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A B S T R A C T   

The atomic structures of Cu-Zr alloys have been extensively studied due to the unusually high glass forming 
ability of this system. In this work, we investigate the nearest-neighbor atomic structures of several simulated 
disordered Cu-Zr compositions at three temperatures: 1450 K (liquid), 700 K (undercooled liquid), and 350 K 
(disordered solid). The results show that over 90 % of the local structures in these systems can be described by 
one of 12 “building-block” atomic cluster geometries, regardless of composition or temperature, and that these 
structures all exhibit icosahedral or quasi-icosahedral geometries. Most of the building-blocks are unique in their 
combination of representative Voronoi polyhedron geometry, predominant central atom type, and occupation 
probability for each site in the cluster. In addition to the 12 common building-blocks, 35 “outlier” structures 
unique to their simulated compositions and temperatures were observed. The outliers were primarily non- 
icosahedral. While the populations of the common building-blocks do not exhibit clear trends with tempera
ture or composition, the overall population of outliers increased with decreasing temperature, suggestive of their 
role in accommodating the lack of translational order in the disordered solid.   

1. Introduction 

Bulk metallic glasses (BMGs) exhibit an interesting combination of 
properties such as high elastic strain limits, near-theoretical strengths, 
and thermoplastic formability that make them desirable for numerous 
applications [1,2]. One of the challenges with formulating 
structure-property models for BMGs is reliably describing their struc
ture. Early work on disordered liquids by Bernal [3,4] focused on the 
geometric arrangement of randomly packed spheres. Using a physical 
model analogous to placing hard spheres of equal size into a flexible bag 
and squeezing it until there is no discernable change in volume, Bernal 
investigated “contacts” and “close-contacts” of local atomic environ
ments, which yielded less than 10 structure types describing all of the 
observed packing geometries [3]. Later work showed strong agreement 
between simulated radial distribution functions of these structures and 
x-ray diffraction patterns of experimental metallic glasses [5,6]. Gas
kell’s stereochemical model considered the medium-range connectivity 
of trigonal “building-blocks” within transition metal-based metallic 
glasses and related this connectivity to glass-forming ability (GFA) of 
metallic alloys [7]. In both cases, a surprisingly small number of 
fundamental building-blocks within metallic liquids and/or metallic 
glasses were identified [8]. Recently, Weeks and Flores built on this 

preliminary work, showing that the nearest-neighbor atomic structures 
within macroscopically disordered metallic liquids can be described by a 
small number of representative cluster geometries [9]. One of the alloy 
systems of interest in that work was Cu-Zr, which has been extensively 
studied due to the presence of multiple BMG compositions (e.g., 
Cu50Zr50, Cu64Zr36) [10–14]. The general interest in Cu-Zr motivates 
deeper consideration of the building-blocks in this system beyond the 
prior analysis of simulated Cu-Zr glasses [15,16]. 

Prior research has suggested that icosahedral geometries are of 
particular interest in glassy alloys. Sheng and Ma identified “icosahe
dral-like” structures in simulated metallic glasses [17] which were then 
confirmed experimentally [18–22]. While the gradual evolution of 
structure during cooling is expected in amorphous alloys, Wessel et al. 
showed evidence of unexpected rapid chemical ordering in Cu46Zr54 
undercooled liquids, specifically reporting an increase in Cu-centered 
icosahedral structures near 850 ⁰C upon cooling [23], although Dai 
et al. later reported contradictory results and called into question the 
validity of such a rapid onset in icosahedral order [24]. Further, Cheng 
et al. used simulations to show the gradual evolution of icosahedral 〈0,0, 
12,0〉 Voronoi clusters upon cooling in Cu46Zr54 and Cu46Zr47Al7 liquids, 
hypothesizing that the reason for higher GFA in the later system is 
related to the stabilization of icosahedral geometries [25]. All of these 
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studies show clear evidence of structural evolution in icosahedral ge
ometries upon cooling in Cu-Zr alloys. In addition to pure icosahedra 
(〈0,0,12,0〉), a series of studies have focused on quasi-icosahedral Vor
onoi polyhedra in various metallic systems, leading to the identification 
of various icosahedral-like structures (i.e. 〈0,1,10,2〉, 〈0,1,10,4〉, 〈1,0,9, 
3〉, 〈0,2,8,1〉, 〈0,2,8,2〉, and 〈0,3,6,3〉) [26–30] exhibiting coordination 
numbers (CN) between 11 and 15. Focusing on the Cu50Zr50 
glass-forming alloy, Li et al. investigated the evolution of simulated 
structures upon cooling and discovered many of these quasi-icosahedral 
geometries among the local structures, where Cu-centered structures 
generally exhibited lower CN than Zr-centered structures. Furthermore, 
Li et al. reported both the persistence of these geometries upon cooling 
from the liquid state and the evolution of medium-range connectivity 
upon cooling [31]. 

