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Profiling the off-center atomic displacements in CuCl at finite temperatures
with a deep-learning potential
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Cuprous halides (CuX, X = Cl, Br, or I) have been extensively investigated in the literature, but there still
exist debates on whether the ground-state structures of CuX are zinc blende. By performing molecular dynamics
simulations at finite temperatures with a newly developed accurate deep-learning potential for CuCl, we find that,
in the absence of accurate exchange interactions, there exist collective off-center displacements of Cu, leading
to the formation of large complex Cu cluster structures. However, these cluster structures are unstable once
exchange interactions are properly included. Nevertheless, due to strong anharmonicity, thermal fluctuations
could also lead to sizable off-center Cu displacements, resulting in instantaneous small Cu clusters. Still, these
cluster configurations are not stable or metastable in the ground state. We thus unambiguously demonstrate that,
although anharmonic off-center displacements of Cu are present in CuCl at finite temperatures, zinc blende is
still the thermodynamically most favorable phase. These insights are critical to the understanding of liquidlike
anharmonic behavior of Cu atoms in various Cu-containing compounds, which impacts a number of important
properties such as thermal conductivity, ferroelectricity, and superconductivity.
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I. INTRODUCTION

Cuprous halides (CuX, X = CI, Br, or I) are wide-band-
gap semiconductors with promising applications in electronic
and optoelectronic devices [1-4]. In particular, being a native
p-type semiconductor, the transparent Cul film has not only
been employed as a hole transport material in solar cells [5-7],
but also has shown exceptional performance as a thermoelec-
tric material [8—10]. However, despite their wide applications,
a thorough microscopic understanding of why this class of
ionic crystals maintains a zinc-blende structure is still lacking.
Highly ionic materials usually prefer the rocksalt structure.
There is actually a critical threshold for the ionicity [11],
above which the rocksalt structure with six-fold coordination
is preferred and below which four-fold-coordination struc-
tures such as diamond, zinc blende, or wurtzite are favored.
The ionicities of cuprous halides are near the critical thresh-
old, leading to many anomalies.

Among the cuprous halides, CuCl is the most puzzling.
Most notably, it has been speculated that CuCl is structurally
disordered at room temperature with the Cu ions showing
large displacements away from their tetrahedral sites in the
zinc-blende crystal structure. Wei et al. [12] reported the exis-
tence of metastable secondary energy minima with low energy
barriers when Cu moves along the four [111] antibonding di-
rections [Fig. 1(a)] by performing first-principles calculations
within the local density approximation (LDA). The presence
of the metastable energy minima was rationalized in terms
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of s-d coupling. More specifically, due to the small energy
difference between occupied Cu 3d orbitals and unoccupied
4s orbitals, these states could interact strongly. However, in
an ideal zinc-blende structure the coupling between Cu 3d and
4s states is symmetry forbidden. But, once Cu displaces away
from the center of the tetrahedron, the coupling between Cu
3d and 4s states becomes allowed, which significantly reduces
the total energy and destabilizes the zinc-blende structure
[Fig. 1(a)]. Later, it was further reported that collective off-
center displacements of four neighboring Cu atoms in a larger
supercell (32 atoms) may form a “Cuy” local configuration
[13] [Figs. 1(b)-1(d)], the energy of which is even lower than
that of the ideal zinc-blende structure [see the curves for CuBr
and CuCl in Fig. 1(b)]. Similarly, if the displacement is along
the [100] direction, a more distorted “Cu;” configuration can
be formed in a 64-atom supercell of zinc-blende CuCl [14]
[Fig. 1(e)]. In short, theoretical calculations suggested that
the ground state of CuCl may not be zinc blende, which was,
however, never observed in experiments [15-19].

To resolve this puzzle, we have recently systematically
investigated the structural anomalies in zinc-blende cuprous
halides in comparison with other typical semiconductors
based on accurate first-principles calculations [20,21]. We
showed that the discrepancy between theory and experiment
in early studies stems from inaccurate treatments of the
exchange interactions in the local (LDA) or semilocal Perdew-
Burke-Ernzerhof (PBE) [22] functionals. With an accurate
Heyd-Scuseria-Ernzerhof (HSE) [23] hybrid functional, the
Cuy configuration was found to be unstable in all cuprous
halides [20,21], agreeing well with experiments. For CuCl,
as the exchange contribution increases, the empty s states get
pushed up in energy and the occupied d states significantly

©2023 American Physical Society
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FIG. 1. Potential energy as a function of the displacement of (a) one Cu atom and (b) four Cu atoms (Cuy) from the center of the halide
tetrahedron toward the face center of the tetrahedron in CuX. Perspective views of (c¢) zinc-blende structure and (d) Cu, configuration. (e) Front
view (along the [100] direction) of the distorted Cu; configuration (seven Cu atoms in red circles). The central Cu atom is displaced along the

[100] direction.

drop in energy; the enhanced s-d energy separation weakens
s-d coupling and decreases its impact on the total energy.
Consequently, the Cu atoms would prefer to stay at the centers
of the tetrahedra. The same physics holds for CuBr and Cul
as well. Hence we concluded that exchange interactions play
a decisive role in stabilizing zinc-blende cuprous halides.

