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We present a detailed investigation of the wave-vector dependence of collective atomic motion in
Au49Cu26.9Si16.3Ag5.5Pd2.3 and Pd42.5Cu27Ni9.5P21 supercooled liquids close to the glass transition temper-
ature. Using x-ray photon correlation spectroscopy in a previously uncovered spatial range of only a few
interatomic distances, we show that the microscopic structural relaxation process mimics the structure and
presents a marked slowing down at the main average interparticle distance. This behavior is accompanied by
dramatic changes in the shape of the intermediate scattering functions, which suggest the presence of large
dynamical heterogeneities at length scales corresponding to a few particle diameters. A ballisticlike
mechanism of particle motion seems to govern the structural relaxation of the two systems in the highly
viscous phase, likely associated with hopping of caged particles in agreement with theoretical studies.

DOI: 10.1103/PhysRevLett.125.055701

The dynamics of glass formers still attracts large interest in
the scientific community as it is often considered the key to
understanding the glass transition [1–5]. Considerable effort
has been devoted to the comprehension of the enormous
increase in viscosity, or structural relaxation time τ upon
cooling toward the glass transition temperature Tg [5–7].
However, little is still knownon themicroscopicmechanisms
responsible for such a tremendous slowdown of viscous flow
as the majority of previous studies employ macroscopic
approaches. Onemajor obstacle to overcome is the difficulty
in probing the ultraslow dynamics of glass formers close to
Tg at the relevant length scale involving interparticle inter-
actions with both experiments and simulations.
The collective atomic motion of glass formers can be

described by the intermediate scattering function (ISF)
fðQ; tÞ, which monitors the temporal evolution of the
normalized density-density correlation function over a spa-
tial scale 2π=Q defined by the probed wave-vector Q. The
long time decay of the ISF corresponds to the structural
relaxation process and it can be modeled by the Kohlrausch-
Williams-Watts (KWW) function fðQ;tÞ¼fQexp½−ðt=τÞβ�,
with the structural relaxation time τðQÞ, the shape parameter
βðQÞ, and the nonergodicity parameter fQ [3,8].
Studies onmetallic glass formers report the existence of an

anomalous dynamical crossover at the glass transition [9,10].
Above Tg, the structural relaxation process decays in a

stretched exponential way with β < 1. Similar decays have
been attributed largely to the emergence of dynamical
heterogeneities on approaching Tg [3,11]. As soon as the
material vitrifies, the shape of the long-time decay of the ISF
changes abruptly to a highly compressed form ( β > 1).
Numerical simulations associate these compressed ISFs to an
increasing number of connected icosahedral clusters on
approaching Tg [12].
At high temperatures, liquids undergo Brownian motion

and τðQÞ ≈Q−2. Theoretical studies suggest a gradual
weakening of this Q dependence in supercooled liquids,
due to a change in the transport mechanism from purely
diffusive at high temperatures, to a combination of dif-
fusion and hopping of caged particles on approaching Tg

[13]. Differently, numerical simulations show that the
relaxation dynamics depends on the rigidity of the amor-
phous structure being Q independent in network glass
formers, while keeping a diffusive nature in more fragile
systems [14]. This peculiar Q-independent dynamics
occurs for few interparticle distances and it has been
observed also in polymeric materials and DNA-based
transient networks [15–17]. Its origin appears associated
to the presence of independent locally fluctuating elastic
moduli on the probed length scale [15,16] and suggests the
presence of a crossover to a diffusivelike dynamics at larger
length scales [15,17].
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A deeper understanding of the dynamics requires the
experimental knowledge of the Q dependence of the ISF in
liquids and glasses. Such information is challenging to
obtain. Experiments below Tg are currently strongly
impeded by the evolution of the dynamics due to physical
aging, which makes it extremely difficult to compare data
acquired separately at different Q’s [10,18]. The dynamics
of supercooled liquids is also difficult to probe due to the
relatively fast relaxation times and the weak scattering
signal at the atomic scale. Because of these technical
constraints, often only a single Q at the maximum
of the static structure factor SðQÞ [10,19] has been
studied, providing limited information on the microscopic
mechanism responsible for the dynamics in supercooled
liquids.
Here, we make use of recent experimental improvements

