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Abstract 

Hybrid reverse Monte Carlo simulations of the structure of Zr50Cu45Al5 bulk metallic glass 

incorporating medium-range structure from fluctuation electron microscopy data and short-range 

structure from an embedded atom potential produce structures with significant fractions of 

icosahedral- and crystal-like atomic clusters.  Similar clusters group together into nanometer-

scale regions, and relaxation transforms crystal-like clusters into icosahedral clusters.  A model 

refined against only the potential does not agree with the fluctuation microscopy data and 

contains few crystal-like clusters. 

PACS: 61.43.Dq, 61.05.jm 



2 
 

A model of the structure of metallic glasses based on icosahedral-like, solute-centered 

nearest-neighbor clusters of atoms [1-5] has become widely accepted [6-11].  Icosahedral order 

has five-fold rotational symmetry that is incompatible with translational symmetry, so similar 

models have an extensive history [12-15].  Modern models include disordered icosahedra (thus 

“icosahedral-like”) and focus on solute-centered clusters, which create chemical short-range 

order (SRO).  Icosahedral-like models from reverse Monte Carlo (RMC) [1] and molecular 

dynamics (MD) simulations [5] are consistent with pair distribution function data.  Beyond the 

nearest-neighbor clusters, these models contain little significant structure, although some specific 

packings of icosahedra have been proposed [3, 10, 11, 16].  Icosahedral-like clusters have been 

reported to play an important role in the glass transition [9] and plasticity [7]. 

In this Letter, we show that the icosahedral-like cluster model does not fully capture the 

structure of a real bulk metallic glass (BMG), although it may capture an idealized structure with 

maximum configurational entropy.  By combining SRO from an empirical potential [5] with 

medium-range order (MRO) from fluctuation electron microscopy (FEM) data [17] in a hybrid 

RMC (HRMC) simulation [18], we show that, in additional to icosahedral-like clusters, 

Zr50Cu45Al5 BMG contains a significant density of nearest-neighbor clusters with (potentially 

distorted) four- and six-fold rotational symmetry, which we call “crystal-like”.  Similar nearest-

neighbor clusters, both crystal-like and icosahedral-like, group at medium-range, forming 

nanometer-scale superclusters, and the crystal-like superclusters favor fcc local bonding.  

Structural relaxation of a rapidly-quenched, high fictive temperature (Tf) glass below the glass 

transition temperature Tg reduces the fraction of crystal-like clusters and increases the fraction of 

icosahedral-like clusters, as does quenching the glass more slowly to a lower Tf. 
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FEM measures nanoscale structural fluctuations in glasses from the normalized variance, 

V, of many coherent nanodiffraction patterns [17], V(k, R) = (〈I2(k, R, r)〉r / 〈I(k, R, r)〉2
r) - 1.  I is 

the diffracted intensity, k = sin(θ)/λ is the scattering vector magnitude, R is the probe diameter, 

and 
r

 indicates averaging over position on the sample, r.  Quantitatively, V depends on the 

three- and four-atom distribution functions [17].  Qualitatively, heterogeneous nanoscale 

structure increases the spatial fluctuations in nanodiffraction, increasing V.  The k position of 

peaks in V(k) carries information about the internal structure of diffracting regions. 

Previous interpretations of V(k) data relied on creating an atomic model of a structural 

hypothesis, then simulating V(k) [17, 19].  Hypotheses based on perfect icosahedral clusters do 

not match the FEM data for BMGs [20], so we have developed HRMC simulations that 

simultaneously minimize the χ2 between the experimental and simulated V(k) and the total 

energy E. 
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where Vs and Ve are the simulated and experimental variances, respectively, and σ is the 

uncertainty in Ve.  We use an embedded atom model (EAM) potential for Zr-Cu-Al [5] to 

calculate E and the Dash et al. [21] method for Vs.  Compared to previous RMC simulations 

incorporating FEM and G(r) data [20, 22], minimizing E as well ensures realistic three 

dimensional physical and chemical SRO.  Following [23], the proportionality factor α was 

adjusted over several simulations to make the contributions of E and V to χ2 decrease at the same 

rate during minimization, achieving a minimum of both contributions simultaneously. 
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 Equation (1) implies a quantitative comparison between Vs and Ve, which has been 

elusive: Vs is always larger than Ve [19, 24, 25].  Improved experiments reduce this discrepancy 

significantly.  Our FEM experiments use nanodiffraction at 200 kV on a high-stability STEM, 

controlled, high probe coherence [26], zero-loss energy filtering [27], and constant sample 

thickness within ±0.5 nm [28].  The remaining difference in magnitude between Ve and Vs arises 

from the thickness, t, difference, and the Stobbs factor [17] including diffraction approximations 

[21], neither of which changes the shape of V(k).  For t < 50 nm, V ∝ 1/t, [27, 29] and we 

assumed a typical correction factor of three [30].  The experimental thickness from the elastic 

electron transmittance [31] was 27 ± 2 nm, and the simulation thickness was 2.83 nm, making β 

= 1/28.6. 

