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Abstract:

There are materials that exist in unusual solid-liquid hybrid phases, for example, the
superionics at high temperatures of 700° C. Using ab initio molecular dynamics, we show
that the intensely studied Cu,S high chalcocite phase is actually a solid-liquid hybrid
phase which exists in relatively low temperature (>105° C). Its formation mechanism is
different from the superionics. We also show that the previously proposed atomic
structure for high chalcocite is incorrect, and the low chalcocite to high chalcocite
transition should be described as a sublattice solid to liquid transition.
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Manuscript text:

Earthly materials usually exist in one of the three phases: solid, liquid and gas. However,
there are some exceptions. One example is the superionic phase of metal halogens like
AgCl [1-4]. At high temperature (e.g, 700° C), the anion sublattice of these suerpionics
are melt as a liquid [1]. But the mechanical properties and shapes of the materials are
controlled by the metal ion sublattices, which still have their solid forms. Studying such
hybrid phase materials is quite interesting, especially for their potential applications.
However, the superionic phase only exists in high temperature, which limits their
applicability in practice. In this paper, we show that Cu,S high chalcocite is such a hybrid
phase with Cu ions diffuse like a liquid at relatively low temperature of 105° C. However,
its formation mechanism is different from superionics, which makes it possible to exist at
the low temperature and also qualifies it as a new phase. Our discovery overthrows a 50
years old assumption that the high chalcocite is a solid solution with Cu atoms randomly

occupying some given empty Wyckoff sites, but then frozen at those sites.
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Copper sulfide is an intensively studied important material for its structural complexity
and potential applications [5-7]. While the Cu,S has many different phases, the
stoichiometric compound Cu,S (chalcocite) have three phases: the y phase (for
temperature below 105°C), the B phase (for temperature between 105°C and 425°C), and
a phase (for temperature above 425°C). The y (low chalcocite: L-chalc.) to B (high
chalcocite: H-chalc.) transition happens around water boiling temperature [6], which
makes it challenging to be used in applications like solar cells, notwithstanding that it is
an important solar cell material due to its ideal band gap of 1.2 eV and the ability to form
good quality junctions like Cu,S/CdS [8]. Cus,S is a binary copper chalcogenide, which
has more complicated counterparts like CulnS,, CulnSe,, and Culn(Ga)Se,, all are

important solar cell compounds [9].

The crystal structures of low and high chalcocites have been studied extensively for more
than 50 years using X-ray diffraction (XRD) data [10-12]. Despite some initial
controversies [13,14], it has now been widely accepted that the H-chalc. has a P6;/mmc
hexagonal symmetry crystal structure with two molecule units (Cu,S), per unit cell [10].
While the S atoms occupying a hexagonal lattice, the Cu atoms randomly occupy a few
possible high symmetry Wyckoff sites with certain probabilities, and each Cu atom is
fixed at its position as in a solid. This is thus a solid-solution (alloy) picture for the Cu
sublattice. In contrast, the L-chalc. has a large orthorhombic unit cell with 96 molecule
units (Cu,S)gs, but each Cu atom has a unique site [11,12]. Thus the L-chalc. to H-chalc.
phase transition is believed to be a crystal to solid alloy transition.

In this study, via large scale ab initio molecular dynamics (MD) simulations, we show
that the H-chalc. phase should be more properly described as a solid-liquid hybrid phase,
while the S atoms maintain an approximate hexagonal crystal structure, the Cu atoms
randomly diffuse between different sites with a self diffusion coefficient similar to that of
a liquid. Furthermore, the averaged Cu position is not at the previously proposed high
symmetry sites. Rather, it is at the sites similar to the L-chalc. case. This solid-liquid
hybrid phase is similar to the superionic phase of metal halogens like AgCl, AlBr, Agl,
CaF,, PbF, [1-4]. While the superionic phase of the metal halogens is often characterized

by a significant increase of Frenkel defect (vacancy and interstitial atoms) at high



temperature (>700° C) which facilitates the ion diffusion [3,4], in H-chalc., the melting of
the Cu sub-lattice is not accompanied by the increase of such defect sites. Since there are
already more possible occupation sites than the number of Cu atoms, such increase of
defect is not necessary. This is the reason why the liquid Cu H-chalc. can exist at
relatively low temperature and has a different temperature dependence of its ion mobility
[3,15].

