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Zr-based amorphous alloys have attracted extensive attention because of their large glassy formation ability, wide
supercooled liquid region, high elasticity, and unique mechanical strength induced by their icosahedral local structures.
To determine the microstructures of Zr–Cu clusters, the stable and metastable geometry of ZrnCu (n = 2–12) clusters
are screened out via the CALYPSO method using machine-learning potentials, and then the electronic structures are in-
vestigated using density functional theory. The results show that the ZrnCu (n ≥ 3) clusters possess three-dimensional
geometries, ZrnCu (n ≥ 9) possess cage-like geometries, and the Zr12Cu cluster has icosahedral geometry. The binding
energy per atom gradually gets enlarged with the increase in the size of the clusters, and ZrnCu (n = 5, 7, 9, 12) have
relatively better stability than their neighbors. The magnetic moment of most ZrnCu clusters is just 1µB, and the main
components of the highest occupied molecular orbitals (HOMOs) in the Zr12Cu cluster come from the Zr-d state. There are
hardly any localized two-center bonds, and there are about 20 σ -type delocalized three-center bonds.

Keywords: geometries and electronic structures, magnetic and chemical bonds, machine learning potentials,
Zr–Cu clusters
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1. Introduction
Amorphous alloys, also called metallic glasses (MGs),

have unique physical properties[1–7] due to their short-range
ordered but long-range disordered atomic structures[8] ob-
tained from the crystallization process with an extremely
high cooling rate.[9] Since the first discovery of bulk Zr–
Al–Ni–Cu compound,[10] Zr-base amorphous alloys have at-
tracted widespread attention due to their high glassy formation
ability, wide supercooled liquid region, excellent mechanical
properties[4,11–13] compared with Fe-base,[1] Mg-base,[3] Co-
base[14] and Ni-base[15,16] amorphous alloys.

Previous studies show that the microstructures especially
the icosahedral clusters play an important role in the forma-
tion and the physical properties of amorphous alloys;[4,17–25]

hence, intensive efforts have been made to investigate the sta-
ble geometries, electronic structures, and physical properties
of Zr-base clusters and amorphous alloys.[26–30] Jiang et al.[26]

studied the geometry of CunZr13−n (n = 3–10) clusters us-
ing density functional theory (DFT) and they found Zr7Cu6

is more stable than others. Wang et al.[29] studied the Cu6Zr7

and Cu8Zr5 clusters and found that the stability of these icosa-
hedral clusters has a relation to the glassy formation ability
(GFA). Sha et al.[30] established a direct connection between

the electronic structure of the basic clusters in MGs and the
glass-forming ability of MGs, providing a new avenue to ex-
amine the GFA of MGs. Based on the molecular dynamics
simulation results of the Cu60Zr40 model MG, Lekka et al.[31]

selected two representative clusters (Cu7Zr6 and Cu10Zr5) in
the Cu60Zr40 model, and calculated their interconnections as
touching or interpenetrating using DFT. Yang et al.[32] ob-
tained basic polyhedral clusters of near-eutectic composition
by considering the dense packing and random arrangement of
atoms at shell sites. Using such building units, bulk metallic
glasses (BMGs) can be formed. This strategy was verified in
the Cu–Zr binary system, where the existence of Cu8Zr5 icosa-
hedral clusters in Cu61.8Zr38.2, Cu64Zr36, and Cu64.5Zr35.5

amorphous alloys has been demonstrated. In other words, a lot
of studies have been done to investigate the electronic struc-
tures and geometries of Cu-rich Cu–Zr clusters and Cu-based
alloys, while there is still a lack of investigation of Zr-rich
ZrnCu clusters.

