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Exploring crystal structure by three-dimensional atomic density distribution from molecular
dynamics simulations
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Predicting crystal structure has been one of the core issues in materials research. X-ray diffraction data can
generally be used to fit and refine the positions of atoms within the unit cell. However, for a system with part of its
atoms diffusing or hopping below the melting temperature, the atoms inside the crystal begin to vibrate, diffuse,
or hop when its temperature gradually rises. Even using the partial-occupancy concept, it becomes difficult or
impossible to fit the structure due to the trial-and-error characteristic of refinement. More importantly, the limited
partial-occupancy positions are insufficient and inappropriate to describe material systems containing diffusing
or hopping atoms. To address this shortcoming, we proposed to perform molecular dynamics simulations and
then add up all the positions of diffusing atoms in each time step to form a three-dimensional atomic density
distribution into the primitive or conventional unit cell. The maximum atomic density points correspond to the
partial-occupancy positions in x-ray diffraction data. The connected atomic density distribution identifies and
defines the diffusing paths for mobile atoms within the crystal.

DOLI: 10.1103/PhysRevMaterials.6.083601

I. INTRODUCTION

X-ray diffraction (XRD) is one of the most powerful
experimental methods for studying crystal structures. The ex-
perimental spectra of XRD can be easily inverted to obtain
the crystal structure for a simple material system with a fixed
and known composition. However, because of the increasing
independent dimensionalities of the crystal structure in com-
plicated material systems, XRD results may become difficult
or even impossible to invert to obtain complete, correct atomic
structures. Furthermore, for a system in which atoms begin to
diffuse or hop inside the crystal as temperature increases, it
becomes difficult to fit the structure using XRD data without
the concept of partial occupancy [see Figs. 1(a)-1(d) below].
Even with partial occupancy, the obtained crystal structures
may not be correct and are unreliable for some systems.
The liquidlike thermoelectric (TE) material is one example;
its crystal structure is solid, but some of its atoms behave
like liquids. Typically, atoms diffuse through the crystalline
sublattice (solid framework), resulting in an intrinsically low
lattice thermal conductivity [1-5]. Because of the highly mo-
bile atoms in the liquidlike TE materials, atomic occupation
probabilities at various Wyckoff sites refined from XRD data
are naturally partially occupied [6-9] and difficult to fit or
determine. Using AggGeTes as an example, four different
partial-occupancy results of Ag atoms were reported in the
literature as shown in Figs. 1(a)-1(d). One can see that the
fitted positions of Ge and Te atoms are nearly identical, but
the fitted positions of Ag atoms are quite different. One cannot
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judge which result is correct or reliable, and we require a
method to resolve this kind of partial-occupancy difficulty.
This study proposes using ab initio molecular dynamics
simulations (MDSs) to overcome the deficiency of the partial-
occupancy concept used in XRD. It is important to minimize
the statistical error when performing MDSs, as discussed by
He et al. [10]. They concluded that simulation at high temper-
ature and with a system with diffusivity ranging from 107 to
1073 cm? /s is suitable for the MDSs to have enough diffusion
and jumping processes to obtain more accurate diffusional
properties. The diffusivity of a system containing liquidlike
mobile atoms is usually within this range [11-18]. Xie et al.
[11] used in situ scanning transmission electron microscopy
and MDSs to study the diffusion dynamics of Ag atoms in
superionic AgCrSe,. Molecular dynamics (MD) trajectories
were used to calculate probability distribution and the time-
dependent Van Hove correlation functions. Xie et al. found
that Ag diffusion is slow compared with the vibrations and
concluded that the crystal disorder is the main reason for
the ultralow thermal conductivity. de Klerk er al. [12] used
MDSs to obtain Li-ion density and its jump processes to study
the Li-ion conductivity in argyrodite solid electrolytes. They
found that the Li-ion conductivity could be improved by opti-
mizing the halogen distribution. Without any phase change,
B-Cu,Se exhibits abnormal temperature-dependent thermal
properties. Kim et al. [13] performed molecular dynamics
calculations and found that the bond length of Cu-Cu and
Cu-Se decreases with increasing temperature. At T &~ 800 K,
Cu presents an apparent thermal disorder structure, which they
also confirmed through experimental studies. Zhuo er al. [14]
and Wang et al. [15] also used MDSs to study the diffu-
sion mechanism of the high-temperature phase of Cu,S and
Cu,Se and hexagonal Cu,S, respectively. They used MDS
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FIG. 1. (a)-(d) XRD fitted crystal structures of Ag,GeTes re-
ported in Refs. [20-22]. The red-white spheres represent the partially
occupied Ag sites. Corresponding crystal structures were obtained
from the Crystallography Open Database (COD) [23,24] (Table S2 of
the Supplemental Material). (e) and (f) 2D constant-density surface,
with density equal to 1.5 x 1072 a;?, of the Ag 3D atomic density
distribution for AgyGeTes at 300 K viewed along the [110] and [111]
directions, respectively. (g) and (h) Same as (e) and (f), but for a 2D
constant-density surface with density equal to 4.0 x 1073 a;*. The
maximum Ag density is 4.95 x 1072 a53.

