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Abstract 

Establishing microscopic structure–dynamics relations in glasses is essential for developing a 

comprehensive theory, yet remains challenging due to limited access to the relevant time and 

length scales. By probing density fluctuations in metallic glasses (MGs) across six decades in 

time and over both mesoscopic and atomic length scales, we reveal a hierarchical organization 

of the dynamics and provide a comprehensive framework of their anomalous compressed 

relaxation universally observed at the atomic level. We demonstrate that this faster-than-

exponential motion emerges only at wavelengths comparable to the cluster size, and originates 

from internal stresses frozen during a transition from liquid-like to hyper-diffusive dynamics 

across the glass transition. At mesoscopic scales, stress effects vanish, and the dynamics 

become stationary and heterogeneous, with stretched exponential relaxations reflecting the 

statistically-averaged motions of rigid domains. We also identify a second independent 

relaxation, associated to persistent liquid-like motions, whose strength increases at large 

wavelength. These findings reveal the cooperative, multiscale nature of relaxations in glasses. 

 

Main Text 

Unveiling the atomic dynamics in glass former systems remains a long-standing challenge in 

condensed matter physics [1,2]. Its knowledge is essential for developing a microscopic theory 

for glasses and has broad interdisciplinary implications for understanding other complex 

systems. A key observable in this context is the intermediate scattering function (ISF), f(q,t), 

which describes the temporal evolution of density fluctuations at a probed wavevector, q. This 

quantity can be accessed through scattering techniques using laser light [3], neutrons [4] and 

X-rays [5]. As the glass transition temperature, Tg, is approached from the supercooled liquid, 

the ISF splits in two main processes: (i) a fast decay, associated with the rattling of particles 

within the cages formed by neighboring atoms, and (ii) the primary α-relaxation, corresponding 

to cage escape and structural rearrangement [6]. While the first process occurs on picosecond 

timescales and is only weakly temperature dependent, the α-relaxation slows dramatically upon 

cooling from the melt by more than ten orders of magnitude, reaching relaxation times of 

hundreds of seconds near Tg.  

Although the dynamics of supercooled liquids has been extensively studied [7-13], the presence 

of physical aging and slow relaxation processes has significantly hindered studies in the glassy 

state. Such investigations have only become feasible over the past decade, owing to advances 
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in the X-ray Photon Correlation Spectroscopy (XPCS) technique [14]. Studies in metallic 

glasses (MGs) have revealed a surprising dynamical crossover at Tg, where the long-time decay 

of the ISFs evolves from the stretched exponential form - typically associated to dynamical 

heterogeneities in the supercooled liquid [15] - toward an anomalous faster-than-exponential 

(compressed) decay in the glass [16-20]. This observation, while contrasting with some 

theoretical predictions [21], can be partly explained by stress-relaxation models [22-25]. 

Notably, similar stress-driven dynamics are observed in several soft systems, including 

colloids, foams, biopolymers and microgels [26-30], often marked by a transition from diffusive 

dynamics - described by a sub-quadratic dependence of the relaxation time, τ(q)∝1/q2 - to a 

super diffusive, ballistic-like particle motion with τ(q)∝1/q. This behaviour has been 

qualitatively described by stress-relaxation models, in which dynamics are driven by random 

collapses of the structure in regions of high internal stress [31-33]. Whether such mechanisms 

apply to MGs remains an open question. Due to limitations in scattering intensity and accessible 

length scales, previous studies primarily focused on ISFs measured at a fixed q value, 

corresponding to the first sharp diffraction peak (FSDP) of the static structure factor, S(q), thus 

precluding deeper insight into this anomalous behavior. 

The advent of 4th generation synchrotrons has substantially extended the dynamical range 

accessible via XPCS [34]. Experiments on a Pt42.5Cu27Ni9.5P21 MG under high pressure have 

reported the emergence of hyper-diffusive motion in correspondence of the FSDP [35], which 

contrasts with the characteristic de Gennes narrowing observed in supercooled metallic liquids 

[11,12]. Temperature-scanning investigations have further shown that the compressed decay of 

the ISFs arises from an additional relaxation process that emerges during vitrification, 

specifically as the primary α-relaxation freezes out [36]. Yet, the length-scale dependence of 

the dynamics over a broader q-range has not been explored, and the physical origin of the 

compressed decay of the ISFs remains still unclear. 