Although a lot of studies have been done, it is still a
challenge to determine the relationship between microstruc-
ture and properties because of the huge number of pos-
sible candidates[33] and the computational cost of DFT as
O(N3).[34,35] In 2017, after a detailed investigation of the
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amorphous alloy material database and an analysis of the de-
scriptor related to the glassy formation ability, Sun et al.[36]

proposed that the machine-learning algorithm model could be
used when designing amorphous alloys. In 2020, Tong et
al.[37] successfully searched the B84 cluster structure using
the CALYPSO code combined with machine-learning poten-
tial (MLP). With the rapid development of artificial intelli-
gence (AI), the use of machine learning has risen in differ-
ent fields and has made significant progress. As one of the
key tools in data-driven material research methods,[38,39] it
has been widely used to calculate the physical and chemical
properties[40–49] and screen out novel materials[50–55] due to its
high computational efficiency and accuracy. Recently, various
machine-learning models have been introduced to construct an
accurate potential energy surface (PES) using the first princi-
ples data.[56,57] The obtained MLP[58–60] can be used to learn
the mapping between structures and energy. In 1995, Blank
et al.[61] first constructed a molecular potential energy surface
using a neural network, and then various MLPs were proposed
and developed.[62–67]

In order to investigate the electronic structures and ge-
ometries of Zr-rich Zr–Cu clusters, the authors calculated the
geometry and electronic structures of ZrnCu (n = 2–12) clus-
ters using both MLP and DFT. The stable and metastable ge-
ometries of ZrnCu (n = 2–12) clusters were obtained using
the CALYPSO method combined with MLP in atom-centered
symmetry functions (ACSF),[68,69] which is obtained from the
first-principles data. The results obtained by MLP are similar
to the DFT results while the MLP is two or three orders of
magnitude faster than DFT. The electronic structures, growth
pattern, magnetic moments, and chemical bonds are further in-
vestigated using DFT. The results show that the ZrnCu (n≥ 3)
clusters possess three-dimensional geometries, ZrnCu (n ≥ 9)
possess cage-like geometries, and Zr12Cu has an icosahedral
geometry. The binding energy per atom gradually became en-
larged with the increase in the size of the clusters, and ZrnCu
(n = 5, 7, 9, 12) have relatively stronger stability than their
neighbors do. The magnetic moment of most ZrnCu clusters is
just 1µB, and the main components of HOMOs come from the
Zr-d state. There are hardly any localized two-center bonds,
and there are about 20 σ -type delocalized three-center bonds.

2. Methods and applications
2.1. Machine-learning potentials in atomic-centered sym-

metry functions

The MLP of Zr–Cu binary metal clusters was first trained
and tested using the first-principles data obtained by the spin-
polarized DFT implemented in the VASP package.[70,71] In or-
der to get accurate first-principles data, the calculation was

performed using the following parameters. The Perdew–
Burke–Ernzerhof (PBE)[72] functional based on the general-
ized gradient approximation (GGA)[73] was used to represent
electronic exchange–correlation energy functions, and the cut-
off energy was set as 295 eV.

The MLP adopted the ACSF descriptor.[37,74,75] The MLP
was trained by gradually enlarging the size of the training set
from 400–8000. Figure 1 illustrates the evolution of the root
mean square error (RMSE) of the energy, force, and stress
tested on the testing set. As shown in Fig. 1, the RMSE for
energy, force, and stress was gradually reduced by increasing
the size of the training set. Note that the obtained RMSE of
energy, force, and stress are 0.024, 0.184, and 0.024 when the
size of the training set is 8088. The MLP is accurate enough
to predict stable candidates of Zr–Cu binary clusters.

The obtained MLP was used to predict the stable struc-
tures of the ZrnCu (n = 2–12) and ZrnCu13−n (n = 3–10) clus-
ters via the CALYPSO code. For comparison, the global low-
est energy structures of ZrnCu (n = 10, 11) are also predicted
via the CALYPSO code and VASP code, which are used to
do local structure optimization. The results obtained from the
former method (MLP) are similar to the latter, while the com-
putational cost of the former is about 2–3 order of magnitude
less than the latter. The obtained lowest-energy structures of
the ZrnCu13−n (n = 3–10) clusters using the MLP (shown in
Fig. 2) are well consistent with the DFT results obtained by
Jiang et al.[26]
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Fig. 1. The evolution of the RMSE for the energy (eV·atom−1), force
(eV·Å−1), and stress (GPa) tested on different testing sets.

