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The existence of a charge density wave (CDW) in transition-metal dichalcogenide (TMDC) CuS, has remained
undetermined since its first experimental synthesis nearly 50 years ago. Despite conflicting experimental liter-
ature regarding its low-temperature structure, there exists no theoretical investigation of the phonon properties
and lattice stability of this material. By studying the first-principles electronic structure and phonon properties
of CuS, at various electronic temperatures, we identify temperature-sensitive soft phonon modes which unveil
a previously unreported Kohn anomaly at approximately 100 K. Variation of the electronic temperature shows
the presence of two distinct phases, characterized at low electronic temperature by a 2 x 2 x 2 periodic charge
modulation associated with the motion of the S, dimers. We find this is driven by a slight orbital occupation
imbalance of the copper d and sulfur p orbitals, reminiscent of the Jahn-Teller effect in finite systems.
Investigation of the Fermi surface presents a potential Fermi surface nesting vector related to the location of
the Kohn anomaly and observed band splittings in the unfolded band structure. The combination of these results
suggests a strong possibility of CDW order in CuS,. Further study of CuS, in monolayer form finds no evidence
of a CDW phase, as the identified bulk periodic distortions cannot be realized in two dimensions. This behavior
sets this material apart from other transition-metal dichalcogenide materials, which exhibit a charge density
wave phase down to the two-dimensional limit. As CDW in TMDC materials is considered to compete with
superconductivity, the lack of a CDW in monolayer CuS, suggests the possibility of enhanced superconductivity
relative to other transition-metal dichalcogenides. Overall, our work identifies CuS, as a previously unrealized

candidate to study the interplay of superconductivity, CDW order, and dimensionality.

DOLI: 10.1103/PhysRevMaterials.4.104001

I. INTRODUCTION

Transition-metal dichalcogenides (TMDCs) such as Ta,
Nb(S,Se), have displayed interesting physics including charge
density wave (CDW) formation and low-temperature super-
conductivity [1-7]. While bulk, layered TMDC structures can
host CDWs, recent studies have investigated the competition
between CDW order and superconductivity [7-9], as well as
the enhancement of superconducting 7;. in monolayer TMDCs
in relation to the suppression or lack of CDW order [10-15].
Despite the lack of a unified understanding of the origins of
CDW in TMDCs, thus far, studied examples have displayed
similar CDW characteristics down to the two-dimensional
(2D) limit, possibly limiting 7. enhancement.

Though the superconducting behavior of TMDC CuS; is
well known [16], there exists a long-standing debate about the
existence of CDW order in this material [17,18]. Initial studies
of bulk susceptibility [16,19], nuclear magnetic resonance
[17,19,20], and specific heat [17,20] have presented evidence
of a second-order structural phase transition at 150 K, hinting
at the formation of a CDW structure. However, a more recent
experiment rejected this possibility as a result of a contradic-
tory Hall coefficient measurement [18], and this stance has
been adopted by subsequent studies.
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Throughout this experimental debate, theoretical study of
CuS; has remained extremely limited [21-23]. Presently,
there are no reports of the phonon properties of CuS,, which
could provide critical insight regarding its structural phases.
Theoretical studies of other CDW materials, including NbSe;
[24], TiSe, [25,26], and TaSe, [27], have successfully cap-
tured CDW behavior and related phenomena through analysis
of electronic-temperature-dependent structural and electronic
properties.

In this context, we present ab initio calculations of the
electronic and phononic properties of CuS, as a function
of electronic temperature [28,29], which is modeled using
the Fermi-Dirac smearing width. We observe that the exper-
imentally reported high-temperature structure [16] exhibits
instabilities and a Kohn anomaly in the phonon dispersion
for calculations at low 7,. By constructing and stabilizing a
superstructure of CuS,, we report the existence of a2 x 2 x 2
periodic manifestation of this material. We find that the transi-
tion to the distorted structure is governed by a twice-periodic
displacement of the S, dimers of CuS,, related to opposite
breathing modes of the Cu octahedra. This results in a modula-
tion of the charge density of the same periodicity. We find this
phenomenon is caused by an unequal occupation of copper
d and sulfur p orbitals, which drives the system into lower
symmetry, reminiscent of a Jahn-Teller effect. By evaluating
the electronic structure of the low-temperature distorted struc-
ture, we observe the appearance of band splittings and identify
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a potential Fermi surface nesting vector associated with the
Kohn anomaly. Subsequently, we investigate monolayer CuS,
[30] and find no instabilities or any other hints of CDW forma-
tion, regardless of electronic temperature, possibly because it
cannot host the dimer motions observed in the bulk structural
distortion.