Here, we address this topic by presenting a detailed XPCS investigation of the ISFs in a 

Zr46.8Ti8.2Cu7.5Ni10Be27.5 (Vit4) MG, spanning six decades in time and covering both 

mesoscopic and atomic length scales, probing the dynamics from q=0.75 Å⁻¹ up to the FSDP 

maximum, qmax=2.63 Å⁻¹ (Fig. 1a). At the FSDP, the ISFs reflect the dynamics of the structural 

units defining the medium range order (MRO) [16,20], as the maximum of the FSDP is 

responsible for the structural periodicity in the pair distribution functions (PDF), G(r), (Fig. 1b) 

[37]. In contrast, the lowest q-value provides insights into structural correlations beyond 

nearest-neighbor or cluster-level connections as it corresponds to spatial scales larger than the 
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structural correlation length, ξ [38-40]. This latter parameter defines the spatial extent of atomic 

order in MGs and is extracted from the exponential decay of the peak heights in the G(r), using 

the form f(r) = A·exp(–r/ξ) (Fig. 1b). The results are supported by additional measurements on 

Vit4, Pt42.5Cu27Ni9.5P21 and Pd42.5Cu27Ni9.5P21 MGs performed in another synchrotron facility 

(see Supplementary Information and Methods). Our data reveal a continuous transition between 

distinct mechanisms of collective motion approaching length scales beyond the medium range 

order and provide a new framework for the interpretation of the compressed decay of the ISFs 

in glassy systems, whose origin is a long-standing open question [14,22-25,31-33].  
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  Fig. 1. Length scale dependence of the dynamics. (a) Portion of the static structure factor S(q) 

showing the q regions where XPCS measurements have been performed, and (b) corresponding pair 

distribution functions G(r) measured with synchrotron XRD at T=298 K (see Method). The black dashed 

line in (b) represents the fit of the peak heights and positions using an exponential decay function, 

G(r)=Aexp(−r/ξ). (c)-(e) Selection of intensity autocorrelation functions measured with XPCS at 

q1=0.75 Å-1 (c), q2=1.54 Å-1 (d) and q3,max=2.63 Å-1 (e). The data have been modelled with the sum of 

two KWW components in the sub-Tg region and with a single KWW function in the low temperature 

glass and in the supercooled liquid (Tg = 613 K, determined by calorimetry). 
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Figure 1c-1e show intensity-intensity correlation functions, g2(q,t), measured at three 

characteristic q-values corresponding to distinct regions of the S(q), as highlighted in Fig. 1a. 

These functions are related to the ISFs via g2(q,t)=1+γf(q,t)2, where γ is the geometrical contrast 

arising from the partial coherence of the X-rays [5]. At each q, the dynamics was investigated 

during isotherms upon heating from the glass to the supercooled liquid (Tg = 613 K). Prior to 

each data-set, the sample was cooled from the supercooled liquid at 10 K/min to ensure identical 

initial states. Variation in contrasts of the g2(q,t) at the different qs come from the use of 

different X-ray energies (see Methods).  

A clear trend emerges in the ISFs. At qmax the long-time decay is highly compressed at low 

temperatures and evolves into a stretched form in the supercooled liquid – a hallmark of the 

dynamical crossover in MGs at Tg [14] (see also Fig. S1). Additionally, a gradual increase in 

the amplitude of the ISFs at short times (≤10 s) signals the onset of the α-relaxation on 

approaching Tg, as recently observed in another composition [36]. At lower q-values, the data 

reveal a striking two-step decay of the ISFs which merges into a single process above Tg. 

