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The study of relaxational behavior of multi-component metallic liquids still holds the key to under-
standing and improving the glass-forming abilities of bulk metallic glasses. Herein, we report mea-
surements of the collective relaxation times in a melted bulk metallic glass (LM601 Zr51Cu36Ni4Al9)
in the kinetic regime (Q: 1.5 – 4.0 Å−1) using Quasi-Elastic Neutron Scattering (QENS). The results
reveal an unusual slope change in the Angell plots of the collective relaxation time of this metallic
liquid around 950 ◦C, beyond the melting point of the material. Specific heat capacity measurement
also reveals the presence of a peak around the same temperature. The coincidence is rationalized
using Adams-Gibbs theory, and motivates more careful experimental and computational studies of
the metallic liquids in the future.

PACS numbers: 64.70.pe, 61.05.F-, 61.20.Lc, 66.10.-x

I. INTRODUCTION

Bulk Metallic Glasses (BMGs) are attractive for en-
gineering applications due to their remarkable mechan-
ical properties, such as high tensile strength and hard-
ness combined with their biocompatibility and magnetic
properties1–8. Recent interests in Copper and Zirco-
nium based glassy alloys are driven by their high glass-
forming abilities9–14. Experimentally, the most common
method to manufacture a metallic glass is by quench-
ing the molten metallic liquid through the glass tran-
sition. By alloying multiple elements of various atomic
sizes, crystallization can be suppressed, and consequently
high quality metallic glasses with sizes as large as 5 to
10 cm can be produced15,16.

Understanding the liquid state dynamics of such ma-
terials is essential to elucidate the physical properties of
the glassy state17–20. Despite numerous active ongoing
research efforts, a quantitative description of the glass
transition of metallic liquids remains elusive. From a the-
oretical standpoint, there have been many developments
in the past few decades. For example, the mode-coupling
theory (MCT) of glass transition was proposed to de-
scribe the qualitative effects of mass transport in such
dense liquids21–24. MCT predicts the existence of multi-
ple relaxations in the collective atomic dynamics of such
glass-forming liquids. Once the freezing of liquid-like mo-
tion results in structural arrest, mass transport occurs
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through hopping25 in this frozen/glassy state. This mi-
croscopic dynamic singularity is manifested in the non-
Arrhenius type behavior in fragile liquids. The timescale
for such relaxations are in the range of 0.1 – 100 ps for
various wavevector transfer Q in dense metallic melts and
can be measured using the Quasi-Elastic Neutron Scat-
tering (QENS)26,27. However, to what extent the the-
ories based on idealized models can accurately describe
the complex multi-component metallic liquids and their
glass transitions remains an open question.

Various dynamical regimes can be identified in the
wave-vector transfer Q space for liquid metals28–30.
In the hydrodynamic limit (Q → 0), dynamics is
mainly governed by transport parameters (viscosity, self-
diffusion coefficient, and thermal diffusivity). Follow-
ing this, several authors have proposed a hypothetical
isothermal regime (0.02 Å−1 < Q < 0.3 Å−1) with
negligible Q dependence of thermodynamic quantities,
and electronic and ionic contributions to effective ther-
mal diffusivity30. The generalized hydrodynamic regime
above Q ∼ 0.3 Å−1 is marked by frequency and wave-
vector dependence of transport properties31. The kinetic
regime occurs around the peak of S(Q) and extends to
a few subsequent oscillations. In this regime, Enskog’s
kinetic theory predicts dominant effect of an extended
heat mode using hard sphere type framework in simple
liquids30. At very large Q values, scattering experiments
probe ballistic motions of particles with the distinct part
of van Hove correlation function equaling zero.

