gradients, beam-induced effects, or autoacceleration, can ac-
count for the systematic transition between compressed- and
stretched-exponential dynamics observed via XPCS when
heating a metallic glass through the glass-transition range
[27] and vice versa during cooling [31]. The same system-
atic transition is observed when external stress is applied to
drive a metallic glass toward its yielding transition [38]. In
these studies, identical experimental configurations result in
either stretched- or compressed-exponential dynamics, sys-
tematically depending on temperature and stress as drivers
through the glass or yielding transition. Importantly, these
transitions occur under conditions that do not involve the
temperature-jump-induced autoacceleration described previ-
ously. Thus, the “cast-in” state appears to play an important
role in the evolution of the dynamics and the emergence of
shape parameters β > 1.

Several theoretical frameworks have proposed a physi-
cal rationale for compressed-exponential dynamics through
specific mechanistic scenarios. For example, assuming that

residual internal stresses dominate the relaxation pro-
cess, the initiation of stress-driven events is predicted to
generate a scaling law with an exponent of β = 3

2 and τq ∼
q−1. This behavior arises from the superposition of atomic dis-
placements within long-range elastic fields [55]. Alternatively,
models invoking ballisticlike dynamics assume that atomic
displacements are governed by coherent motion of particle
clusters (or nuclei) moving at a velocity v, resulting in an
exponent β = 2 and τq ∼ q−1 [56]. Molecular dynamics sim-
ulations tracking icosahedral clusters of varying extent have
explicitly observed compressed-exponential behavior in the
glassy state for sufficiently large clusters [57]. Interestingly,
when the entire simulation box is considered, the dynamics
remain stretched-exponential across all investigated temper-
atures and wave vectors, suggesting that the compressed
response may be localized. Intermittent dynamics have also
been proposed to induce super-diffusive behavior through
sudden, discrete structural rearrangements [38]. While a com-
prehensive mathematical framework for this scenario in the
glassy-solid domain is still developing, it likely combines ele-
ments of stress-driven and ballisticlike dynamics, as predicted
by microstructural clustering. Indeed, computational XPCS
has linked the intermittent dynamics frequently observed in
synchrotron experiments to the emergence and movement of
icosahedral clusters [13,58]. Furthermore, the transition be-
tween stretched- and compressed-exponential behavior can be
described by models assuming the same underlying relaxation
events in the glassy-solid and supercooled-liquid regimes. The
transition in the dynamical behavior is triggered by the event
density: While the density of events is high in the super-
cooled liquid (stretched-exponential dynamics), cooperative
effects between events are attenuated, while a sparse number
of events allows for cooperative and thus amplified motion
(compressed-exponential dynamics) [59–61]. Despite these
advancements, a consensus on the exact origin of compressed-
exponential behavior in metallic glasses and soft matter,
and its connection to out-of-equilibrium conditions, remains
elusive.

Given that systematic transitions between compressed- and
stretched-exponential dynamics are driven by temperature and
stress, the logical consequence is to assume that this transi-
tion should also be observable during isothermal annealing at
T < Tg. Such an observation would fundamentally strengthen
the link between compressed-exponential dynamics and the
out-of-equilibrium state. Specifically, if the system is allowed
to evolve at a temperature at which it is initially out of
equilibrium, it should eventually transition from compressed-
to stretched-exponential behavior as the system approaches
metaequilibrium. Here, we present the experimentally re-
solved evolution of the dynamics of a Zr-based metallic glass,
measured via XPCS at a temperature well below Tg. Consis-
tent with our hypothesis, we observe a monotonic and com-
plete transition from compressed- to stretched-exponential
behavior, directly correlating the compressed-exponential
shape (β > 1) with the out-of-equilibrium condition. These
experimental results are supported by atomistic simulations
of a ternary model glass aging at a comparable T/Tg-ratio.
Although the initial quenched-in states in the experiment and
simulation exhibit dissimilar dynamics, the shape parameters
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FIG. 1. Schematic illustration of synchrotron [(a)–(c),(g)] and computational [(d)–(f),(h)] XPCS. (a) illustrates the experimental approach
in a schematic of the metallic glass (MG) sample on top of the oven surface, measured in reflection. The detector covers only a small range
in reciprocal space at the first peak of the structure factor, as indicated by the square in (b) and marked by an arrow. Based on the recorded
speckle pattern series illustrated in (c), the two-time correlation function in (g) is calculated (upper-left triangle). (d) illustrates the simulation
box of a ternary model glass, indicating icosahedral motifs after 9 µs of simulations. (e) visualizes the diffraction response in reciprocal
space, resembling a shell of 0.8 Å−1 radial width, located at the first maximum of the structure factor, thereby entailing interference patterns
representing the structure at consecutive time steps shown in (f). These speckle patterns are correlated over time, yielding the two-time
correlation function from the computational XPCS approach in (h) (lower-right triangle).

characterizing the final metaequilibrium states show excellent
agreement within the limits of data accuracy.

