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Disentangling structural and kinetic components
of the α-relaxation in supercooled metallic liquids
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The particle motion associated to the α-relaxation in supercooled liquids is still challenging

scientists due to its difficulty to be probed experimentally. By combining synchrotron tech-

niques, we report the existence of microscopic structure-dynamics relationships in

Pt42.5Cu27Ni9.5P21 and Pd42.5Cu27Ni9.5P21 liquids which allows us to disentangle structural and

kinetic contributions to the α-process. While the two alloys show similar kinetic fragilities,

their structural fragilities differ and correlate with the temperature dependence of the

stretching parameter describing the decay of the density fluctuations. This implies that the

evolution of dynamical heterogeneities in supercooled alloys is determined by the rigidity of

the melt structure. We find also that the atomic motion not only reflects the topological order

but also the chemical short-range order, which can lead to a surprising slowdown of the α-
process at the mesoscopic length scale. These results will contribute to the comprehension of

the glass transition, which is still missing.
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Despite decades of studies, glass formers keep fascinating
scientists and are often considered as archetypes of
complex systems1–5. Understanding glass formation and

the microscopic mechanisms responsible for the extreme slowing
down of the structural α-relaxation process in supercooled
liquids, prior to the glass transition, is a challenging task due to
the difficulty associated with the measurement of the atomic
motion using experiments and numerical simulations. Despite
these challenges, several common features have been identified in
recent years: i) the glass transition is often considered as a
dynamical process accompanied by weak structural changes6,
although indications for underlying increasing structural corre-
lation lengths have been reported in the last ten years in
numerical studies7,8; ii) during undercooling, the relaxation time
of the α-process (or the viscosity) of glass formers increases over
several orders of magnitude in a faster-than-exponential way,
until the liquid eventually transforms in an out-of-equilibrium
glass9; iii) the supercooled liquid is characterized by the emer-
gence of dynamical heterogeneities, which result in a stretched
exponential long time decay of the density fluctuations associated
to the α-relaxation3,10.

Usually, the evolution of the dynamics in supercooled liquids
approaching the glass transition temperature, Tg, is described by
the kinetic fragility, m, a parameter introduced for the first time
by C. A. Angell11. The kinetic fragility quantifies the departure
from an Arrhenius behavior of the shear viscosity – or the
structural relaxation time, τ, upon cooling a liquid at Tg. Fol-
lowing this description, all those liquids exhibiting an Arrhenius-
like evolution of the viscosity on cooling, often characterized by
strong directional bonds, are called strong, while fragile liquids
display a super Arrhenius behavior and are usually systems with
nondirectional bonds or van der Waal interactions. In the last
years, many correlations have been proposed between the kinetic
fragility and several properties of both liquids and glasses, high-
lighting the importance of this parameter12–14.

By combining state-of-the-art synchrotron techniques, X-ray
Photon Correlation Spectroscopy (XPCS) and High Energy X-ray
diffraction (HEXRD), we show here that the evolution of the
atomic motion, and therefore of the structural α-relaxation pro-
cess, on approaching the glass transition should be described not
only by the kinetic fragility but also by the structural fragility of
the liquid15. The latter parameter is related to the evolution of the
structure on the length scale of medium-range order (MRO) and
is found to evolve similarly to the degree of dynamical hetero-
geneities emerging during the cooling. The results of this work
emphasize the importance of the subtle changes accompanying
the vitrification process by showing that both the temperature
and length scale dependence of the microscopic α-relaxation are
correlated with the underlying structural changes.

Metallic liquids are ideal candidates for this study. Due to their
simple metallic bond structure, they have only translational
motion and, therefore, they can be considered as model systems to
study the glass transition. The two metallic glass-forming liquids
Pt42.5Cu27Ni9.5P21 and Pd42.5Cu27Ni9.5P21 were selected for this
study for several more reasons. According to structural models of
glass-forming liquids, based on the efficient packing of repre-
sentative structural units (clusters)16, elements with atomic radii
that deviate no more than 2 % are considered as topologically
equivalent17, which is true for Pt and Pd in these two composi-
tions. However, HEXRD experiments have revealed significant
differences in their structures18. Based on these experiments, it is
suggested that the structure of both liquids is dominated by two
different structural motifs. While the Pd42.5Cu27Ni9.5P21 liquid
consists mainly of icosahedral motifs, leading to a pronounced
short-range order (SRO), the structure of the Pt42.5Cu27Ni9.5P21
shows a larger part of trigonal prisms, leading to a rather

