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Mechanism for anisotropic diffusion of liquid-like Cu atoms in hexagonal 8-Cu,S
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Cu,S in its high-temperature phases is a promising candidate for thermoelectric materials with the combination
of a solid S lattice and liquidlike Cu atoms in the context of the so-called phonon-liquid electron-crystal
(PLEC) mechanism. The atomic dynamics associated with the high Cu mobility is a critical component in our
understanding of the low thermal conductivity in these materials. Among various possible PLEC compounds that
have been studied experimentally, hexagonal B-Cu,S is a unique case that exhibits anisotropic diffusion channels
for Cu atoms in the presence of crystalline S layers. To unveil the diffusion mechanism for such liquidlike Cu
atoms, we present first-principles molecular dynamics simulations over 50 ps for hexagonal Cu,S at 450 K.
Quantitative analysis of the atomic radial distributions, mean-square displacements, velocity autocorrelations,
and atomic trajectories is reported and confirms the liquid-solid hybrid features. Our simulations reveal the
preference of threefold triangular sites by Cu atoms in the S lattice. The triangular sites in the interlayer region
do not bind Cu atoms strongly, allowing them to diffuse in the horizontal direction between S layers like a
mobile liquid with a calculated diffusion coefficient ~5x107% cm?/s. The corresponding atomic trajectories
have a wide spread and cannot be described by the Chudley-Elliott jump diffusion model. In contrast, Cu atoms
are more strongly confined at the triangular sites within the S planes, and Cu diffusion takes place only when
the atom hops out of the S layer and enters the interlayer region. This yields a 50% smaller diffusion coefficient
in the vertical direction. The anisotropic diffusion channels for liquidlike Cu atoms in hexagonal 8-Cu,S may

provide an additional degree of freedom in designing promising systems for future energy applications.

DOI: 10.1103/PhysRevMaterials.5.073603

I. INTRODUCTION

Due to the importance of developing energy-related tech-
nologies, researchers have made enormous efforts in seeking
efficient energy conversion and storage materials. Chalcocite
Cu,S has attracted attention as a viable material in energy
applications and has been used, for example, in the electrodes
of quantum-dot-sensitized solar cells [1,2], lithium-ion batter-
ies [3,4], sodium-ion batteries [5], and as a light absorber in
solar cells [6,7]. In addition, Cu,S has also been identified
as an interesting thermoelectric material that extracts energy
out of waste heat by generating electricity from temperature
gradients. At high temperatures ~1000 K, the ZT value (the
dimensionless thermoelectric figure of merit [8(a)], a crite-
rion to determine the efficiency of thermoelectric materials)
of Cu,_,S was reported to be as high as 1.7 experimentally
[8(b)]. It was proposed that a major reason for the high ZT
value of Cu,_,S is the extremely low thermal conductivity
due to disordered, liquidlike Cu atoms, while the crystalline
S lattice is responsible for the typical electric conductivity
and Seebeck coefficient, an example of the so-called phonon-
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liquid electron-crystal (PLEC) systems that have been the
focus of several recent studies [9-12].

Many previous studies have examined the structure of
Cu,S and made measurements for its structural parameters.
Cu,S has three phases [13-15]: the low-temperature mono-
clinic phase (low chalcocite or the « phase, existing <380 K),
the hexagonal phase (high chalcocite or the B phase, exist-
ing >380 K and <700 K), and the high-temperature cubic
phase (cubic chalcocite or the y phase, existing >700 K). The
crystal structure of low chalcocite has a monoclinic symmetry
(space group P2;/c) with 48 Cu,S chemical units per unit cell
[13]. Itis based on a slightly distorted hexagonal close-packed
(hcp) framework of S atoms with interstitial Cu atoms mostly
surrounded by three S atoms. For the intermediate hexagonal
B phase, Buerger et al. [14] proposed a layered structure
stacked along the c¢ axis, as depicted in Fig. 1: the S atoms
form an elongated hcp lattice (space group P63/mmc), and
the Cu atoms are randomly distributed with an average of two
S and four Cu atoms per unit cell. In contrast, the S atoms
in cubic chalcocite form a face-centered cubic lattice (space
group Fm3m) with liquidlike Cu atoms moving around the
tetrahedral sites. Recently, Li ef al. [16] successfully synthe-
sized large hexagonal Cu,S nanosheets by the supercooling
chemical vapor deposition method. The « to B8 phase transi-
tion in the 20 wm nanosheet with a typical thickness of 1.8 nm
was found to be at 258 K, 120 K lower than the transition
temperature of ~380 K in the bulk, indicating that the 8-phase
Cu,S nanosheet is stable at room temperature.

