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Abstract

We present a novel experimental technique for studying the structure of metallic glasses (specifically Cu–Zr) through a proxy system
of charged colloidal particles. A dense suspension of two types of colloidal particles that match the relative size ratio and approximate the
attractive interaction of Cu and Zr atoms is created. Confocal microscopy images are analyzed to find the location of tens of thousands
of particles at each composition studied. The particle locations are used to determine the packing fraction, partial radial distribution
functions and partial coordination numbers of each component as well as the shape of clusters (central atom and first shell neighbors)
that form. These results are compared to experimental and simulation literature on Cu–Zr systems, with good agreement found among
all structural properties.
! 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Despite their discovery more than 50 years ago [1], many
questions remain about the structure of metallic glasses.
Even for the simplest case of a binary system (e.g. Cu–
Zr), structure-predicting theories rarely are able to success-
fully define a structure beyond the first neighbor shell [2].
Scattering experiments performed on actual metallic glass
samples give useful structural information but also have
drawbacks. Because the scattering experiments result in
structural information that is averaged over the relatively
large area of the beam, single-atom resolution is not possi-
ble. Furthermore, as more components are added and the
complexity of the system is increased, more experiments
are needed to resolve the contributions from each compo-
nent. For example, with two components (e.g. Cu–Zr),

three experiments are needed to resolve the Cu–Cu, Zr–
Zr and Cu–Zr partial distribution functions, and six inde-
pendent diffraction experiments are needed to separate
the partial distribution functions in a ternary glass. The
ability to bypass these difficulties would greatly enhance
the ability to study the structure of metallic glasses, but
the number of independent diffraction experiments needed
to resolve the constituent particles is a fundamental limita-
tion. Significant progress is being made in spatial resolu-
tion, but the techniques are challenging to employ, the
equipment is highly specialized and interpretation of the
results is still evolving.

Historically, two strategies have been implemented to
tackle these obstacles. The first is to run classical or ab ini-
tio molecular dynamics (MD) simulations that attempt to
replicate the solidification of a few thousand atoms. While
simulations allow for the tracking of each atom in the sys-
tem, they are limited by computing capacity to a small vol-
ume which may not be statistically sufficient. A typical
simulation run includes a volume of !10 nm3 and repre-
sents an elapsed time on the order of a few picoseconds,
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which does not match well with the length and timescales
of actual lab processes. The second approach is to use
physical spheres that create a proxy to stand in for the
actual atoms in order to scale up their size so that they
can be seen in real space. This approach has successfully
been used as far back as 1960, when steel ball bearings were
used to study the structure of monodispersed spheres [3].
More recently, Lee and coworkers used a binary mixture
of steel ball bearings where the relative size of the balls
matched that of Cu and Zr atoms, but the interaction
between them was simply that of volume exclusion [4].
Now, with the development of confocal microscopy and
particle tracking codes, colloidal particles can be used as
a proxy for many atomic scale systems [5]. In this case, par-
ticles are suspended in a solvent with the same index of
refraction so that the suspension appears translucent and
does not scatter light. A fluorescent dye is incorporated
into either the solvent or the particles and, with the use
of a confocal microscope, a three-dimensional (3-D) image
stack can be created showing the location of many particles
within the sample volume. Most of the work using colloids
and confocal microscopy so far has been limited to mon-
odispersed particles and/or hard sphere interactions [6–
10], which have limited applicability for studying metallic
glasses with atomic interactions. In this paper, we present
a new colloidal system that, by including attractive forces,
more closely reproduces the interatomic forces found in
real metallic glasses compared to simple hard sphere-like
interactions. We use a binary mixture of two sizes of colloi-
dal particles (radius ratio = 0.78) where one type of particle
is positively charged and one type is negatively charged.
The result is a net attraction between unlike particles and
a net repulsion between like particles, which more closely
matches the interaction of Cu and Zr than simple hard
spheres and results in significantly better agreement with
measured structural properties of real Cu–Zr than previous
proxy systems. We examine structural features including
partial radial distribution functions, partial coordination
numbers and Voronoi indices of structurally important
12- and 10-fold clusters from samples with compositions
ranging from the Cu–Zr equivalents of Cu43Zr57 to Cu83-

Zr17. The best glass forming compositions for real Cu–Zr
glasses are found near Cu60Zr40 and we cover a range of
!±20% from this point in both directions. We also com-
pare the results from charged particles with uncharged par-
ticles to explore the structural differences that result from
different particle potentials.

