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We studied structural relaxation in the bulk metallic glass-forming alloy Zr46.8Ti8.2Cu7.5Ni10-
Be27.5 on different time and length scales, with emphasis on the supercooled liquid state. Using
X-ray photon correlation spectroscopy, we determined the microscopic structural relaxation time
covering timescales of more than two decades in the supercooled liquid region, down to sub-second
regime. Upon heating across the glass transition, the intermediate scattering function changes
from a compressed to a stretched decay, with a smooth transition in the stretching exponent and
characteristic relaxation time. In the supercooled liquid state, the macroscopic and microscopic
relaxation time, as well as the melt viscosity all exhibit the same temperature dependence. This
points to a relaxation mechanism via intrinsic structural relaxation of the majority component Zr,
with its microscopic timescale controlling both the stress relaxation and viscous flow of the melt.

I. INTRODUCTION9

Metallic glasses (MGs) exhibit out-of-equilibrium dis-10

ordered structure. As a consequence, their structural11

configurations permanently change towards a more stable12

state, a process called structural relaxation or physical13

aging [1]. The structural relaxation has been subjected14

to many experimental and theoretical investigations [2–6]15

due to its abundance of phenomenology, which is tightly16

connected with the structure and dynamics of glasses [7].17

Due to the disordered structure, metallic glasses and18

bulk metallic glasses (BMGs) exhibit extraordinary phys-19

ical and chemical properties, e.g.: high strength, high20

hardness, good corrosion and wear resistance, soft mag-21

netic properties, etc [8–10]. This makes them attractive22

candidates for novel applications in many fields. Since23

the properties of the glass-forming melt are governed by24

the relaxational dynamics, knowledge of its timescales25

is not only essential for understanding fundamental pro-26

cesses like glass transition and transport phenomena, but27

also relevant for a range of technologically important28

processes related to MGs. For instance, the long range29

atomic transport, as well as macroscopic thermophysical30

properties like density and shear viscosity are key param-31

eters during the fabrication of MGs, including additive32

manufacturing and thermoplastic molding [11, 12]. Also,33

the relaxation of metallic glasses towards a more stable34

(or aged) glassy state controls the long time evolution of35

their properties, which are crucial when used as struc-36

tural materials [1].37

BMGs provide a unique possibility for studying the38

structural relaxation behavior in both the glass and the39

supercooled liquid, owing to their good thermal stability40

against crystallization. In addition, compared to molec-41

ular or oxide glass formers, MGs are composed of atoms42
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with no internal degrees of freedom, hence exhibit only43

translational dynamics. At elevated temperatures, close44

to the liquidus temperature, the dynamics of the melt ex-45

hibit a two-step structural relaxation, with the long-time,46

so-called α-relaxation dominated by highly coupled mi-47

croscopic timescales [13, 14]. In contrast, at low tempera-48

tures close to the glass transition, the relaxation pathway49

is more complex and heterogeneous, with a number of50

secondary relaxation processes, decoupled from the pri-51

mary α-relaxation [1, 15–17]. So far, these processes have52

been primarily probed mechanically on macroscopic scale53

[1, 15, 17], mainly by characterizing the creep behavior54

under static mechanical load, the stress relaxation under55

static deformation, or the mechanical response (moduli)56

to periodic strain oscillations as a function of frequency57

[15]. The timescales cover a range from 10−3 s to 103 s,58

which correspond typically to the α- and β-relaxation59

processes in the glass and supercooled liquid regions.60

However, some fundamental questions remain open61

and the correlation between the glass dynamics, the aging62

process and the alloy properties has not been well under-63

stood yet [17, 18]. For example, the frequency span and64

shape of the α-relaxation for different MGs are found to65

be quite similar by mechanical spectroscopy [1, 17], while66

the β-relaxation behavior depends rather sensitively on67

composition. Insights into these relations requires knowl-68

edge of the intrinsic physical processes on both the mi-69

croscopic time and length scales. Over decades, this was70

hindered due to the lack of suitable complimentary tech-71

niques probing the corresponding microscopic dynamics72

in the time window of mechanical spectroscopy. Con-73

ventional dielectric spectroscopy and light scattering are74

not applicable due to the electrical conducting nature75

of alloys, and straightforward interpretation of nuclear76

magnetic resonance (NMR) measurements is only possi-77

ble with a limited number of elements (isotopes), mostly78

those with relatively simple electron shell structures.79

Study of the microscopic dynamics in metallic glasses80
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has become feasible only recently with the instrumen-81