Zr3Cu10-A Zr4Cu9-A Zr5Cu8-A Zr6Cu7-A

Zr7Cu6-A Zr8Cu5-A Zr9Cu4-A Zr10Cu3-A

Fig. 2. Ground state structure of the ZrnCu13−n (n = 3–10) clusters
searched by MLP (green balls represent Zr atoms, cyan balls represent
Cu atoms).
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2.2. Application of MLP to predict the structures of the
ZrnCu clusters

The stable structures of the ZrnCu (n = 2–12) clusters
were further screened using CALYPSO[76–78] code and the ob-
tained Zr–Cu MLP. CALYPSO is an efficient structural predic-
tion method based on particle swarm optimization (PSO).[79]

During the structure prediction simulation, about 100 genera-
tions along with 40 isomers per generation were chosen. Ex-
cept for the first generation whose geometries were randomly
generated, about 20% of the isomers of the other generation
were inherited from the previous generation, and the rest were
still randomly generated. After 100 generations of evolution,
several candidates were obtained. Noting that some of these
candidates may have similar geometry that should be merged
using the structure prototype analysis package (SPAP).[80]

2.3. Physical properties of ZrnCu clusters

The screened candidates are further reoptimized using
spin-polarization DFT. The spin-polarized electronic struc-
tures of the ZrnCu (n = 2–12) clusters were also investigated
using the Gaussian09[81] code with B3LYP/def2TZVP. All
calculations are carried out with ultrafine precision. The elec-
tronic local function (ELF) and adaptive natural density par-
titioning (AdNDP)[82] bonding analysis were calculated with

the Multiwfn[83] software. VMD[84] software is used to visu-
alize the clusters’ MO (MO) and AdNDP.

3. Results and discussion
3.1. Stable geometries of ZrnCu (n = 2–12) clusters

Using the method described above, several stable ge-
ometries were obtained (shown in Fig. 3). Point group and
relative energy comparison with the lowest energy of each
of the clusters are also given in the comments in Fig. 3. For
each structure, nA, nB, and nC represent the ground state,
metastable and sub-metastable structures of the ZrnCu (n = 2–
12) clusters, respectively. For the Zr2Cu cluster, 2A isomer is
a one-dimensional structure of Cu atoms on the outer side. For
the Zr3Cu cluster, 3A is the tetrahedral configuration with the
highest symmetry. For the Zr4Cu cluster, the configuration of
4A is a trigonal bipyramid structure, and its geometric struc-
ture shows that a Zr atom is derived from the configuration
of 3A. For the Zr5Cu cluster, the 5A configuration can be re-
garded as coming from the 4A configuration, which is formed
by adding a Zr atom with a face cap. For the Zr6Cu cluster,
6A geometry is a pentagonal biconical structure with Cs sym-
metry and can be considered to have been derived by adding a
Zr atom to the 5A configuration. For the Zr7Cu cluster, the 7A