While the prior work on icosahedral and quasi-icosahedral geome
tries in Cu-Zr alloys and the evolution of these structures upon cooling 
has improved our understanding of GFA, it is based on the use of Voronoi 
tessellation to describe the topology of the entire structure. As reported 
previously, Voronoi indices are less useful as descriptors of nearest- 
neighbor atomic cluster geometry – i.e., the structural building-blocks 
– particularly in the case of the simulated metallic liquid [9]. A more 
reliable methodology can be found in a combination of Point Pattern 
Matching (PPM) and Hierarchal Density-Based Spatial Clustering of 
Applications with Noise (HDBSCAN) algorithms [15,16]. Furthermore, 
previous research has focused on specific Cu-Zr glass-formers such as 
Cu46Zr54 [23–25] and Cu50Zr50 [31] rather than analyzing a variety of 
alloy compositions across the binary. In this work, we use the 
PPM/HDBSCAN method to extract representative nearest-neighbor 
atomic clusters from the comparison of several simulated Cu-Zr com
positions at three temperatures, with the ultimate goal of describing the 
geometries of these building-blocks and investigating their evolution 
upon cooling. We show that icosahedral-like geometries describe most 
short-range structures in Cu-Zr alloys, regardless of composition and 
temperature, and find that such geometries are not isolated to previously 
reported glass-formers. The result is 12 fundamental structure types that 
are fully representative of 90.2 % of all short-range structures in any 
disordered Cu-Zr alloy, liquid or glassy. 

2. Methods 

2.1. Molecular dynamics simulations 

MD simulations were performed on various Cu-Zr compositions 
using the Large-scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS) [32] and a widely applicable Finnis-Sinclair (FS) interatomic 
potential was utilized [33]. Thirteen compositions in the range of 
Cu10Zr90 – Cu90Zr10 were simulated at increments of 10 at. % for Zr-rich 
(Cu10Zr90 - Cu30Zr70) and Cu-rich compositions (Cu80Zr20 – Cu90Zr10) 
and increments of 5 at. % in the middle of the composition space 
(Cu40Zr60 – Cu75Zr25) due to the presence of experimental glass-formers 
in this regime. Stable starting structures for each composition were 
created by expanding a Cu5Zr unit cell (Space Group 216) to 34,992 
atoms and randomly assigning the atomic identities to match the target 
composition. All simulations were performed in an NPT ensemble at a 
constant pressure of 1 bar and the simulated cooling rates were justified 
by prior research on the simulation of metallic materials [34]. 

The starting structures were rapidly heated to 2700 K and allowed to 
equilibrate for 600 ps before being cooled to 2600 K at a constant rate 
over 3000 ps. The structures were then cooled in 50 K increments down 
to 350 K. The cooling rate (r1) and equilibration time (te) for each 
temperature increment are provided in Table 1; slower cooling rates 
between steps and longer equilibration times at each step were used 
through the supercooled liquid regime to better facilitate relaxation of 
the structure. We investigated the structure at three temperatures: 1450 
K (liquid), 700 K (undercooled liquid), and 350 K (disordered solid). 