in x-ray photon correlation spectroscopy (XPCS) [19],
and probe the Q dependence of the relaxation dynamics
at interatomic distances in two highly viscous metallic glass
formers just a fewdegrees above the calorimetricTg, i.e., in a
previously unexplored range. The investigated systems are
alloys of Au49Cu26.9Si16.3Ag5.5Pd2.3 and Pd42.5Cu27Ni9.5P21
(Tg ¼ 574 K).When slowly cooledwith isothermal steps of
0.5 K and a cooling rate of 0.1 Kmin−1 from the super-
cooled liquid, the Tg of the Au49Cu26.9Si16.3Ag5.5Pd2.3 is
lowered bymore than 30K [20,21], and the systemexhibits a
fragile-to-strong liquid-liquid transition at 389 K. In this
work, we have investigated the dynamics in the low temper-
ature strong phase (Tg ¼ 380 K [20]). For both studied
materials, wemeasured the ISFs at differentQ’s around their
respective maximaQm of the SðQÞ (Qm;Au�alloy ¼ 2.80 and

Qm;Pd�alloy ¼ 2.87 Å−1) and in the highly viscous state
(TAu�alloy ¼ 385.5 , TPd�alloy ¼ 580 K).
The Au49Cu26.9Si16.3Ag5.5Pd2.3 was measured at beam

line ID10 at ESRF, France, and the Pd42.5Cu27Ni9.5P21 at
beam line P10 at PETRA III, Germany (see also
Supplemental Material [22]). XPCS provides information
on the microscopic dynamics by monitoring the temporal
evolution of the intensity fluctuations g2ðQ; tÞ, which
are related to the ISF through the Siegert relation
g2ðQ; tÞ ¼ 1þ γ · jfðQ; tÞj2, with γ the experimental con-
trast [19,23]. Despite the multicomponent nature of the
probed alloys, in both cases, XPCS mainly measures the
average dynamics coming from the noble-noble atoms
correlation which dominates the scattered signal [22,24,25].
Figure 1 illustrates the two times correlation functions

(TTCFs) measured in the Au49Cu26.9Si16.3Ag5.5Pd2.3 at the
lowQ side of the maximum of the SðQÞ [Fig. 1(a)], over its
flank [Fig. 1(b)], and at the maximum [Fig. 1(c)]. TTCF are
a time-resolved version of the standard g2ðQ; tÞ. The width
of the yellow-reddish intensity along the main diagonal is
proportional to τðQÞ. At all Q’s, the intensity profile
remains constant with time, which is a signature of the
stationary dynamics of supercooled liquids. The lower

intensity at low Q [Fig. 1(a)] is a consequence of the
lower scattered signal far from Qm, while the small
intensity fluctuations along the diagonal contour are due
to the heterogeneous nature of the dynamics in supercooled
liquids, which results in a distribution of microscopic
distinct relaxations [11].
Figure 2 shows normalized g2ðQ; tÞ measured at

different Q’s together with the KWW fits g2ðQ; tÞ ¼
1þ c exp½−2ðt=τÞβ�, with c the product between fQ
and the contrast. In the probed Q range, c is found
constant and the data have been normalized for clarity.
Figures 2(a) and 2(b) show normalized g2ðQ; tÞ of the

Q= 2.58 Å-1

Q= 2.78 Å-1

Q= 2.67 Å-1

(a)

(b)

(c)

FIG. 1. TTCF at 385.5 K in Au49Cu26.9Si16.3Ag5.5Pd2.3 for
three different Q’s [2.58 (a), 2.67 (b), and 2.78 Å−1 (c)].
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Au49Cu26.9Si16.3Ag5.5Pd2.3 corresponding to the low and
the high Q side of the SðQÞ, respectively. The correlation
functions visibly have distinct shapes with Q, and become
more stretched at low [Fig. 2(a)) and high (Fig. 2(b)] Q’s
with respect to the shape at the maximum of the SðQÞ. This
effect is remarkable as βðQÞ decreases by almost 40% of its
value, from βðQÞ ¼ 0.80� 0.02 at 2.78 to 0.51� 0.02 at
2.58 Å−1, i.e., in a very tinyQ range covering only 0.2 Å−1
[Fig. 2(a)]. Changes in βðQÞ are visible also in the
Pd42.5Cu27Ni9.5P21 [Fig. 2(c)]. Here, the evolution of
βðQÞ is weaker as it decreases to ≈30% of its maximum
value on a Q range which is ≈3 times larger than the one
explored for the Au49Cu26.9Si16.3Ag5.5Pd2.3.
The structural relaxation times and shape para-

