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Real-space atomic dynamics in metallic liquids investigated by inelastic neutron scattering
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Understanding the dynamics of liquids at the atomic level remains a major challenge. Even though viscosity
is one of the most fundamental properties of liquids, its atomistic origin is not fully elucidated. Through inelastic
neutron scattering experiment on levitated metallic liquid droplets, the time-dependent pair correlation function,
the Van Hove function, was determined for ZrsoCusy and Zrgo Pty liquids at various temperatures. The time for
change in local atomic connectivity, t,¢, which is the timescale of atomic bond cutting and forming, is estimated
based on the exponential decay of the nearest neighbor peak of the Van Hove function. At high temperatures
above the crossover temperature Ty, 7.c is equal to the Maxwell relaxation time, 7, = 1/Go, Where 7 is
the macroscopic shear viscosity and G, is the high-frequency shear modulus. Below T, the ratio of 7y /7.
increases with decreasing temperature, indicating increased atomic cooperativity as predicted by molecular

dynamics simulation.
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I. INTRODUCTION

Amorphous matters, including glasses and liquids, are
ubiquitous in nature. However, the science of liquids and
glasses is less developed compared to that of crystalline solids,
mainly because they lack periodicity in structure whereas
most theories in condensed-matter physics assume periodic
structures. For example, even though viscosity is one of
the most common and fundamental properties of liquids, its
atomic mechanism is still not well understood [1-3]. Here, we
address this question using inelastic neutron scattering with
representation of the results in real space and time.

Angell plotted the viscosity in logarithmic scale vs the
inverse temperature reduced by the glass transition temper-
ature T, and defined the fragility of liquids by the slope
of the data at T, to categorize liquids [4-6]. Strong liquids
such as network oxides show Arrhenius behavior, whereas for
the relatively fragile liquids, such as most metallic liquids,
their viscosities exhibit the Arrhenius behavior at high tem-
peratures and become super-Arrhenius below the crossover
temperature 7. Currently, a major focus of research is
on either the supercooled liquid or the glass transition re-
gion, trying to understand the nature of the glass transition
[1-3,7-9]. The high-temperature behavior of liquids has been
assumed to be gaslike and trivial. However, this assumption
is highly questionable, because atoms in high-temperature
liquids are still strongly bound together and their motions
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are thermally activated following the Arrhenius law. In fact,
the snapshot structures of the supercooled liquids and high-
temperature liquids are similar, with only slight differences
in the medium-range order [10], even though their dynamics
are vastly different. In this work we focus on the evolution of
atomic-level dynamics through the crossover from Arrhenius
to super-Arrhenius behavior.

Our previous molecular dynamics (MD) simulation results
[11] show that the time for the change in local atomic con-
nectivity, 77¢, which is defined as the time for an atom to
lose or gain one neighboring atom, is approximately equal
to the Maxwell relaxation time 7ty (= n/G, Where n is
macroscopic shear viscosity and G, is the high-frequency
shear modulus) in high-temperature metallic liquids. This
simulation directly connects the timescale of the microscopic
behavior and that of the macroscopic viscous behavior in
metallic liquids and shows that the shear viscosity is con-
trolled by the local connectivity change through bond cutting
and reforming. Here, atomic bond is defined between the cen-
ter atom and the nearest neighboring atoms, which are within
the first peak of the pair distribution function (PDF). Bond
cutting means an atom moves out of the nearest neighboring
shell and bond forming means an atom moves into that shell.
The results were supported by an inelastic neutron scattering
measurement on a ZrggPtyo liquid suspended by electrostatic
levitation and analyzed in terms of the Van Hove function
(VHF) [12]. In this work we extend the analysis by studying a
Zr50Cusq liquid in addition to the ZrgyPtyg liquid, focusing on
the temperature range around 7.