©2021 American Physical Society
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FIG. 1. (a) Structural configuration of a 2 x 2 x 2 unit cell of
B-phase hexagonal Cu,S. The yellow (blue) spheres are S (Cu)
atoms. Four horizontal layers of S atoms are shown, with Cu atoms
distributed randomly within and between the layers. The package
VESTA was used for plotting [26]. (b) Top view and (c) side view
showing the geometry of the triangular (T) sites to be occupied by Cu
atoms in the S layer and between two adjacent S layers separated by
d. The interlayer T sites are shown by blue (z = %d Yandred (z = _%d )
solid spheres, and the intralayer T sites are shown by gray spheres.

To study the diffusion of Cu atoms in this liquid-solid
hybrid system, we have recently performed first-principles
molecular dynamics (MD) simulations for cubic Cu,S and
Cu,Se at 900 K [17]. Exceptionally high Cu diffusion co-
efficients with values >10"> cm?/s were obtained in the
calculation for these weakly ionic compounds, confirming a
truly liquidlike behavior like the Cu diffusion property in
superionic compounds Cu, X (X = Cl, Br, or I) [18]. The diffu-
sion mechanism identified through analysis of Cu trajectories
was found to be at variance with the commonly used Chudley-
Elliott jump diffusion model [19]. Compared with Cu,Se,
Cu,S has an additional hexagonal phase between the high-
temperature cubic phase and the low-temperature monoclinic
phase. Its hexagonal layered structure presents a unique con-
figuration to investigate direction-dependent diffusion behav-
ior for the Cu atoms. It would also be particularly interesting

to examine the diffusion mechanism in this anisotropic sys-
tem. In a previous first-principles MD study for this hexagonal
phase [20], the diffusion coefficient of Cu atoms was found to
be ~3.2x107% cm?/s at 450 K, indicating that Cu atoms are
almost liquidlike in the hcp lattice formed by S atoms.
Significant Cu mobility is also noted in the low-
temperature o phase, giving rise to a variety of interesting
phenomena. The transformation between « and B phases in
Cu,S nanocrystals was found to occur on a timescale of 20
ps [21] using ultrafast x-ray spectroscopy and scattering tech-
niques, indicating that the transformation is determined by
the ionic hopping time. It was also found [22] that solid low-
chalcocite nanorods can readily undergo cation exchange and
act as catalysts for solution-liquid-solid (SLS)-like growth.
Therefore, the combination of the composition conversion
and SLS growth can yield a wealth of interesting shapes and
morphologies, enabling the creation of tailored heterostruc-
tures based on Cu,S nanostructures [22]. In addition, a unique
displacement reaction mechanism was found in the study of
Cu,S nanocrystals reacting with Li, in which Cu metal is
extruded from the crystal during the formation of a single Li,S
domain [23]. This results from the reasonably high Cu mobil-
ity as well as the similarity of the S sublattices in the initial
and final phases, making Cu,S a promising material for use in
rechargeable lithium-ion batteries. Indeed, in electrochemical
cells the chemical diffusion coefficients of low chalcocite
were found to be in the ranges of 1x1077 to 6x107% cm?/s
at 60 °C [24] and 1.3x 1078 to 1x107° cm?/s at 20 °C [25].
In this paper, we present extensive MD simulations of
long timescales (>50 ps) and various system sizes with a
goal to understand the diffusion mechanism of Cu atoms
in B-phase hexagonal Cu,S. Of particular interest are the
characteristics of Cu motion in this superionic compound
that exhibits unique anisotropic diffusion channels. Analysis
of our simulation data reveals that a Cu atom prefers being
surrounded by three S atoms and that two types of triangular
(T) sites, intralayer and interlayer, are essential in mapping
out the diffusion paths of Cu atoms. The interlayer T sites
only weakly confine Cu atoms, so that they move quite freely
in the horizontal directions between the S layers. Interestingly,
the atomic trajectories have a wide spread in our MD runs and
do not support the Chudley-Elliott jump diffusion model for
the diffusion direction parallel to the S planes. The calculated
diffusion coefficient is ~5x 107 cm?/s, confirming the lig-
uidlike feature. In contrast, a Cu atom at an intralayer T site is
more strongly bounded, and diffusion only takes place when
the Cu atom leaves the S plane by jumping into the region
around interlayer T sites. This yields a 50% smaller diffusion
coefficient in the direction perpendicular to the S planes. We
will also quantitatively analyze the Cu motion data to provide
a definitive description of the anisotropic diffusion behavior.

