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A B S T R A C T

In the past two decades, numerous relaxation or physical aging experiments of metallic glasses have revealed
signatures of intermittent atomic-scale processes. Revealed via intensity cross-correlations from coherent
scattering using X-ray photon correlation spectroscopy (XPCS), the observed abrupt changes in the time-domain
of atomic motion does not fit the picture of gradual slowing down of relaxation times and their origin continues
to remain unclear. Using a binary Lennard-Jones model glass subjected to microsecond-long isotherms, we
show here that temporally and spatially heterogeneous atomic-cluster activity at different length-scales drive
the emergence of highly non-monotonous intensity cross-correlations. The simulated XPCS experiments reveal
a variety of time-dependent intensity-cross correlations that, depending on both the structural evolution and
the 𝑞-space sampling, give detailed insights into the possible structural origins of intermittent aging measured
with XPCS.
1. Introduction

Glassy solids have a meta-stable structure that evolves with time.
This gradual structural evolution towards an overall lower energy
state involves thermally-activated structural rearrangements [1,2] and
is typically referred to as physical aging [3]. Globally, aging may
lead to minor changes in, for example density [4–6], hardness [7,8]
or elastic moduli [4], whereas other macroscopic properties, such
as toughness [5,9,10], can deteriorate significantly. The underlying
structural processes that drive such property changes remain difficult
to quantify, as they involve subtle rearrangements at the atomic scale.
This can be resolved to some degree in conventional X-ray scattering
experiments [7], but is well-documented in atomistic simulations of
model glasses [11,12]. The latter gives detailed insights into possible
local structural pathways that accompany the continued formation and
growth of well-relaxed structural motifs, which often form an intercon-
nected network of low-energy structures and pockets of energetically
more frustrated regions [13–15].

A central problem in glass science is to formulate meaningful
structure–property relationships that quantitatively connect the atomic-
scale dynamics and transport with the macroscopic property-change
during aging. In particular, amorphous systems with atomic-scale dis-
order, such as oxide glasses or metallic glasses (MGs), continue to
challenge our structural understanding of physical aging, as it requires
the time-dependent tracking of dynamics and transport of atoms that
occur over a large range of structural time scales.

∗ Corresponding author at: Federal Institute of Materials Research and Testing (BAM), Unter den Eichen 87, Berlin 12205, Germany.
E-mail address: robert.maass@bam.de (R. Maaß).

With the advent of coherent X-ray scattering, and in particular X-
ray photon correlation spectroscopy (XPCS), this hurdle has now been
(partly) overcome and glass dynamics can be probed as a function of
time, temperature, and stress [16–19]. Relying on the time-dependent
measurement of speckle patterns and their intensity cross-correlation
as a function of waiting time, a variety of insights on the atomic-
scale structural dynamics have been generated that were not acces-
sible so far. For the here considered case of MGs, this includes the
change of average relaxation times with time during isotherms [20–23],
wave-vector dependent dynamics [24], or stress-driven atomic-scale
dynamics [19,25,26].

One particular feature of structural dynamics derived from two-time
correlation functions (TTCFs) of MGs or colloidal glasses, are strong
fluctuations in the time-domain that are attributed to intermittent
aging. First demonstrated for a Pd-based MG during cooling [27], in-
termittent aging or more broadly speaking strongly non-monotonously
evolving momentary relaxation times, have now repeatedly been pre-
sented in the literature [19,25,26,28–30]. Remaining predominantly
an experimental observation, our earlier work related to stress-driven
structural dynamics in MGs proposed that a succession of heteroge-
neous microplastic activity in both space and time is the origin of the
strongly non-monotonous correlation functions [19]. This remains as of
today an interpretation, which motivates a more detailed assessment of
possible microstructural processes that may underlie intermittent aging
in MGs, or amorphous solids in general.
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To address this shortcoming, we pursue here atomistic modeling
of an aging binary model glass and simulate an XPCS experiment
by the calculation of TTCFs during isothermal annealing around the
glass-transition temperature, 𝑇𝑔 . We find that (i) heterogeneous cluster
ynamics of an evolving icosahedral and Frank-Kasper network during
elaxation contributes to momentary fluctuations in the TTCFs, that
ii) significantly different TTCFs from one and the same structure
rise when probing reciprocal space in 1, 2, or 3 dimensions (1D,
D, or 3D), and that (iii) 𝑞-space selections across a fixed 𝑞-amplitude
q| but varying azimuthal positions give rise to significantly different
volutions of momentary time-scales. These results demonstrate the
mportance of 𝑞-range selections during XPCS and motivate large 𝑞-
ange sampling in one and the same experiment, because of the high
ensitivity the method has for subtle atomic-scale dynamics. The main
eason for intermittent aging seen in the TTCFs are atomic-scale clusters
hat rearrange during the continued network formation and evolution
uring energy relaxation. Thus, intermittent aging of MGs revealed
ith XPCS experiments is likely a combination of an extremely high re-

olved sampling of a specific structural length-scale and heterogeneous
tructural cluster rearrangements during relaxation in response to an
xternal far-field stimulus.