2A Ci 0 eV 2B Cv 0.228 eV 2C Cs 0.506 eV

3A Cv 0 eV 3B Cv 0.148 eV 3C Cs 0.157 eV

4A Cv 0 eV 4B Cs 0.228 eV 4C C 0.527 eV

5A C 0 eV 5B Cv 0.584 eV 5C Cs 1.126 eV

6A Cs 0 eV 6B C 0.101 eV 6C C 0.127 eV

7A Cs 0 eV 7B C 0.249 eV 7C C 0.828 eV

8A C 0 eV 8B C 0.001 eV 8C Cs 0.028 eV

9A C 0 eV 9B C 0.029 eV 9C C 0.120 eV

10A C 0 eV 10B C 0.127 eV 10C C 0.205 eV

11A C 0 eV 11B C 0.268 eV 11C C 0.314 eV

12A C 0 eV 12B Dh 0.119 eV 12C C 0.758 eV

Fig. 3. The geometry of the three lowest energy isomers of the ZrnCu (n = 2–12) nanoclusters searched by MLP, and the energy difference in
electronvolts from the lowest energy isomer at the same size (green balls represent Zr atoms, cyan balls represent Cu atoms).
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configuration is composed of seven Zr atoms forming a pen-
tagonal biconical structure and a Cu atom added to the out-
side. Unlike the 6A configuration, the Cu atoms no longer
form a pentagonal biconical structure, but are transferred to
the outside. For the Zr8Cu cluster, 8A has C1 symmetry, and
the geometric configurations of 8A, 8B, and 8C all show that
an atom is added to the 7B configuration, and the Cu atom in
the 7B configuration is transferred to a new position. The 8B
configuration is a mirror of the operation of the 8A configura-
tion, and the energy of the two is similar. 8C has Cs symmetry,
and the position of Cu in the 8C configuration is different from
that of 8A and 8B. For the Zr9Cu cluster, 9A configuration is
a cage-like structure of a hexadecahedron and the structural
framework has also changed from a three-dimensional struc-
ture to a cage-like structure. For the Zr10Cu cluster, the 10A
configuration is derived from the 9A configuration, and the
symmetry is a Cs octahedral cage structure. For the Zr11Cu
cluster, 11A has C1 symmetry, and it is derived from the 10A
configuration with a Zr atom added inside; different from the
11A configuration, the Cu atoms in the 11B and 11C configu-
rations are at the top and outside, respectively. For the Zr12Cu
cluster, both the 12A and 12B configurations are icosahedrons,
with Cu atoms on the outside and inside, respectively. It is
worth mentioning that 12B is an icosahedron with D2h sym-
metry. In addition, further structural analysis is provided in
the supplementary materials.

3.2. Relative stabilities

It is worth investigating the relative stabilities and the
growth pattern because the magic clusters play an important
role in determining the physical properties like glassy forma-
tion ability. Herein the relative stabilities and growth pattern
are evaluated by binding energy per atom (Eb), second-order
energy difference (∆2E), fragmentation energy (Ed), and spin-
polarized HOMO–LUMO gap, which are defined as the fol-
lowing equations:

Eb(ZrnCu) = [nE (Zr)+E (Cu)−E (ZrnCu)]/(n+1), (1)

∆2E = E (Zrn−1Cu)+E (Zrn+1Cu)−2E (ZrnCu) , (2)

Ed (ZrnCu) = E (Zrn−1Cu)+E (Zr)−E (ZrnCu) , (3)

Egap = ELUMO (ZrnCu)−EHOMO(ZrnCu), (4)

where E(Zr) and E(Cu) respectively represent the energy of
an isolated Zr atom and Cu atom. E(ZrnCu), E(Zrn−1Cu) and
E(Zrn+1Cu) respectively, represent the total energy of the cor-
responding clusters. ELUMO (ZrnCu) and EHOMO(ZrnCu) rep-
resent the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) energy, re-
spectively.

The obtained values of binding energy per atom (Eb),
second-order energy difference (∆2E), fragmentation energy

(Ed), and spin-polarized HOMO–LUMO gap are shown in
Figs. 4(a)–4(c) and Table 1.

As shown in Fig. 4(a), the binding energy per atom (Eb)
gradually became enlarged with increasing cluster size, im-
plying the cage-like clusters are more stable than small-sized
clusters. We found that icosahedron clusters have the highest
stability, which may cause the widespread existence of icosa-
hedron clusters in amorphous alloys. Meanwhile, as shown in
Fig. 4(b), ZrnCu (n = 5, 7, 9) may be more stable than their
neighbor clusters due to the local peak of (∆2E).

