PHYSICAL REVIEW MATERIALS 6, 055403 (2022)

Solidlike to liquidlike behavior of Cu diffusion in superionic Cu,X (X =S, Se):
An inelastic neutron scattering and ab initio molecular dynamics investigation
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Cu,Se and Cu,S are excellent model systems of superionic conductors with large diffusion coefficients that
have been reported to exhibit different solidlike and liquidlike Cu-ion diffusion. In this paper, we clarify the
atomic dynamics of these compounds with temperature-dependent ab initio molecular dynamics (AIMD) simula-
tions and inelastic neutron scattering experiments. Using the dynamical structure factor and Van Hove correlation
function, we interrogate the jump time, hopping length distribution, and associated diffusion coefficients. In
cubic Cu,Se at 500 K, we find solidlike diffusion with Cu jump lengths matching well the first-neighbor Cu-Cu
distance of ~3 A in the crystal, and clearly defined optic phonons involving Cu vibrations. Above 700 K, the
jump-length distribution becomes a broad maximum centered around 4 A, spanning the first and second neighbor
lattice distances, and a concurrent broadening of the Cu-phonon density of states. Further, above 900 K, the Cu
diffusion becomes close to liquidlike, with distributions of Cu atoms continuously connecting crystal sites, while
the vibrational modes involving Cu motions are highly damped, though still not fully overdamped as in a liquid.
At low temperatures, the solidlike diffusion is consistent with previous x-ray diffraction and quasielastic neutron
scattering experiments, while the higher-temperature observation of the liquidlike diffusion is in agreement with
previous AIMD simulations. We also report AIMD simulations in Cu,S in the hexagonal and cubic superionic
phases, and observe nearly liquidlike diffusion above ~500 K. The calculated ionic conductivity is in fair

agreement with reported experimental values.
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I. INTRODUCTION

In recent years, the world has seen an increased demand
for green energy, which has the potential to mitigate the threat
of global warming. Superionic materials play an important
role in the domain of energy conversion and storage [1-7].
Copper chalcogenides (Cu,X, X = Se, S) are superionic
compounds with excellent thermoelectric properties [8,9], at-
tributed in part to the melting behavior of the Cu sublattice
in CuX (X =S, Se) at elevated temperatures, which results
in an intrinsically low thermal conductivity [10—-12]. Besides
their potential as being thermoelectric, these compounds are
candidates for photovoltaics and photoelectrodes owing to
their favorable electrical and optical properties [8,13—17].
These materials show a rich phase diagram with temperature
and also with Cu off-stoichiometry [18,19], including high-
temperature cubic phases that exhibit fast Cu-ion diffusion
[20,21]. The added advantages of these compounds are that
they are cheap, safer, abundant, and nontoxic, but the limi-
tation is that high temperature is required for operation [22].
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Typically, these two properties are required for a compound to
exhibit superionicity: availability of a large number of vacant
sites and low activation energy, so that ions can easily hop
between available sites.

Copper selenide, Cu,Se, crystallizes in a monoclinic phase
(space group C2/c, o phase) at ambient conditions, while
above 414 K, it transforms to a superionic cubic phase (space
group Fm-3m, § phase) [22-24]. The 8 phase of Cu;Se shows
an ordered structure and exhibits low ionic conductivity [23].
In the high-temperature « phase, the Cu diffusion coefficient
is ~10*-107 cm? s~! at 670 K and the corresponding ionic
conductivity is 1-2 ~! cm™!, which is three orders of magni-
tude higher than the o phase at room temperature and similar
to molten salts [25,26]. The superionic phase can be stabilized
to ambient temperature in Cu-deficient Cu,_,Se [27]. In the
superionic 8 phase at 415 K, the Se atoms occupy the 4a
Wyckoft sites (fcc position in cubic phase), and Cu atoms
partially occupy the 4b (octahedral), 8c (tetrahedral), and 32 f
Wyckoff sites (encloses the 8c tetrahedral sites) with frac-
tional occupancies ~0.001, ~0.72, and ~0.07, respectively
[Fig. 1(a)]. The 32f sites form a tetrahedral cage around the
8c site [28-30].

The sister compound Cu,S crystallizes in an orthorhombic
phase (Pna2;) at temperatures below 202 K, and exhibits
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FIG. 1. The crystal structure of (a) Cu,Se and (b) Cu,S in the high-temperature cubic phase (Fm-3m). The Cu occupancies are (a) Cu,Se-
8¢ (0.72), 4b (0.0), 32f (0.07); and (b) Cu,S- 8c (0.26), 4b (0.09), 192/ (0.03). The Cu occupancies are shown by partially colored large and
small spheres, while fully occupied S/Se are shown by green spheres (see legends). (c) The crystal structure of superionic hexagonal phase of
Cu,S. Cu partially occupies 2b, 4f, and 6g Wyckoft sites, while S fully occupies the 2¢ Wyckoff site.

many polymorphs above this temperature: tetragonal
(P432,2) above 202 K, hexagonal (P63/mmc, B phase)
above 380 K, and cubic phases (Fm-3m, y phase) above
700 K [31-36]. The hexagonal and cubic phases of Cu,S
show superionic behavior [37]. In the hexagonal g phase,
the S atoms occupy the 2¢ Wyckoff sites, while the Cu
atoms partially occupy the 6g, 4f, and 2b Wyckoff sites
with fractional occupancies of ~0.19, ~0.41, and ~0.62,
respectively [Fig. 1(c)] [31,35]. In the superionic cubic y
phase, the S atoms occupy the 4a Wyckoff sites and Cu
atoms partially occupy the 4b, 8c, and 1921 Wyckoff sites
with fractional occupancies ~0.09, ~0.26, and ~0.03,
respectively [Fig. 1(b)] [35]. The 192/ sites form a cage
around the 8c site. The details about the various structural
phase transitions and range of stability of Cu,X (X =S, Se)
are summarized in Table SI in the Supplemental Material
[38].