pronounced MRO. This MRO is manifested in the appearance of a
pre-peak in the low-Q range of the total structure factor S(Q),
before the first sharp diffraction peak (FSDP), which is present in
the Pt-based liquid but absent in the Pd-based one. In contrast, the
Pd-based liquid shows a shoulder on the larger Q-side of the
second sharp diffraction peak, associated to icosahedral SRO (see
Supplementary Fig. 1). Despite these structural differences, both
alloys show similar kinetic fragilities19–21, whereas the excess heat
capacity around the glass transition, as well as melting enthalpy
and entropy are found to be much higher in the Pt-based
liquid21–23 than in the Pd-based alloy. This indicates that the Pt-
based alloy is more fragile from the thermodynamic point of view.
Furthermore, Pt-based glasses tend to show a more ductile
mechanical performance than their Pd-based peers, which, in
contrast, are more sensitive to cooling rate and annealing related
embrittlement24–27. Finally, both systems have an excellent glass-
forming ability (GFA), as described by the critical casting thick-
ness dc which is dc= 20mm for Pt42.5Cu27Ni9.5P21 and
dc= 80mm for the Pd42.5Cu30Ni7.5P2028,29. Such exceptional
resistance to crystallization allows us to perform dynamical
measurements in the supercooled liquid phase. All these features
make these two systems perfect candidates to study the connection
between atomic motion and the inherent structures. Our work
shows that the combination of state-of-the-art synchrotron tech-
niques applied on metallic glass forming liquids, can elucidate the
influence of the structure on the particle motion in the deeply
supercooled liquid state close to the dynamic arrest during the
glass transition and facilitate the distinction between kinetic and
structural contributions to the α-relaxation process.

Results and Discussion
Collective particle motion in the supercooled liquid phase.
Information on the dynamics can be obtained from the inter-
mediate scattering function (ISF), f(Q,t), which describes the
temporal evolution of the density-density correlation function
normalized to the static structure factor. The long-time decay of
the ISF provides therefore a direct measurement of the α-
relaxation process at the probed length scale 2π/Q, with Q being
the investigated wave-vector. It can be obtained in an XPCS
measurement by the determination of the correlation function of
the intensity fluctuations, g2(Q,t), generated by the scattering of
coherent X-rays from the sample, being g2(Q,t) = 1+ γ·|f(Q,t)|2.
In this expression, γ is the experimental contrast30. In glass-for-
mers, g2(Q,t) can be described by the Kohlrausch-Williams-Watts
(KWW) function g2(Q,t) = 1+ c·exp[-2(t/τ)β] where c = γ*fq2 is
the product between the experimental contrast and the square of
the nonergodicity parameter, fq, of the system, τ is the relaxation
time, and β the shape parameter30. By definition, the shape
parameter describes the degree of nonexponentiality of the ISF,
which originates from the underlying distribution of relaxation
times, and it can therefore be considered as a measure of the
heterogeneous nature of the dynamics in the liquid phase.

Figure 1a, b show the temperature dependence of normalized
[g2(Q,t)-1]/c functions measured at QFSDP ≈ 2.8 Å−1, correspond-
ing to the position of the first sharp diffraction peak (FSDP) in
the static profile. For both compositions, the data have been
acquired in the supercooled liquid phase, cooling from about
(Tg+ 25) K, with Tg (Pt42.5Cu27Ni9.5P21)= 506 K and Tg

(Pd42.5Cu27Ni9.5P21)= 566 K for the applied cooling rate of
0.025 K s−1. By decreasing the temperature by only ≈ 20 K, the
decay of the curves clearly shifts by about two orders of
magnitude towards longer times, indicating the rapid slow-down
of α-relaxation process when approaching the glass transition.
The corresponding relaxation times display a very similar
evolution with temperature in both compositions. This is shown

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01099-4

2 COMMUNICATIONS PHYSICS |           (2022) 5:316 | https://doi.org/10.1038/s42005-022-01099-4 | www.nature.com/commsphys

www.nature.com/commsphys


in Fig. 1c, d, where we report the mean relaxation time
τðQÞ� � ¼ ΓðβðQÞ�1Þ τðQÞβðQÞ, where Γ is the Gamma function31. In
both systems, <τ(Q,T) > can be described by the Vogel-Fulcher-
Tammann (VFT) equation with <τ(Q,T) >= τ0·exp[(D*T0)/(T-
T0)] using the parameters obtained by macroscopic studies such
as viscosity measurements, from Gross et al.19 for the Pt-alloy and
from new measurements (see Supplementary Fig. 2) for the Pd-
alloy. This means that the temperature dependence of the
microscopic relaxation times measured with XPCS agrees well
with that of the corresponding macroscopic viscosity data.

In contrast to <τ(Q,T) > , the shape of the ISFs exhibits a
different evolution with temperature in the two liquids. In both
cases, the curves can be described by a stretched exponential
decay with a KWW parameter β(Q,T) < 1, indicating the
heterogeneous nature of the dynamics in the viscous liquid phase
(Fig. 1e, f)3. However, for the Pd-liquid β(QFSDP,T) remains
constant at a value of ≈ 0.55 within the probed temperature range,
whereas for the Pt-liquid, β(QFSDP,T) ≈ 0.7 at high temperature
and then clearly decreases by about 20% of its initial value during
cooling. Similar temperature dependences of the KWW para-
meters have been observed also at length scales corresponding to
few interatomic distances (see Supplementary Fig. 3).

The rapid decrease of β(Q,T) on cooling in the Pt-based alloy
implies the failure of the time-temperature superposition
principle for this composition (see also Supplementary Fig. 4).
This result contrasts with previous XPCS studies of metallic glass
formers where β(T) has been found T-independent in all
measured supercooled liquids allowing to superpose all the
correlation curves in a single master curve32–34. Although the
relationship between macroscopic and microscopic dynamics is
not straightforward, also most metallic glasses show a
T-independent shape of the α-relaxation peak in mechanical
experiments. The shape of such peak is in agreement with a
KWW exponent of around 0.535–37. This means that the
satisfaction of the time-temperature-superposition (TTS)

principle is expected in many metallic glass-forming systems.
Further detailed studies on the dynamic relaxation processes in
metallic glasses can be found in literature38–42.

