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One of the most intriguing aspects of glass-forming melts is the existence of specially separated

regions whose dynamics can differ from each other by several orders of magnitude and is known as

dynamic heterogeneity (DH). In this letter, we have studied the growth of DH in three glass-

forming metallic melts with different glass-forming ability, packing density and viscosity. The

results show that when the temperature approaches the melting point, the size of DH grows expo-

nentially in good glass-forming melts but linearly in poor ones. Additionally, the growth of DH

with packing density and viscosity in the binary melt shows similar behavior, but in the ternary

melt no significant change in the growth of DH exists while the viscosity increased. Interestingly,

at a packing density of approximately 0.531 6 0.003, the growth of DH is much faster in the stud-

ied metallic melts. These results indicate that the packing density of glass-forming liquids is the

dominant factor that governs the growth of DH in metallic melts. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4960295]

Over the last several decades, glass-transition has been

studied extensively. However, a complete understanding of

this phenomenon is still missing.1–4 Among several promi-

nent features exhibited by the glass-forming melts, such as

the super-Arrhenius temperature dependence of diffusion

and stretching of the intermediate scattering function, the

presence of dynamic heterogeneities (DH) have gained par-

ticular interest in recent years.5–7 The DH represents spe-

cially separated region whose relaxation rates are different

from each other by several orders of magnitude. Adam and

Gibbs first proposed the idea of cooperatively rearranging

regions (CRR) in the glass-forming melts based on entropy.8

The size of CRR increases during cooling, which implies

that larger groups of atoms are moving cooperatively at

lower temperatures. Recent advances in the glass-transition

have confirmed that both DH and CRR are essentially the

same.3 A number of theoretical studies have conclusively

shown the existence of dynamically heterogeneous regions

and their growth within a wide range of temperatures.9–12

Recently, molecular dynamics studies have shown the

growth of DH regions in the super-cooled state of glass-

forming metallic melts.13,14 It has not been clarified yet how

packing density and viscosity influence the growth of DH in

glass-forming metallic liquids.

Ni20Ce80, Ni59.5Nb40.5, and Ni60Nb34.8Sn5.2 are glass-

forming alloys with distinct glass-forming ability (GFA),

viscosity, and packing density. We prepared the glassy

Ni20Ce80 alloy by splat quenching, but the other two alloy

glasses were prepared by melt spinning. The cooling rate in

the melt spinning process was about 106 K/s, but the cooling

rate in the splat quenching process was more than 108 K/s.

This shows that a cooling rate of at least 108 K/s is needed

for making glassy Ni20Ce80 alloy. Moreover, the ternary sys-

tem can be cast into fully amorphous state with a critical

casting diameter of 3 mm (Ref. 15) while Ni59.5Nb40.5 could

cast about 1.5 mm diameter rods.16 On the other hand,

Ni20Ce80 alloy can only be vitrified by splat quenching.

Therefore, Ni60Nb34.8Sn5.2 must have the best GFA among

the three systems and the GFA of Ni59.5Nb40.5 should be bet-

ter than Ni20Ce80 alloy. In this letter, we report about the

growth of DH in these three melts during cooling toward

their melting temperature by using quasi-elastic neutron scat-

tering (QENS). All alloys used for the QENS experiments

were prepared by arc melting of highly pure elements (more

than 99.9% purity). The alloys were powdered and re-melted

in Al2O3 sample holders in a high vacuum furnace for the

QENS experiments. The experiments were performed on the

cold neutron time-of-flight spectrometer IN6 at the Institut

Laue-Langevin (ILL) in Grenoble, France. For the experi-

ments, we chose a neutrons wavelength of 5.4 Å, and with

this wavelength, a momentum transfer range of 0.2–2.0 Å�1

and an energy resolution of 97 leV were achieved on the

instrument IN6 at ILL. The above indicated momentum

transfer range is below the first static structure factor maxi-

mum of the liquids; therefore, the present experimental setup

drastically reduce the coherent scattering from the melts.