However, systematic studies of different possible cluster
configurations and their stabilities at finite temperatures are
still missing. In particular, there might be cluster configura-
tions beyond the already known Cuy and Cu; structures; it
is also unclear if those configurations are also unstable once
the exchange interactions are properly included and how they
behave at finite temperatures. To answer these questions, a
typical strategy would be performing ab initio molecular dy-
namics (AIMD) simulations with accurate hybrid functionals.
While AIMD has become computationally affordable for rea-
sonably sized supercells with, typically, a few hundred atoms,
practical cases are mostly carried out with local or semilocal
exchange-correlation functionals. Conducting AIMD simula-
tions with accurate hybrid functionals is still computationally
prohibitive for large supercells, which means that these
calculations would only be possible with relatively small su-
percells, making the examination of large complex Cu cluster
configurations extremely challenging. Thus it is critical to find
a computationally more effective way to take into account the
exchange interactions, enabling AIMD simulations for large-
scale systems. A plausible solution is to develop accurate
and transferrable interatomic potentials for these materials
based on machine learning, such as deep-learning potentials
for molecular dynamics (DeePMD) [24,25].

In this work, to solve the dilemma of accuracy versus
efficiency, we develop an interatomic potential based on the
DeePMD formalism for the zinc-blende CuCl system, which
enables us to carry out large-scale molecular dynamics (MD)
simulations at finite temperatures. The models are trained by
fitting to accurate first-principles data generated employing
the HSE hybrid functional for affordable small supercells,
which enables systematic profiling of the anharmonic off-
center atomic displacements in CuCl at finite temperatures.
A similar potential is trained with data sets generated using
the PBE functional, which is employed for a comparative
study. With the newly developed deep-learning potentials
for CuCl, we find that there indeed exist complex large Cu
cluster configurations (beyond Cuy and Cu;) when exchange
interactions are not included (i.e., using the PBE-based po-
tential). However, these clusters are unstable once exchange
interactions are properly taken into account (i.e., using the
HSE-based potential). Still, thermal fluctuations could lead
to pronounced off-center Cu displacements due to strong
anharmonicity, leading to instantaneous small Cu clusters.
Nevertheless, these cluster configurations are not stable or
metastable in the ground state. In above, we conclude that
zinc-blende CuCl is indeed thermodynamically stable against
off-center displacements of Cu atoms, which should also ap-
ply to CuBr and Cul, since the lattice anharmonicity in these
two materials is even weaker.

This paper is organized as follows. In Sec. II, we de-
scribe the details of data set preparation, training method, and
performance of the deep-learning potentials. In Sec. III, we
illustrate an application of the trained deep-learning potential
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FIG. 2. Total energy (referenced to the energy of zinc-blende structure) as a function of configuration coordinate Q (in units of amu®? A; see
detailed definition for Q in, e.g., Ref. [28]) in CuCl while varying the fraction of the nonlocal Fock exchange (the AEXX parameter) in the HSE
hybrid functional. An AEXX of 0.39 corresponds to the case where the theoretically computed band gap agrees with the experimental value.
(a) Benchmark tests regarding I'-point mesh (red lines) and 2 x 2 x 2 k-point mesh (black lines) with different exchange mixing parameter
(zero represents PBE). (b) Benchmark tests regarding different sizes of CuCl supercells (64, 216, and 512 atoms) using the PBE functional

with I'-point sampling.

to studying the sophisticated atomic structure of CuCl at fi-
nite temperatures. Section IV summarizes and concludes this
work.

