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Nodeless superconductivity in noncentrosymmetric LaRhSn
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The superconducting order parameter of the noncentrosymmetric superconductor LaRhSn is investigated by
means of low-temperature measurements of the specific heat, muon-spin relaxation/rotation (uSR), and the
tunnel-diode oscillator (TDO)-based method. The specific heat and magnetic penetration depth [A(7')] show
an exponentially activated temperature dependence, demonstrating fully gapped superconductivity in LaRhSn.
The temperature dependences of A ~2(T') deduced from the TDO-based method and ;+SR show nearly identical
behavior, which can be well described by a single-gap s-wave model, with a zero-temperature gap value of
A(0) = 1.77(4)kgT.. The zero-field uSR spectra do not show detectable changes upon cooling below 7., and
therefore there is no evidence for time-reversal-symmetry breaking in the superconducting state.

DOI: 10.1103/PhysRevB.105.134523

I. INTRODUCTION

Noncentrosymmetric superconductors (NCSs) have at-
tracted considerable interest, since in the absence of inversion
symmetry, an antisymmetric potential gradient gives rise to an
antisymmetric spin-orbit coupling (ASOC). The ASOC lifts
the twofold spin degeneracy of the electronic bands, poten-
tially allowing for unconventional superconducting properties
such as the admixture of spin-singlet and spin-triplet pair-
ing states [1,2]. In the noncentrosymmetric heavy fermion
superconductor CePt;Si, measurements of the magnetic pen-
etration depth, thermal conductivity, and specific heat showed
the presence of line nodes in the energy gap [3-5], and
nodal superconductivity was subsequently found in other
NCSs, such as Li;Pt3B [6,7], Y2Cs [8], KoCr3As; [9,10],
and ThCoC, [11]. However, many NCSs are found to be
fully gapped superconductors, such as MosAl,C [12,13],
RTSi; (R = La, Sr, Ba, Ca; T = transition metal) [14-18],
BiPd [19,20], ReeT [21-23], La;73 [24,25], BeAu [26], and
PbTaSe, [27-29]. Even though some of these systems have
been found to have multiple superconducting gaps, many
NCSs show evidence for single-gap s-wave superconduc-
tivity, indicating negligible contributions from a spin-triplet
pairing component. The predominance of such s-wave super-
conductivity even in systems with strong ASOC has posed
the question as to what conditions are required to give rise

*Corresponding author: msmidman @zju.edu.cn
fCorresponding author: hqyuan@zju.edu.cn

2469-9950/2022/105(13)/134523(8)

134523-1

to mixed parity pairing. In addition, even in NCSs exhibit-
ing unconventional properties, unambiguously demonstrating
the presence of singlet-triplet mixing remains challenging,
and obtaining direct evidence may require probing associated
topological superconducting phenomena such as gapless edge
modes and Majorana modes [30,31].

Time-reversal-symmetry breaking (TRSB) has been ob-
served in the superconducting states of some weakly corre-
lated NCSs, such as LaNiC, [32], La;T3 [24,25], and several
Re-based superconductors [21,33,34]. TRSB has primarily
been revealed by muon-spin relaxation measurements, which
detect the spontaneous appearance of small magnetic fields
in the superconducting state, even in the absence of external
applied fields [35]. In most cases, such systems have been
found to have nodeless superconducting gaps, which has often
been difficult to reconcile with the unconventional nature of
the pairing state implied by TRSB. On the other hand, dif-
ferent behavior was recently found in the weakly correlated
NCS CaPtAs, where there is evidence for both nodal super-
conductivity and TRSB [36,37]. Consequently, it is important
to survey a wide range of different classes of NCSs, so as
to look for novel behaviors arising from ASOC, as well as
to reveal the origin of any time-reversal-symmetry breaking
and to understand its relationship to the broken inversion
symmetry.