II. METHODS AND MATERIALS

A. Synchrotron experiments

A coherent scattering experiment was conducted on
a metallic glass sample with the nominal composition
Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 (Vit105, in atomic %, plate
material purchased from Liquidmetal). The sample, with di-
mensions of 4 × 12 × 1.5 mm3, was mounted onto the copper
surface of a customized oven at beamline P10 of PETRA III
(DESY). To prevent oxidation, the oven chamber was contin-
uously evacuated using a turbomolecular vacuum pump. The
sample was heated from room temperature (298 K ≈ 0.45 Tg)
to the isothermal annealing temperature of 601 K (≈0.9 Tg),
where it was held for more than 35 h using a Lakeshore
controller [Fig. 1(a)].

The XPCS experiments were performed at an x-ray photon
energy of 8.0 keV, corresponding to a wavelength of 1.55 Å.
The beam was focused onto the sample to a cross section of
3.3 µm × 2.0 µm, yielding a 1/e x-ray penetration depth of
8 µm. The scattered signal was detected in reflection geometry
using an Eiger 4M detector (2070 × 2167 pixels, 75 µm pixel
size) at a sample-to-detector distance of 2 m, resulting in a
per-pixel resolution of �q = 1.52 × 10−4 Å−1. The resulting
field of view covered a q range of 2.3 to 2.7 Å−1 over a
similarly narrow azimuthal range along the maximum of the
first amorphous diffraction ring [see Fig. 1(b)]. For subsequent
analysis, this region was partitioned into q bins of 0.055 Å−1

width. During the isothermal annealing experiment, a total of
125 000 two-dimensional speckle patterns [cf. Fig. 1(c)] were
recorded with an exposure time of 1 s per frame. To eliminate

parasitic scattering and dead pixels, all speckle patterns were
filtered using a static, predefined mask isolating active and
illuminated pixels across the entire dataset. To account for
beam-intensity variations inherent to the top-up operation of
Petra III, the intensity of each masked pattern was normal-
ized by the ratio of its frame-averaged intensity to the global
average intensity calculated over the entire measurement
series.

B. Atomistic simulations

Molecular dynamics (MD) simulations of a ternary
Zr65Cu25Al10 (in at. %) alloy, serving as a representative
proxy for the experimental metallic glass, were performed
using an embedded-atom method potential [62] parametrized
by Cheng, Ma, and Sheng [63]. Samples containing 64 000
atoms were generated in a cubic box with periodic boundary
conditions [see Fig. 1(d)] and equilibrated in the liquid state
at 2000 K. The equilibrated liquid was subsequently quenched
at a cooling rate of 1010 Ks−1 to a temperature of T = 655 K
(≈0.9 Tg), where it was held isothermally for 10 µs. For this
cooling rate, the glass transition temperature of the model
glass was determined to be Tg ≈ 728 K. Unless specified oth-
erwise, the simulations were conducted at a constant pressure
of 0 MPa; to evaluate the influence of external stress on the
relaxation dynamics, additional isothermal simulations were
performed at the same temperature under hydrostatic pres-
sures of P = 40, 80, 200, and 400 MPa for a duration of
1 µs. Temperature and pressure were regulated using a Nosé-
Hoover thermostat and barostat [64]. Structural analysis was
executed on atomic configurations saved at regular intervals.
Time steps of 0.1 fs and 1 fs were implemented to resolve
short-time trajectories for t < 1 ps and t < 1 ns, respectively,
while a time step of 2 fs was utilized for t > 1 ns. All MD
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simulations were carried out using the LAMMPS package
[65], structural analyses were performed via in-house PYTHON

scripts, and atomic visualizations were rendered using OVITO
[66].