II. COMPUTATIONAL DETAILS

To better investigate the Cu diffusion pattern in hexagonal
Cu,S, we performed long-time first-principles MD simula-
tions within density functional theory. The calculations used
the Vienna Ab initio Simulation Package (VASP) [27-30] with
the projector augmented-wave potentials [31,32] and general-
ized gradient approximation [33,34]. A 500 eV energy cutoff
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was chosen for the plane-wave basis. The equations of motion
were integrated using the Verlet algorithm [35], and atomic
forces were calculated from the Hellmann-Feynman theorem
[36]. All simulations were carried out at 450 K, in the canon-
ical (NVT) ensemble, and with the Nése-Hoover thermostat
[37,38] to control temperature.

The hexagonal unit cell contains four Cu and two S atoms.
To check the size effect, we set up the simulation super-
cells in three different sizes: (Cu,S)16 (2 X 2 x 2), (CuyS);g
(3 x 3 x 1), and (Cu;,S)3; (2 x 2 x 4). The Monkhorst-Pack
k-points used were 2 x 2 x 2,2 x 2 x 4, and 2 x 2 x 1, re-
spectively, for these three simulation cells. The experimental
lattice constants a = 4.03 A and c/a = 1.67 were used [15],
representing a slightly elongated lattice from the ideal c/a
ratio of 1.633. We checked the theoretical lattice constants by
performing MD runs at 400 K using the 2 x 2 x 4 simulation
cell for various a and c values to choose the ones with the
lowest absolute value of the average equilibrium pressure
(<1 kbar). The results are a = 4.00 A and c/a =1.71, very
close to the experimental values.

We first distributed the Cu atoms based on a model pro-
posed previously [39] and performed atomic relaxations to
find a low-energy structure for the starting point of MD
simulations. The MD simulations were performed on the
Born-Oppenheimer surface with a time step of 1 fs. For each
system, we began the simulation at 0 K and slowly ramped
up the temperature to the desired 450 K over a period of 2
ps. Subsequently, we allowed our systems to equilibrate for at
least 10 ps and carefully checked the equilibration condition
with longer simulation periods. Then we began collecting data
over an additional interval of at least 50 ps, much longer than
the simulation time of 12 ps in the previous study [20], at the
same temperature of 450 K to have sufficient statistics.

III. RESULTS AND DISCUSSIONS

A. Atomic distribution

The liquid-solid hybrid nature and the anisotropic diffusion
pattern of Cu atoms in hexagonal Cu,S are closely connected
to its structure. The hexagonal layers of S atoms maintain an
hep crystalline structure, while Cu atoms move in different
channels. We first examine the atomic distribution properties
obtained in our MD runs. The partial radial distribution func-
tion gqp(r) measures the probability of finding an atom of
species B at a distance r from an atom of species «. The results
from the 50 ps MD run using a 2 x 2 x 2 supercell containing
16 S and 32 Cu atoms are shown in Fig. 2, where comparisons
with those from the 0 K solid monoclinic phase are also made.
Supercells of all three different sizes yield similar results.