The VHF, G(r, t), is the probability to find one particle at
position r and time 7, given that there was an atom at the
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origin and time ¢ = 0. It is defined as [13]
1N
G(r.1) = N<Zj 8[r +r;(0) —ri(t>]>. (1)

It contains the self-part, Gy(r, ) (when i = j), which
describes the self-diffusion behavior of a single atom, and
the distinct part, G,4(r, t) (when i # j), which describes the
cross correlation between different atoms. Through the VHF
it is possible to envisage the dynamic two-body correlations
among atoms in real space and time. Experimentally it can
be determined through the double Fourier transform of the
dynamic structure factor, S(Q, w),

G(r,t) = / S(Q, w)expli(wt — Q - r)dwdQ, (2)

Qn)’p
where Q is the momentum exchange and E = fiw is the energy
exchange of inelastic scattering. The S(Q, ®) can be measured
by inelastic neutron or x-ray scattering. Note that the VHF
function obtained from the experiment is slightly different
from the original theoretical definition in Eq. (1). It is nor-
malized by the number density p and 1 is subtracted, thus
the physical meaning is unchanged. However, for accurate
evaluation of the VHF, S(Q, w) has to be measured over wide
ranges of Q and E. This used to be quite time-consuming with
reactor neutron sources. Consequently, only a few attempts
have been made in the past [14-16] and the VHF has been
studied mostly in molecular dynamics simulations [17-22].
However, recently with the development of more advanced
instrumentation [23,24], it became feasible to obtain the Van
Hove function more easily through inelastic neutron or x-ray
scattering and to experimentally analyze the dynamics in lig-
uids in real space and time [12,25-27].

In this work, the inelastic neutron scattering (INS) tech-
nique was applied on metallic liquid droplet samples levitated
by an electrostatic levitator [28], and the dynamic structure
function S(Q, w) was determined at various temperatures. A
procedure was developed to reliably obtain the distinct part
of the Van Hove function, G,(r, t), based on the double
Fourier transform method. The dynamic relaxation behavior
of the first peak of G4(r, t) confirms experimentally that the
shear viscosity of metallic liquids is controlled by the local
configurational change at the atomistic level, as predicted by
simulation [11].

II. EXPERIMENTAL DETAILS

Measurements of metallic liquid samples at high tem-
peratures were always beleaguered by issues such as the
sample-container reaction, contamination, and oxidization. To
minimize these issues, liquid samples in this experiment were
handled by the technique of electrostatic levitation, providing
a containerless and high vacuum processing environment. The
inelastic neutron scattering (INS) experiments on the levi-
tated metallic liquids were done at the Wide Angular-Range
Chopper Spectrometer (BL-18, ARCS) [29] at the Spallation
Neutron Source (SNS) of Oak Ridge National Laboratory
(ORNL) with the Neutron Electrostatic Levitator (NESL)
installed as sample environment at ARCS [30]. Solid spher-
ical ZrsoCusp and ZrggPtyo samples with a mass of about

300-400 mg and a diameter of about 4-5 mm were levitated
and heated by a solid-state laser to the molten state and then
held at specified temperatures. The temperature ranges were
T, — 150 K to 7T; + 150 K (1028-1328 K) for ZrsoCusg, of
which the solidus temperature 7} is 1178 K, and 7y — 150 K
to T, + 360 K (1303-1813 K) for ZrgyPtyy, of which T; is
1453 K. These ranges were chosen by taking into account the
degree of supercooling, evaporation of the metallic elements
of the samples, and the heating capability of the levitator.
The atomic concentration remains unchanged as the negligible
evaporation of the elements was further confirmed by the
undetectable sample mass change after the experiment. The
temperature of the sample was calibrated with the solidus tem-
perature plateau during the levitated melting. The viscosity of
the liquid samples within similar temperature ranges are from
Ref. [31], measured by an oscillating drop method with a sim-
ilar levitator. Neutron scattering data were collected for about
2 h at each temperature level with the neutron incident energy
E; of 20 meV. The choice of this incident energy represents a
compromise between the energy resolution and Q coverage.
The Q coverage was up to 5.74 A~!, enough to cover the
first two main structural scattering peaks. The collected INS
time-of-flight (TOF) raw data were reduced to the scattering
spectrum I(Q, E) where Q is the momentum transfer and E
is the energy transfer, using the standardized direct-geometry
spectrometer (DGS) data reduction routine, and the Mslice
module in DAVE software [32] and MANTID software [33]. The
exact values of source parameters E; and Ty used for data
reduction were determined from standard white beam calibra-
tions using a vanadium sample. The scattering signal from
the empty NESL levitator chamber was also measured for
background subtraction, which was as low as three orders of
magnitude smaller than the sample scattering at the important
spectrum region around the main peaks, demonstrating the
advantage of using the containerless environment. Multiple
scattering can be neglected as the neutron mean free path
in the samples is much larger than the sample size. Scatter-
ing power represented by the scattering cross section (sum
of coherent and incoherent scattering) for ZrsoCusg alloy is
7.25 barns (10~2* cm?) and for ZrgoPty alloy 7.51 barns. The
incoherent scattering from both samples is significantly lower
than the coherent scattering since the incoherent scattering
cross sections for Zr, Cu, and Pt are much smaller [Cu: o_coh
= 7.485, o_inc = 0.55; Zr: 0_coh = 6.44, o_inc = 0.02; Pt:
o_coh = 11.58, o_inc = 0.13; all in barns (1072* cm?)]. The
energy resolution was measured and corrected using a vana-
dium sample at the same E;, because the neutron scattering
from vanadium is mostly incoherent. Then the dynamic struc-
ture factor S(Q, w) was obtained and the Van Hove function
was calculated through the double Fourier transform shown in
Eq. (2), using the customized data processing procedure that
will be discussed in detail in Sec. IIT A.