trajectories to investigate the liquidlike Cu diffusion property
and characterize the structural properties with radial distri-
bution functions. The Cu diffusivity coefficients are around
107°-1073 cm?/s, exhibiting a liquidlike behavior. In their
work on Cu,X, Kumar et al. [17] discussed in detail the
range of temperatures using MDSs, including the diffusion
coefficient and the energy barrier. Through the analysis of
MDS results based on a 30-ps trajectory length, they found
that the activation energy barrier of Cu atoms was con-
sistent with the reported experimental values and observed

the liquidlike diffusion of Cu ions at higher temperatures.
In addition, Wych et al. [18] have performed MDSs us-
ing two force fields to study the dynamics of crystalline
protein. They simulated x-ray diffraction with 400-ns MD
trajectories to show that crystalline proteins exhibit liquid-
like motions. In general, MDSs are performed to study
mobile atoms’ diffusion behavior; most analyses focus on
the pair distribution function, mean-square displacements,
velocity autocorrelation functions, or atomic trajectory. Nev-
ertheless, no systematic molecular dynamics study combined
with the concept of partial occupancy exists in crystals.
As one might imagine, what has been measured in XRD
or single-crystal x-ray diffraction (ScXRD) is a time aver-
age of the material system. Therefore the averaged structure
of an MDS over a time domain should be helpful and a
good hint or starting point for XRD or ScXRD fitting. By
averaging enough time frames of atomic structures from
MBDS results, a three-dimensional atomic density distribution
function (3D-ADDF) of the studied material system can be
easily obtained. This 3D-ADDF will automatically reveal
accurate partial-occupancy positions by maximum atomic
densities without random guessing, thereby overcoming the
difficulty and limitation of the partial-occupancy concept
in XRD.

To begin MDSs for complicated systems with unclear
ground-state structures, we use the random structure search
with object (RSSWO) scheme [19]. This method can generate
the initial configurations randomly and find the correct lowest
energy structures if the number of initial configurations is
large enough. Systems with varying initial configurations are
relaxed until local minimum energy structures obtain, and
a few lowest energy structures are used for MDSs. In this
paper, molecular dynamics simulations were run on various
phases of AgsGeTes, AggSiTes, Cu,S, and Cu,Se to obtain
an atomic density distribution function that contains the most
basic and essential structural information in detail. Because
the trial-and-error characteristic of XRD analysis is techni-
cally demanding and time-consuming, it is not guaranteed
that a clear answer will be obtained for complicated material
systems. This work aims to demonstrate how to use MDSs to
obtain information about the 3D atomic density distribution
in the primitive or conventional unit cell by averaging the
MDS trajectory frames. This 3D-ADDF will automatically
reveal the crystal symmetry, the partial-occupancy positions,
and the mobile atoms’ diffusing or hopping pathways and
regions. The accuracy of the 3D-ADDF, which has provided
the positions and occupancy of various types of atoms, can
then be double-checked by comparing it with an experimen-
tally fitted XRD structure. In reality, the 3D-ADDF can be
considered as an extension of the continuous model for the
partial occupancy used in XRD.

The rest of this paper is structured as follows. Computa-
tional details are provided in Sec. II. We present and discuss
the MDS results for the AggGeTes, AggSiTes, Cu,S, and
Cu,Se systems in Sec. III. The obtained 3D atomic density
distribution function will be used to demonstrate that the
partial occupancy concept used in x-ray diffraction data has
limitations in all of the systems studied here. As a result, it is
preferable and inevitable to define and employ the 3D-ADDF
as a continuous extension model for the partial-occupancy
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concept used in XRD. Section IV summarizes and presents
our conclusions.