Structural evolution in the supercooled liquid phase. The dif-
ferent temperature evolution of the dynamics in the two alloys can
be explained by looking at the temperature dependence of the
underlying structure. Figure 2 shows the temperature dependence
of the peak intensity (a), full width at half maximum (FWHM) (b)
and peak position (c) of the FSDP of the static structure factors
S(Q) measured in both compositions with HEXRD (the corre-
sponding diffraction spectra can be found in Supplementary Fig. 1,
5 and 6). All data are linearly fitted in the supercooled liquid state
and rescaled to the Tg at the measured rate of 0.33 K s-1. While the
peak intensity displays a similar temperature dependence in both
alloys (Fig. 2a), the FWHM and the peak position exhibit a steeper
evolution with temperature in supercooled Pt42.5Cu27Ni9.5P21 (b)
and c)). Structural studies have shown that the FWHM of the
FSDP correlates well with the correlation length over which
the period of a repeated unit persists, underlining its connection to
the medium-range order in non-crystalline systems43. The more
pronounced temperature dependence of FWHMFSDP of the Pt-
liquid (Fig. 2b) thus provides evidence of the presence of a more
pronounced reorganization of the MRO in the deeply undercooled
Pt-liquid compared to the Pd-based one. This effect is accom-
panied by a more rapid evolution of the peak position with tem-
perature (Fig. 2c) in the Pt42.5Cu27Ni9.5P21 supercooled liquid,
confirming the presence of significant structural rearrangements
during cooling. A recent study has furthermore evidenced that the
slope of the increase in the liquid of the FWHM of the measured
alloys is proportional to the growth rate of the excess entropy23.
This suggests that the evolution of the FWHM across Tg is con-
nected to the unfreezing of the glassy state and the reactivation of
thermal vibrations. Earlier work on the thermal evolution of
structure in a very similar Pd-Cu-Ni-P-based system can be found

Fig. 1 Temperature dependence of the atomic dynamics in Pt42.5Cu27Ni9.5P21 and Pd42.5Cu27Ni9.5P21 supercooled liquids. a, b Normalized intensity
autocorrelation functions measured at various temperatures for Pt42.5Cu27Ni9.5P21 (a), and Pd42.5Cu27Ni9.5P21 (b) at the wave vector Q of the first sharp
diffraction peak (QFSDP≈ 2.8 Å−1 for both systems). c, dMean relaxation time <τ(Q,T)> of the Pt- and Pd-based alloys measured at the position of the first
sharp diffraction peak QFSDP at various temperatures T. The solid lines are fits to the Vogel-Fulcher-Tammann equation (see section “Collective particle
motion in the supercooled liquid phase”). e, f Temperature dependence of the corresponding exponent of the Kohlrausch-William-Watts equation β(Q,T)
for Pt42.5Cu27Ni9.5P21 (e) and Pd42.5Cu27Ni9.5P21 (f). The dashed line is a guide to the eyes. Error bars indicate the standard error due to fitting of the
experimental data using the Levenberg Marquardt algorithm.
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in various publications44–46 with further works already pointing
towards the relation between structure and fragility47.

The larger tendency to temperature induced structural
rearrangements at the MRO length scale in the Pt42.5Cu27Ni9.5P21
liquid is likely responsible for the temperature evolution of the
KWW exponent describing the decay of the ISFs. At temperatures
(much) higher than those probed in this work, the system is likely
governed by diffusion with ISFs described by a single exponential
decay (i.e., β = 1) and τ~Q−2. During cooling in the supercooled
liquid phase, the viscosity increases (Supplementary Fig. 2), the
dynamics slows down, and β(T) decreases due to the formation of
cages of atoms and the occurrence of dynamical heterogeneities.
The relatively large value of β ≈ 0.7 in the Pt-alloy at only 25 K
above Tg, suggests that the cages can already break easier at this
temperature leading to more homogeneous dynamics. During
cooling, the liquid experiences a rapid slowdown of the dynamics
which hinders the particle motion and cages break less frequently,

leading to an increased heterogeneity in the dynamics and thus to
a lower value of β in the Pt-alloy. The low constant value of the
shape parameter in the Pd42.5Cu27Ni9.5P21 and the absence of
important structural reorganizations suggest instead that this
supercooled liquid is already in a dynamically highly hetero-
geneous, stable state. In the Pd-liquid, the transition from
diffusive dynamics by collective motion at high temperature to
activated collective dynamics in the supercooled liquid phase, if
present, probably occurs at temperatures much higher than those
measured in the current experiment. This is in agreement with
neutron studies in other Pd-based alloys which report non-
exponential decays of the ISFs even in the high-temperature
melt48.

Kinetic and structural fragility. For a better quantitative com-
parison of the relaxation behavior of both liquids, Fig. 3a shows a
fragility plot where we report the inverse temperature as a
function of the mean relaxation time <τ(QFSDP) > . On the atomic
level, both systems exhibit similar kinetic fragilities, m, with
mPt = 53.1 ± 2.6 and mPd = 55.3 ± 3.2. Here, m is defined as the
logarithms slope of the kinetic variable X (e.g. viscosity/relaxation
time) at Tg via m = dlogX/d(Tg/T) | T= Tg

9,11. These values are in
good agreement with those obtained from macroscopic
measurements19,49,50, using the relation m = 16+ 590/D*, which
gives mPt = 54.5 (D* = 15.3) and mPd = 57 (D* = 14.5)
(compare Supplementary Table 1). This is a further confirmation
of the agreement between the microscopic relaxation times and
independent macroscopic measurements as shown also by Fig. 1.