III. DATA ANALYSIS AND RESULTS

A. Obtaining the Van Hove function G(r, ¢)

The Van Hove function G(r, t) is defined by Eq. (1),
and can be calculated from MD simulation trajectories, but
experimentally it is determined from inelastic scattering data
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FIG. 1. Dynamic structure factor S(Q, E) obtained for levitated
ZrsoCusp liquid through INS measurement after applying back-
ground subtraction, detailed balance correction, and interpolation.
The color bar shows the logarithm of the intensity value. A few
distinct spots (bright yellow and dark blue ones) are from the de-
tector array gap or edge due to imperfectness of interpolation. Blank
(white) region and spots are inaccessible (Q, E) range and missing
data, and are treated as NaN.

based on Eq. (2). The customized procedure is described
below.

The I(Q, E) spectrum of neutrons inelastically scattered
from the sample is obtained through standard reduction of
raw time-of-flight (TOF) inelastic scattering data and ap-
propriate subtraction of the empty levitator background.
The detailed balance principle [34] through I(Q,E) =
1(Q, —E)exp(hw/kgT) is used to extend the data range to
include the inaccessible positive energy transfer region re-
stricted by the dynamic limitations. By normalizing to the
square of the mean neutron scattering length (b)?, the dynamic
structure function S(Q, E) of the sample is obtained, as shown
in Fig 1. Some interpolations have also been made to fill the
blank line due to gaps between the detector arrays.

The intermediate scattering function F(Q, t) is deter-
mined by the Fourier transform of S(Q, w) through F(Q, t) =

fg;‘ax S(Q, w) exp(iwt )dw. The contour plot and the different
@ 25
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time slices are shown in Fig. 2. Conforming to the static
structure function S(Q) = F(Q, t = 0) relation, the first maxi-
mum of F(Q, t) decays quickly with time and the ¢+ = O slice,
F(Q, t = 0), oscillates around a constant value, as Q is large
enough. Further normalization of F(Q, t) by this constant
value will be applied later after the energy resolution correc-
tion to enforce that S(Q) oscillates around unity as Q — ©o.
The time dependent relaxation of the first maximum, F(Q1, t),
also known as « relaxation, has been widely used to analyze
the structural change of liquids. However, the analysis of the
Van Hove function by simulation showed that the « relaxation
using reciprocal space information does not provide the true
structural change or local dynamics of the liquid system [35],
which suggests the importance of real-space investigations.
In typical INS measurements, the scattering intensity from
the sample is convoluted with the neutron beam energy reso-
lution function. One way to improve the energy resolution is
to use a lower incident energy, but this reduces the accessible
range of 0. As a compromise we chose the incident energy
of 20 meV. To implement the energy resolution correction,
we apply the deconvolution of the beamline energy profile.
In TOF INS measurements the energy resolution slightly de-
pends on the transfer energy, but the dependence is weak at
low transfer energies where S(Q, E) is most appreciable. Thus,
we use the energy resolution of the elastic line for the entire
energy range. With the reasonable assumption that vanadium
is an almost purely incoherent scatterer, its elastic scattering
intensity can be used to determine the neutron energy profile.
Hence, the total dynamic structure factor can be expressed as