The first peak in each gug(r) gives the most probable
separation between species « and § based on the simulation
data and provides information on the atomic arrangement in
the system. From Fig. 2, we find that gss(r) has very distinct
peaks and troughs, indicating an ordered S sublattice. The
first peak is at the nearest-neighbor separation a & 4.0 A in
the hep lattice, with a full-width-at-half-maximum (FWHM)
spread of 0.74 A at 450 K. The oscillatory behavior in gss(r)
is like that in the O K monoclinic phase. Because of the liquid-
like nature of Cu atoms, the other partial radial distribution
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FIG. 2. Partial radial distribution functions obtained from molec-
ular dynamics (MD) simulations of hexagonal Cu,S at 450 K in
comparison with those from the 0 K monoclinic solid phase repre-
sented by a histogram with a width of 0.1 A. The hexagonal phase
uses a 2 X 2 x 2 supercell, and the monoclinic phase has a unit cell
of CU%S48 .

functions gcys(7), gscu(r), and gcucu(r) have a strong first
peak, with minor small oscillations at larger distances. The
first distinct peak of gcus(r) [= gscu(r)] is at about a/\/g ~
2.3 A, indicating that Cu atoms favor T sites surrounded by
three nearest-neighbor S atoms. This is consistent with the
finding in the previous MD study [20]. The FWHM of the
first peak in geyus(r) is ~0.26 A, 11% of a/~/3, indicating a
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FIG. 3. Number density profiles of hexagonal Cu,S in the direc-
tion perpendicular to the S layers obtained by molecular dynamics
(MD) runs at 450 K. The narrow yellow peaks mark the distinct S
layers, while the blue profile of Cu atoms exhibits both single peaks
(Cu atoms trapped in the S layers) and double peaks (Cu atoms in the
interlayer region).
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reasonable spread of Cu distribution. In comparison, the 0 K
monoclinic phase has several well-defined Cu-S distances.
One can integrate the product of g,(r) and the average
number density pg of atomic species S over the space en-
closed by the first minimum of g, 4(r) to get an estimate of the
coordination number N,g. We obtain Nss = 12.0, consistent
with the value for an hcp lattice, and N¢,s = 3.0, consistent
with the preference for Cu atoms to occupy T sites surrounded
by three S atoms. For the hcp S lattice, a triangle can be
constructed by including three S atoms in the same layer or
two S atoms from one layer and one from the other layer, as
shown in Fig. 1(b). The former defines an in-plane (intralayer)
T site, and the latter defines an interlayer T site. Each S atom
has around it three intralayer and 18 interlayer T sites for Cu
atoms to occupy. The value we get for Ngc, is 6.0, indicating
that only 28% of these T sites are occupied on average.
Figure 3 shows the atomic density distribution in the
z direction (the direction perpendicular to the S planes),
calculated from the 2 x 2 x 2 supercell to illustrate the well-
defined S layers and meandering Cu atoms. We collect the z
coordinates of S and Cu atoms from 5000 evenly distributed
snapshots in the 50 ps MD run and then count the population
of each discrete z coordinate with a bin width of 0.02 A to
generate the histogram. We could see from the number density
profile in Fig. 3 that narrow yellow peaks are the distinct S
layers, and Cu atoms in blue have a relatively wider distri-
bution. The small difference in the peak heights at equivalent
positions results from the finite statistics in the simulations.
About 38% of Cu atoms are in the single peaks coincident
with S-layer positions, indicating that they are in the S layers
at the intralayer T sites. The other 62% of Cu atoms are in
the interlayer region between two adjacent S layers with a
double-peak distribution. The two maximal positions in the
double peak are N%d and %d, corresponding to centers of
triangles formed by three S atoms coming from both of the
adjacent layers separated by d, as shown in Fig. 1(b).

‘We note that the double peak in the Cu density profile has a
large width with an overlapping two-peak structure, indicating
that interlayer Cu atoms are not completely confined around
the triangular centers and are actually moving around over
a large interlayer space. The fact that the single and double
peaks are well separated provides a clear identification of two
types of Cu atoms: intralayer and interlayer. Diffusion along
the z direction will require a conversion between these two
types. In Subsec. C, we will examine the diffusion paths by
plotting examples of atomic trajectories.