Despite their similar kinetic fragility, the evolution of the α-
relaxation process during cooling is not the same in the two
systems, as seen by the different values and temperature
dependencies of the KWW shape parameter. This difference
seems to disappear on approaching Tg where both liquids reach a
similar degree of nonexponentiality of the ISF (Fig. 3b). A similar
behavior was observed in macroscopic measurements of ultra-
phosphate liquids with different sodium content, which display
different temperature evolutions of β(T) merging all to a value of
β(Tg) ≈ 0.551. We find that the rate of change of β(QFSDP,T) with
<τ(QFSDP,T) > , i.e., the slope dβ/dlog(<τ >), is about −0.08 for
the Pt-based alloy. This value is comparable with the steepest
slope observed for pure ultraphosphate (dβ/dlog(<τ >) ~
−0.06,51) where it has been attributed to a high degree of
cooperativity in the 3D-network of PO4 tetrahedra51. In our case,
the steep evolution of β(T) appears to be related to the tendency
of the Pt-alloy to temperature induced structural rearrangements
on the length-scale of MRO15(see Fig. 2). In amorphous metallic
systems, the MRO is in fact mainly associated to the FSDP which
is representative of structural rearrangements occurring on length
scales beyond r > 6 Å52. The evolution of the 3rd (r3) and 4th peak
(r4) of the reduced pair-distribution function G(r) provides
therefore another tool to gain insights into the structural changes
of the two liquids15. Figure 3c shows the temperature dependence
of the relative change of the volume expansion ΔV4-3 = 4/3π(r4³-
r3³) of a shell between r3 and r4 with respect to the value at Tg. As
it can be immediately deduced from Fig. 3c), the ratio ΔV4-3/
ΔV4-3(Tg) mirrors the behavior of β(QFSDP,T) suggesting a
correlation between changes on the MRO length scale and the
temperature evolution of the KWW parameter. Following Wei
et al.15, we can define a structural fragility, mstr4-3, from the slope
of ΔV4-3/ΔV4-3(Tg) and we find mstr4-3,Pt = 0.035 ± 0.004 for
the Pt42.5Cu27Ni9.5P21 and a basically temperature independent
mstr4-3,Pd ≈ 0.005 ± 0.006 for the Pd42.5Cu27Ni9.5P21. Both values
are in good agreement with those given in earlier works15,50. In
the work of Wei et al. mstr4-3 was found to correlate to the kinetic
fragility of the liquid through the empirical expression m =

Fig. 2 Temperature dependence of the first sharp diffraction peak of
Pt42.5Cu27Ni9.5P21 and Pd42.5Cu27Ni9.5P21 measured with synchrotron
X-ray diffraction. Peak intensity of the total structure factor S(QFSDP) (a),
full width at half maximum FWHMFSDP (b) and peak position (QFSDP) (c) of
the first sharp diffraction peak as a function of temperature normalized by
the glass transition temperature T/Tg for the Pt-based (black squares) and
Pd-based (red circles) alloys. All data are normalized to the respective
value of the glass transition. In all panels, k is the respective slope of a linear
fit of the data in the liquid state of the Pt/Pd-based alloys (above the glass
transition temperature Tg).
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((mstr4-3+ 0.124)/2.95 × 10−3)15. While this relation is fulfilled
for the Pt-liquid being mPt = 53.9 ± 1.3 as well as numerous Zr-
based liquids, it fails for the Pd-based alloy as it gives mPd =
42.6 ± 3.3, which is significantly lower than the measured value.
The failure of the proposed correlation for the Pd-based alloy, the
temperature-independent KWW stretching exponent (Fig. 3b))
and the weak temperature evolution on the MRO length-scale

(Fig. 2), support the idea of a smaller tendency to structural
rearrangements and thus of a rather strong structural behavior of
the Pd-based alloy at the probed length scales, in agreement with
the estimation obtained from the structural fragility. At this point
it should be noted that further support for the structural strong
behavior of the Pd-based liquid is provided by the behavior of the
specific isobaric heat capacity cp. During undercooling of the Pt-
liquid, a more rapid rise of cp can be observed compared to the
Pd-based liquid22,23. This change of the liquid cp is connected to
the rate of the loss in the excess entropy, which itself is
proportional to the configurational entropy of the liquid13,21,53.
Within the framework of Adam and Gibbs54, this behavior can be
seen as the thermal signature of a faster growth of cooperatively
rearranging regions in the Pt-liquid with ongoing undercooling.
Thus, it further confirms the larger tendency of the Pt-liquid to
structural changes indicated by the steep temperature dependence
of the FSDP (Fig. 2), the evolution of the degree of dynamical
heterogeneity β(QFSDP,T) (Fig. 3b)), and the fragile value of the
structural fragility (Fig. 3c)).