tal developments of the X-ray photon correlation spec-82

troscopy (XPCS) [16, 19–24]. XPCS directly probes the83

evolution of the structural relaxation features via mon-84

itoring the fluctuation of the scattered speckle pattern85

from a coherent X-ray beam. With the advances in86

the high brilliance third generation synchrotron sources,87

XPCS has emerged as a very powerful technique for88

studying microscopic dynamics, revealing unexpected89

phenomena like the intermittent, heterogeneous nature90

of the aging dynamics in metallic glasses [16]. With the91

use of a fast X-ray detector, here we determined intrinsic92

relaxation times in the range of 10−1 − 104 s by XPCS,93

covering a large fraction of the time scales accessible by94

mechanical spectroscopy. Utilizing both techniques, we95

investigate structural relaxation processes on different96

length scales, and how the microscopic processes con-97

trols the macroscopic properties of the metallic glasses98

and supercooled melts.99

II. EXPERIMENTAL PROCEDURE100

XPCS and mechanical spectroscopy experiments were101

carried out on a well-known Zr-based BMG: Zr46.8Ti8.2-102

Cu7.5Ni10Be27.5, commercially known as Vitreloy® 4103

(Vit4). Its undercooled melt exhibits a remarkable sta-104

bility against crystallization, allowing the study of the105

supercooled liquid (SCL) region over a wide temperature106

range and long annealing times. Glassy ribbons of Vit4107

were prepared from pure elements with a purity of at least108

99.99% by arc-melting and subsequent melt spinning pro-109

cedure under high purity argon atmosphere. During the110

melt spinning process the copper wheel linear tangential111

velocity was set to 40 m/s. The manufactured ribbons112

were 30±5µm thick.113

The XPCS measurement was carried out on the P10114

beamline at the synchrotron facility PETRA III, DESY.115

The Vit4 ribbon was mounted on the standard P10 sam-116

ple insert, between two copper plates which served both117

as mechanical support and thermal contact, and then118

placed into a DN100 vacuum cube evacuated down to119

better than 1×10−5 mbar. A coherent X-ray beam of120

8.25 keV was used. Speckles patterns were collected by121

a EIGER X4M detector with a capability of frame rates122

up to 750 Hz placed at ∼ 1843 mm downstream of the123

sample, at a scattering angle of 2θ = 36◦. This corre-124

sponds to a momentum transfer q ∼ 2.6 Å−1, i.e., at the125

position of the first structure factor maximum. A pre-126

annealing treatment before the XPCS experiment was127

performed to release the residual stress, by heating the128

ribbon up to 600 K using identical heating and cooling129

rates of 1 K/min, i.e., just above the calorimetric glass130

transition temperature Tg at this heating rate [25], with131

the ribbons clamped in straight shape. The sample was132

then measured in isothermal steps during two heating133

runs, one from 520 K to just above 600 K, and another134

from 520 K to 673 K [26]. A temperature incremental step135

of 5 K was used between the individual measurements for136

the SCL regime. Between the isothermal steps, 2θ scans137

were performed to confirm the amorphous nature of the138

ribbon. A temperature offset between the sample tem-139

perature and the furnace temperature of 27 K was cor-140

rected [27].141

The mechanical relaxation behavior was investigated142

with mechanical spectroscopy and static stress relaxation143

experiments in a TA instruments Q800 Dynamic Me-144

chanical Analyzer. The mechanical spectroscopy mea-145

surements were performed at a heating rate of 1 K/min146

with driving frequencies from 0.03 to 30 Hz. The static147

stress relaxation experiments were performed in isother-148

mal steps applying constant strains of 0.1%. Before the149

application of the strain a 20 min isothermal equilibration150

was performed at each temperature. Similar to the XPCS151

measurements, also in both the stress relaxation and me-152

chanical spectroscopy experiments, the ribbon was pre-153

annealed up to Tg before the measurements to reduce the154

internal stresses.155

III. RESULTS156

A. XPCS157

In an XPCS experiment the quantitative information158

of the sample dynamics can be obtained by calculating159

the so-called two-time correlation function (TTCF)160

G(q, t1, t2) =
〈I(q, t1), I(q, t2)〉p
〈I(q, t1)〉p〈I(q, t2)〉p

, (1)