2.2. Comparison of representative motifs 

The 1450 K, 700 K, and 350 K structures of each composition were 
analyzed with the PPM/HDBSCAN approach described elsewhere [9,15, 
16]. This approach uses PPM to geometrically align local structures to 
one another, resulting in an N x N dissimilarity matrix where N is the 
number of local structures investigated in a given simulation cell. Then, 
HDBSCAN is applied to this matrix to extract groups of structures that 
are geometrically similar to one another. In order for the PPM alignment 
to be effective, this methodology normalizes the interatomic distances in 
each local structure by the largest distance between the central atom and 
a neighboring atom in that cluster. Note that this normalization mini
mizes the effect of thermal disorder as a function of temperature and 
allows us to compare motifs from across the temperature domain space 
to one another. 

Using this approach, between 6 and 8 representative atomic cluster 
“motifs” were identified at each temperature and composition, with 
each motif describing the nearest neighbor atomic arrangements of be
tween 0.4 % - 35.8 % of the atoms in the simulation cell. To enable 
comparison of the motifs across simulation cells, artificial x-ray 
diffraction (XRD) patterns were simulated for each motif using the 
Visualization for Electronic and Structural Analysis (VESTA) software 
[35] using Cu-Kα radiation. To construct a periodic structure capable of 
producing a diffraction pattern, we first determined the principal axes of 
the smallest ellipsoid encompassing each motif. Each motif was then 
repeated on a cubic lattice, with the cube edge directions aligned with 
the ellipsoid axes and the cube edge length defined by the longest 
principal axis. Artificial diffraction patterns were calculated for each 
motif assuming that these structural units expand in all three dimensions 
(Fig. 1), providing a “structural fingerprint” for each motif. Note that the 
patterns derived above are simply a means to obtain motif fingerprints 
that can be quantitatively compared; they do not represent the medium- 
or long-range structure of the material, and therefore are not directly 
comparable with experimental diffraction patterns. 

To determine the similarity between two structural fingerprints 
(patterns A and B), we compare the intensity and position of individual 
peaks in each simulated diffraction pattern. To be deemed a “match” we 
required that the peak intensity of a given reflection be at least 5 % of the 

Table 1 
Equilibration times (te) and cooling rates (r1) used in the cooling process for MD 
simulations.  

T (K) te (ps) r1 (1011 K/s) 

1600 428 3.52 
1550 428 3.52 
1500 428 3.52 
1450 428 3.52 
1400 428 3.52 
1350 785 2.94 
1300 1142 2.39 
1250 1499 1.84 
1200 1856 1.28 
1150 2213 0.726 
1100 2570 0.171 
1050 2213 0.726 
1000 1856 1.28 
950 1499 1.84 
900 1142 2.39 
850 785 2.94 
800 428 3.52 
750 428 3.52 
700 428 3.52 
650 428 3.52 
600 428 3.52 
550 428 3.52 
500 428 3.52 
450 428 3.52 
400 428 3.52 
350 428 3.52  
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maximum intensities in the respective patterns, and that the 2θ peak 
position agreed to within 0.5◦. We then calculate the fraction of matched 
peaks (fracA,B) and the average intensity of the matched peaks (intensi
tyA,B): 

fracA,B =
mA,B

nA
(1)  

intensityA,B =

∑mA,B
j=0 Ij,A

mA,B
(2) 

In Eqs. (1) and (2), nA and mA,B correspond to the total number of 
peaks in pattern A and the number of matched peaks between patterns A 
and B, respectively, while Ij,A is the intensity of the relevant matched 
peak in pattern A. To quantitatively describe the correlation between 
patterns A and B, we then calculate the product of these parameters, CAB, 
where a higher value corresponds to a higher degree of agreement be
tween the patterns: 

CAB = fracA,B × intensityA,B =

∑mA,B
j=0 Ij,A

nA
(3) 

Eq. (3) provides a means to compare the structural fingerprints of all 
motifs across composition and temperature space. Notably, this finger
print methodology was applied because it enabled easy comparison of 
discrete patterns derived from the large number of irregular motif 
structures, in contrast to the relative difficulty deriving and/or 
comparing functions such as the structure factor or periodic distribution 
function. 