Moreover, the long-time decorrelation of the ISFs becomes visibly stretched at q=0.75 Å-1.  
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 Fig. 2. Modelling of the double decay of the ISFs and temporal evolution of the dynamics. (a) 

g2(q,t) functions measured at 578 K and q=0.75 Å-1 (a), q=1.54 Å-1 (b) and qmax=2.63 Å-1 (c) together 

with the best fits curves (red lines) with the additive model g2(q,t)add= 1+γ[f1(q,t)+  f2(q,t)]2. The fitting 

components corresponding to the first and second decay processes are represented by solid purple and 

blue lines, respectively, with their associated shape factors (β) displayed accordingly, while the dashed 

lines correspond to the cross term. (d)-(f) Corresponding two times correlation functions showing 

stationary dynamics at q=0.75 Å-1 and aging at q=1.54 Å-1 and qmax=2.63 Å-1(see also Figs. S3 for 

results at other temperatures). The x-axis shows experimental time; the y-axis represents the delay time: 

the bottom panel uses linear time scaling, while the top panel employs logarithmic time binning with 

positions of τ1 and τ2 marked. 

 

We modelled the g2(q,t) measured above Tg using the Kohlrausch-Williams-Watt (KWW) 

expression g2(q,t)=1+γfq
2exp(-2(t/τ)β), where τ is the relaxation time, fq is the non-ergodicity 
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factor, and β is the shape parameter [5]. The same model describes also the low temperature 

data at qmax (Fig. S1), while all the curves measured between T=500 K and Tg  require the use 

of the sum of two KWW functions g2(q,t)add= 1+γ[f1(q,t)+ f2(q,t)]2
= 1+γ [a exp (-

( t
τ1

)β1) +(1-a) exp (- ( t
τ2

)β2)]2
 , with 0<a<1 (black lines in Fig. 1c-1e) [30,41,42]. The 

individual components are shown in Fig. 2a-2c for clarity. A striking length-scale evolution is 

visible in the slower process: the shape parameter β2 decreases significantly across the q-range, 

from a highly compressed value β2=1.77±0.01 at qmax as in [43], to a strongly stretched value 

β2=0.50±0.01 at q=0.75 Å-1, well below the FSDP. In contrast, the faster process is consistently 

described by a stretched exponent β1≈0.5 at all q-values, with its amplitude decreasing as q 

increases, reaching a minimum at qmax. Consistent with earlier studies [36], the g2(q,t) at the 

FSDP can also be described by a multiplicative model; however, this approach fails at lower qs 

(see Fig. S2).  

The temporal evolution of the dynamics during the isotherms is shown in Fig. 2d-2f using two 

times correlation functions (TTCFs) obtained from the instantaneous correlation of successive 

configurations [5]. At qmax and q=1.54 Å-1, the TTCFs display signs of physical aging, as 

evidenced by the progressive broadening of the reddish intensity profile along the main 

diagonal over time [14]. In striking contrast, at the lowest q the dynamics remains stationary 

(see also Fig. S3 for additional TTCFs). This indicates that aging occurs only when the long-

time decay of ISFs is compressed, while the stretched ISFs observed at q=0.75 Å-1 correspond 

to stationary dynamics.  
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Fig. 3. Temperature and q-dependence of the relaxation times and KWW exponents of the two 

processes. Temperature dependence of the relaxation times τ1(q,T) (a) and τ2(q,T) (b) and of the KWW 

exponents β1(q,T) (c) and β2(q,T) (d) of the first (left column) and second (right column) relaxation 

processes. In all figures, the grey regions mark the supercooled liquid phase where the data have been 

described with a single KWW model function (τα(q,T) and βα(q,T) values in the figures). The black full 

lines in (a) and (b) corresponds to the Vogel-Fulcher-Tammann (VFT) equation with τα(q,T) = 

τ0*exp[(D*T0)/(T-T0)], with fitting parameters of D*=18.8±0.2 and T0=398±2 K, describing the 

evolution of the dynamics in the supercooled liquid. The arrows indicate the wavevector evolution of 

the parameters on approaching the FSDP from low qs.     