C. Computational x-ray photon correlation spectroscopy

Diffraction patterns were calculated directly from the
atomic positions of the MD-generated samples. To minimize
artifacts from periodic boundary conditions, scattering vectors
were restricted to the reciprocal lattice of the finite cubic
simulation cell of side length L,

qα = 2π

L
nα, nα ∈ [−nq, nq], α ∈ {x, y, z}, (2)

with integer nα . For the simulated box of approximately 108 ×
108 × 108 Å3 , this yields a discrete resolution of �q ≈
0.058 Å−1. For each q, the intensity I (q) was evaluated as

I (q) = 1

N

∣∣∣∣∣∣
∑

j

f j (q)
Nj∑

k=1

e−iq·r( j)
k

∣∣∣∣∣∣
2

, (3)

where N is the total number of atoms, j indexes the atomic
species, Nj is the number of atoms of type j, r( j)

k represents
the position of k-th atom of type j, f j (q) is the atomic form
factor for species j, and q = |q|. The atomic form factor f j (q)
was determined using the standard nine-parameter expression
for each atom type:

f (q) =
4∑

i=1

ai exp

[
−bi

( q

4π

)2
]

+ c. (4)

The corresponding coefficients were obtained from the In-
ternational Tables for Crystallography [67]. To focus on the
principal scattering range of interest, the calculation was re-
stricted in q, sampling the first peak of the static structure
factor, S(q), within the interval 2.1 Å−1 � q � 2.9 Å−1. An
example of the final 3D S(q) matrix is illustrated in Fig. 1(e).
These datasets were saved for subsequent structural and
dynamical analysis.

D. Intensity-intensity cross correlation

The speckle patterns obtained from both experiment and
simulations were used to compute the intensity-intensity
cross-correlation, yielding the two-time correlation function
(TTCF) defined as

C(q, t1, t2) = 〈I (q, t1)I (q, t2)〉q

〈I (q, t1)〉q〈I (q, t2)〉q
, (5)

where 〈. . . 〉q denotes an average over the pixels within a se-
lected q range. For the simulations, this cross-correlation was
evaluated using three-dimensional diffraction shells extracted
from the atomic trajectories as illustrated in Fig. 1(e). The cal-
culation was performed over consecutive time steps [Fig. 1(f)]
for separate q intervals of width 0.1 Å−1 spanning from 2.1
to 2.9 Å−1. An analogous approach was applied to the two-
dimensional speckle patterns from synchrotron experiments
[Fig. 1(c)], which were analyzed separately over consecutive
q bins of width 0.055 Å−1 ranging from 2.3 to 2.7 Å−1.

The resulting TTCFs are displayed in Figs. 1(g) and
1(h), where the upper and lower diagonals represent the
experimental and simulated data, respectively. From these
two-dimensional matrices, the one-time intensity correlation
functions, g2(t0, t ), are extracted by taking slices at a fixed
waiting time t0 as a function of delay time t = t1 − t0. This
procedure was for example implemented to capture the initial
decorrelation responses at the onset of the isothermal protocol,
corresponding to t0 = 0 s for the experiment and t0 = 0 ns for
the simulations.

E. Fitting and extraction of timescales

The obtained one-time correlation functions were fitted to
KWW functions [cf. Eq. (1)]. To capture the multistep relax-
ation behavior observed in the atomistic simulations [73], a
linear combination of two KWW functions was implemented:

g2(0, t ) − 1 = Ae−2(t/τ1 )β1 + Be−2(t/τ2 )β2 + C. (6)

Here, τi and βi (i ∈ {1, 2}) denote the characteristic relax-
ation time and the shape parameter of the i-th relaxation
stage, respectively. The coefficients A and B represent the
amplitudes that weight the relative contribution of each de-
cay process, while C is a constant that accounts for the
experimental or computational background level. To fit the
single-decay decorrelation behavior observed in experiments,
a single KWW function was taken into account, correspond-
ing to i ∈ 1 for Eq. (6).

F. Von Mises stress and complementary cumulative
distribution function

The local atomic stresses were calculated from the virial
theorem [68] as implemented in LAMMPS [65], which yields
the six independent components σ i

ab of the symmetric per-
atom stress tensor, where a, b ∈ {x, y, z} and i indexes the
atoms. From the atomic stress tensor, the von Mises stress σvM

was determined for each atom according to

σvM =
√

I

2
+ 3J, (7)

where

I = (σxx − σyy)2 + (σyy − σzz )2 + (σzz − σxx )2, (8)
and

J = σ 2
xy + σ 2

xz + σ 2
yz. (9)

Here, I represents the contribution from differences among the
normal stress components, while J represents the contribution
from the shear stress components. For each snapshot of the
MD trajectory, the per-atom values of σvM were extracted to
construct the complementary cumulative distribution function
(CCDF), defined as CCDF(σ, t ) = P(σvM > σ, t ). As the bulk
of the distribution shifts by only ∼0.1 GPa over the total
annealing duration, the redistribution of internal local stresses
is quantified via the difference with respect to the initial state:

�CCDF(σ, t ) = P(σvM > σ, t ) − P(σvM > σ, t = 0), (10)

evaluated point-by-point on a common stress grid. The re-
sulting quantity is signed and dimensionless. A negative
value, �CCDF(σ, t ) < 0, implies that fewer atoms exceed the
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FIG. 2. Structure factor and decorrelation behavior from the as-
cast state for a laboratory-cast metallic glass and a simulated model
glass. (a) Structure factor, S(q), as a function of wave vector, q, for a
laboratory-cast and a simulated glass at the start of the isotherm and
after annealing over the time indicated in the legend. (b) One-time
correlation functions, g2(t0, t ) − 1 with t0 = 0 s, for sequentially
binned q windows of 0.055 Å−1 width gained from a laboratory-
cast glass together with respective fits to a single KWW function.
(c) Decorrelation strength as a function of q/qmax for laboratory-cast
and model glasses. (d), (e) Timescale of decorrelation, τ , and shape
parameter, β, as functions of q/qmax for laboratory-cast and model
glasses based on fits in (b) and (f). (f) One-time correlation functions,
g2(t0, t ) − 1 with t0 = 0 ns, for sequentially binned q windows of
0.1 Å−1 width gained from the ternary model glass together with
respective fits to a double KWW function. In (c)–(e), only the slow
relaxation process of the model glass is displayed for comparison
with experimental data.

threshold σ at time t than at the start (indicating local stress
relaxation), whereas a positive value, �CCDF(σ, t ) > 0, re-
veals stress accumulation at that threshold.

III. RESULTS

To quantify the relaxation dynamics from the onset of
the isothermal protocol (t = 0 s), we analyze the XPCS data
obtained during annealing at 0.9 Tg. Figure 2 displays the
experimental static structure factor, S(q), the corresponding
one-time correlation function, g2(0, t ), and the resulting fits
based on Eq. (6). As shown in Fig. 2(a), S(q) exhibits a
broad halo characteristic for amorphous materials, with a
maximum located at a wave vector of qmax, expt = 2.620 Å−1.
The overall features of S(q) remain invariant throughout the
annealing duration exceeding 105 s, with neither oxidation nor

crystallization being observed. Further, the peak position ex-
hibits no resolvable shift between the initial and final stages
of the isotherm.

The experimental g2(0, t ) [Fig. 2(b)] represents an average
over the initial time interval from t0 = 0 s to t0 = 400 s to
optimize the signal-to-noise ratio. It exhibits a single relax-
ation step for all six wave vector ranges. The initial plateau,
g2(0, 0), and the final plateau, g2(0, tfin), where tfin is the
long-time range beyond 104 s, display a distinct wave vector
dependence. This dependence directly influences the decorre-
lation strength, �g2 = g2(0, 0) − g2(0, tfin) [Fig. 2(c)], which
reveals a systematic, nonmonotonic behavior with a maxi-
mum at q values slightly below qmax,expt. Fitting the data with
a single KWW function yields the wave vector-dependent
decorrelation time, τ , and shape parameter, β, plotted in
Figs. 2(d) and 2(e), respectively. Both quantities exhibit a
relative increase of 5 % to 10 % across the probed q range.

To evaluate the generality of the experimentally observed
structural and dynamical behavior, we complement the syn-
chrotron data with MD simulations of a ternary model glass.
This computational framework provides a genuine represen-
tation of the generic features of the amorphous state by
tracking the aging trajectory toward a well-annealed state
over a multimicrosecond timescale, allowing for a qualitative
comparison to the experimentally assessed dynamics with
a focus on common trends in the wave vector- and time-
resolved behavior. Similar multi-microsecond-long protocols
have recently yielded significant insights into the microstruc-
tural and relaxation features of binary Lennard-Jones model
glasses [58,69–73]. The simulated system is characterized by
the expected broad amorphous halo in S(q), which remains
qualitatively invariant between the initial (t = 0 µs) and final
(t = 10 µs) simulation configurations. Figure 2(f) presents the
decorrelation behavior of the simulated g2(0, t ) along with the
corresponding fits using the double KWW function described
by Eq. (6). The high temporal resolution of the simulations
captures a fast initial decay at approximately 10−5 ns to
10−4 ns, reflecting vibrational degrees of freedom. The second
decay process, occurring on timescales spanning hundreds of
nanoseconds, corresponds to the structural relaxation and is
further quantified in Figs. 2(c)–2(e). The simulations access
a dynamical window at significantly shorter timescales than
the experiments, which is a direct consequence of the spa-
tiotemporal constraints of atomistic modeling. Despite this
separation in absolute timescales, the q-dependent trends in
the structure and dynamics offer insights into the underly-
ing relaxation mechanisms. In the presented analysis, the
extended q range of the simulation data reproduces the ob-
servations in the experimental data while providing a broader
context. For example, the decorrelation strength plotted in
Fig. 2(c) exhibits a similar profile in both approaches, includ-
ing a distinct maximum slightly below the respective qmax.
The absolute amplitudes in the simulation are an order of
magnitude larger, as expected from the ideal speckle contrast
inherent to the computational scattering setup. Furthermore,
the timescales τ (q) exhibit a remarkably similar relative in-
crease up to qmax in both datasets despite a difference by
9 orders of magnitude in absolute numbers [cf. Fig. 2(d)].
Importantly, the extended q range of the simulations cap-
tures a subsequent decrease in τ (q) beyond qmax, a regime
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not accessed by the experiment. In contrast to the timescale,
the shape parameter β reveals pronounced qualitative and
quantitative discrepancies between the experiment and the
simulation [Fig. 2(e)]. Qualitatively, the experimental data
indicate a clear q dependence with a maximum near qmax,
whereas the computational β values remain strictly q inde-
pendent across the entire probed range. Quantitatively, the
experiment exhibits compressed-exponential dynamics with
β ≈ 1.55, whereas the simulations yield strongly stretched-
exponential behavior with β ≈ 0.35.

