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Supplementary Figure 1 | Voronoi indices of top ten polyhedra in GA-search Cu-Zr 

crystalline structures. (a) The top ten Voronoi polyhedra for Cu-centered clusters in GA-

searched low-energy structures. (b) The top ten Voronoi polyhedra for Zr-centered 

clusters in GA-searched low-energy structures. The distorted icosahedral motifs 

(<0,2,8,2>, <0,3,6,3> and <0,2,8,1> polyhedra) for Cu-centered clusters, as well as 

Frank-Kasper Z14 (<0,0,12,2> index) and Z15 (<0,0,12,3> index) for Zr-centered 

clusters are all captured in the GA search with very small probability of occurrence in the 

crystal structure. 

 

Supplementary Note 1: The interpenetration between icosahedral clusters 

characterized by GA-searched Cu-Zr crystal structures. Previous works suggested 

interpenetrating icosahedral network as the origin of the medium-range order in the Cu-

Zr glass system 1, 2, 3. Here, we examined the GA-identified structures with relatively 

large unit cell (containing 41-50 atoms/unit cell), and did see a strong interpenetrating 

icosahedral network. Supplementary Figure 2 shows the pair distribution function (PDF) 

of the centers of the icosahedral clusters identified in these structures. The PDF is 

averaged over all the structures considered. One can see a strong first peak around r = 2.5 
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Å. This peak is contributed by interpenetrating icosahedron pairs, in which the center of 

one icosahedron belongs to the first shell of the other. It shows a good agreement with the 

icosahedral PDF of Cu64.5Zr35.5 glass 3, indicating a common interpenetrating icosahedral 

network in both glass and GA-searched low-energy structures. 

 
Supplementary Figure 2 | The pair distribution function of the centers of the 

icosahedral clusters identified in GA-searched low-energy structures. 

 

Supplementary Note 2: Short range orders (SRO) surrounding Al atoms. We 

analyzed the clusters surrounding Al atoms in the crystalline structures obtained in the 

GA search. In structures with very low Sm composition, there are “pure Al” regions 

which displays f.c.c. ordering. An example is given in Supplementary Fig. 3. In Al-

centered clusters that contain one or more Sm atoms, we failed to identify any 

dominating motif, which is in sharp contrast to the Sm case. Previous studies 4, 5 using 

hypothetic icosahedral and f.c.c. template motifs to investigate SRO around Al atoms in 

AlSm liquid samples only find small populations (~5%). On the other hand, the 

dominating T6 motif comprises 40% of solute Sm-centered clusters. The fact that the 
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local order surrounding Al atoms is much less pronounced than that surrounding the 

solute Sm atoms indicates that the Al90Sm10 system falls into the category in which the 

SRO of the system is characterized by solute-centered clusters 6, 7. 

 

Supplementary Figure 3 | One example for pure Al region in the crystal structure 

searched by genetic algorithm. The chemical composition of the crystal structure is 

Al37Sm3. The black box indicates the unit cell. The red ball stands for Sm atoms, while 

blue for Al atoms. The Sm-centered clusters are shown with golden polyhedra. The 

dashed box shows the “pure Al” region that displays fcc ordering. 

 

Supplementary Note 3: Voronoi tessellation for Sm-centered clusters in Al90Sm10 

system. The characterization of structural ordering in the Al90Sm10 system with the help 

of GA-identified motifs cannot be achieved in the conventional Voronoi tessellation 

analysis. Supplementary Fig. 4a gives the 10 most frequent Voronoi polyhedra 

surrounding Sm atoms in the amorphous samples at T = 800 K. One can see a widespread 

distribution of these polyhedra. The most popular polyhedron with an index <0, 1, 10, 6, 

0> only has a population of 8%. All these polyhedra have large coordination numbers of 
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16 or more. Consequently, small distortions can result in dramatic change of the Voronoi 

tessellation indices. Moreover, it has been demonstrated that Voronoi indexing on clusters 

that carry close-packing features such as fcc or hcp are particularly vulnerable to 

distortions 8. For these reasons, the Voronoi index corresponding to the ideal T6 motif, <0, 

3, 12, 1, 0>, only carries a vanishingly small population. In Supplementary Fig. 4b, we 

show the distribution of the 10 most frequent Voronoi polyhedra surrounding a sub-group 

of Sm atoms that have been characterized to be T6-type by the cluster alignment method 

described in the main text. Interestingly, this distribution highly resembles the one for the 

entire set of Sm atoms shown in Supplementary Fig. 4a. This demonstrates that in 

Voronoi tessellation, this sub-set of Sm atoms is treated as if they were randomly selected 

from the whole sample. In other words, the order characterization achieved by GA and 

template-assisted cluster alignment is not reflected in the Voronoi tessellation at all. 