Superionic materials are often described as hybrid solid-
liquid structures [8,37,39—41], with the notion that at least
one sublattice has melted and shows significant diffusion.
However, the molten sublattice is usually not a simple liquid.
For example, in the case of superionic Li,O, Li occupies 8¢
tetrahedral sites, and undergoes [42,43] jump diffusion from
one lattice site to another, but with the jump time remaining
much smaller than the residence time at either lattice site.
Therefore, the time-averaged structure shows a high probabil-
ity of the occurrence of the Li atoms at the sublattice sites, and
therefore the crystal structure and its sites remain well defined
in this case. As we shall discuss below, the diffusion of Cu
in CuyX is more complex, in part because the Cu atoms can
reside at many available sites in the crystal, as noted above.

Many investigations of Cu diffusion in Cu,Se using
quasielastic neutron scattering (QENS) have been reported
[21,23,44]. These QENS results have generally been ana-
lyzed on the basis of jump-diffusion models assuming atomic
jumps between fixed atomic sites in the crystal. However,
the reported time and length scales of atomic jumps do not
agree well with each other among these prior works. Ab initio
molecular dynamics (AIMD) simulations on cubic Cu,Se in
Ref. [44] indicated a jump-diffusion behavior between the
different tetrahedral (8c) and octahedral sites (4b) in the crys-
tal. In contrast, another recent AIMD study [20] on cubic

Cu;,S and Cu;Se proposed a liquidlike diffusion mechanism,
with short residence times for Cu ions at the crystallographic
sites. The AIMD studies [36,37] on hexagonal Cu,S reported
liquidlike anisotropic Cu diffusion at 450 K.

In the present study, we resolve the ambiguity in the na-
ture of diffusion in earlier works [20,21,23,36,37,44], i.e.,
whether it is solidlike jump diffusion between sublattice sites,
or a liquidlike diffusion with very short residence times and
low occupation probabilities of the Cu sublattice crystallo-
graphic sites, by performing extensive AIMD simulations as
a function of temperature. We have identified, using the Van
Hove position-time correlation function, that the differences
arose due to the use of different temperatures in previous
works. Specifically, we find that that the nature of diffusion
is jumplike between crystal lattice sites at low temperature.
The Chudley-Elliott (CE) jump-diffusion model is applicable
in these cases. At high temperatures, the diffusion is found to
change to a liquidlike behavior, which is not jumplike between
the crystal sites. In the case of the liquidlike diffusion, the
CE jump-diffusion model is not applicable. In some of the
literature [20,21,36,37], the jumplike diffusion is also termed
liquidlike when the magnitude of the diffusion coefficient is
close to that typically in a liquid, irrespective of the nature
of the diffusion process. These results have important impli-
cations for the understanding of ionic conductivity, as well
as the thermal conductivity in these materials. We also report
inelastic neutron scattering measurements of the phonon spec-
tra in Cu,Se as a function of temperature, which sheds some
light on the nature of diffusion and the possible relationship
of phonons and diffusion.

II. EXPERIMENTAL DETAILS

We have prepared the Cu,Se samples using the solid-
state reaction method and characterized them using x-ray
diffraction at room temperature. All the peaks were well
indexed with space group Fm-3m (Fig. S1 in the Supple-
mental Material [38]). The refined Cu occupancies showed
that the sample is slightly Cu deficient, with an estimated
composition of CujgsSe. We used 10 g of a polycrystalline
sample of CujgsSe to measure the phonon density of states
(PDOS) in the temperature range from 100 to 450 K. The
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measurements were carried out using the time-of-flight IN4C
spectrometer at the Institut Laue Langevin (ILL), France. The
spectrometer detector bank covers a wide range of scattering
angles (10°-110°). The measurements were conducted with
14.2 meV incident neutron energy in the energy gain mode.
The neutron-weighted phonon density of states, g/ (E), was
obtained from the measured dynamic structure factor S(Q, E)
as given by [45-47]

2W (@) E
g"(E) = A<

2 1 1
0 ”(EaT)-FzZl:E

S(Q,E)>, ey

where A is a normalization constant and Q, 2W, and E are the
momentum transfer, Debye-Waller factor, and phonon energy.
n(E,T) is the Bose-Einstein population factor for phonon en-
ergy E at temperature 7. The + sign corresponds to energy
loss/gain of the neutron. The total neutron-weighted density
of states, g’ (E), is related to the atomic partial density of
states gx(E) as follows:

g”(E)-BZ(

Here B, by, and my; are the normalization factor, the neutron
scattering length, and the mass of the kth atom.

)gk (E). @

III. COMPUTATIONAL DETAILS

We used density functional theory (DFT) for lattice
and molecular dynamics simulations as implemented within
the software package VASP (Vienna ab initio software
package) [48,49]. The simulations were performed in the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional and
projected augmented wave (PAW) pseudopotentials with a
kinetic energy plane-wave cutoff of 900 eV [50,51].

