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Abstract. Muon spin relaxation and rotation (#SR) measurements have been performed to
study the superconducting properties of CaslrsSnisz. Zero-field uSR data shows no sign of
any magnetic anomaly in CaslrsSn;s at the superlattice transition temperature, T or in the
superconducting ground state. Transverse-field uSR measurements in the vortex state provided
the temperature dependence of the magnetic penetration depth A. The dependence of A~2 with
temperature is consistent with the existence of a single s-wave energy gap in the superconducting
state of CaglrsSnis with a gap value of 1.51(5) meV at absolute zero temperature. The magnetic
penetration depth at zero temperature A(0) is 351(4) nm. The ratio A(0)/ksT. = 2.41(8)
indicates that CaslrsSnis is a strong-coupling superconductor.

1. Introduction

The ternary intermetallic stannide compounds, MglrsSnyi3, where M = Ca, Sr, etc.
are of particular interest because they exhibit many exotic physical properties such as
superconductivity, magnetic or charge order, and structural instabilities [3, 4, 5]. CasIrsSn;s one
of the most important material among these compounds shows a superconducting ground state
below 7 K [1, 2]. Although this material was synthesized some 30 years ago, only very recently
it has regained particular attention due to the possible coexistence or competition between
superconducting and ferromagnetic spin fluctuation or charge density wave (CDW) states.

Resistivity and susceptibility measurements on CaslrsSni3 show a broad peak like anomaly
at T* =~ 33 K. A similar anomaly has also been observed in the isoelectric sister compound
Sr3lrySn;z at T ~ 147 K. Initially these T anomalies were attributed to ferromagnetic (FM)
fluctuation. The claim was made with the observation that the resistivity follows a non-Fermi
liquid temperature dependence, but that the Fermi liquid behaviour can be restored by applying
a high magnetic field [3]. Under an applied hydrostatic pressure, the T;. of CazlrsSni3 increases
up to 4 GPa then falls for higher pressures [4].

Recently, single crystal x-ray diffraction studies [4] showed that the 7% anomaly in M3IrsSn3
(M = Ca, Sr) is related to a second order superlattice transition from simple cubic parent
phase, the I-phase, to a superlattice variant, the I’-phase, with a lattice parameter twice that of
the I-phase. It has been further argued that this superlattice transition is associated with
a charge density wave transition of the conduction electron system. At low temperatures,
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thermal conductivity and specific heat measurements indicate weakly correlated nodeless
superconductivity in CaglrySnis [5, 6]. On the other hand, recent uSR study on CaslrySnis
[7] determined a very high gap-to-7; ratio value A(0)/(kgZ.) = 5, which is unusually large even
for a very strongly coupled BCS superconductor. In this contest, it is therefore important to
reveal the true nature of the superconducting gap structure in M3lrySni3 (M = Ca, Sr).

Here, we use the uSR technique as a microscopic local magnetic probe to investigate the
magnetic properties of the superconducting ground state and determine the superconducting
gap structures in CaglrsSnis.

2. Experimental details

Single crystal samples of CaglrySnis were prepared using a high temperature self-flux
method [1, 2]. Sample characterization measurements were performed at the Brookhaven
National Laboratory. The transverse-field (TF) and zero-field (ZF) uSR experiments were
carried out at the 7E1 and 7E3 beam lines at the Paul Scherrer Institute (Villigen, Switzerland).
The sample was cooled to the base temperature (1.6 K) at H = 0 during ZF-uSR experiments
and in series of fields ranging from 2 mT to 0.5 T in TF-uSR experiments. The typical counting
statistics were ~ 8 million events per data point. The ZF and TF uSR data were analyzed by
using the free software package MUSRFIT [8].

3. Results and discussion
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Figure 1. (Color online) ZF-uSR spectra of CaglrySnis taken at 1.58 and 50.3 K. The solid
lines are fits to the data using Eq. 1.

Figure 1 compares the ZF-uSR signals collected above T* and below T.. Both signals are
practically identical, indicating that no additional magnetic moments (either static or dynamic)
appear below T* and also below T.. ZF-uSR data can be well described using a Gaussian
Kubo-Toyabe relaxation function, [9]

A(t) = A(0) {; + % (1-o?2) exp <_"22t2> } , (1)

where A(0) is the initial asymmetry and o describes the muon spin relaxation rate due to the
presence of static nuclear moments in CaglrySni3. The values of ¢ obtained from the fits are
0.048(2) and 0.051(2) us~! for 1.58 and 50.3 K, respectively.
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Figure 2. (Color online) (Left panel) TF-uSR signals for CaslrsSnjs measured at 1.97 and
10.5 K in an applied field of 300 Oe. The solid lines are the fits to the data using Eq. 2. (Right
panel) Corresponding TF spectra plotted in the frequency domain.