2.3. Comparison of motifs to standard structures 

The similarity of a given motif to standard structure types was 

quantified by performing polyhedral template matching (PTM) in 
OVITO [36]. Motifs that had a root-mean squared distance (RMSD) of 
less than 0.3 relative to hexagonal close-packed (HCP), face-centered 
cubic (FCC), body-centered cubic (BCC), simple cubic, or icosahedral 
geometries were deemed “similar” to the associated structure. Note that 
a motif can meet this criterion for multiple standard structures and the 
choice of the RMSD limit for similarity is somewhat arbitrary, although 
previous work has suggested that the appropriate limit is 
system-dependent [37]. 

3. Results 

A total of 263 motifs were extracted from the 13 compositions and 
three temperatures investigated. Using Eq. (3), we calculated a 263 ×
263 matrix of CAB values comparing every binary combination of 
structural fingerprints resulting from these motifs, representing over 
1,350,000 nearest neighbor structures from across the system (34,992 
atoms, 13 compositions, 3 temperatures). Applying HDBSCAN to iden
tify groups with similar CAB values, we found that 228 motifs repre
senting 90.2 % of all atomic clusters fall into 12 representative “super 
groups”, with 35 motifs (132,965 nearest neighbor structures) being 
classified as “outliers” by the analysis. That is, although the outlier 
motifs each represent significant fractions of their respective simulation 
cells, they were not similar enough to motifs from other simulation cells 
to be grouped together. Note that this super grouping process applied to 
all 263 motifs combined 51 motifs that were initially separated within 
their respective simulation cells. The structural fingerprints are grouped 
accordingly in Fig. 2, where Groups 1–3 each include 40 or more motifs, 
Groups 4–6 each include 20–26 motifs, and the remaining super groups 
each include less than 10 motifs. The fingerprints for the outlier motifs 
are also shown for completeness. 

Fig. 1. Illustration of the process for constructing structural fingerprints, using the Cu64Zr36 1450 K liquid as an example. PPM/HDBSCAN motifs are extracted from 
the simulated structure [9] and the principal axis of their smallest encompassing ellipsoid are identified. The motif is then repeated on a cubic lattice aligned with 
these principal axes, and a simulated diffraction pattern is calculated for each motif. 
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4. Discussion 

The results described in Fig. 2 indicate that the short-range atomic 
structure of Cu-Zr liquids and disordered solids, across all compositions 
or temperatures, can be described by a surprisingly small number of 
nearest-neighbor building-blocks. Furthermore, additional work has 

shown that this behavior is not unique to Cu-Zr alloys [38]. The simu
lated diffraction patterns of the motifs within each super group exhibit 
some “peak broadening”, since each motif within the super group has 
similar symmetry but slightly different atomic spacing, depending on 
the composition of the constituent atomic clusters. 

To examine the geometry of the 12 primary building-blocks, we 

Fig. 2. The structural fingerprints of the 12 PPM/HDBSCAN super groups are shown, representing 263 motifs spanning 13 alloy compositions and 3 temperatures. 
The number of motifs included in each super group are indicated in parentheses. Groups that are predominantly made up of Cu-centered, Zr-centered, and equiatomic 
structures are colored red, blue, and green, respectively. 
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identified the motif with the highest average CAB value with respect to 
the rest of the motifs in the super group as an exemplar for that group. 
We then used the matplotlib library in Python [39] to plot the atomic 
positions of all atomic clusters associated with a given motif on a 
3-dimensional density map. The density maps for the exemplar motifs of 
each super group are shown in Fig. 3, where color indicates the tem
perature of the simulation from which each motif was extracted, and the 
color bar values correlate with the spatial density of data points. The 
fraction of atoms in the simulation cell associated with each exemplar 
motif is provided in parentheses. For example, the Group 7 exemplar 
density map shows over 10,800 clusters (31.1 %) from the simulated 
Cu90Zr10 liquid at 1450 K. In each case, the atoms occupy reasonably 
well-defined “clouds” around specific positions in the motif, although 
the atoms rarely occupy the exact same positions relative to the center. 