B. Analysis of atomic diffusion

In self-diffusion systems, calculating the mean square dis-
placement (MSD) from the MD data is a standard practice to
evaluate the overall diffusiveness of a specific species a:

R
(Arg (1)) = <]TZ[ri(r> —ri<0>12>, (1)
“ =1

where N, is the number of atomic species «, and the angle
brackets denote the statistical average. To get a reasonably
smoothed MSD curve from our 50 ps MD data, we take
the statistical average by averaging data over different 40 ps
sections of the simulation with origins (r = 0) evenly spaced
at an interval of 0.5 ps in the first 10 ps. The averaged results
from 20 sets of data are shown in Fig. 4. The reason for the
choice of 0.5 ps as the time for the origin shift is based on
the behavior of the velocity autocorrelation function (VACF)
that will be discussed in Subsec. D. One would expect to see
a linearly increasing MSD vs time in a diffusive system, and
the self-diffusion coefficient Dysp in a specific direction can
be determined by the slope of MSD(z) [40]:

2
Dusp = 280 @)
0t  2Ngim
where Ngin, is the dimension involved.
Figure 4(a) shows the MSD curves for S and Cu atoms
in x, y, and z directions obtained from simulations using a
2 x 2 x 2 supercell. It is clear that there exist different dif-
fusion behaviors for S and Cu atoms. In Fig. 4(a), the MSD
curves for S atoms (black lines) in all directions in the 40
ps time period are almost flat at an extremely small magni-
tude (<0.15 A2), representing confined oscillations around
equilibrium positions of a solid lattice. In contrast, the MSD
curves for Cu atoms have finite slopes, demonstrating explicit
diffusion behavior. We note a considerable difference in the
slopes of the curves for in-plane (x and y) and perpendicular
(z) directions. Averaging over results for the in-plane direc-
tions, we have D| = 4.8 x 107%cm?/s, while the diffusion
coefficient for the perpendicular direction is much smaller:
D, =2.0 x 107%cm?/s. As will be discussed in the next
subsection, this anisotropy results from the layered nature of
hexagonal Cu,S in that the Cu atoms can move parallel to
the planes in the interlayer region more freely than crossing
the S layers. The average diffusion coefficient over all three
directions is D¢y = 3.8 x 107%cm?/s, close to the value of
3.2 x 10~%cm?/s obtained in a previous study [20].
To evaluate the possible size effect, we have also car-
ried out simulations using two other supercells: 3x3x1 and
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FIG. 4. Atomic mean square displacements (MSDs) in differ-
ent directions obtained from molecular dynamics (MD) simulations
at 450 K: (a) results for both Cu and S atoms using a 2 x 2 x
2 simulation cell, and (b) results for Cu atoms using 3 x 3 x 1
(open symbols) and 2 x 2 x 4 (solid symbols) simulation cells. The
dotted/dashed/solid black lines in (a) are results for S atoms, while
the MSD curves for Cu atoms are represented by colored symbols.
The results for Cu atoms in the parallel direction are averaged values
from those of x and y directions.

2x2x4, and the MSD results are shown in Fig. 4(b). The
major trend of anisotropic diffusion is found for all sizes of the
simulation cells. The final diffusion coefficients are listed and
compared in Table I. We find no significant difference in Dy,
the major part of the Cu diffusion, with increasing the number
of S layers. Since the dominant motion occurs in the interlayer
region, even the 3x3x1 simulation cell, where a complete
set of AB stacked S layers are included, gives a reasonably
good result within a 5% difference compared with that from

xz plane yz plane xy plane
() —
L @ 1_L %j i
Z * z N y -
- ;- =

.o || o

e [S

FIG. 5. Atomic trajectories of three representative Cu atoms pro-
jected onto the xz, yz, and xy planes from molecular dynamics (MD)
runs at 450 K. Blue lines are the continuous Cu trajectories over a
period of 50 ps, and the yellow points are instant positions of S atoms
in snapshots taken every 100 fs. The spatial grid interval shown is
1A. Trajectories presented are for (a) an intralayer Cu atom, (b) an
interlayer Cu atom, and (c) a Cu atoms going through a transition
from an intralayer to an interlayer type.

the 2x2 x4 simulation cell. Surprisingly, the variation of D
values with the cell size in the z direction is also small. This
indicates that the size of the simulation cells used in this study
is adequate to draw the major conclusions.

