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Pressure-driven superconducting dome in the vicinity of CDW
in the pyrite-type superconductor CuS,
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Prior to the superconducting transition at 7. ~ 1.5 K, the pyrite-type CuS, undergoes a charge-density-wave
(CDW) transition at 7y &~ 150 K at ambient pressure. Here we studied the interplay between CDW and super-
conductivity (SC) in CuS, by tracking their evolutions with pressure via detailed measurements of resistivity and
magnetic susceptibility under hydrostatic pressures up to 6.6 GPa. The high-quality CuS, samples used in the
present study were synthesized under high-pressure and high-temperature conditions, and the formation of the
2x2x2 supercell associated with the commensurate CDW order below 7; was confirmed by low-temperature
transmission electron microscope. Our high-pressure results uncover a pressure-driven superconducting dome
with an enhanced T.™ ~ 2.3 K at ~1.8 GPa accompanying the gradual suppression of the CDW order. This
work thus demonstrates the competing nature between CDW and SC in the pyrite-type superconductor CuS,.
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I. INTRODUCTION

Unveiling the relationship between superconductivity (SC)
and other electronic orders has been an important topic in
condensed-matter physics because it can provide important
insights about the superconducting mechanism and useful
guidelines for exploring new superconductors. For example,
the occurrence of high-7. SC on the border of long-range
antiferromagnetic order in the cuprate [1] and iron-pnictide
superconductors [2] highlights the essential role of critical
spin fluctuations for mediating the cooper pairs, and thus
it motivates extensive endeavors to explore novel uncon-
ventional superconductors in the vicinity of the magnetic
quantum critical point (QCP) [3,4]. In addition to the spin
degree of freedom, the interplay between charge density wave
(CDW) and conventional SC, both involving strong electron-
phonon coupling and Fermi surface instability, has also been
actively studied, revealing the complex coexistence and/or
competition relationships in response to external stimuli such
as chemical doping [5] and applying pressure [6-8]. The en-
hancement of T; in conjunction with the suppression of CDW
order is frequently observed, e.g., in the layered transition-
metal dichalcogenides (TMDs) TiSe; [9] and Ta(Se, S), [10].
To gain more insights into the relationship between CDW and
SC, here we focus on a pyrite-type superconductor CuS, with
CDW order.
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Among the 3d TMDs MX, (M = Mn, Fe, Co, Ni, Cu,
Zn; X =S, Se, Te) compounds with the pyrite-type structure,
CuX, are the only superconductors with 7; values of 1.5,
24, and 1.3 K for X =S, Se, and Te, respectively [11-13].
These CuX, pyrites can be stabilized by high-pressure and
high-temperature (HPHT) synthesis. In contrast to CuSe, and
CuTe, which exhibit a plain superconducting transition at
low temperatures, CuS, was found to display another two
transitions prior to the superconducting transition: it first un-
dergoes a second-order phase transition at 7; =~ 150 K and
then a first-order transition at 7, ~ 50 K [14-18].The former
transition is manifested by pronounced anomalies in various
physical properties, including a rapid decrease of magnetic
susceptibility [18], a humplike anomaly in the metallic re-
sistivity [18], and the linewidth broadening of the nuclear
magnetic resonance (NMR) spectra [19]. The observation
of superlattice spots in the electron diffraction pattern [20]
below T; has suggested the formation of CDW, which, how-
ever, seems to contradict with the Hall coefficient results
that showed no obvious anomaly around 7y [17]. Thus, the
nature of the transition at Ty has been the subject of a recent
comprehensive theoretical investigation, which identified a
previously unreported Kohn anomaly pertinent to the Fermi
surface nesting vector and a 2x2x2 periodic charge mod-
ulation associated with the motion of the S, dimers below
~100 K driven by a slight orbital occupation imbalance of
the copper d and sulfur p orbitals [21]. These results sup-
port the occurrence of CDW order in CuS, and make it a
previously unrealized candidate to study the interplay be-
tween SC and CDW. The low-temperature transition at 7,
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FIG. 1. Observed (open circle), calculated (solid line), and difference (bottom line) XRD profiles of the CuS, powder sample after Rietveld
refinement. The Bragg positions are shown by vertical marks. The inset shows the crystal structure of CuS,.

has been characterized by a sharp peak in the magnetic sus-
ceptibility and a weak sudden change of lattice parameter.
Strangely, no obvious anomaly can be discerned in other
physical properties such as resistivity and specific heat around
T, ~ 50 K [18]. The origin of the latter transition remains
unclear so far. Following these previous studies on CuS,, the
purpose of this work is to study the interplay between CDW
and SC.