There have been several studies regarding the mean
self-dynamics of Cu-Zr based glass-forming liquids us-
ing QENS19,26,27,32,33. The relaxation behaviors of such
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melted liquid at small Q < 1.5 Å−1 have been stud-
ied. Fast β-relaxations characterizing rattling of atoms
in cages formed by their neighbors and the subsequent
α-relaxation responsible for viscous flow/diffusion has
been characterized. Subsequently, the diffusive behav-
ior or self-motions has been measured fors such liquids.
In this paper, we present measurements of collective dy-
namics in the liquid state of an excellent bulk-glass for-
mer LM601 with the composition (Zr51Cu36Ni4Al9). The
wave-vector transfer range presented in this paper is 1.5 –
4 Å−1, which covers the first peak in the static structure
factor of this material. The measured scattering spec-
trum is fitted with two models including a phenomeno-
logical and a theoretical treatment, and their tempera-
ture dependencies are presented. The atomic dynamics
relevant in this Q-range quantifies the fast collective re-
laxations in the system.

II. METHODS

High quality lab-grade BMG samples of LM601 with
atomic compositions Zr51Cu36Ni4Al9 were produced by
Liquidmetalr Technologies Inc. using counter gravity
cast. The samples were cast in slabs with dimensions
of 40 mm × 30 mm × 5 mm and mass of ∼50 g. The
heat capacity measurement was performed using a Net-
zsch Differential Scanning Calorimetry (DSC) 404c in-
strument in a high-purity inert argon atmosphere. A
small piece of sample with a mass of ∼79 mg was used
in a pyrolytic graphite crucible. The scanning rate was
20 K/min. Thermo-Gravimetric Analysis (TGA) and
DSC measurements were also carried out using a Net-
zsch STA 449F1 in a high-vacuum and high-purity in-
ert helium atmosphere. A small piece of sample with
mass of 24 mg was used in an alumina crucible. TGA
measurement confirmed that the sample mass remained
unchanged during the temperature cycling.

Quasi-elastic neutron scattering measurements were
carried out at the Cold Neutron Chopper Spectrome-
ter (CNCS; Beam Line 5) at the Spallation Neutron
Source (SNS) located at Oak Ridge National Labora-
tory (ORNL). An incident neutron beam of 12.07 meV
in energy was used in the High Flux operational mode
of the choppers. The energy resolution of the instru-
ment (FWHM) in these operational conditions was ∼
0.65 meV, and the wave vector transfer Q range was 0.5 –
4.3 Å−1. LM601 samples were cut into rectangular sticks
(1.5 mm × 30 mm × 1.5 mm) and stacked inside a cylin-
drical MgO crucible with a cylindrical MgO insert. The
thickness of the sample is controlled as 1.75 mm (×2 lay-
ers) in order to avoid multiple scattering. The crucible
was suspended to the thermocouples using thin platinum
wires inside a high temperature furnace. A high-purity
inert helium atmosphere in high vacuum (∼ 10−5 torr)
was maintained during measurements. Two thermocou-
ples were used at various locations to verify the unifor-
mity of temperature inside the furnace. Samples were

heated at a constant rate of 50 ◦C per hour during heat-
ing. Measurements at a specific temperature were carried
out for approximately 5 hours to obtain good counting
statistics. At 1100 ◦C, we were only able to perform
2-hour measurements due to beam-time constraint. We
didn’t measure even higher temperatures due to concerns
about sample evaporation and beam-time constraint.

The total scattered neutron intensity spectrum was
corrected for the time-independent background and nor-
malized by white-beam vanadium run using the data re-
duction package MantidPlot34. The reduced data were
then further interpolated to constant Q values using
MSlice in DAVE 35. Empty crucible was measured at
room temperature and used for background subtraction.
At high temperatures, the detailed balance factor is in-
significant in the measured dynamic range and hence was
ignored in further data analysis. The energy transfer
range at the energy loss side is limited by the incident
neutron energy and hence is much shorter than the en-
ergy gain side. Additional scattering from the instru-
ment rendered a peak at ∼2.5 meV in the energy loss
spectrum and couldn’t be fully subtracted. Hence data
analysis was performed on the energy gain spectrum that
has much wider dynamic range. The MgO empty crucible
measured at room temperature was used as the instru-
ment energy resolution function. For the data fitting in
the energy domain, the elastic peak of resolution function
was represented by a sum of two Gaussian functions. The
spectral shape of S(Q,E) was fitted using Fourier Trans-
form of the Kohlraush-William-Watts (KWW) stretched
exponential function convoluted with the energy resolu-
tion function. Fittings in time domain were performed
using Mode Coupling Theory (MCT) β-scaling frame-
work. Structure factor S(Q) of the sample were obtained
by integrating the elastic scattering intensity in the en-
ergy range of [−0.5, 0.5] meV.