II. COMPUTATIONAL METHOD

The first-principles molecular dynamics calculations were
performed based on the density functional theory (DFT)
[25,26] using the plane-wave-based Vienna ab initio simu-
lation package [27,28] with the projector augmented-wave
(PAW) potentials [29]. For all systems studied, the exchange-
correlation functional is treated by the generalized gradient
approximation with the Perdew-Burke-Ernzerhof form [30],
and the plane-wave cutoff energy is set to 300 eV. We carried
out the random structure searching with object [19] calcula-
tions to generate initial crystal structures and then performed
DFT calculations to obtain the lowest energy optimized struc-
tures. In order to explore the structural configuration space
more completely, we took at least five lowest energy structures
obtained from RSSWO and DFT optimizations as the starting
points to perform MDSs. The I k point was used for all the
MDSs and was performed using the NVT ensemble scheme.
The trajectory time frames from all different MDS runs at
a constant temperature were then combined, averaged, and
normalized into the unit cell to yield a 3D atomic density
distribution in units of atoms per ag (ap = 0.529 A, the Bohr
radius). Moreover, the 3D atomic density distribution was
applied with symmetry operations hinted at by the 3D-ADDF.
In practice, after a long MD run, we added all atoms’ po-
sitions at each time step into the primitive or conventional
unit cell divided by 100 x 100 x 100 grid points to obtain
the temperature-dependent atomic density functions. We then
utilized the Visualization for Atomic and Structural Analysis
(VESTA) program [31] to view, analyze, and plot the isosur-
faces of 3D atomic density distribution functions.

III. RESULTS AND DISCUSSION

This section presents the results of molecular dynamic
simulations for two types of systems: (i) Ag-based argyrodites
AggGeTes and AggSiTeg and (ii) Cuy X -based materials Cu,S
and Cu,Se. We will discuss the structure of the 3D atomic
density distribution function in detail to understand its impli-
cations and how it relates to the partial-occupancy concept
used in x-ray diffraction. Because the 3D-ADDF is derived
from MDSs, it is expected to be temperature dependent, and
we will demonstrate the effect using AggSiTeq. It is also
possible to obtain the value of partial occupancy directly in
cases where the 3D-ADDF has isolated local maxima; we will
present the results of the Cu, S hep phase as an example.

A. Ag-based argyrodites: AgsGeTes and AggSiTe

The Ag-based argyrodite-type compounds AggGeTes and
AggSiTeg, with p-type semiconductor characteristics, have the
same crystal structure [20,32]. The structure suggested by
experiment is shown in Fig. 2, representing a cubic unit cell
with a F43m space group symmetry. Previous studies reported
that Ag atoms have a high degree of freedom, and their liq-
uidlike nature would effectively scatter phonons, resulting in
a very low lattice thermal conductivity [2]. For Si (Ge) and
Te atoms, it has been reported to form the SiTes (GeTes)

FIG. 2. Structural model of Ag,SiTes suggested by experiment
with a F43m symmetry (space group 216). Yellow balls indicate the
Te atoms at 4a sites, and green balls indicate the Te atoms at 4c sites.
Dark yellow Te atoms (at 16e sites) and purple Si atoms (at 44 sites)
form a tetrahedral framework. Here, we only present the positions
of Si and Te atoms because the positions of Ag atoms are not well
determined.

tetrahedral framework [20,32]. We take AggSiTes (see Fig. 2)
as an example to illustrate its detailed crystal structure. The Te
atoms are found at three different locations in space group 216
(F43m) and can be divided into two groups. The tetrahedral
framework is composed of dark yellow Te (at 16e sites) and
purple Si atoms (at 4d sites). Yellow Te (at 4a sites) and green
Te (at 4c¢ sites) are loosely bonded to silver atoms and have
larger atomic displacements than Te at 16e sites [32]. The ther-
mal fluctuation of the yellow Te (4a) and green Te (4c) sites is
related to the large distribution observed at neighboring silver
sites [21,22]. Thus the entire structure can be reformulated as
Agg(SiTeq)Tes.

To investigate the probable temperature influence on the
behavior of Ag atoms induced by the diffusion and hopping
process, we performed MDSs at various temperatures. We ini-
tially modeled the AggGeTeg (or AggSiTes) crystal structures
with Ge (or Si) and Te atoms fixed at their F43m symmetry
sites; then we utilized the RSSWO method to generate 300
initial Ag atomic configurations and used DFT to perform
structural optimization. We then took five to ten of the lowest
energy structures and performed MDSs at a temperature of
300 K for AggGeTes and 300 K and 687 K for AggSiTes. We
used AggSiTe as an example. The optimized results for the
50 lower energy structures at 0 K are shown in Fig. S1 of the
Supplemental Material [33]. RSSWO results show a nearly
continuous increase in the system’s total energies and indicate
a rich configuration space for systems containing liquidlike
mobile atoms. The first six lowest energy structure configura-
tions used for MDSs span an energy range of 0.319 eV (or 5.3
meV /atom; see Table S1 of the Supplemental Material). This
small span of the energy range ensures that the effect of initial
structure configurations will be washed out by MDSs.