C. Mechanism of Cu diffusion

To identify the diffusion mechanism, we show in Fig. 5
three representative Cu trajectories from MD simulations us-
ing a 2 x 2 x 2 supercell. (Supercells of all three different
sizes give similar results.) The yellow dots show the positions
of S atoms, and the blue lines are Cu trajectories projected
onto the xz, yz, and xy planes. The snapshots are taken every
100 fs in the 50 ps MD simulation. We can see clearly that,
even though S atoms move around their equilibrium positions
a lot, an hcp lattice is well defined. Three different types of
Cu motion are illustrated in Fig. 5 for: (a) a Cu atom largely
confined at a T site in the S plane; (b) a Cu atom moving

TABLE I. Diffusion coefficients for Cu atoms in two directions deduced from the MSDs in MD simulations using different supercells.

Supercell D;(107%cm?/s) D, (107%cm?/s)
3x3x1 4.3 2.5
2x2x2 4.8 2.0
2x2x4 4.5 2.3
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continuously and randomly in the interlayer region between
two S layers; and (c) a mixed-state Cu atom going through a
conversion between the intralayer and interlayer characters.

The intralayer Cu atom in Fig. 5(a) moves around a well-
defined T site, although the spatial spread is ~1 A. The hcp
lattice has an AB stacking pattern, and we find that intralayer
Cu atoms prefer the T sites at the position without S atoms
above or below; see the geometry shown in Fig. 1(b). This
type of Cu atom can contribute to the diffusion process only if
they can move out of the intralayer T sites. However, we find
that ~28% of Cu atoms stay around intralayer T sites during
the 50 ps time period, indicating the existence of well-defined
potential wells. If we exclude these nondiffusive atoms in the
simulation such as the one in Fig. 5(a), the diffusion coeffi-
cient calculated in the 2 x 2 x 4 system increases by 22% to
D = 5.5 x 107°cm?/s in the in-plane direction.

In contrast, the interlayer Cu atom in Fig. 5(b) moves
over a large distance, exhibiting a significant mobility in the
horizontal directions. The interlayer T sites have a height of
either %d or %d, where d is the interlayer separation. The
geometry is shown in Fig. 1(b), where we can see that the
interlayer T sites on the same plane (z = % or %) form a
cluster of three with a nearest-neighbor distance of only 5.
As shown in Fig. 5(b), interlayer Cu atoms hop through these
T sites at z = % or % and are confined between two S layers.
However, the potential energy landscape seems to be quite flat,
so we see continuous trajectories over a wide channel in both
the in-plane and vertical directions. The trajectory profile in
the z direction is consistent with the double-peak feature in
the Cu density plot in Fig. 3, where considerable amplitudes
exist between the two peaks at z = % and %d in the interlayer
region.

Figure 5(c) shows the trajectory of a Cu atom that jumps
from a confined intralayer site to the interlayer region. Once
the conversion is done, the Cu atom gains the typical mobility
of an interlayer atom. This indicates that the Cu atom distri-
bution between intralayer and interlayer sites is dynamic and
that the exchange of these two types of Cu atoms gives rise to
diffusion in the vertical direction, which is therefore expected
to be slower than the interlayer diffusion. We note that, in
Fig. 5(c), the intralayer and interlayer sections of trajectories
are connected by a single line, as seen from both the xz and
yz projections. As mentioned previously, the intralayer T sites
seem to have relatively deep potential wells, and as a result,
the character of the atomic jumps out of these potential wells
appears to be consistent with the Chudley-Elliott model [19],
where the diffusing atoms reside mostly in these potential
wells or in their close vicinity, with occasional swift jumps
between the wells. We also remark that some of the diffusion
trajectories recorded in our first-principles MD simulations
are reminiscent of Lévy flights [41-43]; however, a convinc-
ing analysis of the characteristic exponents of the flight-length
and flight-time distributions would require longer simulations.