RMC is sensitive to initial conditions [32].  RMC incorporating FEM data reduces the 

solution space of possible models [20], but not to a structure with a unique position for every 

atom.  The same dense-random packed (DRP) starting structure, created by MC minimization of 

a Lennard-Jones potential without even chemical SRO, was used for all the models.  Starting 

from maximum disorder creates the minimally ordered models consistent with the FEM data, so 

our results are a lower bound on the possible structural order in the real materials.  As a control, 

we created a model by MC minimization of E only, without the FEM data. 

We studied ribbons of Zr50Cu45Al5 BMG quenched by melt spinning at 30 m/s giving a 

quench rate of ~106 K/s [33] with Tg = 403 °C.  As-quenched ribbons were annealed in a 

differential scanning calorimeter (DSC) at 300 °C (0.85Tg) for 10 minutes and 60 minutes, and 

remelted at 435 °C (1.05Tg) for 2 minutes, then cooled back into the glass at 0.33 K/s.  All of the 

samples are completely amorphous to synchrotron (Fig. 2(b)) and electron diffraction (not 

shown).  Fig. 1 shows DSC data with heat released below Tg in the as-quenched sample, typical 
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of relaxation of high Tf glasses [34].  Sub-Tg annealing reduced the heat release, indicating that 

the glass is structurally relaxed or aged.  The low Tf  sample is fully relaxed within the accuracy 

of the measurements. 

Fig. 2(a) shows V(k) data with R = 2 nm from these four specimens.  STEM specimens 

were thinned by electropolishing, then 700 eV Ar ion milling to remove surface oxidation.  

Several hundred to a thousand nanodiffraction patterns were acquired for each sample.  The 

annular average of each pattern was used to calculate V.  The large peak in V falls entirely within 

the first peak in S(k) (Fig. 2(b)), but there is a shift in the V(k) peak maximum from 4.0 nm-1 in 

the as-quenched state to 3.7 nm-1 in the low Tf state, with the relaxed samples in between.  

Changes in G(r) from a similar glass similarly relaxed are very small [35], implying limited 

changes in bond lengths and coordination numbers. 

Fig. 2(a) also shows excellent agreement between Ve(k) and Vs(k) from HRMC models of 

1,425 atoms in a (2.83)3 nm3 cubic box refined against all four Ve(k) data sets.  Vs(k) from the 

EAM-only model shows no significant peaks, so it does not contain MRO consistent with 

experiment.  Vs(k) for a MD-quenched glass consisting of solute-centered clusters [35] has a 

similar lack of structure, and, scaled by the model thickness, similar magnitude to the EAM-only 

Vs(k).  Fig 2(b) shows the calculated structure factors, S(k), from the EAM only model and the 

HRMC models, and the experimental S(k) from synchrotron XRD on an as-quenched sample.  

Refinement against V(k) did not significantly change the model’s S(k): all the HRMC models 

agree with the EAM-only model and with S(k) of a Zr47Cu46Al7 model quenched by MD with the 

same potential [5].  The partial S(k)’s of all five models (not shown) are also essentially the 

same.  The difference in the peak positions between simulation and experiment corresponds to 

~2.4% difference in interatomic spacings. The energy of the HRMC models is 17-20 meV/atom 
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higher than the EAM-only model, perhaps because the SRO encoded in V(k) similarly disagrees 

slightly with the potential. 

Fig. 3(a) shows the Voronoi polyhedra (VP) statistics [37] for the models.  96% of the VP 

were of the types 〈0,0,12,0〉, 〈0,1,10,x〉, 〈0,2,8,x〉, 〈0,3,6,x〉, 〈0,4,4,x〉, and 〈0,5,2,x〉, where x is 

typically between 0 and 4.  No other single type constituted more than 1% of the VP.  Following 

Cheng et al. [5] we group VP with many pentagonal faces, such as 〈0,0,12,0〉 and 〈0,2,8,2〉 as 

icosahedral-like.  VP with many rectangular or hexagonal faces, such as 〈0,4,4,x〉 and 〈0,5,2,x〉, 

we call “crystal-like”, because they can exhibit crystallographically allowed four- and six-fold 

rotational symmetry, and the 〈0,3,6,x〉 VP we call “mixed”. 