2. Experimental

2.1. Particle synthesis

The core colloid particles are made using the emulsion
polymerization technique, and unless otherwise noted, syn-
thesis reagents are purchased from Sigma–Aldrich and
used as-received. A typical reaction goes as follows and is
primarily based on the techniques developed in Ref. [11].

In a 500 ml round bottom flask, 270–290 ml of methanol
is mixed with 10–30 ml of either deionized water or form-
amide, bringing the total volume to 300 ml. 12 g of polyvi-
nylpryolidone (PVP, K30 molecular weight) is then
dissolved in the solution to act as a stabilizer for the grow-
ing particles. Next, 11.7 ml of methylmethacrylate mono-
mer, 18.3 ml 2,2,2 trifluoroethylmethacrylate monomer
and 1.5 ml of 2-(2-bromoisobutyryloxy)ethyl methacrylate
inimer (initiator + monomer) is added. Finally, 0.3 g of
azobisisobutyronitrile (AIBN) is added and the flask is
sealed with a rubber stopper. A continuous stream of nitro-
gen is blown into the flask through a syringe needle (with a
second needle providing an outlet) and the flask is moved
to a silicon oil bath on a hot plate set to 55 "C and stirred
with a magnetic stir bar at 700 rpm. The reaction proceeds
for 18 h, after which the stopper is removed, stopping the
reaction. The resulting particles are monodispersed spheres
with a size from !1 lm to 4 lm, depending on the amount
of water/formamide used in the reaction [12]. The particles
are cleaned by repeated centrifugation and resuspension
cycles, first in 1:1 water–methanol then in pure water.
For this work, we use particles with mean diameters of
2.9 lm and 3.7 lm. The smaller particles are proxies for
Cu atoms and the larger particles represent Zr atoms.

2.2. Surface charge

The surface of the particles contain a reactive Br-inimer
species that allows a polymer to be grown using a technique
called surface initiated atom transfer radical polymeriza-
tion (SI-ATRP). This technique uses a copper catalyst to
grow a polymer outward from the inimer sites, and can
be used with many different types of polymers. For this
work, we grow a negatively charged acrylamide on the
Cu particles and a positively charged acrylamide on the
Zr particles. The typical SI-ATRP reaction for negatively
[positively] charged particles is as follows. After the
unmodified particles have been cleaned, they are suspended
in 4 ml of water at 50% particles by volume (8 ml total vol-
ume) and transferred to a 100 ml round bottom flask.
8.5 ml of water and 14 ml of formamide is added to the
flask. 2 ml of N,N-dimethylacrylamide (DMAM), 0.5 ml
of 2-acrylamido-2-methyl-1-propanesulfonic acid sodium
salt solution, 50% in water (AM-acid) [(3-acrylamidopro-
pyl)trimethylammonium chloride solution, 75% in water
(AM-Cl)] and 0.165 ml of 1,1,4,7,10,10-hexamethyltriethyl-
enetetramine is then added. Next, 10 mg of Cu(II)Cl is
added and nitrogen is bubbled through the solution for
30 min. Finally, 50 mg of Cu(I)Cl is added, the flask is
capped with a stopper and nitrogen is streamed in with a
pair of needles. The reaction is stirred at 400 rpm and pro-
ceeds at room temperature for 2 h until the stopper is
removed. The relative amount of AM-acid [AM-Cl] to
DMAM can be changed to increase or decrease the result-
ing surface charge and the reaction time can be adjusted as
well.
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Because light scattering techniques are used to resolve
surface potentials and subsequently particle interaction
potentials, it is difficult to fully describe the interaction
between particles in the index-matched solvent needed for
confocal microscopy. Instead, we measure the zeta poten-
tial in deionized (DI) water using a Malvern Zeta-Sizer
DLS instrument and approximate the interaction qualita-
tively. Typical surface functionalization reactions result in
zeta potentials between "10 mV and "50 mV [+10 mV
and +50 mV] in DI water. The particles used in this work
have a zeta potential of +33 mV and "47 mV for Cu and
Zr particles, respectively. Using the relative magnitude of
these potentials and the general shape of electrostatic inter-
actions we can predict the qualitative shape of the three
types of interactions present, as shown in Fig. 1. The
charged particles are then cleaned by centrifugation and
resuspended in water.

