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Conventional isotropic s-wave superconductivity with strong
electron-phonon coupling in Sc5Rh6Sn18
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Sc5Rh6Sn18 is a diamagnetic metallic compound (space group: I41/acd , a ≈ 13.5 Å, c ≈ 27.1 Å) which
becomes superconducting (sc) at Tc = 5.15 K. The sc state was studied on single-crystal samples by temperature-
and field-dependent electrical resistivity, specific heat, and muon-spin rotation (μSR) spectroscopy. No
anisotropy of the upper critical field Bc2 = 7.75 T is observed. Analyses of specific heat indicate enhanced values
of the jump [�cp/(γtotTc ) = 1.58] and of the energy gap ratio [�(0)/(kBTc ) = 2.39] as well as an exponential
decrease of the electronic contribution below Tc/2. Together with the saturation of the superfluid density for
T < 3 K observed by μSR spectroscopy these findings lead us to classify Sc5Rh6Sn18 as a moderately strong
coupled isotropic s-wave superconductor. However, above Tc, the crystals reveal a surprisingly anisotropic and
large resistivity of 2.5–4.5 m� m with metalliclike behavior perpendicular to the c axis and by a factor of ∼2
larger parallel to c, which decreases upon increasing temperature. These observations are discussed in connection
to a characteristic intrinsic disorder in the crystal structure of Sc5Rh6Sn18.

DOI: 10.1103/PhysRevB.102.024508

I. INTRODUCTION

Unconventional superconductors (SCs) have attracted con-
siderable attention in the solid-state science community in
the past few decades. These are materials in which the BCS
theory fails to describe the Cooper pairing, which indicates
(i) the electron-phonon coupling is not the driving force and
(ii) not just the one-dimensional global gauge symmetry U(1)
is broken below the transition temperature. In unconventional
SCs further symmetries are broken, e.g., time-reversal (TRS)
and spatial symmetries [1]. In SCs with broken TRS an inter-
nal magnetic field is supported, which is a rare phenomenon
of special interest for researchers [2]. Interestingly, super-
conducting (sc) states obeying TRS are observed for both
centrosymmetric (e.g., UPt3 [3], PrPt4Ge12 [4], LaNiGa2 [5],
etc.) and noncentrosymmetric (e.g., LaNiC2 [6], La7Ir3 [7],
Re6Ti [8], etc.) compounds. However, for crystal structures
without inversion symmetry the parity of the sc wave function
has no meaning, and thus, the pairing state cannot be classified
as either singlet or triplet [9]. For this reason, TRS breaking
seems to be anticipated in noncentrosymmetric SCs.

Superconductivity for Sc5Rh6Sn18 below the transition
temperature Tc = 4.5 K was reported for the first time in [10]
and later confirmed in [11–13]. Further studies revealed ex-
treme type-II superconductivity with an upper critical mag-
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netic field well below the Pauli limit (Bc2 = 7.24 T) and an
enhanced energy gap ratio [�(0)/(kBTc) = 2.65]. Both these
findings indicated an isotropic s-wave sc gap with moderately
strong electron-phonon coupling [14]. Recently performed
zero-field muon-spin rotation (μSR) measurements in longi-
tudinal geometry revealed for Sc5Rh6Sn18 the spontaneous
appearance of an internal magnetic field below Tc. This would
imply a breaking of TRS in the sc state and thus unconven-
tional superconductivity with either a singlet d + id state
with a line node or, alternatively, nonunitary triplet pairing
with point nodes [15].

A highly anisotropic sc gap with point nodes as well as
TRS breaking is also reported for the isostructural compound
Y5Rh6Sn18 (Tc = 3.0 K, Bc2 = 3.1 T) [16–18], whereas an
isotropic s-wave gap coexists with a TRS broken state in
Lu5Rh6Sn18 (Tc = 4.0 K, Bc2 = 6.45 T) [19]. Tm5Rh6Sn18

(Tc = 2.2 K) is characterized by the coexistence of magnetism
and reentrant superconductivity at zero magnetic field [20].
In contrast, conventional BCS superconductivity with an s-
wave gap is observed for Sc5Ru6Sn18 (Tc = 3.5 K, Bc2 =
2.6 T) [21] and Sc5Ir6Sn18 (Tc = 2.64 K, Bc2 = 3.2 T) [22].
Interestingly, recent field-dependent low-temperature thermal
conductivity measurements showed nodeless s-wave gaps for
both Y5Rh6Sn18 and Lu5Rh6Sn18 [23].