Similar to Fig. 4(a), the fragmentation energy (shown in
Fig. 4(c)) also became enlarged with the increase in cluster
size, and some peak can also be found when the cluster size is
5, 7, and 9, indicating these clusters may be more stable than
their neighbor clusters.

Table 1. The symmetries, Eb (eV), ∆2E (eV), Ed (eV), α-Egap (eV), β -
Egap (eV), Mag (µB), and charge Q (e) on Cu of the ZrnCu (n = 2–12)
clusters.

Cluster Sym. Eb ∆2E Ed α-Egap β -Egap Mag Q (Cu)

Zr2Cu Cs 2.260 1.425 2.150 1 −0.133
Zr3Cu C3v 2.856 −0.735 4.644 1.702 1.388 3 −0.085
Zr4Cu C3v 3.360 −0.031 5.379 1.537 1.388 3 −0.008
Zr5Cu C1 3.702 0.177 5.410 1.463 1.366 1 −0.148
Zr6Cu Cs 3.921 −0.366 5.234 1.269 1.278 1 −0.122
Zr7Cu Cs 4.131 0.598 5.600 1.141 1.316 1 −0.255
Zr8Cu C1 4.228 −0.438 5.002 1.135 1.107 1 −0.200
Zr9Cu Cs 4.349 0.067 5.440 1.017 1.208 1 −0.211
Zr10Cu Cs 4.442 −0.251 5.373 1.075 1.085 3 −0.212
Zr11Cu Cs 4.541 −0.692 5.624 1.122 1.066 1 −0.277
Zr12Cu Cs 4.677 6.316 1.025 1.255 1 −0.723
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Fig. 4. Size dependence of (a) the averaged binding energy (Eb), (b)
the second-order energy difference (∆2E), and (c) the dissociation energy
(Ed) for the lowest energy ZrnCu (n = 2–12) clusters.

3.3. Magnetic moments and electronic structures

The magnetic moments of the ZrnCu (n = 2–12) clusters
are also obtained (shown in Table 1). As shown in Table 1,
except for ZrnCu (n = 3, 4, 10) whose magnetic moments are
3µB, the magnetic moments of other clusters are all 1µB. To
better understand the electronic structures of these clusters,
the atomic charges are firstly evaluated using the Mulliken
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population analysis.[85] As shown in Table 1, the obtained
atomic charge of Cu atom varied from −0.133 (Zr2Cu) to
−0.723 (Zr12Cu), indicating electron transfer occurred among
the Zr and Cu atoms and the Cu atom is an electron accep-
tor. It is not surprising that the Cu atom could be an electron
acceptor because Cu atoms have relatively larger Pauli elec-
tronegativity (about 1.90) than the Zr atom (about 1.33).[86]

The number of transferred electrons has a relation to the in-
teraction between Cu and Zr atoms. For example, as shown
in Fig. S3, Zr12Cu has the shortest neighboring Zr–Cu bond
(2.58 Å), which makes it have the strongest bond energy per
atom and the largest transferred electrons (−0.723).

The ELF is also obtained to analyze the electronic struc-
tures of ZrnCu (n = 2–12) clusters. In order to simultane-
ously characterize the bonding regions of Zr–Zr and Zr–Cu
in the ELF diagram, for each system, this paper selects a two-
dimensional ELF plane determined by Cu atoms and two Zr
atoms adjacent to Cu atoms, three atoms. Figures 5 and S2
show a two-dimensional diagram of the ELF value for the
ground-state ZrnCu (n = 2–12) clusters. Figure 5 shows the
ELF value of the ZrnCu (n = 5, 7, 9, 12) clusters. As shown
in Fig. 5, the ELF in the region between the Zr and Cu atoms

is about 0.35–0.50, indicating this region has a value like uni-
form electron gas.[87] The ELF in the region among Zr atoms
is very close to zero, indicating the electrons among Zr atoms
should be delocalized. That is to say the Zr–Zr chemical bond
should be a metallic bond.