While the density maps provide visual confirmation of the clustering 
analysis, the number of data points and the deviations in the atomic 
positions within each cloud make it difficult to draw meaningful con
clusions about the symmetry of the exemplar motifs or the differences 
between them. To make such comparisons easier, we utilized the scikit- 
learn library in Python to perform a k-means analysis to isolate common 
atomic positions within these density maps [40] where a silhouette score 
[41] was used to determine the appropriate number of clusters for the 
k-means analysis. We then calculated the centroid positions of these 
k-means groups, the “tightness” of atomic positions around the centroid 
for a given site, and the “occupation probability” of each site, where the 
central atomic position is normalized to have an occupation probability 
of 1.0. This data is shown in Fig. 4, where the size of each data point is 
directly correlated to the “tightness” of the associated k-means group 
around the centroid position and the fill color indicates the site occu
pation probability. An occupation probability of less than one (red) 
means that some constituent clusters do not have an atom in that spatial 
area whereas an occupation probability greater than one (blue) indicates 
that some of the clusters have more than one atom sitting within that 
cloud group. These can be thought of as describing the likelihood of a 
“vacancy” or “interstitial” defect at these locations in the motif struc
tures. This centroid-based analysis provides a more quantitative picture 
of the exemplar structures than the density maps, allowing for the 
subsequent comparison of the exemplar motifs to one another. The codes 
used to make both the density and centroid plots are publicly available 
in the form of a GitHub repository [42]. 

Examining the site occupation probabilities for each super group, 
three of the groups (2, 7, and 8) exhibit roughly uniform occupation 
probability for all sites in the group. Four super groups (4, 5, 10, and 12) 
exhibit a “clipping” phenomenon, wherein some sites are less than fully 
occupied. Interestingly, none of the groups that exhibit clipping are 
predominantly Zr-centered (Fig. 2). This suggests that the smaller radius 
of a central Cu atom makes it more difficult to accommodate deviations 
from “ideal” nearest-neighbor positions, resulting in some positions 
remaining unoccupied. Four more super groups, include two Cu- 
centered (Groups 1 and 6) and two Zr-centered (Groups 3 and 11) 
exhibit a “swapping” phenomenon, wherein sites with occupancy less 
than one are balanced by another site with occupancy greater than one. 
Finally, the Zr-centered Group 9 exhibits a unique phenomenon wherein 
several sites on one side of the group have an occupation probability 
greater than one, indicating an ability to accommodate an extra atom on 
that side of the cluster. Notably, this is one of the smaller super groups, 
comprised of only 4 motifs, suggesting that this is an unusual phenom
enon. Descriptions of the various types of site occupancies are summa
rized in Table 2. 

Inspired by the Voronoi tessellation method commonly used to 
describe disordered atomic structures, we constructed a Voronoi poly
hedron for the exemplar motif for each super group and described its 
symmetry using Voronoi indices, where the indices indicate the number 
of polyhedron faces with 3, 4, 5, and 6 edges or vertices, respectively. 
Regardless of temperature or composition, all of the super groups, rep
resenting 90.2 % of the nearest-neighbor atomic clusters in the 

investigated systems, are characterized by pure icosahedral (〈0,0,12,0〉, 
Group 2) or quasi-icosahedral geometries: 〈0,2,8,1〉 (Groups 4, 5, 10, 
and 12), 〈0,1,10,2〉 (Groups 1, 6, and 11), 〈1,0,9,3〉 (Group 3), 〈0,3,6,3〉

(Group 7), 〈0,2,8,2〉 (Group 8), and 〈0,1,10,4〉 (Group 9) [26–31]. PTM 
further indicates that the exemplars for these super groups meet the 
criteria for similarity to the icosahedral geometry while failing to meet 
these criteria for the other standard geometries. Of the local structures 
represented by the 35 outlier motifs, more than 80 % are similar to HCP, 
BCC, FCC, and simple cubic geometries, as shown in Fig. 5. Less than 10 
% of the outlier structures are similar to the icosahedral geometry, with 
this number approaching zero at the lowest temperature. The remaining 
motifs are dissimilar to all considered standards. This analysis suggests 
that the outlier structures result from the frustrated long-range packing 
of icosahedra, represented by the super group motifs. 

