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ABSTRACT
The results of a combined experimental and computational investigation of the structural evolution of Au81Si19, Pd82Si18, and Pd77Cu6Si17
metallic glass forming liquids are presented. Electrostatically levitated metallic liquids are prepared, and synchrotron x-ray scattering stud-
ies are combined with embedded atom method molecular dynamics simulations to probe the distribution of relevant structural units.
Metal–metalloid based metallic glass forming systems are an extremely important class of materials with varied glass forming ability and
mechanical processibility. High quality experimental x-ray scattering data are in poor agreement with the data from the molecular dynamics
simulations, demonstrating the need for improved interatomic potentials. The first peak in the x-ray static structure factor in Pd77Cu6Si17
displays evidence for a Curie–Weiss type behavior but also a peak in the effective Curie temperature. A proposed order parameter distin-
guishing glass forming ability, 1/(S(T, q1) − 1), shows a peak in the effective Curie temperature near a crossover temperature established by
the behavior of the viscosity, TA.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0123907

I. INTRODUCTION

Alloys containing the metalloid-silicon pairing constitute an
important family of metallic glass formers. The Au–Si eutectic alloy
was identified nearly seventy years ago as the first glass forming
composition.1 Despite the low melting temperature of the Au81Si19
eutectic composition, it has notoriously poor glass forming ability
(GFA). It has been speculated that an incompatibility between the
liquid and crystalline structures aids the eutectic depth, but it is not
clear why that incompatibility does not improve GFA.2,3 Under-
standing the structural evolution of the Au–Si eutectic alloy is
important since it is the base system for other Au-based alloys that
have much improved GFA.4 At the same time, Pd–Si has been inves-
tigated for its improvedGFA5 relative to Au–Si, forming the basis for
its own family of bulk metallic glasses (BMGs).6 During the cooling
process, the structure in the liquid state, especially under the

undercooled condition, changes considerably,7–9 and the details of
the structural evolution of the liquid has influence on subsequent
phase formation. However, it has been a persistent challenge to
quantify and describe the structures of undercooled metallic liquids
in useful ways. This is made all the more important as Pd–Si BMGs
possess unique mechanical properties.10 The connection between
GFA and structural evolution in the liquids continues to be poorly
understood; however, there has been speculation about the most
relevant structural features present in the liquids and their evolution
with temperature.11,12

The Pd82Si18 eutectic is a solute-lean system, and evidence sug-
gests that each Si atom is surrounded in the nearest neighbor shell
by Pd atoms only,13 leading to solute–solute avoidance. This is a
common phenomenon observed in other metallic glass forming
families.14,15 In Si-centered nearest neighbor clusters, the most
probable CNs lie either at 9 or 10, whereas the Pd-centered clusters
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are most frequently observed to have 12 or 13 neighbors but with
a broad distribution.16 In Pd82Si18, the tri-capped trigonal prisms
with Voronoi Indices (VI)17 ⟨0, 3, 6, 0⟩ and ⟨0, 2, 8, 0⟩ are prevalent in
the liquid, becoming more prevalent as the liquid is cooled into the
glassy state.7,16 Icosahedral clusters exist in Pd82Si18 but occur with
low prevalence,16 even in the glass. However, it remains unclear how
icosahedral-like clusters18 related to the perfect icosahedra Voronoi
index ⟨0, 0, 12, 0⟩ are connected with GFA. This is further compli-
cated because the Voronoi tessellation process does not distinguish
slight distortions in one index that might be structurally relevant.
With the suggestion that the formation of trigonal prisms or other
“glass forming motifs” (Pd-centered Z13 and Si-centered Z9-like
and mixed–ICO–cube clusters with five-fold local symmetry)19 is
the key to glass formation in metal–metalloid systems, it is critical to
reassess the validity of the potentials used in computer simulations
against all available experimental structural data. It has been shown
that the populations of trigonal prisms and, more importantly,
prism clusters increase as the liquid is supercooled in computational
studies.20,21 These results depend significantly on the quality of the
potentials used in the simulations.

We assess the quality of the Au–Si and Pd–Si potentials avail-
able by comparing the structures obtained frommolecular dynamics
(MD) simulations with the best x-ray scattering data available for
Au- and Pd-based metallic glass forming liquids. In this work, we
present a combination of experimental data and MD simulation
results and structural analysis in Au81Si19, Pd82Si18, and Pd77Cu6Si17
liquids. To our knowledge, this is the first examination of the Au–Si
liquid structure from an experimental perspective, and while Pd–Si
and Pd–Cu–Si structures have been generated using ab initio sim-
ulations, the embedded atom method (EAM) potentials and angu-
lar dependent potentials (ADP) have not been carefully examined
and validated through systematic comparison with experimental
structural data. Here, we compare the MD predictions for the struc-
ture, characterized by the radial distribution functions and structure
factors, with experimental measurements of these quantities in the
eutectic Au–Si and Pd–Si compositions. We find that the correspon-
dence between the experimental data and the EAM results is poor in
Pd82Si18 and extremely poor in Au81Si19. The importance of refining
the EAM potentials in these metal–metalloid systems is further
reinforced as a proposed order parameter for distinguishing glass
forming ability, shows a peak in its effective Curie temperature near
a crossover temperature established by the behavior of the viscosity,
TA. In order to understand the evolution of dominant structures in
these systems, the EAM potentials require refinement based on our
experimental scattering data.