Fig. 5. The two-dimensional ELF of the (a) Zr5Cu, (b) Zr7Cu, (c) Zr9Cu,
and (d) Zr12Cu clusters.
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Fig. 6. The PDOS of the Cu and Zr atoms in (a) the lowest-energy Zr5Cu cluster, (b) the lowest-energy Zr7Cu cluster, (c) the lowest-energy
Zr9Cu cluster, and (d) the lowest-energy Zr12Cu cluster.
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The partial density of states (PDOS) and difference plot
of the ZrnCu (n = 5, 7, 9, 12) clusters are also obtained, re-
spectively (shown in Figs. S6 and S3). As shown in Fig. 6, on
the one hand, the PDOS on the HOMO originates mainly from
the 4d and 4s electrons of Zr. On the other hand, far away from
the HOMO level region (approximately−7.5 to−6.5 eV), the
main contribution is from the 3d electrons of Cu atoms as a
universal rule in ZrnCu clusters.

3.4. MOs of the icosahedral cluster

As described by Wang et al.,[29] the icosahedral cluster
plays an important role in determining the glassy formation
ability, and the microstructure in the amorphous alloy may be
the metastable cluster, hence hereafter the authors provide a
detailed investigation into the MOs of a metastable Zr12Cu
cluster (marked as 12B in Fig. 1). The obtained diagram of
MOs and corresponding energy levels of the 12B cluster are
shown in Fig. 3, and the s, p, and d components of spin-
polarized MOs are shown in Table 2.

As shown in Fig. 7, 12B is an open shell cluster and the
total magnetic moment is 1µB. The spin-polarized HOMO–
LUMO gap of 12B is 0.934 eV (spin up) and 1.164 eV (spin
down). As shown in Table 2, the Zr atoms, especially the
Zr-d states and Zr-s states make the main contribution to the
HOMO, and the MOs below HOMO, while the Cu-s, and Cu-p
states hardly contribute to the total states. For example, about

47.80% and 62.15% of α-HOMO and β -LUMO come from
the Zr-d states.

Fig. 7. MOs and corresponding energy levels of the 12B cluster.

Table 2. The s, p, and d components of the spin-polarized LUMO and serval HOMOs in the 12B cluster (– represents atomic orbital composition
less than 0.5%).

α β

Zr-s Zr-p Zr-d Cu-s Cu-p Cu-d Zr-s Zr-p Zr-d Cu-s Cu-p Cu-d

LUMO 27.05 20.92 45.32 1.07 – 5.60 25.51 18.40 43.73 5.09 – 7.25
HOMO 21.69 13.21 47.80 7.65 – 9.59 25.15 10.51 62.15 – – 2.10

HOMO-1 25.68 12.38 59.49 – – 2.34 21.84 12.19 63.50 0.51 – 1.84
HOMO-1′ 26.55 11.32 60.28 – – 1.76 – – – – – –
HOMO-2 25.46 10.48 62.40 – – 1.57 14.18 10.50 73.63 – – 1.59
HOMO-3 1.41 15.85 82.53 – – – 15.11 10.11 73.51 – – 1.17
HOMO-4 9.19 15.15 75.47 – – – 14.53 15.55 69.75 – – –
HOMO-5 21.48 10.17 67.54 – – 0.71 7.65 15.30 76.85 – – –
HOMO-6 11.75 12.55 75.53 – – – 19.67 13.42 66.18 0.58 – –
HOMO-7 8.45 13.32 78.04 – – – 9.26 13.68 76.88 – – –

α

β

6c-1e ON=0.87|e| 6c-1e ON=0.87|e| 7c-1e ON=0.86|e| 8c-1e ON=0.88|e| 8c-1e ON=0.88|e|