II. DEVELOPMENT OF DEEP-LEARNING POTENTIAL

A. Preparation of training data sets

In this study, we employ a practically affordable supercell
(64 atoms, comprising 32 Cu and 32 Cl) for AIMD simu-
lations with the HSE hybrid functional using the Vienna ab
initio simulation package (VASP) [26,27]. To be more specific,
the HSE hybrid functional used here adopts a screening pa-
rameter i of 0.2 A=, The Brillouin zone is sampled using
the I' point. The energy cutoff of the plane-wave basis is set
to 500 eV. By performing benchmark tests regarding k-point
mesh [Fig. 2(a)] and supercell size [Fig. 2(b)], we find that
it is sufficiently accurate to use a 64-atom supercell with I"-
point sampling to perform our calculations in order to capture
the key physics of concern. We note that, although here we
mainly focus on the difference between the PBE and HSE
functionals, the key is to correctly describe the s-d coupling,
which can be well reproduced by using the PBE+U approach
with a properly benchmarked U parameter on the Cu 3d
orbitals.

The procedure of preparing data sets is as follows. First,
the primitive cell of zinc-blende CuCl is relaxed using the
HSE hybrid functional to obtain the optimal lattice constant.
The atomic positions and cell shape and volume are all fully
relaxed during the energy and force minimizations. The con-
vergence criteria employed for structural relaxations are set
to 107> eV for energy and 0.01 eV A~' for force. Next,
the relaxed two-atom primitive cell is expanded into a cubic
64-atom supercell. This supercell is employed as the ini-
tial configuration for the AIMD simulations. Finally, AIMD

simulations are carried out at 300 K for 10 ps (10 000 time
steps) in the canonical (NVT) ensemble, during which the total
energies of the system and the forces of individual atoms are
calculated at every time step.

The AIMD simulations are performed using the HSE func-
tional with the nonlocal-Fock-exchange mixing parameter set
to 0.39 in order to reproduce the experimental band gap of
CuCl, i.e., 3.399 eV [20,29,30]. In principle, the fraction of
the nonlocal Fock exchange can also be determined by bench-
marking against the experimental lattice constants. However,
in the present case the lattice parameter only changes slightly
when we use the PBE functional (5.426 ;\) and the HSE
functional with 0.39 mixing (5.454 A). Hence we focus on
reproducing the experimental band gap, which also yields a
more accurate description of the s-d separation and coupling
[21].

The 10000 frames of data are used for deep-learning po-
tential training in the subsequent section. The first 80% of the
data set are used as the training set and the remaining data
are employed for validation. In order to accurately capture the
physical properties at a wider range of volume, we extend our
training data set by including another three AIMD simulations
with the functional and temperature identical to the previous
simulation: one in the NPT ensemble and another two in
the NVT ensemble with smaller and larger volumes than the
initial supercell, respectively. Each of the three simulations are
performed for 1 ps (1000 time steps) to obtain 1000 frames of
data for training.

To illustrate the importance of the exchange interactions,
we also perform another set of AIMD simulations using the
PBE functional, with other settings all identical to previous
simulations using the HSE functional, with which we develop
another deep-learning potential for CuCl with the PBE level
of accuracy.
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B. Training of the deep-learning potential

In this work, the trainings are performed using the
deep-learning package for many-body potential energy repre-
sentation and molecular dynamics (DeePMD-kit) [31] within
the deep-learning potential generator (DP-GEN) [32]. Consid-
ering a system of N atoms in a three-dimensional Euclidean
space, the local environment matrix R; of the ith atom is
defined as an N; x 3 matrix, which contains the relative co-
ordinates of N; atoms included in a sphere centered at the
coordinate of the ith atom with a predefined cutoff radius
r.. By definition, the local environment matrix preserves
the translational symmetry. Further, for each atom i, the
symmetric matrix Q' = R'(R")T is an overcomplete array of
invariants with respect to translation and rotation. However,
this symmetric matrix switches rows and columns under a
permutational operation. Thus a feature matrix D; is defined to
guarantee the translational, rotational, and permutational sym-
metries at the same time by taking an embedding procedure.

The potential energy E of the system is decomposed into
atomic-energy contributions:

E = ZE )

where i denotes the indexes of the atoms. Each atomic energy
E; is determined by the local environment of the ith atom:

E; = E{(Di{R;}), )

where D; is the feature matrix and R; is the local environment
matrix. The whole preprocessing is solved in three steps.

First, R; is converted to the generalized local environment
matrix R; referring to the formula

~  S(rj)
R; = {xji, yji, zji} = R = %{rji,xji,yjinji}v 3
Jji

where S(r;j;) is a continuous and differentiable scalar weight-
ing function applied to each component, defined as

1

e rji < Fes,
L) — 1 1 rii—re 1
S(rji) = r_,,[z cos (nﬁ) + E:I, Fes < Tji < I, @)
0, Tji > Te.

Here r., is a smooth cutoff parameter, r, is the cutoff radius,
andrj,»:|rj,-|=|rj—ri|§rc. N

Second, through an encoding network, R; mapped to the
embedding matrix G*' and G*.