The data presented thus far reflect the dynamical states
at the immediate onset of the isothermal protocol, capturing
the behavior of the out-of-equilibrium, as-prepared configu-
rations of the sample at elevated temperature. These initial
states, i.e., the experimental as-cast and the computational
as-quenched structures, are expected to differ significantly due
to the vastly different cooling rates and processing histories.
Next, we examine the temporal evolution of dynamics as both
systems undergo physical aging, allowing us to characterize
and contrast their behavior upon approaching the metaequi-
librium state.

To this end, Fig. 3 presents the temporal evolution of
timescales and shape parameters obtained from KWW fits for
both the experimental data in Figs. 3(a), 3(b), and 3(e) and
the simulated data in Figs. 3(c), 3(d), and 3(f). Specifically, τ

is plotted logarithmically as a function of annealing time in
Fig. 3(a) for each of the previously defined q windows. The
data show a continuous monotonic increase over time, char-
acteristic of physical aging, before reaching a near-saturation
regime at approximately t > 4 × 104 s. While differences in
aging trajectories across individual q windows are difficult
to discern in the main plot, the inset displays the relative
variation with respect to τ (qmax). This representation reveals
that the timescales collapse onto a single curve at early times
(t < 102 s), but split by up to 15 % for t > 2 × 104 s at q
values furthest from qmax.

Figure 3(b) displays β as a function of annealing time
for the individual q windows. Initially, β exhibits values of
approximately 1.5 before rapidly decreasing below unity to
a level of β ≈ 0.8 on a timeline that closely mirrors the
stabilization of τ . Consequently, the dynamics transition from
compressed-exponential in the initial out-of-equilibrium state
to stretched-exponential in the long-time metaequilibrium
state during the annealing protocol. Throughout this process,
the temporal evolution of β is q independent. As demonstrated
in the inset, the relative variations between the β(q) curves
remain essentially constant over the entire experimental
window.

The atomistic simulations similarly allow tracking of the
evolution of τ and β, with the corresponding results sum-
marized in Figs. 3(c) and 3(d). Here, τ exhibits an aging
profile qualitatively similar to the experiment, characterized
by a monotonic increase that eventually plateaus in the long-
time limit (t > 2000 ns). However, due to finite-size statistical
fluctuations inherent to the computational approach, a relative
normalization analysis analogous to the experimental inset
could not be resolved. Interestingly, and in striking contrast
to the experimental trend, the simulated shape parameter
evolves toward a less stretched-exponential behavior, increas-
ing from an initial out-of-equilibrium value of β ≈ 0.35 up

FIG. 3. Evolution of structural dynamics quantified by fits to
KWW functions throughout isothermal annealing at 0.9 Tg of a
laboratory-cast metallic glass [(a), (b), (e)] and a simulated model
glass [(c), (d), (f)]. (a), (b) Logarithmic timescale, log10 τ , and shape
parameter, β, of the laboratory-cast glass as a function of annealing
time for six wave vector ranges. The insets show the wave vector-
specific relative change in timescale, (τ (q) − τ (qmax))/τ (qmax), in
(a) and the difference in shape parameter, β(q) − β(qmax), in (b) with
respect to the values at the position of the maximum of the struc-
ture factor, qmax. Points in the insets reflect the full data resolution,
while solid lines represent smoothed data to highlight underlying
trends. The gray shading indicates the time window identified as
the metaequilibrium state. The legend in (b) also applies to (a) and
the corresponding insets. (c), (d) Logarithmic timescale, log10 τ , and
shape parameter, β, of the model glass as a function of linear anneal-
ing time for eight wave vector ranges. The legend in (d) also applies
to (c). (e), (f) Mean timescale, 〈τ 〉eq (left y axis), and mean shape
parameter, 〈β〉eq (right y axis), reflecting the equilibrated sample state
of the laboratory-cast and the model glass, respectively. Vertical gray
dotted lines indicate the position of qmax. Lines connecting the data
points serve as guides to the eye.

