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Abstract. We report microscopic studies by muon spin spectroscopy of the superconducting
properties as a function of chemical and hydrostatic pressure in the cubic ternary intermetallic
(CaxSr1−x)3Rh4Sn13 compounds. We find evidence of a quantum critical point at a critical
pressure pc in the superconducting phase, where the superfluid density increases by a factor
of two and the superconducting pairing strength displays a pronounced maximum. The
enhancement of superconductivity is related to the structural phase transition at pc, which is
accompanied by profound changes of the Fermi surface associated to the suppression of a charge
density wave (CDW). The quantum critical point separates a superconducting phase coexisting
with CDW from a pure superconducting phase, while in both phases superconductivity
has a strong-coupling phonon-mediated BCS-like s-wave character. Together with the
related isoelectronic compound (CaxSr1−x)3Ir4Sn13, this system shows that conventional BCS
superconductors in the presence of competing orders may display behaviour and characteristics
of unconventional superconductors.

1. Introduction
The interaction and interplay between superconductivity, structural or other types of electronic
order is matter of ongoing research and remains one of the fundamental subjects of condensed
matter and material science. In a variety of systems, ranging from organic materials, heavy
fermions, through cuprate and Fe-based high Tc superconductors, many common features are
found, in spite of different structural and physical properties. This is apparent in the phase
diagrams, where critical temperatures or order parameters are expressed as a function of some
tuning parameters, such as doping, magnetic field or pressure [1, 2, 3, 4].

Remeika phase materials with the generic formula R3T4X13 and a cubic structure have
attracted particular interest because they display a large variety of phenomena, which are
also found in exotic and unconventional superconductors. A broad variety of elements can
be chosen for the different sites, where e.g. R can be a rare-earth, alkaline earth element
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or also an actinide such as Th, T is a transition metal, and X is a group IV element,
usually Ge or Sn [5, 6]. In particular, the stannide compounds (CaxSr1−x)3Ir4Sn13 and the
isoelectronic (CaxSr1−x)3Rh4Sn13 have focused the interest because they simultaneously display
superconductivity and a structural phase transition at a temperature T ∗ accompanied by
profound changes in the Fermi surface indicative of the formation of a charge density wave
(CDW) [7, 8, 9, 10, 11, 12, 13, 14, 15]. The structural transition has a clear signature in
XRD [7, 14] and coincides with anomalies in many properties of the electronic system which
manifest in transport, thermal, magnetic and optical measurements [10, 13, 15, 14, 16, 17,
18, 19, 20]. This suggests that the structural transition is occurring via the formation of a
CDW. The role and interaction of superconductivity/CDW/structural transitions is central also
in cuprates superconductors, where after the discovery of the competition between CDW and
superconductivity in YBa2Cu3O6.67 [21], other different types of CDW have been found and
where the presence of a CDW appears to be generic [1]. In this context the regions in the vicinity
of the phase transition and quantum critical points (QCPs) are of particular interest [22]. As
shown in Refs. [7, 14] the ternary metallic stannides offer a playground to study the interplay
of these order parameters, without being affected by spin fluctuations from a nearby magnetic
transition. Local investigations of the evolution of the superconducting state as a function of
pressure in (CaxSr1−x)3Ir4Sn13 found s-wave superconductivity with strong enhancement of the
superfluid density and of the coupling strength as expressed by the R ≡ ∆(0)/(kBTc) ratio
at 1.6GPa, thus presenting direct evidence of the presence of a quantum critical point at the
end point of the structural/CDW phase transition, separating two superconducting phases, one
coexisting with CDW (below pc) and another above [23, 24, 25]. At the same time, evidence of a
QCP in (CaxSr1−x)3Rh4Sn13 was observed through phonon-softening [26] a peak in the critical
current [27] and by specific heat studies finding an increase of R and a decrease of the Debye
frequency [16]. Furthermore, based on the effect of disorder in Ca3Rh4Sn13 , a singlet, multiband,
A+−