. Simulation methods and details

.1. Molecular dynamics simulations

A model binary system described by a Lennard-Jones (LJ) potential
nd parameterized following Wahnström [31] is used to investigate the
tomic-scale relaxation behavior along isothermal anneals of equivalent
hysical time scales of up to 2 μs. The interaction potential energy is
iven by

𝑎𝑏(𝑟) = 4𝜀
[

(𝜎𝑎𝑏
𝑟

)12
−
(𝜎𝑎𝑏

𝑟

)6
]

, (1)

here 𝑎 and 𝑏 are two different atoms, and 𝑟 is their interatomic
istance, 𝜎22 = 5/6𝜎11 and 𝜎12 = 𝜎21 = 11/12𝜎11, where 1 and 2 denote
ifferent atom types. The atomic masses of the two atom types are
rbitrarily chosen such that 𝑚1∕𝑚2 = 2. The distance unit is taken as 𝜎 =
11, the energy unit as 𝜀, and the potential is truncated at the distance
f 2.5𝜎. When more realistic metallic units, as for a prototypical glassy
r-Cu alloy, are taken for 𝜀 and 𝜎, one simulation time step corresponds
o approximately 0.2 fs. In the present work we use this time-scale
o present the time-dependent data. More details on the potential and
ts parametrization can be found in Refs. [32–34], with the difference
hat the here used simulation timesteps are smaller since simulations
t higher temperatures were pursued.

Molecular dynamics (MD) simulations are executed with the
AMMPS software [35] using an NPT ensemble at fixed zero pressure.
n this work, a 50:50 binary system consisting of atoms of type A and
, where A depicts the larger atom type, is heated to generate an
quilibrium liquid state, and subsequently quenched to the different
onsidered annealing temperatures with a cooling rate of 5 × 109 K/s.
n what follows, the temperature 𝑇 is expressed as the numerical value
f the energy 𝑘B𝑇 , where 𝑘B = 8.617 × 10−5 eV/K, and therefore in the
nit of 𝜀 instead of using the absolute temperature in the unit of Kelvin.
ased on this, isothermal annealing is conducted at temperatures of
.422, 0.414, 0.405, 0.396, and 0.388 for up to 10 billion MD timesteps
∼2 μs). These temperature values are selected to represent states
round the glass-transition regime, including the meta-stable under-
ooled liquid and the glassy solid regime of the binary LJ system.
his aligns well with the typically probed temperature regime in XPCS
xperiments. Due to the strongly quenched-out structural dynamics and
herefore unrealistically long simulation times, even lower temperature
ere not considered. An annealing at the temperature of 0.431 is also
ursued to establish a reference of the stable equilibrium liquid state.
e define time-zero for all annealing temperatures as the moment
2

l

hen the temperature reaches 0.431 during quenching. Visualizations
f the atomic configuration and related structural analysis are pursued
sing OVITO [36] every 10 million MD time steps, corresponding
o a time interval of about 2 ns. A modified Voronoi tessellation
nalysis is used to evaluate the local bonding topologies [33], which
voids the known overestimation of nearest neighbor atoms in the
tandard Voronoi approach. Analyzing the atomic connectivity and the
dentification of large atomic clusters based on bond connection criteria
re done using the cluster analysis modifier in OVITO.

.2. Simulating X-ray photon correlation spectroscopy

To investigate the structural and dynamical evolution of the isother-
ally annealed systems, TTCFs are calculated along each isotherm,
imicking the XPCS experiments. To this end, diffraction patterns are

irst calculated from the atomic configurations every 2 ns through

(𝒒, 𝑡) = 1
𝑁

𝑁
∑

𝑗,𝑘
𝑒−𝑖𝒒⋅

[

𝑹𝑗 (𝑡)−𝑹𝑘(𝑡)
]

, (2)

where 𝑗, 𝑘 are atoms and 𝒒 is the wavevector in reciprocal space.
Here we use a form factor equal to unity for all atom types to give
equal weight to all atoms. The obtained diffraction patterns are subse-
quently used to conduct an intensity-intensity cross correlation via the
calculation of a TTCF by

𝐶(𝑡1, 𝑡2) =
⟨𝐼(𝑞, 𝑡1)𝐼(𝑞, 𝑡2)⟩𝑞

⟨𝐼(𝑞, 𝑡1)⟩𝑞 ⟨𝐼(𝑞, 𝑡2)⟩𝑞
, (3)

here ⟨⋅⟩𝑞 is the average over all chosen 𝑞-pixels in the diffraction
attern.