III. RESULTS

Figure 1 shows the heat capacity cp of the BMG sample
LM601 obtained by the DSC measurement at a heating
rate of 20 K/min. Glass transition in the sample sets in
at 697 K and extends to roughly 730 K, marked by an en-
dothermic shoulder. Immediately after that, the sample
crystalizes at 773 K, marked by a significant exothermic
peak. The crystallized state extends to 1170 K where it
is completely melted, evidenced by a series of endother-
mic peaks in this mid-temperature range. A subsequent
broad heat capacity peak is observed in the temperature
range of 1250 – 1450 K, beyond the melting tempera-
ture of the sample. The inset magnified to the suitable
temperature range clearly illustrates this heat capacity
peak. A similar observation of an additional heat ca-
pacity peak above the liquidus temperature has been re-
ported in Vit. 1 BMG19. Due to similarities in the com-
position of both systems, this heat capacity peak may
turn out to be a key feature of Cu-Zr-Al based metallic
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liquids.
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FIG. 1. Specific heat flow of BMG LM601 during a heating
cycle of 20 K/min. Multiple phase transitions can be seen
as the temperature is raised. Note that there is a broad yet
well-defined heat capacity peak from 1250 to 1450 K, which is
beyond the melting endpoint of the system. Inset shows the
magnification of cp peak in this temperature range.

In contrast to many similar QENS
measurements19,26,27,32,33 that are collected at Q
values much lower than the structure factor S(Q)
peak, the contribution to the neutron scattering signal
in the wave vector transfer Q range we measured
predominantly comes from the coherent scattering of
individual elements. The structure factor S(Q) obtained
by integrating the elastic scattering intensity in the
energy transfer range of [−0.5, 0.5] meV shows a series
of transitions from glassy state to “supercooled liquid”,
to crystal, and to liquid state over a temperature range
from 27 ◦C to 1050 ◦C (see Fig. 2). The elastic scat-
tering data obtained using an elastic neutron scattering
instrument doesn’t provide as excellent Q-resolution
and statistics as in a dedicated diffraction instrument.
However, the quick examination of the evolution of
the structure factor is useful to confirm the states of
the sample, which agrees with the DSC curve. The
positive and negative peaks near 1.8, 3.0, and 3.8 Å−1

in the temperature range between 900 ◦C and 1050 ◦C
arises from the imperfect subtraction of the MgO sample
container. The empty MgO container was only measured
at room temperature due to beam-time constraint. The
MgO Bragg peaks shift to higher Q values at higher
temperatures because of thermal expansion, therefore,
it is not possible to fully subtract this feature unless
background measurements of empty MgO are also per-
formed at the same exact configuration and temperature
conditions. However, the contribution from the crucible
scattering to the signal is predominantly in the elastic
peak region and does not contribute to the quasi-elastic
broadening. To ensure complete melting of the sample,
we performed measurements at 900 ◦C for twice as long
as we did for other temperatures.

200

180

160

140

120

100

80

60

40

20

0

S
(Q

) (
a.

u.
)

43210

Q (Å
-1

)

1050C

1000C

950C

900C

650C

460C

350C

27C

FIG. 2. Evolution of the structure factor S(Q) of BMG
LM601 at various temperatures, obtained by integrating the
elastic scattering intensity at CNCS. As the temperature is
raised, a series of transitions from glass to “supercooled liq-
uid”, to crystal, and finally to liquid state are clearly ob-
served, in agreement with the DSC scan. The baselines have
been shifted for each temperature for clarity. The positive
and negative peaks near 1.8, 3, 3.8 Å−1 are due to the imper-
fect subtraction of the empty MgO crucible scattering, which
is measured at room temperature only.