In this work, we synthesized pure CuS, bulk samples
under HPHT conditions and characterized its physical proper-
ties at ambient pressure. Importantly, we determined directly
the 2x2x2 superstructure using a low-temperature transmis-
sion electron microscope (TEM), confirming the occurrence
of commensurate CDW order below 7;. Then, we stud-
ied the interplay between CDW and SC by monitoring the
evolution of their transition temperatures as a function of
pressure via detailed measurements of electrical resistivity
and magnetic susceptibility under various hydrostatic pres-
sures. Our results uncover a pressure-driven superconducting
dome with enhanced T, associated with the concomitant
suppression of the CDW transition, thus demonstrating
the competing nature between these two electronic orders
in CuS;.

II. EXPERIMENTAL DETAILS

Polycrystalline CuS, samples used in the present study
were prepared by sintering a stoichiometric mixture of CuS
and S powders at 5 GPa and 900 °C for 1 h with a Kawai-
type multianvil module (Max Voggenreiter GmbH). Several
pellets of the mixture were contained in a cylindrical h-BN
crucible, which was inserted in a graphite sleeve that served

as a heater, and pyrophyllite plugs were stuffed at both ends of
the heater. The sample assembly was put in the central hole of
an octahedral pressure medium made of 580-OF. During the
HPHT experiments, the sample was first compressed to the de-
sired pressure by eight truncated tungsten carbide cubes with
TEL = 8 mm. Then, the temperature was increased to 900 °C
and kept for 1 h before quenching to room temperature. The
sample recovered after releasing pressure was characterized at
ambient pressure.

Phase purity of the obtained samples was examined by
powder x-ray diffraction (XRD) at room temperature (Cu Ko
radiation, A = 1.5408 A). Structural parameters were ex-
tracted from the XRD pattern via Rietveld refinement with
the FULLPROF program. In situ low-temperature TEM was
performed using a liquid-helium-cooled specimen holder
(GATAN, HCHDT3010) in a JEM-2100F electron micro-
scope equipped with a charge-coupled-device camera system
and operated at 200 keV. The specimens for TEM obser-
vation were prepared by mechanical crushing, i.e., cleaved
pieces were crushed in an agate mortar and deposited di-
rectly onto a holey carbon copper grid with the aid of
ethanol.

Direct current (dc) magnetic susceptibility and isothermal
magnetization at different temperatures down to 0.4 K were
measured with a commercial Magnetic Property Measurement
System (MPMS-III, Quantum Design) equipped with a *He
insert (iHelium3). Measurements of resistivity with a standard
four-probe configuration at ambient pressure were carried out
by using the Physical Property Measurement System (PPMS,
Quantum Design) from 300 to 2 K.

High-pressure resistivity measurements with a standard
four-probe configuration were performed under hydrostatic

014802-2



PRESSURE-DRIVEN SUPERCONDUCTING DOME IN THE ...

PHYSICAL REVIEW MATERIALS 6, 014802 (2022)

pressures up to 2.2 GPa with a self-clamped piston-cylinder
cell (PCC) and up to 6.6 GPa with a palm-type cubic anvil
cell (CAC), respectively. We also measured ac magnetic
susceptibility by the mutual inductance technique using a
PCC. The sample and a piece of lead (Pb) with similar
volume were put into the coil and fixed by glue. The su-
perconducting shielding volume fraction of the sample was
estimated by comparing its diamagnetic signal with that of
Pb. The pressure values in PCC were determined from the
superconducting transition of Pb according to the follow-
ing equation: P(GPa) = (Ty — T;.)/0.365, where Ty = 7.20 K
is the 7. of Pb at ambient pressure. The pressure in CAC
was estimated from the calibration curve at low tempera-
tures. For these high-pressure measurements, liquid pressure-
transmitting media, i.e., Daphne 7373 for PCC and glycerol
for CAC, were used to ensure excellent hydrostatic pressure
conditions.