6c-1e ON=0.89|e| 6c-1e ON=0.89|e| 6c-1e ON=0.89|e| 7c-1e ON=0.88|e|

Fig. 8. The 6c–1e chemical bond analyzed by the AdNDP method. ON means the occupancy number.
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The chemical bonds of the 12B cluster are further investi-
gated using the AdNDP method.[82] After a detailed investiga-
tion of these chemical bonds, the authors found that there are
five single-center single electron bonds in spin-up and spin-
down states, respectively, while there is not one dual-center
single electron bond (as shown in Fig. S3). The delocalized
multi-center single electron bonds in each spin-polarized state
are shown in Figs. 8 and S4. As shown in Fig. S4, there are 20
three-center single electron bonds in each spin-polarized state,
and these three-center bonds should be σ bonds. There were
two 6c–1e σ -orbitals in spin-up states, each of which occu-
pied 0.87 electrons. There is also one 7c–1e σ -orbital with
an occupancy number (marked as ON) of 0.86e, and two 8c–
1e σ -orbitals with an ON of 0.88e in spin-up states. Unlike
the spin-up state, there are three 6c–1e σ -orbitals with an ON
of 0.89e and one 7c–1e σ -orbital with an ON of 0.88e in the
spin-down states.

4. Conclusion and perspectives
In this paper, the low-energy isomers of ZrnCu (n= 2–12)

clusters are screened out using the CALYPSO code and MLP.
The MLP was trained and tested using the first-principles data
of ZrnCu (n = 2–11) clusters. The obtained MLP is further
used to screen out the low-energy candidates of ZrnCu (n = 2–
12) clusters, and the results are similar to the results obtained
by CALYPSO and DFT, but the MLP method can be faster by
two or three orders of magnitude. The electronic structures,
growth pattern, magnetic moments, and chemical bonds are
further investigated using the DFT.

The results show that the ZrnCu (n ≥ 3) clusters possess
three-dimensional geometries, ZrnCu (n ≥ 9) possess cage-
like geometries, and Zr12Cu possesses icosahedral geometry.
The binding energy per atom gradually became enlarged with
the increase in the size of the clusters, and ZrnCu (n = 5, 7, 9,
12) have relatively stronger stability than their neighbors. The
magnetic moment of most ZrnCu clusters is just 1µB, and the
main components of HOMOs come from the Zr-d state. There
are hardly any localized two-center bonds, and there are about
20 σ -type delocalized three-center bonds.
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2013 Comput. Theor. Chem. 1021 41
[36] Sun Y T, Bai H Y, Li M Z and Wang W H 2017 J. Phys. Chem. Lett. 8

3434
[37] Tong Q C, Gao P Y, Liu H Y, Xie Y, Lv J, Wang Y C and Zhao J J 2020

J. Phys. Chem. Lett. 11 8710
[38] Schleder G R, Padilha A C M, Acosta C M, Costa M and Fazzio A

2019 J. Phys. Mater. 2 032001
[39] Schmidt J, Marques M R G, Botti S and Marques M A L 2019 npj

Comput. Mater. 5
[40] Carrete J, Li W, Mingo N, Wang S D and Curtarolo S 2014 Phys. Rev.

X 4 011019
[41] Furmanchuk A o, Agrawal A and Choudhary A 2016 RSC Adv. 6 95246
[42] Gaultois M W, Oliynyk A O, Mar A, Sparks T D, Mulholland G J and

Meredig B 2016 APL Mater. 4 053213
[43] Kim C, Pilania G and Ramprasad R 2016 J. Phys. Chem. C 120 14575
[44] Kim C, Pilania G and Ramprasad R 2016 Chem. Mater. 28 1304
[45] Isayev O, Oses C, Toher C, Gossett E, Curtarolo S and Tropsha A 2017

Nat. Commun. 8 15679
[46] Yuan F and Mueller T 2017 Sci. Rep. 7 17594
[47] Kauwe S K, Graser J, Vazquez A, and Sparks T D 2018 Integrat. Mater.

Manuf. Innovation 7 43
[48] Sosso G C, Deringer V L, Elliott S R and Csányi G 2018 Mol. Simul.
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