II. EXPERIMENTAL
Master ingots for all compositions were prepared by arc-

melting high-purity Pd (99.99 at. %), Cu (99.995 at. %), Au
(99.9 at. %), and Si (99.9999 at. %) to produce ∼1 g ingots of Au81Si19,
Pd82Si18, and Pd77Cu6Si17. A Ti–Zr getter located close to the sample
was melted prior to arc-melting the master ingots as an oxygen
getter. The master ingots were melted three times to ensure that
the samples were homogeneous. Potential mass loss was measured
due to the arc-melting process and was negligible for all samples
(less than 0.1%). The master ingots were used as source material
to create spherical samples (2.25–2.60 mm diameter) that were

processed in the Washington University Beamline Electrostatic
Levitation (WU-BESL) facility.22 The WU-BESL is optimized for
x-ray diffraction studies of levitated, containerlessly processed,
liquids in a high-vacuum environment (10−8–10−7 Torr). The
Pd82Si18 samples prepared for study in the WU-BESL were first
fluxed in B2O3 to improve processibility and supercooling.23 The
WU-BESL was installed at the D-station at Sector 6 of the Advanced
Photon Source (APS). To minimize the effect of the beryllium x-ray
entrance window on the scattering signal, external lead and internal
tungsten shielding remove the scattering of the direct beam from
that window. In addition, a beamstop is installed just downstream
(outside of the chamber) of the beryllium exit window, which
captures the scattering of the direct beam from that window but
produces a slight fluorescence signal at very low-q.

The levitated samples were processed using a 50 W maximum
continuous power output, fiber coupled diode laser operating at
a wavelength of 980 nm. A Process Sensors Metis MI18 single
color pyrometer operating at a wavelength of 1.89 μm was used to
measure the levitated samples at lower temperatures (160–800 ○C),
and a Metis MQ22 two-color ratio pyrometer operating at 1.40
and 1.65 μm wavelengths was used for the high temperature mea-
surements (600–2300 ○C). The emissivities of the various samples
were calibrated by matching the end of the melt plateau (cor-
responding to the eutectic temperature, TS, in the temperature
vs time curve measured on heating in WU-BESL) to the largest
endothermic signature measured in a differential thermal analyzer
(DTA; Labsys DTA/DSC, Setaram).24 The temperature was corre-
lated with noncontact measurements of the volume, made using
the shadow method25,26 with a PixeLINK PL-B74IG CMOS camera
and a 455 nm collimated microscope light-emitting diode (LED).
The relative precision of the measured density data was ∼0.3%
over the temperature range studied with an absolute accuracy of
∼0.5% for Pd82Si18 and Pd77Cu7Si16 and ∼1.5% for Au81Si19. A
more detailed discussion of the machine vision volume measure-
ment algorithm and experimental implementation can be found
elsewhere.24

The diffraction studies were made in a transmission geome-
try using high-energy x rays (E = 130 keV, λ = 0.094 Å). Scattering
data were obtained to a momentum transfer, q, maximum of 17 Å−1,
at a sampling rate of 1 Hz (isothermal) and 2 Hz (slow, controlled
cooling) using a General Electric (GE) Revolution 41-RT amor-
phous Si flat-panel x-ray detector. A diffraction pattern from a
NIST Si standard was used to calibrate the detector position, and
orientation and bad pixels were removed. After applying a pixel
efficiency gain map, images were corrected for oblique incidence,
absorption, multiple scattering, fluorescence, polarization, sample
geometry, Compton scattering and container scattering contribu-
tions using in-house analysis packages written in LabVIEWTM. Data
were collected either in a series of 10 s isothermal scattering mea-
surements in a controlled cooling mode by modulating the heating
laser power. The static structure factor was calculated using

S(q) = I(q) −∑n
i=1ci∣ fi(q)∣2

∣∑n
i=1cifi(q)∣2

+ 1, (1)

where I(q) is the measured intensity, ci is the atomic fraction of
each elemental species, and fi(q) is the q-dependent atomic form fac-
tor for each element. Given the common assumption of isotropic
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scattering and a homogeneous sample, the total pair-distribution
function, g(r), was computed from a Fourier transform of the
structure factor,

g(r) − 1 = 1
4πρ0

2
π ∫ (S(q) − 1)

sin(qr)
qr

q2dq, (2)

where ρ0 is the number density.
Incomplete accounting for secondary scattering is one of the

primary causes of incorrect scaling of the static structure factor. In
practice, it is impossible to properly model the secondary scattering
without knowing the precise configuration of the scattering envi-
ronment. A procedure developed by Peterson et al.27 and widely
adopted in the neutron and x-ray scattering community was used
to slightly adjust the scaling in the structure factor to reduce Fourier
transformation truncation ripples. In this process, ΔGlow [Eq. (4)],
which quantifies the magnitude of ripples in G(r) below the hard-
sphere cutoff, is minimized, and then, the structure factor is rescaled
[Eq. (4)] until the experimentally measured number density ρexp
matched ρfit as closely as possible,

ΔGlow =

rlow

∫
0
(r G(r) + 4πr2ρfit)

2 dr

rlow

∫
0
(4πr2ρfit)

2 dr
, (3)

S′(q) = αS(q) + (1 − α). (4)

The difference between the experimental and fit number densities
was found to be about 0.5% for Au–Si and Pd–Si and about 1.5%
for Pd–Cu–Si. This treatment has been validated in x-ray and neu-
tron diffraction experiments conducted at the same temperature
from two separate x-ray scattering studies.28,29 The positions and
magnitudes of the first peaks in S(q) were refined by fitting a cubic
spline to the peak using in-house programs written in Python®.
The uncertainties in the structure factors presented were estimated
by considering perturbations from independent sources of error
(including statistical uncertainties) following the method described
by Hammersley30 and from the confidence intervals of fitted correc-
tion factors. The precision of the peak heights in S(q) presented was
between 0.5% and 1.2% for the data collected.