The lattice dynamics calculations of Cu,Se and Cu,S were
performed only in the ordered phase (i.e., monoclinic phase
in Cu,Se, orthorhombic and tetragonal phase in Cu,S). For
phonon calculations, we took the optimized structure and
displaced symmetrically inequivalent atoms by 0.03 A in the
+x, +y, and £z directions and calculated the forces using
Hellmann-Feynman theorem, which the PHONOPY software
[52] then used to compute the phonon dynamical matrix
and dispersions. A 2 x 2 x 1 k-point mesh in the monoclinic
Cu,Se, and a 2 x 2 x 2k-point mesh in orthorhombic and
tetragonal Cu,S were used. The k points were generated us-
ing the Monkhorst-Pack method [53]. The force convergence
criterion was set to 107 eV /A2, and the energy convergence
criterion was set to 108 eV.

The ab initio molecular dynamics simulations (AIMD)
simulations were performed in an NVT ensemble using the
Nosé-Hoover thermostat. The simulation was run for 60 ps
with 2 fs time steps. We equilibrated the system for ~10 ps
to attain the desired temperature. Simulations were executed
for different phases with different temperatures (for Cu,Se
B phase 500-900 K, « phase 100-300 K, and for Cu,S y
phase 750-1100 K, 8 phase 300-700 K, orthorhombic 100 K,
tetragonal 300 K). The supercell dimensions used in AIMD
simulations in different phases of Cu,S and Cu,Se phases are
given in Table SII in the Supplemental Material [38]. A single

k-point sampling of the Brillouin zone at the zone center and
an energy convergence of 107° eV were chosen.

The phonon density of states (PDOS) g(E) was calculated
from AIMD simulations by taking the Fourier transform of
the velocity autocorrelation function [54].

gE) =

i [ 0;(0) - v;(t)eEt /Mt )

(v;(0) - v;(0)) °

where v;(t) is the ith atom velocity at time  and N is the total
number of atoms in the supercell. The raw PDOS data have
been smoothened using a Gaussian resolution function with
FWHM of 1 meV.

The diffusion coefficient D has been estimated from three
different techniques, namely, by using the mean-squared dis-
placement (MSD), the velocity autocorrelation (VACF), and
the dynamical structure factor S(Q, E). We have calculated
the time dependence of MSD using the following relationship
[55,56],

i=1

Nion N“EP T

(N N)Z Z Iri(tj + 1) = rie)) P,
10n step —
€

where r;(t;) is the ith atom position at the jth time step, N; =
7/8, § being the time step in the simulatio; Ny, is the total
number of simulation steps; and Nj,, is the total number of
a given element (Cu, S, Se) in a supercell. Using this time
dependence, we estimated the diffusivity D as given by [57]

(D(T)) = (u?(1))/6t. ®)

In addition, we also calculated D by integrating the velocity
autocorrelation function (VACF) as given by

(1)) =

D = / v;(0) - v;(7)dr. (6)

A few experimental and simulation investigations have
discussed the Cu diffusion behavior in the superionic phase
of Cu,Se; however, the values of D estimated from different
techniques (QENS, impedance spectroscopy, and simulations)
shows significant variance (10°-10"7 cm?s71) [20,21,23,44].
Hence, we performed a detailed investigation of Cu diffusion
using several approaches. Further, to address the ambiguity
from QENS measurements, we have calculated the dynamical
structure factor, S(Q, E), using long AIMD trajectories of
~150 ps.

Usually, the stochastic dynamics is analyzed by fitting the
S(Q, E) measured by QENS with one Lorentzian function
and one delta function convoluted with the resolution function
of the instrument. The Q dependence of the half width at
half maximum (HWHM) of the Lorentzian function provides
information about the diffusion characteristics [58]. For lo-
calized diffusion, HWHM usually does not show significant
variation with Q, while for long-range diffusion, HWHM
in the low Q regime is characterized by a Q” dependence.
Further, in the case of solid-state diffusion, the Q-dependent
HWHM data may be fitted using jump-diffusion models, such
as the Chudley-Elliott (CE) mode [58—60] to get the mean
jump length and average residence time at a site. The CE
model assumes a fixed jump length, and the Q-dependent
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FIG. 2. (a) Temperature dependence of neutron-weighted PDOS, g™ (E), of cubic Cu; sSe from INS measurements. (b) AIMD calculated

partial contributions of Cu and Se to g™ (E) and the total at 500 K.

HWHM is given by

N

Q) = g(l 3 sin(Qd))

(Qd)

where 7 is the mean residence time, and d is the jump length,
and the diffusion constant D is given by

D = d?/6r. (8)

The self—Van Hove correlation function g,(r, t) shows the
probability of finding an atom at distance r at the time ¢, with
initial space and time coordinates of (r = 0, t = 0). The sin-
gularities or peaks in the self-Van Hove correlations indicate
the presence of jump diffusion through well-defined sites. The
self-Van Hove correlation functions g,(r,t) are defined as
[54,61]

N
g(rt) = ]lv <§[r — |7 () — 7(0)|1>

N is the number of particles; 7;(¢) is the position of the ith
atom at time 7 .