meters measured at all Q’s are reported in Fig. 3 for
both Au49Cu26.9Si16.3Ag5.5Pd2.3 (left column) and
Pd42.5Cu27Ni9.5P21 alloys (right column) and compared
with the SðQÞ measured with x-ray diffraction [25,26].
Both τðQÞ and βðQÞmimic the SðQÞ, showing a significant
slowdown of the dynamics at Qm accompanied by a

simultaneous increase in βðQÞ [panels (a)–(b) and
(d)–(e)]. The evolution of τðQÞ is a signature of the de
Gennes narrowing usually observed in the frequency
domain in high temperature liquids [27–37]. It implies
that the most probable and stable interatomic configura-
tions are those probed at Q ≈Qm, which need a high
degree of cooperative motion to change the atomic arrange-
ments. Interestingly, while the SðQÞ changes by almost a
factor of 2 in the Au49Cu26.9Si16.3Ag5.5Pd2.3, the relative
change in τ is considerably smaller. This difference is even
stronger in the Pd42.5Cu27Ni9.5P21. Similar trends have
been reported for other viscous liquids [37–39] and are
likely due to the occurrence of complex mechanisms of
particle motion [30]. We note that although both samples
have been measured close to their Tg, their dynamics
differ by almost an order of magnitude, being of ≈104 s
in the Au49Cu26.9Si16.3Ag5.5Pd2.3. This remarkable highly
viscous state is a consequence of the applied thermal
protocol [20,21].
Considering the heterogeneous scenario for supercooled

liquids, i.e., the existence of groups of particles relaxing
with different times with respect to neighboring particles,
the g2ðQ; tÞ can be viewed as a measure of the average
dynamics with βðQÞ describing the degree of such a
distribution of microscopic relaxation processes [11,40].
The decrease of βðQÞ for Q values smaller than that of
the main peak in SðQÞ implies the occurrence of larger
dynamical heterogeneities consistent with the notion of
medium-range-order domain fluctuations. The smaller
measured Q values correspond generally to length scales
comparable to the typical size of icosahedra clusters whose
occurrence in the Pd-based alloy has been confirmed by
structural studies [25,41]. The dynamics of such clusters
was recently identified to strongly dominate the evolution
of the ISFs in supercooled metallic liquids [12]. This
behavior contrasts dramatically with that observed in
metallic glasses. Below Tg, not only is the dynamics
characterized by a compressed decay of the ISFs (i.e.,
β > 1) and aging [10], but βðQÞ remains constant, at least
in the same Q range as probed here [18].
To evaluate the mechanism of particle motion we

include the influence of βðQÞ on the dynamics by
considering the mean relaxation time hτðQÞi ¼
Γf½1=½βðQÞ�gf½τðQÞ�=½βðQÞ�g, where Γ is the Gamma
function [30]. Differently from τðQÞ, hτðQÞi decreases
with increasing Q in both supercooled liquids before
to evolve to a more flattened regime at larger Q values
[Figs. 3(c) and 3(f)]. The low Q’s regime is compatible
with a 1=Q, ballisticlike atomic motion suggesting
the existence of a mechanism of hopping of caged
particles in these ultraviscous liquids [42] as in the case
of some concentrated colloidal suspensions [43], gels
[44,45], and in numerical simulations of ortho-terphenyl
[46]. Interestingly, the crossover between the two
regimes occurs at different Q’s in the two alloys. In the
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FIG. 2. Normalized intensity autocorrelation functions for the
low (a) and the high (b)Q side of the main maximum of the SðQÞ
in Au49Cu26.9Si16.3Ag5.5Pd2.3 at T ¼ 385.5 K, and (c) at the
smallest probed Q and at the Qm;Pd�alloy for Pd42.5Cu27Ni9.5P21

at T ¼ 580 K.
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Au49Cu26.9Si16.3Ag5.5Pd2.3, the ballisticlike regime persists
up to Q ≈Qm, while in the Pd42.5Cu27Ni9.5P21 it ends in
correspondence of the onset of the main structural
peak in the SðQÞ. Such a difference is likely due to
the huge reduction in βðQÞ at low Q’s for the
Au49Cu26.9Si16.3Ag5.5Pd2.3, of about 40% of its value at
Qm [Fig. 3(a)], which dominates the hτðQÞi evolution. In
the very same Q range, βðQÞ of Pd42.5Cu27Ni9.5P21