      We also made a comparison of the top ten Voronoi indices between the 40% T6-type 

clusters and the clusters that failed to be characterized by any known motifs (~55%) in 

Supplementary Fig. 4b and 4c, respectively. The two distributions are both widespread, 

and share all but four types of Voronoi polyhedra (the indices for common Voronoi 

polyhedra are shown in red). It indicates the Voronoi index can totally confuse the 

structural topology. For instance, we find two topologically different polyhedra with same 

Voronoi index <0,1,10,5> in the GA-searched Al-Sm crystal structures named 

<0,1,10,5>-α and <0,1,10,5>-β as shown in Supplementary Fig. 4d and 4e, respectively. 

One can see that the <0,1,10,5>-α polyhedra is very close to T6 motif except one 

neighbor atom distorted. However, the packing of <0,1,10,5>-β polyhedra is very far 

from T6 motif. Thus, we can reach a similar conclusion that the Voronoi tessellation 
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cannot reflect the orders characterized by the GA and template-assisted cluster alignment.  

 

Supplementary Figure 4 | Voronoi tessellation analysis for Sm-centered clusters. (a) 

The top ten Voronoi polyhedra for the whole Sm-centered clusters; (b), the top ten 

Voronoi polyhedra for the Sm-centered clusters characterized as T6-type by our GA and 

cluster alignment methods described in the main text; (c) the top ten Voronoi polyhedra 

for the Sm-centered clusters that cannot be characterized by any known motifs, by the 

cluster alignment method. (d) and (e), Two polyhedra from GA-searched AlSm crystal 

structures both showing Voronoi index <0,1,10,5>. Common indices between the (b) and 

(c) top ten groups are highlighted in red.  
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Supplementary Figure 5 | The validation of alignment analysis for T6-type clusters. 

To validate the structural order revealed by the alignment analysis, 3000 aligned clusters 

which are identified as T6 motif are superposed by the center atom. (a) and (b) show the 

side and top view for the configuration of superposed clusters. The red points represent 

Sm atoms, while blue points represent Al atoms. (c) and (d) are the side and top view for 

atomic-density contour plots corresponding to the atomic distribution in (a) and (b), 

respectively, obtained by the Gaussian smearing scheme explained in the Method section.  

(e) and (f) show the perfect T6 motif. One can see a good agreement between the 

common short range order of the identified clusters and the template motif.  
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Supplementary Note 4:  X-ray diffraction measurements. The Al-10at.% Sm alloy 

was synthesized by arc melting high-purity elements (>99.9%) in a Ti-gettered Ar 

environment. After melting and flipping several times to assure homogeneity, the alloy 

was cast into a 6 mm mold. The cast ingot was then melted in an induction furnace and 

injection cast into a 1.6 mm mold to form rods that were placed in silica capillary tubes. 

The X-ray experiments were performed at Sector 6-ID-D of the Advanced Photon Source 

at Argonne National Laboratory. The samples were heated in furnace that was placed 347 

mm upstream from a MAR CCD detector that was positioned off-axis to collect a higher 

Q-range. X-rays with an energy of 100 keV ( = 0.1245 A) were utilized in the 

experiments, which were performed in transmission mode. The collected diffraction 

patterns were integrated using Fit2D software 9, and corrected for absorption, polarization, 

multiple scattering, and Compton scattering 10. The total scattering functions, S(Q), at the 

different temperatures were calculated according to 
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,        (1)                                        

where Q = 4sin/, I(Q) is the coherently scattered portion of the total intensity, ai is the 

atomic proportion of each element, and fi(Q) is the Q-dependent scattering factor for each 

element. 

 

Supplementary Note 5: Classification of the template cluster motifs. Cluster 

alignment algorithm was also used to check the similarity among the template motifs 

given in Fig. 2 of the main text. In Supplementary Fig. 6a, we connect any pair of motifs 

if the score of their mutual alignment is smaller than the cut-off value of 0.19. While the 



9 
 

motifs T4, T5, and T9 are isolated, the remaining cluster motifs show complex 

correlations among themselves.  

 

Supplementary Figure 6 | Classification of the template cluster motifs by the cluster 

alignment algorithm. (a) The cluster motifs are connected if their mutual alignment 

score is less than the cut-off value of 0.19. (b) T1 and T6 motifs share a common Al-Sm 

“hexagonal pyramid”. (c) T2, T3, T6, T7 and T8 share a common “triangle and hexagon” 

packing of Al atoms. 

After a closer inspection, one can identify some common features of this group: (1) 

T1 and T6 share a hexagonal pyramid at the bottom as shown in Supplementary Fig. 6b; 

(2) T2, T3, T6, T7 and T8 share a “triangle and hexagon” packing of Al atoms, which is 

characteristic of the A-B stacking in close packing structures as shown in Supplementary 

Fig. 6c. The genetic algorithm (GA) identified motif T6 is the most representative of this 

group since it’s connected with all other motifs in this group in Supplementary Fig. 6a. 
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Therefore, only T6 is shown with three other well separated motifs (T4, T5 and T9) in Fig. 

5b of the main text to classify as-extracted clusters.  
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