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We report a comprehensive investigation of the superconducting properties of the mineral superconductor covellite
(CuS) using high-quality single crystals. First, we establish that CuS is an intrinsic type-II superconductor, correcting its
long-standing classification as type-I. Second, a complete set of anisotropic superconducting parameters is determined, in-
cluding the critical fields, penetration depth and coherence length, which yield a Ginzburg—Landau parameter k ~ 1.5 and
a moderate anisotropy of ¥ ~ 2. Our results indicate that this type-II superconductivity can be well-described by a conven-
tional, weak-coupling, single-band s-wave pairing mechanism. This work fills a long-standing gap in the understanding of

this archetypal superconductor.
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1. Introduction

The interplay between structural motifs and electronic
properties is crucial for understanding and discovering novel
superconductors. In cuprate superconductors, for instance,
the quasi-two-dimensional CuO; planes are widely recognized
as the essential structural element hosting high-temperature
superconductivity.!>I Covellite (CuS), another system based
on copper-anion layers, provides an interesting and histori-
cally significant counter case. As a rare natural mineral in
which superconductivity was discovered,?=%! CuS is a ma-
terial with a simple chemical formula but a complex crystal
structure, and it has found numerous applications in fields such
as batteries,!”#! plasmonics®!° and photocatalysis.!!-1?1 It
possesses a hexagonal structure at room temperature and un-
dergoes a structural phase transition around 55 K to an or-
thorhombic phase, 3] the origin of which is still unclear, [1415]
but has been tentatively linked to a charge density wave
instability.'®! Its electronic structure is known to be complex
and quasi-two-dimensional as shown by calculations!!#17-20l
and angle-resolved photoemission spectroscopy (ARPES)
measurements. [2!]

Despite these complexities, the superconductivity in CuS,

discovered decades ago, has long been considered to be of the
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simple type-I classification.[>! The emergence of type-I su-
perconductivity is rare in materials with such a complex elec-
tronic structure, as it is typically observed in simple elemental
metals. Strikingly, for such a historically important system,
a systematic investigation of its fundamental superconduct-
ing parameters and their anisotropy, performed on high-quality
single crystals, has been conspicuously absent from the litera-
ture.

In this work, we address this long-standing gap by per-
forming a comprehensive study of the superconducting prop-
erties of high-quality CuS single crystals. Our results unam-
biguously establish CuS as a type-II superconductor. Through
detailed measurements and analysis of its upper and lower crit-
ical fields, we have determined its key superconducting param-
eters, including the penetration depth (A), coherence length
(&), and Ginzburg-Landau parameter (k). The behavior of
these parameters points towards a conventional s-wave pair-
ing mechanism with quasitwo-dimensional features, which is
consistent with its electronic structure. Our findings provide
a modern, self-consistent physical picture of superconductiv-
ity in CuS, filling a crucial void in the understanding of this
archetypal mineral superconductor and offering a solid base
for future research on covellite.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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2. Methods

CuS single crystals were synthesized via a high-
temperature solution method.>! High-purity copper (Cu, Alfa
Aesar, 99.9%) and sulfur powder (S, Aladdin, 99.999%) were
thoroughly mixed and pressed into pellets in an argon-filled
glove box, then sealed in a quartz tube under vacuum. The
sealed tube was heated under appropriate conditions to ensure
the complete formation of CuS precursors, which were subse-
quently ground into fine powders and mixed with flux. The
mixture was then resealed in a fresh quartz ampoule under
vacuum conditions. The ampoule was placed in a two-zone
horizontal furnace and maintained at a temperature gradient
of 2 K/cm for over two weeks. Finally, dark-blue hexagonal-
plate-shaped single crystals with millimeter size were obtained
through ultrasonic cleaning in deionized water.

The x-ray diffraction (XRD) data were collected at room
temperature on a diffractometer (Rigaku SmartLab, 9 kW)
equipped with two Ge (220) monochromators. Magnetiza-
tion measurements (down to 400 mK) were conducted us-
ing an MPMS-3 SQUID magnetometer equipped with a He-
3 option. The electrical transport data were obtained using a
Lakeshore Model 372 AC resistance bridge in a dilution re-
frigerator (down to 300 mK).

3. Results and discussion

The representative XRD pattern of the CuS single crystal,
shown in Fig. 1(a), confirms the single preferred (00l) orien-
tation. The lattice parameter c is calculated to be 16.36 A,
slightly larger than previous reported values of 16.31 APl and
16.34 A 1131

400y Py = (b) FWHM~0.08°

S 1
— S N 1.
z = IR
g o Cu A ; é
_g oS ' —
= . o 1 150 155 16.0
) 1 ‘6~ w(®
= a--b 4
2 =~ (c)
) L o @ <«
= \8/ =~ — — ]
- l g & &1

N i
40 60 80
26 (%)

Fig. 1. Structural characterization of the CuS single crystal. (a) Single-crystal
XRD pattern, with peaks indexed to the hexagonal structure of covellite. The
inset shows the crystal lattice structure. (b) X-ray rocking curve of the (006)
reflection. The FWHM of 0.08° indicates high crystalline quality. (c) Laue
diffraction of CuS.