 

The relaxation times τ1,2(q,T) and β1,2(q,T) KWW exponents obtained from the data fits are 

shown in Fig. 3 for various temperatures and q-values. The data of the supercooled liquid can 

be modelled with a single KWW function (τα(q,T) and βα(q,T)).  
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Above Tg, XPCS probes the α-relaxation, and the ISFs display the expected temperature and q-

dependence of supercooled metallic liquids [11,12,43]. At qmax, τα(qmax,T) follows the Vogel-

Fulcher-Tammann (VFT) relation (Fig. 3a, 3b) with similar trends at the other q-values, albeit 

with fewer data. Furthermore, the relaxation times at q=0.75 Å-1and q=1.54 Å-1 are smaller than 

at qmax, reflecting the de Gennes narrowing due to structure influence on liquid dynamics [37] 

(see Fig. S4 for the full q-dependence in the supercooled liquid). As in other metallic glass-

formers, βα(q,T) remains stretched across all qs and decreases with increasing length scale, 

indicating enhanced dynamic heterogeneities at the intra-clusters level [11,12].  

Below Tg, τ1(q,T) remarkably retains the same q-dependence as the α-relaxation in the 

supercooled liquid but shows a weaker temperature dependence (Fig. 3a). Additionally, β1 is 

nearly constant and close to equilibrium values at qmax (Fig. 3c). In contrast, the slow relaxation 

process exhibits a more complex dependence on both q and temperature: unlike the fast process, 

τ2(q,T) decreases with increasing q on approaching the FSDP maximum (Fig. 2d-2f, 3b). 

Additionally, the temperature dependence is stronger at low q. The differing temperature 

evolutions of τ2(q,T) in the glass and τα(q,T) in the supercooled liquid results in a crossover near 

Tg where data-sets measured at different q-values intersect. Independent measurements confirm 

this crossover, showing that τ2(q,T) evolves from a liquid-like q-dependence near Tg, to a hyper-

diffusive regime, τ2(q,T)~1/qn(T), deep in the glass (Fig. S5). Simultaneously, β2(q,T) evolves 

from compressed at qmax to stretched at the low q and depends on temperature only at q=1.54 

Å-1 and qmax, where the compressed β2(q,T) decreases with increasing temperature towards 

values typical of supercooled liquids (Fig. 3d). A different behaviour is observed at q = 0.75 Å-

1, where β2(q,T) always maintains a constant value of ~0.4. These findings indicate that the 

stress-driven relaxation - manifested by compressed ISFs in MGs - is most pronounced at low 

temperatures and length scales comparable with the structural influence as manifested by the 

FSDP, while it vanishes at the mesoscopic scale where the S(q) is flat (Fig. 1a) and with 

increased thermal fluctuations.    
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Fig. 4. Stress dependence of the fast and slow relaxation processes. (a) Sketch of the protocol used 

to study the effect played by thermal history on the ISFs, by comparing data measured at the same 

temperature T=583 K but following two different experiment path: on heating from the glass state (red 

line) and on cooling from the supercooled liquid phase just above Tg (blue line). Corresponding g2(q,t) 

functions (b) and fitting parameters (c) measured at T=583 K and q=1.38 Å-1 showing the influence of 

temperature path only on the second decay process. (d) g2(q,t) functions measured at T=601 K and 

qmax=2.63 Å-1 showing the influence of vitrification on the dynamics: squares and pentagons are 

measured with an up and down temperature jump to the target temperature as sketched in (a), while 

diamonds are measured in the corresponding supercooled liquid obtained by cooling at 1 K/min. The 

dashed line is a single KWW fitting of the liquid data. The arrows in panels (b), (c), and (d) highlight 

the differences in the second decay between the down-jump and up-jump measurements. 
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To better understand the nature of the two relaxation processes observed in the ISFs, we 

conducted additional experiments to examine the effect of aging, internal stresses, and 

vitrification kinetics. In a first test, we applied a tailored temperature protocol (Fig. 4a) and 

compared ISFs measured at the same temperature T=583 K and q=1.38 Å-1 but with distinct 

temperature paths, keeping the same heating and cooling rates to ensure the same fictive 

temperature, Tf, which reflects the glass thermodynamic state [44]. The selected q-value ensures 

a clear double decay in the ISFs, with a compressed slow component and experimentally 