to β ≈ 0.8−1.0 at late times. As a result, the short-time
out-of-equilibrium dynamics diverge radically between the
experiment and the simulation, while the shape parameters
ultimately converge to a remarkably similar value of β ≈ 0.8.
This convergence indicates that the achieved metaequilibrium
states attained at long times share common underlying dynam-
ical features irrespective of the initial processing history.

This similarity is further substantiated by the q-resolved
behavior in τ and β for both the experimental and the sim-
ulated samples at long times. Figures 3(e) and 3(f) present
these quantities averaged over the late-stage metaequilibrium
regime for experiment and simulations, respectively. When
plotted against the wave vector, τ (q) and β(q) exhibit a
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distinct maximum located precisely at the position of the
principal peak of the static structure factor, qmax. Remarkably,
this manifestation of de Gennes narrowing occurs irrespective
of sample type, appearing clearly in both the experimental
datasets and the simulated trajectories, despite the lower sta-
tistical resolution of the latter.

IV. DISCUSSION

Compressed-exponential dynamics constitute a systemat-
ically observed, but not yet well understood phenomenon
across numerous XPCS and DLS studies on amorphous
solids [18,39–43]. In this work, we present complemen-
tary experimental and simulated XPCS datasets for metallic
glasses during isothermal annealing well below the glass
transition (T = 0.9 Tg), enabling us to track the struc-
tural relaxation and continuous evolution of the shape
parameter β from out-of-equilibrium to metaequilibrium
conditions.

Scrutinizing the early stages of the isothermal protocol,
the laboratory metallic glass initially exhibits compressed-
exponential dynamics characterized by a shape parameter of
β ≈ 1.5. Despite remaining far from equilibrium in its as-
cast state, as evidenced by the ongoing temporal evolution of
both the timescale and the shape parameter, the characteristic
timescales begin to exhibit a distinct wave vector dependence
characteristic of de Gennes narrowing [74,75] as early as
t ≈ 2.5 × 104 s. While this phenomenon is conventionally
observed within the stable liquid or the metaequilibrium of
the supercooled liquid state, it is reported here in an out-of-
equilibrium configuration and notably persists deep within
the glassy solid regime. Remarkably, the shape parameter
β(q) reflects de Gennes narrowing behavior from the earliest
annealing stages onward, long before the fitted timescale or
shape parameter values stabilize.

When inspecting the early stages of the simulated anneal-
ing protocol, in contrast, signatures of strongly stretched-
exponential dynamics with β ≈ 0.35 are observed. Hence,
the quenched-in configuration of the model glass fails to
replicate the compressed-exponential dynamics observed in
the laboratory-cast metallic glass. This divergence directly
highlights the contrast in quenching conditions and dynam-
ics inherent to experiment and simulation. While the two
annealing approaches provide complementary insights, the
macroscopic origin of compressed-exponential dynamics can-
not be deduced from this data alone. To systematically test the
hypothesis that compressed-exponential dynamics originate
from either the presence of high internal residual stresses
[55] or stress-driven ballisticlike transport, we implement an
alternative set of simulations in which the simulation box is
subjected to a hydrostatic pressure protocol.

Under the premise that internal residual stresses drive the
emergence of compressed-exponential dynamics and quantify
the degree of departure from metaequilibrium, Fig. 4 tracks
the temporal evolution of the atomic von Mises stresses for
simulated configurations subjected to various amplitudes of
hydrostatic pressure. Across all explored pressure levels, in-
cluding zero applied pressure, the mean von Mises stress
decreases continuously over time, as illustrated in Fig. 4(a).
Concurrently, its standard deviation, plotted in Fig. 4(b),