The molecular dynamics simulations for AgsGeTes were
run for 200 ps, with 2-fs time steps and with the NVT en-
semble. Figures 1(e) and 1(f) show a 2D constant-density
surface of the Ag 3D atomic density distribution averaged
from five MDS runs seen along the [110] and [111] directions

083601-3



HSING, NGUYEN, AND WEI

PHYSICAL REVIEW MATERIALS 6, 083601 (2022)

for AggGeTes at 300 K. It is fascinating to notice that the Ag
density accumulates around the circles on the planes that cut
through the middle of the line connecting yellow Te (4a) and
green Te (4¢) atoms (also refer to Fig. 2). Another intriguing
aspect is that there are 16 connecting lines of yellow Te (4a)
and green Te (4c) pairs and 32 Ag atoms inside each unit cell,
therefore implying that two Ag atoms are associated with one
connecting line of yellow and green Te atoms. Furthermore,
one can certainly look at a constant lower density surface,
for example, 4.0 x 1073 a, 3, of the 3D-ADDF as shown in
Figs. 1(g) and 1(h). It is easy to see that the distinct Ag
high-density surfaces are now connected through the whole
unit cell. These interconnected distribution surfaces vividly
show and characterize the Ag diffusing pathways and regions
within the crystal.

The MDSs for AggSiTes at 300 and 687 K were run for 400
ps with 2-fs time steps and with the NV T ensemble. At 687 K,
as shown in Fig. S2 of the Supplemental Material, MDSs
initiated from any of the six configurations indeed show a
distribution of the liquidlike atoms similar to those obtained
from the other, different initial configurations. The behavior
of mobile atoms in liquidlike systems here differs from that of
solid systems such as the Mott insulator oxides [34,35], iron
selenide [36], or halide perovskites [37]. For those systems,
a variety of similar configurations with large unit cells have
lower energies than the commonly accepted small unit cell
deduced from XRD. As the temperature rises, the vibration
and diffusion of mobile atoms increase, and the trajectories of
mobile atoms show a much more dispersed diffusion nature.
With a long-time average, the results from different initial
structures tend to show a similar distribution. As expected,
longer MD runs are needed to achieve the spread-out diffu-
sion nature at medium temperature. Alternatively, at the lower
temperatures where the mobile atoms are unlikely to hop or
diffuse, spatial averaging procedures to add up more MD runs
from different initial structures can also obtain the global
averaged atom density distribution. The MD trajectories of
the ten lowest energy configurations of AggSiTes at 300 K
(right panels in Fig. S3 of the Supplemental Material) show
the slow diffusivity of Ag as compared with its diffusion
behavior at 687 K. When we sum up the total trajectories of
the Ag atoms for ten different structures, the overall summed
atom distribution of Ag trajectories agrees well with that at
687 K, as evident from the bottom right panel in Fig. S3 of
the Supplemental Material.

Figures S4 and S5 of the Supplemental Material show the
mean-square displacement and pair correlation function for
the studied Ag-based argyrodite and Cu,X systems, respec-
tively. For the mean-square displacement calculations, instead
of sampling the whole trajectory, we tested different average
time intervals (~10-60 ps) to get a well-averaged result. From
the results of AggSiTes at 687 K and Cu,S and Cu,Se in
the high-temperature fcc phase, the mean-square displace-
ment curves have almost the same slopes as the average time
fractions increase, which indicates that MDSs have a short
convergent time at high temperature. However, the mean-
square displacement results at medium temperatures show the
slowdown of the dynamics, and the minimum convergent time
would be longer, especially for AgsGeTes and AggSiTeq at
300 K. The pair correlation function for Ag-Ag pairs also

FIG. 3. 3D atomic density distribution of AgsSiTes at different
temperatures. (a) and (b) 2D constant-density surface, with density
equal to 2.0 x 1072 @, of the Ag 3D atomic density distribution
at 300 K viewed along the [110] and [111] directions, respectively.
(c) and (d) Same as (a) and (b), but for a 2D constant-density
surface with density equal to 4.5 x 1073 a;>. The maximum Ag
density is 8.89 x 1072 ay 3. (e) and (f) 2D constant-density surface,
with density equal to 1.15 x 1072 a5 3, of the Ag 3D atomic density
distribution at 687 K viewed along the [110] and [111] directions,
respectively. (g) and (h) Same as (e) and (f), but for a 2D constant-
density surface with density equal to 3.5 x 1073 a; 3, The maximum
Ag density is 3.45 x 1072 a;°.

shows a dependence on the initial configurations for the MDS
run at 300 K; see the results for AggSiTes shown in the top
left panel in Fig. S5 of the Supplemental Material.

