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A B S T R A C T   

Reverse Monte Carlo (RMC) simulations have been widely utilized to generate three-dimensional structural 
models for amorphous materials. One practical case is the modeling of atomic-level structure in metallic glasses, 
based on, for example, X-ray scattering and extended x-ray absorption fine structure (EXAFS) data. However, to 
what extent this approach can faithfully mimic the atomic structure of real metallic glasses has not been 
quantitatively evaluated. Using the “known” configurations from molecular dynamics simulations as the 
benchmark, we evaluate the reliability of RMC modeling with the total structure factor and EXAFS as the input 
for RMC fitting. The results indicate that the RMC-generated configuration lacks accuracy in reconstructing the 
local atomic packing, which tends towards the most random (and thus more energetically unfavored) state that 
can reproduce the reference data. To help guide towards a physically stable and meaningful atomic configura
tion, we advise the incorporation of additional constraints and validation check points.   

Accurate three-dimensional (3D) structure models are essential for 
understanding the properties of disordered materials, such as liquids and 
glasses [1–7]. However, it has proven to be difficult to acquire detailed 
information of atomic arrangements in amorphous materials via tradi
tional experimental methods. Typical experimental techniques such as 
X-ray diffraction (XRD) or neutron scattering measurements usually give 
only angular-averaged structural information, which could correspond 
to a vast variety of 3D arrangement of atoms. Other difficulties facing 
experimental measurements including the resolution of partial pair 
correlations and the short-range chemical order in muti-component 
systems. For the latter, extended X-ray absorption fine structure 
(EXAFS) experiments were shown to provide some insights [5,8], but 
still far from offering a complete picture. To complement the structural 
information attainable from experimental measurements, computer 
simulations have proven to be valuable tools which allow to resolve 
atomic-level structure of glass systems. However, the reliability of the 
commonly employed simulation methods, i.e., classical molecular dy
namics relies on a faithful description of the interactions between con
stituent atoms, which is still a challenging task since classic potentials 
usually have a limited accuracy, while ab initio potential calculations are 
computationally very demanding [9,10]. 

To circumvent these difficulties as mentioned above, reverse Monte 
Carlo (RMC) technique [11] has been used for modeling the structure of 

liquids and glasses, without knowing a priori the interatomic potentials. 
RMC approach usually takes a sort of experimentally measured struc
tural quantities of an amorphous material as inputs for fitting a struc
tural model which then allows for further analysis of the atomic 
arrangements. For metallic glasses (MGs), Sheng et al. [5] and Luo et al. 
[12] have successfully employed RMC modeling based on experimental 
structure information of XRD and EXAFS to resolve their atomic 
configuration and elucidated the nature of the short-range order (SRO) 
such as dominant Frank-Kasper polyhedra, and medium-range order 
(MRO) (i.e., solute-centered quasi-equivalent cluster packing). The 
combination of XRD and EXAFS were selected because those two 
experimental characterizations are highly complementary in illustrating 
the atomic packing of MGs: specifically, the former is essentially a 
condensation of angular averaged structural information over a wide 
length scale, while the latter is a probe of species-specific local coordi
nation information [4]. Furthermore, such RMC approach has been also 
applied on MGs with a series of compositions and revealed the corre
lation between atomic packing efficiency and glass forming ability [13]. 
However, it has been long-term questioned on the validity and accuracy 
of RMC-reconstructed configuration for complex amorphous materials, 
by simply fitting the diffraction data such as structure factor or radial 
distribution function, and/or EXAFS spectra [11,14,15]. Due to the 
unknown structural details of experimental MG samples, there is still a 
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lack of understanding about to what extent the RMC-generated structure 
can reliably describe the atomic structure, in particular their local 
atomic environments [4], by combining XRD and EXAFS information. 

In this work, we aim to quantitatively evaluate the reliability of the 
RMC modeling approach based the simulated XRD and EXAFS spectra as 
typically utilized in experiments. The materials under consideration are 
three representative MGs, namely amorphous Ta, Cu50Zr50 and 
Cu64Zr36. This selection of alloy compositions is of practical relevance 
and allows us to discuss the role of composition complexity in the per
formance of RMC modeling. The glass configurations generated by 
classical MD simulations are treated as target structures from which the 
input structural parameters are extracted. The reconstructed structures 
from the RMC simulations are then compared with the target structures 
to assess in a quantitative manner the reliability of the RMC modeling in 
predicting the atomic structure of the MGs. 