2.3. Fluorescent labeling

The particles are labeled with two fluorescent dyes, one
for the positively charged particles and one for the nega-
tively charged particles. To do this, 1.75 mg of either Pyr-
romethene 546 (blue) or 605 (red) compound (Exciton,
Inc.) is dissolved in 1.75 ml of toluene. At the same time,
70 mg of Brij 58 surfactant is dissolved in 7 ml of DI water.
After dissolution, these two solutions are mixed with a tip
sonicator for 2 min, resulting in an opaque emulsion. The
dye emulsion is added to 70 ml of the particle/water sus-
pension and capped with a stopper. The dye suspension
is stirred for at least 24 h with a magnetic stir bar at room
temperature. The suspension is moved to a hot plate at
55 "C, the stopper is removed and a weak stream of nitro-
gen is blown over the surface of the suspension. The flask is
stirred at 400 rpm for 5 h and small amounts of DI water
are added every 30 min to maintain the liquid level. This
process slowly evaporates the toluene while leaving the
dye trapped inside the particles. At the end of 5 h, the par-

ticles are again cleaned by centrifugation in 1:1 water–
methanol, and then water only.

2.4. Sample preparation

This process gives negatively charged particles dyed
“red” from Pyrromethene 605 with an effective diameter
of 2.9 lm, and positively charged particles dyed “blue”
from Pyrromethene 546 with an effective diameter of
3.7 lm. A small amount of each particle suspension is
transferred from the centrifuge tube into a small vial such
that the composition of the final sample is controlled by
the volume of each particle suspension added. The vial is
then dropped into a tube and centrifugation is used to
replace the water in the suspension with formamide, which
has the same refractive index as the combination of poly-
mers used to synthesize the core particles. The result is a
translucent orange-colored suspension which is then trans-
ferred to a small, 12.5 mm diameter cylinder made from
copper pipe with a circular No. 1 microscope cover slip
adhered to one end with epoxy. The copper cylinder sample
cell is then dropped into a centrifuge tube, cover slip down,
and spun a final time at 5000 rpm for 20 min. The excess
formamide is poured off, leaving a dense particle suspen-
sion at the bottom. The total volume of the sample is
!1 ml, of which !70% is particle volume and 30% is
remaining solvent.

2.5. Imaging and analysis

The sample cell is flipped, cover slip side up, and image
stacks are acquired with a Zeiss LSM700 model confocal
laser scanning microscope. A 63 # oil immersion objective
is used to scan an area !100 # 100 lm in the X–Y plane for
each slice. Each Z-direction step is 0.2 lm, resulting in
!500 images and 100 # 100 # 100 lm3 total volume,
which includes on the order of 105 particles. The images
are loaded into Matlab and the location of each of the
two types of particles is found using routines based on
the particle finding code developed by Maria Kilfoil and
coworkers [13]. The accuracy of the locating code was
checked by visual inspection by comparing tagged particles
such as those in Fig. 2c and d with the original images such
as the image in Fig. 2b. Missing or double-counted parti-
cles were found to be less than 1% of the total. The error
in locating the center of particles of comparable size using
this method was calculated to be on the order of 0.01 lm,
less than 1% the total diameter of these particles. With the
location of each particle recorded, the software calculates
the partial radial distribution functions (PRDFs) for each
component. A different Matlab package uses the Voro++
code [14] to find nearest neighbors of each particle with
the Voronoi tessellation method and to analyze the compo-
sition and shape of nearest neighbor clusters. Fig. 2 shows
an example of the images used in the analysis for a compo-
sition of Red53Blue47 (Cu53Zr47).