IV. RESULTS AND DISCUSSIONS

A. Temperature dependence of phonon spectra
using INS and AIMD simulations

The temperature-dependent PDOS of Cuj¢sSe was mea-
sured from 100 to 450 K [Fig. 2(a)]. This temperature range
covers the monoclinic to cubic phase transition at 414 K. The
energy range of the phonon spectrum extends up to 40 meV.
We observe that at 100 K, the INS spectra show sharp and
well-defined peaks at 8, 12, and 22 meV as shown in Fig. 2(a).
Our INS results are in good agreement with those of Voneshen
et al. [21], although the energy resolution of the present data
is superior due to the use of a smaller incident neutron en-
ergy and use of the neutron energy gain mode. Further, we
have also calculated the partial contributions of Cu and Se to
the PDOS and found that both atoms contribute to the en-
tire spectral range of vibrations [Fig. 2(b)]. We note that the
phonon dispersion relation of the acoustic phonons has been
measured [30] in Cu; gsSe up to ~15 meV, which appears to
be consistent with the present PDOS measurements. We have
also performed lattice dynamics calculation in the monoclinic

phase of Cu,Se and low-T phases (tetragonal and orthorhom-
bic phases) at T = 0K (Fig. S2 in the Supplemental Material
[38]). We found that the phonon spectra in the ordered low-T
phases show sharp peaks in the PDOS.

At high temperatures, the peaks in the measured phonon
spectrum get significantly broadened [Fig. 2(a)]. The con-
siderable broadening is attributed to large anharmonic lattice
vibrations and Cu diffusion. To account for the anharmonic
effects on the phonon spectrum, we performed AIMD calcu-
lations in the superionic cubic phase of Cu, X (X =S, Se). In
Fig. 3, we show the total PDOS of Cu,X (X =S, Se) com-
puted from AIMD in the superionic cubic phase at elevated
temperatures. The PDOS does not show any sharp peak, and at
elevated temperatures, the PDOS tends to a finite value at zero
energy for both compounds, which is a signature of diffusion.
Further, the PDOS value at E = 0 increases with temperature,
which also indicates a faster diffusion at higher tempera-
tures. We also calculated the partial PDOS of different phases
of Cu,X (X =S, Se) to see the contribution from different
species to the PDOS and found that the finite PDOS at zero
energy is mainly contributed from Cu dynamics (Figs. S2 and
S3 in the Supplemental Material [38]). This further confirms
that Cu is the only mobile ion at elevated temperatures, while
S/Se atoms form a more rigid crystalline framework. Fur-
ther, the phonon spectral weight shifts towards lower energies
upon warming in both compounds, which can be attributed
to damping of strongly anharmonic phonon modes in the
superionic regime. However, it is important to note that the
phonon spectrum of the Cu atoms persists up to high ener-
gies in the superionic phase indicating that a fast vibrational
behavior of the Cu atoms remains despite the fast diffusion.
This suggests that the nature of the diffusion continues to be
jumplike up to moderate temperatures of ~700 K, with the
atoms spending significant time undergoing vibrations around
rest positions between jumps, as is characteristic in a solid.
At higher temperatures ~900 K, the diffusion becomes closer
to liquidlike. Therefore, we will discuss in the next section
how the diffusion process is rather complex, involving both
localized diffusion and long-range diffusion.

Besides the superionic cubic phase, we also computed the
PDOS of Cu,S in the hexagonal superionic phase, which
exists between 370 and 700 K (Fig. S3 in the Supplemental
Material [38]). Here also, a finite value of PDOS at E =0

055403-4



SOLIDLIKE TO LIQUIDLIKE BEHAVIOR OF Cu ...

PHYSICAL REVIEW MATERIALS 6, 055403 (2022)

CUZSe

0.041
500 K
< 0.03] — 700K
> —— 900K
£ 0.02!
m
S 0.011
0.00 : R :
0 10 20 30 40 50 60
E (meV)

Cu.S

0.04 2

0.03! — 750K
N ——900 K

>

2 .02] 1100 K

)

© 0.01

0.00 : : : . .

0 10 20 30 40 50 60
E (meV)

FIG. 3. The AIMD calculated temperature-dependent total PDOS, g(E) in superionic-cubic phase of (a) Cu,Se and (b) Cu,S. The presence

of nonzero PDOS at zero energy corresponds to Cu diffusion.

infers the presence of Cu diffusion; however, it is relatively
less in magnitude than that in the superionic cubic phase.

B. Cu diffusion in Cu,X (X = S, Se) and Van Hove
correlations g;(r, t)

In Fig. 4, we show the calculated MSD of Cu in Cu,S
and Cu,Se at different temperatures. The Cu MSD shows a
nearly linear increase with time, characteristic of diffusion.
However, the MSD values for Se/S oscillate about mean
values consistent with a solid framework structure (Fig. S4
in the Supplemental Material [38]). To investigate the Cu-
Cu and Cu-S/Se distances in the superionic cubic phase, we
also calculated the time-averaged pair distribution function
(PDF) from AIMD trajectories in superionic phases of Cu,X
(X =S8, Se) (Fig. S5 in the Supplemental Material [38]). In

(a) Cu2Se, Cubic

(b) CuyS, Hexagonal

both compounds, the first-neighbor peak for the Cu-Cu and
Cu-Se PDF is quite sharp, while the peaks corresponding
to farther neighbors are much broader and more difficult to
resolve.