Third, the matrix D; can be defined through the product of
matrices:

D; = (G R(R) G (5)

Using D; as the input node of the fitting neural network, E;
as output node is obtained after linear and nonlinear transfor-
mation. The total energy of the system can be obtained by
adding resulting E;. In addition, since the resulting function
is smooth, the force can be expressed as F; = —V,,E. The
embedding and fitting neural networks are optimized via min-
imization of loss functions:

P
L(py, pe) = #ZIAE|2+178A82, (6)
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FIG. 3. Comparison of the energy and forces computed with
the DeePMD kit with respect to the reference DFT data for the
same configurations: (a),(c) energy per atom in the configuration:
(a) HSE-based potential and (c) PBE-based potential; (b),(d) the
corresponding atomic forces: (b) HSE-based potential and (d) PBE-
based potential.

where AF; and Ae are the force difference on the ith atom
and the energy difference per atom, respectively. N is the total
number of particles. p, and p are tunable prefactors. Readers
are encouraged to revisit [31,33] for further details.

In this work, the smooth version of the deep-learning po-
tential model is adopted [33]. The smooth cutoff parameter
(res) is chosen to be 0.5 A. The radial cutoff (r,) is taken as 6
A. That means the inverse distance 1/r decays smoothly from
0.5 A to 6 A in order to remove the discontinuity introduced
by the cutoff, which is sufficient to capture atoms in the first
coordination shell. The embedding network of size [25, 50,
100] follows a residual-network-like architecture [34]. The
fitting network is composed of three layers, with each contain-
ing 240 nodes. The Adam stochastic gradient descent method
[35] is used and the learning rate decreases exponentially from
1.0 x 1073 to 3.5 x 1078, The decay rate is approximately
0.95 and the decay step is set to 5000. The tunable prefactors
in the loss functions (p*", p$™, phimit - and pl;.m“) are set to
0.02, 1000, 1, and 1, respectively.

C. Performance of the deep-learning potential

When the training completes, the potential is tested to ver-
ify its accuracy. Figure 3 illustrates the quality of the trained
potentials for zinc-blende CuCl based on density-functional
theory (DFT) calculations with the HSE and PBE functionals.
In the case of a perfect matching, all data points plotted in
Figs. 3(a)-3(d) would be strictly on the diagonal line. One
can see that most points lie in a close vicinity of the diag-
onal. The root-mean-square errors (RMSEs) of energies and
forces for validation shown at the corner in Figs. 3(a)-3(d)
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TABLE 1. Comparison of computed properties of zinc-blende
CuCl, including lattice parameter a in A, bulk modulus B in GPa,
and elastic constants Gj; in GPa.

HSE PBE
Expt. DFT Potential DFT Potential
a(A) 5.420° 5.464 5.471 5.436 5.456
B (GPa) 65%,40° 48 47 49 52
Cy1 (GPa) 45° 55 55 56 59
C), (GPa) 37° 45 43 45 49
Cy4 (GPa) 15° 16 15 15 15

4Reference [36].
bReference [37].

are sufficiently small, validating the accuracy of the newly
developed deep-learning potentials in predicting energies and
atomic forces.

In addition to basic tests for energy and force, we also
check the performance of the deep-learning potentials in de-
scribing the basic properties for the zinc-blende phase of CuCl
(y-CuCl) (see Table I). It is evident from the table that our
deep-learning potentials can well reproduce the DFT data with
either the HSE or PBE functionals and agree well with the
experimental results.

In Fig. 4, we compare the energy-volume curves obtained
from DFT and the two potentials. One can see that, within a
wide range of volume, the predictions of the potentials agree
well with the DFT results, which further demonstrates the
accuracy of the newly developed potentials for a wide range
of volume.

For our current investigation, a key quantity of interest
is the potential energy surface with respect to the off-center
displacements of Cu, for which we carefully benchmark in
Fig. 5. Here we present the energy variation with respect to
the collective off-center displacements of four neighboring
Cu atoms (Cuy), using a 64-atom supercell for CuCl. We
introduce the Cuy configuration and then relax the structure.
The HSE result shows that the zinc-blende structure is the
most stable configuration, being consistent with the exper-
imental observation. The PBE data give the opposite trend
that the Cuy configuration seems to be more stable, due to
the underestimated s-d separation resulting from the semilocal
PBE functional. Our deep-learning potentials capture well
the different trends that the HSE and PBE results exhibit,
respectively (see Fig. 5).