Because the incoherent neutron cross section of Ni is much

larger than the other elements, the signals captured from the

spectrometer mainly come from Ni atoms in the alloy melts.

At each temperature, the data were collected over a duration

of 3 h. Further details of these experiments are reported in

Refs. 17 and 18. The melting temperatures, Tm, of Ni20Ce80,

Ni59.5Nb40.5, and Ni60Nb34.8Sn5.2 are 772 K, 1448 K, and

1363 K, respectively. All measurements were conducted in

thermal equilibrium at several temperatures starting just

above Tm. The measured temperatures are reported with the

figures hereafter. Standard correction procedures were
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applied to the recorded QENS signals before they were con-

verted into the dynamic structure factors S(Q,x). The self-

intermediate scattering functions (SISF), U(Q,t), were obtained

by the time Fourier transformation of S(Q,x) and deconvoluted

with resolution function, further normalized to one for time

t¼ 0. The resolution function of the spectrometer was obtained

from a Vanadium measurement at room temperature.19

In the time and spatial regime probed by this experi-

ment, the U(Q,t) were dominated by the translational motion

of Ni atoms. As shown in Fig. 1, the U(Q,t) was well fitted

by the Kohlrausch-Williams-Watts (KWW) function

U Q; tð Þ ¼ fQ exp � t

sQ

� �b
" #

: (1)

Here, fQ is the Debye-Waller factor, sQ is the relaxation time,

and b is the stretching exponent. Experimental and simulation

studies have shown that the DH exists even above the melting

temperature, Tm of liquids and the phenomenon becomes

more pronounced at low temperatures.20,21 The presence of

DH was observed by calculating the non-Gaussian parameter

or four-point dynamic susceptibility v4ðQ; tÞ spectrum which

typically describes the volume in which the correlated

motions take place.13,14 Although it is difficult to assess the

v4ðQ; tÞ experimentally, the v4ðQ; tÞ is related to the dynamic

susceptibility, vTðQ; tÞ by the fluctuation-dissipation theo-

rem.22 On the other hand, vTðQ; tÞ can be evaluated from the

SISF, which is an experimentally accessible quantity. The

dynamic susceptibilities were obtained from the SISF as

vT Q; tð Þ ¼ @U Q; tð Þ
@T

; (2)

where UðQ; tÞ is the self-intermediate scattering function

with T being the temperature. The peak positions of the

dynamic susceptibility, vTðtÞ, which is located around the

time scale of the relaxation time, increases as the melts were

cooled (see Fig. 2). The peak height of vTðtÞ indicates the

approximate volume in which the correlated atomic motion

takes place. The peaks height (DH) continuously rises when

the temperature decreases, indicating that the number of
atoms undergo correlated motions increases. In order to under-

stand the growth of the dynamic heterogeneity on cooling, the

peak height as a function of temperature was examined, as

shown in Fig. 3. Although DH in all the three systems grows

upon cooling, it is important to note that its growth rates are

different. On one hand, the growth rates of DH increase line-

arly upon cooling in the case of the Ni20Ce80 melt. On the

other hand, it increases exponentially in Ni59.5Nb40.5 and

Ni60Nb34.8Sn5.2 melts, both having better GFA than the

Ni20Ce80 melt.

To further characterize this phenomenon, the peak

heights of the two Nb-based systems were studied to under-

stand their relationship with the packing density and viscosity.

Mukherjee et al. measured the density and viscosity of

Ni59.5Nb40.5 and Ni60Nb34.8Sn5.2 melts from the undercooled

state to well above melting temperature using an electrostatic

levitation method.23 Since the metallic melts can be consid-

ered as paradigm of hard-sphere-like systems, the packing

density (u) can be derived from the reported density values as

FIG. 1. The self-intermediate scattering function, U(Q,t), of Ni59.5Nb40.5

(open symbols) at scattering vector Q¼ 0.62 Å�1 obtained on the IN6 spec-

trometer at ILL. The solid lines are the KWW fit (Eq. (1)).