Such controversial reports on 5:6:18 stannide SCs as well
as our recent combined high-resolution x-ray diffraction and
transmission electron microscopy study [24], which indi-
cates locally broken translational symmetry (i.e., the possible
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FIG. 1. Array of corner-sharing trigonal prisms (tan) with Rh
atoms in the center. Incorporated are Sc1-centered cuboctahedra
(gray) and 16-vertex polyhedra composed of Sn atoms and Sc2 with
Sn1 in the center.

presence of microscopic noncentrosymmetric domains) in the
complex crystal structure of Sc5Rh6Sn18 [24], prompted us
to perform additional physical property investigations of this
compound. In the present work we report on magnetic suscep-
tibility, electrical resistivity, specific heat capacity, and μSR
spectroscopy measurements. Muon spectroscopy is a very
sensitive local probe for tiny magnetic fields in the bulk of
SCs [25] and thus the most appropriate method to detect TRS
breaking. Our results indicate that Sc5Rh6Sn18 is a moderately
strong coupled s-wave SC without nodes in the gap. Espe-
cially, in our sensitive μSR spectroscopy measurements, we
find no evidence for a TRS-breaking state, which is actually
expected for centrosymmetric crystal structures.

II. EXPERIMENT

The synthesis and complete structural characterization of
the octahedral crystals with a base of about 1 × 1 cm2 and
a height of about 1 cm (see Fig. 1 in [24]), on which
the here-reported properties were measured, as well as the
electronic structure and chemical bonding of Sc5Rh6Sn18 are
discussed in Ref. [24]. The performed diffraction studies
showed Sc5Rh6Sn18 [space group: I41/acd , a = 13.5529(2)
Å, c = 27.0976(7) Å] crystallizes with the Sc5Ir6Sn18 type of
structure [22]. The structural arrangement can be understood
as a corner-sharing trigonal prism array with incorporated
cuboctahedra, which are centered by Sc atoms, and 16-vertex
polyhedra with the Sn1 atom in the center (Fig. 1).

The magnetization was measured in a superconducting
quantum interference device magnetometer (MPMS XL-7,
Quantum Design) in external fields between μ0H = 2 mT
and 7 T and temperatures from 1.8 to 400 K. The electrical

FIG. 2. Magnetic susceptibility (B = 2 mT) for Sc5Rh6Sn18. In-
set: magnetic susceptibility for B = 7 T measured in ZFC and FC
conditions.

resistivity and the heat capacity were measured down to 0.4 K
in a commercial system (PPMS-9, Quantum Design) using an
ac resistivity bridge (LR-700, Linear Research) and the HC
option of the PPMS, respectively. In order to get precise cp

data at the lowest temperatures, the full crystal of ≈ 250-
mg mass was measured. The Hall effect was measured in
magnetic fields between −9 T and +9 T using the ETO option
of the PPMS. Electrical contacts were made with silver-filled
epoxy glue.

Zero-field (ZF) and transverse field (TF) μSR experiments
were performed at the πM3 beamline (Paul Scherrer Insti-
tute, PSI Villigen, Switzerland) by using the dedicated GPS
spectrometer [26]. In TF experiments, the single crystal of
Sc5Rh6Sn18 depicted in Fig. 1 in Ref. [24] was cooled from
above Tc in an applied field of 10 and 50 mT normal to
the largest face of the respective crystal. In ZF experiments
the Earth’s magnetic field was compensated with accuracy
better than 30 mG by three orthogonal Helmholtz coils around
the spectrometer along the x, y, and z axes [26]. A 4He
continuous-flow cryostat allowed measurements above 1.6 K.
The typical statistics of measurements for each point were
≈ 18 × 106 positron events.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