III. MOLECULAR DYNAMICS SIMULATIONS
Molecular dynamics (MD) simulations were made for

the Pd82Si18 and Au81Si19 metallic liquids. The large-scale
atomic/molecular massively parallel simulator (LAMMPS) was
chosen for the MD studies, which were made using the NSF
computing resources in the Extreme Science and Engineering
Discovery Environment (XSEDE).31 The embedded atom method
(EAM) potential32,33 and the angular dependent potential (ADP)34
were used to describe the atomic interactions for the Pd82Si18
and the Au81Si19 metallic liquids, respectively. The Pd82Si18 and
Au81Si19 metallic liquids were made by first randomly arranging
32 000 atoms and 30 000 atoms, respectively, at 2000 K and then
relaxing the ensembles for 1 ns to reach equilibrium. The ensembles
were then cooled at a constant rate (10 K/ps) and subsequently
equilibrated for 20 ns at the target temperature for further analysis.

We confirmed that the ensembles had thermally equilibrated by
comparing various quench rates and ensuring that the structure
factors and pair-distribution functions converged (shown in the
supplementary material, Figs. 1–4). All of the MD simulations were
made under NPT (isobaric–isothermal) conditions, and periodic
boundary conditions were assumed.

IV. RESULTS AND DISCUSSION
A. Structure factor and pair correlation function
results for Au–Si and Pd–Si

The total structure factors, S(q), were calculated frommeasured
high-energy x-ray diffraction data for Au81Si19 and Pd82Si18 metal-
lic liquids for several 100 degrees around their respective liquidus
temperatures (Fig. 1). Both metals display a main peak, S(q1), which
increases upon cooling, indicating an increasing coherence length
for the structures in the liquid—a universal feature for metallic liq-
uids. Furthermore, and also consistent with previous investigations,
the peak position, q1, shifts to higher-qwith decreasing temperature,
consistent with an increasing atomic density. The structure factors
for the Pd–Si alloy studied also develop a distinct shoulder on the
second peak as the temperature is lowered—a feature missing in
the Au–Si metallic liquid. All of the S(q)s oscillate around unity
owing to the superior sample environment. Electrostatic levitation
removes the need for capillaries and other sample environments
that corrupt the background corrections necessary to produce clean
and physical structure factors. This is particularly relevant as we
compare the experimentally determined x-ray data to the MD
simulations.

Molecular dynamics simulations are powerful tools for study-
ing the details of the three-dimensional structures that are present in
metallic liquids. However, the accuracy of the atomic potentials used
for the simulations must be validated by comparing MD predictions
with experimental data. Here, we compare the experimental andMD
generated S(q)s. The partial pair-distribution functions (PPDFs),
gαβ(r), were calculated directly from the MD simulation ensemble as

gαβ(r) =
1

4πr2Nρo

N

∑
i = 1

N

∑
j = 1≠ i

⟨(r − rij)⟩, (5)

where N is the number of atoms and rij is the distance between
the ith and the jth atoms. At each temperature, the simulations
were equilibrated for 20 ns before summing the PPDFs together to
obtain the g(r)s. Furthermore, once the PPDFs were calculated, the
associated partial structure factors (PSFs) were calculated according
to

Sαβ(q) = 1 + 4πρ0
∞

∫
0

r2gαβ(r)
sin(qr)

qr
dr . (6)

To compare with the experimental x-ray scattering results, the total
S(q) was calculated by summing the PSFs with the appropriate
x-ray Faber–Ziman weighting factors.35 Figure 2 shows a compar-
ison between the experimental and MD calculated S(q)s for Pd82Si18
and Au81Si19. Prior to the structural calculation, all the samples were
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FIG. 1. Experimentally determined static structure factors for (a) Pd82Si18 and (b)
Au81Si19. The measured structure factors demonstrate a main peak (shown in the
inset) that increases in intensity and shifts to higher-q with decreasing temperature,
consistent with an increasing atomic density. A distinct shoulder on the second
peak also develops as the temperature is lowered for Pd82Si18, a feature that is not
present in the Au–Si liquids. The data taken closest to the liquidus temperatures
(TL = 1081 and 632 K for Pd82Si18 and Au81Si19, respectively) are indicated for
reference.

relaxed at the target temperature for 20 ns to reach equilibrium
before the analysis. For clarity, theMD results are shown for only the
lowest temperature studied in the simulation of each liquid. As can
be seen, there is substantial disagreement between the experimental
and simulation results at the lowest temperature for both liquids;
similar disparities are observed at all temperatures as are shown
in the supplementary material (Figs. 5 and 6). The height of the
first peak in the MD calculated S(q) at 1000 K is ∼11% lower than
the experimental value in the Pd82Si18 liquid [Fig. 2(a)] although