StOt(Qv E)= Ssample(Q, E) * SV(Q, E)’ (3)

where Sy is the total dynamic structure factor directly mea-
sured from the liquid samples, Sqample is the intrinsic dynamic
structure factor for the sample, * indicates a convolution
operation, and Sy is the dynamic structure factor measured
from the standard vanadium sample with the same incident
energy at room temperature, which is almost Q independent
and represents the beamline geometry and neutron energy
profile. By applying the Fourier transform over E or w to both
sides of Eq. (3), the convolution of dynamic structure factors
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F(Q,t)

0.04

0.02 ¢
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FIG. 2. Intermediate scattering function, F(Q, t), determined through the Fourier transform of S(Q, w) without normalization and energy

resolution correction: (a) contour plot and (b) slices at specific times.
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FIG. 3. (a) Energy resolution correction function R(¢) measured from vanadium standard for E; = 20 meV at ARCS and its polynomial
fitting; (b) comparison of the « relaxation for ZrsyCusy before and after energy resolution correction.

becomes a multiplication of intermediate scattering functions,

Ftot(Qa t) = Fsample(Qa I)R(I), (4)

where the energy resolution correction function R(¢) is the
Fourier transform of Sy (Q, E) for E; = 20 meV measured at
the ARCS beamline. A six-order polynomial fit was used to
obtain a smooth R(z). The portion for ¢t > 2 ps is discarded
due to an overcorrection at long times, as shown in Fig. 3(a).
Then the true intermediate scattering function for the sample
can be obtained by

F(Q.1) = Foi(Q, 1)/R(D). &)

The effect of the energy resolution correction can be shown
by plotting the normalized « relaxation before and after the
correction for ZrsoCusg at T; + S0 K, as shown in Fig. 3(b).
Before the energy resolution correction (deconvolution), the
relaxation is much faster and gives a short relaxation time.
After the correction, the o relaxation gives a larger and
more accurate and reasonable relaxation time. Although there
is some degree of overcorrection for longer times and for
samples at lower temperatures, where the relaxation curve
becomes too flat, it is still better than using data without the
correction.

The self-part of the intermediate scattering function
Fi(Q, 1) is attributed to the incoherent part of the scattering,
thus it can be fitted by the Gaussian approximation for diffu-
sive dynamics, F;(Q, 1) ~ A(t) exp[—w(t)Qz], where A(¢) and
w(t) are the time-dependent amplitude and width function.
The F(Q, t) in all ¢ slices can be fitted with the Gaussian curve
to separate the self-part, F;(Q, t), and the distinct part, F;(Q,
1) [= F(Q,1) — F,(Q, 1)]. The fitting range is 1.9 A~ to Omax
(~ 5.8A7") for ZrsoCusy and 1.8 A~ to Omax for ZrgoPta.
Each time slice was carefully checked to make sure that the
fitting was reasonably good. Another benefit of the Gaussian
fitting is the ability to extrapolate the data to a larger Q range
(0-50 10\’1) to avoid termination errors for the second Fourier
transform [24]. At = 0, w(t = 0) equals 0 and F(Q, t = 0)
oscillates around the constant value A(f =0) as Q — o0,
justifying the reliability of the first Fourier transform. Both
F(Q, t) and Fy(Q, t) are then normalized by the A(f = 0)
value to enforce that S(Q) oscillates around unity as Q —

0. The normalized F(Q, t) is similar to Fig. 2 and is not
shown here. The self- and distinct parts of F(Q, ¢) reflect the
single particle diffusive dynamics and the collective atomic
density fluctuations, and are dominated by the incoherent and
coherent neutron scattering, respectively.