In the superionic hexagonal phase of Cu,S, interestingly,
we find that slightly different c/a lattice-constant ratios in the
MD simulation could lead to nearly isotropic or anisotropic
diffusion. The work by Wang er al. [36] used the exper-
imental structure by Will et al. (c/a = 1.67) [35] leading
to anisotropic diffusion. We have also performed additional
AIMD at 450 K using the same experimental structure and
found similar anisotropic Cu diffusion behavior as reported
by Wang et al. [36]. However, our AIMD simulation us-
ing a different experimental structure reported by Buerger
and Wuensch (c/a = 1.77) [31] leads to nearly isotropic dif-
fusion. However, at a low temperature of 300 K, we find

(c) CuyS, Cubic

60| 00K 300 K —— 750K
——500K 40y ——400K 601 900K
< ]——700K ——500K ——1000 K
<L 401900k 304 —700k 1100 K
A 40
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FIG. 4. (a)—(c) The calculated MSD of Cu atoms in Cu,Se and Cu,S at different temperatures using AIMD simulations performed in
superionic phases. (d)—(f) Calculated temperature dependence of diffusion coefficient (D) estimated from MSD slope and estimated activation

barrier E, for Cu migration.
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anisotropic diffusion, even with the larger c/a (1.77) ratio.
We have shown both results in Fig. S7 in the Supplemental
Material [38].

We computed the self-Van Hove correlation function,
gs(r, 1) of Cu in Cu,Se at 500, 700, and 900 K. The g(r, 1)
computed at various time intervals from 2 to 26 ps are shown
in Fig. 5. At all temperatures, g(r, t) exhibits a peak around
1 A in the first 2 ps, which gradually broadens with time; this
implies that initially, Cu atoms are rattling within a cluster
formed by 8c and 32 f Wyckoff sites (the cluster diameter is
~1 A). Further, g;(r, ) at 500 K, shows a peak around 3 A
at later times, attributed to the Cu jumps from one cluster to
another cluster along various possible channels (see Table I).
This maximum centered around 3 A is mainly contributed
from tetrahedral to tetrahedral (T-T) Cu hopping along (100)
and tetrahedral to octahedral (T-O) hopping along (111). Al-
though broad it retains a peaklike structure in gs(r, t) at 500 K,
suggesting that Cu™ spends significant time near 4b/8c/32f
sites and hence the Cu sublattice retains a discrete set of
sites and hence Cu diffusion mainly occurs through discrete
jumps and could be well described by jump-diffusion models.
Interestingly, at 700 and 900 K, the first peak ~1 A swiftly
decays, and g,(r, t) develop a very broad distribution of about
4 A, inferring Cu spends less time in clusters around 8c sites
and quickly hops to the next cluster. At higher temperatures, it
is difficult to define the peak in g(r, t), and hence it seems the
Cu sublattice melts in Cu,Se and behaves more like a liquid.
The broad distribution of Cu around 4 A is contributed from
all possible Cu diffusion channels, namely, (T-T) Cu hopping
along with all possible directions [(100), (111), and (111)],
and (T-O) and O-O hopping along (111). The gradual shift
of gs(r, t) distribution at higher distances at elevated temper-
atures indicates a more favorable hopping of Cu along (110)

directions. Further, the g,(r, ) at 500 K takes ~15-20ps to
span the distribution around 3 10%, while at 700 K within ~10
ps, it spans around a 4 A distance. This indicates that in Cu,Se
at 500 K, the diffusion of Cu is solidlike; however, at high
temperatures of 700 and 900 K Cu diffusion can be described

TABLE 1. (a) The intersite jump-length Cu-Cu in Cu,Se and
Cu,S superionic-cubic phase, and (b) Cu,S superionic hexagonal.

(@)
Hopping Cu Hopping distance
Wyckoff sites Cu,Se (cubic) Cu,S (cubic)
(T-T) Hopping in (100) 2.92 2.88
directions (8c-8¢)
(T-T) Hopping in (110) 4.13 4.07
directions (8c-8¢)
(T-O) Hopping in (111) 2.53 2.49
directions (8c-4b)
(O-0) Hopping in (110) 4.13 4.07
directions (4b-4b)
(b)
Hopping Cu Hopping
Wyckoff sites distance

Cu,S (hexagonal)

4f-6g 1.24
6g-6g 1.94
Af-Af 2.34
2b-6g 2.6
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FIG. 6. The calculated self—~van Hove correlation functions (black lines) at selected time intervals. The red lines show the least-squared fits
comprising individual Lorentzian profiles (green lines); the results are given in Table II.

as liquidlike. Previous AIMD simulations [20,44] at 700 and
900 K also indicated liquidlike diffusion.

We have analyzed the g (r,t) at selected time intervals
(Fig. 6) by fitting the Lorentzian peaks at different inter-
site Cu-Cu distances to identify the jumplike and liquidlike
diffusion behavior. For cubic Cu,Se, at 500 K, the g,(r, )
shows the two distinct peaks at ~1.2 and 2.92 A corre-
sponding to the Cu jumps within and between the clusters
formed around 8c sites. The first peak (~1.2 A) originates
from the intracluster jumps between 32 f and 8c sites, while
the second peak (~2.92 A) is attributed to intercluster jumps
centered around 8¢ sites in Cu,Se. We have fitted the two
Lorentzians and estimated the FWHM of each peak. Here,
the peak widths (1.1-1.3 A) represent the size of the clusters.