FIG. 2. Comparison between the experimental structure factors for Pd82Si18 and
Au81Si19 with the lowest temperature obtained from the MD simulation. (a) The
MD structure factor for Pd82Si18 at 1000 K is inconsistent with the experimental
data. The main peak positions match, but the peak height is low by nearly 11%.
Furthermore, the shoulder on the second peak shown in the lower inset deviates
considerably. (b) The correspondence between the MD structure factor with the
corresponding x-ray structure factor for Au–Si at 580 K is very poor. The main
peak position deviates by ∼6% while the peak height deviates by almost 17%,
suggesting major flaws in the force field. The data taken closest to the liquidus
temperatures (TL = 1081 and 632 K for Pd82Si18 and Au81Si19, respectively) are
indicated for reference.

the peak positions are similar. Furthermore, the appearance of two
sub-peaks in the second peak in S(q) found in the experimental
data at lower temperatures is not reproduced accurately in the MD
calculated S(q) [see the lower inset in Fig. 2(a)]. This latter point is
particularly concerning since this feature is sensitive to developing
local order14,15,28,36 in the liquid, which is not reproduced in the
MD calculations. The differences between the MD and experimental
data for S(q) at the lowest temperature studied by MD (580 K) in
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TABLE I. Measured liquid density temperature dependency. The solidus temperatures, Ts, were obtained with DTA and are
consistent with literature values where available.37,38

Solidus Liquidus Density, ρ, at
Composition temperature, Ts (K) temperature, TL (K) TL (g/cm3) dρ/dT (10−4 g/cm3/k)

Au81Si19 632 632 15.58 −11.7
Pd82Si18 1081 1081 10.14 −7.52
Pd77Cu6Si17 1013 1128 10.00 −7.24

the Au81Si19 liquid are even more striking [Fig. 2(b)]. The first peak
positions differ by ∼6% while the peak height is almost 17% lower
than the experimental data at a corresponding temperature.

Similar differences between the experimental data and the
results of theMD simulations are also found for the pair-distribution
function, g(r). This function provides an average description of the
liquid structure, giving the probability of finding a particle at a
distance r from an average central atom, normalized to the average
number density, and is obtained directly from the MD simulation
[Eq. (5)]. The experimental value for g(r) is obtained from a
Fourier transform of the experimental structure factor [Eq. (2)]. The
densities needed were determined experimentally using the shadow
method described earlier; they are presented in Table I.

As with S(q), the experimental values of g(r) for Au81Si19 and
Pd82Si18 compare poorly at all temperature, and we show a compari-
son at the lowest temperature MD simulation (Fig. 3). Comparisons
at other temperatures also show poor agreement, as shown in the
supplementary material (Figs. 7 and 8). In Fig. 3(a), the intensity of
the first peak in the MD generated g(r) for Pd82Si18 at 1000 K is ∼5%
less than the experimental value. The splitting in the second peak
is also inconsistent between the MD and experimental data. The
correspondence between the MD pair-distribution function and the
experimental one is even worse for the Au81Si19 liquid, as shown in
Fig. 3(b). Again, the magnitude of the first peak in theMD generated
g(r) at 580 K is much smaller than the experimental value at 577 K.
The peak positions for the second and higher coordination shells are
shifted to larger values of r than the experimental data, and while the
second peak has the beginnings of an asymmetry in the MD data, it
is much less than in the experimental data. The deviations extend
to the bulk density as well, where the MD value (14.3 g/cm3) is
almost 7% smaller than the experimental value—a statistically signif-
icant difference. The differences between the MD and experimental
data in the second peak of g(r) are particularly troubling. There is
a considerable body of literature attempting to interpret the evolu-
tion of the splitting of the second peak.39 The fact that it does not
occur in the MD generated structures to the same degree as from
the x-ray data indicates that the MD structure is more homogeneous
than the experimental one, as will be discussed in more detail in
Sec. IV B.

A critical point from these differences between the experimen-
tal and the MD calculated values for S(q) and g(r) is that the local
structures in the liquid are not well represented by the potentials
used. This is discussed further in Sec. IV B, showing differences
in the local structures obtained from the MD simulations discussed
here and from ab initio calculations. The differences with the exper-
imental data and the results of ab initio studies clearly indicate that
the potentials for both the Au81Si19 and Pd82Si18 liquids need to be
further refined.

FIG. 3. Comparison between the experimentally determined pair-distribution func-
tions for Au81Si19 and Pd82Si18 with the lowest temperature obtained from the
MD simulation. (a) The MD pair-distribution for Pd82Si18 at 1000 K is inconsis-
tent with the experimental data. The inconsistencies between the main peaks are
obvious, but the important splitting in the second peak is quantitatively inconsis-
tent, suggesting simulated structures that deviate considerably in the nearest and
second-nearest neighbor distance. (b) The correspondence between the MD pair-
distribution function with the corresponding x-ray function for Au–Si at 580 K is
very poor, particularly in the second and higher coordination shell r-range. The
data taken closest to the liquidus temperatures (TL = 1081 and 632 K for Pd82Si18
and Au81Si19, respectively) are indicated for reference.
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B. Molecular dynamics Voronoi analysis