The target structures of the amorphous Ta, Cu50Zr50 and Cu64Zr36 
MGs were produced by classical MD simulations using a melt-quench 
procedure. The simulations were performed using the LAMMPS code 
[16] and the embedded atom method (EAM) potentials from Refs. [17, 
18] were used for describing the interatomic interactions. The simula
tion boxes contain 16,000 and 10,000 atoms for Ta and Cu-Zr, respec
tively, and the initial box sizes were determined by the corresponding 
glass densities. These samples were first melted at 4000 K, and 2500 K 
for Ta and Cu-Zr, respectively for 100 ns, a time span that is sufficient to 
equilibrate the melts. The glass samples were obtained by quenching the 
equilibrated melts down to 300 K with a constant cooling rate of 1014 

K/s for Ta and 1010 K/s for Cu-Zr. These MD-simulated MG configura
tions were used as target for the RMC modeling. All MD simulations 
were carried out in the isothermal–isobaric ensemble under zero pres
sure and using a time step of 2 fs. 

We have considered two practical structure quantities as inputs for 
RMC simulation, namely the total X-ray structure factor and EXAFS. X- 
ray structure factor is a widely used technique for structural analysis, 
which is often diffuse, with a wide first diffraction maximum, and 
several others that damp and diminish quickly for MGs [19,20]. Mean
while, EXAFS is the normalized description of X-ray absorption spec
trum, whose oscillations are sensitive to short-range local environment 
[21,22]. The inverse Fourier-transformed EXAFS spectra, which is used 
as input for RMC modeling, was calculated using the FEFF software [23]. 
Local atomic packing was studied using the Voronoi tessellation method 
[24,25]. 

RMC simulations, based on the total structure factor and the EXAFS 
spectra calculated from the target MD-generated structure, was 
employed to reconstruct 3D atomic configuration of the corresponding 
MGs. The RMC modeled systems were assigned with the same number of 
atoms and the same densities as the target configurations. The protocol 
of our RMC simulation proceeds through the following iteration: (1) 
Generate a new configuration by randomly displacing atoms in the 
simulation box; (2) Calculate the normalized fit residue between the 
structure parameters from the trial configuration and the target 
configuration, which is written as [12,26]: 
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In this expression, δ2 and σ2 can be viewed as the “energy” term and 
the “temperature” term in MD simulations; The term i indicate the 
structural quantities of MGs, e.g., X-ray structure factor, and EXAFS for 
each constituting element; 3) Compare the fit residue of the current 
guess configuration with the one in the previous cycle χ2

0, accept the new 
move if χ2

fit<χ2
0. Otherwise, the move is accepted with the probability 

exp
(

χ2
0 − χ2

fit
2

)

(i.e., via the metropolis algorithm) [26]. While repeating the 

above iteration, σ has been gradually reduced from 0.1 to 10− 3 for 
structure factor and from 10− 4 to 10− 6 for EXAFS, to mimic the 

quenching process in the MD simulations. The above procedure is 
continued until the ‘‘energy’’ term δ2 is minimized via RMC++ software 
[27]. The whole procedure is schematically illustrated in Fig. 1. We have 
found that the RMC-reconstructed configurations starting from different 
random initial configurations exhibit the same level of quality in 
matching the various properties of the target structure. Hence, we pre
sent in the following the results of one RMC configuration for each 
composition. 

To begin with, Fig. 2 shows that the structural models obtained from 
the RMC simulations excellently reproduce (with R2>0.99) the X-ray 
structure factor, S(q), and EXAFS of the target MD structures. S(q) can be 
calculated by the expression: 

S(q) =
∑

α

∑

β

cαcβfαfβ
( ∑

αcαfα
)2Sαβ(q) (2)  

where cα and cβ are respectively the molar fractions of species α and β, fα 
and fβ are the corresponding atomic scattering factors [19,20], and the 
partial structure factor Sαβ(q) is given by [19]: 

Sαβ(q) − 1 =
4πρ

q

∫∞

0

r
[
gαβ(r) − 1

]
sin(qr)dr (3)  

where r is the inter-atomic distance, gαβ(r) is the partial radial distri
bution function (RDF) for the atomic pair between element α and β [19]. 
The EXAFS at the absorption edge of element α with multiple compo
nents is written as [21,22]: 