1g state with an s+− gap has been proposed as the most likely order parameter [28].
Here, we use muon spin spectroscopy (µSR) to characterise at a local level the

superconducting and magnetic properties of (CaxSr1−x)3Rh4Sn13 as a function of chemical
(by substitution of Sr with Ca) in combination with hydrostatic pressure and investigate how
the microscopic superconducting parameters evolve. The effective magnetic penetration depth
λ(T, p) which is a measure of the superfluid density λ−2 ∝ ρs ≡ ns

m∗ (where ns is the supercarrier
density and m∗ effective mass), is determined as a function of pressure and temperature from
the inhomogeneous field distribution p(B), which characterises the formation of the vortex
state in a field cooled measurement. From its temperature dependence the symmetry and
the T = 0K characteristics of the superconducting state are determined. This allows to study
their evolution around the QCP T ∗ ∼= 0K. Our experiment shows that the superfluid density of
(CaxSr1−x)3Rh4Sn13 doubles and that R reaches a maximum at pc. Similarly to (CaxSr1−x)3Ir4-
Sn13, the (CaxSr1−x)3Rh4Sn13 samples remain conventional electron-phonon mediated s-wave
superconductors across the QCP and the significant increase of paired carriers and coupling
strength is related to the suppression of the CDW and concomitant phonon softening at the
QCP.

2. Experiment
2.1. Experimental Details
Single crystals of (CaxSr1−x)3Rh4Sn13 were grown from excess Sn. Elemental CaxSr1−x, Rh
and Sn in 3:4:93 atomic ratio were placed in an alumina crucible and sealed under vacuum in a
quartz ampule along with some quartz wool for filtration. The ampule was heated up to 1100 °C,
kept for six hours, fast cooled to 800 °C and then slow cooled to 490 °C where the excess Sn was
decanted in a centrifuge outside the furnace [12].

The complete substitution of Ca with Sr corresponds to a negative pressure of −6.8GPa [14].
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Combining partial Ca/Sr substitution with hydrostatic pressure, the pressure range from
−3.9GPa to 1.9GPa has been investigated, where zero pressure corresponds to the
non-pressurised Ca3Rh4Sn13 compound. To measure the microscopic properties of the
superconducting state, transverse-field (TF) µSR experiments were performed on different
instrument of the SµS facility the Paul Scherrer Institute (Villigen, Switzerland). The
instruments Dolly and GPS with a 28MeV/c surface muon beam were used for low background
measurements on non-pressurized samples [29], whereas the GPD instrument making use of
high energy muons (∼ 100MeV/c) at the µE1 decay channel beamline allowed to perform µSR
studies under pressure [30, 31]. Forward and backward positron detectors with respect to the
initial muon polarization were used for the measurements of the µSR asymmetry time spectrum
A(t). For the experiments under hydrostatic pressure we followed the procedure described in
detail in Ref. [25]. In this case several (single crystal) pieces of the compound were loaded
into the cylindrical pressure cell. The sample dimensions were chosen to maximize the filling
factor of the pressure cell (diameter 6 mm, height 15 mm). A piston-cylinder pressure cell was
used with Daphne oil as a pressure-transmitting medium. Measurements under pressure in the
x = 1, (x = 0.84) sample were performed in a CuBe (MP35) pressure cell, respectively. The
pressure was calibrated by measuring via AC susceptibility the superconducting transition of a
very small indium plate inserted in the cell. The fraction of the muons stopping in the sample
was approximately 40% with the CuBe cell and 35% with the MP35N cell. The ambient
pressure measurement on the x = 1 and x = 0.84 were performed with different instruments and
pressure cells to better assess the background contribution arising from muons stopping in the cell
walls and confirm the consistency of the results. In addition, resistivity and magnetoresistance
measurements to determine ρ(T ) and Bc2(T ) were performed using a PPMS Quantum Design
instrument.

2.2. Data analysis
Muon spin rotation (µSR) measurements in the vortex state have been performed as a function
of increasing temperature after initial field-cooling of the sample. Representative time spectra on
(CaxSr1−x)3Rh4Sn13 in the normal and superconducting state at different hydrostatic pressures
and chemical compositions are shown in Fig. 1. These spectra yield information about the
superconducting properties. For instance, the average muon spin precession frequency is directly
proportional to the average local magnetic field at the muon site and thus reflects the diamagnetic
shift associated with the vortex supercurrents. In the vortex state the precession is damped
and the damping is determined by the width of the field distribution, which depends on the
characteristic length scales of the superconductor. The measured asymmetry has contributions
from both the sample signal and background A(t) = As(t)+Abg(t). In the measurements with a
pressure cell the background is particularly pronounced, since a significant number of the muons
stop inside of the cell. This background can be clearly seen as a beating between between the
oscillations from the two contributions, Fig. 1a,b. Such a beating is absent in measurements at
Dolly and GPS where the background contribution is much smaller, Fig. 1(c,d). The spectral
evolution of the background slightly depends on the type of pressure cell and for the CuBe and
MP35 piston anvil cells used here, it can be modelled by the following functions [32, 25]:

ACuBe(t) = Acell exp

(
−
σ2
CuBet

2

2

)
cos(γµBcellt+ φ) (1)

AMP35(t) = Acell exp

(
−
σ2
MP35t

2

2

)
e−λMP35t cos(γµBcellt+ φ), (2)

where Acell depends on the portion of muons stopping in the pressure cell, φ is the initial muon
spin phase, and the Gaussian accounts for depolarisation by nuclear moments. In the MP35
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Figure 1. Comparison of µSR time spectra above and below Tc, for different (CaxSr1−x)3-
Rh4Sn13 compositions x and pressures. (a) Ambient pressure and (b) 1GPa measurements on
the x = 0.84 sample in a CuBe pressure cell. (c,d) Ambient pressure measurements without
pressure cell on the x = 1 and x = 0.5 samples, respectively.

pressure cell there is an additional dynamic contribution leading to an an exponential relaxation
with rate λMP35. Note that this dynamic contribution becomes strongly temperature dependent
at low temperature, which cannot be reliably disentangled from the sample’s temperature
dependence. Therefore, only measurements above 2K have been considered in the MP35 pressure
cell. Below the superconducting transition, the field distribution in the pressure cell is further
affected by the magnetic fields arising from the diamagnetism of the sample. To account for
this, the change in the mean field Bcell and depolarization rate σCuBe/MP35 of the pressure cell
was assumed to be proportional to the field shift in the sample [33].

In the superconducting state, the field distribution of the sample is well represented by a sum
of several (n) Gaussians [34, 35, 36]:

A(t) = A0

n∑
i=1

ri exp

(
−σ2

i t
2

2

)
cos(γµBit+ φ), (3)

⟨B⟩ =
n∑

i=1

riBi ;
σ2

γ2µ
:= ⟨∆B2⟩ =

n∑
i=1

ri

[(
σi
γµ

)2

+ (Bi − ⟨B⟩)2
]

(4)

where A0 is the initial sample asymmetry, ri ∈ (0, 1),
∑n

i=1 ri = 1, and ⟨B⟩ and ⟨∆B⟩ describe
the first and second moment of the field distribution. In this case it was sufficient to use n = 2
below Tc and n = 1 above.

The superconducting contribution to the second moment of the field distribution σsc =√
σ2 − σ2

n has been obtained by subtracting the contribution from nuclear moments σn, which is
determined above Tc. This width of the superconducting field distribution reflects the number
and size of vortices in the sample and thereby the magnetic penetration depth. Within an
analytical approximation of a hexagonal Ginzburg-Landau vortex lattice, this relationship can
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Figure 2. Temperature dependence of (a) depolarization rate and (b) mean field for the
different samples at ambient pressure in a field of 50mT. (c) Applied field dependence under
field-cooling conditions of the depolarization rate at a temperature of 1.6K. The solid lines show
fits of Eq. 5 from the main text.

be parameterised as [37]:

σsc
[
µs−1

]
= 4.854× 104(1− b)

[
1 + 1.21

(
1−

√
b
)3

]
λ [nm]−2 , (5)

where b := ⟨B⟩/Bc2 is the reduced magnetic field.

3. Results
The ambient pressure dependence of the first and second moment of the magnetic field
distribution in an applied transverse field of 50mT > µ0Hc1 is shown in Fig. 2(a). Below the
superconducting transition temperature we find a pronounced, order-parameter like increase
(decrease) of σ (B) indicating the formation of the vortex lattice. We note that the µSR
signal is consistent with the full sample asymmetry being affected by superconductivity at all
temperatures and pressures below Tc, which indicates the absence of any microscopic phase
separation.

As a function of increasing applied field at 1.6K the width of the field distribution σ first
increases, as more vortices are penetrating the sample and then decreases towards higher field,
as the vortices become closer to each other, Fig. 2(b). At fields above where σ is maximal, the
field dependence is well described by Eq. 5, which is shown as a solid line in Fig. 2(b). This
motivates the use of Eq. 5 to determine the temperature dependence of λ. For this purpose, the
reduced field was calculated based on the values of Bc2 measured with resistivity down to 2K
at ambient pressure, which was interpolated linearly as a function of temperature and combined
hydrostatic and chemical pressure. Note that at low temperature ⟨B⟩ ∼= Bext ≪ Bc2(T = 0) and
thus, any deviation from Bc2 from the assumed linear behavior at low temperature would have
little influence on the determined values of λ.