Together, our results strongly suggest CDW order in bulk
CuS; and, by identifying its origins, explain the absence of
CDW in the 2D limit. We therefore present it as an exemplary
platform to study the competition between superconductivity
and CDW order and, in particular, the role dimensionality
plays in these effects. We discuss the unique aspects of CDW
formation relative to well-known TMDC materials, and fur-
ther discuss pathways for enhancing superconductivity in both
bulk and monolayer CuS,.

In textbook one-dimensional (1D) systems, the origin of
CDW is conventionally analyzed in the Peierls instability pic-
ture [31-33], where the system undergoes a periodic lattice
distortion characterized by charge density modulation to form
a symmetry-reduced state. This results in band splittings at
the Fermi wave vector (%F) related to a Fermi surface nesting
vector l;nesting = 2kg, which connects multiple points on the
Fermi surface and indicates the location of a Kohn anomaly in
the phonon dispersion [34]. However, in higher-dimensional
systems, the analogy to the Peierls instability is not as straight-
forward [35] and Fermi surface nesting alone is generally not
sufficient for understanding the origin of CDW formation.
Other mechanisms include the excitonic insulator instability
[26,36], Jahn-Teller effects [36], and momentum-dependent
electron-phonon coupling [24,35,37], as well as a combina-
tion of these mechanisms.

II. METHODS

Therefore, to investigate the occurrence of CDW in CuS,,
we begin by considering its structural stability. We start with
the experimental pyrite (Pa3) structure measured at ambient
temperatures [16,17], with Cu atoms occupying fcc sites of
the unit cell, and S, dimers centered along cell edges. We
note this pyrite structure adopted by CuS, is quite distinct
from other layered TMDCs such as NbS, which have spatially
separated layers interacting by weak van der Waals forces.
After structural relaxation, we perform density functional the-
ory (DFT) [38] calculations with computational procedures
previously introduced [39-42]. To describe CuS,, we selected
the ultrasoft Rappe Rabe Kaxiras Joannopolous pseudopoten-
tials [43,44] parameterized for the Perdew-Burke-Ernzerhof
exchange-correlation functional [45]. We also include a Hub-
bard U parameter (DFT + U) of U = 0.5 eV, as determined
from first-principles linear response [46]. This relatively small
Uk 1s consistent with experimental studies which have found
weak electronic correlation [18,23] in CuS,, as we find the
bands near the Fermi energy are mostly of sulfur p (as
opposed to copper d) character. Calculations analyzing the
impact of U on results are shown in the Supplemental Material
[47].

The density functional theory electronic structure and
phonon calculations performed were all converged using a
20-Hartree plane-wave energy cutoff for the kinetic energy
and an 80-Hartree cutoff for the charge density. We have

also performed calculations at a 40-Hartree kinetic energy
cutoff (with corresponding 160-Hartree charge density cutoff)
and find no appreciable changes in our results. We used a
6 x 6 x 6 k-point mesh and a 2 x 2 x 2 phonon supercell to
model the electronic and phononic properties of the 12-atom
unit cell. We used equivalent wave-vector sampling densities
when modeling the distorted 2 x 2 x 2 superstructure (i.e., a
3 x 3 x 3 k-point mesh and a 1 x 1 x 1 phonon supercell).
Finally, for the monolayer structure, we used a 6 x 6 x 1k-
point mesh and a 2 x 2 x 1 phonon supercell.