Figures 3(a)-3(d) depict the 2D constant-density surface
of the Ag 3D atomic density distribution function at 300 K
when viewed along the [110] and [111] directions at medium
(2.0 x 1072 ‘153) and low (4.5 x 1073 a53) density values;
Figs. 3(e)-3(h) show similar plots at 687 K at medium
(1.15 x 1072 a5 and low (3.5 x 107 a;*) density values.
The findings are comparable to those of AggGeTee at both
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FIG. 4. (a) and (b) The three partially occupied Ag positions at
Ag(1), Ag(2), and Ag(3) sites proposed by Boucher ez al. [32] viewed
along the [110] direction. Orange balls in (a) indicate the Ag(1)
positions at the 48h Wyckoff sites. Pink and red balls in (b) indicate
the Ag(2) and Ag(3) positions at the 48h and 96i Wyckoff sites,
respectively. (¢) Combination of (a) and Fig. 3(a). (d) Combination
of (b) and Fig. 3(e).

temperatures. When the Ag density value is reduced from
high or medium to low, the isolated Ag high-density regions
are connected and pass through the different unit cells. These
connected distribution surfaces define the diffusing routes and
regions for Ag atoms inside the crystal. After a thorough
examination, it is discovered that the 2D constant-density
surfaces at 687 K are flatter than those at 300 K, as evidenced
by the maximum Ag density at 300 K (8.89 x 102 063)
being much greater than that at 687 K (3.45 x 1072 ag 3).
Clearly, the spreading nature of Ag atoms in the 3D-ADDF
of AggGeTes and AggSiTes explains why fitting the Ag par-
tial occupancy of XRD is so difficult and perplexing [see
Figs. 1(a)-1(d)]. Thus it is preferable to characterize and
comprehend systems using the 3D atomic density distribution
function rather than the partial occupancy employed in XRD.

In addition, based on the XRD measurements of AggSiTees
at room temperature, Boucher et al. [32] found that the silver
atoms could partially occupy three sites: the orange Ag(1),
pink Ag(2), and red Ag(3) balls as shown in Figs. 4(a) and
4(b). The results indicate Ag(1) and Ag(2) at 48h sites with
16.82 and 25.6% occupation probability, respectively, and
Ag(3) at 96i sites with 12.2% occupation probability. Their
x-ray analysis revealed that Ag atoms at the Ag(2) and Ag(3)
sites had a larger atomic motion. Figures 4(c) and 4(d) de-
pict the combination of the 2D constant-density surface of
Fig. 3(a) with Fig. 4(a) and of Fig. 3(e) with Fig. 4(b).
In comparison to the silver atom locations provided in
Ref. [32], the 3D atomic density distribution of AggSiTes at
300 K agrees well with the result suggested by experiment,
where Ag(1) sites are located at the circular rings of Ag
densities. Furthermore, the Ag(2) and Ag(3) sites suggested
by experiment agree fairly well with the 3D atomic density
distribution of AggSiTes at 687 K. As the temperature rises,
the vibration and diffusion of Ag atoms increase, and the
3D-ADDF of AggSiTeg at 687 K [see Figs. 3(e)-3(h)] shows
a more spread-out nature than at 300 K [see Figs. 3(a)-3(d)];

this might explain why Ag atoms vibrate and fluctuate so
much at Ag(2) and Ag(3) sites at high temperatures. It is
fascinating to learn that the structural model by Boucher et al.
[32] captures the most of maximum-Ag-density regions in
the 3D-ADDF of AggSiTeg, but the experimental findings do
not reveal the diffusion pathways and regions obtained by the
3D-ADDEF. It is certainly interesting to see the results of the
framework atoms. For example, the experimental spectra of
XRD can be easily inverted to obtain the positions for Te
atoms situated at some symmetry positions. The 3D atomic
density distribution obtained from MDSs agrees well with the
Te atoms’ positions suggested by experiment (see Fig. S6 of
the Supplemental Material), demonstrating the accuracy and
reliability of the 3D-ADDEF.

B. Cu,S and Cu,Se

Cu;,S has been reported to exist in three phases: the low-
temperature monoclinic phase (low chalcocite, temperatures
below 380 K), the hexagonal phase (high chalcocite, temper-
atures between 380 and 708 K), and the high-temperature
cubic phase above 708 K [38]. Earlier MDSs showed that
the averaged Cu locations of Cu,S in the hcp phase were at
similar sites in the monoclinic phase [39]. The MDSs showed
that trial-and-error refining of XRD data is insufficient to
determine the crystal structures uniquely. Because the Cu
ions increasingly acquire a liquidlike diffusing nature as the
temperature increases, it is difficult to fit the structure; even
partial-occupancy locations are used.

