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The coexistence of charge-density waves and superconductivity in compressed 17-TaS, is investigated
through density-functional calculations. It has been speculated that this coexistence arises from a real-space
phase separation of insulating domains of the commensurate-charge-density-wave phase and metallic interdo-
main regions. Approximating the structure of the interdomain regions with the undistorted 17 structure, the
present calculations confirm that pressure suppresses the charge—density-wave instability and stabilizes the
interdomain phase. The electron-phonon coupling constants of the compressed 17 phase are found to have
strong wave-vector dependence, with large contributions from soft modes associated with the incipient charge-
density wave instability. The pressure dependence of the coupling parameters is discussed in relation to the
measured insensitivity of the superconducting transition temperature to pressure.
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Charge-density-wave (CDW) formation and superconduc-
tivity both result from electronic instabilities that lead to col-
lective behavior of electrons in materials. In the well-studied
layered dichalcogenides NbSe, and TaSe,, which undergo
both CDW and superconducting transitions, the application
of pressure has been found to lower the CDW transition tem-
perature, while increasing the superconducting 7, suggest-
ing a competition between the two phenomena.! On the other
hand, the phonon softening associated with CDW formation
might be expected to enhance superconductivity as the CDW
transition is approached from the undistorted phase.?

Recent experiments exploring the pressure-temperature
phase diagram of 17-TaS, have suggested the possibility of
CDW order and superconductivity coexisting not in the same
phase, but rather via a phase separation in real space.®> At
ambient pressure, TaS, undergoes a series of transitions upon
cooling: at about 540 K, the metallic undistorted 17 structure
(denoted normal or N) transforms to an incommensurate (I)
CDW phase; at 350 K, the material adopts a nearly commen-
surate (NC) CDW structure; and below 180 K, a transition to
a commensurate (C) CDW phase is observed. The 180 K
structural transition is accompanied by an electronic transi-
tion that is generally believed to arise from Mott-Hubbard
physics.* Resistivity measurements indicate that application
of less than 1 GPa pressure kills the Mott insulating com-
mensurate CDW, presumably because of changes in band-
width and screening. The system adopts the non-metallic NC
CDW phase between about 1 and 8 GPa, above which the
resistivity becomes fully metallic. Between 3-25 GPa, the
material exhibits a superconducting transition at low tem-
peratures. The superconducting T, rises steeply from O to
about 5 K between 3-5 GPa, then remains roughly constant
up to 25 GPa.?

The measured superconducting 7, is surprisingly insensi-
tive to the change in the underlying CDW order and to pres-
sure. A mechanism in which the superconducting and CDW
phases are separated in real space has been proposed to ex-
plain these observations.> The NC CDW phase of 17-TaS,
consists of domains that are locally commensurate with the
atomic lattice, separated by interdomain regions.>® It has
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been conjectured that with pressure, the CDW domains
shrink and disappear around 8 GPa.? The insensitivity of the
superconducting T to the suppression of the NC CDW phase
could then be explained (at least in part) by superconductiv-
ity occurring only in the interdomain regions.

Here we explore the plausibility of this model of CDW
and superconducting phases that coexist in TaS, due to spa-
tial inhomogeneities in the structure. First-principles density-
functional calculations are used to investigate the structural
stability of 17-TaS, under pressure. We examine the stability
of the N and C phases directly, and use the N phase as an
approximation for the interdomain structure in the NC phase.
The electron-phonon coupling parameters and the implica-
tions for superconductivity in the compressed metallic N
phase are also investigated.

Calculations were carried out within density-functional
theory (DFT) as implemented within the PWSCF code.” Ultra-
soft pseudopotentials® were used to describe the interaction
between electrons and ionic cores. For exchange and corre-
lation, the PW91 parametrization of the generalized gradient
approximation (GGA) was used.’ One-electron wave func-
tions were expanded in a plane-wave basis set with a kinetic-
energy cutoff of 35 Ry. For structural optimization of the
undistorted 17 structure, the Brillouin zone was sampled on
a uniform mesh of 16 X 16X 8 k points, while for the com-
mensurate CDW phase, k point meshes of 4 X4 X8 were
used. Phonon spectra and electron-phonon coupling con-
stants were calculated using density-functional perturbation
theory.' For the undistorted 17 structure, a grid of
8 X 8 X4 phonon wave vectors q were sampled. Since the
frequency and stability of soft phonon modes were found to
be very sensitive to the plane-wave cutoff for the charge
density, a large cutoff of 1500 Ry was used for the charge
density in the phonon calculations. The double Fermi-surface
integrals in the definition of the electron-phonon coupling
parameters were calculated using the double-tetrahedron
method'! on a grid of 32X 32X 16 k points.