In the ensuing sections, we present analysis of QENS
data using two common models for the relaxational be-
havior of liquids. The KWW model is applied to fit the
data in energy domain, and the MCT β-scaling analysis is
applied in the time domain. Using both methods, we in-
tend to illustrate the model-independent nature of the re-
sults. The extracted relaxation times using both models
exhibits a consistent temperature dependence, but differs
slightly in value.

A. Phenomenological KWW analysis

The microscopic relaxation time of such metallic glass
forming liquids is commonly quantified by applying the
phenomenological stretched exponential KWW fitting to
the measured Quasi-Elastic Neutron Scattering (QENS)
spectrum in the energy domain. Figure 3 shows the mea-
sured dynamic structure factor of the sample at temper-
atures from 900 ◦C to 1100 ◦C around the structure fac-
tor peak of sample. The spectrum shows broadening at
higher temperatures and a reduction in elastic scattering
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intensity due to increasing atomic mobility in the liquid.
In this Q-range, transport properties are dependent on
the frequency and the wave-vector transfer30. Hence, the
spectral shape of S(Q,E) cannot be described by a single
Lorentzian function. In this section, we show the results
obtained by fitting the QENS spectra with a single KWW
model. With one KWW relaxation model, the fit (Fig. 3)
is reasonable below 3.5 Å−1.

S(Q,E) =NF{F (Q, t)} ⊗R(Q,E) + Bkg (1)

where N is the normalization factor; F (Q, t) is the inter-
mediate scattering function; R(Q,E) is the Q-dependent
instrument resolution function quantified as room tem-
perature measurements of the empty crucible and Bkg ac-
counts for the very fast motions. The intermediate scat-
tering function is modeled as following KWW stretched
exponential function:

F (Q, t) = AQ exp(−(t/τ)β). (2)

In the above equation, β is the stretching exponent, τ is
the relaxation time, and AQ is the effective Debye-Waller
factor in a liquid. Due to the nature of fitting in Eq. (1),
it is not possible to isolate AQ as it is incorporated into
N . Thus, the model depends on two essential fitting
parameters: relaxation time τ and stretching exponent
β.
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FIG. 3. (a) Quasi-Elastic Neutron Scattering (QENS) spec-
tra of melted BMG LM601 at the vicinity of structure factor
maximum. Solid lines denote the fit using Fourier transform
of one Kohlrausch-Williams-Watts (KWW) stretched expo-
nential function. (b) Q-dependence of measured spectra with
KWW fittings at T = 1100 ◦C.

The extracted relaxation time using a single KWW
model reveals an unusual temperature dependence char-
acterized by a clear change of slope. Even more striking
is the fact that τ at 950 ◦C and 1000 ◦C overlap at most
Q values. Furthermore, the timescale of this relaxation
lies in the range of 0.1 – 1.5 ps (Fig. 4) suggestive of
fast β-relaxation in the system. The stretching expo-
nent β is very small (∼ 0.1 − 0.3) indicating the highly
stretched nature of this fast relaxation. β indicates the
deviations from Debye exponential relaxation in the liq-
uid. Such non-exponential behavior can arise from het-
erogeneous states in a liquid that relax exponentially, or

from the atoms in the liquid that relax in an intrinsically
nonexponential way thus causing a rise in cooperativity
in the system36. In many metallic glass-forming liquid
systems β is found to vary from 0.5 – 1.0 for self corre-
lation functions27,37,38. Our fitting results show distinct
results for β of collective correlation functions at all Q-
values. Such a highly stretched nature of slow relaxations
is a surprising revelation from the fittings. In the KWW
model, τ and β are coupled. Hence to extract these two
parameters unambiguously requires excellent data qual-
ity and wide dynamic range. To add to this complexity,
energy resolution of the instrument progressively deterio-
rates away from the elastic peak. Usually, the beta relax-
ation process happens at a timescale of cage vibrations in
the systems. In such multi-component liquids there is a
distinct possibility of deviations from exponential behav-
ior due to influences from local bond formation/breaking
events at this Q-scale and the chemical disorder. Other
fitting parameters do not show strong temperature de-
pendence and are approximately constant in this range.
The slope of the Angell plot is proportional to the acti-
vation energy of the material. A zero slope between 950
and 1000 ◦C implies an unrealistic zero activation energy.
This is characteristic of some form of microscopic insta-
bility in the system. One of the connotations of such
an instability is a phase transition within the liquid. As
this temperature is sufficiently higher than the melting
temperature of the sample, presence of crystalline phases
cannot be regarded as an explanation for this instability.
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FIG. 4. (a) Relaxation time extracted from KWW fits of
QENS data shows an interesting dip between 950 ◦C and
1000 ◦C. (b) Stretched exponent βQ is very small and in-
creases slightly with increasing temperature.