The calculations are carried out using Vienna ab initio simulation package (VASP) [16]
with the projector-augmented-wave method [17] wusing generalized gradient
approximation [18] for the exchange-correlation energy in the density functional theory
(DFT) formalism. A 500 eV cutoff energy is chosen for the plane-wave basis, and the Cu
s, d, S s, p electrons are included as the valence electron in the calculation. A 2x2x2
Monkhorst-Pack k-point set with shift (no I" point) is used. Molecular dynamics is carried
out using Born-Oppenheimer ground states with 2 fs as the time step. A thermostat is
used to control the temperature. Most of the calculations have been carried out on the

supercomputer: Intrepid at Argonne Leadership Computer Facility using 2048 cores.

The L-chalc. has an orthorhombic unit cell with 96 formula units [(Cu;S)es] [19].
However, the orthorhombic cell can be approximately divided into two identical
monoclinic cells CugSsg with only small modifications. This 144 atom supercell has been
used in previous theoretical studies [8, 20], and it will also be used here. In both L-chalc.
and H-chalc., the S atoms form an approximate c-axis slightly elongated hexagonal close
packed (EHCP) lattice with A-B-A-B stacking as shown in Fig.1 [11]. In the L-chalc., the
Cu atoms can be classified into three 1/3 groups occupying a, d, e sites in Fig.1 [19], all
have three fold coordinates. We have taken the experimentally determined L-chalc.
atomic positions [19], and did an atomic relaxation according the DFT total energy at
zero temperature. The DFT relaxed structure deviates only 0.24 A per atom from the
original structure. Thus the proposed L-chalc. is stable. The electronic structure of such
L-chalc. has been calculated previously under DFT with an additional Cu s state shift
derived from smaller system GW calculations [20], and the obtained band gap of 0.6 eV
is lower than the experimentally observed value of 1.2 eV. In our DFT calculation, the

band gap at the I" point for L-chalc. is only 0.36 eV. With the 2x2x2 k-point grid without



the I point, there is always a finite band gap during our MD simulations described below.
We next calculated the H-chalc. structure. According to previous XRD fitting [10], in
H-chalc. the S atoms occupy an EHCP sub lattice, while the Cu atoms randomly
distributed into the a, b, c sites (with 3, 4 and 2 fold coordinates) shown in Fig.1 with
probabilities of 31%, 41% and 28% respectively [10]. After averaging over Cu
distributions, the high symmetry H-chalc. has a small hexagonal unit cell of two Cu,S
molecule units (with a=3.89 A, ¢c=6.88 A, with c¢/a=1.77, slightly elongated from the ideal
HCP value of 1.633). To construct a random distribution of Cu, we have followed a
previous theoretical work [20], using a 2x2x2 supercell of the primary unit cell, and with
a weighted random number to generate the Cu occupation. We will call this Cus;Sis
system the “unrelaxed H-chalc. model” (UHCM). We have first relaxed its atomic
structure following the DFT energy and found that the 4 and 2 coordinated Cu atoms (b
and c in Fig.1) have relaxed into nearby 3 coordinated sites (either d or e). This is the first
indication that the proposed H-chalc. structure is unstable, at least in zero temperature.
We have also taken the L-chalc. structure, and displaced one Cu atom from d (or e) sites
into a nearby b or c sites, then relax the structure. Once again, we found that the Cu atom
relaxes to the original d (or e) sites, and there is no potential barrier between the b and ¢

sites to the d and e sites. The b and c sites are simply unstable in zero temperature.

We next carried out long time ab initio Born-Oppenheimer molecular dynamics
simulations. We are mostly interested in the atomic structure of L-chalc. and H-chalc.,
instead of the phase transition between them since our simulation time is not long enough
to capture the phase transition properties (e.g., the hysteresis, and the specific heat change
during the transition). Thus we have chosen 290K as our temperature for L-chalc. and
450K as our temperature for H-chalc. We have used the same 144 atom cell as our
simulation cell for both L-chalc. and H-chalc. phases, because their unit cells are

commensurate with each other as shown in Ref.[11].