Measurements of the high-field magnetic susceptibility
showed Sc5Rh6Sn18 to be diamagnetic in the whole inves-
tigated temperature range (inset to Fig. 2), with an extrap-
olated value of χ0 ≈ −136(10) × 10−6 emu mol−1 at T =
0 K. χ (T ) of Sc5Rh6Sn18 increases with temperature, passes
through a broad maximum centered around 150 K, and then
decreases. Such a curvature of χ (T ) is rather unexpected,
taking into account that both diamagnetic and Pauli para-
magnetic susceptibilities are usually temperature indepen-
dent. A temperature dependence of the Pauli susceptibility
can, however, appear due to a steep slope of the DOS near
the Fermi level. Such behavior of χ (T ) is documented for
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(a) (b)

FIG. 3. (a) Resistivity derivatives of Sc5Rh6Sn18 for current and
field parallel to the c axis in magnetic fields up to B = 9 T. (b) Upper
critical field Bc2 vs T determined from electrical resistivity data
together with fits to a power law (red and blue lines are for onset
and zero-resistance (final) points, respectively).

BaPt4−xAuxGe12 [27]. Figure 5 in Ref. [24] shows that the
DOS of Sc5Rh6Sn18 indeed shows such a steep slope.

The temperature dependence of the zero-field-cooled
(ZFC) and field-cooled (FC) magnetic susceptibilities of
Sc5Rh6Sn18 in a field of 2 mT is given in Fig. 2. A sc transition
is observed at T mag

c = 5.2 K. Considering the demagnetization
correction, the diamagnetic response in ZFC is close to com-
plete. The FC signal (Meissner effect) is much weaker, which
is most likely due to strong flux line pinning in this type-II
superconductor.

B. Electrical transport

The temperature dependence of the electrical resistivity
ρ of Sc5Rh6Sn18 shows a sc transition at T res

c = 5.2 K. The
derivative of the electrical resistivity measured along the c
axis is presented in Fig. 3(a) for different values of B ‖ c.
The observed transitions are broad (full width at half max-
imum of 0.2–0.4 K), which is most likely due to structural
disorder [24]. An increase of the magnetic field leads to a
continuous lowering of Tc, and for B = 9 T no indication of
superconductivity is observed for temperatures above 0.4 K.
Identical behavior of ρ(T ) is observed when measuring in a
magnetic field perpendicular to the c axis [B ⊥ c; not shown
in Fig. 3(a)], indicating no anisotropy of the second critical
field.

The field dependence of Tc (defined as the temperature
where ρ deviates from zero) for both directions B ⊥ c and
B ‖ c is plotted in Fig. 3(b). Again, a clear isotropic behavior
is observed. A power-law extrapolation results in the upper
critical field Bc2(0) = 7.75(20) T. This corresponds to a
Ginzburg-Landau coherence length ξGL(0) = 65(1) Å, as cal-
culated from Bc2 = 	0/2πξ 2

GL (	0 is the flux quantum h/2e).
Bc2(0) is significantly lower than the Pauli-paramagnetic
limit for weak electron-phonon coupling, Bp

c2 (T) = 1.86 Tc

(K) [28,29].
The electrical resistivity of Sc5Rh6Sn18 single crystals

above the sc transition shows anisotropic behavior (Fig. 4).
In directions perpendicular to the c axis, ρ⊥c decreases with

FIG. 4. Electrical resistivity of Sc5Rh6Sn18 together with Bloch-
Grüneisen (purple line) and linear (green line) fits (see text). Inset:
Hall coefficient of Sc5Rh6Sn18. The red line is a guide for the eye.

decreasing temperature down to 70 K and then slightly
increases (almost not visible in Fig. 4), thus showing a
broad minimum. The low residual resistivity ratio (RRR =
ρ300K

⊥c /ρ6K
⊥c = 1.1) can be explained by the structural disorder

reported in [24]. In the temperature range 80–350 K ρ⊥c fits
excellently to the Bloch-Grüneisen formula [Eq. (1)], con-
firming Sc5Rh6Sn18 is a metallic system with a high residual
resistivity due to defect scattering ρ⊥c,0 = 2.50(1) μ� m;
the coefficient depending on the phonon contribution A =
0.11(3) μ� cm, and Debye temperature θ res