In standard XPCS experiments on MGs [19,24,25,27], a two-
imensional detector typically covers a narrow 𝑞-range, located around
he first maximum of the diffraction pattern, therefore probing the
ower medium-range order (MRO) length-scale of the glass. Specifically,
he probed 𝑞-range in an experiment is of the order of 0.01–0.1 Å−1,
ranslating to a pixel resolution of ∼10−5 Å−1/pixel at a sampled
cattering volume of the order of 103 μm3. In the MD simulations
ursued here, the scattering volume (represented by the simulation
ox) is ∼30 × 30 × 30 𝜎3 (approximately of the order of 103 nm3 using
etallic parameters for a Zr-Cu alloy), and the 𝑞-resolution is ∼0.2
−1/pixel, reflecting a smaller scattering volume and lower resolution
han in experiments. However, simulations allow for a free choice of
ontributions from the diffraction sphere in reciprocal space, both in
erms of angular position and in terms of its averaging. We exploit this
dvantage in the present work and sample the calculated diffraction
ata over 3, 2, and 1 dimensions across a 𝑞-range of 7–8 𝜎−1(∼2.3–2.7
−1 for Zr-Cu), covering approximately the full width at half maximum
f the first main diffraction peak. More specifically, the 3D diffraction
ase covers a spherical shell within 7–8 𝜎−1 selected from the entire
iffraction sphere, whereas the 2D-case covers a ring on the reciprocal
lane where 𝑞𝑥 = 0. The 1D-case covers a small (polygonal) area
elected from the 2D pattern. In other words, both MRO and short-
ange order (SRO) components of the structure are tracked in the
imulated XPCS experiments, because the first diffraction peak is used
n the intensity cross-correlations.

. Results and discussions

.1. Structural evolution

The model glass was subjected to isothermal annealing over various
urations at temperatures between 0.431 and 0.388, as summarized
n the inset of Fig. 1. The annealing time exceeds 2 μs at 𝑇 = 0.422
nd 𝑇 = 0.388, which is at least an order of magnitude longer than
ypical simulation times in MD simulations of model glasses. This
ong time scale allows tracking true thermally-activated structural re-

axation [15,37] and has, despite the time-scale mismatch between
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Fig. 1. The cohesive energy per atom vs. simulation time at different annealing
temperatures. The inset depicts the quenching and different isothermal annealing
protocols, where simulations at temperatures of 0.422 and 0.388 exceed approximately
2 μs physical time. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

experiments and computer simulations, a closer connection to experi-
mentally observed structural dynamics than the often studied athermal
processes seen in MD. To reduce computational costs, shorter annealing
times of 0.8-1.3 μs were tracked at the temperatures of 0.414, 0.405,
and 0.396, because of qualitatively similar observations (or mixtures
thereof) made at 𝑇 = 0.422 and 𝑇 = 0.388.

Fig. 1 summarizes along all isotherms the cohesive energy per atom,
𝐸𝑝 −3∕2𝑘B𝑇 , which corresponds to the average potential energy minus
the average thermal potential energy component. At the annealing
temperature of 0.422, the cohesive energy remains constant for about
250 ns, indicating a transition from the meta-stable super-cooled liquid
towards a more relaxed state attained by continuous relaxation until the
end of the anneal. While this transition occurs based on rearrangements
of the disordered structure, the plateau includes a phase contribution
in form of crystallization at the atomic scale, which is expected in
simulations of this binary system in this temperature regime [38,39].
At lower annealing temperatures, the meta-stable liquid plateau, and
therefore the contribution from latent crystallization, is absent and the
cohesive energy reduction expectedly slows down. Irrespective of the
annealing temperature, all cohesive-energy curves asymptote towards
a final energy level. We will later see that this is due to an overall
similar atomic fraction of low-energy structural motifs, albeit with
strong differences in type of cluster, the degree of cluster connectivity,
and their size.

Using the modified Voronoi tessellation and an associated bonding
topology classification scheme [33], the structural evolution of the
system is now considered. Here each local bonding topology is labeled
as (𝑁4, 𝑁5, 𝑁6) where 𝑁𝑛 is the number of 𝑛-fold bonds, i.e., bonds
which contain 𝑛 common neighbors. The coordination of such a struc-
tural motif is equal to 𝑁4 +𝑁5 +𝑁6. Thus atoms with an icosahedral
environment are labeled as (0, 12, 0), and those with a Frank-Kasper
bonding environment are labeled as (0, 12, 4). Other Frank-Kasper
environments are the (0, 12, 2) and (0, 12, 3) bonding topologies.
As described elsewhere [33], icosahedral atoms are mostly of smaller
size (atom type B) and atoms possessing Frank-Kasper environments
are predominantly large atoms of type A in this model glass. Together,
these structural motifs are labeled as Icosahedral-Frank-Kasper (IFK).
The evolution of their fractions as a function of annealing time and
temperature are summarized in Fig. 2, where the legend for all panels
is displayed in Fig. 2c.
3