The full width at half maximum (FWHM) of the x-ray
rocking curve for the (006) reflection of the CuS sample was
measured to be 0.08° (Fig. 1(b)). This small value indicates a
high degree of crystalline perfection, characterized by a nar-
row orientational distribution of mosaic blocks and a low dis-
location density. The high quality of the single crystal is also
identified by Laue diffraction pattern, as shown in Fig. 1(c).

The observed sharp and well-defined diffraction spots are per-
fectly indexed to the space group P63 /mmc.

The superconducting properties of the CuS single crystal
were characterized by electrical resistivity and magnetic sus-
ceptibility measurements. The high quality of the sample is
evidenced by a residual-resistivity ratio (RRR) of 65 (inset of
Fig. 2(a)), which indicates high chemical purity and low defect
density. The onset and zero-resistance superconducting tran-
sition temperatures were determined to be 72" 2 1.2 K and
77 =~ 1.0 K, respectively. We note that the 7; of our sample
is slightly lower than the values of up to 1.6 K reported. [©-22.23]
We speculate that this sensitivity of 7. may be related to sub-
tle variations in stoichiometry, such as the Cu:S ratio. A sys-
tematic study of this relationship will be the subject of future
work. Notably, the magnetization measurements (Fig. 2(b))
exhibit a clear bifurcation between the zero-field-cooled (ZFC)
and field-cooled (FC) curves below T;. This behavior is a hall-
mark of magnetic flux pinning in a type-II superconductor. [>*!
Although a similar ZFC-FC splitting can arise from flux trap-
ping in defective type-I superconductors, the demonstrated
high crystalline quality of our sample and the shape of the FC
curve suggests that this is an intrinsic type-II property, con-

trary to some earlier reports suggesting it to be type-I.3-!
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Fig. 2. Basic superconducting properties of CuS. (a) Temperature dependence
of the electrical resistance showing the superconducting transition. The onset
(T2"s¢Y) and zero-resistance (77°™) temperatures are approximately 1.2 K and
1.0 K, respectively. The inset displays the resistance over a wide temperature
range, yielding a RRR of 65. (b) Temperature dependence of the DC magnetic
susceptibility measured in the ZFC and FC protocols under a small magnetic
field, confirming bulk superconductivity and showing a clear bifurcation char-
acteristic of a type-II superconductor.

To systematically investigate the anisotropic supercon-
ductivity of CuS, we measured magnetoresistance (R—H) and
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magnetization (M—H) at various temperatures with the mag-
netic field oriented in-plane (UoH || ab) and out-of-plane
(UoH || ¢), as shown in Fig. 3. From the transport data, the
superconducting transitions are sharp and the R—H curves re-
main largely parallel, indicating high sample homogeneity.
We defined the upper critical field ugH., using the 50% cri-
terion of the normal-state resistance R,, and constructed the
temperature-field phase diagram in Fig. 3(c). The data exhibit
a clear anisotropy and are well-described by the single-band
Ginzburg-Landau model . The fits yield zero-temperature
upper critical fields of [.tngzb ~ 18 mT and poHS, ~ 9 mT.
Thus the coherence lengths are found to be £, = 191 nm
and & = 96 nm, respectively. Using the Drude model, the
mean free path of CuS was estimated to be 10> nm from the
Hall coefficient!!>! and resistivity. Since this value is signif-
icantly larger than the obtained coherence length, our sample
is in the clean limit. The resulting superconducting anisotropy
parameter is thus y = &,,/& ~ 2. This anisotropy quanti-
tatively matches the estimation from normal-state properties,
where a reported resistivity anisotropy of pe/pa, ~ 6129 im

plies a Fermi velocity anisotropy of vf:b /vi ~ 2.45. Since
& = hvp/mAo, ¥ = Eup/Ec ~ v /vE. This self-consistency
strongly suggests that the same electronic band that governs
the normal-state transport is also responsible for the supercon-
ducting pairing. Furthermore, this quasi-2D superconductivity
is also consistant with the reported calculation works which
suggests a quasi-2D electronic structure, [!417-21]

The anisotropic nature of CuS is further corroborated by
the magnetization measurements shown in Figs. 3(d) and 3(e).
For both magnetic field orientations, the magnetization is ini-
tially linear and diamagnetic, then reaches a peak before grad-
ually decreasing, which is the characteristic behavior of a type-
IT superconductor evolving from the Meissner state to a state
with significant flux pinning. After correcting for the demag-
netization factor, the lower critical field, the values of yyH.;
were extracted using a 5% deviation criterion from the initial
linear M—H response. The resulting pgH(T) data, plotted
in Fig. 3(f), reveal an anisotropy of poH¢, / [,LOHC“f’ ~ 2, which
is inverse to that of poH,, in agreement with the anisotropic
G-L theory.
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Fig. 3. Anisotropic figHc; and poHc; of CusS. (a), (b) Magnetoresistance R(H) curves at various temperatures for magnetic fields oriented out-
of-plane (H || ¢) and in-plane (H || ab), respectively. (c¢) The upper critical field tipH, as a function of temperature for both field directions. The
solid lines are linear fits based on the Ginzburg-Landau model. (d), (e) Isothermal magnetization hysteresis loops M (H) at a low temperature
for H || ¢ and H || ab, respectively, after demagnetization factor correction. UoH, is identified as the field where the M—H curve first deviates
from the initial linear fit by a 5% criterion. (f) The lower critical field toH,; as a function of temperature. The solid lines are fits to a single-band
s-wave model, which describes the temperature dependence of the superfluid density.