In order to probe temperature-dependent phenomena in
CuS,, we use the Fermi-Dirac smearing scheme to mimic
an electronic temperature. Throughout this paper we label
electronic temperature by 7, and note it is distinct from the
lattice temperature. All calculations where the smearing width
or electronic temperature is not specified use a 0.001 Hartree
smearing (equivalent to 7, = 315 K). We compare our results
using Fermi-Dirac smearing with other smearing methods in
the Supplemental Material (SM) [48]. Finally, to compare
the electronic structure of low- and high-symmetry structures,
we apply a band-unfolding technique. Here we determine
the overlap of the supercell Bloch states with those of the
primitive cell using a symmetry-averaged spectral function
technique [49], as outlined in Ref. [50].

III. RESULTS AND DISCUSSION
A. Bulk

Initial calculations of the phonon dispersion of the ex-
perimental, high-temperature structure using low-7, smearing
reveal four soft phonon modes at the R point shown in
Fig. 1(a). Upon varying the smearing parameter, we found
these soft modes near this wave vector to be strongly sensitive
to T, as shown in Figs. 1(b) and 1(c). We note the appearance
of a discontinuity in the phonon dispersion (a Kohn anomaly)
located at wave vector § = R for an electronic temperature
corresponding to approximately 100 K.

Motivated by past experimental work suggesting the
existence of a 2 x 2 x 2 superstructure in CuS, at low tem-
peratures [51], we sought to resolve the structural instability
by using a 2 x 2 x 2 supercell. The predicted phonon disper-
sion of the constructed supercell reveals four negative phonon
modes at an electronic temperature of 32 K, consistent with
the instabilities observed in the unit cell structure. We note
the soft modes observed are at the I' point of the supercell,
which is equivalent to the R point in the original cell due to the
corresponding change in the Brillouin zone of the supercell
structure (see Fig. S1 in the SM [47]).

We identify the atomic displacements resulting from the
four unstable phonon modes and observe each mode corre-
sponds to 2 x 2 x 2 periodic sideways motions of S, dimers,
which cannot be captured in the single unit cell. These four
modes collectively manifest themselves as an effective motion
of the S, dimers with a period of 2a, twice the original unit cell
lattice coefficient, as schematically shown in Fig. 2(e).

We perform energy minimization with respect to the
ground-state energy of the high-symmetry phase as a function
of the magnitude of the eigendisplacements of each of these
modes (for illustration of the individual modes and energy
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FIG. 1. Structural stability of CuS,. (a) The predicted phonon
dispersion for the CuS, unit cell experimentally established in high
temperature measurements [16] when calculated for low and high
electronic temperatures. (b) The lowest phonon frequency as a func-
tion of electronic temperature, and (c) a close-up of the instability
showing its temperature dependence and the Kohn anomaly observed
near 100 K. From these calculations, we uncover a key difference
between the low- and high-temperature structures of CuS, which
indicates the existence of a structural phase transition.

minimization, see Fig. S2 in the SM [47]). By applying this
collective distortion to the constructed undistorted superstruc-
ture, we obtain a distorted structure with reduced symmetry,
from Pa3 to P-1 as shown in Fig. 2(d), and predict a stable
phonon dispersion at low 7,. By comparing the undistorted
and distorted structures and calculating the difference in their
charge densities, we identify a 2a periodic modulation of
charge density, commensurate with the periodicity of the dis-
torted structure, as shown in Fig. 2(f).

Additionally, we investigate the relative stability of the
undistorted and distorted supercells [Fig. 2(b)], and find that
as we change the electronic temperature of both structures,
we see a crossover in the ground-state energy at about 150 K,
a transition that would agree impressively well with experi-
mental results [17] and correspond to what was calculated in
Figs. 1(b) and 1(c). When relaxed at higher T,, the distorted
structure returns to the undistorted structure, indicating the
process can be reversed.

The combination of the observed Kohn anomaly, periodic
lattice distortion, periodic charge density modulation, and
temperature-dependent phase crossover are all indicative of
the presence of a CDW in bulk CuS,. Our results therefore
theoretically capture a stable low-electronic-temperature dis-
torted phase of CuS, exhibiting strong indicators of CDW
ordering.