Fig. 2. Evolution of the fraction of specific atoms types vs. annealing time at different
isothermal temperatures: (a) for icosahedral (0, 12, 0) atoms, (b) for Frank-Kasper
(0, 12, 4) atoms, and (c) for all IFK atoms. Curves composed of symbols trace the
development of the largest IFK cluster in size (in terms of overall atomic fraction) for
temperatures of 0.422 and 0.388. Arrows between horizontal dashed lines and data
traces indicate different evolutionary phases of the model glass during the annealing.
The legend in (c) is applicable to all panels of this Figure. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2a shows the time-dependent evolution of icosahedral atom
fraction across annealing temperatures. With increasing degree of su-
percooling, being smallest at 𝑇 = 0.422 and largest at 𝑇 = 0.388,
different initial icosahedral fractions are presented, ranging between
∼0.11 and ∼0.23. In comparison with the equilibrium liquid state at
𝑇 = 0.431, the fractional increase of icosahedral atoms due to super-
cooling grows from 2% at 𝑇 = 0.422 to 14% at 𝑇 = 0.388. Continued
annealing leads to a temperature-dependent rate of icosahedral-fraction
increase, which at longer annealing times exhibits small differences
between temperatures of 0.422 and 0.388. However, the absolute
difference in increase of icosahedral fraction is markedly different,
amounting to 25% for 𝑇 = 0.422 and 10% for 𝑇 = 0.388 at 2000 ns,
due to the different degree of network evolution and local chemical
ordering at different temperatures.

Unlike the fraction of icosahedral atoms, whose initial value is
sensitive to the degree of supercooling, the initial fraction of (0, 12,
4) Frank-Kasper atoms are all below 2.5%. Instead, its subsequent
relative increase during annealing is 10.4% for 𝑇 = 0.422 and 4.1% for
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Fig. 3. Visualization of the icosahedral (0, 12, 0) and Frank-Kasper (0, 12, 4) atoms and their clusters/network at selected times for 𝑇 = 0.422 and 𝑇 = 0.388. A atoms are in red
color and B atoms are blue. 6-fold bonds are colored in red and 5-fold bonds are in blue. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
𝑇 = 0.388 at 2000 ns with strongly different temperature-dependent
rates in the first 800 ns, as shown in Fig. 2b, which is very similar
to the icosahedral fraction increase. This shows how different struc-
tural components emerge and dominate depending on the annealing
temperature.

The evolution of the total IFK fraction is shown in Fig. 2c. At all
considered temperatures, an IFK fraction approaching 50% is reached
during annealing, where the 𝑇 = 0.388 anneal exhibits a distinctly
higher initial fraction and lower rate of increase due to the large initial
icosahedral fraction. In addition, the largest clusters at any time is
identified using the OVITO Cluster Analysis modifier and its size in
terms of atomic fraction is exemplarily displayed in Fig. 2c for 𝑇 =
0.422 and 𝑇 = 0.388 as a function of annealing time. Given that the
size-evolution of the largest cluster at both these temperatures follows
the total IFK fraction very closely, it becomes clear that the model glass
relaxes via a continuously growing and connected IFK network.

The visualization of the evolving IFK network is shown in Fig. 3
for selected times at 𝑇 = 0.422 and 𝑇 = 0.388. Only the (0, 12, 0)
and (0, 12, 4) atoms are visualized and neighboring atoms with the
same label are connected to highlight the cluster evolution. It is clear
that (0, 12, 0) atoms are mainly (>96%) B-atoms (colored in blue)
and connected by 5-fold bonds shared by five neighboring tetrahedra,
whereas (0, 12, 4) atoms are almost exclusively (>99%) A-atoms (in
red) and connected by 6-fold bonds (in red) shared by six neighboring
tetrahedra. These dominant clusters are displayed in Fig. 4, being B-
atom centered distorted Z12 clusters (Fig. 4a) and A-atom centered Z16
clusters (Fig. 4b) [40].

Inspection of the structural snapshots during annealing summarized
in Fig. 3 reveals initially isolated (0, 12, 4) fragments of 5 or less A-
atoms up to 200 ns at the temperature of 0.422. At approximately
250 ns (not shown here), a larger cluster of 20 A-atoms has formed, that
subsequently grows. This growth is driven by atom attachment or the
4

Fig. 4. Typical basic atomic cluster motifs identified in the relaxing systems: (a) one
(0, 12, 0) B-centered and distorted icosahedral Z12 cluster; (b) Two connected (0, 12,
4) A-centered Z16 clusters. Bonds colored in red are 6-fold bonds and blue are 5-fold
bonds. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

connection to other smaller clusters, the latter of which also involves
the rotation of structural fragments. This is how an extended network of
(0, 12, 4) Frank-Kasper A-atom-centered Z16 clusters develops during
the annealing, while adjacent environments are filled with (0, 12, 0)
icosahedral B-atom-centered distorted Z12 clusters (as shown in Fig.
4). These characteristic structural features, together with a stoichiom-
etry of involved atoms close to AB2, indicate the formation of C15
Laves phase fragments [40,41] and therefore atomic-scale formation of
nanocrystallites. In fact, after 2200 ns annealing time at the tempera-
ture of 0.422, 22% of the A-atoms have become part of ordered Laves
phase fragments.