Since poH, is proportional to the superfluid density (pg o<
A~2), we fitted the poH.i(T) data to model the temperature
dependence of p; by a semi-classical approach.[?%! As shown
by the solid lines in Fig. 3(f), the data are well-described by a
simple, single-band, weak-coupling s-wave model. Although
we cannot definitively exclude more complex pairing symme-
tries without measurement at much lower temperatures (typi-
cally 0.1T), all the analyses consistently point towards a con-
ventional s-wave pairing mechanism. The fit yields a normal-
ized gap of A(0)/kgT. ~ 1.8, corresponding to a gap size of

A(0) = 0.17 meV, which is in close agreement with the BCS
value. From this analysis, we obtained the zero-temperature
lower critical fields poH (0) = 1 mT and poH¢, (0) =2 mT.
The GL parameters k,;, and k. are obtained by numerically
solving the relation H.;/H. = (Ink+0.5) /2k? for the re-
spective field orientations. And the penetration depths are cal-
culated from the GL definitions: A, is found using k. via
Aap = K.Eup, and A, is determined using K, from the rela-
tion A, = (Kgbéabéc) / Aap, Which is derived from the definition

Kap = v/ Aapre/ (EapEc). The magnetic penetration depths are
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estimated to be A4 (0) =~ 290 nm and A.(0) ~ 1252 nm, and
the Ginzburg—Landau parameter for toH || ¢ and uoH || ab was
found to be k. ~ 1.5 and k,;, =~ 4.2, which are both well above
the type-II superconductivity criterion of 1/+/2, thus confirm-
ing the type-II nature of CuS.

1 1

0 10 20 30 40 50

0 1 1

T (K)

Fig. 4. Normal-state resistivity analysis of CuS. Temperature depen-
dence of the normal-state resistance below the structural transition
at 55 K. The solid line represents a fit to the Bloch—Griineisen for-
mula, which yields an exponent n ~ 3 and a Debye temperature of
Op =168 K.

Conventional superconductivity, such as that observed
in CuS, is typically mediated by electron—phonon coupling
(EPC). To gain insight into the EPC strength and scattering
mechanisms in our system, we analyzed the low-temperature
normal-state resistivity by the Bloch—Griineisen (B-G) model,

as formulized by Wilson’s theory:[?7-28]

p=¢ <971;)n/(>6D/T (e"— 1)x(n1 —e™) a

The data were fitted exclusively below the structural phase

transition at 55 K to ensure that the analysis was performed
within a single crystallographic phase. The resistivity data,
normalized to the value at 2 K, were used for the fitting, and
the resulting behavior is consistent with that reported in the
literature.[®) As shown in Fig. 4, the fit yields a power-law
exponent of n ~ 3. This value deviates from the n = 5 ex-
ponent expected for simple metals dominated by intra-band
electron—phonon scattering. Instead, n ~ 3 is typically at-
tributed to dominant inter-band scattering, which is consis-
tent with the complex, multi-band electronic structure of CuS.
By setting n = 3, the fit provides a Debye temperature of
®p = 168 K, a value in excellent agreement with the 184 K
obtained from previous specific heat measurements, ! thus
validating our analysis. The prefactor C is a constant related
to the electron—phonon coupling strength and it is found to
be 84 pQ-cm-K—3, which is comparable to that of similar

5.39 And the electron—phonon coupling

weak coupling system
strength of this system can be estimated using the McMillan
formula,3!! which is approximately 0.51, similarly a charac-

teristic of a weak-coupling superconductor.

4. Conclusions

In summary, we have presented a systematic investigation
of the superconducting critical parameters and their anisotropy
in covellite (CuS), a rare natural mineral superconductor. Our
analysis of the superconducting transition and critical fields
demonstrates that CusS is a typical type-II superconductor, re-
solving prior ambiguities concerning a possible type-I classi-
fication. The temperature dependence of the upper and lower
critical fields can be well-described by a conventional, single-
band Ginzburg-Landau theory, indicating an s-wave pairing
symmetry. Despite its complex band structure, which gives
rise to normal-state transport behavior indicative of inter-
band interactions, its superconducting properties remain re-
markably simple. Furthermore, the measured superconduct-
ing anisotropy is quantitatively consistent with the anisotropy
of its electronic structure, revealing a quasi-two-dimensional
character. These findings provide a comprehensive picture of
the superconductivity in CuS and serve as a valuable case for
studying superconductivity in similar systems.
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