D (0) = 460(10) K.
Here it should be noted that high values of the residual
resistivities of about 2.5–4.0 μ� m as well as a rather weak
temperature variation of ρ(T) (RRR ∼ 1) were also reported
for Y5Rh6Sn18 and Lu5Rh6Sn18 crystals in Refs. [17,23]:

ρ(T ) = ρ0 + A

(
T

θ res
D

)5 ∫ θ res
D /T

0

x5

(ex − 1)(1 − e−x )
dx. (1)

Interestingly, ρ‖c(T ) of Sc5Rh6Sn18 above the SC transi-
tion decreases with increasing temperature. This decrease is
linear (green line in Fig. 4) in the range 20–150 K with ρ‖c,0 =
4.62(3) μ� m. Such behavior of the electrical resistivity is
reminiscent of those reported for Y5Rh6Sn18 and Lu5Rh6Sn18

and is little understood [17,23,30] and may be due to intrinsic
structural disorder, as seen in our recent study of the structure
of Sc5Rh6Sn18 [24].

The Hall coefficient RH(T ) for Sc5Rh6Sn18 is depicted in
the inset of Fig. 4. The magnetic field was applied parallel to
c, and the electrical current was applied perpendicular. RH(T )
increases with increasing temperature, tends to saturate near
room temperature, and is negative in the whole investigated
temperature range, which indicates electrons as charge carri-
ers. The charge carrier density ne = 2.2–3.8 × 1027 m−3 was
calculated within the single-carrier model. Such values are
typical for d-metal intermetallic systems [31].
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(a)

(b)

FIG. 5. Specific heat cp/T vs T 2 for Sc5Rh6Sn18 in different
magnetic fields. Inset a: low-temperature cp/T (T 2) together with
the fit to ∝ T −2 for B = 9 T (see text for more details). Inset b:
corrected for the Rh nuclear Schottky anomaly cp/T (T ) in zero and
overcritical (B = 9 T) magnetic field together with fits including T 5

and T 7 terms as well as a graphical equal-area estimation (entropy
conserving; see text).

C. Specific heat

The specific heat cp/T vs T 2 for Sc5Rh6Sn18 in different
magnetic fields is presented in Fig. 5. A sizable but rounded
steplike anomaly with an onset Tc = 5.15 K (consistent with
T mag

c and T res
c ) confirms the bulk nature of the superconduc-

tivity.
The plot of cp/T (T 2) of Sc5Rh6Sn18 reveals a clear upturn

for T < 0.6 K for magnetic fields B = 6 and 9 T [see inset
(a) in Fig. 5]. This is probably due to a nuclear Schottky
anomaly (i.e., cnucl ∝ T −2), which is frequently observed
in Rh-containing intermetallics [32]. However, even after
subtracting this contribution, cp(T ) in the overcritical field
could not be described with the conventional ansatz γ T +
βT 3. As one can see from inset (b) in Fig. 5, such a fit
results in a strongly underestimated Sommerfeld coefficient
[γ = 47(2) mJ mol−1 K−2]. Here it should be noted that
the description of the low-temperature phonons is a typical
problem of 5:6:18 stannides. To model cph for Sc5Ru6Sn18

Kumar et al. [21] fitted cp to γ T + βT 3 + δT 5 above Tc =
3.5 K. A comparison of the value of γ = 51.1 mJ mol−1 K−2

obtained in [15] for Sc5Rh6Sn18 with Fig. 2(a) in this work
hints at its underestimation. For a sufficiently accurate de-
scription of cph(T ) of Sc5Rh6Sn18 in the whole tempera-
ture range, it was necessary to include even the T 7 term,
i.e., cp = γtotT + βT 3 + δT 5 + εT 7. The resulting parame-
ters of such a fit in the temperature range 0.35–6.1 K are
the Sommerfeld coefficient of the electronic heat capac-
ity γtot = 69(1) mJ mol−1 K−2, β = 11.6(2) mJ mol−1 K−4

(corresponding to θ cal
D = 169(1) K, which obviously strongly

deviates from previously published values [21] due to the
inclusion of the additional terms), δ = 0.37(2) mJ mol−1 K−6,
and ε = −5.3(7) μJ mol−1 K−8.