where 〈. . . 〉p denotes an ensemble averaging over equiv-161

alent pixels corresponding to the same scattering vector162

q. A representative of TTCF of the ribbon in the SCL163164

regime at 628 K is shown in Figure 1. For experiments165

which start at t1 = t2 = 0, its averaged g2(q, t) function166

at a mean time of (t1 + t2)/2 and a lag time t = |t1− t2|,167

corresponds to168

g2(q, t) = 1 + γ(q)|f(q, t)|2 (2)

where γ(q) is the q-dependent speckle contrast in the ex-169

periment and f(q, t) is the intermediate scattering func-170

tion. The scattering function reflects the time depen-171

dence of the density (electronic) correlation in the sam-172

ple, which is a spatial Fourier transformation of the den-173

sity auto-correlation function, and hence the atomic dy-174

namics [28].175

The common heterogeneous feature of structural relax-176

ation is usually described according to the Kohlrausch-177

Williams-Watts (KWW) function, which gives178

g2(q, t) = 1 + a(q)exp[−2(t/τ(T ))β(T )] (3)

where τ is the characteristic relaxation time, β is the179

shape parameter (β < 1 defines a stretched and β > 1 a180

compressed exponential decay). a(q) = γ(q)f2(q) is the181
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FIG. 1. Two-time correlation function (TTCF) measured on
the Vit4 ribbon by XPCS at 628 K.
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FIG. 2. Measured g2(t) functions on Vit4 ribbons. Temper-
atures from right to left: 523 K, 543 K, 553 K, 563 K, 583 K,
593 K, 598 K, 603 K, and from 613 K with a 5 K increment up
to 658 K. Blue magenta, and red symbols represent g2(t) in
the glassy, glass transition, and SCL regions, respectively.

product of the speckle contrast γ(q) and the so-called182

non-ergodicity parameter f(q) (or Debye-Waller factor)183

[19]. Fig. 2 shows the measured g2(t) functions at differ-184185

ent temperatures. Since all measurements here were done186

at a single scattering vector q, we dropped the q notation187

of the correlation function in the following. Without fur-188

ther notice, this refers always to q = 2.6 Å−1 i.e., at the189

first structural factor maximum. For clarity some tem-190

peratures are omitted in the plot. From right to left the191

measurement temperature increases. Consequently the192

dynamics become faster and the characteristic timescale193

on which the correlation function g2(t) decays decreases.194

The solid lines in Fig. 2 represent the best fit of the195
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FIG. 3. Evolution of (a) the pre-exponential factor a(q) =
γ(q)f2(q), (b) the stretching exponent β, and (c) the decay
time τ of the obtained g2(t) function as a function of temper-
ature. Open symbols correspond to data obtained in the 1st

heating, full symbols correspond to that from the 2nd heat-
ing. Horizontal lines in (a) and (b) represents the average
value of a(q) and β in the SCL regime, respectively. The
dashed vertical line marks the glass transition region. The
calorimetric glass transition temperature at this heating rate
is around 596 K [25] (dotted line). Same as in Fig 2, the blue,
magenta, and red colors represent data obtained in the glassy,
glass transition, and SCL regimes, respectively.

measured g2(t) according to eq. 3. The fitting proce-196

dure was done in an iterative way: first all fit param-197

eters were free adjustable during fitting. This gives a198

pre-exponential factor a(q) which decreases with increas-199

ing temperature below 573 K, and then scatters around a200

value a(q) ∼ 0.04 above 573 K, as shown in Fig 3a. Above201

630 K the uncertainty is considerably larger as the initial202

decay of g2(t) is moving out of the accessible time win-203

dow due the faster dynamics at higher temperatures. In204

a second step for temperatures above 573 K the a is set to205

0.0401 (horizontal line in Fig. 3a). This results in shape206

parameter β displayed in Fig 3b. It can be seen that the207

β exhibits a continuous decrease with increasing temper-208

ature up to of about 620 K, then it remains almost tem-209

perature independent with a value of about 0.61. The210

structural relaxation time τ is hence derived accordingly211

with a fixed a = 0.0401 ± 0.0005 above 573 K and with212

additionally a fixed β = 0.61± 0.04 above 620 K.213214

In Fig. 3 we also distinguished data obtained during215
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the first and second heating and shown fit parameters216