B. MCT β-scaling analysis

Mode coupling theory (MCT) provides a rigorous
framework for analysis of QENS data, as it provides an
analytical form of the intermediate scattering function
F (Q, t). By construction, the static quantities such as
density, structure factor, etc. predict the dynamics in
MCT. Thus, with increasing coupling the dynamics is
slowed down and ultimately results in a structural arrest
at a critical temperature Tc below which transport can
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only happen through activated processes such as hop-
ping. Although the idealized MCT predicted structural
arrest does not occur in real systems, this framework still
has important merits and has been utilized in analyz-
ing metallic liquids above melting temperature with rea-
sonable success25–27,37,39. Because of the large dynamic
range in our QENS data, the timescale of measured dy-
namics involves fast β-relaxations. MCT provides an
asymptotic form of the density correlation function for
β-relaxation given as follows40:

F (Q, t) = fQ + hQ gλ(t/tσ), (3)

where fQ is the non-ergodicity parameter; hQ is a scal-
ing amplitude of β-relaxations; tσ is the timescale of β-
relaxation; and the time-dependent term gλ(t/tσ) is de-
termined completely by an exponent parameter λ. In the-
ory, λ can be expressed in complex mathematical formu-
lations in terms of structure factor for simple systems. In
our analysis, following other works26,39, we used a value
of λ = 0.77, which is close to the value for hard-sphere
mixtures41, and is fixed throughout the temperature and
Q values. In several relevant Cu-Zr based systems, the
incoherent density correlator was fitted with a λ value of
0.7726,27. As the shape of β relaxation quantified by g(t)
is the same for both self and collective dynamics, use of
this value in our analysis is justified42. The experimen-
tal data is inverse Fourier-transformed and deconvoluted
with the resolution in time domain. In doing so, decay
of F (Q, t) at long times are affected and unreliable due
to the small values of the resolution function.
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FIG. 5. (a) Temperature dependence of density correlation
function F (Q = 3.5Å−1, t) for the melted Zr51Cu36Ni4Al9.
(b) Wavevector transfer Q-dependence of F (Q, t) at 900 ◦C
shows that the relaxations shape S(Q). The time range of
F (Q, t) shown characterizes the β-relaxation in this metallic
melt. Solid lines denote the MCT β-scaling fits applied to
the deconvolved density correlation function. At very short
times, fast motions such as phonon contributions give rise to
deviations from the fit.

The extracted β-relaxation time tσ is consistent with
results from KWW analysis in the preceding section.
This Q–dependent relaxation time tσ follows the shape
of S(Q), indicative of collective relaxation. Such a varia-
tion of tσ in phase with S(Q) is commonly known as the
de Gennes narrowing and has been observed in several

glass-formers42–45. The proximity of the observed relax-
ation decay at 950 ◦C and 1000 ◦C in Fig. 5 translates to
a flattening of tσ in Arrhenius plots, and a clear change
in slope (Fig. 6). Such behavior is observed across all the
Q values outlining the first S(Q) peak in this melt. The
interesting coincidence of the change in slope with the
observed peak in the specific heat measurements (Fig. 1)
suggests a thermodynamic origin of the dynamical fea-
tures observed in relaxation time and is discussed in the
ensuing section. The other fitting parameter fQ reflects
the shape of S(Q) and shows weak temperature depen-
dence; while hQ shows the reverse S(Q) shape depen-
dence and also weak temperature dependence.
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FIG. 6. (a) Arrhenius plots of tσ at all Q values outlining the
first peak in S(Q). The extracted values range for 0.2 – 1 ps
across the Q-range. An interesting dip in the relaxation time
is observed between 950 ◦C and 1000 ◦C. (b) Q-dependence of
tσ clearly illustrates the de Gennes narrowing, signaling the
collective nature of relaxation in the quaternary melt.