In order to effectively characterize a given liquid structure
and extract the important structural characteristics of glass forma-
tion, many topological methods have been proposed including the
Honeycutt–Anderson common neighbor analysis,40 the bond ori-
entation order parameter,41 and the Voronoi tessellation method.17
The Voronoi tessellation method allows one to decompose the
structures present in the MD simulations quantitatively based on
polyhedral order. In this method, the perpendicular bisecting plane
between each pair of atoms is constructed, weighted according to
the atomic size. The convex polyhedron around each central atom
is then characterized by its “Voronoi index,” ⟨n3,n4,n5, . . . ,ni, . . .⟩,
where ni is the number of i-sided polygons of the enclosing poly-
hedron. In this way, the local order around each atom can be
characterized with a distinct, natural topology. In our analysis, poly-
hedral faces that constitute less than 1% of the total face area are
removed and the Voronoi index without that small face is indexed.
In this way, the Voronoi index characterizing each atom more
accurately reflects the nearest neighbor atomic ordering. Following
the procedure outlined above, MD simulations of liquid Au81Si19
and Pd82Si18 were prepared over several hundred degrees Kelvin
near the liquid temperatures. At each temperature, 3000 simula-
tions were prepared with each separated by 10 fs. A configuration
was sampled every picosecond, and a complete Voronoi tessella-
tion analysis was completed using the OVITOTM Open Visualiza-
tion Tool,42 allowing the generation of descriptive statistics on the
structures present in each simulation.

A common approach to characterizing the Voronoi structures
is to group them into close-packed cubic (FCC and HCP), body-
centered cubic (BCC), icosahedral (ICO), and other structures.42 In
Fig. 4, we present such an analysis on both the Au–Si and Pd–Si MD
simulations at each temperature for which there is also experimental
data. It is important to stress that any such analysis relies on the
force fields generating the structures being physical and that there
exists a high degree of correspondence between the experimental
x-ray data [S(q) and g(r) in this case] and the associated MD data.
For both systems, the most prevalent structure is non-cubic and
imperfect icosahedral. The Au-based alloy demonstrates a tendency
for non-cubic structures relative to the Pd-based alloy, but given the
poor correspondence between the x-ray and MD structure factors
and pair-distribution functions, this cannot be considered conclu-
sive. Perhaps, the most useful element of this very broad analysis is
the evidence that the simulations have equilibrated. By comparing
the fraction of FCC, BCC, ICO, etc., order present, no statistically
significant deviations from the average presented in Fig. 4 were
observed over the course of the isothermal simulations.

Previous investigations43 used first-principles MD simulations
to study the local structures in Pd82Si18. A Voronoi analysis
of those simulation results found a high frequency of Pd
⟨0, 0, 12, 0, 0⟩, ⟨0, 2, 8, 2, 0⟩, ⟨0, 3, 6, 3, 0⟩, ⟨0, 1, 10, 2, 0⟩, ⟨0, 3, 6, 4, 0⟩,
and ⟨0, 2, 8, 4, 0⟩ structures, constituting of almost 40% of all
Pd-centered structures, and a high frequency of Si ⟨0, 3, 6, 0, 0⟩,
⟨0, 2, 8, 0, 0⟩, ⟨0, 3, 6, 1, 0⟩, ⟨1, 2, 5, 2, 0⟩ and ⟨0, 2, 8, 1, 0⟩ structures,
constituting of almost 50% of all Si-centered structures. We
carried out a Voronoi analysis of these same structures in Au81Si19
and Pd82Si18 (Fig. 5). Generally speaking, the distribution of Voronoi
structures present in Au–Si liquids [Fig. 5(a)] is extremely broad.

FIG. 4. Voronoi tessellation analysis of Au–Si and Pd–Si liquids grouping the struc-
tures by type. The uncertainties included on the graphs come from the standard
deviation of the configurations sampled. For both systems, the most prevalent
structure is non-cubic and imperfect icosahedral. The Au-based alloy demon-
strates a tendency for non-cubic structures relative to the Pd-based alloy, but given
the poor correspondence between the x-ray and MD structure factors and pair-
distribution functions, this cannot be considered conclusive. The data taken closest
to the liquidus temperatures (TL = 1081 and 632 K for Pd82Si18 and Au81Si19,
respectively) are indicated for reference.

No single index exceeds 2.1% of the total structures, regardless
of atomic species and the distribution narrows as the temperature
decreases; the perfect icosahedral structure, ⟨0, 0, 12, 0, 0⟩, has a very
sparse frequency in all simulations. Interestingly, the ⟨1, 2, 5, 2, 0⟩ Si
structure is present with a substantially higher frequency than in the
Pd–Si alloy in this and previous43 studies.