III. RESULTS AND DISCUSSION

The resultant pellet after HPHT synthesis is dark pur-
ple with metallic luster. Figure 1 shows the powder XRD
pattern after Rietveld refinements for the CuS, sample at
room temperature. It confirms that the as-obtained sample is
single-phase with a pyrite-type structure in the cubic space
group Pa—3 (no. 205). The refinement converged well with
reliability factors R, = 2.75%, Ry, = 3.59%, and x%=2.61.
The obtained lattice parameter a = 5.7873(7) A is in good
agreement with that reported previously [13]. The crystal
structure of CuS, is illustrated in the inset of Fig. 1. Each
Cu atom is surrounded by six S atoms to form a compressed
octahedron along the trigonal axis. These CuS¢ octahedra lo-
cated at the face-centered-cubic (fcc) positions are connected
through the S, units, the center of which are on the alternate
points of a NaCl-type lattice. Each S atom is coordinated by
three Cu atoms and another S atom (the other half of the
S, unit) at the corners of a tetrahedron. Alternatively, the
pyrite structure of CuS, can be viewed as an interpenetrat-
ing fcc array of Cu atoms and S, dimers as in the rocksalt
structure.

Temperature dependences of resistivity p(7 ) and magnetic
susceptibility x(7') shown in Fig. 2 confirm the presence
of three characteristic phase transitions in CuS, at ambient
pressure. All these results are consistent with those reported
previously [17,18]. As displayed in Fig. 2(a), the p(T") shows
a metallic behavior in the whole temperature range with
residue resistivity ratio RRR = p(300 K)/p(2 K) ~ 28, and
it exhibits a humplike anomaly at 7y = 145 K, which can
be determined from the minimum of dp/dT. As mentioned
above, this anomaly is due to the formation of CDW order
[20]. Upon further cooling down, CuS; is confirmed to enter
the superconducting state with a sharp superconducting tran-
sition AT, = 0.005 K below T.°™¢ = 1.57 K, as shown in the
upper inset of Fig. 2(a). The observed sharp superconducting
transition and high RRR further elaborate the high quality
of the obtained sample. The x (7") curves shown in Fig. 2(b)
were recorded under an external magnetic field of 1 T in both
zero-field-cooled (ZFC) and field-cooled (FC) modes. As can
be seen, the x(T) curves first experience a rapid decrease at
T; and then display an abrupt spikelike anomaly at 7;, ~ 50 K;
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FIG. 2. Temperature dependences of (a) resistivity p(7') at zero
field and (b) magnetic susceptibility x(7') under uoH = 1T for
the CuS, sample in both zero-field-cooled (ZFC) and field-cooled
(FC) modes. The upper left inset of (a) shows the enlarged view of
the superconducting transition at low temperatures. The anomalies in
p(T) and x(T') are marked by the dashed line.

the magnitude of the spike in the FC curve is much stronger
than that in the ZFC curve. Similar to the previous report
[18], there is no discernable anomaly in p(7) around T,
Fig. 2(a). We also carefully checked the specific heat and
found no anomaly around 7, as shown in Fig. S1 of the sup-
plemental material [22]. It is thus very intriguing why such a
pronounced anomaly in x (7") shows no indication in the elec-
trical and thermodynamic properties. The strong tail of x(7)
at low temperature should be attributed to the paramagnetic
impurities.

The occurrence of the CDW transition at 7 in CuS; is fur-
ther elaborated by the low-temperature TEM measurements.
Figure 3 shows the typical selected area electron diffraction
(SAED) patterns taken along the [110] zone axes at 294 and
25 K, respectively. As shown in Fig. 3(b), the weak superlat-
tice spots %(Zm +1, 2n+ 1, 2p + 1) (with m, n, p integers)
appear at low temperatures, indicating the formation of the
2x2x2 supercell, which is consistent with the recent theoret-
ical prediction [21]. Similar CDW related diffraction spots can
also be observed in other CDW systems, such as NbSe, and
TaSe, [23]. No extra spots can be observed along [110] and
other low-index zone axes (see Fig. S2 of the Supplemental
Material [22]), once again proving the high-phase purity of
the synthesized samples.

Before studying the interplay between CDW and SC,
we first characterized in detail the superconducting proper-
ties of CuS, at ambient pressure. Figure 4(a) shows the dc
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FIG. 3. Electron diffraction patterns showing the superlattice in
CuS,. Typical selected area electron diffraction (SAED) patterns
taken along the [110] zone axis at (a) 294 K and (b) 25 K, re-
spectively. The 2x2x2 superlattice spots can be observed at low
temperatures, as indicated by the red circle.