accessible relaxation times. First, we measured the dynamics during an isotherm at T=583 K 

after heating the glass from room temperature (red data and parameters in Fig. 4b and 4c). Then, 

we equilibrated the sample in the liquid and cooled it back to T=583 K (blue data and 

parameters). Although both glasses have the same Tf, and would thus be expected to exhibit 

comparable ISFs, we observe a distinct difference in the second slow relaxation process: the 

down-jump protocol shifts τ2(q,T) to larger values and reduces β2(q,T), while the faster process 

remains nearly unchanged. We attribute these differences to variations in internal stresses 

generated during the thermal expansion and contraction: the up-jump protocol (involving 

continuous heating of 280 K) likely induces larger local atomic stresses compared to the milder 

down-jump protocol (involving continuous cooling of ~50 K). A similar evolution of τ2(q,T) 

and β2(q,T) is also observed during physical aging, consistent with stress relaxation upon 

annealing (see Fig. S6) [17]. 

We now focus on the initial decay in the ISFs. To better understand the observed stationarity 

of this rapid relaxation, we examined the role of vitrification. Specifically, we compared 

isothermal measurements performed at T=601 K (12 K below the calorimetric Tg) following 

heating and cooling protocols at 20 K/min, both corresponding to the glassy state, with 

equilibrium data obtained in the supercooled liquid at the same temperature and q-value. The 

latter were collected by slowly cooling the high-temperature supercooled liquid at 1 K/min and 

performing different isothermal steps. As shown in Fig. 4d and in Fig. S7 for another q-value, 

the fast decay observed in the non-equilibrium glass overlaps with the short-time profile of the 

α-relaxation measured in the supercooled liquid. This clearly indicates that the first decay in 

the ISFs corresponds to the unfrozen components of the α-relaxation, which still persist below 

Tg. 

In light of these new results, the interpretation of the atomic dynamics in MGs should be 

revised. We attribute the first relaxation process to fast, heterogeneous motions contributing to 

the α-relaxation, which remain active even below Tg [36,45-48]. This interpretation is supported 
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by several observations: the overlap of the short-time decay of ISFs measured in both the liquid 

and the glass at the same temperature (Fig. 4d and S6); the liquid-like q-dependence of τ1(q,T), 

reminiscent of de Gennes narrowing in equilibrium liquids (Fig. 3a and S4) [11,12]; the 

constant stretched β1(q,T) closely matching that of the supercooled phase (Fig. 3c) [49]; and 

the stationary nature of  the first decay, which is unaffected by the temperature path or aging 

(Fig. 4 and S5). Our data also reveal that the anomalous compressed decay of the ISFs 

universally observed in MGs occurs only at atomic scales and is accompanied by a non-trivial 

dependence on both q and temperature. For q-values near the FSDP, the ISFs exhibit the 

characteristic compressed-to-stretched dynamical crossover at Tg (Fig. 1 and S1), aging (Fig. 2 

and S3) and a weak temperature dependence in the glassy state (Fig. 3b). In contrast, at the 

lowest q-value, the ISFs display stretched exponential decays (Fig. 1), stationary dynamics 

(Fig. 2), and a strong temperature dependence (Fig. 3b). These observations reflect a 

hierarchical organization of the dynamics in MGs. Numerical studies indicate that frozen-in 

stress heterogeneities formed upon vitrification can still partially relax through elastically 

driven intermittent fluctuations, leading to faster than exponential dynamics [23,24,32,33]. The 

evolution of β2(q,T) - from compressed to stretched with decreasing q - can be understood as a 

statistical averaging at large length scales. While directional drift motions of rigid domains 

dominate at the MRO scales [20,36], these localized drifts tend to cancel statistically once the 

probed scale exceeds the structural correlation length of the material (Fig.1b), giving rise to a 

heterogeneous collective motion of the different domains. This interpretation aligns with recent 

numerical simulations of avalanche-like intermittent events in Lennard-Jones systems [20,50], 

where the events manifest as abrupt cluster rearrangements or micro-rotations, which tend to 

vanish at larger observational scales, reflecting the stabilizing effect of the statistical structural 

averaging over different domains. As aging is associated with stress relaxation and compressed 

ISFs (Fig. S3 and S6), it vanishes as the probed length scale increases (Fig. 2), as in colloidal 

polycrystals under cyclic shear [51].  