Based on the examination of atomic trajectories, we can
conclude that the Cu atom diffusion in the plane is exclusively
accomplished by the motion of interlayer Cu between the
layers, while the diffusion in the z direction relies on the con-
version between intralayer and interlayer Cu atoms. The Cu
atoms around the intralayer T sites are more deeply trapped,
while the interlayer Cu atoms are much less confined and have
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FIG. 6. Velocity autocorrelation functions (VACFs) obtained by
molecular dynamics (MD) runs at 450 K using a 2 x 2 x 4 simula-
tion cell. (a) Results for S and Cu atoms averaged over all directions.
(b) Results for Cu atoms along two different directions.

a higher mobility. The diffusion models for these two species
are therefore quite different.

D. VACF and vibrational properties

The VACEF provides valuable information on the dynamics
of the system. The normalized VACF of a species « is defined
as [44]

Z.(z) = (vi(r) - vi(0)) 3)

(vi(0) - vi(0))

We have calculated the VACFs for the 2 x 2 x 4 supercell
as an example. Figure 6 shows the normalized VACFs of
S and Cu atoms, respectively. For both species, the VACF
diminishes to almost zero after 0.5 ps, indicating that the
time correlation dies out quickly. Therefore, we have used 0.5
ps as the shift of time origin in averaging the MSD results
in Subsec. B. In Fig. 6(a), we plot the averaged VACFs
for S and Cu atoms. Before damped out after T = 0.4 ps,
the VACF of S atoms exhibits several distinct oscillations as
clear evidence of solid lattice behavior. In contrast, the VACF
of Cu atoms loses oscillatory peaks and valleys very soon.
Compared with the behavior of the VACF for S atoms, this
is a strong indication for a more liquidlike motion. Like the
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FIG. 7. Comparison of vibrational density of states (DOS) in the
hexagonal phase at 450 K obtained by the power spectra and the
phonon density states in the monoclinic Cu,S phase at 0 K. Each
curve is properly normalized for comparison.

analysis for the MSD, we separate the VACF for Cu atoms
into two directions: parallel and perpendicular to the S planes.
The results are plotted in Fig. 6(b). One finds noticeable
differences in the magnitude and oscillatory features between
the two directions, supporting an anisotropic diffusion of Cu
atoms in this hexagonal Cu,S phase, as concluded by the MSD
analysis. A shallower valley is found for the VACF in the
direction parallel to the S planes, indicating that Cu atoms lose
more structural characters in this direction and thus behave
more liquidlike than the motion in the vertical direction.

The vibrational density of states (DOS) is proportional to
the power spectrum Z, (w), the Fourier transform of the VACF
[45]:

Zy(0) = Z, (1) d. 4)

1
7/
We plot in Fig. 7 the calculated vibrational DOS for S and
Cu atoms (orange and blue symbols, respectively) for the
hexagonal phase at 450 K. The results are compared with
the projected phonon DOS of the low-temperature solid mon-
oclinic phase (solid lines) calculated using VASP and the
software package PHONOPY [46] for the crystalline unit cell
containing 96 Cu atoms and 48 S atoms. A gap of 1.5 THz
between the low-energy and high-energy phonon branches is
found in the solid monoclinic phase, which is smeared out

in the hybrid hexagonal phase. In both systems, we see that
the main vibrational peaks of Cu and S are well separated,
a special feature that facilitates the partial melting of the
Cu atoms as the temperature increases while keeping the S
crystalline lattice. The main peak of the S modes is located
~9 THz in both monoclinic and hexagonal phases, although
a clear broadening takes place in the hybrid hexagonal phase,
as expected from the more extensive atomic movements. The
low-frequency part (w < S THz) exhibits almost no differ-
ence in two phases. In comparison, the low-energy Cu modes
(w < 6 THz) show a slight narrowing and a redshift toward
the lower energy in the hexagonal phase at 450 K. The curve
for Cu has a finite value at w = 0, an indication that Cu atoms
are diffusive compared with S atoms.