χα(k) =
∑

β
S2

0β
|f (k)|

k
4πρ Nβ

N

∫

gαβ(r)sin(2kr + 2δc +ϕ)e− 2r/λ(k)dr (4)  

where S0 is the overall amplitude, |f(k)| is the back-scattering amplitude, 
Nβ is the coordinated atomic number of element β for element α, δc is 
central-atom partial-wave phase shift of the final state, ϕ is phase shift, 
and λ(k) is the energy-dependent EXAFS mean free path. EXAFS is 
usually presented as a function of the wave number of photo-electron k 
and multiplied by a power of k typically k2 or k3 to emphasize the os
cillations [21,22]. 

These results in Fig. 2 are as expected since these two structural 
quantities were used as input for the RMC modeling. The fact that the 
goodness-of-fit remains in a high level for the three MGs indicates that 
the applied fitting strategy works well despite compositional 
complexity. However, as we have mentioned earlier, a more stringent 
test of the reliability of the RMC-generated atomic configuration is 
through comparison of the structural quantities that are a priori un
known for the RMC modeling. In the following, we will present several 
representative structural quantities to give a more comprehensive 
evaluation of the structure similarity between the target and RMC- 

Fig. 1. Sketch of the simulations and evaluation of the RMC modeling.  
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reconstructed atomic configurations. 
Fig. 3 compares the RDFs of the target structure with the RMC- 

reconstructed structure from RMC modeling. Overall, the total RDF of 
the guess configuration is in good agreement with that of the target 
structure (R2>0.99), which could be attributed to the fact that the total 
RDF is essentially the real space version of S(q). Stronger deviation of the 
guess structure from the target structure is seen in the partial RDFs, 
panels (b) and (c). This result indicates that although the inclusion 
EXAFS data in the fitting can provide some information regarding short- 
range chemical ordering, it is still insufficient to allow a full account of 
the 3D atomic arrangement. The degree of this insufficiency does not 
seem to be influenced by the deviation of the constituting atomic species 
from equal proportion, see panels (b)-(c), as evidenced by the fact that 
the R2 values of the partial RDFs of Cu64Zr36 are nearly the same as these 
of Cu50Zr50. Besides, other RDF-related quantities, such as bond angle 
distribution and the coordination environment of the atoms are also 
expected to exhibit discrepancies between the guess and the target 
structure. Here, the local atomic packing of the atoms is of particular 
interest and thus will be presented next. 

The Voronoi tessellation method has been employed to characterize 
the local atomic environment. Fig. 4 shows that the fractions of various 
coordination polyhedra are different between the reconstructed and the 
target atomic configurations and that this structural discrepancy is 
already quite pronounced in the monoatomic amorphous Ta, panel (a). 
Overall, we note that the reconstructed atomic configurations show a 
weaker icosahedral SRO and five-fold symmetry due to the lower 
average coordination numbers and decreasing occurrences of clusters 
with high fractions of five-fold bonds such as 〈0,0,12,0〉, 〈0,1,10,2〉, 
〈0,2,8,1〉 and 〈0,2,8,2〉 clusters. This is accompanied by the increase of 

other distorted structures such as 〈0,3,6,4〉 for Ta, 〈0,3,6,2〉 for Zr50Cu50 
and Zr36Cu64, indicating an increasing disclination density [4]. (Note 
that only the Voronoi polyhedra with the highest fractions in the target 
structure are shown in the graph). The weaker icosahedral SRO and 
five-fold symmetry, increasing disclination density, and a broader dis
tribution of Voronoi polyhedra substantiate that the reconstructed 
structure by RMC modeling is more disordered than the target structure, 
which is consistent with the fact that RMC favors maximal randomness 
[4]. 

In addition to the evaluation of structural features, potential energy 
is introduced as an overall measure of the stability of the obtained 3D 
structure models. As shown in Fig. 5, the potential energy of RMC- 
reconstructed atomic configurations are much higher than that of the 
corresponding “real” atomic configurations, and the former configura
tion should not even remain stable at room temperature. This result is in 
accordance with the nature of the RMC method itself because among all 
possible configurations that matches the target structure information, 
RMC modeling tends to select the most random (unstable) one with the 
highest entropy [28]. Such result can also be related to the short-range 
ordering of the MG structure: The icosahedral structure along with its 
five-fold symmetry behave as a stabilizer in amorphous alloys [4] and 
thus the decrease of their concentrations in the guess atomic configu
rations relative to the target structures is the structural origin of their 
higher potential energies. Finally, we note that the observed high energy 
state of the guess structure relative to the target structure is independent 
of the compositional complexity. 