Considering the isotropic nature of metallic liquids,
exp(iQ - r) becomes 4 Q% sin(Qr)/(Qr) after angular inte-
gration, and the self- and distinct parts of G(r, t) can be
obtained by the subsequent Fourier transformation of the cor-
responding F(Q, t) over Q. Here we focus on the distinct part,
which describes the cross correlation between atoms, and is
obtained by

Gy(r,t) =

Onmax :
/ Fd(Q,nsméQr)deQ, ©6)

272p r

‘min

where p is the atomic number density, which changes less
than 2% within the measured temperature range. The damping
function sin(x)/x was applied to the tail of F;(Q, t) to sup-
press the truncation error in the Fourier transform. A typical
distinct part of the Van Hove function is shown in Fig. 4. Note
that the smoothness of the data is due to the strong filtering
effect of the double Fourier transformation. When ¢ = 0, it
can be obtained from Eq. (6) that G,(r, 0) = g(r) — 1, where
g(r) is the pair distribution function (PDF) and describes the
instantaneous structure of the liquid. However, because the
energy range of the measurement, up to 20 meV, does not
fully cover the phonons, which extend to over 40 meV, the
peaks of G,(r, 0) are slightly underestimated. Nevertheless,
the coordination number calculated from Gy,(r, 0) is about
12.8 for ZrsoCusg and 12.9 for ZrggPtyo at all temperatures,
which is very close to the expected value of 47 = 12.56 [36],
supporting the validity of the data processing procedure and
the obtained G,4(r, t) here.

B. Relaxation behavior

To analyze the dynamic relaxation behavior of Gu(r,
t), a new parameter AN () is defined as AN () =
fr'lz 47 r?poG,(r, t)dr, where the integration range [ry, r»] is
the distance range for the part of the first peak where the
value of G,(r,t) is positive. Comparing with the coordina-
tion number defined by N = frrf A r? pog(r)dr, the AN;(t)
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FIG. 4. The distinct part of the Van Hove function G,(r, t) for Zrs,Cusg at 7; 4+ 50 K: (a) contour plot and (b) slices at specific times. The
smoothness of the data is due to the strong filtering effect of the double Fourier transformation.

represents the part of the PDF first peak for which g(r) > 1
and means the excess of the number density in the nearest
neighbor shell compared to the long-range average. Its value
att = 0 is between 3.7 and 3.9 for ZrsoCusg, and between 4.3
and 4.8 for ZrggPtyy, with a slight temperature dependence.
The evolution of AN;(¢) with time describes how the bulk of
the nearest neighboring atoms move away from the atom at the
center. Thus, this parameter is chosen to reflect the collective
dynamics of atoms moving from and to the nearest neighbor
shell, since the first main peak value of G(r, t), corresponding
to the average atoms spacing, does not catch all atoms, is af-
fected by temperature, and carries less statistical weight. The
AN (t) normalized by its value at r = 0 is plotted in Fig. 5(a)
for ZrsoCusg liquids at different temperatures. As expected,
the relaxation slows down as temperature decreases. At least
two relaxation modes can be observed for both ZrsyCuso and
ZrgoPtyo liquids at all different temperatures: a faster relax-
ation mode when ¢ < 0.25 ps, corresponding to part of the
fast phononic motion, and a slower one when ¢ > 0.25 ps,
corresponding to the slower collective motion of atoms, in the
metallic liquids.

(@)
13 fits: y=A,exp(-t/7,)*A,exp(-1/1,)
. 084
o
1l S
= e
Z 064
g
€ Ts-150
o o Ts-15
% o Ts-50
0.4 Ts+15
v Tst+50
Ts+100
Ts+150 4|
0.0 0.5 1.0 1:5 2.0
Time (ps)

The two relaxation modes of AN(¢) at different tempera-
tures can be fitted by a two-part exponential decay function,

1 1t
y(t) = A exp (——) + A exp (——),
Tl T

where A; and A, are the fitted amplitudes, and t; and 1,
are the characteristic relaxation times of the two relaxation
modes. Before t = 0.1 ps, AN;(t) does not change much. This
in part is due to the limited energy range of the measurement
(E < E; =20 meV, h/E; = 0.2 ps) so that changes below
0.2 ps cannot be fully resolved. This is the main reason why
A} + A; is more than unity. After £ = 1.5 ps, the data points
deviate from the fit. These are artifacts introduced by the
overcorrection of energy resolution at long times, especially
for low temperatures, because R(¢) goes to zero quickly after
1.5 ps. Although imperfect, the energy resolution correction
technique is still necessary to obtain more realistic relaxation
times. Therefore, only the data from 0.1 to 1.5 ps were used
for the two-part exponential decay function fitting, as shown
in Fig. 5(a) for ZrsoCusg. The determined relaxation times of
the two relaxation modes, t; and 1, at different temperatures

@)

(b) 16— . . . :
Zr50Cus50

—~ 84 °

s 8 e

2 2] o '
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0} 5 .