FIG. 6. Electronic specific heat for Sc5Rh6Sn18 and a compar-
ison with the α model [33]. The nonsuperconducting normal state
cel = γtotT is given by the dashed line. Inset: Sommerfeld parameter
γ (B) as a function of magnetic field B. The solid brown line indicates
a linear dependence γ (B) ∼ B typical for an s-wave gap.

The second-order phase transition for zero field was ana-
lyzed by a graphical equal-area estimation (entropy conserv-
ing) with a midpoint T cal

c = 4.97 K [see Fig. 5(b)]. This re-
sulted in the specific heat jump ratio �cp/γtotT cal

c = 1.58(3),
which is slightly larger than that of the weak-coupling BCS-
theory limit (i.e., 1.43) for s-wave superconductors.

To obtain the temperature dependence of the electronic
specific heat cel(T ) we subtracted the phononic contribution
cph from the total cp. cel(T ) in zero field (Fig. 6) is well
described within the α model [33] for the energy gap α ≡
�(0)/kBTc = 2.39 (in fair agreement with Ref. [15]).

The Sommerfeld coefficient γ (B) for Sc5Rh6Sn18 was
obtained by fitting cp = γ T + cph in different magnetic fields
with the cph terms given above. It varies linearly with the
magnetic field (inset to Fig. 6). This indicates that γ (B)
is linearly proportional to the number of field-induced flux
lines, indicating an energy gap without nodes. For a strongly
anisotropic gap or a gap with nodes γ (B) ∝ B1/2 dependence
would be expected.

All these observations are in good agreement with previous
reports [14,15] and indicate Sc5Rh6Sn18 is a superconductor
with an isotropic s-wave gap and slightly stronger electron-
phonon coupling than predicted by the weak-coupling limit of
the BCS theory.

D. Zero-field μSR experiments

ZF-μSR time spectra of Sc5Rh6Sn18 measured at T =
2.11 K and almost at the sc transition temperature (T =
5.05 K) are presented in Fig. 7. The raw ZF-μSR data imply
that there is almost no (no visible) difference between the Tc

and below-Tc data sets. The solid lines in Fig. 7 correspond
to the analysis performed by using the following functional
form:

AZF(t ) = A0GKT(t ) exp(−�t ). (2)
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FIG. 7. ZF-μSR time spectra measured at T = 2.11 K and near
the sc transition temperature (T = 5.05 K) in Sc5Rh6Sn18. The solid
lines are fits by using Eq. (2). The absence of a visible difference
between the time spectra suggests an absence of the TRS breaking
effect (see text for details).

Here A0 is the initial muon-spin asymmetry, GKT(t ) is the
Kubo-Toyabe (KT) relaxation function describing the contri-
bution of nuclear magnetic moments,

GKT(t ) = [
1
3 + 2

3

(
1 − σ 2

KTt2
)

exp
( − σ 2

KTt2/2
)]

, (3)

and � is the electronic moment relaxation rate. σKT is the
Gaussian KT relaxation rate.

The temperature dependences of the parameters obtained
from the fit of the ZF-μSR data are summarized in Figs. 8
and 9. Two different types of fitting procedures were per-

FIG. 8. Temperature dependence of the exponential relaxation
rate � obtained from the fit of ZF-μSR data by means of Eq. (2).
The Gaussian Kubo-Toyabe relaxation rate σKT was assumed to be
temperature independent. The dotted line denotes the sc transition
temperature Tc = 5.15 K.