The L-chalc. has been simulated to 6 ps, while the H-chalc. has been simulated to 12 ps.
The average distance square of S and Cu atoms from their t=0 positions as functions of

time are shown in Fig.2. We can see that, for the L-chalc. the average distances do not



grow with time, indicating both the S and Cu atoms do not diffuse. In contrast, the
average distance square for Cu in H-chalc. grows linearly with time t, following a typical
random diffusion picture. Further analysis shows that, the diffusions along the directions
1 and 2 (defined in Fig.1) are about twice as much as diffusions along the direction 3 (see
Fig.1S in the supplementary material), and most of the diffusion comes from the Cu
atoms between the S-planes (see Fig.2S). Fig.3(a) shows the Cu atom which diffuses the
longest distance in our simulation. It certainly hopped several times from one sites to
another. From the slope of the d*(t) curve, we yield an averaged Cu diffusion constant of
3.2 x10° cm®s™". The Cu diffusion in chalcocites has been studied experimentally since 60
years ago [15,21,22,23]. It can be measured either as part of the electric conductivity
[15,22], or from the copper precipitation on the electrode [21,23]. The copper
precipitation is a direct measurement of copper diffusion, its measured ngD at 450K is
10" cm™s™, where nq is supposedly the defect (Cu vacancy) density. The picture in
Ref.[21] was that the Cu diffusion is proportional to Cu vacancy as in a traditional atomic
diffusion picture in a crystal. However, the measured ngD are the same even though
several samples with different ng are used [21]. In our current picture, the Cu atoms are
diffusing without the help of vacancy, thus we should use the total density of Cu to
replace ng. This will give us D=2.2x10"° cm™s™', which is rather close to our calculated

result.

Note that, this Cu self-diffusion coefficient is only 5 to 10 times smaller than typical
simple liquid self-diffusion constants, e.g., 1.6 x10” cm™s™ in Argon, 2.2x10” cm™s™ in
water, and larger than the values in some of the organic solvents [24]. The Cu trajectory
in Fig.3(b) shows that the Cu atom diffuses continuously from one site to another much
like in a liquid. However, it is well known that the Cu diffusion barrier can be small in
chalcogenides [25]. It is thus worth to investigate this further from the potential landscape
of the system. We have first calculated the potential barrier between the relaxed L-chalc.
structure and a structure with one Cu displaced from site d or e (Fig.1) to a nearby three S
triangle center. Such Cu displaced structures are not always stable (e.g., they can relax
back to the original L-chalc). In the stable cases, they can have very small (~ 10 meV)
barrier (see Fig.3S). Second, we have calculated the potentials along the MD trajectory



path. We find multiple potential minima along the path (see Fig.4S), and the potential
barrier between the nearby minima can also be small (~50meV) (see Fig.5S), in the same
order as the kT. More importantly, the atomic movement from one minimum to a nearby
minimum (e.g., for Fig.5S) can involve similar magnitude displacements from several Cu
atoms, not just one. All these fit better in the picture of a typical liquid, rather than the
picture of single Cu atom hopping. Thus, overall, the Cu sub-lattice should be more
appropriately described as a liquid phase, with the L-chalc. to H-chalc. transition as a
solid to liquid phase transition for its Cu sub-lattice. This is like the superionic case where
one sublattice is melt [1,2]. One difference is that in superionic case, the diffusion of the
melt sublattice depends on creation of Frenkel defect [3]. In H-chalc. such point defect is
not necessary due to the pre-existence of the vacant sits (not all the a, d, e sites are
occupied).

We next like to know, whether the Cu will occupy sites b and c, instead of d and e, in
H-chalc. during the MD. To check this, for each Cu atom, we have found its 2, 3, and 4
closest S atoms, and calculated the center points of these 2, 3, and 4 S atoms clusters. We
then calculated the distance between the Cu atom and the corresponding 2 S, 3 S, and 4 S
center points. The distant distributions for 290K, 450K MD simulations, the zero
temperature relaxed L-chalc. structure, and the UHCM are shown in Fig.4. The 290K MD
and the relaxed L-chalc. structure have qualitatively similar distribution functions, albeit
the MD results are smoothed by temperature effect. The closest site from Cu is the 3S
center (a, d, e sites in Fig.1). The situation for the 450K MD result is similar to the 290K
MD. The closest site is also the 3S site, although the distribution is broaden due to larger
oscillation and diffusion of the Cu atoms. In contrast, for the UHCM (where the Cu atoms
occupying a, b, ¢ sites), there is a peak for each of the 2S, 3S, and 4S curves within 0.25
A distance from the origin. Thus, the 450K situation is more close to 290K case, than the
UHCM case. In other words, during the MD, the Cu atoms will spend most time near a, d,
e sites, instead of the assumed a, b, ¢ sites [10]. This is further supported by the calculated
Cu-Cu, Cu-S, S-S correlation functions (see Fig.6s).