To understand the electronic origins of the potential CDW
phase, we investigate the corresponding changes in the elec-
tronic structure. We start by looking at the changes in
occupation as a result of the lattice distortion. The collective
distortions shown in Fig. 2(d) introduce alternating expan-
sions and compressions of the Cu-centered octahedra. We note
this kind of alternating breathing has been observed in the
context of other types of transitions, including site-selective
Mott metal-insulator transitions in ReNiOs; [52]. We find
that these alternating motions introduce crystal field split-
ting and shift the orbital occupations of both the Cu d and
sulfur p orbitals.

Figure 3(a) shows the typical energy level diagram for octa-
hedra complexes, where the e,-type d orbitals are degenerate
but higher in energy than degenerate f,,-type d orbitals, in
addition to the alternating expansion and compression modes
we find. We analyzed the total occupations of each of these
orbitals by evaluating the orbital-projected density of states.
In Fig. 3(d), we plot the resulting occupations for each of the
copper d and sulfur p orbitals in the 2 x 2 x 2 supercell, with
the x axis corresponding to arbitrary labeling of each atomic
species. Interestingly, we find that in the distorted structure,
a general trend is observed where there are alternating occu-
pation preferences between the different Cu e,, Cu t5,, and S
p orbitals. This is distinct from the undistorted case, where
the occupations are fixed and do not alternate. Figure 3(c)
shows the arrangement of the e, occupation preference in
the distorted phase, where we can see alternating occupation
preference. The distortions allow for these alternating occu-
pation preferences to manifest, similar to a Jahn-Teller effect
in moleculelike systems. We also note that the arrangement
of the orbital preference in Fig. 3(c) matches the periodicity
of the sulfur dimer motion shown in Fig. 2(e), reminiscent of
a “bond density wave” where chains of atoms can introduce
changes in bonding in insulating crystals such as bulk Te [53].
In Fig. 3(b) we plot the total energy of the system along
the 1D configuration coordinate of the alternating compres-
sion and expansion distortion, which shows dips on either
side of the high-symmetry point as one would expect from a
Jahn-Teller-like behavior. Altogether, we find that the orbital
occupations and the total energy of the system, which are
essentially electronic properties, are uniquely sensitive to this
symmetry-breaking phonon mode. These are clear signatures
of electron-phonon coupling. We can therefore connect the
observed instability to electron-phonon interactions.

We next compare how the electronic properties of the dis-
torted supercell are different from the undistorted unit cell.
By using a band unfolding technique, we compare the ef-
fective band structure of the distorted supercell with that of
the undistorted structure, seen in Fig. 4(a). We observe that
the distortion results in multiple band splittings and the for-
mation of small gaps at multiple points along the band path.
The locations of these gaps tend to occur halfway between
high-symmetry points (e.g., I' and R, R and X) and slightly
away from the Fermi energy level, in contrast to gap openings
observed at Er in other CDW materials [2,11,54]. In general
these deviations from the overlaid high-symmetry band struc-
tures have weak spectral weights.

We note the splitting at approximately 0.2 eV above the
Fermi level, which is centered at a wave vector k* = %ﬁ, half
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FIG. 2. Collective distortion and the appearance of CDW order in CuS,. (a) Calculated energy (E\) relative to the energy of the undistorted
2 x 2 x 2 supercell (E,) for each of the four unstable phonon modes shown in Fig. 1. The x axis corresponds to the change in distance between
neighboring sulfur atoms. The Fermi-Dirac smearing width corresponds to 7, = 32 K. (b) The calculated energy of the supercell in the
undistorted and distorted configuration as a function of the electronic temperature (i.e., the Fermi-Dirac smearing width). The reference energy
is the energy of the undistorted structure at 7, = 150 K. A crossover is observed around this temperature, where at lower smearing the distorted
structure is lower in energy, while at higher smearing the undistorted structure is energetically favored. This is in agreement with experimental
measurements [17]. (c) The high-symmetry unit cell. (d) The supercell created by a 2 x 2 x 2 repeated unit cell, along with the emergent
octahedra-like structural arrangement, where the Cu atom sits at the center and six sulfur atoms surround it. The arrows indicate alternating
expansion and compression of the octahedra. These motions correspond to the observed effective displacement between the distorted and
undistorted structures. From a different perspective, (e) shows the motion of the sulfur atoms across the supercell. (f) The result of taking the
difference between the charge density of the distorted and undistorted structures, where a twice-periodic charge density oscillation is observed.
The realization of this stable distorted superstructure at low electronic temperatures agrees well with early experimental reports [51], and

suggests the possibility of CDW formation in CuS,.