The EAM-only model has similar VP statistics to the MD model of Cheng et al. [5], so 

icosahedral-like VP seem to be a feature of the potential, independent of the model construction 

method.  The fraction of crystal-like VP is small.  The HRMC models showed more crystal-like 

VP and fewer icosahedral-like VP, which must be a consequence of the FEM data.  Crystal-like 

VP have not been reported in significant fractions in previous BMG structural models. 

Common neighbor analysis (CNA) using the Clarke and Jónnson notation [38], shown in 

Fig. 3(b), is similar.  555, the index of the bonds in a perfect icosahedron, shows the same pattern 

from model to model as the icosahedral-like VP.  The HRMC models have significantly higher 

fractions of 422 and 421 CNA indices, the bonds in hcp and fcc crystals, than previous models 

[1], although there are no statistically significant changes with relaxation.  533 and 432 are 

distorted icosahedra [1], which also do not vary with relaxation.  Indices not shown in Fig. 3(b) 

individually constitute <5% of the total. 
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Similar VP group together to form larger superclusters in the HRMC models.  Fig. 4(a) 

shows part of the 300 °C, 60 minute HRMC model with the atoms colored by the fraction of 

pentagons in their VP, not by composition.  In the center of the figure, the crystal-like VP form a 

supercluster which has approximate four- and six-fold rotational symmetry, viewed down the 

six-fold axis.  Many of the icosahedral-like VP have formed superclusters with approximate two-

fold symmetry, examples of which are circled in yellow and green.  (Rotational symmetries are 

emphasized in the model’s three-dimensional reciprocal space in the Supplementary Material 

[39]).  In both cases, the atoms are arranged in clear, although disordered, planes.  These pseudo-

planes create the strong nanodiffraction which gives rise to the FEM V(k) [20]; FEM is 

insensitive to other VP packings [36].  The size of the crystal-like superclusters in the models is 

0.7 – 1.0 nm.  However, that may not accurately represent the real material, due to the small size 

of our models, each of which contains only one crystal-like supercluster.  Variable-resolution 

FEM experiments [17] and larger simulations are needed to determine the supercluster size.  

Unfortunately, larger models are prohibitively computationally expensive [20].  Fig 4(b) shows 

the EAM-only model, with no segregation of VP by type and no pseudo-planar structures.  No 

similar structure with pseudo-planar order, distinct rotational symmetry, and nanometer size has 

been reported in MD quenched models, probably because the extremely high cooling rate in MD 

(1010 – 1013 K/s [5]) does not allow time for these larger structures to form. 

The icosahedral-like supercluster has a plane spacing of 0.27 nm, as shown in Fig. 4(a), 

which corresponds to the peak in V(k) at 3.7 nm-1.  The crystal-like supercluster has a plane 

spacing of 0.25 nm, corresponding to the peak at 4.0 nm-1, but also shares the larger plane 

spacing.  Thus, total VP fractions in the models are reliable, since they are constrained by the 

relative heights of the peaks in V(k).  In Fig 4(a), the vertical planes connect the icosahedral-like 
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and crystal-like superclusters, which may reflect the real structure, or may be a small-model 

artifact.  The higher-k peaks may be other reflections of the same structures. 

Although the VPs do not correspond to a simple crystal structure, CNA analysis indicates 

that the crystal-like supercluster is similar to an fcc crystal at the most local level.  Fig. 4(c) 

shows that the crystal-like supercluster in the 300 °C for 60 minutes model has a much higher 

fraction of 421 indices than the remainder of the model.  hcp has an equal number of 421 and 

422 indices, so this indicates a locally fcc structure.  Crystalline ZrCu2Al and ZrCuAl [40] have 

421 CNA indices, but the crystal-like supercluster composition is no different from the total 

model, so it contains too little Al to correspond to these structures beyond the CNA length scale.  

The remainder of the model has a much higher percentage of 555 clusters.  Comparison of the 

absolute number of indices in the whole model and the sub-models shows that the interface is 

dominated by distorted icosahedra, indices 544 and 433. 