We next study the TEM image and XRD data fitting of the H-chalc. structure. While we
will focus on the TEM images, the XRD data can also be used to construct electron

charge density which looks rather similar to the TEM image [10,26]. Thus similar



conclusion can be made for the XRD fitting. Using all the MD time steps, one can
construct an approximate TEM image (see the supplementary material). The simulated
TEM image viewing from the direction 2 (Fig.1) for 290K MD is shown in Fig.5(a) in
comparison with the experimental TEM image taken from Ref.[27]. More interesting is
the simulated 450K MD TEM image shown in Fig.5(d) constructed from the atomic
trajectories in our simulation. It is significantly different from Fig.5(a), showing more
symmetry and pattern. Nevertheless, it is not completely symmetric. This is due to our
limited simulated time, 12 ps, which is not long enough for the system to show the
complete symmetry. However, due to the diffusion shown in Fig.2 and 3, it is reasonable
to assume that after a much longer simulation time, the averaged system will be
symmetric (note, this will not be true for the 290K case due to the lack of diffusion). As a
result, we can symmetrize Fig.5(d) according to the P6;/mmc space group [10] and yield
Fig.5(e), which is very close to the experimental TEM image of Fig.5(f) [27]. One can
also construct the TEM image using the UHCM. This time, to yield the full symmetry, all
the a, b, ¢ sites are occupied with Cu but with weights corresponding to a 0.31:0.41:0.28
ratio. The so constructed TEM image is shown in Fig.5(c), which is sharper than the
450K MD ones, but still similar to the experimental image in Fig.5(f). All these indicate
that, our simulated 450K MD structure is consistent with the experimental TEM data
(likely also with the XRD data judged from the XRD constructed electron charge density
[10,26]), but at the same time, such data is not enough to uniquely determine the crystal
structure (e.g. distinguish between Fig.5(e) from Fig.5(c)). Indeed, in the original work of
the XRD fitting [10,26], there were discussions about the relatively large fitting errors in

the proposed H-chalc. structure.

In summary, using large scale ab initio MD simulations, we have revealed that the
H-chalc. is a solid-liquid hybrid phase, with Cu atoms located near the a, d and e sites,
instead of the a, b and c sites as previously assumed. More importantly, the H-chalc. is
not a fixed solid-solution phase, instead its Cu sub-lattice is in liquid phase while the S
sub-lattice is in solid crystal phase. The L-chalc. to H-chalc. phase transition is a
sub-lattice solid to liquid transition. This is the first time such low temperature

solid-liquid hybrid phase has been found (in a well known material). This discovery also



makes it worthwhile to re-evaluate many similar solid-solutions with empty sites partially

occupied.
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Figures:



Fig.1, a schematic view of the Cu,S structure.
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Fig.2, the average diffusion distance squares as functions of time t, for the L-chalc. 290K
temperature simulation (a), and H-chalc. 450K simulation (b).
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Fig.3, (a) the simulated cell with S atom denoted by yellow ball, Cu by blue ball, and the
longest diffusion Cu atom (atom 81) by red ball. Its initial and final positions are
connected by a dashed line; (b) the fractional coordinate x (which in the direction 1 of
Fig.1) of atom 81 as a function of time t.
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Fig.4. the distance distribution function of Cu atoms to the centers of 2S, 3S and 4S
atoms for different structures and simulated systems. The high Chalc. model in (d) is the
UHCM discussed in the text, while the low Chalc. structure in (c) is the DFT relaxed
structure.
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Fig.5, (a) the simulated TEM image for 295K MD; (b) the experimental L-chalc. TEM
image take from Ref.27; (c) the constructed TEM image from the unrelaxed H-chalc.
model; (d) the simulated TEM image for 450K MD; (e) the symmetrized 450K MD
image from image (d); (f) the experimental TEM image take from Ref.27. The horizontal
axis is the direction 3 shown in Fig.1, while the vertical axis is the direction 1. The
viewing directions of these images are from direction 2 shown in Fig.1. The bright red
spots are S atoms. From red to blue, the density decreases.