that of the vector where the Kohn anomaly was observed
in the undistorted structure). We find that this wave vector,
when overlaid with the Fermi surface (not shown), points
to a saddle point in the surface, and that twice this vector
(2k*) connects such saddle points diagonally across the Fermi
surface. In the conventional 1D model of CDW formation
[32,33], the Peierls instability results in band-gap formation
at kp and a Kohn anomaly located at k = 2kp. These cri-
teria appear to be met for CuS,; however, importantly, the
saddle point exists ~0.2 eV above the Fermi energy. We
therefore do not expect it to play a significant role in the CDW
formation observed.

Additionally, we find that CuS, shows weak electronic cor-
relation [55] due to the dominance of sulfur p rather than Cu
d orbitals at the Fermi level, while the gaps are energetically
away from the Fermi level. Figure 4(b) shows the orbital
decomposed band structure of the unit cell with the relative
strengths of the Cu d and S p orbitals shown along with
the corresponding contributions to the density of states. The
lack of strong d-orbital character at the Fermi level suggests
a Mott-Hubbard-type metal-insulator transition [56] cannot
provide a significant contribution to CDW formation. We also
note the splitting of the d-orbital energy level as a result of
compression and expansion of alternating Cu-site octahedral

environments, which would account for the change in band
structure approximately 0.5 eV below the Fermi energy level
between the X and M points, in accordance with the occupa-
tion findings summarized in Fig. 3. However, these occupation
differences do not directly explain the band splittings ob-
served above the Fermi energy. Nonetheless, the changes in
electronic structure evident from comparing the band struc-
tures suggest additional material properties may be affected
because of the structural distortion. A detailed analysis of
these effects is outside the scope of this work.

B. Monolayer

Beyond our investigation of bulk CuS,, we extend our
work to include its monolayer, which is formed as a quasilay-
ered hexagonal structure along the close-packed (111) plane
as illustrated in Fig. 5(b). We predict a stable phonon dis-
persion for this structure, as shown in Fig. 5(a). Neither a
Kohn anomaly nor soft phonon modes are observed for the
same electronic temperature range, indicating the absence of
CDW order in the monolayer limit. This finding agrees with
experimental results which saw no CDW signature in thin-film
CuS; on a SrTiO3 substrate [30].
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FIG. 3. Crystal field splitting and orbital occupation reordering.
(a) Energy-level diagram for the octahedral configuration found in
CuS, where the copper atom sits at the center and is surrounded
by sulfur atoms. Also shown are the expansion and compression
modes found for alternating octahedral sites [see Fig. 2(d)]. Of par-
ticular importance is that the constituents of the e, and 1,, orbitals
are energetically degenerate. (b) Potential energy surface computed
for the 2 x 2 x 2 supercell connecting the high- and low-symmetry
structures via the effective phonon mode displacements, comprised
of alternating octahedral expansions and compressions. The low-
symmetry structure is roughly 4 meV lower in energy than the
high-symmetry structure. (c) The distorted structure is shown with
the copper atoms highlighted according to which e, orbital is more
occupied: dy2_» or dp. In the distorted structure, an alternating
“row” of copper atoms prefers one of these orbitals. (d) Occupation
of each of the copper d and sulfur p orbitals for each copper and
sulfur atom within the 2 x 2 x 2 supercell of CuS,. The left shows
the occupations for the undistorted structure, while the right shows
the occupations in the distorted, lower-symmetry configuration. The
X axis is arbitrary in ordering the atoms; however, the left and right
panels have the same order. In general the effect of the distortion
on these occupations is to allow for more diverse orbital occupation
preferences for the different atomic sites in the crystal. (c¢) This is
shown explicitly for the copper e, orbitals; however, this can also be
seen for the sulfur p and the copper f,, orbitals. In the language of
Jahn-Teller the broken symmetry removes the orbital degeneracies
and brings the system, in this case the crystal, to an overall lower
energy state.
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FIG. 4. Band splittings and electronic character. (a) Comparison
of the unfolded band structure of the distorted phase (2 x 2 x 2)
with that of the undistorted phase (1 x 1 x 1) superimposed as black
lines. The supercell band structure is calculated via band unfolding
[50], with the color of the points indicating the associated spectral
weight (see color bar for reference). Also presented is the electronic
density of states, which is not visibly distinguishable between the
distorted and undistorted structures. (b) The orbital decomposed
band structure, which is plotted as a function of relative sulfur p or-
bitals to copper d orbital. The density of states included corresponds
to the relative density of states of these sets of atomic orbitals in
the 1 x 1 x 1 undistorted CuS, cell. The electronic character is in
general more sulfur p than Cu d in character. See text for details.