decreases to only 15% of its value at Qm [Fig. 3(d)]. In
this range, hτðQÞi is mainly controlled by the Q depend-
ence of the relaxation time and decreases with lower Q,
mirroring the evolution of the SðQÞ. The distinct crossovers
between the two dynamical regimes could be associated
with the different structural detail of the two alloys and, in
particular, to the stiffer nature of the Pd-based alloy [25]
with respect to the microscopically softer structure of the
Au49Cu26.9Si16.3Ag5.5Pd2.3 [26].
We note that in the Au49Cu26.9Si16.3Ag5.5Pd2.3 alloy

the evolution of hτðQÞi comes from the marked Q
dependence of both βðQÞ and τðQÞ in the probed Q range,
confirmed by the distinct corresponding ISFs [Fig. 2(a)]. In
stark contrast, the subquadratic dependence of hτðQÞi in
Pd42.5Cu27Ni9.5P21 occurs in a Q range, where the corre-
sponding KWW parameters are almost constant with Q’s
[Figs. 3(d) and 3(e)]. The slightly decreases of βðQÞ at low
Q’s is then likely to be the reason of the still marked Q
dependence of the mean relaxation time in this range.
Whether such dependence is real or not is, however,
difficult to establish. As shown in Fig. 4, the decay of
the corresponding ISFs almost overlap with Q, with the

relaxation time basically constant at low Q’s, i.e., far from
the structural contribution (inset of Fig. 4). Furthermore,
the scattering of the data at short times introduces some
noise in the evaluation of βðQÞ and τðQÞ, which could
affect the probed Q dependencies. This lower signal to
noise ratio (SNR) in the Pd42.5Cu27Ni9.5P21 data at small
Q’s is due to the limited capabilities of the XPCS technique
at synchrotrons of the 3rd generation and the relatively
fast dynamics of this liquid, which is almost a factor 5
faster than in the Au-based alloy (see also Supplemental
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(e)

(f)

FIG. 3. βðQÞ (a),(d), τðQÞ (b),(e), and average relaxation time hτðQÞi (c),(f) for Au49Cu26.9Si16.3Ag5.5Pd2.3 (left column) and
Pd42.5Cu27Ni9.5P21 (right column). The colors of the Au-based alloy correspond to the curves in Fig. 2. The dashed black lines in
[(c) and (f)] show a ballistic-like dynamics. In all panels, the dashed gray line is the corresponding SðQÞ.
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corresponding τðQÞ.
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Material [22]). Hence, measurements with improved sta-
tistics or in a broader Q range will be necessary to confirm
the observed subquadratic collective dynamics, or instead
point to a Q-independent relaxation mode between the
hydrodynamics limit and the interparticle distance [14],
being the hydrodynamic limit around few μm for the Pd
alloy [47].
In conclusion, we reported a detailed investigation of the

atomic motion in highly viscous alloys close to Tg. Both
τðQÞ and βðQÞ mirror the evolution of the SðQÞ. While the
slow down of the dynamics is due to the well-known de
Gennes narrowing [29], the substantial decrease of βðQÞ at
small Q’s suggests the occurrence of large dynamical
heterogeneities possibly related to medium-range-order
domain fluctuations. A similar but smaller βðQÞ evolution
is predicted by the mode coupling theory for hard spheres
[48,49], and has been reported also in high temperature
polymeric liquids [30] and in simulations of supercooled
water [50]. In our case, the collective motion of both liquids
follows a subquadratic dependence from the probed wave
vector, suggesting the occurrence of a complex mechanism
of diffusion and hopping responsible for the particle
motion [42].
The dynamics of metallic glass formers across Tg has

been often compared to that of nanoparticles probes in
supercooled molecular and polymeric liquids [51,52]. In
both cases, the glass transition is accompanied by the
emergence of compressed ISFs and distinct aging regimes.
This analogy does not extend to the Q dependence of the
dynamics. While the dynamics of nanoparticle probes
evolve from diffusive with stretched ISFs to ballisticlike
with compressed ISFs on approaching the glassy state, our
results show the existence of a distinct mechanism of
particle motion, which appears related to the details of the
amorphous structure in the viscous phase. This different
dynamics contrasts also with the diffusive dynamics
observed in Lennard Jones systems which are often
considered similar to metallic alloys [14]. Studies of the
dynamics across Tg and in a broaderQ range will definitely
help to elucidate the nature of the glass transition. This will
soon be possible thanks to the current upgrade of coherent
x-ray sources [53,54].
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