It is interesting that the Si structures in Pd82Si18 appear to have
some similar characteristics to previous studies. At 950 K, the most
abundant structures are ⟨0, 2, 8, 0, 0⟩, ⟨0, 3, 6, 0, 0⟩, ⟨0, 2, 8, 1, 0⟩, and
⟨0, 3, 6, 1, 0⟩, which are similar to, but not entirely consistent with,
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FIG. 5. Voronoi tessellation distribution of Au–Si and Pd–Si liquids at different tem-
peratures. The data taken closest to the liquidus temperatures (TL = 1081 and
632 K for Pd82Si18 and Au81Si19, respectively) are indicated for reference.

previous studies. We observe even more substantial inconsistencies
between our Pd structures and previous work. We observe a much
broader distribution of Pd Voronoi structures. Where previous
studies found a high prevalence of ⟨0, 1, 10, 2, 0⟩ and ⟨0, 3, 6, 4, 0⟩,
both exceeding 10% around 950 K, we observe only a quarter of
those values. These results, combined with the poor correspondence
between the experimental and MD simulation structure factors and
pair-distribution function for both systems, suggest that that the
potentials used for the MD simulations require refinement. Many
computational and experimental studies have shown that the pure
icosahedral structure ⟨0, 0, 12, 0, 0⟩ usually does not have a high
concentration in many metallic glass forming compositions.44–46

The Voronoi tessellation method is one of the most widely used

TABLE II. Voronoi structures grouped into “primary” and “secondary” categories.

Primary structures Secondary structures

⟨0, 0, 12, 0, 0⟩ ⟨0, 4, 4, 5, 0⟩ ⟨0, 2, 8, 0, 0⟩
⟨0, 1, 10, 2, 0⟩ ⟨0, 1, 10, 3, 0⟩ ⟨0, 3, 6, 1, 0⟩
⟨0, 2, 8, 1, 0⟩ ⟨0, 3, 6, 0, 0⟩ ⟨0, 3, 6, 4, 0⟩
⟨0, 2, 8, 2, 0⟩ ⟨0, 2, 8, 4, 0⟩ ⟨0, 3, 6, 2, 0⟩

⟨0, 2, 8, 3, 0⟩ ⟨0, 4, 4, 3, 0⟩
⟨0, 4, 4, 2, 0⟩ ⟨0, 3, 6, 3, 0⟩
⟨0, 4, 4, 4, 0⟩

for characterizing icosahedral-like order.7,17,47,48 A scheme has been
proposed for identifying and distinguishing “quasi-icosahedral”
clusters relevant for metallic glass formation.18 The projection
method was used in this work to connect the perfect icosahedral
Voronoi index ⟨0, 0, 12, 0, 0⟩ to three other full-icosahedral clusters:
⟨0, 1, 10, 2, 0⟩, ⟨0, 2, 8, 1, 0⟩, and ⟨0, 2, 8, 2, 0⟩. We refer to these as
“primary structures.” Furthermore, we combine structures related to
these primary structures by simple deformations18 into a grouping
called “secondary structures.” These structures have been identified
in various studies as important, prevalent, and have been linked to
glass forming ability in one way or another. The Voronoi structures
that we characterize as primary and secondary are summarized in
Table II.

The Voronoi tessellation distribution of Au–Si and Pd–Si
liquids at different temperatures, grouped into primary and sec-
ondary structures according to the scheme in Table II, is shown in
Fig. 6. A value of these grouping schemes is improved statistics. The
argument is made18 that these groupings gather topologically similar
structures and that their evolution with temperature can be con-
nected to glass forming ability, without suffering from the statistics
of small numbers. As shown in Fig. 6(a), the groupings of struc-
tures into primary and secondary still only account for less than
12% of the total Si structures (and less than 6% of the Au struc-
tures) in the Au–Si, whereas Si structures in Pd–Si [Fig. 6(b)] are well
represented in this group scheme. The rapid increase in secondary Si
structures with decreasing temperature is consistent with Fig. 5(b)
since ⟨0, 2, 8, 0, 0⟩, ⟨0, 3, 6, 0, 0⟩, and ⟨0, 3, 6, 1, 0⟩ are grouped in the
secondary category. These results again show that the potentials used
for Au–Si (in particular) and Pd–Si need refinement and the broad
distribution of structures observed in Fig. 6 is further evidence for
this.

C. Order parameter analysis
The order parameter

O(T) = 1/(S(q1) − 1), (7)

where S(q1) is the height of the first peak of the static structure
factor, is a possible differentiator of glass forming ability in metallic
liquids. We have argued that this parameter could identify the
structural signature of an accompanying dynamical transition.49 In
the theoretical case of infinite ordering, corresponding to an infi-
nite coherence length, the parameter O(T) goes to zero. We have
previously argued that O(T) is related to the rapid increase in the
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FIG. 6. Voronoi tessellation distribution of Au–Si and Pd–Si liquids at different tem-
peratures grouped into primary and secondary structures according to the scheme
in Table II. (a) The groupings of structures into primary and secondary still only
account for less than 12% of total Si structures (less than 6% for Au structures).
The increase in primary Si structures is within error and is likely not statistically
significant. (b) Si structures in Pd–Si [Fig. 6(b)] are well represented in this group
scheme, accounting for 32%–42% over the temperature range studied. The rapid
increase in secondary Si structures with decreasing temperature is consistent
with Fig. 5(b) since ⟨0, 2, 8, 0, 0⟩, ⟨0, 3, 6, 0, 0⟩, and ⟨0, 3, 6, 1, 0⟩ are grouped
in the secondary category. The data taken closest to the liquidus temperatures
(TL = 1081 and 632 K for Pd82Si18 and Au81Si19, respectively) are indicated for
reference.