FIG. 9. Temperature dependence of the exponential relaxation
rate � (main panel) and the Gaussian Kubo-Toyabe relaxation rate
σKT obtained from the fit of ZF-μSR data by means of Eq. (2) (inset).
The dashed line denotes Tc = 5.15 K.

formed. As a first attempt the relaxation rate σKT was as-
sumed to be temperature independent. All muon time spectra
collected at different temperatures were fitted simultaneously
(globally) by using Eq. (2) with A0 and σKT being the same
and � being different for each particular data set. The results
presented in Fig. 8 imply that the exponential relaxation rate
� � 0.01 μs−1 stays temperature independent up to Tc. More
interesting is the fact that the two points, namely, the first one
at T = 5.05 K, which stays almost exactly at Tc, and the sec-
ond one at T = 6.12 K > Tc, demonstrate the steplike change
from �(T = 5.05 K) � 0.011(1) μs−1 to �(T = 6.12 K) �
0.0 μs−1.

As the second attempt, the validity of the assumption about
the temperature-independent Gaussian KT relaxation rate σKT

was checked. The results of the “global” fit procedure with
both � and σKT assumed to be temperature dependent are
presented in Fig. 9. The analysis reveals the whole effect of
the sudden change of the relaxation rate at T = 6.12 K went
entirely to σKT, while � stays almost temperature independent
within the experimental uncertainty.

Importantly, Bhattacharyya et al. [15] recently reported the
appearance of spontaneous magnetic fields in ZF-μSR data
in Sc5Rh6Sn18. This allowed them to make a conclusion on
the existence of the TRS-breaking phenomena and point to
an unconventional pairing mechanism in Sc5Rh6Sn18. Our
data, however, cannot be reconciled with the observation of
Bhattacharyya et al. [15] for the following reasons:

(i) The maximum value of the exponential rate � observed
in our study (� � 0.010 μs−1) is at least two times smaller
than � � 0.021 μs−1 reported in Ref. [15] (see Figs. 8 and 9).
This suggests that the value of the spontaneous magnetic field
on the muon stopping position caused by the effect of the TRS
breaking is sample dependent, which cannot be the case.

(ii) Analysis with the Gaussian KT relaxation as
a temperature-dependent parameter shows that the tiny
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(a)

(b)

FIG. 10. Temperature dependence of (a) σ and (b) Bs − B0 in
Sc5Rh6Sn18 obtained by fitting TF μSR time spectra with Eq. (4).
Here B0 is the mean field of the sample above Tc.

difference in relaxation is caused by the change in σKT rather
than the exponential relaxation parameter (Fig. 9).

(iii) Even though the inaccuracy in the determination of �

in our studies is higher than that reported in Ref. [15], no sys-
tematic decrease of � occurred when approaching Tc from low
temperatures. In contrast to the observation of Bhattacharyya
et al. [15], in our experiments � remains constant all the way
up to Tc.

To conclude, our ZF-μSR experiments do not confirm the
appearance of the time-reversal symmetry-breaking phenom-
ena in Sc5Rh6Sn18.

E. Transverse-field μSR experiments

In the transverse-field μSR the external magnetic field is
applied perpendicular to the initial muon-spin polarization.
In sc materials the TF muon-spin depolarization above Tc

is dominated by the temperature-independent nuclear depo-
larization σn. Below Tc an additional depolarization σs takes
place due to the spatially inhomogeneous magnetic field of
the Abrikosov vortex lattice [34]. The experimental TF-μSR
data were analyzed by using the following functional form:

ATF(t ) = A0 exp
[ − (

σ 2
s + σ 2

n

)
t2/2

]
cos(γμBst + φ). (4)

Here Bs is the internal field at the muon-stopping position,
γμ = 2π × 135.52 MHz/T is the muon gyromagnetic ratio,
and φ is the initial phase of the muon-spin ensemble.

In Fig. 10 temperature dependences of σ = √
σ 2

s + σ 2
n

and Bs in Sc5Rh6Sn18 for applied fields of 50 and 500 mT

FIG. 11. Temperature dependence of λ−2 in Sc5Rh6Sn18 calcu-
lated from σs as is obtained by fitting TF μSR time spectra with
Eq. (4).

are shown. Above Tc a nuclear depolarization of σn =
0.127(2) μs−1 is observed, while below Tc = 5.15 K σ in-
creases and reaches a value of 0.240(2) μs−1 in the low-
temperature limit. The field in the sample below Tc decreases
due to diamagnetism in the sc state.