The undistorted 17 structure (N) is trigonal, with space

group P3m1."2 It consists of S-Ta-S trilayer units in which
atoms in each layer are arranged on a triangular lattice (Fig.
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FIG. 1. (Color online) 17-TaS, crystal structure and Brillouin
zone. The large spheres represent Ta atoms and the small spheres
represent S atoms. Since the symmetry of the structure is trigonal,
the M and M* points in the Brillouin zone are labeled separately.
The in-plane components of the CDW wave vectors for the C and I
phases are shown.

1). Since the spacing between trilayer units is large compared
to the interlayer spacing within a trilayer unit, the structure is
quasi-two-dimensional.

The low-temperature C phase is characterized by a triplet
of CDW wave vectors oriented at 120° with respect to each
other, yielding a v 13x413 supercell within the basal
plane.'3 The 13 Ta atoms in each supercell condense into a
star-of-David cluster, accompanied by a buckling of the
neighboring S planes. The projection of the CDW wave vec-
tor on the basal plane Qf has magnitude 27/13a and is
rotated by 13.9° from the primitive reciprocal lattice vector
of the undistorted phase, as shown in Fig. 1. The stacking of
the trilayer units in the C CDW phase is likely disordered.'*

The NC CDW phase consists of domains made up of the
C CDW star-of-David clusters separated by interdomain re-
gions with reduced displacement amplitudes.>° In the out-of-
plane direction, the stacking sequence repeats after three
trilayer units. Detailed structural information about the inter-
domain regions, particularly under pressure, is not available.

The structure of the I CDW phase at ambient pressure is
characterized by a triplet of wave vectors with QH—b/ \ 13
where b is an in-plane primitive reciprocal lattice vector of
the N phase (Fig. 1). The CDW amplitude is smaller in the I
phase than in the C phase.'’

Since pressure generally suppresses CDW formation due
to a stiffening of the lattice, in this work we use the undis-
torted N structure to approximate both the compressed me-
tallic phase and the interdomain regions in the phase that
evolves from the zero-pressure NC phase.

The phonon dispersion curves for the N phase at ambient
pressure are plotted as dotted lines in Fig. 2. The dispersion
is very two dimensional, as evidenced by the flatness of the
curves in the I to A direction.'® In fact, the in-plane disper-
sion curves look nearly identical for all values of g,. One of
the acoustic branches is dynamically unstable about half way
along the high-symmetry I' to M™ line. The location of this
instability, which persists for all g,, coincides closely with
the projections of both the I and C CDW wave vectors in the
basal plane. There are also anomalies in the acoustic
branches along the I" to K direction, but these branches re-
main stable. The eigenvectors of the unstable modes involve
atomic displacements that are primarily in plane for Ta atoms
and out of plane for S atoms, consistent with the observed

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 79, 220515(R) (2009)

r M K r A

FIG. 2. Calculated phonon dispersion curves for 17-TaS, at
P=0 and 5 GPa. Imaginary frequencies, corresponding to unstable
modes, are represented as negative frequencies.

CDW distortions. The calculated insensitivity of these modes
to g, is consistent with a disordered stacking of trilayer units
in the ¢ direction, as observed in the C CDW phase.

Between 0 and 5 GPa, the calculated in-plane lattice pa-
rameter a contracts by about 1.5%, while the out-of-plane ¢
drops over 9%. Most of the change in the ¢ direction is
absorbed by the intertrilayer separation. As shown in Fig. 2,
this leads to a significant hardening of the modes that corre-
spond to nearly rigid displacements of trilayer S-Ta-S units,
i.e., the acoustic modes along I'-A. The structure also be-
comes dynamically stable. With increasing pressure, the pho-
non spectrum hardens, but even at 30 GPa (not shown),
anomalies in the acoustic branches along the I" to M* and I’
to K directions persist, signaling the incipient CDW instabil-
ity.