liquid viscosity with decreasing temperature, reflecting the fragility
of the liquid.28 Fragility correlates with glass forming ability, so
differences in O(T) among liquids investigated might be expected;
however, this order parameter has not been experimentally explored
in multiple metallic glass forming systems. In largely theoretical
investigations, the order parameter O(T) was shown to follow a
Curie–Weiss law.49 The metallic glass forming liquid Pd77Cu6Si17
has superior GFA compared to Pd82Si18 and provides an excellent
opportunity to explore this order parameter. This system has
attracted interest for its enhanced thermal stability50 but also the
possibility that Cu-additions can induce structural changes in the

liquid that can be readily interpreted in terms of icosahedral
ordering.51

We have investigated the structural evolution in the
Pd77Cu6Si17 liquid through high-energy x-ray diffraction studies.
For these measurements, the high temperature liquid was allowed
to cool slowly into the undercooled liquid state while diffraction
images were collected at two frames per second (2 Hz) over a
temperature range of 1350 down to 965 K. The static structure

FIG. 7. Experimentally determined (a) static structure factors and (b) calculated
pair-distribution functions for liquid Pd77Cu6Si17. (a) The measured structure fac-
tors demonstrate a main peak (shown in the inset) that increases in intensity
and shifts to higher-q with decreasing temperature, consistent with an increasing
atomic density. A distinct shoulder on the second peak also develops as the tem-
perature is lowered. (b) The calculated pair-distribution functions were calculated
from Eq. (2). The data taken closest to the liquidus temperature (TL = 1128 K) are
indicated for reference.
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factors and associated pair-distribution functions were calculated
and are presented in Fig. 7. Due to the clean scattering environment
in the BESL, these are quantitatively reliable and to our knowledge
the highest quality data available on this system.

Furthermore, detailed analyses of the structural data provide
tantalizing evidence that a structural signature of a cooperative
dynamics may be present. As is illustrated in Fig. 8(a) for the
Pd77Cu6Si17 liquid, the evidence of structural ordering is present
in the S(q1) and, subsequently, the behavior of the order parameter
in Eq. (7). The evolution of the first peak in the structure factor is
non-linear with an apparent crossover temperature between a “high

FIG. 8. (a) The first peak in the static structure factor as a function of temperature
for liquid Pd77Cu6Si17. Data were obtained from diffraction images collected at
two frames per second (2 Hz). (b) Projection of the order parameter down to the
temperature axis, showing the dependence on the temperature range of the data
used. The intercept, α(T), is strongly temperature dependent, is observed to be
non-monotonic, and provides a measure of an effective Curie temperature for the
liquid at a particular liquid temperature, T . The liquidus temperature (TL = 1128 K)
is shown for reference in each figure.

temperature” and a “low temperature” behavior. Similar crossovers
or inflections have been observed in other metallic glass forming
systems.28

Our analysis of the behavior of the static structure factor, and
thus the order parameter, is based on the fact that a Taylor expan-
sion of a weakly exponential function can often display nearly linear
behavior. We fit the first peak in the static structure factor to an
exponential according to

S(q1) − 1 = aebT + c (8)

using a weighted least squares regression. In Fig. 8(b), the inter-
cept, α(T), of the projection of the order parameter is the effective
Curie temperature. We find that, similar to how the temperature
dependence of the viscosity defines the fragility of the liquid, the
order parameter O(T) provides a measure of rates of structural
ordering. Specially, the projection of the order parameter down
to the temperature axis provides a measure of an effective Curie
temperature.

Following a method presented by Chen et al.,28 it follows from
Eq. (8) that the Curie temperature has an analytical form and can be
simplified to

α(T) = T + 1/b + c/abebT. (9)

Taking the temperature derivative of Eq. (9) shows that α(T) does
not change monotonically with temperature but should have a
maximum value at a temperature, Tp, given by

Tp =
ln(c/a)

b
. (10)

The Curie temperature is shown in Fig. 9 for Pd77Cu6Si17, displaying
a peak at Tp = 1359 ± 156 K.

FIG. 9. The effective Curie temperature for liquid Pd77Cu6Si17 over the temper-
ature range that experimental x-ray diffraction data were collected. The liquidus
temperature (TL = 1128 K) is shown for reference.
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TABLE III. Parameters obtained by fitting to the measured S(q1) as a function of
temperature in liquid Pd77Cu6Si17.

Parameter Value Uncertainty % Uncertainty Units

a 4.5 0.1 2.2 ⋅ ⋅ ⋅
b −1.1 × 10−3 0.1 × 10−3 9 1/K
c 1.0 0.1 10 ⋅ ⋅ ⋅
Tp 1359 156 8.4 K

The parameters obtained by fitting Eq. (8) to the S(q1) data as a
function of temperature for Pd77Cu6Si17 are listed in Table III.

It follows naturally to consider whether a similar order
parameter analysis of real-space quantities might elucidate more
information about a transition from high temperature to low
temperature behavior. Some fundamental work from the Yavari and
co-workers52,53 identified inflections or crossovers in both the struc-
ture factors and pair-distribution functions in Pd- and Zr- based
metallic glass forming liquids. Our analysis of the pair-distribution
functions in Pd77Cu6Si17 did not find conclusive evidence for a
crossover in the temperature dependence in any peak or peak
location, owing mainly to large statistical uncertainties in the data
obtained from a Fourier transform of the scattering data. Ideally,
it would be useful to investigate the detailed structural ordering in
a liquid obtained from a molecular dynamics simulation. Unfor-
tunately, the one existing atomic potential was developed from
experimental data that were taken in a contained environment and
is thus not suitable for an MD analysis. A refinement of the poten-
tial using the higher quality data shown in Fig. 7 would allow for a
quantitative comparison of the experimental data to the results of an
MD simulation.