magnetic susceptibility 47 xy (T) below 1.8 K measured at 5
Oe under both ZFC and FC processes. Bulk SC with a sharp
superconducting transition at 7.* = 1.55 K can be clearly
seen from the sharp drop of x(7T), in perfect agreement
with the zero-resistivity p(7") data shown in Fig. 2(a). The
low-field magnetic isotherms M(H) from 0.4 to 1.4 K for
CuS; are plotted in Fig. 4(b), which shows the common mag-
netic hysteresis loops of type-II superconductors. The lower
critical field, woH., defined as the field where the M(H)
curve deviates from the linear behavior, decreases monoton-
ically with increasing temperature, as shown in Fig. 4(c).
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Fitting to woH,1(T) with the empirical Ginzburg-Landau (GL)
equation, i.e., uoHe1(T) = oH (0)(1 — £2)/(1 + t%), where
t =T/T., yields a zero-temperature H;(0) = 123.2 Oe. The
upper critical field woH., is defined as the point where
M(H) reaches zero. As seen in Fig. 4(c), the woH(T)
can also be well described with the GL equation, giving
rise to a zero-temperature H.,(0) = 502.9 Oe. The obtained
value is much larger than that of 160 Oe reported previ-
ously based on the specific-heat measurements [18]. The
obtained uoH,(0) can be used to estimate the GL coherence
length &gr. = 809 A based on the relationship woHe(0) =
Do/2mEE, where @ = hc/2e =2.067x107 Oecm? is
the magnetic flux quantum. Consequently, the calcu-
lated penetration depth is Agp(0) = 901 A [24,25]. The
GL parameter kgL = AgL/EgL = 1.11 that is larger than
1//2 further confirms that CuS, belongs to the type-II
superconductor.

To study the interplay between CDW and SC, we first mea-
sure the temperature dependences of resistivity p(7') from 300
K down to 1.5 K under various pressures up to 2.2 GPa with
a PCC. The data in the whole temperature range are displayed
in Fig. 5(a), from which we can see the gradual suppression of
the CDW transition with increasing pressure. To illustrate the
evolution of CDW clearly, we plot in Fig. 5(c) the p(T') and
its derivative dp/dT in the temperature range 50-200 K for
P < 1.6 GPa. As can be seen, the humplike anomaly is grad-
ually smeared out with increasing pressure to 1.6 GPa, and
the 7; defined from the minimum of dp/dT is shifted from

5004 ~~_ (©
] --- GLFit
- b
i H, \
- \
1 \
] \i
] .
_| \
i \
_ \
- \
- \
| \
- \
1 ]
| \
| \
A \
| \
: \
\
] ‘8
4 \
- - \
4 \\i‘ \\
] s. - \
- \
] HCI \\\\ \\‘
] S \
] R N N
] e N
o+
0.0 0.5 1.0 1.5

T (K)

FIG. 4. (a) Temperature dependence of the magnetic susceptibility of CuS, measured in the ZFC and FC modes under an applied magnetic
field of woH =5 Oe in the temperature range 1-1.8 K. (b) The isothermal magnetization M (H) curves at different temperatures below T;.
(c) Temperature dependences of the lower critical field uoH,; and the upper critical field uoH,, of CuS, fitted by the Ginzburg-Landau (GL)

formula.
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FIG. 5. (a) Temperature dependence of resistivity p(7") between 300 and 1.4 K for CuS, under various pressures up to 2.2 GPa measured
with a piston-cylinder cell (PCC). (b) An enlarged view of the superconducting transitions at low temperatures. (c) Temperature dependence
of resistivity p(T") (left axis) and its temperature derivative d p/dT (right axis) at 0, 0.4, 0.8, 1.2, and 1.6 GPa, highlighting the evolution of
the CDW transition T;. (d) Temperature dependence of the ac magnetic susceptibility x’(7) measured under various pressures. The pressure
values shown in the figure are determined from the superconducting transition temperature of Pb shown in (d).

145 K at ambient pressure to ~70 K at 1.2 GPa. The CDW
transition cannot be discerned anymore above 1.2 GPa, which
indicates that the long-range CDW order has been disrupted.
It has been reported that substitution of Se for S in the series of
Cu S,_,Se, can also suppress T [26], for which the chemical
disorders rather than the negative chemical pressure should
play the dominant role in suppressing the CDW order.