Supercooling the melt to 𝑇 = 0.388, gives rise to a much different
structural evolution. Initially, the glass is also dominated by scattered
(0, 12, 4) fragments. However, in comparison to the 𝑇 = 0.422
structure at the beginning of the anneal, a larger number of (0, 12, 4)
Frank-Kasper atoms and their Z16 clusters are present (Fig. 2b) after
quenching to 𝑇 = 0.388. These clusters coarsen much less than at 𝑇 =
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Fig. 5. Calculated 2D diffraction patterns for selected annealing times during the isothermal anneal at 𝑇 = 0.422. Red squares in the diffraction pattern for 2200 ns indicate the
approximate azimuthal locations where the 𝑞-pixels are selected for the calculation of 1D TTCFs for 𝑇 = 0.422 in Fig. 6. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
0.422 and instead of the formation of Laves fragments, a percolation
of small IFK motifs creates a system-spanning network. As we will see
later, it is this difference in network evolution (dynamics) at different
annealing temperatures that manifest itself in the corresponding XPCS
simulations.

3.2. Wavevector-resolved structural dynamics

With this structural analysis as a function of annealing time at
hand, the evolving model glasses are now investigated with respect to
their structural dynamics as obtained with a simulated XPCS experi-
ment. As a first step, 2D diffraction patterns are calculated, of which
selected annealing times for 𝑇 = 0.422 are exemplarily displayed in
Fig. 5. Initially, diffuse scattering is observed and at 400 ns the first
signs of emerging diffraction spots are seen. These Bragg spots evolve
with annealing time both in terms of intensity, width, and position,
reflecting the cluster coarsening and cluster rotation discussed above.
The diffraction patterns at the lowest annealing temperature of 0.388
reveal diffuse diffraction rings throughout the entire anneal with a
slight intensity redistribution at approximately 2000 ns (not shown
here). The other annealing temperatures exhibit a mixture in diffraction
intensity distribution as a function of time that falls in between these
two extremes.

Based on the time series of diffraction data, TTCFs are calculated.
Specifically, 3D, 2D, and 1D diffraction data is used, which represents
differences in the 𝑞-space sampling and that leads to TTCFs as displayed
in Fig. 6. The number of pixels chosen in 𝑞-space for the calculation
are approximately 76000 for 3D diffraction patterns, 1055 for 2D
patterns, and between 20 and 35 for 1D patterns. For the construction
of the 1D TTCFs, two different and arbitrarily determined regions along
the azimuth of 2D diffraction patterns were chosen to exemplify the
sensitivity of the TTCF to the structural sub-sampling. Inspection of
the TTCFs reveals a clear indication for increased data granularity
with decreasing dimensionality and number of pixels of the 𝑞-space
sampling. The 3D cases demonstrate annealing-time dependent broad-
ening of the diagonal trace near the self-correlation, often connected to
physical aging of the material. Based on the afore-discussed structural
analysis, the underlying structural origin can now be assessed. At the
highest two temperatures of 0.422 and 0.414, significant fractions of
ordered Laves fragments and clusters form that contribute to long-lived
Bragg intensities in the diffraction patterns, giving rise to persistently
high contrast values at different waiting times. An example is the
continued high contrast for all waiting times beyond approximately
1000 ns at 𝑇 = 0.422, for which the structural analysis clearly revealed
long-lived ordered atomic arrangements (Laves motifs and atomic-
scale crystallization of the system). In contrast, at lower temperatures,
broadening of high-contrast regions along the main diagonal of the
TTCFs reflects physical aging, which structurally corresponds to the
evolving IFK network without the formation of extended Laves motifs.

Using the 2D diffraction data for TTCF-calculations, a marked in-
termittency emerges. This is particularly prominent for the cases of
𝑇 = 0.414 and 𝑇 = 0.405, and the 𝑇 = 0.388 anneal reveals a
5

deceleration-acceleration phase of the dynamics during the second half
of the annealing time. Linking the time-dependent structural analysis
along the isotherms to the TTCFs gives evidence that strong contrast
fluctuations as a function of annealing time (diagonal trace) or waiting
time (horizontal trace) are caused by structural reorganization and
subtle rotations of clusters during annealing. Such processes lead to
diffraction intensity re-distributions that manifest themselves as the
intermittent signatures in the TTCFs.