It is worth noting that for the Pd77Cu6Si17 liquid, the effective
Curie temperature (1359 ± 156 K) is higher than the crossover
between the high temperature and low temperature data observed
in Fig. 8(a). Given the substantial uncertainty in Tp and the lack of
any physically meaningful way to limit the temperature ranges fit
for the “high temperature” and “low temperature” regimes, this is
not surprising. The value of Tp is, however, consistent with values
of the crossover temperature, TA, measured from viscosity data of
liquid Pd77Cu6Si17 droplets.54 While the temperature dependence
of the shear viscosity for strong liquids, such as SiO2, is approxi-
mately Arrhenius from above the liquidus temperature to the glass
transition temperature, metallic liquids show a crossover with
decreasing temperature to a super-Arrhenius behavior (i.e., tem-
perature dependent activation energy) beginning at a temper-
ature TA, located near the liquidus temperature. Molecular
dynamics simulations suggest that the crossover is due to the onset
of a cooperative response to local atomic excitations.55,56 Above TA,
the characteristic time for the shear viscosity, called the Maxwell
time, τM, is equal to the time required for an atomic cluster to gain or
lose a single atom, τLC. At temperatures belowTA, τM becomes larger
than τLC due to the increasing atomic cooperativity over increas-
ingly larger length scales. Recent studies in another metallic glass
forming system, Cu49Zr45Al6, demonstrated that an observed peak
in the effective Curie temperature occurred near the temperature of
the breakdown of the Stokes–Einstein relation. The breakdown in

the cause of CuZrAl manifested as a rapid reduction in the relative
diffusion coefficients between Cu, Zr, and Al.

Some studies suggest that glass formation occurs because of a
frustration between the local order in the liquid and that required
for crystallization. Drawing an analogy between frustration in
coupled spin systems and liquids, Chakrabarty argued that the
structure factor should show a Curie–Weiss behavior,57 supported
by a recent MD study that examined the order parameter defined in
Eq. (7).49 The authors found that as predicted, 1/(S(T, q1) − 1) has
a Curie–Weiss behavior with a negative Curie temperature, presum-
ably reflecting the frustration. We suspect that the structural units
that constitute the liquid will show distinct features connected to
this onset, and we further suspect that glass forming ability is also
distinguishable in the evolution of these structural features. Unfor-
tunately, the embedded atom and angular dependent potentials are
simply not accurate enough for these investigations to be made in
Au–Si, Pd–Si, and Pd–Cu–Si. The potentials should be refined by
comparison with the experimentally determined structure factors
and pair-distribution functions in this work. Further progress on
understanding the nature of the transition between high temper-
ature and low temperature structural behavior in these liquids is
hampered until the potentials are improved.

V. CONCLUSIONS
In summary, the total structure factor, S(q), and the pair-

distribution function, g(r), obtained from experimental x-ray
scattering data for equilibrium and supercooled Au81Si18, Pd82Si18,
and Pd77Cu6Si19 glass forming liquids, are presented. Some features
of these quantities are similar to those observed in other metallic
liquids. For example, the primary peak intensities in S(q) increase
and shift to higher-q values with decreasing temperature, consistent
with an increasing atomic density. However, a developing shoulder
on the second peak of S(q) with decreasing temperature, which is
commonly observed and attributed to local ordering in the liquid,
is not present for the Au81Si18 liquid. This suggests significantly
different ordering in this liquid.

The experimental S(q) data for the Pd77Cu6Si17 liquid follow
a Curie–Weiss behavior with a negative Curie temperature,
as has been observed in a previous experimental study of a
Pd42.5Ni7.5Cu30P20 glass forming liquid and from molecular dynam-
ics (MD) simulations. The first peak in S(q) shows a non-linear
behavior with decreasing temperature as we have observed in
previous experimental studies of other metallic liquids. The effective
Curie temperature obtained from the experimental scattering data
goes through maximum at a temperature that is approximately the
same as a dynamical crossover temperature in the viscosity, TA,
which corresponds to the onset of a cooperative response to local
structural excitations, based on MD simulations. Recent studies also
suggest that this is the temperature at which the Stokes–Einstein
relation between the liquid viscosity and the diffusion coefficient
begins to fail. The correlation between changes in S(q) and in the
viscosity observed in the experimental data supports a connection
between liquid structure and liquid dynamics, as has been previously
argued.

Using an existing EAM potential for Pd82Si18 and an ADP
potential for Au81Si18, S(q) and g(r) were calculated from classical
MD simulations and compared with the experimental data. Only
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qualitative agreement is observed with particularly poor agreement
found for the Au81Si18 liquid. A Voronoi polyhedral analysis of
the MD structures gives a broad distribution of cluster types in
contradiction with the results of ab initio MD calculations. These
points of disagreement demonstrate that the existing EAM and
ADP potentials are incapable of accurately representing the atomic
interactions and must be refined.

SUPPLEMENTARY MATERIAL

See the supplementary material for the figures that demon-
strate that the MD simulations are sufficiently equilibrated and the
figures that compare the structural data at all temperatures for the
MD simulations and the experimental data.
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