derived from different exposure times. It can be seen217

that the parameters obtained from the second heating218

are a continuation of that obtained from the first heat-219

ing. The results are in agreement within error bars in220

the overlapping region. The measured g2(t)s agree also221

between different detector exposure times, with the only222

difference that at short exposure time the signal-to-noise223

ratio decreases. Hence, although the Eiger detector used224

in the experiment is capable to be operated at even higher225

frame rates, we did not explore the g2(t) details below226

0.1 s.227

B. Mechanical relaxation228

The stress relaxation is observed by recording the de-229

cay of stress change with time. The evolution of the230

stress, normalized to the initial value, at different tem-231

peratures is shown in Fig. 4a. Similar to the XPCS mea-232233

surement, here the decay of the stress can be described234

by a stretched exponential235

σ(t)/σ0 = exp[−(t/τ)β ], (4)

where τ is the timescale of the stress relaxation, β is the236

stretching KWW exponent, and σ0 is the initial applied237

stress. With this we assume that also in the glassy region238

the applied stresses can be fully relaxed. A similar fit-239

ting procedure for determining the stretching exponent240

was used: below 620 K β was left as a free fitting pa-241

rameter, and above 620 K a fixed β = 0.525 was used.242

The characteristic relaxation timescale is then derived243

accordingly.244

The obtained relaxation time and shape parameter are245

shown in Fig. 4b and Fig. 4c as a function of temper-246

ature. In contrast to g2(t) in the XPCS experiment,247

in the glassy region the shape of the stress relaxation248

curve remains stretched, with a stretching exponent β249

slightly below 0.5. This increases across the glass tran-250

sition, here observed around 600 K, towards an average,251

constant value of β ∼ 0.5. The transition temperature252

can be also consistently identified from where the ob-253

tained relaxation time changes its temperature depen-254

dence. In addition to the stress relaxation experiments,255

the α peak of the loss modulus was obtained from me-256

chanical spectroscopy at different frequencies, and fitted257

to the Havriliak-Negami function in order to obtain the258

corresponding relaxation time and shape parameters [29].259

The relaxation times of the α peak, shown in Fig. 4c, are260

in agreement to that obtained from the static stress relax-261

ation above Tg, while below the glass transition they di-262

verge due to the different aging state of the samples used263

in the two types of probes. The mechanical spectroscopy264

measurements were performed at a constant heating rate265

of 1 K/min while the stress relaxations were monitored266

in long isothermal steps, mimicking the thermal protocol267

in the XPCS experiments.268
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FIG. 4. (a): Decay of the normalized stress measured at
constant strain steps at different temperatures on the Vit4
sample. (b) and (c): Derived stretching exponent and relax-
ation times according to eq. 4, respectively. In (c) also the
relaxation times of the α-peak obtained from the mechanical
spectroscopy measurements are shown. Dotted line represents
the temperature of the calorimetric glass transition.

IV. DISCUSSION269

A. Behavior across the glass transition270

As shown in Fig 3 upon heating across the glass transi-271

tion the shape of the g2(t) function changes from a com-272

pressed (β > 1) to a stretched shape (β < 1). Also a273

drop of the non-ergodicity parameter f(q) is observed,274

as the scattering contrast γ(q), although depends on the275

experimental set-up, can be regarded as temperature in-276

dependent within the studied temperature range. This277

is consistent with the previous observation on MGs with278

XPCS, in particular, the change from the compressed to279

stretched g2(t) upon an entry into the supercooled liquid280

region [19, 30].281
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Moreover, here we are able to show that for Vit4 across282

the glass transition there is a continuous, monotonic283

change in both β and f2(q): f2(q) decreases with in-284

creasing temperature until 570 K, and then becomes al-285

most temperature independent within the experimental286

uncertainty. Also the β value drops continuously from287

1.75±0.14 at 523 K to 0.67±0.07 at 618 K. β <1 indi-288

cates that the sample has reached the supercooled liquid289

state [16, 19], inline with where the relaxation time τ ex-290

hibits a different slope or activation energy (Fig. 3c). The291

transition occurs during the heating experiment starting292

around 600 K, at this temperature β falls below 1, and293

culminates around 618 K, with a relaxation timescale of294

about 245 s.295

On the other hand, below 570 K f2(q) decreases con-296

tinuously upon heating towards an almost constant value297

in the supercooled liquid region. Such a temperature298

dependence of f2(q) is very similar to the change of299

the Debye-Waller factor observed in metallic and non-300

metallic glasses due to a fast (β) relaxation process, for301

which the mode coupling theory (MCT) predicts [31]302

f(q) = f c(q) + hc
√

(Tc − T )/Tc (5)