The analysis of the Van Hove self-correlation function
shows (Fig. 6 and Table II) that at 500 K in hexagonal Cu,S,
the diffusion occurs between closely spaced sites. The first

TABLEII. The estimated Lorentzian widths of g,(r, ) at selected
time intervals in Cu,Se and Cu,S at 500 and 900 K (from the fits
shown in Fig. 6). The first peak (~1.2 A) in cubic Cu,Se originates
from the intracluster jumps between 32 f and 8c sites. In the hexag-
onal phase of Cu,S, the peak at ~0.6 A occurs due to the phonon
vibrations around the original position. In the cubic Cu,S, the first
peak at ~1.27 A originates from the intracluster jumps between
192/ and 8c sites. Other peak position correspond to neighboring
crystalline sites.

We obtained that the FWHM of each peak is less than the Cu,Se (cubic phase)
separation betweeon the clusters (Table IT). At 900 K, the peaks T (K) 500 K 900 K
at 1.2 and 2.92 A are not disotinguishable, and the FWHM T (ps) 8 10 2 4
of intercluster jumps is ~2.4 A, which is significantly large, d A FWHM FWHM FWHM FWHM
such that there is no clear separation of the two peaks. To 1.2 1.444£0.02 130£0.02 135+0.04 1.224+0.07
summarize, at 500 K, we find a clear jumplike diffusion; at 2.92 1.08 £0.06 134+£0.04 187+£0.09 2434+0.04
900 K, the diffusion is not jumplike but liquidlike continuous Cu,S (hexagonal phase)
diffusion.

The calculated self—Van Hove correlation function gg(r, t) T (K) 500 K
in hexagonal and cubic phases of Cu,S are shown in Fig. 5. t (ps) ) 4
At 500 K, in the hexagonal CusS, g,(r, 1) shows a sharp peak ;&) FWHM FWHM
around 1 A, which slowly decays, and distribution around 2.5 (63 0.61 + 0.01 0.60 %+ 0.01
A develops with time. The peak distribution around 2.5 Ais 1.24 0.76 & 0.03 0.91 + 0.05
contributed from Cu hopping between various Cu sites (6g—6<g:, 1.94 0.81 +0.11
4f-4f, and 2b-6g sites). At 700 K, the peak in g,(r, ) at ~1 A .
bgcorj:les broad afld swiftly decays, andri/ery br(é;ad distribution CuzS 900 K (cubic phase)
of about 3 A is evolved. In the cubic Cu,S, the first peak at T (K) 900 K
~1.3 A originates from the intracluster jumps between 192/ t (ps) N 4
and 8c sites. Interestingly, in the cubic phase of Cu,S, gs(r, t) d (&) FWHM FWHM
at 750 and 900 K shows a much faster decay of the 1 A peak 127 133 + 0.03 134 + 0.05
and shows a broad distribution around 4 A, similar to the case 288 152 4+ 0.1 217 + 0.05

of cubic Cu,Se.
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CupSe, Superionic cubic (Fm-3m), T=700 K
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FIG. 7. The calculated Cu trajectories of a few representative Cu’s in superionic phases of Cu,X (X = S, Se). The Cu trajectories are

shown by the red dotted line, while the average Cu and X positions are

shown by spheres. Details of the average Cu and X sites are shown

in the legends. Cu trajectory in cubic Cu,Se (top panel) and cubic Cu,S (middle panel) shows hops between tetrahedral sites (8¢) via an
octahedral site (4b), and also direct jumps. Cu trajectory in hexagonal Cu,S (bottom panel) shows hops from 2b to 4 f sites. In addition, all the

trajectories show localized diffusion around the respective sites.

peak at ~0.6 A in the hexagonal phase occurs due to the
phonon vibrations around the original position. The positions
of other nearest neighbor available jumps are summarized in
Tables I and II. The FWHM values (Table II) of Van Hove
peaks in the hexagonal phase are comparable to the separation
between the neighboring sites. Thus, the diffusion appears
to be liquidlike as the atomic distribution is spread out sig-
nificantly away from the crystal sites. At 900 K, in cubic
Cu,S, the larger FWHM values clearly indicate a liquidlike
continuous diffusion.

To visualize the diffusion process, we plotted the trajec-
tories of a few Cu atoms in the superionic-cubic phase in

Cu,Se at 700 K (Fig. 7). We can see that, at 700 K, Cu hops
from one tetrahedral (8¢) to another tetrahedral site (8c) either
via an octahedral site (4b) or a direct jump, consistent with
previous reports [23,44]. Further, by observing the individual
Cu trajectories, we could see that Cu ions rattle around 8¢
(i.e., hopping among 32f sites) for extended times before
making a jump to the next tetrahedral site. The hopping among
32f sites is much faster and leads to a localized component
in the Cu diffusion, while the tetrahedral to tetrahedral Cu
hops, which contribute to long-range diffusion, are slower.
To identify the Cu hopping pathways, we have computed the
probability density at 700 K for Cu atoms in the (0 0 %) and
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FIG. 8. (a), (d) The calculated incoherent [S<(Q, E)] dynamical structure factors in superionic cubic phases of Cu,X (X =S, Se).

inc

(b), (e) The estimated Q dependence of the narrower Lorentzian HWHM from the incoherent Sﬁ‘é(Q, E) in superionic phases of Cu,Se (Cu,S)
at 7 = 500 K (500 K) and 700 K (750 K) is shown by the black and red markers, respectively. The solid lines in (b), (d) are the CE model fit to
respective HWHM and (c), (f) the estimated Q dependence of the broader Lorentzian HWHM from incoherent SC4(Q, E) in Cu,Se and Cu,S.