£ T E, = 500439 meV

C i i

s 1

2 054 ]

o
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1000/T (1/K)

FIG. 5. (a) Normalized AN,(¢) in logarithm scale as a function of time describes the dynamic relaxation in ZrsoCus, liquid at different
temperatures. The solid lines are fits to the two-part exponential function from 0.1 to 1.5 ps for the two relaxation modes. (b) The determined
characteristic times for two relaxation modes, 7; and 1,, as a function of 1000/T for ZrsoCusy. The sizes of error bars are smaller than the
marker size. The dashed lines indicate the Arrhenius fits and determine the activation energy E,.
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are plotted against the inverse temperature, 1000/7, as shown
in Fig. 5(b) for Zrs59Cusg liquid. The error bars from the fitting
for most points are smaller than the symbol size.

The apparent activation energies E, for t; and 1, are de-
termined by the Arrhenius equation, T = 79 exp(E,/kgT), as
shown by the dashed lines in Fig. 5(b). For the faster relax-
ation mode, 7, is small and nearly temperature independent,
as expected for a phononic motion of atoms at short times.
The value of 7y is 0.12 ps, corresponding to 33 meV, which
is reasonable for the average phonon energy. For the slower
relaxation mode, 1, is more strongly temperature dependent
with an activation energy of 500 £ 39 meV and 7y = 0.026
ps for ZrsoCusg. This value of tj is in very good agreement
with that for ZrssCuyy obtained by MD simulation for the
relaxation time for local configurational excitation, tz¢ [11].
Therefore, the 7, mode most likely describes changes in local
atomic configuration by cutting and forming atomic bonds.
The results show that 7, follows the Arrhenius law, even at
temperatures below Ty, whereas 1), becomes super-Arrhenius.

It is also noted that E, for 7, determined in this work is
about two to three times that determined from the MD simu-
lation in Ref. [11]. This suggests that there may be problems
with the classical MD simulation at high temperatures and
demonstrates the significance of this study through inelastic
neutron scattering experiment. For the ZrgyPtyg liquid, similar
results were obtained with just longer t; and 1, values, and E,
is 47 £ 41 meV for 7; and 641 &+ 50 meV for 1, indicating a
slower relaxation and larger energy barrier for the correlated
dynamics in ZrggPt; than that in ZrsgCusg. The E, value of
641 + 50 meV is slightly different from that in Ref. [12]
(750 £ 90 meV for tyy in ZrgyPtyy), mainly because of the
different fitting ranges to obtain the activation energy.

IV. DISCUSSION

The 1, is the relaxation time for the slow relaxation mode
of AN(t), which depicts the collective motions or correlated
dynamics of atoms in the first neighboring shell. Reference
[11] introduced 7;¢, which is the lifetime of the local atomic
connectivity change based on atomic bond cutting and re-
forming, i.e., the time for a center atom to lose an existing
neighboring atom or gain a new one. Therefore, they are
directly related to each other. Although 7;¢ is a definition
from MD simulation and cannot be directly measured through
experiment, it can be estimated from the experimentally ob-
tained 1. Based on the MD simulation results [12,35], 7,
is about (4.1-4.4)t;¢ for the Fe liquids and about 3.77;¢
for the ZrgoPtyo liquid. This relation is reasonable for the
metallic liquids as 7, indicates the timescale of multiple bond
cutting or forming and 7;¢ indicates the timescale of only
one bond cutting or forming. We assume that this relationship
still holds for the experimental results in this work, and 7;¢
can be calculated from the experimentally determined values
of 7. As shown above 1, follows the Arrhenius law even
at temperatures below Ty, in agreement with the simulation
results for ;¢ [37].