This prediction raises questions as to why CDW order in
bulk does not persist to the monolayer, in contrast to other
layered TMDC materials [24,54,57,58]. Understanding the
difference between these two structures opens up a new av-
enue to understand CDW formation in the bulk structure. We
note that the monolayer cannot capture the sideways S, dimer
motions seen in our calculated bulk distorted superstructure,
and as a result, we find the stability of the monolayer is
consistent with our predicted origin of the CDW behavior in
bulk CuS,. As noted earlier, we emphasize that many other
CDW materials which exhibit CDW down to the monolayer
tend to exist as layered, van der Waals systems, with large
lattice spacings along the ¢ axis. This means out-of-plane in-
teractions tend to be weaker than in plane, and monolayers are
formed by isolating just single layers of the bulk crystal. In the
case of CuS,, the monolayer belongs to a different symmetry
configuration as it is extracted from the (111) direction of the
bulk. It is therefore understandable that the role of dimension-
ality in CuS; may affect material properties differently than in
other TMDCs.
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FIG. 5. Structural stability of monolayer CuS,. (a) The predicted
phonon dispersion of the monolayer structure shows no soft modes
regardless of electronic temperature. (b) A top-down and side per-
spective of the lattice structure, equivalent to the (111) close-packed
plane cut from the original bulk cubic structure. The phonon results
indicate an absence of CDW in the monolayer, in accordance with
recent experimental observations [30]. This absence is consistent
with the results of Fig. 2, as the sideways S, motions could not be
equivalently realized in the 2D limit.

IV. CONCLUSION

While the structural phase diagram of CuS; has remained a
debate for years, we uncover critical information regarding its
ability to manifest a CDW structure through theoretical and
computational methods. We predict electronic-temperature-
sensitive soft phonon modes that appear at low electronic
temperatures in the experimentally reported structure of CuS,,
corresponding to a Kohn anomaly at the R point for an elec-
tronic temperature of approximately 100 K. We then realize
the existence of a stable distorted phase with a 2a periodic
lattice distortion and corresponding charge modulation at low
electronic temperature. From this theoretical calculation, we
establish a potential CDW transition and predict a crossover
between the low- and high-symmetry structures at approxi-
mately 150 K, in impressive agreement with what is reported

in experiment. We find this structural transition corresponds to
periodic occupation changes in the Cu d and sulfur p orbitals
around each Cu-centered octahedra, indicative of electron-
phonon coupling. Finally, we predict a stable monolayer with
no CDW order signatures observed, in agreement with recent
experiments, and note the potential difference in available
dimer distortions as a possible reason for the lack of CDW
in the monolayer. One interesting direction for future work is
the exploration of the dynamical stability of CuS,.

Through this investigation of the phonon properties and
electronic character of CuS,, we report strong evidence of
CDW in bulk CuS, and suggest Jahn-Teller-like behavior as
an explanation for its occurrence. We also find that CuS, is
similar to other TMDCs which exhibit low T superconduc-
tivity and CDW in the bulk, but unlike previously studied
TMDCs, it does not exhibit CDW formation in its mono-
layer phase. As CDW formation is sometimes considered to
suppress superconductivity, this difference between two and
three dimensions indicates a unique opportunity to study the
competition these two phenomena. Therefore, our findings
also establish this material as an ideal system to study the
interplay of CDW and superconductivity through comparison
of its bulk and monolayer limits.
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