Wave-vector dependence of the dynamics. The different atomic
dynamics of the two alloys is even more evident by looking at the
wave-vector dependence of the relaxation time. As shown in
Fig. 4a, τ(Q) displays two maxima for the Pt42.5Cu27Ni9.5P21
liquid at QPP = 2.05 Å−1 and QFSDP = 2.8 Å−1. These values
correspond to the position of the maximum of a structural pre-
peak (QPP) and of the main FSDP observed in the corresponding
static structure factor (dashed grey line). In contrast, τ(Q) exhi-
bits only one maximum at QFSDP for Pd42.5Cu27Ni9.5P21, agreeing
with the corresponding S(Q) (Fig. 4b). The increase of τ(Q) in
correspondence with the different underlying structural motifs
implies the existence of more stable configurations at the corre-
sponding length scales. While the maximum at QFSDP is typical of
glass formers, usually observed in high temperature liquids by
neutron scattering (de Gennes narrowing55,56), the prominent
increase of τ(Q) at QPP in the Pt42.5Cu27Ni9.5P21 is more sur-
prising due to the very weak intensity of the pre-peak in the static
profile.

A similar evolution with Q is observed also for β(Q) in both
supercooled liquids (Fig. 4c, d). For Pt42.5Cu27Ni9.5P21, however,
the maximum at the prepeak is broader and less pronounced
compared to that in τ(Q) (Fig. 4c). The larger values of β(Q) in
the Pt-alloy at the positions of the of structural maxima suggest
more homogeneous dynamics at these length scales with respect
to neighboring Q values. To better understand the observed
behavior, we can distinguish two zones: the atomic scale, i.e., in
the proximity of the FSDP for 2.5 Å−1 < Q < 3.2 Å−1; and the
intermediate regime at a length scale of few interatomic distances
for 1.5 Å−1 < Q < 2.5 Å−1.

We first concentrate on the atomic scale. Besides the
experimental results reported for liquids at high temperature55,56,
a similar evolution of the collective relaxation time with Q has
been observed also in numerical simulations of different glass
formers close to the glass transition like, for instance, supercooled
silica, water and hard spheres57–59 where it has been described
within the mode coupling theory. It should be noted that while in
network glass formers β(Q) is found constant with Q, only in
hard spheres β(Q) correlates also with the intensity evolution of
the S(Q) and shows a maximum at the FSDP58,60 as in our data.
This suggests a stronger correlation between metallic glasses and
hard spheres systems61.

In the intermediate regime, the presence of a second peak in
the relaxation time corresponds to an additional slow-down of
the collective motion in correspondence with the weak structural
pre-peak at a few interparticle distances. Similar behaviors on the

Fig. 3 Temperature evolution of the dynamical parameters and of the
structure on the medium-range order (MRO) length scale. a Glass
transition temperature-scaled (for a cooling rate of 1.5 K min−1) fragility
plot of the mean relaxation time <τ(QFSDP) > for Pt42.5Cu27Ni9.5P21 and
Pd42.5Cu27Ni9.5P21 (black squares and red circles, respectively). Solid lines
are linear fits on the logarithmic scale underlining the similar kinetic fragility
of the two liquids. Note that the slope provided in the figure comes from the
conventional definition of the kinetic fragility, m, where the axes are
inverted. b Corresponding Kohlrausch-Williams-Watts exponent
β(QFSDP,T) as a function of mean relaxation time <τ(QFSDP) > . The dashed
lines are linear fits of the data on the logarithmic scale. c Evolution of
normalized volume dilation of the fourth and third atomic shell from the
reduced pair distribution functionV4-3(T)/V4-3(Tg) as a function of
normalized inverse temperature Tg/T, where Tg is the glass transition
temperature during heating with a rate of 0.33 K s−1. A linear fit (full line in
respective color) of the data is used to calculate the structural fragility
parameter mstr4-3 of the liquid phase. Error bars indicate the standard error
due to fitting of the experimental data using the Levenberg Marquardt
algorithm.

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-01099-4 ARTICLE

COMMUNICATIONS PHYSICS |           (2022) 5:316 | https://doi.org/10.1038/s42005-022-01099-4 | www.nature.com/commsphys 5

www.nature.com/commsphys
www.nature.com/commsphys


MRO length scale have been reported only in few other glass
formers as silicates, ortho-terphenyl, polymeric systems and
[Ca(NO3)2]0.4[KNO3]0.6 (CKN)62–65, where it has been associated
to the underlying topological order. To the best of our knowledge,
this is the first experimental observation in a metallic liquid.
Furthermore, previous studies have been performed at much
higher temperatures, close to the melting, where the collective
motion is diffusive and τ(Q) evolves continuously with Q−2 at
low Q values.

In order to account for the influence of the shape parameter
on the observed relaxation times, Fig. 4e, f report the mean
relaxation time for both compositions. A slow-down of the
dynamics can be observed also in <τ(Q) > for the Pt-based alloy.
Surprisingly, the dynamics at the pre-peak, QPP, is even slower
than that at low Q values and at the FSDP, indicating the
pronounced temporal durability of the medium-range structural
features in this composition. Previous structural studies
suggested that the scattering contribution of the pre-peak arises
from Pt-Pt and Pt-Cu partial structure factors18. The presence
of the pre-peak only in the Pt-based alloy shows that such
structural feature is of chemical and thus electronic nature,
rather than from a geometrical packing origin, as Pt and Pd can
be assumed topologically equal but differ in their electronic
structure. Thus, in this scenario, the slow-down of <τ(Q) > at
Qpp in the Pt-based alloy would not be related to a preferential
fast diffusion path in a slow relaxing matrix as for silicate

glasses or other non-metallic glass formers63,66,67, but would
originate from the presence of specific structural motifs that
stems from chemical effects. The mechanism is similar to that
of de Gennes narrowing at the FSDP usually observed in the
frequency domain in high-temperature liquids55, however, here
the origin would not be due to geometrical constrains, but
rather to strong chemical interactions which reduce the
mobility at the mesoscopic scale.