The evolution of the superconducting transition as a func-
tion of pressure is studied by the resistivity p(7") and ac
susceptibility x'(T) measurements. An enlarged view of the
low-temperature p(7) data in Fig. 5(b) clearly shows that
T. first increases quickly from ~1.5 K at 0 GPa to ~2.1 K
at 1.6-2 GPa and then decreases to ~2 K at 2.2 GPa. The
x'(T) data shown in Fig. 5(d) further confirm the above
resistivity results and verify the bulk character of the SC
in the whole investigated pressure range. To further track
the variation of T at higher pressures, we turn to the re-
sistivity o(T) measurements in CAC up to 6.6 GPa. The
p(T) data in Fig. 6(a) display no obvious anomaly in the
whole temperature range except for the superconducting tran-
sition. Moreover, the dp/dT data at 1.8 GPa in the inset
of Fig. 6(a) show no indication of CDW order. As shown
in Fig. 6(b), the T; at the first pressure 1.8 GPa in CAC
has reached ~2.3 K, which is consistent with the PCC re-
sults at the similar pressures 1.6 and 2.0 GPa. As seen in
Fig. 6(b), T. of CuS, decreases monotonically upon fur-

ther increasing pressure in CAC and reaches about 1.4 K at
3 GPa. No reentrant SC was observed at higher pressures up
to 6.6 GPa.

The superconducting transition of CuS, in CAC is fur-
ther characterized by measuring the field dependence of
resistivity at 1.8 and 2.3 GPa. The data at 1.8 GPa are
shown in Fig. 6(c), and those at 2.3 GPa are shown in
Fig. S3 of the supplemental material [22]. As expected, the
superconducting transition continuously shifts to the lower
temperatures with increasing magnetic field. The tempera-
ture dependence of the upper critical field puoH,(7T) at 1.8
and 2.3 GPa is plotted in Fig. 6(d). GL fitting to these data
yields H(0) = 584.8 and 455.9 Oe for 1.8 and 2.3 GPa,
respectively.

Based on the above high-pressure characterizations, we
construct the temperature-pressure phase diagram of CuS,,
Fig. 7, which clearly depicts the relationship between CDW
and SC as a function of pressure. As can be seen, T;(P)
decreases monotonically with increasing pressure and cannot
be discerned above 1.2 GPa, while T.(P) features a broad
dome with the maxima around 1.8 GPa, which seems to
be located at the putative critical point of 7y(P). This ob-
servation implies a competitive relationship between CDW
and SC in CuS,. However, some features are noteworthy
with regard to the special characters of CuS, as discussed
below.
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FIG. 7. Temperature-pressure phase diagram of CuS,. The CDW
temperature (Tcpw, blue filled square), and the superconducting tran-
sition temperature (7, red and green filled circles), were determined
from the above high-pressure measurements in the PCC and CAC.

The coexistence of SC and CDW in CuS, at ambient
pressure indicates that they arise from different portions of
Fermi surfaces. With increasing pressure, CDW is gradually
suppressed, and T; is slightly enhanced, which should be
attributed to the enhancement of electron density participating
in the superconductivity under pressure. When CDW is com-
pletely suppressed, 7. shows a maximum and then begins to
decrease with pressure. The possible origin is presumably due
to the density of states at the Fermi level no longer increasing,
and the phonon hardening under higher pressures.

However, in comparison with other TMDs with the CDW
instabilities, such as Ta(Se, S), [7,27,28], the observed en-
hancement of 7; in CuS, from 1.55 K at ambient pressure
to the maximum of 2.3 K around 1.8 GPa is not significant.
For these TMDs with the coexistence of SC and CDW, the
enhancement of 7; under pressure should be mainly attributed
to the suppression of CDW, which can increase the density
of states at Fermi level available for cooper pairing as men-
tioned above. For most TMDs, the dominant contributions
at the Fermi level come from the d electrons of transition
metals, as seen in NbS, [29], TaS, [30], and Mo(S, Se, Te),
[31]. By contrast, previous studies on CuS, have shown that
the p-states of sulfur contribute predominantly at the Fermi
level [14,32]. This is probably the main reason why the
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enhancement of T in CuS; is not significant when CDW is
completely suppressed under pressure.

IV. CONCLUSION

In summary, we have synthesized the pyrite-type CuS,
under 5 GPa and 900 °C and characterized its structural, trans-
port, and magnetic properties at ambient pressure. We iden-
tified the 2x2x2 superlattice at low temperatures by TEM.
Then, we performed a comprehensive high-pressure study on
the electrical transport and magnetic properties of the CuS,.
Our results reveal a pressure-induced suppression of the CDW
order, and they uncover a superconducting dome with slightly
enhanced T in the vicinity of CDW order, thus demonstrating
the competing character between CDW and SC in CuS,.
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