Fig. 4(d) shows the icosahedral cluster in the yellow circle in Fig. 4(a), which consists of 

a chain of primarily icosahedral-like VP and a few mixed VP, with various center atoms.  Out of 

icosahedral superclusters that have been proposed [3, 11, 13], Fig. 4(c) is most like the structure 

proposed by Stephens and Goldman [41].  They sought to model diffraction from quasicrytals, so 

their structure contains planes of atoms that cause diffraction, which is also required for V. 

Fig. 3(a) shows that the trajectory of the VP fractions during relaxation is from crystal-

like, through mixed, to icosahedral-like as a function of the decreasing sub-Tg heat release.  Since 

S(k) is invariant, the change in VP types must be caused by the V(k) peak shift in Fig. 2 from the 

4 nm-1 peak associated with crystal-like VP to the 3.7 nm-1 peak associated with icosahedral-like 

VP.  At 300 °C, the transformation proceeds slowly, with an intermediate stage of high mixed 
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and low crystal-like VP captured at 10 minutes.  Above Tg, the transformation to icosahedral-like 

VP is complete in 2 minutes.  The low Tf sample is also the most similar to the EAM model, 

suggesting that the EAM model may capture an ideal relaxed glass structure. 

The mean energies per atom in the crystal-like and icosahedral-like superclusters within 

the HRMC models are statistically indistinguishable.  Small differences in energy are difficult to 

detect due to the small number of atoms in the crystal-like superclusters, but the similarity in 

energy also reflects the poor internal ordering and small size of the crystal-like superclusters.  

Icosahedra are tight-packed, low-energy SRO structures for this potential [5], so crystals only 

become lower energy at larger size.  Small size may also mean that even if these clusters have 

the right structure to be nuclei for crystallization, they are below the critical size, and thus tend to 

relax on annealing.  The enthalpy released by relaxation may come from dissolving some crystal-

like superclusters or from removing the internal interfaces between the crystal-like and 

icosahedral-like superclusters. 

The existence of two distinct structural units is supported by BMG dynamics.  Hu et al. 

[8] attributed anomalous enthalpy relaxation behavior in rapidly-quenched Zr-Cu-Al to at least 

two structural types with different β relaxation times, and Zhang et al. [42] have used two 

structural types to explain a fragile-to-strong crossover in the viscosity of BMG liquids.  Since 

both icosahedral-like [7, 9] and crystal-like [43, 44] structural units have slow dynamics in 

simulations of different metallic glass liquids, perhaps both of the supercluster types we have 

identified contribute to slow dynamics in the liquid and thus to the glass transition.  Additional 

simulations are required. 
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In summary, we propose a new model for the atomic structure of bulk metallic glasses 

based on hybrid reverse Monte Carlo modeling constrained at short range by an empirical 

interatomic potential and at medium range by fluctuation electron microscopy data.  The model 

consists of superclusters of atoms in crystal-like local environments, as expressed by their 

Voronoi polyhedra, and chain superclusters of icosahedral-like Voronoi polyhedra.  The 

existence of a significant fraction of crystal-like Voronoi polyhedra and clustering of like 

polyhedra at medium range are new features of this model.  Structural relaxation of a rapidly-

quenched glass with high fictive temperature decreases the fraction of crystal-like Voronoi 

polyhedra and increases the fraction of icosahedral-like Voronoi polyhedra, as does slower 

quenching to lower fictive temperature.  These lower enthalpy structures are similar to a model 

refined against only the potential, suggesting that model represents an ideal, maximum entropy 

glass. 
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Figure 1. (a) DSC data for as-quenched and annealed samples.  

Figure 2. (a) Experimental V(k) from the as-quenched and annealed samples and simulated V(k) 

from the models. (b) Total x-ray S(k) from experiment and calculated from the EAM only and 

HRMC models, offset for clarity. 

Figure 3. (a) Histograms of the VP categories for the HRMC and EAM-only models.  Gray are 

Zr-center VPs, orange are Cu-centered, and green are Al-centered.  (b) CNA indices for the 

models.  Error bars are the square root of the number of VPs or CNAs counted. 

Figure 4. (a) A region including the crystal-like supercluster of the 300 °C, 60 minute annealed 

model.  (b) A region of the EAM-only model the same size.  The atoms are colored by the 

fraction of pentagons in their VPs.  (c) CNA indices of the crystal-like supercluster and the 

remainder of the 300 °C, 60 minute annealed model.  (d) A chain icosahedral supercluster from 

the yellow circled region in (a). VP indices are shown for the central atoms, and atoms are 

colored by species. 
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