IV. DISCUSSIONS

The coincidence of the specific heat peak and the
unusual change of slope of the relaxation time in the
Angell plot could be understood from the Adam-Gibbs
theory46,47. Adam-Gibbs theory provides a framework
for connections between the transport coefficients and
the configurational entropy Sconf . Our measurements
quantify fast motions and as such cannot be directly ap-
plied with Adam-Gibbs theory. Nevertheless, we would
apply it in the ensuing discussions to motivate a thermo-
dynamic origin of our observations.

τ = τ0 exp

(
C

TSconf

)
, (4)

τo is a prefactor with weak temperature dependence and
C is a constant proportional to the free activation en-
ergy of co-operatively rearranging region. At such high
temperatures, if we ignore the contributions of vibrations
to entropy S and approximate the total entropy by the
configurational part only, such that Sconf ≈ S, then the



6

following relation yields:

Sconf (T ) ≈ Sconf (0) +

∫ T

0

∆Cp
T

dT. (5)

Thus, in performing numerical integration of the area
under DSC curve during a peak will produce a kink in
Sconf , which in turn will produce a change in slope in
the Angell plot of transport properties, as demonstrated
elsewhere47. While there is uncertainty associated with
the measured collective relaxation time quantified by
both models, the resulting flattening in relaxation time
between 950 – 1000 ◦C is consistently observed. Inter-
estingly, a deviation of the self relaxation time from high
temperature Arrhenius behavior, i.e. Arrhenius crossover
or dynamical onset, has been observed around similar
temperatures in both neutron scattering measurements
and molecular dynamics simulations48. However, the link
between the self and the fast collective relaxation times is
not trivial in such metallic liquids. Furthermore, the Ar-
rhenius crossover has not been found to correlate with a
thermodynamic signature such as the heat capacity peak
observed in this system. Hence, the coincidence of the
collective relaxation anomaly and the specific heat peak
indicates some interesting phenomenon happening at this
temperature range that merits further study.

In a recent study, a similar peak in cp of a Cu-Zr-Al
based BMG has been attributed to an underlying temper-
ature induced weak liquid-liquid phase transition charac-
terized by change in length-scale of S(Q)19. The same
interpretation has been applied to explain a similar non-
monotonic nature of the measured viscosity49. Our result
is consistent with, although do not corroborate, such in-
terpretations. In general, a liquid-liquid phase transition
is shown to exist if the interaction pair potential has two
distinct length scales50. However, it is not known ex-
actly how a liquid-liquid phase transition would manifest
itself in a many-body interacted system. Another pos-
sible scenario for this behavior could be local structural
separation in the liquid. Evidently, further experiments
with with improved statistics are needed in order to elu-

cidate the nature of the unusual change of slope in the
collective relaxation times and its coincidence with the
cp peak beyond the melting point.

V. CONCLUSIONS

In summary, the QENS measurement of collective re-
laxations in a bulk-metallic glass-forming liquid (LM601
Zr51Cu36Ni4Al9) reveals an unusual change in slope of
the temperature dependence of relaxation time around
950 ◦C for the kinetic Q range 1.5 – 4.0 Å−1. This feature
is independent of the models used for the data analysis.
DSC measurements also reveal the presence of a peak in
the same temperature range where the change of slope in
relaxation times is observed. This coincidence may have
interesting physical implications. Further QENS mea-
surements with more temperature points and improved
accuracy are required to understand the connection be-
tween observed unusual slope change of the collective re-
laxation time and the specific heat peak revealed in the
DSC measurements.
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