To remedy the situation, we utilized MDSs to investi-
gate the diffusing nature of Cu atoms. Using first-principles
RSSWO calculations, we obtained the five lowest energy
structures from more than 100 initial guessed structures. The
unit cells utilized for Cu,S with hcp or fcc structures were set
at an experimental lattice constant [40]. Sulfur atoms occupied
the hexagonal sites of the hcp phase or the face-centered cubic
sites of the fcc phase, forming the framework for Cu atoms’
diffusion. For the hcp phase, the initial positions of Cu atoms
were randomly generated using the RSSWO algorithm and
distributed throughout the interstitial regions of the hexago-
nal S framework. For the fcc phase, we started by putting
Cu atoms at 8c sites of Fm3m and then randomly displaced
the Cu atoms to simulate their disorder nature. The optimal
lowest energy structures were then obtained using DFT. For
the MDSs, we used the NVT ensemble at temperatures of
450 K for the hep phase and 750 K for the fcc phase, respec-
tively. The MDSs for the hcp phase were performed using a
24/3 x 24/3 x 2 unit cell (96 Cu and 48 S atoms) for 30 ps
with a 1-fs time step, whereas the fcc phase was performed
using a 2 x 2 x 2 conventional unit cell (64 Cu and 32 S
atoms) for 100 ps with 1-fs time step.

There are at least nine distinct partial-occupancy fits of Cu
atoms reported in the literature for Cu,S with cubic crystal
symmetry, as illustrated in Fig. 5. A typical XRD structural
analysis should be able to extract structural characteristics
such as lattice parameters, crystal symmetry, atomic locations,
and site occupancy from spectral descriptors. The XRD refine-
ment approach has succeeded for material systems where the
structures contain no mobile atoms. However, for liquidlike
materials, such as Cu,S or Cu,Se, Cu ions are highly diffusive
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FIG. 5. (a)-(i) Crystal structures of Cu,S reported in Refs.
[40-45]. The red-white spheres represent the partially occupied
Cu sites. Corresponding crystal structures were obtained from the
Crystallography Open Database (COD) [23,24] (Table S3 of the
Supplemental Material).

at higher temperatures (>400 K). Therefore, when conducting
structural refinement, one frequently deals with a few tens of
Bragg peaks. To this end, various partial occupancies may be
achieved as a refined result to fit the XRD or ScXRD peak
locations and intensities. Due to its trial-and-error nature, it is
difficult to determine whether an XRD fitting result is correct
and reliable, as evidenced by inconsistent results for Cu,S
shown in Fig. 5.

Figures 6(a) and 6(b) depict the 2D constant-density sur-
faces, with density equal to 3 x 1072 ag 3 of the S and Cu 3D
atomic density distributions for cubic Cu,S at 750 K viewed
along the [111] direction in a 2 x 2 x 2 simulation cell. The
density distributions of the S and Cu atoms exhibit extremely
distinct behavior. The S atoms are entirely isolated to form
spherical-shaped balls, while all Cu atoms are vibrating and
diffusing to create tetragonal shapes to connect. The results
indicate that the S atoms create the framework for the Cu
atoms to diffuse and that both atom densities can be combined
to generate the 3D-ADDF in a reduced 1 x 1 x 1 unit cell.
Figure 6(c) depicts the 2D constant-density surface map of
Cu. Until now, calculated MDS results show no indication of
crystal symmetry for the Cu,S system. In fact, we find that
three potential cubic space group symmetries, 202 (Fm3),
209 (F432), 225 (Fm3m), can be applied to the 3D-ADDF
illustrated in Fig. 6(c) without affecting the structure and
topology. Figures 6(d)-6(f) show the identical 2D constant-
density surface map after applying space group symmetries
Fm3, F432, and Fm3m, respectively. Indeed, there is no
difference in the 2D maps even at the very low constant
density of 3 x 1073 a, 3; therefore any space group symmetry
among the three symmetries may be designated as the crystal
symmetry of Cu,S. Since most experimental XRD findings

FIG. 6. (a) and (b) 2D constant-density surface, with density
equal to 3 x 1072 a;?, of the S and Cu 3D atomic density distri-
butions, respectively, for cubic Cu,S at 750 K viewed along the
[111] direction in a 2 x 2 x 2 simulation cell. (¢) The same Cu 2D
constant-density surface map viewed in areduced 1 x 1 x 1 unitcell.
(d)—(f) The same Cu 2D constant-density surface map after applying
space group symmetries Fm3, F432, and F m3m, respectively.

suggested that the symmetry for cubic Cu,S is Fm3m, we will
examine the MDS results for cubic Cu,S and Cu;Se using the
symmetry Fm3m in the following.