Fig. 1. Qualitative potential energy for Cu–Cu interactions (red), Zr–Zr
interactions (blue) and Cu–Zr interaction (purple). Also shown is a simple
hard sphere interaction as a dashed line. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Preliminary analysis of the image stacks was done in
increments of 50 images to determine the number of parti-
cles in each 10 lm segment of the stack. This allowed us to
determine if the composition in the sample was consistent
throughout as well as to determine if the number density
of particles remained constant as the images move away
from the cover slip. In Fig. 3, we show the results from
two samples at the same overall composition of Red70-

Blue30 (Cu70Zr30). Dashed curves show a sample with
Red particles that do not have the negatively charged poly-
mer on the surface so there is no attractive force between
the Red and Blue particles. The result is a gradient in the
composition throughout the sample where there are few
Blue particles near the cover slip and more as one moves
away (blue curve, left axis). The solid curves show the
results from a sample where Red particles are negatively
charged and Blue particles are positively charged. Here
the composition remains constant at 30% Blue throughout.
However, the total number of particles (purple curves,

Fig. 2. (a) 3-D rendering of confocal image stack volume where Cu-proxy particles are red and Zr-proxy particles are blue. (b) One slice taken from the
middle of the stack. The scale bar represents 50 lm. (c) Blue particles identified in gray section of the slice using Matlab code and marked with “+”. (d)
Red particles identified and marked. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 3. Variation in composition (blue, left axis) and number of particles
(purple, right axis) per 50 image segment through a sample with an overall
composition of Red70Blue30 (Cu70Zr30). Dashed curves are for non-
interacting particles with no charge on Red particles. Solid curves are for
attractive particles due to negative charge on Red and positive charge on
Blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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right axis), and therefore the packing fraction, falls as one
moves away from the coverslip and into the sample. The
particle density remains relatively constant up to approxi-
mately image 250. The initial increase in the number of par-
ticles for images 0–50 is due to the fact that the first few
images are taken before reaching the centers of any parti-
cles, i.e. below the cover slip. Finally, we note that approx-
imately the first four to eight layers of particles retain some
degree of crystallization due to the flat coverslip. Because
of these points, the rest of the discussion will focus primar-
ily on samples using oppositely charged particles and only
images from 25 to 250, as indicated from the shaded areas
of Fig. 3. Deviations from these two criteria will be noted.

3. Results and discussion

The main panel of Fig. 4 shows the PRDFs for a Red56-

Blue44 (Cu56Zr44) sample with oppositely charged particles,
while the inset shows the same Red70Blue30 (Cu70Zr30)
sample as in Fig. 3. The red, blue and purple curves are
for Red–Red (Cu–Cu), Blue–Blue (Zr–Zr) and Red–Blue
(Cu–Zr) respectively. The structure from this PRDF is
clearly not crystallized and is qualitatively consistent with
previous experimental and simulation work for Cu–Zr
glasses [15,16]. The locations of the first peaks at 2.9 lm
and 3.7 lm give the effective size of Red and Blue particles,
which results in a relative size ratio of 0.78:1. This is close
to the desired ratio of 0.80:1 that is the generally accepted
value for the ratio of Cu and Zr atomic sizes. The mixed
Red–Blue peak is higher than either of the other two peaks,
indicating the preference for forming unlike bonds between
Red and Blue particles. This is in agreement with recent
simulation work on Cu–Zr glasses [15]. In the main panel
the second peaks for the Red–Red and Red–Blue curves
appear to be splitting, indicating some degree of medium
range order (MRO). This has been seen in Cu–Zr simula-
tion work where a system is cooled from a liquid phase

with no MRO to a glass phase with MRO [15]. As with pre-
vious Cu–Zr work, splitting of the Blue–Blue (Zr–Zr) sec-
ond peak is much less noticeable. Although there is
considerable uncertainty in the exact location of these sec-
ond peaks, their positions relative to the first peak position
compares favorably to those reported in Ref. [15]. In our
data the Red–Red second peaks are slightly closer together
at 1.85 and 1.94r1, while for Duan et al. [15], the positions
are 1.75 and 2.03r1, where r1 is the position of the first
peak. The second peak splitting is not apparent in the inset
figure, which also agrees with Cu–Zr metallic glass litera-
ture in that Cu56Zr44 is a better glass forming composition
than Cu70Zr30 [17]. Also in the inset of Fig. 4 with dashed
curves, is the PRDF for the non-interacting particle sample
at an overall composition of Red70Blue30. Here, the Red–
Blue peak height is greatly reduced, indicating the absence
of a driving force for forming unlike bonds.