A similar slow-down of the atomic motion in correspondence
of a structural pre-peak has been reported for high-temperature
binary alloys68. In such two-component systems, a full set of
partial structure factors can be experimentally determined, and
the presence of a pre-peak has been attributed to the
preferential formation of non-equal pairs (as for instance Pt-
Cu in our sample), which lead to an isolation of equal atoms
and result in a spatial arrangement that can be described as a
type of superstructure at the MRO length scale69. Although the
same structural analysis cannot be done for the quaternary
alloys studied here, the structural motifs and the role of the
metal-metalloid interactions has been described by simulation
studies70. The presence of different structural motifs in the two
alloys18, in particular of trigonal prisms in the Pt-based system,
somehow leads to different connections between the atomic
clusters and to the formation of some favored and temporally
stable configurations on the length scales larger than the FSDP
in the Pt-alloy.

Fig. 4 Wave-vector dependence of the dynamics. Wave-vector- dependence of the Kohlrausch-Williams-Watts relaxation time (a, b), Kohlrausch-
Williams-Watts exponent (c, d), and mean relaxation time (e, f) for the Pt-alloy at the temperature T = 515 K (left column, black) and the Pd-alloy at the
temperature T = 575 K (right column, red). In all panels, the dashed grey lines represent the total structure factor S(Q) measured with synchrotron XRD.
Error bars indicate the standard error due to fitting of the experimental data using the Levenberg Marquardt algorithm.
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Conclusion
In conclusion, our work scrutinizes the microscopic details con-
trolling the evolution of the α-relaxation in supercooled metallic
liquids in the vicinity of the glass transition. By comparing the
evolution of the α-relaxation process and the structure of two
similar supercooled liquids, we identify the different features
describing the liquid dynamics. Although the two selected com-
positions would appear as identical in topological structural
models16, they present different structural motifs on the MRO
and SRO length scales18, which influence their relaxation
dynamics. The kinetic fragility - described by the temperature
evolution of the microscopic relaxation time - is insensitive to the
composition and is similar for both alloys, in agreement with
macroscopic studies49,71. In contrast, the two liquids have dif-
ferent structural fragilities which mirror the different temperature
dependence of the β(QFSDP,T) parameter describing the hetero-
geneous nature of the dynamics. This means that the temperature
evolution of dynamical heterogeneities in the supercooled liquid
phase reflects the different tendencies of the two liquids to
temperature-induced structural rearrangements at the MRO
length scale. In the case of the Pd42.5Cu27Ni9.5P21 alloy, this
structure-dynamic relationship results in a relatively weak tem-
perature dependence of the structure and a constant value of
β(QFSDP,T) in the probed temperature range. Differently, in the
Pt-based alloy, the presence of structural rearrangements leads to
a continuous evolution of the dynamical heterogeneities during
the cooling, as signaled by the increased non-exponential shape of
the decay of the density fluctuations on approaching Tg. This
marked temperature dependence of β(QFSDP,T) in the Pt-based
melt leads to the failure of the time-temperature superposition
principle for the structural relaxation process (Supplementary
Fig. 4), which contrasts with the usual law of invariance observed
in previous studies on metallic glass formers at both
microscopic32–34 and macroscopic35–37,72 scales. Interestingly,
despite the different evolution of the dynamics during cooling,
both alloys exhibit similar values of β(Q,T) at the glass transition
suggesting the existence of a common degree of heterogeneities in
metallic liquids at the dynamical arrest.

In addition, we also find that the wave-vector dependence of
the collective motion is influenced by the structure. In the
Pt42.5Cu27Ni9.5P21 liquid, both τ(Q,T) and β(Q,T) exhibit an
unusual evolution with Q with two maxima, one at the position of
the FSDP, the signature of the well-known increased stability at
the interparticle distance, and an anomalous second one at the
mesoscopic scale in correspondence with a weak pre-peak in the
total structure factor. In contrast, only one maximum at QFSDP is
observed in the Pd-alloy. This different dependence of the
dynamics from the probed wave-vector is likely due to a more
pronounced MRO in the Pt- than in the Pd-liquid, similarly to
what was also reported in high-temperature binary alloys68. The
different MRO in the two systems is likely related to stronger
chemical and electronic interactions in the Pt-based alloy than in
the Pd-liquid, which also result in the presence of different
structural motifs at the level of the SRO. All together our results
shed light on the influence of the structure on the particle motion
and the different role played by kinetic and structural fragilities
during the vitrification process.