On the other hand, the Maxwell relaxation time T); can
be calculated from the shear viscosity 1, measured for the
metallic liquids at similar temperatures [31], based on the
relationship 7y = /Gy, Where G, is the high-frequency

4 - ‘o I Simulations ! B
= Liquid Fe
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Zr44Cuss (EAM)
3 Zr44CussAl10 4
This work:
o . v g ZrsoCuso
& v vV ZrsoPt2o
&2 1
., W%
N :
N . AV . T
O T T T
0.50 0.75 1.00 1.25 1.50

FIG. 6. The ratio of t),/7;¢ obtained from INS measurements for
Zrs50Cusg and ZrgyPty liquids compared with MD simulation results
for various metallic liquid models.

shear modulus. Based on the shear modulus of ZrsoCus
glass [38] we estimated G, = 30 GPa and calculated ty,.
The crossover temperature T is ~1280 K for ZrsoCusg [31]
and ~1750 K for ZrgyPtyy [39]. The 7, seems to show Ar-
rhenius behavior within the whole experimental temperature
range for ZrsoCusy, meanwhile 73, shows Arrhenius behavior
above T, and super-Arrhenius behavior below T,. Because
Ty 1s proportional to 7, they have the same activation en-
ergy. Furthermore, the activation energy for 7;¢ and ) at
high temperatures (Arrhenius part) are similar to each other
(500 £ 39 meV vs 630 = 51 meV for Zr;gCusy and 641 +
50 meV vs 644 £+ 8 meV for ZrgyPtyy). By estimating 7;¢
through 1, = 3.77;¢, the ratio of 7y /7. ¢ for ZrsoCusy and
that for ZrggPtyo as a function of 7/T, are plotted in Fig. 6.
At high temperatures above Tx, )y = 17c. Because 1ty is the
timescale to describe macroscopic viscous behavior and ;¢
is the timescale to describe changes in local atomic connec-
tivity, this equality connects the macroscopic and microscopic
behaviors in metallic liquids directly and shows that the topo-
logical excitations in the atomic connectivity determine the
viscosity at high temperatures [40].

At low temperatures below T, they are no longer equal
(ty > 1) because atomic dynamics becomes more cooper-
ative. Comparing with the MD simulation results in Ref. [11],
it is apparent that they share a very similar trend, although
the temperature range measured in INS experiments is much
narrower than that of MD simulation, due to limitations like
the metallic element evaporation problem, heating capabil-
ity limit of lasers, and potential crystallization under further
deeper supercooling in the levitator. It is also noted that
the ratio of )/t ¢ for simulated liquid systems increases
more slowly with decreasing temperature than the experimen-
tally determined value. This is quite reasonable because the
model liquid in MD simulation is cooled much more rapidly
than in experiments, and deviates from equilibrium at low
temperatures. Thus, 1), is always underestimated at low tem-
peratures. Here, the “low temperature range” indicates 7/Tp
below ~0.8 where the model glass could not be fully relaxed.
Nevertheless, the similarity between the experimental data
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and the MD simulation results provides direct experimental
support for the claim from MD simulation that the viscosity of
metallic liquids is controlled by the local atomic connectivity
change at high temperatures above the crossover temperature
Tn and deviates from that below T, due to atomic coop-
erativity. It also demonstrates the significance of exploring
atomic-level dynamics from real space using inelastic neutron
scattering.

V. CONCLUSIONS

The time dependent pair correlation function, the Van
Hove function, was obtained from inelastic neutron scattering
measurements for ZrsoCusy and ZrggPtyo metallic liquids at
different temperatures using an electrostatic levitation facility.
Analyzing the relaxation behavior of the distinct part of the
Van Hove function, G,4(7, t), the time for local connectivity
change 17 was determined from the experimental data and
compared with the Maxwell relaxation time 7, obtained from
the viscosity data. Their equality above the crossover tem-
perature T, provides the direct experimental evidence for the
prediction by MD simulation that viscosity is controlled by the
local connectivity change in high temperature metallic liquids.
The results also experimentally demonstrate that the atomic
dynamics becomes more cooperative below Ty .
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