The differences among the super groups are summarized in Table 3. 
We first note that Groups 2, 3, 7, 8, and 9 each have unique Voronoi 
indices, indicative of differences in their nearest-neighbor atomic ar
rangements. The remaining super groups have indices of 〈0,2,8,1〉

(Groups 4, 5, 10, and 12) or 〈0,1,10,2〉 (Groups 1, 6, and 11). We next 
focus on deconvoluting these super groups based on central atom type 
and the observed occupation probabilities of each site in the exemplar 
motif. 

All four 〈0,2,8,1〉-type super groups exhibit a clipped structure. In 
Groups 4, 10, and 12, this clipping is symmetric, with sites on opposite 
sides of the cluster unoccupied in approximately half of the constituent 
structures, as indicated by site occupancies of approximately 0.5 in 
Fig. 4. In contrast, Group 5 exhibits clipping at four asymmetric sites, 
distinguishing it from the other 〈0,2,8,1〉 groups. Group 4 is evenly split 
between Cu- and Zr-centered clusters, distinguishing it from Groups 10 
and 12, which are both predominantly Cu-centered (Fig. 2). The dis
tinguishing features between Groups 10 and 12 are not readily apparent 
from the current analysis; the simulated diffraction peaks for Group 10 
are shifted to slightly higher values of 2θ relative to Group 12 in Fig. 2, 
suggesting that a small adjustment in the peak-matching requirements 
may have changed the CAB values sufficiently to result in the combina
tion of these groups. 

Unlike the clipped 〈0,2,8,1〉 exemplars, all three 〈0,1,10,2〉 structures 
exhibit swapping. Group 1 exhibits a symmetric 1-to-1 swap of an atom 
from one side to the other. In contrast, Groups 6 and 11 swap from two 
neighboring sites on one side of the structure, where the occupancy 
ranges from 0.7 to 0.85, to a site on the opposite side, where the occu
pancy is close to 1.5. Groups 6 and 11 are further distinguished by the 
stark contrast in predominant central atom type, with Group 6 being 
predominantly Cu-centered and Group 11 predominantly Zr-centered as 
described in Table 3. 

Finally, we consider how the population of the 12 common building- 
blocks and the 35 outlier motifs vary with composition and temperature. 
This data is summarized in Table S1. Generally, Cu-centered clusters are 
more common for Cu-rich compositions, and Zr-centered clusters are 
more common for Zr-rich compositions. Notably, Groups 7–12 are 
significantly less common than Groups 1–6; although these groups 
combine 4–7 motifs from multiple systems, they are only observed over 
very limited composition ranges. While the efficient icosahedral-like 
packing of these groups explains their presence across multiple sys
tems, their main role seems to be to balance the composition as neces
sary. In contrast, Groups 1–6, which each combine 20 or more motifs, 
are each much more prevalent across a wider range of compositions. 
This suggests that these clusters provide the true backbone of each 
macroscopically disordered system. 