FIG. 4. Temporal evolution of the per-atom von Mises stress
distribution of simulated Zr65Cu25Al10 at 655 K under five different
applied pressure amplitudes (0, 40, 80, 200, and 400 MPa) over 7
orders of magnitude of time from 10−4 ns to 103 ns. (a) Spatially
averaged von Mises stress, 〈σvM〉, as a function of time for various
pressure amplitudes. The inset depicts the atom-specific distribution
of von Mises stress for various pressure amplitudes. (b) Standard
deviation of the per-atom von Mises stress distribution as a function
of time, connected to the averaged quantity plotted in (a). The legend
in (b) applies to (a) as well. (c), (d) Color maps of the difference
in complementary cumulative distribution functions (CCDFs) of von
Mises stress and time, �CCDF(σvM, t ), at 0 and 80 MPa applied
pressure, respectively. Red indicates regions where more atoms ex-
ceed the given stress level than at time t = 0 (stress accumulation),
while blue indicates fewer atoms exceeding the given stress level
than at time t = 0 (stress relaxation). (e) Shape parameter derived
from a fit of decorrelation data connected to structural relaxation to a
KWW-function at 0 and 80 MPa, averaged over a wave vector range
2.3 Å−1 � q � 2.8 Å−1. In all panels, data at times t � 10−3 ns
reflect vibrational motion, while at larger times, structural relaxation
becomes the dominating transport mechanism.

exhibits a similar decline, indicating a systematic narrowing
of the distribution of local internal stresses around the mean
von Mises stress as a function of physical aging. To facilitate
a direct comparison of the local stress probabilities over time,
the difference in the complementary cumulative distribution
functions (CCDFs) of von Mises stress, �CCDF(σvM, t ) =
P(σvM > σ, t ) − P(σvM > σ, t=0), is plotted in Figs. 4(c) and
4(d) for 0 and 80 MPa pressure amplitudes, respectively.
On short time scales (t � 10−3 ns), where vibrational de-
grees of freedom dominate the response, �CCDF(σvM, t )
fluctuates symmetrically around zero. At longer times, as
structural relaxation takes over as the dominant transport

274202-7



BIRTE RIECHERS et al. PHYSICAL REVIEW B 114, 274202 (2026)

mechanism, �CCDF(σvM, t ) continues to fluctuate near zero
until approximately t ≈ 100 ns. Beyond this time, the quantity
exhibits a systematic negative shift, indicating a decreas-
ing fraction of atoms exceeding intermediate-to-high stress
thresholds, which directly implies local stress relaxation over
time. Notably, no discernible features indicating a change in
dynamics or underlying mechanism are resolved at 80 MPa
or any other tested hydrostatic stresses, as the response
remains qualitatively similar to data gained at 0 MPa. Hy-
drostatic stress does, however, exert a systematic effect on
the shape parameter as shown in Fig. 4(e). Specifically,
applied stress shifts the shape parameter to higher initial val-
ues (β ≈ 0.5 at t = 0 s), followed by a rising trend up to
β ≈ 0.7 at t = 200 ns, which defines the limit of the reli-
able fitting range for the KWW-function. Hence, hydrostatic
stress introduces a distinct upward offset to the shape pa-
rameter throughout its temporal evolution, even though the
relaxation remains strictly within the stretched-exponential
regime (β < 1) across all tested pressure amplitudes. Given
this outcome, the simulations do not provide unambiguous
evidence regarding the microscopic origin of compressed-
exponential dynamics. Indeed, quenched-in stress fields and
long-range elastic stress redistribution might lead to stronger
shear-stresses (as captured by von Mises stress) and thus
qualitatively different effects than the imposed hydrostatic
pressure. However, even under the hydrostatic pressure con-
dition the results demonstrate how internal stresses reduce the
stretched decorrelation behavior.

Beyond this, a particularly remarkable finding emerges
from the comparison between the synchrotron and computa-
tional XPCS datasets, which is the convergence of the shape
parameter in the long-time limit. This behavior reflects a
shared trajectory toward metaequilibrium, as evidenced by
data in Figs. 3(b) and 3(d). Next, we examine the details and
broader implications of this continuous transition to metae-
quilibrium driven by physical aging.

For the experimental data, both the timescale and shape
parameter vary monotonically with annealing time toward a
steady plateau. This behavior is typical for the transition from
an out-of-equilibrium as-cast state to metaequilibrium, with
both parameters persistently displaying de Gennes narrowing
across the probed q range. The attainment of metaequilib-
rium in the final stages of the experiment is confirmed by
the stabilization of the fitting parameters at times exceeding
4 × 104 s [cf. Figs. 3(a) and 3(b)]. The characteristic timescale
of the metaequilibrium state, τmeq = 3.2 × 104 s, matches the
relaxation behavior extrapolated from an Arrhenius process
(τArr ≈ 3.5 × 104 s [76]), which is understood to drive sub-
Tg equilibration [77]. Throughout the isothermal protocol, β

transitions from ≈1.5, a signature of compressed-exponential
dynamics in the as-cast state, to a stable value of ≈0.8 at
late stages. This parallel plateauing of both parameters firmly
verifies the realization of a well-defined metaequilibrium state
within the temporal window of the synchrotron experiment.
Further, the value of β ≈ 0.8 matches well with metaequilib-
rium values reported for Zr-based metallic glasses at or below
the glass transition derived experimentally by XPCS and other
techniques such as dynamical mechanical analysis, volume or
stress relaxation [13,78–80].