To further assess the accuracy of the deep-learning poten-
tials in computing finite-temperature properties, we compute
the phonon spectra by means of the finite displacement
method as implemented in the PHONOPY package [38]. Fig-
ure 6 shows the phonon band structures along high-symmetry
directions in the Brillouin zone, which reveals remarkable
agreement between the exact DFT results and the ones
obtained from the deep-learning potentials. However, to
demonstrate the importance of accurate exchange interactions
for the vibrational properties, we also analyze the vibra-
tional density of states (VDOS) of each phonon spectrum
(see Fig. 7). Usually, within the Debye model of vibrational
spectra, the VDOS at low energies is proportional to the
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FIG. 4. Energy-volume curves described by DFT and deep-
learning potentials (with the energy of the lowest configuration
shifted to zero) derived from (a) HSE and (b) PBE data sets.

frequency squared. However, in some materials, their spectra
depart from this law and result in peaks upon normalizing the
VDOS by frequency squared, which are commonly referred
to as the “boson peak” [39—41]. As depicted in Fig. 7(c), after
normalizing the VDOS in Fig. 7(b) by the frequency squared,
a significant peak appears in the PBE-based results, which
is due to the fact that the PBE functional induces stronger
anharmonicity than the HSE hybrid functional for CuCl, in
agreement with our previous results (see Fig. 5). In particular,
the boson peak derived from the PBE functional is much
sharper than that from the HSE functional [Fig. 7(c)], which
means that CuCl tends to be more disordered in the absence of
accurate exchange interactions. More details will be discussed
in the following section. Overall, based on these comparisons
with DFT and the deep-learning potentials, we can conclude
that both the HSE and PBE deep-learning potentials describe
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FIG. 5. Total energy (with the energy of zinc-blende structure
shifted to zero) as a function of configuration coordinate Q (in units
of amu®3 A) in CuCl, described by DFT and deep-learning potentials
derived from (a) HSE and (b) PBE data sets.

lattice vibrations very well, enabling a predictivity in finite-
temperature properties.

III. ATOMISTIC SIMULATIONS WITH DEEP-LEARNING
POTENTIALS

After checking the accuracy of the newly developed deep-
learning potentials, we employ them to perform atomistic
simulations of the finite-temperature properties of CuCl us-
ing the LAMMPS package [42]. The Nosé-Hoover thermostat
[43.,44], periodic boundary conditions, and the canonical en-
semble are applied in the simulations. The initial simulation
cell consists of 8000 atoms (10 x 10 x 10 supercells of the
cubic unit cell). The simulations are run for 0.1 ns (100000
time steps) for equilibration within the canonical ensemble.
The damping parameters for the thermostat are chosen to be
0.01 ps. The MD simulations are performed at 100, 300, and
500 K, which are lower than the melting point of CuCl (696 K
[45]).
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FIG. 6. Phonon dispersion spectra for zinc-blende CuCl de-

scribed by DFT and deep-learning potentials derived from (a) HSE
and (b) PBE data sets.

Before studying how temperature affects the off-center
displacements of Cu atoms and thus the coordination number
(CN) of Cu with Cl, we first analyze the partial radial dis-
tribution functions (PRDFs) of the Cu-Cl pair to determine a
proper cutoff radius in the CN counting. In Fig. 8, one can
see that, for the ideal zinc-blende structure, the bond length
between Cu and neighboring Cl atoms is approximately 2.35
A. For the deep-learning potential trained with the HSE data
sets, as the temperature increases, the peaks at 2.35 A in
the PRDFs exhibit sizable broadening between 2.0 and 2.75
A. Hence we choose 2.75 A as the cutoff radius during the
statistical evaluation of the CNs.

In Fig. 9, for the deep-learning potential trained with
the HSE data sets, when the temperature is relatively low
(100 K), almost all Cu atoms are in fourfold coordination,
corresponding to the ideal zinc-blende crystal structure. As
the temperature rises from 100 to 500 K, more and more
Cu atoms move away from their tetrahedral sites. At room
temperature (300 K), approximately 10% of Cu atoms are at
off-center sites. This estimation is half of the one obtained
by Park and Chadi, which was estimated based on the static
strain energy computed from first principles using the LDA
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FIG. 7. Vibrational density of states (VDOS) D(w) calculated
using (a) the deep-learning potentials and (b) DFT with the PBE
(black line) and HSE (red line) functionals. (c) VDOS normalized
by the frequency squared, i.e., D(w)/w?, for the same data in (b), but
with a focus on the low-frequency region.

functional for a small supercell [13]. By contrast, the results
given by the potential trained using PBE functional lead to
an anomalous consequence: for all temperatures studied (100,
300, or 500 K), most of the Cu atoms (almost 60%) always
prefer threefold coordination. Under this circumstance, the
zinc-blende CuCl would be unstable at low temperatures.