While there are apparent trends in super group population with 
composition, there are no obvious trends in the population of any group 
with temperature. This is likely the result of both the relatively small 
simulation cell size and the fast quenching limiting the degree of 
structural relaxation as the temperature decreases. However, the outlier 
motifs become noticeably more common as the temperature decreases. 
At 1450 K, only 6 of the 13 investigated compositions include outlier 
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Fig. 3. Density plots for each of the 12 PPM/HDBSCAN super groups, illustrating the positions of all atoms from the simulation cell corresponding to the exemplar 
motif representing that group. The values in parentheses indicate the fraction of atoms associated with the exemplar motif in the corresponding simulation cell. 
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Fig. 4. K-means centroid plots for exemplar motifs from 12 PPM/HDBSCAN super groups, where the size of the data points represents the spatial density of the atoms 
at each position and the color corresponds to the “occupation probability” of each site. The values in parentheses indicate the fraction of atoms associated with the 
exemplar motif in the corresponding simulation cell. 
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motifs; this increases to 9 compositions at 700 K, and 12 compositions at 
350 K. This reflects the need for more non-icosahedral clusters to “fill the 
gaps” between icosahedra to accommodate the lack of translational 
order as the system moves further away from equilibrium. 

The prevalence of icosahedral ordering in Cu-Zr and similar glasses 
has been noted previously. Simulations by Sheng et al. showed that 
icosahedral order is expected when the atomic radius ratio of the com
ponents is approximately 0.9, consistent with the Cu-Zr system [17]. 

Such icosahedral order in metallic glasses also has been experimentally 
observed via nanodiffraction techniques [17–22] with Hirata et al. 
showing experimental evidence of 〈0,2,8,0〉 and 〈0,2,8,1〉 geometries in 
Ni-Zr metallic glasses, a system closely related to Cu-Zr [18]. Various 
prior work has also examined the evolution of icosahedral-like struc
tures upon cooling [16,19,43–45] with Zhang et al. showing that the 
level of icosahedral order in a simulated Cu64Zr36 glass approaches 27 % 
as simulated cooling rates approach more realistic levels [45]. Lu et al., 
on the other hand, suggest that such icosahedral/icosahedral-like order 
is not the primary driver of GFA in Cu-Zr alloys [46]. As noted above, the 
present work aligns with Lu et al.’s observation and does not show clear 
trends in the populations of the various icosahedral or quasi-icosahedral 
super groups with temperature, although these structures make up a 
majority of the system at all temperatures. In addition to the small 
simulation cell size and fast quenching making such trends difficult to 
discern, the density-based clustering and super grouping processes 
inherently combine nearest neighbor structures that are similar but not 
identical in atomic arrangement, in contrast to the prior studies. Thus, 
this clustering process allows for some thermal distortions or strain in 
the clusters, potentially masking the previously observed evolution with 
temperature. Future work will consider the development of such local 
strains during quenching and their role in glass formation and 
properties. 

Beyond the strong agreement with previous reports of icosahedral 
order, the present work is unique in that the analysis extends across both 
temperature and composition space to show a surprising level of con
tinuity among Cu-Zr short-range structures. As noted by Kramer and Li, 
“the emerging consensus is that undercooled metallic liquids and glasses 
show a profound sensitivity to composition” such that the structural 
continuity observed here is surprising [44]. Both the concept of the 
“outlier” motifs that differ from the fundamental building blocks and the 
observations of variations in the site occupancies within the super 
groups are not reported in prior literature and may provide a clear basis 
for describing “defects” in the disordered structure. For instance, vari
ations in site occupancies suggest a method to quantify the population 
and distribution of point defects (akin to vacancies and interstitial 
atoms), which control many of the properties of crystalline materials, 
ranging from their creep response to electronic and optical behavior. 
While the concept of point defects has been applied to covalent glasses 
[47], to our knowledge this is the first observation of a similar feature in 
the more densely packed metallic glasses. Outlier motifs, analogous to 
the geometrically unfavored motifs identified by Ma [48], are somewhat 
higher-order defects and may form the basis for flow defects such as 
shear transformation zones [49–55]. Ongoing work will investigate the 
distribution of such defects and their role in the behavior of disordered 
metallic materials. 

5. Conclusions 

In this work, we have shown that a high fraction (90.2 %) of nearest- 

Table 2 
Description of the atomic cluster site occupancy patterns observed in Fig. 4.  