Materials and Methods
Materials. The master alloys of Pt42.5Cu27Ni9.5P21 and Pd42.5Cu27Ni9.5P21 were
produced by melting the pure metallic components (purity > 99.95 %) in an arc
melter furnace under a Ti-gettered Ar-atmosphere (purity > 99.999%). Afterwards
the elemental red P was alloyed inductively with the metallic components in a
fused-silica tube under Ar-atmosphere. To control the P-content we use a fused
silica tube in which the metals (arc-melted to a long “cigar”) are put on top of the
elemental red phosphorous (lump). Then an inductive coil is used to heat up the
metal from top to bottom to carefully start the exothermic reaction. Only small

amounts will not directly alloy with the hot metal in direct contact and evaporate.
The small part of the P that initially evaporates is absorbed directly from the hot
metal above it and cannot leave the reaction area. The result is an ingot with well-
defined P content. By weighing of the ingots after its alloying with phosphorous
and even assuming any loss in mass being attributed to P lost during the reaction,
we can assure the P content to be in the limits of a derivation of less than 0.5 at%
with this process.

The obtained alloy then underwent a fluxing treatment in dehydrated pure
B2O3 for at least 6 h at 1473 K. This process was used to further purify the melt
from possible oxides and impurities and enhances the glass-forming ability of the
liquid even further73. Ribbons were prepared via melt-spinning by inductive
melting of the master-alloy in a fused silica tube and injecting it onto a rotating
copper wheel under high-purity Ar atmosphere in a custom-built melt-spinning
device. The full amorphous nature of the sample has been confirmed by
transmission electron microscopy and high-energy synchrotron x-ray diffraction.

X-ray photon correlation spectroscopy (XPCS). To probe the microscopic
dynamics, X-ray photon correlation spectroscopy was performed at the Coherence
Applications Beamline P10 at PETRA III at the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg during two different beamtimes of one week each. A partially
coherent beam of 3 × 2 μm2 (horizontal x vertical direction) at a photon energy of
8.2 keV and a photon flux on the sample of around 4 × 1010 photons s−1 was used
on ribbons with a thickness of ~20 μm, mounted in a furnace under vacuum.
Speckle patterns were collected with an EIGER X4M detector 1.8 m downstream of
the sample at the end of a horizontally rotatable diffractometer arm, enabling
measurements at different wavevectors Q. The low Q limit was set at ~1.6 Å−1 due
to the weak scattering intensity at small angles, while the maximum angle that was
reachable with the experimental setup was at 43°, corresponding to Q = 3.06 Å−1,
limiting thus the resolution of the FSDP on the high-Q flank. The wave-vector
dependence of the dynamics was measured at different temperatures in the
supercooled liquid phase. The exposure time per frame was adjusted to the
observed timescales ranging from 0.1 s to 0.5 s. The overall measurement time was
also adjusted at each temperature and wavevector position assuring the observation
of a complete decorrelation of the signal, up to a maximum of ~104 s for the lowest
measured temperature. The detector covers an angle of approximately 3° which
corresponds to a ΔQ of about ~0.2 Å−1. By binning the area of the detector, we
could therefore probe up to 8 Qs simultaneously for each detector position.

Data were analyzed following the procedure reported by Chushkin et al.74. For
each Q and temperature, we calculated the two times correlation function (TTCF)
at two different times, t1 and t2:

G Q; t1; t2
� � ¼ <IðQ; t1Þ � IðQ; t2Þ>p

<IðQ; t1Þ>p � <IðQ; t2Þ>p

; ð1Þ

where <…>p represents the average over all detector pixels corresponding to the
same Q-range.

Intensity auto correlation functions g2(Q,t) were calculated by averaging the
TTCF over the whole measured temporal interval. The g2(Q,t) functions are
directly related to the intermediate scattering function, f(Q,t), through the Siegert

relation g2 Q; tð Þ ¼ 1þ γ � f ðQ; tÞ
�� ��2 with γ being the experimental contrast. The

g2(Q,t) functions were modelled using a Kohlrausch-Williams-Watts (KWW)
function:

g2 Q; t;Tð Þ ¼ 1þ cðQ;TÞ exp �2
t

τðQ;TÞ

� �βðQ;TÞ !
; ð2Þ

where τ(Q,T) is the structural relaxation time, β(Q,T) is the shape parameter and
c(Q,T) is the product of the experimental contrast γ(Q,T) and the square of the
non-ergodicity factor fq(Q,T).

The samples were first equilibrated at about Tg+30 K to remove their thermal
history, and then slowly cooled with 5 Kmin−1 to the measurement temperatures.
At each temperature, we waited about 10 min for temperature equilibration before
starting the data acquisition. The amorphous structure was checked during the
experiment and no signs of crystallization were observed, in agreement with the
time-temperature-transformation diagrams reported in literature22,75. The
temperature calibration of the furnace was checked by crystallizing additional
samples and comparing the crystallization temperature Tx of the Pt42.5Cu27Ni9.5P21
and Pd42.5Cu27Ni9.5P21 samples at a constant heating rate of 5 Kmin−1 obtained in
differential scanning calorimetry (DSC).

For the solute-rich metallic liquid Pt42.5Cu27Ni9.5P21, the main contributions to
the pre-peak originate from the Pt-Pt and Pt-Cu partial structure factors, which,
due to their high form factor, dominate the overall structure factor S(Q), while the
signal of the Pd-based alloy is dominated by the Pd-Pd and Pd-Cu correlations
(see Supplementary Information of Gross et al.18 for further details).