To further investigate the Cu cluster configurations from
MD simulations, we extract the properly equilibrated frames
from the MD simulations performed at 300 K, analyze their
PRDFs, and compare them with the PRDFs of the ideal
zinc-blende structure. In Fig. 10, one can see that, for the
deep-learning potential trained with the HSE data sets, the
peaks in the PRDFs hardly move in position, but exhibit
broadening due to the temperature-induced lattice vibrations
compared to the ideal zinc-blende structure. By contrast, in
the PRDFs of the potential trained using PBE functional, the
first peak position of the Cu-Cu pair moves toward much
lower distances. The qualitative differences in those PRDFs
can be rationalized by the fact that the zinc-blende structure is
stable within the HSE-based potential, but unstable within the
PBE-based one. Hence the PBE-based simulations identify Cu
atoms being energetically favorable at off-center sites, which
leads to completely different PRDFs compared with the HSE
case.

We further analyze the Cu clusters in the equilibrium con-
figurations from MD simulations performed at 300 K using
the deep-learning potential trained with PBE data sets [see

(@) ——PBE @ 100 K
—— PBE @ 300 K
—— PBE @ 500 K

Ideal Zinc-Blende
—— HSE @ 100 K
—— HSE @ 300 K
— HSE @ 500 K

| M\M%

Pair separation distance (A)

Radial distribution function of Cu-Cl
G

10

FIG. 8. Computed partial radial distribution functions (PRDFs)
of the Cu-Cl pair in the ideal zinc-blende structure (black curve),
the equilibrium configurations from the MD simulations performed
using the deep-learning potentials trained with (a) PBE and (b) HSE
data sets at 100 K (red curves), 300 K (blue curves), and 500 K (green
curves). The vertical short dot line marks a specific value of 2.75 A
in the pair separation distance.

Fig. 11(a)]. In order to distinguish between different Cu clus-
ters as much as possible, we choose a Cu-Cu distance cutoff
of 3.2 A, which sits in the middle between the average Cu-
Cu distance in the ideal zinc-blende structure (approximately
3.8 A) and the length of the Cu-Cu bonds if two Cu atoms
displace along the [111] or equivalent antibonding directions
to the face center of the tetrahedron (approximately 2.7 A).
In Fig. 11(a), one can see that most of the Cu clusters are

(b) (c)

D
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FIG. 9. Computed coordination number (CN) of Cu with neigh-
boring Cl atoms as obtained from MD simulations performed at
different temperatures using the deep-learning potentials trained with
(a)—(c) PBE and (d)—(f) HSE data sets. For each subgraph, the hori-
zonal axis stands for the number of MD steps and the vertical axis
represents the ratio of Cu atoms with a specific CN to the total Cu
atoms in the whole system.
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FIG. 10. Computed PRDFs of (a) the ideal zinc-blende structure,
the equilibrium configurations from MD simulations performed at
300 K using the deep-learning potentials trained with (b) PBE and
(c) HSE data sets. In zinc-blende structure, the PRDFs of Cu-Cu pair
(black curve) and CI-Cl pair (blue curve) completely overlap.

forming zigzag chain structures, which contain lots of Cu
atoms. To examine whether these finite-temperature cluster
configurations are stable or metastable ground-state struc-
tures, we perform structural relaxations for the structure at
0 K using the PBE-based potential [see Figs. 11(b) and 11(c)].
After relaxation, a new “defective” structure is gradually
formed, which has lower total energy than zinc-blende, Cuy,
and even Cuy structures according to the PBE-based potential.
The complete defective structure based on the PBE potential
shows an amorphouslike phase, which explains the sharp bo-
son peak revealed in Fig. 7(c). Since the sizes of the supercells
in DFT calculations are limited, only small clusters like Cuy
and Cuy rather than this large complex cluster configuration
were observed in previous studies [13,14].