FIG. 2. Dynamic susceptibility vTðtÞ on linear-log scale of (a) Ni20Ce80, (b)

Ni59.5Nb40.5, and (c) Ni60Nb34.8Sn5.2 calculated by Eq. (2).

051903-2 Wong et al. Appl. Phys. Lett. 109, 051903 (2016)



u ¼ pnd3

6
; (3)

where n is the density in a unit volume and d is the effective

hard-sphere diameter. It should be noted that the packing

density of Ni59.5Nb40.5 melt is lower than that of

Ni60Nb34.8Sn5.2 melt, but the viscosity, on the contrary, is

higher for the less densely packed Ni59.5Nb40.5 melt as com-

pared to Ni60Nb34.8Sn5.2 melt. Although there is no direct

relationship between the packing density and viscosity, the

viscosity of highly packed liquids is always found to be

larger because atomic motions are hindered in the crowded

environment. Both parameters of liquids are important for

understanding the glass transition phenomenon. Therefore,

understanding the influence of the packing density and vis-

cosity on the growth of dynamic heterogeneity is relevant.

The unusual difference in the packing density and viscosity

of these alloy melts is that they make excellent candidates

for studying the influence of the packing density and viscos-

ity on the growth of DH.

Fig. 4 shows the peak height of Ni59.5Nb40.5 and

Ni60Nb34.8Sn5.2 in terms of the packing density and viscos-

ity. In both systems, the peak heights increase with increas-

ing packing density. However, the rate of increase in peak

height changes above a characteristic packing density. In the

binary system, this packing density is 0.531 6 0.003. This

value is obviously a good estimate for the ternary compound,

although an accurate quantitative number is difficult to

derive as a consequence of the limited data and reduced data

density. In addition, we also examined the peak height as a

function of the viscosity as shown in Fig. 4 insets. Unlike the

case in the packing density, there is no significant change in

peak height as a function of the viscosity is visible.

Additionally, the rate of increase in the peak height as a

function of viscosity did not show similar behavior for both

liquids. These results indicate that the growth of DH is com-

paratively stronger because of the increase in the packing

density of the metallic melts rather than their viscosities.

In conclusion, we have studied the growth of dynamic

heterogeneity on cooling the glass-forming Ni20Ce80,

Ni59.5Nb40.5, and Ni60Nb34.8Sn5.2 melts using quasi-elastic

neutron scattering. The presence of dynamic heterogeneity

was evaluated from the dynamic susceptibility, vTðtÞ, which

was derived from the self-intermediate scattering function.

By analyzing the peak heights of the dynamic susceptibility

spectra at different temperatures, it was shown that the

dynamic heterogeneity grew linearly on cooling in Ni20Ce80

but exponentially in Ni59.5Nb40.5 and Ni60Nb34.8Sn5.2 melts.

By comparing the growth of dynamic heterogeneity as a

function of the packing density and viscosity of the liquids,

our results showed that the growth of DH is equally influ-

enced by both parameters of the melts. However, with

FIG. 3. The maximum of the dynamic susceptibility curves of (a) Ni20Ce80,

(b) Ni59.5Nb40.5, and (inset) Ni60Nb34.8Sn5.2 as function of temperature. The

peak height represents the approximate volume in which correlated atomic

motions take place. The dotted lines are given as guides to the eye.

FIG. 4. The maximum of dynamic susceptibility curves of (a) Ni59.5Nb40.5

and (b) Ni60Nb34.8Sn5.2 as a function of the packing density. The peak height

represents the approximate volume in which correlated atomic motions take

place. Inset: The maximum of vTðtÞ spectrum as a function of viscosity of

the alloy melts.
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respect to the packing density, an abrupt change in

the growth rate of DH was observed in Ni59.5Nb40.5 and

Ni60Nb34.8Sn5.2 melts. These findings suggest that the growth

of dynamic heterogeneity on cooling a liquid might be corre-

lated with the glass-forming ability of metallic glass-forming

melts; however, a large number of similar experimental

results are necessary for a definite conclusion.
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