where Tc is the critical temperature of the MTC, f c(q)303

is the Debye-Waller factor at Tc, and hq is an ampli-304

tude. However, it is obvious that here this plateau value305

is reached even below the glass transition temperature306

Tg, and Tc = 875 K of the Vit4 alloy is considerably307

higher [13]. Thus, despite the similar temperature de-308

pendence, the standard MCT scenario does not apply.309

Certainly a fast relaxation processes upon entering the310

SCL would be an intuitive interpretation. Yet, the char-311

acteristic transition temperature and timescale depends312

both on the wave number and on the experimental ob-313

servation time window. Thus, they are not directly com-314

parable with those observed by other experimental tech-315

niques. For example, in the neutron back-scattering and316

the Mössbauer absorption experiments the observed f(q)317

of Vit4 is completely harmonic in this temperature range318

[25, 32]. Moreover, below Tg the sample is a stiffer ma-319

terial and the dynamics observed by XPCS could always320

be a superposition of possible (residual) stress-driven dy-321

namics and the intrinsic relaxation dynamics. Additional322

studies, particularly focusing on the short timescale dy-323

namics, are needed to clarify their effect, before the drop324

of f2(q) can be unambiguously attributed to the intrinsic325

β-relaxation.326

The presence of compressed microscopic dynamics has327

been observed in a variety of out-of-equilibrium sys-328

tems, jammed soft materials [33–35]. In the case of soft329

glasses, the compressed dynamics has been associated to330

dipole forces due to a stress field occurring in the out-331

of-equilibrium state. This is related to the densification332

during aging, which creates some micro-collapses lead-333

ing to a ballistic-like collective particle motion. Here in334

Vit4, beside the common β ∼1.5 shape exponent, the335

observation of a continuous, monotonic decrease of beta336

across the glass transition appears to be very similar to337

these soft disordered systems, which has not been re-338

ported previously in metallic glasses. This behavior sug-339

gests the existence of a progressive transition between340

the stress-dominated dynamics of glasses and the mixed341

diffusion and hopping particle motion of supercooled al-342

loys [23]. Nevertheless, with respect to the case of soft343

glassy materials, the detailed microscopic picture in MGs344

remains to be disclosed, due to the difficulty to probe345

the intermediate scattering function in a glass below Tg346

with both others experimental techniques and numerical347

simulations. Only very recently, numerical works have348

shown the compressed correlation functions in the self-349

part of the intermediate scattering function in metallic350

glass formers, attributed to the increasing connectivity351

in icosahedral clusters upon cooling in the supercooled352

liquid state [36].353

B. Time-temperature-superposition above Tg354

Fig. 5 shows the g2(t) function obtained by XPCS and355

the decay of the normalized stress σ(t)/σ0 for the SCL356

regime, both scaled with the corresponding relaxation357

time in the temperature range between 603 K an 658 K. It358

can be seen that after the scaling, both g2(t) and σ(t)/σ0359

fall onto a single master curve. A fit with a stretched360

exponential decay gives β = 0.59 ± 0.08 for XPCS mea-361

surements and β = 0.51± 0.01 for the mechanical relax-362

ation, respectively. This is in agreement with the aver-363

aged value for β obtained in the previous section for the364

supercooled liquid region. Thus, in the entire SCL tem-365

perature range studied here, the atomic dynamics and366

the macroscopic stress relaxation are in full accordance367

with the time temperature superposition principle. The368

time temperature superposition properties for relaxation369

measured by mechanical spectroscopy are well known for370

metallic glasses in the supercooled liquid regime close to371

Tg [1, 17]. In fact, as shown in Fig. 5c, also in the fre-372

quency domain the loss modulus can be scaled onto a373

single master curve described by the imaginary part of374

the Havriliak-Negami function375

E(ω)/E0 = 1− 1

[1 + (iωτ)α]γ
, (6)

with α = 0.836 ± 0.006 and γ = 0.405 ± 0.006, corre-376

sponding to a stretching exponent β of about 0.5 [29],377

which is rather universal for the α-relaxation in metallic378

glasses [37, 38].379

Compared to the relaxation of mechanical stress, the380

g2(t) function obtained from XPCS exhibit a slightly381

higher β. However, it is within the uncertainty margin of382

the experiment. β < 1 is usually regarded as the result of383

a distribution of different relaxation times [7], associated384

with the presence of spatial and dynamical heterogene-385

ity [39–42]. The slightly different stretching exponents386

observed in mechanical relaxation and in XPCS could387

be originated from the different relaxational observables388
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modulus (c) in the supercooled liquid regime of Vit4.