Using the locations of the centers of mass of each parti-
cle, we draw a three-dimensional Voronoi tessellation
around each particle that encloses all points closest to that
particle. The tessellation is drawn using the “radical” Voro-
noi approach, which ensures that for mixtures of different
particle sizes, no edge or face of a tessellation cuts through
a neighboring particle by weighting the separation distance
of the dividing plane on the size of the particle [14]. By
comparing the volume of each Voronoi cell with the vol-
ume of each particle (calculated as the volume of a sphere
with the diameter equal to the location of the first peak in
the PRDF), we can estimate the local packing fraction (/)
for each particle. The distribution of / is shown in Fig. 5
for Red56Blue44 (Cu56Zr44). Here we see that the packing
around larger Blue particles is more efficient than around
the smaller Red particles. This is expected due to the geo-
metrical packing of different sized spheres, since there is
less empty space when small spheres surround a large
sphere than when large spheres surround a small sphere.
However, as shown in a later section, the smaller Red par-

Fig. 4. Main panel: partial radial distribution function of a single sample
at a composition of Cu56Zr44. The double arrows indicate the locations of
the split second peaks for Cu–Cu. Inset: PRDF for composition of
Red70Blue30 (Cu70Zr30) for charged particles (solid) and neutral particles
(dashed). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Distribution of packing fractions calculated by comparing
spherical particle volumes to volume of Voronoi cells around each
particle, from a single sample with a composition of Red56Blue44

(Cu56Zr44). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

R.C. Kramb et al. / Acta Materialia 61 (2013) 2025–2032 2029



ticles are actually closer to having the theoretical maximum
number of neighbors when the size differences are taken
into account. The peak for all particles is found at /
! 0.75, which is higher than is reported for Cu–Zr metallic
glasses [18] (using density measurements and reported
atomic sizes, the packing fraction varies from !0.73 to
0.74 depending on composition) and likely means that
the particles are actually slightly smaller than is indicated
by the position of the first peak in the PRDF. Packing frac-
tion distributions at different compositions are qualitatively
similar and do not show any significant trend. We also
examine packing in terms of particle number density. The
volume of the imaged section of the sample is 100 #
100 # 45 lm, and the total number of particles within this
volume gives the number density. In Fig. 6, we compare
these number densities, normalized by the volume of a
Red particle, with experimental values [18] that are normal-
ized by the volume of a Cu atom.

Using the Voronoi cells to define first shell neighbors as
those that share a Voronoi face allows us to calculate a dis-
tribution of partial and total coordination numbers rather
than a single value (as is done when using PRDF to calcu-
late coordination numbers). In Fig. 7, we show the distri-
bution of coordination numbers for Red56Blue44

(Cu56Zr44) with the constraint that the shared Voronoi face
must be at least 1% of the total area of the Voronoi cell,
and the maximum separation distance for first shell neigh-
bors is defined by the position of the first minimum in the
PRDF curve for each sample. For Red56Blue44 (Cu56Zr44),
we see that the most common number of neighbors around
Red-centered clusters is 11, found in more than 18% of all
clusters (33% of Red-centered clusters). Red-centered clus-
ters range from having as little as 6 (0.01%) to as many as
15 (0.07%) neighbors. The most common coordination
number for Blue-centered clusters is 14 with 15 only
slightly less common. These account for 12% and 11% of

all clusters (28%, 27% of Blue-centered cluster). There
are, however, Blue-centered clusters with as few as nine
(0.01%) and as many as 19 (0.07%) neighbors. We can also
examine the components that make up these clusters. For
Red-centered clusters, the most common cluster is made
with 6 Blue (solid, dark red curve) and 5 Red particles
(dashed, dark red curve) in the first coordination shell giv-
ing a total cluster composition of six Red and six Blue par-
ticles. For Blue-centered clusters, the most common has
eight Red (solid, blue-green curve) and seven Blue for a
total composition of eight Red and eight Blue. For the
Red70Blue30 (Cu70Zr30) composition shown in the inset,
there are more Red particles in the system and the number
of Red neighbors has increased for both central particle
types, while the total number of neighbors has not signifi-
cantly changed with the most common Red centered clus-
ter still having 11 neighbors and the most common Blue
cluster now having 15.