Reducing the 𝑞-space sampling to the 1D case, Fig. 6 demonstrates
that intensity cross-correlations become very sensitive to the chosen 𝑞-
range. The two presented 1D-cases cover the same radial range of 7–8
𝜎−1, but are located at different azimuthal angles. For the arbitrarily
chosen 𝑞-masks, very short-lived cross-correlations can be seen for the
two cases at 𝑇 = 0.414, whereas both 𝑇 = 0.405 and 𝑇 = 0.422
indicate longer structural correlations that persist beyond ∼400 ns
and ∼1000 ns, respectively. This strong sensitivity of the TTCFs to
the chosen 𝑞-range indicates how intermittent aging signatures and
short-time fluctuations may arise due to subtle collective structural
rearrangements and reorientation of cluster motifs at a given length-
scale within the glass. This sensitivity of the TTCFs to the 𝑞-positions
can be further highlighted by sampling along the azimuthal angle.
Fig. 7, illustrates this for 𝑇 = 0.388 and three different 𝑞-selections
within 7–8 𝜎−1. A shift of only 3 pixels yields significantly different dy-
namical signatures of the probed model glass. Such sub-sampling effects
must be considered, when evaluating the so-called one-time correlation
functions, 𝑔2(𝑡), that averages the TTCF into a single time-dependent
contrast decay.

From the above pursued simulations and the constructed TTCFs it is
further possible to derive a time-averaged contrast decay as a function
of waiting time. The resulting intensity autocorrelation functions, 𝑔2(𝑡),
being directly representative of the evolution of the corresponding
intermediate scattering function, are displayed in Fig. 8. To this end,
time windows encompassing the structural states for 𝑇 = 0.422 and
𝑇 = 0.388 highlighted in Fig. 3, and 3D 𝑞-space sampling according
to the TTCFs of Fig. 6 were chosen. Strong contrast differences as a
function of chosen time window emerge for 𝑔2(𝑡) at 𝑇 = 0.422 due to
the development of stable structural motifs, such as the IFK network
and Laves phase fragments. In particular the jump in contrast between
the 600–800 ns and 1200–1400 ns time windows in Fig. 8a originates
from the observed formation of ordered crystalline fragments during
the high-temperature anneal. Given the large percentage of low-energy
motifs, each selected time window, and with stronger degree the later
stage isothermal evolution, only displays weak decorrelations. At the
lower temperature 𝑇 = 0.388, 𝑔2(𝑡) of the glassy solid decorrelates
at all times. Almost complete decorrelations are in fact seen for the
early aging time windows, which indicates that relaxation times of the
unrelaxed glass are well within the simulation time. Since the initial
short-time plateau is at a time scale smaller than the chosen simula-
tion time-resolution of 2 ns, it cannot be observed and corresponding
fitting, as for example with the often used KWW function to extract
equivalent relaxation times, is not meaningful. These insights given by
𝑔2(𝑡) underline overall the significantly different dynamics in differ-
ent temperature regimes. While the presence of the IFK-network and
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Fig. 6. TTCFs calculated from 3D, 2D, and 1D 𝑞-space sampling for all annealing simulations. Two 1D cases sampling the same 𝑞-range but different azimuthal positions along
the diffraction ring are displayed (examples of azimuthal selection for 0.422 are marked with red squares in Fig. 5 at 2200 ns). Individual contrast ranges have been chosen for
clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. (a) Selected part of the 2D diffraction pattern within 7–8 𝜎−1 at 2010 ns for the isothermal annealing at 𝑇 = 0.388. (b), (c), and (d) 1D TTCFs calculated for the 𝑞-range
selections denoted in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. 𝑔2(𝑡) functions calculated from 3D TTCFs in Fig. 6 for (a) 𝑇 = 0.422 and (b) 𝑇 = 0.388. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
Laves-phase fragments at higher temperature eliminates much dynamic
activity on the simulation time scale, the IFK-network development
at 𝑇 = 0.388 shows a gradual increase of the momentary relaxation
time scale, reminiscent of the dynamics observed during homogeneous
physical aging in experimental XPCS studies.
6