0o i) planes, which contain the octahedral and tetrahedral
Cu sites, respectively (Fig. S6 in the Supplemental Material
[38]). From the probability density plots, it appears that the
main hopping channels are Cu hopping from a tetrahedral site
to another site via octahedral sites.

In the superionic hexagonal phase of Cu,S, we found that
Cu diffusion is nearly isotropic (Fig. S7 in the Supplemental
Material [38]), which is in contrast with previously reported
[37] AIMD simulations. In the hexagonal phase, to visualize
the nature of diffusion, we also plotted the trajectories of a
few Cu atoms at 500 K (Fig. 7). Further, by observing the in-
dividual Cu trajectories, we can see that Cu also rattles around
the 4g and 6b sites (localized diffusion) followed by a jump to
2b sites (long-range diffusion). The superionic-cubic phase of
Cu,S exhibits similar attributes of Cu diffusion as observed in
superionic cubic Cu,Se. From the trajectory analysis at 750 K
shown in Fig. 7, we found that there are two types of jump
present in the system; the first is dwelling between 192/ and 8¢
sites that contributes to localized diffusion, while the second
kind of jump (i.e., tetrahedral to tetrahedral jump) contributes
to long-range diffusion.

C. Dynamic structure factor S(Q, E)

Several QENS experiments have been reported [21,23,44]
that addressed the Cu diffusion behavior in the superionic-
cubic phase of Cu,Se. The results have been analyzed using
the CE jump-diffusion model. The first QENS measurements
on the superionic phase of Cu,Se were performed by Danilkin
et al. [23]. The authors used a single Lorentzian in their
analysis, equivalent to considering only a single kind of

inc

Cu hopping, and estimated D ~ 6.1 x 10 cm?s~!. Another

QENS investigation by Voneshen et al. [21] showed two
different jump timescales for the localized and long-range dif-
fusion, respectively, and estimated a D ~ 5-35 x 107 cm? 57!
over 500-900 K. Another recent QENS study at 675 K by
Islam et al. [44] estimated a D ~ 3.4 x 10 cm? s,

In all the above QENS studies, the analysis was based
on the CE model assuming incoherent scattering due to
independent jumps. Here, we have simulated the incoher-
ent dynamical structure factor of Cu in CuX (X =S, Se),
S&‘(Q, E), at different temperatures ranging from 500 to 900
K, to investigate the jump-length distribution and associated
timescale and diffusion constants.

CuySe. Our calculated incoherent dynamical structure fac-
tor for Cu in superionic Cu,Se at 700 K is shown in Fig. 8.
To estimate D, we use SSI‘C‘(Q, E), which represents the ran-
dom/stochastic diffusion process, and justifies the use of the
CE model. We have first analyzed the calculated SSU(Q, E)
with a single Lorentzian and noticed a significant discrepancy
between the calculated Sﬁ‘cl(Q, E) and the fit (Fig. S8(a) in the
Supplemental Material [38]). Interestingly, two Lorentzians
excellently describe the calculated Si(fl‘:,(Q, E), suggesting two
kinds of diffusive dynamics present in the system (Fig. S8(b)
in the Supplemental Material [38]). The widths of the two
Lorentzians differ by an order of magnitude, which implies
the two dynamics occur on very different timescales. The
fast diffusion dynamics is reflected in the Lorentzian with
a larger width, while the slower diffusion gives the smaller
Lorentzian width. The Q dependence of the HWHM of the
Lorentzian peak provides direct information about diffusion

characteristics. The estimated Q dependences of the HWHM
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TABLE III. The calculated diffusion coefficient D, jump length (d), and residence time () of Cu in different phases of Cu,X (X = S, Se)

from fits using CE model.

d A) T (ps) D (10°cm?/s)
Cu,Se cubic (700 K) from incoherent S(Q, E) from simulation 3.74+0.1 7.7+£0.2 20+2
Cu,Se cubic (500 K) from incoherent S(Q, E) from simulation 35402 25+2 8+2
Cu,Se cubic (Islam et al. [44]) (675 K) from total S(Q, E) from QENS 2.8+0.2 3.7+0.12 34
Cu,S hexagonal (500 K) from incoherent S(Q, E) from simulation 3.0+£0.2 234417 6.4+1.3
Cu,S cubic (750 K) from incoherent S(Q, E) from simulation 4.1+£0.2 9.54+0.6 305

of the Lorentzian for superionic-cubic Cu,Se at 500 and 700
K are shown in Figs. 8(b) and 8(c). We find that the HWHM
of the slower dynamics Lorentzian, I';, shows a O behavior
at low Q. This indicates the presence of long-range diffusion.
In contrast, the higher value of HWHM from the second
Lorentzian, I';, remains nearly independent of Q, signifying
the presence of fast localized diffusion, attributed to hopping
among 32 f sites around the tetrahedral 8c sites.

Our estimated Q-dependent I'; from Si,.(Q, E) for the
cubic phase of Cu,Se at 700 K is underestimated by about
a factor of 2 compared to the values reported from the QENS
measurement at 700 K by Islam ez al. [44]. The Q-dependent
I') at 500 and 700 K is analyzed with the CE model. The
fitted residence time 7, jump length d, and estimated diffusion
constant D are summarized in Table III. Our estimated D from
the CE model at 700 K is in fair agreement with the QENS
estimated D ~ 3 x 107 cm?/s by Islam et al. [44].