Figures 7(a)-7(f) show the 2D constant-density surface of
the Cu 3D atomic density distribution function of the Cu,S
fcc phase at 750 K viewed along the [100], [110], and [111]
directions at medium (3 x 1072 a53) and low (6 x 1073 a63)
density values. There are two intriguing aspects worth men-
tioning here. First, as shown in Figs. 7(a)-7(c), although Cu
atoms appear to be restricted to 8c sites, their vibration or dif-
fusing behavior clearly shows a tetragonal symmetry nature.
There is a lack of any other local maximum around the 8c sites
[see Fig. 7(g)], and any partial occupancy of 192/ of Fm3m
detected by XRD could not represent the true structural fac-
tor. Second, by examining the Cu atom 2D constant-density
surface in Figs. 7(d)-7(f), one can see that the distinct Cu
high-density regions are connected through the entire unit cell
at a lower density. Again, these linked distribution surfaces
clearly define the Cu diffusing pathways and regions inside
the crystal.

Figure 7(g) depicts a color-coded 2D atomic density map
perpendicular to the [110] direction cut through the S atoms,
with four tiny red spheres indicating the highest Cu density
appearing at 8c sites. They are all single maxima, with the
density decreasing monotonically away from the 8c sites;
thus any partial occupancy with a 192/ Wyckoff position is
not appropriate or capable of describing the behavior of Cu
atoms. Thus it is clear that the 3D-ADDF concept, rather than
the partial-occupancy concept, should be used to study and
understand the structural properties of CuZS There are some
small populated Cu densities at positions (1 I 4 2) € I 4 ;
and (2, oh 2), indicating the possibility of Cu ions sitting at
the 48 site at (%, %’ %) and at the 4b site at (%, %, %), which is
consistent with the low occupation probability (4.75% at the
4p site) found from XRD refinement [40,46].
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(@) ©o1

(0,0,0)
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FIG. 7. (a)~(c) Cu 2D constant-density surface, with density
equal to 3 x 1072 ay 3, of the 3D atomic density distribution of cubic
Cu,S at 750 K viewed along the [100], [110], and [111] directions,
respectively. (d)—(f) Same as (a)—(c), but for a Cu 2D constant-
density surface with density equal to 6 x 1073 a; 3_(g) Cu 2D atomic
density distribution of cubic Cu,S. The contour color plot parallels
the (110) plane and passes through the cell center. The colors range
from blue to red, corresponding to a density ranging from O to a

maximum of 7.94 x 1072 aa3.

Another system that is similar to cubic Cu,S is cu-
bic Cu,Se. The various XRD structural models of Cu,Se
suggested by experiment are summarized in Table S4 of the
Supplemental Material [47-53]. Figures 8(a)-8(f) show the
2D constant-density surface of the Cu 3D atomic density
distribution function of the cubic Cu,Se phase at 600 K when
viewed along the [100], [110], and [111] directions at medium
(3.5 x 1072 a;*) and low (1 x 1072 a;°) density values. Fig-
ures 8(a)-8(c) depict the same Cu atom density confined at
8c sites with tetragonal symmetry [see Fig. 8(g)]. Although
Figs. 8(d)-8(f) exhibit distinct 2D constant-density surfaces as
compared with the Cu,S case, the individual Cu high-density
regions are nonetheless connected through the whole unit cell
at a lower Cu density.

Figure 8(g) depicts a color-coded 2D atomic density plot
perpendicular to the [110] direction that cuts through the S
atoms, with four small red spheres indicating the highest Cu
density appearing at 8c sites. In contrast to Cu,S, which had
two partial occupancies at the 48g and 4b sites, only one
small populated Cu density appeared at the position (%, %, %),
indicating a partial occupancy at the 4b site.

0,0,0

(1,1,0

FIG. 8. (a)~(c) Cu 2D constant-density surface, with density
equal to 3.5 x 1072 a;°, of the 3D atomic density distribution of
cubic Cu,Se at 600 K viewed along the [100], [110], and [111]
directions, respectively. (d)—(f) Same as (a)—(c), but for a Cu 2D
constant-density surface with density equal to 1 x 1072 a5°. (g) Cu
2D atomic density distribution of cubic Cu,Se. The contour color
plot parallels the (110) plane and passes through the cell center. The
colors range from blue to red, corresponding to a density ranging
from 0 to a maximum of 1.32 x 10~" a;°.