During the XPCS experiments, we have particularly paid attention to
crystallization effects. Thanks to the measurement of second-order correlation
functions, such as the density-density correlation function, XPCS has a larger
sensitivity to crystallization than any structural technique based on the detection of
a static observable76. The presence of fluctuating crystalline contributions would
dramatically alter the shape of the correlation functions, while the presence of static
contributions due to nanocrystals in the XPCS spectra would lead to an increase in
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the baseline of the correlation functions, which has not been observed during the
whole experiment.

Furthermore, the presence of nanocrystals in the as-cast sample would lead to
stronger fringes of interference and zones of higher intensity in the speckle patterns
recorded by the 4 Mpixel EIGER detector. During an atomic scale XPCS
experiment on metallic glasses, the photon counting detector measures the weak
scattered intensity, mainly originating from single photon events. Any stronger
scattering event, as it would be occurring in the presence of nanocrystals would
therefore be visible immediately, much in advance of being detected in a standard
synchrotron XRD experiment with incoherent radiation.

The data reported in this work have been measured in two years during three
different official XPCS beamtimes of 1 full week each, in European synchrotrons
(DESY and ESRF).

High energy synchrotron X-ray scattering (HE-XRD). In-situ X-ray scattering
experiments have been performed at the beamline P02.1 at PETRA III at the
Deutsches Elektronen Synchrotron (DESY) in Hamburg77. For the measurements
in transmission mode a wavelength of 0.207 Å (60 keV) and a beam size of
0.8 × 0.8 mm2 was used. The samples were attached on a solid Ag-block of a
THMS-600 LINKAM furnace using a Cu-paste and heated at a rate of 0.33 Ks−1

under a constant flow of high purity Ar (Ar 6.0). Prior to the measurements the
samples were heated at 0.33 K s−1 to the supercooled liquid state (Tg,end + 10 K)
and subsequently cooled from this point at the same rate of 0.33 Ks−1. For the
acquisition of the intensity patterns a Perkin Elmer XRD1621 CsI bonded amor-
phous silicon detector (2048 pixels × 2048 pixels) was used. The integration of the
dark-subtracted, two-dimensional X-ray diffraction patterns was performed with
the Fit2D data analysis software78. Further processing of the intensity data was
realized with the PDFgetX2 software79. The background scattering was assumed to
be constant with temperature and mainly originating from the setup. It was
measured at room temperature and was subtracted from the integrated intensity
data. For the corrections of the raw data, sample absorption, polarization and
multiple scattering were considered. The total structure factor S(Q) was calculated
as80

S Qð Þ ¼ 1þ IC Qð Þ � f ðQÞ2� �
f ðQÞ� �2 ; ð3Þ

where IC(Q) is the coherently scattered intensity and f(Q) is the atomic form factor.
The angle brackets denote a compositional average over all constituents. S(Q)
contains all the structural information and is composed of n(n+1)/2 partial
structure factors81,

S Qð Þ ¼ ∑
i≤ j

wijSijðQÞ; ð4Þ

where wij is the weighting factor expressed as

wij ¼
cicjf i Qð Þf jðQÞ

f ðQÞ� �2 ð5Þ

where ci and cj are the molar concentration of element i and j.
The Fourier transform of the total structure factor yields the reduced pair

distribution function,

G rð Þ ¼ 2
π

Z 1

0
Q S Qð Þ � 1½ � sin Qrð ÞdQ; ð6Þ

where r is the distance to the reference atom. Each G(r) pattern was optimized
using an optimization algorithm in PDFgetX2 as described by Wei et al.82. An
upper limit of Q = 14.5 Å−1 was used here for the transformation. This Qmax

ensures a successful evaluation of the data in real-space without the loss of
significant structural details, as already observed by Ma et al. for even lower Qmax-
values52.

Thermomechanical analysis. To determine the kinetic fragility on a macroscopic
experiment three-point beam bending (3PBB) was performed using a NETZSCH
TMA 402 F3 thermomechanical analyzer under a static loading force of 10 N. The
beams were cut out of fully X-ray-amorphous plates with the dimensions of 1.5 ×
13 × 40 mm. For a good signal-to-noise ratio the thickness of the beams was varied
from 0.4 to 1.5 mm. The viscosity η can be derived from the deflection rate ů(t),
applying the equation83

ηðtÞ ¼ � g � L3
144I _u

� M þ ρAL
1:6

	 

; ð7Þ

with the applied load M and density ρ combined with the geometric information of
the sample (cross-sectional area of the beam A, cross-sectional moment of inertia I
and distance between the supporting edges of the machine L).

Isothermal measurements between 533 K and 573 K, as well as measurements
with a constant heating rate of qh = 0.333 Ks−1 were carried out. During the
isothermal measurements the same heating rate of 0.333 Ks−1 was applied to reach
the desired isothermal plateau temperature. A more detailed description of the
technique and calculations to obtain the viscosity from the deflection rate can be
found in literature19,71.

The evolution of the equilibrium viscosities over temperature can be described
with the empirical Vogel-Fulcher-Tammann (VFT) equation11

ηðTÞ ¼ η0 � exp
D� � T0

T � T0

� �
; ð8Þ

with D* being the fragility parameter and T0 being the VFT temperature, where
viscosity would be diverging. The parameter η0 corresponds to the lowest possible
viscosity in the high-temperature liquid state.

The datasets generated during and/or analyzed during the current study are
available from the corresponding authors on reasonable request.
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