The resulting temperature dependence of λ−2 at different hydrostatic pressures which is a
measure of the superfluid density is shown in Fig. 3. We find that λ−2 increases sharply at Tc,
but then saturates at low temperature. This is a clear indication, that the pairing wave function
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Figure 3. Temperature dependence of the superfluid density at different hydrostatic pressures
in the (a) x = 0.84 and (b) x = 1 samples.

in (CaxSr1−x)3Rh4Sn13 is fully gapped, whereas the superfluid density would be expected to
increase with decreasing temperature for nodal superconductivity. Indeed, at all pressures and
temperatures, the superfluid density is well modelled by a s-wave BCS-like gap [38]

λ−2(T ) = λ−2
0

[
1− 2

∫ ∞

∆

(
− ∂f

∂E

)
E√

E2 −∆(T )2
dE

]
(6)

where f is the Fermi function and the temperature dependence of the gap is approximated
by [39]:

∆(T ) = ∆0 tanh

{
1.82

[
1.018

(
T

Tc
− 1

)]0.51}
. (7)

This parametrization allows to fit the gap as a function of Tc, λ0 and ∆0, which are shown in
Fig. 4 and the corresponding curves drawn as solid lines in Fig. 3 are in very good agreement
with the data. However, note that the gap to Tc ratio needs to be treated as an adjustable
parameter [40], and converges to a value significantly larger than the BCS ratio of ∼ 1.76
at all compositions and pressures, Fig. 4(c). This implies the presence of strong coupling
superconductivity, similar to what has been observed in Sr3Ir4Sn13 [23] and Ca3Ir4Sn13 [24, 25].

4. Discussion
There is a strong increase of the superfluid density across the quantum phase transition from
λ−2 = 14.7(3) µm−2 to λ−2 = 29(2) µm−2, corresponding to an increase of the superfluid density
by almost 100%, Fig. 4(b). This is a clear signature that the charge density wave phase is
competing with the coexisting superconductive phase for the available conduction electrons. A
suppression of the density of states at the Fermi-level in the Sn 5s band by 13% at the CDW
transition has been observed in 119Sn NMR measurements on Sr3Rh4Sn13 [15]. Assuming the
density of states of a free electron gas N(EF) ∝ n1/3, this could only account for an increase
in the charge carrier density in this band by ≈ 44%. However the superfluid density is also
inversely proportional to the effective mass m∗ = mb(1 + λe−ph) which might change across the
phase transition. Considering such an additional change of the electron phonon coupling, which
increases from λe−ph = 0.936 in Sr3Rh4Sn13 [41] to λe−ph = 1.622 in Ca3Rh4Sn13 [42], this could
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Figure 4. Combined hydrostatic and chemical pressure dependence of (a) the transition
temperature Tc, (b) superfluid density at T = 0K and (c) ∆0/kBTc.

explain the observed behaviour. Also, note that in the pristine Ca3Rh4Sn13 at ambient pressure
we find that λ(0) = 179.5(3) nm is significantly smaller than the λ(0) = 330 nm observed in
irradiated samples [28].

The ratio between the gap at zero temperature and the superconducting transition
temperature shown in Figure 4(c) peaks near the QCP, concomitant with the phonon softening
associated with the suppression of the CDW. The same behaviour has already been found in
heat capacity measurements [16]. However, the values found in our microscopic measurement
are significantly lower than the ones obtained from the electronic specific heat data, which are
sensitive to the subtraction of the phonon contribution [16]. Also note that the gap-to-Tc ratio in
Ca3Ir4Sn13 exceeds the maximum possible value of 2.77 possible within the framework of strong
coupling Eliashberg theory [43], which has been attributed to the presence of additional low-
energy phonon modes at the QCP which enhance the coupling strength [25]. Here the coupling
strength remains below this value at all pressures.

In conclusion, we find clear signatures of a pressure tuned QCP in (CaxSr1−x)3Rh4Sn13,
which is hallmarked by a significant increase in superconducting carriers and a peak in the
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coupling strength, while keeping a fully gapped, strong coupling BCS-like character across the
whole phase diagram.
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