3.3. Separation of structural contributions

The role of the system spanning IFK network and Laves fragments
in comparison to the non-IFK structural component becomes even more
obvious when these contributions are separated, as can be done by the
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Fig. 9. 2D diffraction patterns obtained at 1200 ns from self-interference of (a) the IFK atoms and (b) non-IFK atoms and their respective contributions to the TTCFs [(c) and (d)]
for the system isothermally annealed at 𝑇 = 0.422. The bottom row shows the corresponding case at 𝑇 = 0.388. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
calculation of their individual contribution to the diffraction patterns
and TTCFs. Fig. 9 exemplifies this for 𝑇 = 0.422 ( Fig. 9a to Fig. 9d) and
𝑇 = 0.388 ( Fig. 9e to Fig. 9h). Structural snapshots at 1200 ns for the
IFK network atoms (Fig. 9a) and non-IFK atoms (Fig. 9b) are calculated
based only on their self-interference following Eq. (2), while the cross-
interference between them is neglected. It is seen that higher diffraction
intensities originate from the IFK network and very weak diffuse inten-
sity distributions stem from the non-IFK domains. Consequently, their
respective contributions to the full TTCFs (Fig. 9c and Fig. 9d) are slow
intensity decorrelations in the case of the system-spanning IFK network,
whereas the remaining structural component admits fast dynamics,
which essentially is a stationary equilibrium liquid-like signature that
within the time-scale sampling admits decorrelations over 1–3 pixels
or 2–6 ns, depending on temperature. One can therefore conclude that
most of the dynamical features seen in simulated TTCFs originate from
cluster dynamics and extended network rearrangements rather than
dilute transport mediated in the more frustrated arrangement of the
model glass. In other words, microstructural dynamics of extended
spatial domains must underlie intermittent aging dynamics and their
long-time fluctuations are expected to give rise to the non-monotonous
aging response seen experimentally with XPCS. We note that the lack of
transport in the less frustrated domains is specific to the here tracked
isothermal annealing times and that longer physical time-scales may
give rise to sufficient and slow enough structural activity in the IFK
domains, such that a stronger contribution to the TTCF can emerge.

The above outlined XPCS simulation and analysis of possible con-
tributions from different structural components to the intensity cross-
correlation can be further investigated by direct measurement of the
typical time-scales associated with the icosahedral and Frank-Kasper
structural environments. To this end and as a final step of our anal-
ysis, we follow 200 randomly chosen atoms with specific labeling at
temperatures of 0.388 and 0.422. Icosahedral and Frank-Kasper atoms
are identified at the end of the anneal and tracked backwards in time.
This allows the construction of the data summarized in Fig. 10, where
yellow indicates that the particular atom is either of icosahedral or
of Frank-Kasper type. A dark blue color indicates the chosen atom
is of different type than tracked. For both temperatures, continuous
yellow lines for a given atom persist for the Frank-Kasper atoms,
demonstrating their structural stability once formed in the relaxing
glass. In contrast, significantly more interrupted yellow lines are seen
for the icosahedral atoms, suggesting more temporally heterogeneous
atomic-scale dynamics than that of the Frank-Kasper environments.
This indicates that the long-lived contrast contributions seen in the
TTCF predominantly arises from the Frank-Kasper part of the structure,
further refining the analysis related to Fig. 9. Alternatively, it could be
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a result of the Voronoi tessellation being more sensitive to identifying
the icosahedral environment, since one would expect icosahedral and
Frank-Kasper stability to go hand-in-hand given the strong presence of
C15 fragments and clusters.

To facilitate the interpretation of experimental XPCS data based
on the here discussed simulation results, the cases of 1D and 3D 𝑞-
space sampling are now considered. Before doing so, it is important to
remember that a typical scattering volume in experiments is about nine
orders of magnitude larger than in the above simulations. At the same
time, experimental conditions are often limited to an available detector
area covering a very narrow 𝑞-range. As a first limiting case of sampling
the complete 𝑞-space, a TTCF is obtained that is based on a maximum
of scattered intensities. This is not possible in experiments. However,
the much larger experimental scattering volume compensates this dif-
ference by many more structural domains that fulfill the scattering
condition compatible with the reduced 𝑞-range covered by the detector
in experiments. Given the distinct contribution of the IFK-network
to the TTCFs and their fluctuations, as demonstrated in Fig. 9, it is
reasonable to conclude that a similar relative dominance of the struc-
tural components underlies the intermittent aging signature observed
in experiments. The second limiting case is the 1D sampling in the
simulations. In this case, TTCFs depend on the exact angular location
of any specific |𝑞|. This aspect is further underlined by Fig. 7, where
smallest changes along the azimuthal direction yield clear differences in
the resulting TTCFs, even though the entire diffraction peak is covered.
Now, only a small number of atoms in the simulation cell contribute to
the cross-correlation of the intensities, representing the highest degree
of sub-sampling in terms of scattering intensities and 𝑞-range. A similar
degree of sub-sampling is not expected in the experiments, because
one probes at the maximum of the first peak of the structure factor,
which in contrast to the simulations has a rather uniform intensity
distribution at all azimuthal angles and contributions from many more
scattering subvolume. In other words, the pronounced sub-ensemble
effects in the TTCF as in Fig. 7 should not emerge. Instead, experiments
yield intermittent intensity cross-correlation due to the narrower and
more resolved 𝑞-range that reflect a high length-scale resolution. We
are therefore concluding that the 3D simulations are best representing
the experimental case in terms of TTCF-contrast, but not in terms of
structural length-scale selectivity.