(stress vs. density correlations) probed in the two tech-389

niques.390

C. Relaxation on different length scale391

Fig. 6 shows the different relaxation times in the stud-392

ied temperature range. The relaxation time (frequency)393

of the small Be atoms obtained by previous NMR study394

[43], and the equilibrium melt viscosity close to Tg [44] are395

also shown for comparison. The dashed line represents a396

Vogel-Fulcher-Tammann (VFT) fit of the melt viscosity,397

η(T ) = η0exp[D∗T0/(T − T0)], where η0 = 4× 10−5 Pa s398

is the high temperature limit of the melt viscosity, D∗ is399

the fragility parameter of the melt, and T0 is the tem-400

perature where the barriers for the viscous flow become401

infinite. The fragility of the melt in this temperature402

range derived from the melt viscosity is of about 22.7403

[44].404

It can be seen that the relaxation time of Be atoms is405
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FIG. 6. Comparison of the microscopic and macroscopic re-
laxation time measured by XPCS, stress relaxation, and the
peak of the loss modulus (DMA HN) of the Vit4 glass as
a function of temperature. The viscosity of the supercooled
melt [44] and Be atom relaxation time [43] are also shown.
The solid and dashed lines represent VFT-fit of the XPCS re-
laxation time and the melt viscosity in the SCL, respectively.
Star and cross symbols show the relaxation time obtained
from heating rate dependent calorimetric Tg and from viscos-
ity relaxation, respectively.

considerably faster and exhibits a different temperature406

dependence compared to those obtained from mechanical407

spectroscopy and XPCS. It has been previously observed408

that the small atom dynamics and the β-relaxation pro-409

cesses in a number of MGs, including Vit4, exhibit similar410

time scales and activation energies [45, 46]. However, in411

the temperature range investigated here, its time scale412

would be largely outside the observation time window of413

the XPCS measurement. In addition, for the Vit4 al-414

loy, the correlation function measured by XPCS is domi-415

nated by the scattering that arises from the Zr atoms, due416

to its highest concentration and atomic number. Thus,417

the structural dynamics observed here by XPCS can be418

reasonably attributed to the α-relaxation, contributed419

mainly by the Zr atom dynamics.420421

In contrast to the decoupled small atom dynamics,422

the α-relaxation time τα obtained by mechanical spec-423

troscopy and by XPCS exhibit very similar tempera-424

ture dependence. The fragility parameters obtained from425

XPCS and stress relaxation times are 21.8±5.7 (solid426

line in Fig. 6) and 19.8±3.6, respectively. This agrees427

with that of the melt viscosity within the experimental428

uncertainty. This confirms that the relaxation time of429

the g2(t) function corresponds to the timescale of the α-430

relaxation. It is also known from previous measurements431

by Busch et al.[44] that the time required for the appar-432

ent viscosity to relax towards its equilibrium value during433

isothermal three point beam bending viscosity measure-434

ments, and the timescale derived from the heating rate435

dependent glass transition temperature are proportional436
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to the melt viscosity, as shown in Fig. 6. Thus, in the su-437