To further investigate the structural deviation of the new
defective structure from the ideal zinc-blende structure, we
cut a local volume out of the original large structure (see
Fig. 12) and compare it with the ideal zinc-blende structure
in three orthogonal directions ([001], [110], and [110]). As
shown in Fig. 12, in a single chain of the new structure, two
of the four neighboring Cu atoms are displaced to the face
center of a tetrahedron along the [111] antibonding directions,
transitioning from fourfold coordination to threefold coordi-
nation. The distance of these two Cu atoms changes from
3.8 A (average Cu-Cu bond length in the ideal zinc-blende
structure) to approximately 2.7 A. This gives an explanation
to the discrepancy in the PRDFs in Figs. 10(a) and 10(b) and
reveals why most of the Cu atoms always prefer threefold
coordination in Figs. 9(a)-9(c). Another two of the four neigh-
boring Cu atoms move along the [001] direction, similar to the
central Cu atom in the Cuy configuration mentioned above,
shifting from fourfold coordination to twofold coordination.
The displacement along the [001] direction is equivalent to a

superposition of displacements along two of the [111] direc-
tions, so the new defective structure is basically constructed
by off-center displacements of Cu atoms along different [111]
directions.

Figure 13 provides another comparison between the new
defective structure and the Cu; configuration. As the fig-
ure shows, the new structure is mainly composed of two
kinds of domains, which contain two groups of chains that
are orthogonal to each other. In one of the domains, the
structure far away from the domain wall is similar to the
centering configuration of the Cu; cell [Figs. 13(a) and 13(d)].
Due to the periodic boundary condition, four corners of the
Cuy cell can be combined into another substructure, which is
identical but orthogonal to the centering configuration. The
interface of the centering configuration and the substructure
at the corner of the Cu; cell share many similarities with
the structure of the domain wall in the new defective struc-
ture [Figs. 13(a)-13(c) and 13(e)]. More specifically, the Cu;
configuration, which was discovered by Bickham et al. in
1999 through DFT calculations using the PBE functional, is
actually the smallest structure that contains almost all the
typical characteristics that a macroscopic structure (like the
new structure we identified here) would have. Since these
kinds of structural characteristics can lower the total energy of
the system if relaxed using the PBE functional, for the same
size of cells, the Cuy configuration has a lower energy than
the Cuy configuration. To better understand the complex new
structure, we also identify the primitive cell (12 atoms) of the
new structure in one of the two orthogonal domains in the
large defective supercell with 8000 atoms. More details are
provided in the Supplemental Material [46]. This simplified
structure, which has lower total energy per atom than the Cuy
and Cuy configuration, turns out to be the most stable one of
CuCl within the PBE functional.

After analyzing Cu clusters and structural relaxation results
using the PBE-based potential, we, again, perform the same
analysis using the deep-learning potential trained with the
HSE data set. As depicted in Fig. 14(a), for the HSE-based
potential, all the Cu clusters are rather small; even the top
10 largest ones only contain no more than four or five Cu
atoms, which are significantly different from those zigzag
chain structures in the representative configuration from MD
simulations performed using the PBE-based potential [see
Fig. 11(a)]. We also perform structural relaxations for the
configuration at 0 K using the HSE-based potential [see
Figs. 14(b) and 14(c)]. After relaxation, the structure from
MD simulations returns to ideal zinc blende, which means
that the off-center-like small Cu clusters are only formed by
primarily instantaneous thermal fluctuations. We also evaluate
the total energy of the new structure identified above com-
pared to Cuy, Cuy7, and zinc blende, using the HSE hybrid
functional. We find that, in contrast to the PBE results, the
simplified new structure becomes energetically unfavorable
when using the HSE functional [46].

To distinguish the new defective structure from the ideal
zinc-blende structure in a more quantitative way and to check
if it is actually present in CuCl, we calculate the x-ray diffrac-
tion (XRD) patterns of these several structures of CuCl (see
Fig. 15) with the VESTA program [47]. One can see that
there is almost no difference in the XRD patterns between
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FIG. 11. (a) Cu cluster analysis of the equilibrium configurations from MD simulations performed at 300 K using the deep-learning
potential trained with PBE data sets. All the Cl atoms are hidden and the Cu-Cu bond cutoff is set to 3.2 A. For the sake of convenience,
only the top ten largest Cu clusters are shown in each subgraph. Different colors are used to distinguish different clusters from each other.
(b) Equilibrium configuration from MD simulations performed at 300 K using the deep-learning potential trained with PBE data sets.
(c) Atomic structure of the configuration in (b) after structural relaxations (i.e., energy and force minimizations). The blue spheres depict

Cu atoms and the green spheres represent Cl atoms.

the ideal zinc-blende structure and an equilibrium configu-
ration from MD simulations performed at 300 K using the
deep-learning potential trained with the HSE data set, as the
off-center displacements in the HSE-based MD simulations
are mostly caused by instantaneous thermal fluctuations. For
the Cuy configuration, since the four displaced Cu atoms
are localized in a relatively small region in the supercell,
its XRD pattern is only slightly different from ideal zinc
blende. While for the Cu; configuration and the new de-
fective structure [PBE @ 300 K (relaxed)] we found, many
other sharp characteristic peaks (e.g., the peaks within 10—

20°, slightly below, and above 28°) can be observed in their
XRD patterns. However, by comparing with the experimen-
tally measured XRD, it is apparent that the characteristic
peaks of the defective configurations are completely absent.
This unambiguously demonstrates that the defective cluster
configurations as obtained from first-principles PBE calcula-
tions or the PBE-based deep-learning potential are unstable
in reality; the exchange interactions are essential here, which
can be properly treated by the HSE hybrid functional or the
newly developed deep-learning potential of an HSE level of
accuracy.