Based on the results presented above, the deficiency of the RMC 
modeling becomes evident: While the guess structures reproduce very 
well the total structure factor and EXAFS spectra used for the RMC 

Fig. 2. Comparison of the total S(q) and EXAFS spectra obtained from the target and RMC-reconstructed configurations. (a) to (c) are for the Ta, Cu50Zr50 and 
Cu64Zr36 MGs, respectively. 

Fig. 3. Comparison of the RDFs obtained from the target (circles) and RMC-reconstructed atomic configurations (black lines). (a) to (c) are for the Ta, Cu50Zr50 and 
Cu64Zr36 MGs, respectively. 
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fitting, they are not able to give a reliable description of the element- 
specific structures, notably the short-range order. This finding thus 
casts doubts on the reliability of the RMC modeling results from previous 
studies which typically adopt experimentally measured XRD and EXAFS 
spectra as input for the fitting. We note that the reasons for this defi
ciency are two folds: (1) The inputs for the RMC simulation, i.e., total 
structure factor and EXAFS spectra, do not allow for a full account of the 
atomic arrangements in the target structure which are rather complex in 
amorphous materials; (2) RMC samples the configurational space in a 
random manner, and thus the final configuration is essentially the most 
random structure that can reproduce the target structural parameters. 
That being said, if the constraints (i.e., inputs for RMC modeling) are not 
strong enough, the system may conceivably end up in a state with un
realistically high energy, because interatomic interactions are not 
considered during the RMC fitting. 

Clearly, further optimization of the RMC modeling is required in 
order to achieve accurate description of the atomic structure of MGs. 
First, for systems containing more than one element, one may need to at 
least include the partial RDFs [29] or equivalent information in RMC 
fitting as already been tested in a previous study [8] which has reported 
an increased accuracy of the RMC modeling in reproducing the 
short-to-medium range structures of a MG. In addition to the partials, it 
is also feasible to introduce additional structural information as con
straints such as fluctuation electron microscopy (FEM) [30,31] and 4D 
STEM [32,33], which can provide more details on the atomic arrange
ments at larger length scales. A further constraint that one can apply to 
RMC modeling is the “potential energy” term since energy is a more 
sensitive and comprehensive representation of the structural order. The 
energy term can effectively narrow the range of possible atomic con
figurations that match with the input structural information by 
requiring that the reconstructed structure is also thermodynamically 
favored among others. The potential energy can be evaluated using 
classical interaction potentials or machine learning potential [34,35] 

that are becoming increasingly prevalent. We note that this energy 
constraint only has to be applied at a fraction of the RMC steps, thus 
avoiding the time-consuming calculation of energies at every step in MD 
simulations. 

The reliability of RMC modeling in reproducing the 3D atomic 
structure of “known” MD-generated glass configurations has been 
quantitatively evaluated. We have found that the total XRD structure 
factor and the EXAFS spectra as inputs for the RMC simulations allow for 
a satisfactory reproduction of the total structural quantities, such as the 
total RDF, and even the partial RDFs (but to a less degree of satisfaction). 
Strong discrepancies were observed for the local atomic environments 
between the atoms in the target structure and RMC-reconstructed 
structure, thus indicating the limitation of the popularly applied RMC 
modeling approach in giving an accurate description of the local struc
tural order. The inclusion of more/independent constraints, such as the 
partial RDFs, the 3D structural information as encoded in the FEM or 4D- 
STEM, and the potential energy term are expected to further improve the 
reliability of RMC-generated structure models. 
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Fig. 4. Comparison of the fractions of various coordination polyhedra (with different Voronoi indices) between the RMC-reconstructed atomic configurations and the 
target atomic configurations. (a) to (c) are for the Ta, Cu50Zr50 and Cu64Zr36 MGs, respectively. In panels (b) and (c), the Voronoi polyhedra are Cu centered. 

Fig. 5. Comparison of potential energies between the RMC-reconstructed atomic configurations produced by RMC modeling and the target configurations produced 
by MD simulations. (a) to (c) are for the Ta, Cu50Zr50 and Cu64Zr36 MGs, respectively. 
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