percooled liquid regime investigated here, the structural438

relaxation is governed by a dominant microscopic relax-439

ation timescale, which controls the macroscopic flow, the440

calorimetric glass transition, and the mechanical behav-441

ior. This is further supported by the similar stretching442

exponents.443

Beside the similar stretching exponent and tempera-444

ture dependence, however, the absolute timescale differs445

by of about a factor of 10 between the microscopic struc-446

tural relaxation and the decay of the macroscopic stress.447

The temperature uncertainty in the different experimen-448

tal techniques has been checked by various methods and449

cannot explain the difference in timescales. This should450

be also distinguished from the situation around 600 K ob-451

served previously for Zr44Ti11Ni10Cu10Be25 [21], where452

similar relaxation times were found but, in the case of453

XPCS, the temperature dependence and the stretching454

exponent clearly corresponded to that in the glass tran-455

sition region and hence different from that observed here456

in the SCL.457

Such kind of discrepancies of relaxation times in the458

SCL are known for different physical quantities [18, 47,459

48], also here shown for the heating rate dependent glass460

transition and the equilibrating time of the apparent vis-461

cosity in Fig. 6. Concerning the difference between the462

microscopic structural relaxation and macroscopic stress463

relaxation times, for Vit4, a slower microscopic relax-464

ation time indicates that the stress can be already relaxed465

without a complete decay of the atomic correlation at466

next-nearest neighbor distances. Considering the highly467

collective nature of the atomic motion in the supercooled468

liquid, such scenario is not unphysical. The exact ratio469

between the timescales observed in XPCS and in stress470

relaxation, however, should reflect how the relaxation of471

stress is achieved by the mass transport, and depends472

on the detailed structural dynamics of the melt/glass,473

e.g.: the dynamics modes involved, and the number of474

atoms which are participating. In the Mg-Cu-Y glass, for475

instance, such discrepancy is considerably smaller [19].476

Thus, this is a fundamental point still to be surveyed on477

a larger range of alloy systems and wave vectors q [23].478

V. CONCLUSION479

To summarize, in this study we emphasize the ability480

of measuring microscopic, intrinsic relaxation time with481

XPCS down to sub-second scale, covering a significant482

portion of the experimental accessible timescale of me-483

chanical spectroscopy. With this, we compared the mi-484

croscopic and macroscopic structural relaxation behavior485

of a bulk metallic glass forming alloy Zr46.8Ti8.2Cu7.5-486

Ni10Be27.5 in the supercooled liquid regime. We show487

that upon heating the onset of the supercooled liquid ex-488

hibits a continuous decease of the non-ergodicity param-489

eter f2(q) and stretching exponent β of the intermediate490

scattering function. In the supercooled liquid, both the491

microscopic and macroscopic relaxations exhibit a time492

temperature superposition, with rather similar stretch-493

ing exponents. In addition, a very similar temperature494

dependence of the two relaxation times are found, which495

agree with that of the melt viscosity in the investigated496

temperature range. This shows that the macroscopic flow497

and mechanical properties are controlled by the micro-498

scopic structural relaxation, with a dominant intrinsic499

timescale of the majority component, in our case Zr, com-500

mon for these densely packed systems.501

ACKNOWLEDGMENTS502

We thanks Nico Neuber for helpful discussions. N.A.503

acknowledges the financial support from the German504

Academic Exchange Service (DAAD) via the DLR-505

DAAD special program. We acknowledge DESY (Ham-506

burg, Germany), a member of the Helmholtz Association507

HGF, for the provision of experimental facilities.508

[1] W. H. Wang, Prog. Mater. Sci. , 100561 (2019).509

[2] C. A. Angell, K. L. Ngai, G. B. McKenna, P. F. McMil-510

lan, and S. W. Martin, J. Appl. Phys. 88, 3113 (2000).511

[3] J. C. Dyre, Rev. Mod. Phys. 78, 953 (2006).512

[4] E. Donth, Relaxation and Thermodynamics in Polymers:513