Thermal motion can also screen the elastic fluctuations responsible for compressed ISFs 

[24,33], providing a natural explanation for the dynamical crossover observed at Tg. In addition, 

the persistence of fast, liquid-like dynamical components below Tg – manifested in the rapid 

initial decay of the ISFs – implies the presence of significant mean particle displacements [47], 

which reduce the internal stress field associated to the formation of rigid domains. This partial 

activation of the α-relaxation may account for the complex behaviour of τ2(q,T) which 

continuously evolves from a τ2(q,T)~q dependence near Tg, to a hyper-diffusive τ2(q,T)~1/qn(T) 
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trend at lower temperatures, as β2(q,T) increases as well (Fig. 3b and S5). Given that the system 

exhibits stationary dynamics at q = 0.75 Å-1, while it shows aging at higher q-values with 

increasingly faster rate at qmax (Fig. 2d-2f), the q-dependence of τ2(q,T) is also expected to vary 

with time (Fig. 3b).  

Compressed ISFs have been observed also in oxide and chalcogenide glasses [52-55]. In these 

glasses, however, the dynamics is induced by X-ray irradiation and is accompanied by structural 

damage. Although, no evidence of an influence of the X-rays on the dynamics and the structure 

was reported in MGs [52], the presence of local heating with the increased coherent flux of 4th 

generation synchrotrons [34] could imply some subtle contributions which would require 

specific investigations. 

 

Materials and methods:  

Sample preparation: Metallic glass samples with compositions of Zr46.25Ti8.25Cu7.5Ni10Be27.5 

(Vit4), Pd42.5Cu27Ni9.5P21, and Pt42.5Cu27Ni9.5P21 (all in atomic percent) were synthesized from 

elements with a minimum purity of 99.99%. The Vit4 alloy was melted under a high-purity 

argon atmosphere and subsequently processed into ribbons by melt spinning, resulting in a 

thickness of 30 ± 2 μm. The Pd- and Pt-based alloys were produced by pre-melting the metal 

elements in a Ti-gettered argon atmosphere. Elemental phosphorus was inductively alloyed 

with the pre-melted alloys in a fused silica tube under controlled argon. The resulting alloys 

were then fluxed in dehydrated high-purity B2O3 at 1473 K for at least 6 hours. Final MG 

ribbons were fabricated by melt spinning onto a rotating copper wheel under high-purity argon, 

obtaining samples with a thickness of 20 ± 2 μm. 

XRD measurements: The atomic structure of Vit4 MG was characterized at the ID15a 

beamline of ESRF using a high-energy X-ray (68.5 keV) and a sample-to-detector distance of 

145 mm. Scattered intensities were recorded at room temperature using a Pilatus3 X CdTe 2M 

detector with an exposure time of 1 minute. The resulting diffraction patterns were azimuthally 

integrated using standard routines from the pyFAI library. Measurements for Pd42.5Cu27Ni9.5P21, 

and Pt42.5Cu27Ni9.5P21 MGs were conducted at beamline P02.1 of PETRA III, DESY, using a  

high-energy X-ray (60 keV) with a beam size of 0.8×0.8 mm2. The diffraction patterns were 

collected with a Perkin Elmer XRD1621 detector and integrated using the Fit2D software 

package. Further data processing was carried out with PDFgetX2 software package [56], 

including the calculation of structure factor, S(q), and pair distribution function, G(r). S(q) was 
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obtained from the scattered intensity IC(q)  as S(q)=1+ IC(q)−|〈𝑓(q)〉|2|〈𝑓(q)〉|2 , where 〈𝑓(q)〉= ∑ c𝛼𝑓𝛼(q) 𝛼 with fα(q) and cα  the atomic form factor and atomic concentration for 

chemical species α, respectively. G(r) were then obtained through a Fourier transformation of 

the S(q) using the relation G(r)= 2
π ∫ q(S(q)-1)sin(qr)dq+∞

0 . 