A characteristic feature of a simple liquid at rest is that
the system cannot sustain a shear stress. Therefore, transverse
acoustic (TA) excitation modes normally cannot propagate
over long distances in a liquid state. The PLEC model for
thermoelectrics performance enhancement is built upon the
reduced scattering channels in the liquid part of the system,
which leads to a low lattice thermal conductivity and therefore
a favorable ZT value. As shown by a recent first-principles
MD simulation for layered superionic compound AgCrSe;
[47], the low-energy TA modes of Ag atoms are totally sup-
pressed above the superionic transition temperature when Ag
atoms become liquidlike. However, we find a completely dif-
ferent behavior in Cu,S, as shown in Fig. 7. The low-energy
part of the vibrational DOS associated with TA Cu motion
does not disappear at all at 450 K and even has a redshift,
which is not expected for a typical liquid state. This may be
explained by the cage effect of preferred triangular sites by
Cu atoms as discussed in previous subsections. Experimental
evidence of TA excitation modes in liquids was reported by
Hosokawa et al. [48] using precise dynamic-structure-factor
S(Q, w) measurements by inelastic x-ray scattering on liquid
Ga at 40 °C. They identified weak signatures of low-energy
TA excitations in the spectra and explained their existence by
instantaneous atomic cages formed in liquid Ga that provide
a restoring force for TA modes over short distances. The
measured lifetime of these excitations was only ~0.5 ps. In
comparison, the “cage” in our hybrid Cu,S phase is the tri-
angle formed by crystalline S atoms. This provides a distinct
restoring force for the liquidlike Cu atoms and therefore the
possibility of sustaining TA vibrational modes, which are
expected to be much longer lived.

The redshift in the low-energy Cu modes in Fig. 7 reflects
a lower group velocity and is expected to lower the thermal
conductivity k since, in classical lattice thermal transport the-
ory, one has k o cv,l, where c is the specific heat, v, is the
group velocity, and / is the mean free path. This is consistent
with the experimental finding that the thermal conductivity of
Cu,S at 450 K is slightly lower than that of the monoclinic
phase below 380 K [8].

IV. CONCLUSIONS

We have performed long-time first-principles MD simu-
lations at 450 K to study the liquid-solid hybrid phase of
hexagonal B-Cu,S. Three different sizes of the simulation
cells are employed and give similar results. Analysis of the
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simulation data confirms the liquidlike nature of Cu atoms that
exhibit diffusion coefficients >107° cm? /s, while the S atoms
form an hcp lattice and are not diffusive. The calculated partial
radial distribution functions indicate that Cu atoms prefer the
triangular sites with three neighboring S atoms. However, the
two types of triangular sites, intralayer and interlayer, provide
two completely different channels for Cu atom diffusion. The
multiple interlayer triangular sites at z = % and %d , where d is
the separation between two adjacent S planes, cannot confine
Cu atoms effectively, and the MD trajectories show that Cu
atoms are quite mobile in the space between the S layers,
yielding a high diffusion coefficient ~5 x 107% cm?/s in the
direction parallel to the S planes. In contrast, the preferred
triangular sites within the S layer are those without S atoms
above and below. The simulation trajectories show that they
can trap Cu atoms better, and Cu diffusion occurs only when
the atom leaves the plane by hopping into a nearby interlayer
triangular site. Therefore, the vertical diffusion of Cu atoms
has to go through the more confined intralayer triangular sites,
yielding a 50% smaller diffusion coefficient. We conclude that
B-Cu,S has a unique anisotropic diffusion pattern resulting
from its two different diffusion channels, and the conversion
between interlayer and intralayer characters is essential to
facilitate the diffusion process.

We have also examined the vibrational DOS in the liquid-
solid hybrid phase by calculating the Fourier transform of

the VACF in our simulations and compare the result with
the phonon DOS in the low-temperature monoclinic solid
phase. The main features of separate Cu and S contributions
in different energy ranges are similar in the two phases, with
a clear smearing found in the hybrid hexagonal phase as
expected. The liquidlike Cu atoms shift the vibrational modes
associated with the first peak in the vibrational DOS toward
lower energies, which is consistent with the slightly smaller
thermal conductivity in the hybrid phase. The overall features
of the vibrational spectra do not change much in the hybrid
phase due to similar local geometry since the mobile Cu
atoms still show the preference of being surrounded by three
S atoms.
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