Glass Transition (Wiley, Berlin, 1992).514

[5] H. Sillescu, J. Non-Cryst. Solids 243, 81 (1999).515

[6] T. Wang, J. Li, Y. Yang, and G. Rao, Intermetallics 19,516

81 (2011).517

[7] C. Liu, E. Pineda, and D. Crespo, Metals 5, 1073 (2015).518

[8] J. Schroers, Adv. Mater. 22, 1566 (2010).519

[9] M. Chen, NPG Asia Mater. 3, 82 (2011).520

[10] J. J. Kruzic, Adv. Eng. Mater. 18, 1308 (2016).521

[11] Y. Sun, A. Concustell, and A. L. Greer, Nat. Rev. Mats.522

1, 16039 (2016).523

[12] M. A. Gibson, N. M. Mykulowycz, J. Shim, R. Fontana,524

P. Schmitt, A. Roberts, J. Ketkaew, L. Shao, W. Chen,525

P. Bordeenithikasem, J. S. Myerberg, R. Fulop, M. D.526

Verminski, E. M. Sachs, Y.-M. Chiang, C. A. Schuh,527

A. John Hart, and J. Schroers, Mater. Today 21, 697528

(2018).529

[13] A. Meyer, J. Wuttke, W. Petry, O. G. Randl, and530

H. Schober, Phys. Rev. Lett. 80, 4454 (1998).531

[14] F. Yang, T. Unruh, and A. Meyer, EPL (Europhysics532

Letters) 107, 26001 (2014).533

[15] C. Liu, E. Pineda, D. Crespo, J. Qiao, Z. Evenson,534

and B. Ruta, Journal of Non-Crystalline Solids 471, 322535

(2017).536

[16] Z. Evenson, B. Ruta, S. Hechler, M. Stolpe, E. Pineda,537

I. Gallino, and R. Busch, Phys. Rev. Lett. 115, 175701538

(2015).539

https://doi.org/10.1016/j.pmatsci.2019.03.006
https://doi.org/10.1063/1.1286035
https://doi.org/10.1103/revmodphys.78.953
https://doi.org/10.1016/s0022-3093(98)00831-x
https://doi.org/10.1016/j.intermet.2010.09.013
https://doi.org/10.1016/j.intermet.2010.09.013
https://doi.org/10.1016/j.intermet.2010.09.013
https://doi.org/10.3390/met5021073
https://doi.org/10.1002/adma.200902776
https://doi.org/10.1038/asiamat.2011.30
https://doi.org/10.1002/adem.201600066
https://doi.org/10.1038/natrevmats.2016.39
https://doi.org/10.1038/natrevmats.2016.39
https://doi.org/10.1038/natrevmats.2016.39
https://doi.org/https://doi.org/10.1016/j.mattod.2018.07.001
https://doi.org/https://doi.org/10.1016/j.mattod.2018.07.001
https://doi.org/https://doi.org/10.1016/j.mattod.2018.07.001
https://doi.org/10.1209/0295-5075/107/26001
https://doi.org/10.1209/0295-5075/107/26001
https://doi.org/10.1209/0295-5075/107/26001
https://doi.org/10.1016/j.jnoncrysol.2017.06.014
https://doi.org/10.1016/j.jnoncrysol.2017.06.014
https://doi.org/10.1016/j.jnoncrysol.2017.06.014
https://doi.org/10.1103/PhysRevLett.115.175701
https://doi.org/10.1103/PhysRevLett.115.175701
https://doi.org/10.1103/PhysRevLett.115.175701


8

[17] J. Qiao, Q. Wang, J. Pelletier, H. Kato, R. Casalini,540

D. Crespo, E. Pineda, Y. Yao, and Y. Yang, Prog. Mater.541

Sci. 104, 250 (2019).542

[18] K. L. Ngai, Relaxation and Diffusion in Complex Systems543

(Springer, New York, 2011).544

[19] B. Ruta, Y. Chushkin, G. Monaco, L. Cipelletti,545

E. Pineda, P. Bruna, V. M. Giordano, and M. Gonzalez-546

Silveira, Phys. Rev. Lett. 109, 165701 (2012).547

[20] B. Ruta, V. Giordano, L. Erra, C. Liu, and E. Pineda, J.548

Alloy Compd. 615, S45 (2014).549

[21] Z. Evenson, A. Payes-Playa, Y. Chushkin, M. di Michiel,550

E. Pineda, and B. Ruta, J. Mater. Res. 32, 2014–2021551

(2017).552

[22] A. Das, P. M. Derlet, C. Liu, E. M. Dufresne, and553

R. Maaß, Nature Communications 10, 5006 (2019).554

[23] B. Ruta, S. Hechler, N. Neuber, D. Orsi, L. Cristo-555

folini, O. Gross, B. Bochtler, M. Frey, A. Kuball, S. S.556

Riegler, M. Stolpe, Z. Evenson, C. Gutt, F. Westermeier,557

R. Busch, and I. Gallino, Phys. Rev. Lett. 125, 055701558

(2020).559

[24] P. Luo, M. X. Li, H. Y. Jiang, R. Zhao, F. Zontone, Q. S.560

Zeng, H. Y. Bai, B. Ruta, and W. H. Wang, Phys. Rev.561

B 102, 054108 (2020).562

[25] A. Meyer, J. Wuttke, W. Petry, A. Peker, R. Bormann,563

G. Coddens, L. Kranich, O. G. Randl, and H. Schober,564

Phys. Rev. B 53, 12107 (1996).565

[26] A cooling step from 603 K to 520 K was performed in566

between.567

[27] Based on the crystallization temperature of different alloy568

compositions at a heating rate of 1 K/min.569

[28] A. Madsen, R. L. Leheny, H. Guo, M. Sprung, and570

O. Czakkel, New J. Phys. 12, 055001 (2010).571

[29] F. Alvarez, A. Alegria, and J. Colmenero, Phys. Rev. B572

44, 7306 (1991).573

[30] X. D. Wang, B. Ruta, L. H. Xiong, D. W. Zhang,574

Y. Chushkin, H. W. Sheng, H. B. Lou, Q. P. Cao, and575

J. Z. Jiang, Acta Mater. 99, 290 (2015).576
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