The left panel of Fig. 2 shows the TF-uSR precession signals of CaglrySnis taken at 1.97 and
10.5 K in an applied field of 300 Oe. The right panel of Fig. 2 shows corresponding TF spectra
plotted in the frequency domain. The signal in the normal state exhibit almost no damping
due to homogeneous magnetic field distribution inside the sample. However, the signal taken at
1.97 K (below T¢) decays very quickly due to the inhomogeneous field distribution generated by
the superconducting vortex lattice [10].

We can determine the second moment of the magnetic field distribution associated with the
vortex state from the TF-uSR spectra. To do that the TF-uSR spectra were fitted using a
multi-component Gaussian curve [11, 12]:

N
At) = Z Aiexp(—aft2/2)cos('yuBit + @) + Apgcos(vuBpgt + @), (2)
i=1

where ¢, A;, 0;, and B; are the initial phase, asymmetry, relaxation rate, and mean field (first
moment) of the ith Gaussian component, respectively. Ay, and By, are the asymmetry and field,
respectively due to the background contribution. We found that two Gaussian components
(N = 2) are sufficient to fit the muon time spectra data. For N = 2, the first and second
moments of P(B) are given by

2
AiBi
<B> - lzzl M7 (3)
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AB*)=— = E —_— ; B; — (B 4

< > ’y,u P Al + A2 {(O-Z/,Y,U/) + [ 7 < >] } ) ( )

where 7, = 27 x135.5388 MHz/T is the muon gyromagnetic ratio and o the muon depolarization
rate. Fig. 3 shows the temperature dependence of o of CaslrsSni3 for an applied field of 300
Oe.
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Figure 3. (Color online) Temperature dependence of the muon depolarization rate o in
CaglrySni3 collected in an applied magnetic field of 300 Oe.

The superconducting contribution to ¢ is obtained by subtracting the nuclear moment
contribution (measured above T¢) as 052 = 0% — opm?. For an isotropic type-II superconductor

21 A=1.51(5) meV 1
- AT, =2.41(8) :
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Figure 4. (Color online) The temperature dependence of A=2(T'). The solid line is a fit to the
data using a single s-wave BCS model.

with a hexagonal Abrikosov vortex lattice described by Ginzburg-Landau theory, the magnetic
penetration depth A is related to o4 by the equation [10]:

0se(b)[ps™1] = 4.854 x 10%(1 — b)[1 + 1.21(1 — V)] A2 [nm 2], (5)
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Here b = (B) /B is a reduced magnetic field. Fig. 4 shows the temperature dependence of A\~2,
i.e. the effective superfluid density, which is nearly flat below 4 K. This suggests that CaglrySn;s
is a nodeless fully gapped superconductor. The solid line is a fit to the data using a single gap
BCS s-wave model [13, 14]:

A7(T) ©  /9f EdE
=1+2 —— | ——_——- 6
20 /A(T) (3E> E? —A(T)? ©)
Here A(0) is the zero-temperature value of the magnetic penetration depth, and f = [1 +

exp(E/kgT)]~! is the Fermi function. We approximated the temperature dependence of the
gap with A(T) = A(0) tanh{1.82[1.018(7./T — 1)]>5} [15]. The fit yields A(0) = 351(4) nm,
and A(0) = 1.51(5) meV. The gap to T ratio A(0)/kpT, = 2.41(8) is higher than the BCS
value of 1.76, suggesting that CaglrySnjs is a strong-coupling superconductor. Our values of
A(0) and gap-to-T¢ ratio obtained by a microscopic measurements are in good agreement with
those obtained from specific heat measurements [16], whereas they are nearly 50 % lower than
the values obtained in the previous uSR measurements by S. Gerber et al. [7].

4. Conclusions

In conclusion, ZF-uSR results do not find evidence of any magnetism in CaglrySnis below T* as
well as in the superconducting state. TF-uSR results indicate for a fully gapped superconducting
state in CaglrgSniz. A(T') can be well fitted using a single BCS s-wave model with gap value,
A(0) = 1.51(5) meV and penetration depth, A\(0) = 351(4) nm. The value of the gap to T ratio,
2.41(8) is higher than the BCS value of 1.76 and suggests that CaslIrySnj3 is a strong-coupling
superconductor.
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