FIG. 5. Schematic representation of the evolution of the shape
parameter in experiment and simulation. Background colors indicate
the type of exponential behavior with β > 1 (compressed, purple) in
the top part and β < 1 (stretched, blue) in the bottom part. Note
how the metaequilibrium state of both experiment and simulation
settles within the regime of β < 1. The dashed green line and arrows
indicate how the shape parameter is shifted to larger values <1
under applied hydrostatic stress as shown in simulations covering
the out-of-equilibrium state.

Analogously, the simulations reveal a clear transition
from an out-of-equilibrium configuration to a long-time
metaequilibrium state. Due to the inherent constraints of
atomistic modeling, the observational window is orders of
magnitude shorter than in experiments, though it still cov-
ers an exceptionally long physical duration of 10 µs. The
computational results differ qualitatively from the experi-
mental data in the initial response of β, which exhibits a
highly stretched-exponential behavior (β ≈ 0.35) rather than
compressed-exponential dynamics. Nevertheless, during the
isothermal protocol, both τ and β reach a well-defined plateau
in the long-time limit, with τ stabilizing on the order of 102

nanoseconds and β systematically increasing from 0.35 to 0.8.
During this approach to metaequilibrium state, the mean and
standard deviation of the local von Mises stress distribution
decrease continuously (cf. Fig. 4 at 0 MPa). This narrowing
of the distribution of von Mises stress represents a reduction
and homogenization of internal stresses with physical aging,
which might be correlated with and thus reflected in the in-
crease of the shape parameter itself.

We conceptualize the key observations regarding the shape
parameter in Fig. 5, highlighting that while the experimen-
tal dataset yields initial compressed-exponential behavior, the
simulation—both in the as-quenched zero-pressure state and
under hydrostatic stress—is governed by a different initial
mechanism characterized by stretched-exponential dynam-
ics. Despite this initial divergence, both approaches yield
a remarkably comparable shape parameter in the long-time
limit, reflecting a shared metaequilibrium state dominated
by stretched-exponential dynamics with β ≈ 0.8. Further-
more, the application of hydrostatic stress shifts the initial
shape parameter upward to β ≈ 0.5 at t = 0, which subse-
quently evolves toward higher values over time. This trend
suggests that the stress-altered physical aging pathway might
ultimately plateau near the same universal shape parameter
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observed in the zero-pressure simulations and experiments.
At the same time, this outcome underscores that the simulated
systems consistently maintain stretched-exponential behavior
across all investigated computational conditions.

V. SUMMARY

We have investigated the evolution of microscopic struc-
tural dynamics in a metallic glass across the glassy-solid and
supercooled-liquid regimes using synchrotron XPCS experi-
ments and XPCS simulations. Experimentally, the dynamics
evolve from compressed- to stretched-exponential relaxation
during physical aging, accompanied by systematic changes
in both the relaxation time and wave vector dependence. In
simulations, physical aging is reflected in structural homog-
enization and equilibration toward a metaequilibrium state,
while the dynamics remain stretched-exponential under all
tested conditions, including zero pressure and various levels
of hydrostatic stress.

The central outcome of this comparison is that the exper-
iment and simulation converge toward a common metaequi-
librium relaxation shape, despite their qualitatively different
out-of-equilibrium responses. In both cases, the dynamics
level off at a shape parameter of β ≈ 0.8, suggesting a robust
relaxation-shape descriptor of the metaequilibrated state. This
convergence demonstrates that the long-time aged experimen-
tal and computational glasses share a common dynamical
signature, even though the experimental as-cast state exhibits
compressed-exponential dynamics in contrast to the simulated
as-quenched state.

Against this common metaequilibrium limit, compressed-
exponential dynamics emerge as a sensitive marker of
the initial out-of-equilibrium state of as-cast laboratory
metallic glasses. Although such dynamics have been
widely associated with stress-driven or elastically mediated

rearrangements, the simulations performed here did not de-
velop compressed-exponential behavior under quenching or
applied hydrostatic stress. These results therefore indicate that
compressed-exponential dynamics encode an experimentally
specific feature of the as-cast state, whose structural origin
remains a central challenge for connecting laboratory and
computational glass dynamics.
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