XPCS measurements: The temperature-dependent and up/down-jump XPCS measurements 

were conducted at the ID10 beamline of ESRF-EBS (Grenoble, France). Due to space limitation 

in the experimental hutch, the maximum scattering angle accessible by XPCS at ID10 is limited 

to ~50 degrees. As a consequence, the energies of the X-rays has been tuned to cover the 

interested wave-vector range: a X-ray beam with incoming energy of 15.87 keV has been used 

to cover the q = 1.38 Å-1 – 2.63 Å-1(flux ≈ 8.0×1011 photons/s) , with a beam size of 7.7 µm×

3.9 µm (V×H, FWHM); and a 7.67 keV incoming energy was instead employed for the low-q 

regime for q= 0.75 Å-1 – 1.7 Å-1 (flux ≈ 1.1×1012 photons/s) , with a beam size of 5.7 µm×

2.6 µm (V×H, FWHM).  In both geometries, data were evaluated by considering a Δq = 0.23 

Å-1. Speckle patterns were recorded using an CdTe Eiger X4M detector positioned at 5.0 m 

from the sample, operating in continuous acquisition mode with 10 ms frame exposure. To 

ensure data consistency and eliminate aging effects, a standardized thermal protocol was 

implemented: prior to each measurement, the sample was cooled from the SCL state (~Tg+30 

K) at a cooling rate of 10 K/min. The temperature-dependent dynamics were systematically 

investigated through isothermal measurements ranging from near room temperature up to the 

supercooled liquid phase.  

The additional measurements of Vit4, and the Pd- and Pt-based MGs were conducted at 

beamline P10 (PETRA III) at DESY (see Supplementary Information for details). An incident 

energy of 8.25 keV was used, with a beam size of 1.7 µm×2.7 µm (V×H, FWHM), delivering 

a coherent flux of 5.0×1010 photons/s. The data were collected using a Si Eiger X4M detector 

positioned 1.8 m from the sample. Measurements were performed in the 1.41 to 2.87 Å-1 q-

range. 

For the XPCS experiments, temperature was controlled using dedicated resistively heated, 

water-cooled furnaces. These setups enabled operation under vacuum and achieved temperature 

stability better than 40 mK. At ESRF, the high coherent flux produces a local heating in the 

illuminated sample area [57], so temperature corrections are required when comparing data 
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taken at different photon energies. This effect is absent at P10 due to the lower coherent flux. 

To evaluate the thermal increase induced by the X-rays, we directly compared data acquired at 

the same q=1.54 Å-1 with both energies (compared to the reference condition at 15 keV, a 

temperature shift effect of 14 K was observed at 7.67 keV and has been corrected in the dataset).  

XPCS data analysis: For each measurement, we collected series up to 500,000 speckle patterns 

frames for analysis. To improve the signal-to-noise ratio, time binning approach was applied 

prior to the computation of g2(q,t) [20]: for the full-time regime, the data were binned with 6 to 

10 points per decade. The data were then processed using the sparse correlator algorithm 

described in reference [58] to extract the intensity-intensity correlation functions, g2(q,t). Then, 

the entire time was divided into 10 segments, and g2(q,ta) was computed for each segment 

before being averaged. The final g2(q,t) was obtained by combining the averaged data (< 1s) 

with the full-time binned data. To further resolve the dynamic evolution throughout a single 

XPCS scan, the TTCF was computed as C(t1, t2) = ⟨I(t1)I(t2)⟩p / (⟨I(t1)⟩p⟨I(t1)⟩p), where I(ti) is 

the intensity of a given pixel at time ti and ⟨·⟩p denotes averaging over all illuminated pixels. 

The TTCF was derived from the correlation between scattering patterns recorded at times t1 and 

t2. In the TTCF, the diagonal (t1 = t2) reflects the short-time dynamics at each moment and 

corresponds to g2(q, t = 0), while horizontal and vertical traces represent g2(q,t) curves relative 

to specific reference times t = |t2-t1|.  
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