FIG. 12. (a) Atomic structure of a representative equilibrium configuration from MD simulations performed at 300 K using the deep-
learning potential trained with the PBE data set. (b)—(d) Local structure extracted from the red box in (a), viewing from (b) [001] direction,
(¢) [110] direction, and (d) [110] direction. (e)—(g) Ideal zinc-blende structure for comparison, viewing from (e) [001] direction, (f) [110]
direction, and (g) [110] direction. The red arrows and directions labeled depict the displacement directions of Cu atoms (blue spheres) in the
local configuration of the new “defective” structure compared to the ideal zinc-blende structure.
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FIG. 13. (a) Atomic structure of a representative equilibrium configuration from MD simulations performed at 300 K using the deep-
learning potential trained with the PBE data set. The red boxes with different labels mark several regions that are similar to those parts in the

Cuy configuration (b)—(e).

IV. CONCLUSIONS

We have developed an accurate deep-learning potential
for CuCl, which allows us to probe the off-center atomic
displacements in CuCl at finite temperatures. This potential
combines a high accuracy at the HSE level, which is essential
for an accurate description of the structural and electronic
properties of CuCl. With MD simulations using the newly

(a) HSE Potential (Cu cluster)

developed potential, we found that around 10% of Cu are off
center from the tetrahedral sites at room temperature, which
is drastically lower than the result derived from a similar
potential at the PBE level of accuracy.

With a careful cluster analysis, we found that there in-
deed exist large complex Cu cluster configurations (beyond
Cuy and Cuy) when exchange interactions are not taken
into account (i.e., using the PBE-based potential). However,

FIG. 14. (a) Cu cluster analysis of a representative equilibrium configuration from MD simulations performed at 300 K using the deep-
learning potential trained with the HSE data set. All the Cl atoms are hidden and the Cu-Cu bond cutoff is set to 3.2 A. For the sake of
convenience, only the top 10 largest Cu clusters are shown in each subgraph. Different colors are used to distinguish different clusters from
each other. (b) A representative equilibrium configuration from MD simulations performed at 300 K using the deep-learning potential trained
with the HSE data set. (c) Atomic structure of the configuration in (b) after structural relaxations (i.e., energy and force minimizations). The

blue spheres depict Cu atoms and the green spheres represent Cl atoms.
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FIG. 15. X-ray diffraction (XRD) patterns of several kinds of
structures of CuCl, calculated using the VESTA program [47]: equi-
librium configurations from MD simulations performed at 300 K
using the deep-learning potentials trained with HSE data sets (pur-
ple curve), PBE data sets (green curve, after relaxation), Cu; (blue
curve), Cuy (red curve), and the ideal zinc-blende structure (black
curve). The experimental XRD [48] of CuCl nanoparticles at tem-
perature 25 °C (yellow curve) is depicted for comparison.

these clusters are unstable once exchange interactions are

properly treated (i.e., using the HSE-based potential). Still,
due to strong anharmonicity, thermal fluctuations could still
lead to sizable off-center Cu displacements, leading to in-
stantaneous small Cu clusters. Nevertheless, these cluster
configurations are not stable or metastable in the ground
state.

Therefore, we conclude that zinc-blende CuCl is indeed
thermodynamically stable against off-center displacements
of Cu atoms, despite the strong lattice anharmonicity. This
conclusion should also apply to CuBr and Cul, since these
two materials are less anharmonic. The important insights of
strong lattice anharmonicity and its impact on the off-center
displacements of Cu are expected to be relevant to various
properties such as ferroelectricity [49,50] and superconduc-
tivity [51] in cuprous halides and other compounds, since the
lattice anharmonicity may tune the critical temperature 7, of
superconductors and the anharmonic damping can help to de-
velop a microscopic description of softening of optical modes
in the ferroelectric phase. Moreover, the newly developed
highly accurate deep-learning potential enables atomistic sim-
ulations and computations of various properties of CuCl at
finite temperatures, which constitutes an important basis for
future atomistic modeling studies.
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