Cu,S. In Fig. 8(d), we show the computed SSU(Q, E) of
superionic-cubic Cu,S at 750 K. Here also, two Lorentzians
are required to describe the SS‘;(Q,E ) in both superionic
phases, i.e., cubic and hexagonal (Fig. S8 in the Supplemental
Material [38]), corresponding to the faster and slower dy-
namics, respectively. Further, we have used Q dependence
of narrower HWHM from Sii‘é(Q,E ) to estimate D via a
CE jump-diffusion model [Fig. 8(e)]. The fitted parameters
and estimated D for superionic-hexagonal and cubic phases
at 500 and 750 K, are summarized in Table III. The es-

timated D from the CE model for the hexagonal phase at
500 K and cubic phase at 750 K is ~6.4 x 107%cm?s~!
and ~3.0 x 107> cm?s™!, respectively. The presence of
the fast localized diffusion, attributed to hopping among
192! sites around the tetrahedral 8c¢ sites, is similar to

Cllzse.

D. Diffusion coefficient using various approaches

The MSD plots of Fig. 4 are used to calculate the
temperature-dependent diffusion coefficients. Further, we
have calculated the relative standard deviation (RSD) of the
estimated diffusion constant (Table IV) using an empirical
relation as described in Ref. [62]. RSD of diffusion constant
depends on the number of total jump events during the simu-
lation time (Negr) as given by

RSD = 3.43/+/Negs + 0.04, )
Netr=TMSD/d}.. (10)

where TMSD is total mean-squared displacement defined as
the sum of all Cu MSD in the simulation cell, and djuy, is the
mean jump length of the Cu atom. In the case of the cubic
and the hexagonal phases, the mean jump length is taken as
~3.2 A. The analysis was performed on a 30 ps trajectory
length.

Further, we used the MSD estimated D to estimate the
energy barrier E, for Cu migration in Cu,X (X = S/Se) using

TABLE IV. The calculated diffusion coefficient D of Cu in different phases of Cu, X (X = S, Se) from suites of numerical techniques. The
estimated relative standard deviation (RSD) of diffusion coefficient (D) from MSD as described in Ref. [62]. The analysis was performed on
30 ps trajectory length. The results from the CE jump-diffusion model differ significantly from that from MSD and VACF, which indicates that
the CE model is oversimplified and does not adequately describe the diffusion.

D from MSD D from VACF D from CE model fitting PRB [20] Relative standard deviation (RSD) of D (in %)
T(K) (10%cm?/s) (108 cm?/s) (108 cm?/s) (1078 cm?/s) 3.4//Ner + 0.04
Cu,Se (superionic cubic) MSD VACF
500 5.4 4.4 11.1 £ 0.2 41
700 21 17 29+2 30
900 36 36 34 34 21
Cu,S (superionic hexagonal)
500 5.2 43 64+13 28
700 16 13 20+ 4 23
Cu,S (superionic cubic)
750 17 22 30£5 42
900 29 30 33 35 24
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the Arrhenius relation as given by [63]
In[D(T)] = In(Dy) — E, /kpT. (11)

Dy is the prefactor factor; kg is the Boltzmann constant.
The estimated value of the activation energy barrier of Cu
atoms is 0.17, 0.16, and 0.18 eV for Cu,Se (superionic cubic),
Cu,S (superionic hexagonal), and Cu,S (superionic cubic),
respectively, as shown in Fig. 4. These values are in fair
agreement with reported activation energy barrier (E, ~ 0.15
eV for the cubic phase of Cu,Se and E, ~ 0.19 eV for the
hexagonal phase of Cu,S) from electronic impedance spec-
troscopy [64,65].

In Table IV, we summarized the calculated D from differ-
ent numerical techniques and also show the relative error from
these methods. We further estimated the ionic conductivity
using the Nernst-Einstein relation. We found that the Cu ionic
conductivity at 700 K in Cu,Se from computed D from differ-
ent schemes lies in the range of 1.5-3.0 Q' cm™" which is in
excellent agreement with the reported conductivity at 673 K
[64]. This further confirms that Cu diffusion is well captured
in our simulations.

V. CONCLUSIONS

We have presented INS measurements on CujgsSe, and
lattice dynamics, and AIMD simulation in Cu,X (X = S, Se)

to investigate Cu diffusion. We are able to identify the nature
of diffusion at low and moderate temperatures, a solidlike
diffusion comprising (a) the localized jumps among a small
cluster of sites around the tetrahedral site, and (b) long-range
diffusion involving jumps to the first and the second nearest
neighbor sites. At high temperatures of ~900 K, the diffusion
is liquidlike, which is not restricted to jumps among definite
crystal sites. We have also calculated the diffusion coefficients
using different approaches, namely, the mean-squared dis-
placements, velocity autocorrelation, and the jump-diffusion
model of the dynamical structure factor. While the first two
approaches produce consistent results, we find that the jump-
diffusion model assuming jumps over a fixed distance in the
present case of CuyX is an oversimplification and does not
produce consistent results of the diffusion coefficient. How-
ever, the range of the magnitude of the diffusion coefficient
and the derived ionic conductivity are in fair agreement with
the reported experimental values.
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