The mean partial and total coordination numbers are
calculated from the distributions and are shown in Fig. 8
for Red centered clusters and Fig. 9 for Blue centered clus-
ters. In both figures, solid red data points are for Red
neighbors, solid blue data points are Blue neighbors and
solid purple data points are total neighbors. Also included
in Figs. 8 and 9 are experimental and simulation results
from Refs. [16,17] with circles representing experimental
data from Mattern et al. and diamonds representing simu-
lation data from Ma et al. The agreement is near quantita-
tive, with Mattern et al. finding slightly fewer Blue (Zr)
neighbors and slightly more Red (Cu) neighbors for Red
(Cu) centered clusters. For all three sets of data, the num-
ber of total first shell neighbors for Red (Cu) centered clus-
ters rises from !10 at a composition of Red40Blue60

(Cu40Zr60) to !12 for Red80Blue20 (Cu80Zr20). For Blue
(Zr) centered clusters in Fig. 8, the results are very similar,
with Mattern et al. finding fewer Red (Cu) neighbors, and

Fig. 6. Calculated number densities of Red (red), Blue (blue) and Total
(purple) particles as a function of Red particle composition (solid points).
Number densities for Cu (red), Zr (blue) and Total (purple) atoms as a
function of Cu composition (open points). Density is reported as a
fraction of red particle or Cu atom volume. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. Distribution of partial and total coordination numbers from a
single sample with a composition of Red56Blue44 (Cu56Zr44) with the y-
axis representing the fraction of all clusters. The first color above each
distribution is the center particle, while the second is the type of particle in
the first neighbor shell. Inset: distribution of coordination numbers for
Red70Blue30 (Cu70Zr30). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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quantitative agreement within experimental error with the
results from Ma et al. Here the total number of neighbors
rises from just over 13 at Red40Blue60 (Cu40Zr60) to a pla-
teau of !15 for Red75Blue25 (Cu75Zr25). For higher con-
centrations of Red (Cu), the total coordination around
Blue (Zr) particles falls slightly. The experimental data
have an assessed error of ±1 [19].

The Cu–Zr system has a significant negative heat of mix-
ing that produces six binary intermetallic compounds. This
shows a clear preference to form bonds between unlike
atoms and suggests that chemical short-range ordering
should be present. However, the mean partial coordination
numbers in Fig. 7 give no obvious indication of chemical
ordering. This agrees with earlier experimental and compu-

tational results [15–17], which show that the degree of
chemical short-range order is within experimental error
of complete disorder. In fact, the observed trends [17] sug-
gest that the most stable glasses have the smallest degree of
chemical order. There is at present no clear explanation for
this unexpected behavior.

To describe how efficiently packed the clusters are and
using arguments from Ref. [20], Ma et al. showed that in
actual Cu–Zr glasses, Cu centered clusters came closer to
the theoretical maximum coordination number for spheres
of their relative size [17]. In Fig. 10, we compare our data
(solid points) to theirs (open points). In the figure, the color
of the data points represents the central particle with red
for Cu and blue for Zr. The y-axis is the number of Zr
neighbors in the first shell, while the x-axis is the number
of Cu neighbors. For a cluster containing only the same
type of particle as the center, it can be shown that 13.3 is
the maximum coordination number. For clusters with Cu
sized spheres at the center and only Zr spheres in the first
shell, 10.1 is the maximum. For Zr centers and only Cu
in the first shell, 16.9 is the maximum. By assuming a linear
relationship between the extremes, we can plot mixed coor-
dination numbers with the theoretical maximum. We find
that Red (Cu) centered clusters tend to fall closer to the
theoretical line than Blue (Zr) clusters, in agreement with
Ma et al. This indicates that first shell of Red (Cu) centered
clusters is near the efficient packing limit and suggests that
Red (Cu) clusters are the primary structural units. The
insets show a ten-vertex Cu cluster with two Cu and eight
Zr in the first shell and a 12-vertex icosahedron with eight
Cu and four Zr in the first shell which would be found at
the arrow points.