The temperature dependence of the magnetic penetration
depth λ is related to the temperature dependence of the muon
relaxation rate due to the Abrikosov vortex lattice σs through
the relation [35]

σs(b)(μs−1) = 4.83 × 104(1 − b)

× [1 + 1.21(1 −
√

b)3]λ−2(nm−2), (5)

where b = Bs/Bc2(T ) is the reduced field, with Bc2 denoting
the upper critical field.

The superfluid density is an important parameter charac-
terizing a superconductor and is proportional to λ−2 [36].
The temperature dependence of λ−2 is shown in Fig. 11.
In the low-T limit Sc5Rh6Sn18 shows a saturation of the
superfluid density, indicating a nodeless sc order parameter,
in agreement with the exponential decrease of the electronic
specific heat. Within our precision, no field dependence of
the magnetic penetration depth is observed, thus indicating
an s-wave sc order parameter. Consequently, we analyze the
temperature dependence of λ−2 within the clean-limit s-wave
BCS model [37],

λ2(0)

λ2(T )
= 1 + 2

∫ ∞

�(T )

(
∂ f

∂E

)
EdE√

E2 − �2(T )
, (6)

where f = [1 + exp(E/kBT )]−1 is the Fermi function, while
the temperature dependence of the BCS gap is obtained with
the equation �(T ) = �0 tanh{1.82[1.018(1/t − 1)]0.51}, with
t = T/Tc [38,39]. A fit of Eq. (6) to the data is shown in
Fig. 11. The BCS model describes the data quite well. The
results of the analysis are summarized in Table I. The λ(0)
values are, by a factor of ≈ 2, larger than those reported
in [15]. Taking into account that μSR is the most reliable
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TABLE I. Summary of fit parameters for λ−2(T ) using Eq. (6).

Bext (mT) λ(0) (nm) � (meV) �(0)/kBTc

50 672(6) 1.07(4) 2.46(9)
500 665(8) 1.04(7) 2.38(16)

technique to estimate λ(0), our precise data clearly support
a nodeless s-wave scenario.

From the coherence length and penetration depth we de-
termined the Ginzburg-Landau parameter κ = λ/ξ = 103,
which allows us to classify Sc5Rh6Sn18 as an extreme type-II
superconductor.

IV. CONCLUSIONS

Sc5Rh6Sn18 is a diamagnetic metallic compound with a
complex centrosymmetric tetragonal crystal structure and a
high degree of structural disorder [24]. On a local scale the
disorder is expected to induce deviations from the global
centrosymmetric structure of the crystal [24]. Sc5Rh6Sn18

reveals a relatively broad sc transition at Tc = 5.15 K. The
upper critical field Bc2 = 7.75 T is well below the Pauli limit
and is the same perpendicular and parallel to the c direction.
Both the specific heat jump �cp/(γtotTc) = 1.58 and energy
gap ratio �(0)/kBTc = 2.39 for Sc5Rh6Sn18 are larger than
the values for the BCS weak-coupling limit of 1.43 and 1.76,
respectively. These findings together with the exponential
decrease of the electronic specific heat below Tc/2 indicate the

studied stannide is an s-wave superconductor with electron-
phonon coupling slightly stronger than the weak-coupling
BCS limit. This conclusion is strongly substantiated by the
observed saturation of the superfluid density at low tempera-
ture as well as the absence of time-reversal symmetry break-
ing, both deduced from precise muon-spin rotation. Although
Sc5Rh6Sn18 has a large Ginzburg-Landau parameter (extreme
type-II superconductivity), the coherence length of ≈ 65 Å is
still much longer than the typical length scale of the structural
disorder [24]. It might be speculated that for this reason the
local deviations from the global centrosymmetric structure
imposed by the structural defects do not critically influence
the symmetry of the sc order parameter.

The electrical resistivity reveals anisotropic behavior above
the sc transition: ρ⊥c(T ) increases with increasing tempera-
ture, whereas ρ‖c(T ) is, by a factor of ∼2, higher and almost
linearly decreases with temperature. The relatively high elec-
trical resistivity in both directions in the Sc5Rh6Sn18 single
crystals is ascribed to the high level of intrinsic structural
disorder [24] in Sc5Rh6Sn18.
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