To further examine the lattice 1nstab111ty, we have done
total-energy calculations for a V13 Xy 13x1 supercell that
corresponds to the C CDW supercell in the basal plane but
assumes simple stacking out of the plane. Structures were
relaxed from configurations in which the Ta atoms were dis-
placed off their high-symmetry N sites while maintaining the
symmetry of the experimentally determined C CDW struc-
ture. Thus the energy landscape was probed within the sub-
space consistent with the experimentally determined C CDW
structure.

At zero pressure, a small radial displacement of Ta atoms
off the high-symmetry sites of the undistorted 17 structure
causes the system to relax into a structure with star-of-David
clusters in which the first ring of Ta atoms contracts inwards
by 6% and the second ring contracts inwards by 4%. These
atomic displacements, as well as those of the S atoms, which
bulge outwards near the center of the Ta clusters, are similar
to structures determined from x-ray diffraction.'®> At 5 GPa,
the calculations find a reduced amplitude for the CDW (2%
and 1% for the first and second Ta rings, respectively). In
addition, the energy surface has a local minimum corre-
sponding to the undistorted N phase, consistent with the dy-
namic stability of the N structure found in the linear-response
calculations. The energy difference between the C and N
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TABLE 1. Calculated electronic, vibrational, and superconduct-
ing properties of 17-TaS,. The pressure P is in GPa, the electronic
density of states at the Fermi level N(Ep) is in states/Ry/spin, the
characteristic phonon energies are in meV, and the superconducting
T.is in K.

P N(EF) frw,y fiwiog \ T.

5 10.6 28.3 5.9 2.09 16.0
10 9.1 29.9 9.1 1.23 10.0
20 7.9 32.6 13.7 0.82 7.2
30 7.4 34.2 16.9 0.69 5.9

phases is too small to resolve in our calculations. At 10 GPa,
Ta atoms displaced from the high-symmetry sites relax back
to the N structure, and no C CDW minimum is found in the
energy surface.

While we are not able to directly model the textured NC
and the I phases and our calculations do not include the
strong correlation physics of the C phase, we can still com-
ment on aspects of the structural phase diagram. At ambient
pressure, our 7=0 DFT results show that the balance of elec-
tronic and elastic energies favors a CDW distortion at both
Q' and QF. In the C phase, there is presumably an addition
lowering of the electronic energy due to the opening of a
Mott-Hubbard gap, making it more favorable than the I
phase at low temperatures. On the other hand, the multitude
of soft modes in the undistorted N structure give large con-
tributions to the phonon entropy, making it the favored struc-
ture at high temperatures. With pressure, the CDW amplitude
decreases because the elastic energy cost of the distortion
grows. With this reduction in CDW amplitude and the de-
crease in lattice constant, the overlap between orbitals on
neighboring star-of-David clusters is enhanced, which tends
to suppress the Mott transition. By 5 GPa, the DFT energies
for the N phase and C phase (with reduced amplitude) are
approximately equal. A uniform C phase at this pressure is
not fully gapped by either electron-electron interactions or
the CDW distortion, but given the near degeneracy of the
homogeneous N and C phases, it is plausible that a charge
transfer from CDW domains to metallic interdomain regions
could be energetically favorable, as proposed in Ref. 3. Al-
ternatively, a nonuniform distribution of stress, in which the
stress is lower in the C domains than in the interdomain
regions, could help stabilize the textured phase by allowing
the C CDW domains to remain gapped.

For pressures at which the N structure is calculated to be
stable (i.e., P=5 GPa), we have investigated the electron-
phonon coupling constant A, which is related to both super-
conductivity and the CDW instability. Starting from high
pressures, far from the CDW instability, a moderate coupling
constant of A=0.69 is found at 30 GPa. With decreasing
pressure, as the system approaches the CDW instability, A
grows, reaching 2.09 at 5 GPa (Table I). The \-weighted
characteristic frequency w,, is much smaller than the aver-
age frequency, especially at low pressures, indicating large
contributions to the coupling from low-frequency modes.
Furthermore, the coupling is very nonuniform across the
Brillouin zone. Figure 3(a) shows the wave-vector-dependent
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FIG. 3. Calculated (a) electron-phonon coupling parameters and
(b) nesting function for 17-TaS, at 5 GPa. From left to right, the
panels correspond to ¢,=0,7/2c, and m/c. The linear gray scales
use white to represent a large value and black to indicate a small
value.