It is certainly interesting to examine the standard proce-
dure for obtaining the 3D-ADDF from MDS results; here, we
will utilize the Cu,S hcp phase as an example to show the
procedure. As we have used a 2\/3 X 2\/5 x 2 unit cell for
30 ps with a 1-fs time step in five different MDS runs, we
first accumulate the Cu atoms’ positions into the primitive cell
in each time frame and add up a total of 150000 steps (or
30 000 time steps per MD run x 5 MD runs) to obtain the Cu
atomic density distribution function, represented by density
values at 100 x 100 x 100 grid points inside the unit cell,
with normalization of four Cu atoms inside the primitive hcp
unit cell. Figures 9(a) and 9(b) depict the 2D constant-density
surface of the Cu 3D atomic density distribution function of
the Cu,S hep phase at 450 K viewed along the [001] and
[110] directions at medium density (2 x 1072 ag %) before any
symmetry operation. As can be seen in Fig. 9(a), there is a
threefold rotation symmetry, and Fig. 9(b) shows an inversion
symmetry and a mirror plane symmetry passing through the
S atom perpendicular to the z direction, indicating that the
best symmetry operation for this phase is obviously P31c
(space group 163). It is worth noting that this is a different
symmetry from the one typically suggested by experiment,
which is P63/mmec (space group 194). Figures 9(c) and 9(d)
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FIG. 9. (a)—(d) 2D constant-density surface, with density equal
to 2 x 1072 a;°, of the Cu 3D atomic density distribution of hcp
Cu,S at 450 K viewed along the [001] and [110] directions be-
fore [(a) and (b)] and after [(c) and (d)] applying the symmetry
operation. (e)—(g) 2D constant-density surface, with density equal
to 5x 1073 ay 3, of the Cu 3D atomic density distribution of hcp
Cu,S at 450 K viewed along the [001] and [110] directions. (g) 2D
constant-density surface with a 2 x 2 x 1 unit cell showing the Cu
atoms’ diffusion paths.

show the 2D constant-density surface of the Cu 3D atomic
density distribution function after the P31¢ symmetry oper-
ation. As one can see, the Cu density does not change its
topology, indicating that the P31c symmetry is indeed the
correct symmetry for the system. Figures 9(e)-9(g) depict the
2D constant-density surface at lower (5 x 1073 ay 3 values;
once again, this constant-density surface defines the diffus-
ing pathways for Cu atoms, as shown in Fig. 9(g), within a
2 x 2 x 1 unit cell.

1.2 L L L = L = L L L
1.14 -
104 Cu 3
0.9 SR - :
0.84 3
0.74 3
Piq061 2
0.54 3
0.4 3
0.3 z
0.2 3
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00 01 02 03 04 05 06 07 08 09 1.0

Z

FIG. 10. The 1D atom density along the z direction of hcp Cu,S
at450 K.

Finally, because the 3D-ADDF is the accumulated atom
density, if there is a maximum density corresponding to an
atom, one can integrate all the densities near the maximum
point to obtain the total amount of partial occupancy. Here,
we use hep Cu,S as an example to illustrate this point. The
one-dimensional atomic density of hcp Cu,S at 450 K along
the [001] direction and its corresponding constant-density
surface of the 3D-ADDF viewed along the [110] direction
are shown in Fig. 10. For the S density, there are two peaks
corresponding to S atoms at (%, %, %) and (%, %, %); however,
for Cu atoms, there are six peaks divided into two groups: (i)
z at 0.25 and 0.75 with a round ball shape and (ii) z at 0.075,
0.425, 0.575, and 0.925 with a flat equilateral triangle shape
with three maxima [refer to Fig. 9(a)]. The round ball shape of
the Cu density, denoted by the red “a” (0.15 < z < 0.35), has
a total integrated amount of Cu partial occupancy of 0.734,
while the flat equilateral triangle shape, denoted by the red
“b” (0.35 < z < 0.50), has a total integrated amount of Cu
partial occupancy of 0.633. This result is consistent with the
previous B-Cu,S MD findings that about 38% of Cu atoms
are in the intralayer and 62% of Cu atoms are in the interlayer
region between two S layers [15]. The example Cu,S hcp
phase demonstrated here has proved that the partial occupancy
can be obtained automatically by integrating the atom density
near the density maximum without the need for the trial-and-
error process used in XRD. This procedure is a significant
step and improvement in the theoretical approach for studying
materials systems with mobile atoms inside the crystal.
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IV. CONCLUSION

To summarize, for materials systems with part of their
atoms diffusing or hopping inside the crystal below the
melting temperature, fitting or determining the structure
becomes difficult or impossible, even assisted with the
partial-occupancy concept. This fact is because finite partial-
occupancy positions are insufficient and unsuitable for
describing the behavior of diffusing or hopping atoms. To
address this issue, we propose running molecular dynamics
simulations to generate a three-dimensional atomic density
distribution function by adding all the atoms in each time step
and putting all the atoms of the supercell into the reduced
I x 1 x 1 or primitive unit cell. The obtained 3D-ADDF will

automatically reveal or hint at the existing symmetry pre-
sented in the system. The final results of the 3D-ADDF will
provide the most fundamental structural properties, including
(1) the diffusing paths and regions of highly mobile atoms,
(ii) the quantitative partial occupancy and positions of each
type of atom inside the unit cell, and (iii) the appropriate and
correct system symmetry.
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