Finally, in addition to the composition of first shell clus-
ters, we can also determine their exact shape. For example,

Fig. 8. Mean coordination numbers for Red (Cu) centered clusters with
Red–Red (Cu–Cu) in red, Red–Blue (Cu–Zr) in blue and Red–Total (Cu–
Total) in purple. Data from this work calculated from Voronoi analysis is
in filled symbols. Comparison to Ref. [16] are open squares, and
comparison to Ref. [17] are + squares. The three circle points at Red
fraction = 0.46 are from MD simulations of Cu46Zr54 in Ref. [15]. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. Mean coordination numbers for Blue (Zr) centered clusters with
Blue–Red (Zr–Cu) in red, Blue–Blue (Zr–Zr) in blue and Blue–Total (Zr–
Total) in purple. Data from this work calculated from Voronoi analysis is
in closed points. Comparisons to X-ray diffraction experiments from Refs.
[16,17] are open squares, and + squares respectively, and comparisons to
MD simulations from Ref. [15] are filled circles. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 10. Distance from theoretical maximum coordination number for Cu
(red) and Zr (blue) and compared to Ref. [17] (open symbols). The inset
represents Red-centered (or Cu-centered) clusters with Voronoi indices of
h0,0,12,0i and h0,2,8,0i that would be found at points a and b
respectively as found in Ref. [17]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)
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clusters containing 12 neighbors can form an icosahedron
shape that tends to be a very stable configuration and high
numbers of icosahedra often indicate good glass formabil-
ity. We analyze cluster shapes using the four-number Voro-
noi index. Here an index of h0,0,12,0i indicates a perfect
icosahedron shape, while h0,2,8,2i and h0,3,6,3i are 12-
sided distorted icosahedra. In Fig. 11, we plot the percent-
age of all clusters that have these three indices as well as a
ten-sided prism shape with an index of h0,2,8,0i. The frac-
tion of icosahedral clusters generally increases with more
Cu particles and there appears to be a local maximum near
Cu58Zr42 although there is some scatter in the data. This is
in qualitative agreement with simulations of Cu–Zr [21].
The fraction of ten-sided prism clusters generally decreases
with increasing Cu concentrations.

4. Conclusion

We have demonstrated that colloidal particles can be an
excellent proxy for atomic systems when certain key
parameters are tuned correctly. For the Cu–Zr metallic
glass system chosen here, we designed the colloid system
to have the same relative size ratio as Cu–Zr atoms and
an interaction such that unlike particles feel an attractive
force. By incorporating a fluorescent dye molecule into
the particle cores, we imaged the suspension using confocal
microscopy techniques and obtain the location of the cen-
ters of tens of thousands of particles. In a single image
stack, we obtained partial radial distribution functions,
and partial coordination numbers that match the atomic
system of interest. But by using the colloidal proxy system,
we also obtained information that is usually only possibly
with simulations. For example, we calculated the coordina-
tion number of every particle in the system using Voronoi
cell analysis and generated distribution of coordination
numbers rather than a single value for the entire sample.
We compared the packing efficiency of individual particles
as well, through the calculation of Voronoi cell volumes.

Finally, we examined the shapes of clusters that make up
the structure using the Voronoi indices of the clusters. Each
of these structural metrics for the colloidal system com-
pared favorably to both experiments and simulations with
Cu–Zr metallic glasses. Therefore, we have shown that a
properly designed colloidal system provides a valid and
useful proxy for studying metallic glass structure. In addi-
tion to the correct radius ratios, we have shown that attrac-
tive forces are also necessary for designing a suitable proxy
system. Without the electrostatic charges on the surface of
the particles, so that the particles behave like hard spheres,
the composition varied throughout the sample, and details
of the structure did not match as well with metallic glass
experiments and simulation.
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