Ag at P=5 GPa. On the linear gray scale used in the figure,
large values of Ay show up as white. The largest contribu-
tions come from soft modes with wave vectors that have
in-plane components close to Qﬁ and Qf.

Fermi-surface nesting has been proposed as a driving
mechanism for the CDW transition in 17-TaS, at ambient
pressure.!” The existence of a broad but weak local maxi-
mum in the nesting function at Q’, along with significant
overlap of the nested areas of the N Fermi surface with
Brillouin-zone boundaries of the I superstructure, have been
interpreted as evidence for an electronic origin for the I
CDW instability.'® On the other hand, more recent photo-
emission data have revealed features that are not compatible
with a simple Peierls scenario.!® To probe the role that nest-
ing plays in the CDW instability, we have calculated the
nesting function, which is related to the imaginary part of the
noninteracting susceptibility, as a function of pressure. Fig-
ure 3(b) shows the nesting function at 5 GPa. Comparison of
panels (a) and (b) in Fig. 3 shows there is little correlation
between the q dependence of the electron-phonon coupling
and that of the nesting function. Corresponding plots for 0
and 10 GPa look qualitatively similar. Over this range of
pressures, the strongest nesting clearly occurs away from the
CDW wave vectors, while the largest contributions to A
come from the modes that become unstable at the CDW
transition. Hence the CDW instability has its origins in
strong electron-lattice coupling rather than in a purely elec-
tronic mechanism. The irrelevancy of geometric nesting of
the Fermi surface to the CDW instability in another transi-
tion metal dichalcogenide, NbSe,, has been discussed re-
cently in Ref. 20.

220515-3



AMY Y. LIU

Within the Migdal-Eliashberg theory of strong-coupling
superconductivity, the superconducting transition tempera-
ture 7. depends on the electron-phonon spectral function
o’F(w) and the screened Coulomb parameter u*. The spec-
tral function measures the effectiveness of phonons of energy
fiw to scatter electrons from one part of the Fermi surface to
another, and its inverse-frequency moment is proportional to
the coupling constant \. Using the calculated o’F and as-
suming p*=0.14, which is typical for transition-metal com-
pounds, we have solved the Eliashberg equations to find the
transition temperatures listed in Table I. The value of the
calculated T, is within a few K of the measured 7, at high
pressures, which is considered good agreement for this type
of calculation. However, the calculated pressure dependence
appears to be incompatible with the nearly constant 7. ob-
served in experiments.

This discrepancy, which is significant at low pressures,
could be due in part to an inhomogeneous distribution of
stress in the textured phase. If the pressure within the inter-
domain regions is actually higher than the applied pressure,
the observed T, at low pressures would be smaller than the
calculated values. As the C domains shrink, the pressure in
the interdomain regions would approach the applied pres-
sure. While it has been hypothesized that the C domains
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disappear around 8 GPa based on the metallic nature of the
resistivity,? the data do not preclude the continued existence
of C CDW domains to higher pressures. Overall, the depen-
dence of 7, on the applied pressure would then be weaker
than the results presented in Table I. The discrepancy be-
tween the measured and calculated T.(P) could also be due
to the assumptions we have made about the structure of the
metallic regions. Approximating the interdomain structure as
N like is probably least accurate at low pressures, where the
interfaces with the C CDW domains can have a significant
impact.

We have shown that the electron-phonon interaction plays
an important role in CDW formation in TaS, and that it can
also account for the magnitude of the observed supercon-
ducting T, at high pressures. The observed lack of pressure
dependence in 7. remains a puzzle. Further experimental and
theoretical investigations into the structure of 17-TaS, under
compression are needed to better address the nature of the
superconducting state in this material.
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