In this light, the simulations give a strong indication for that col-
lective structural activity of clusters cause the reported intermittent
dynamical signature in XPCS experiments. The exact type of collec-
tive structural dynamics underlying experimental short-time fluctua-
tions in the TTCF remains unknown, but will range from localized

𝛾-modes [42], via string-like excitations that are interpreted as the
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Fig. 10. The development of specific IFK atoms during annealing. 200 atoms were randomly chosen at the end of annealing at temperatures of 0.422 (top panels) and 0.388
(bottom panels). (a) icosahedral and (b) Frank-Kasper atoms at 𝑇 = 0.422, and (c) icosahedral and (d) Frank-Kasper atoms at 𝑇 = 0.388. Yellow indicates an atom is identified as
icosahedral or Frank-Kasper type, whereas dark color indicates that the tracked atom does not belong to these structural groups at that given point in time. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
fundamental 𝛽-mode and known to mediate transport in this model
glass [37], to extended cluster dynamics seen here, which also includes
crystal-like fragments. Indeed, the latter are expected to be present in
most cast MGs or may form during isothermal annealing experiments
around 𝑇𝑔 . As long as such structural features are not sufficiently
averaged out in the correspondingly sampled X-ray speckles, abrupt
changes in the intensity cross-correlations can emerge.

4. Summary and concluding remarks

In conclusion, the present work has investigated the origin of inter-
mittent aging seen in X-ray photon correlation spectroscopy (XPCS) of
(metallic) glasses using molecular dynamics simulations (MD). Specif-
ically, XPCS experiments were simulated along various isothermal an-
nealing traces at temperatures within the simulated glass transition
temperature regime. Similar to XPCS experiments, calculated intensity
cross-correlations along isotherms extending up to 2 μs physical time
reveal strong intermittent signatures. A corresponding structural analy-
sis demonstrates that the microscopic origin of abrupt contrast changes
in two-time correlation functions (TTCFs) stems from in-time and in-
space heterogeneous atomic cluster dynamics during energy relaxation
of the studied binary model glass. Specifically, the continuous growth
of the largest cluster by incorporating additional atoms and fragments
of either icosahedral environments or Frank-Kasper motifs leads to
atomic-scale dynamics that involves a larger number of atoms, which in
turn leads to sufficient scattering intensity re-distributions as to cause
abrupt changes in the corresponding TTCFs. At lower annealing temper-
atures, cluster dynamics is dominated by icosahedral and Frank-Kasper
motifs, whereas at higher temperatures also fragments of chemically
ordered Laves phases form. Extended clusters or networks of these
dominating atomic configurations are contributing in the time-domain
to persistent high contrast contributions in the TTCFs.

In addition to the micro-structural origin of intermittent aging, we
reveal a marked 𝑞-dependence on the calculated TTCFs if two- or one-
dimensional (2D or 1D) sampling of the diffraction space is done. In the
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case of sampling the full diffraction ring (2D case), intermittent aging is
strongly driven by the small simulation volumes in the here conducted
MD simulations. In fact, it would be worthwhile to experimentally con-
struct TTCFs from larger 𝑞-ranges and different scattering volumes to
identify up to which degree of spatial sampling intermittent dynamics
persists. The simulated 1D case clearly shows how the choice of a given
𝑞-range may give strongly different results of the quantified atomic
dynamics for different structural length-scales that are probed. This
insight motivates future XPCS experiments of glassy solids in which a
large 𝑞-range is sampled. Such wave-vector dependent tracking of struc-
tural dynamics would indeed fully leverage the method’s advantage of
quantifying sub-ensemble contributions to global aging. Furthermore,
we conclude that measured at the local scale (narrow 𝑞-range), relax-
ation of metallic glasses will most likely always be intermittent to some
degree, whereas sampling across sufficiently large inter-atomic length-
scales regimes should eventually converge towards the macroscopically
inferred gradual homogeneous aging response, as for example seen in
stress-relaxation experiments [43–46].

Finally, the present work suggests that long-lived and extended
network components – here summarized as the percolative icosahedral
and Frank-Kasper (IFK) network – contribute most strongly to the
TTCF-contrast. Non-IFK components of the studied model glass are
mainly contributing to high contrasts in the self-correlation domain of
a few ns of the MD-simulations. Whilst resolved at a different time-
scale than experiments, this indicates the importance of correlated and
collective atomic-scale dynamics in extended network components of
experimentally studied glassy solids that is much beyond the simulation
cell size in the present study. This emphasizes the role of a true
glassy microstructure much beyond typically discussed MRO and SRO
components.
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