Occupancy 
pattern 

Description HDBSCAN super 
groups 

“Uniform”, U All sites in the cluster are approximately 
uniformly occupied in all constituent 
structures. 

2, 7, 8 

“Clipping” Atoms are “clipped” or missing in some of the 
constituent clusters.  

CL1 Symmetric “clipping” of exactly two sites. 4, 10, 12 
CL2 Asymmetric “clipping” of multiple sites 5 
“Swapping” Atoms “swap” from one position to another.  
SW1 1-to-1 symmetric “swap” across the cluster. 1, 3 
SW2 2-to-1 “swap” across the cluster, from 2 sites 

on one side to 1 site on the other. 
6, 11 

Other –  
“Enriched”, EN Enrichment of certain sites without 

corresponding decrease in occupation 
probability elsewhere in the cluster (opposite 
of “clipping”) 

9  

Fig. 5. Number of outlier motifs that exhibit an RMSD < 0.3 relative to stan
dard geometries by polyhedral template matching, as a function of temperature. 
Those labeled “Other” are structures than failed to meet the RMSD criteria for 
any of the standard geometries. 

Table 3 
Summary of Voronoi polyhedron indices, central atom type, and site occupancy pattern descriptor for the exemplar motif from each HDBSCAN super group.  

HDBSCAN super group Number of motifs Number of clusters Voronoi indices Cu-centered (%) Zr-centered (%) Occupancy pattern 

Group 1 47 245,948 <0,1,10,2> 73.4 26.6 SW1 
Group 2 40 241,003 <0,0,12,0> 27.9 72.1 U 
Group 3 42 197,482 <1,0,9,3> 19.4 80.6 SW1 
Group 4 26 132,545 <0,2,8,1> 50.0 50.0 CL1 
Group 5 22 129,547 <0,2,8,1> 78.8 21.2 CL2 
Group 6 20 117,095 <0,1,10,2> 89.0 11.0 SW2 
Group 7 7 36,309 <0,3,6,3> 92.5 7.50 U 
Group 8 6 32,437 <0,2,8,2> 85.4 14.6 U 
Group 9 4 26,957 <0,1,10,4> 18.5 81.5 EN 
Group 10 5 24,770 <0,2,8,1> 91.5 8.50 CL1 
Group 11 5 23,383 <0,1,10,2> 3.80 96.2 SW2 
Group 12 4 13,938 <0,2,8,1> 93.4 6.60 CL1 
Outliers 35 131,796 – 43.6 56.4 –  
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neighbor atomic clusters in disordered Cu-Zr liquids and solids can be 
effectively described by 12 common nearest-neighbor atomic arrange
ments, regardless of temperature or composition. All but two arrange
ments are distinguished by their combinations of Voronoi polyhedron 
geometry, central atom type, and site occupation pattern. All 12 
“building-blocks” exhibit icosahedral or quasi-icosahedral geometries, 
suggesting a very high fraction of icosahedral-like structures in all 
disordered Cu-Zr alloys, regardless of the glass forming ability of the 
composition, suggesting that icosahedral order is not the primary driver 
of GFA in Cu-Zr alloys. In contrast, the remaining 9.8 % of the atomic 
clusters are predominantly represented by HCP-like, FCC-like, or BCC- 
like structures that are not common across temperatures and composi
tions. While the most common building-blocks likely form the backbone 
of disordered Cu-Zr structures, these outlier motifs are important for 
accommodating the lack of long-range translational order in the pre
dominantly icosahedral packing. 

Although three of the common building-blocks, including the perfect 
〈0,0,12,0〉 icosahedron, had uniform occupancy of all sites in the 
structure, most groups exhibited symmetrically arranged sites with oc
cupancies greater or less than one. These observations explain why 
Voronoi tessellation alone is insufficient to describe the geometry of 
nearest-neighbor structures; clearly, structures that are identified as 
geometrically similar by the PPM/HDBSCAN approach often exhibit 
differences in coordination number or atomic positions that would lead 
to significant variation in the Voronoi indices of the constituent struc
tures despite their structural similarity. 
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