LaRhSn crystallizes in the noncentrosymmetric hexag-
onal ZrNiAl-type structure (space group P62m) displayed
in the inset of Fig. 1, where the rare-earth atoms form a
distorted kagome lattice. Compounds in this family with a
magnetic rare-earth atom have been extensively studied due

©2022 American Physical Society
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FIG. 1. Temperature dependence of the electrical resistivity p(T)
of LaRhSn from room temperature down to 0.5 K. The insets show
p(T) near the superconducting transition, and the crystal structure of
LaRhSn.

to the interplay of strong electronic correlations and frus-
trated magnetism [38—40], while several other systems with
nonmagnetic rare-earth elements are superconductors. For ex-
ample, Sc(Ir,Rh)P, LaRhSn, and LaPdIn are superconductors
with relatively low transition temperatures 7, [41-44], while
(Zr,Hf)RuP, ZrRu(As,Si), and Mo(Ni,Ru)P have T.’s over
10 K [45-49], where the higher T, values may be a conse-
quence of the phonon spectra and electron-phonon coupling
strengths [47,50,51]. In this paper, we study the order parame-
ter of LaRhSn via measurements of the electronic specific heat
and magnetic penetration depth, where the latter is probed
using both the tunnel-diode oscillator (TDO)-based method
and muon-spin rotation (4SR). The experimental results ob-
tained by various techniques can be consistently described by
a single-gap s-wave model corresponding to weak electron-
phonon coupling. In addition, zero-field ©SR measurements
do not exhibit detectable changes below 7, and therefore there
is no evidence for TRSB in the superconducting state.

II. EXPERIMENTAL DETAILS

Single crystals of LaRhSn were synthesized using the
Czochralski method, as described in Ref. [52]. The specific
heat was measured in a Quantum Design Physical Property
Measurement System (PPMS) with a *He insert. The re-
sistivity p(7T') was measured in a 3He cryostat from room
temperature down to 0.5 K, using a standard four-probe
method. SR measurements were performed using the MuSR
spectrometer at the ISIS pulsed muon source of the Rutherford
Appleton Laboratory, U.K. [53,54]. The uSR experiments
were conducted in transverse-field (TF) and zero-field (ZF)
configurations, so as to probe the flux-line lattice (FLL) and
the presence or absence of time-reversal-symmetry break-
ing, respectively. Powdered single crystals of LaRhSn were
mounted on a high-purity silver sample holder, which was
mounted on a dilution refrigerator, with a temperature range
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FIG. 2. Temperature dependence of the electronic specific heat
as Co(T)/y,T of LaRhSn, where the solid line represents fitting with
a single-gap s-wave model. The inset displays the total specific heat
C(T)/T, where the dashed line represents the fitting to the normal
state contribution.

from 0.05 to 2.5 K. With an active compensation system, the
stray magnetic field at the sample position can be canceled to
within 1 uT. TF-uSR experiments were carried out in several
fields up to 60 mT.

The shift of the magnetic penetration depth from the zero-
temperature value AA(T) = A(T) — A(0) was measured down
to 0.3 K in a *He cryostat, using a tunnel-diode oscillator
(TDO)-based method [55-57], with an operating frequency
of 7 MHz and a noise level of 0.1 Hz. Samples with typ-
ical dimensions of 550x450x300 pwm> were mounted on a
sapphire rod. The generated ac field is about 2 uT, which is
much smaller than the lower critical field H,;, ensuring that
the sample remains in the Meissner state. AXL(T) is propor-
tional to the frequency shift from zero-temperature A f(7T),
i.e., AMT) = GAf(T), where G is the calibration factor de-
termined from the geometry of the coil and sample [56].

II1. RESULTS

A. Electrical resistivity and specific heat

The single crystals of LaRhSn were characterized by
measurements of the electrical resistivity and specific heat.
Figure 1 displays the electrical resistivity p(7") from room
temperature down to 0.5 K, which exhibits metallic behavior
in the normal state. The inset shows p(T") at low temperatures,
where there is a sharp superconducting transition at around
2.0K.

The inset of Fig. 2 displays the total specific heat C(T)/T
of LaRhSn in zero field, where there is a clear supercon-
ducting transition with a midpoint 7. = 1.9 K, in line with
the behavior of p(7T'). In the normal state, the specific heat
data are fitted by C(T)/T =y, + BT?* +8T*, with y, =
11.15(4) mJmol ' K2, B =0.410(6) mJ mol~' K—*, and
8 = 0.87(1) uJmol~! K~°. Here, y, is the normal state Som-
merfeld coefficient, and the latter two terms represent the
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phonon contribution. The Debye temperature 6, is estimated
to be 241(1) K using 6p = (127*Rn/58)'/3, where R =
8.31 Jmol~! K~! is the molar gas constant and n = 3 is the
number of atoms per formula unit. The electron-phonon cou-
pling constant Aejpn can be approximated via

1.04 + u*1In (1_2&,)

(1 -0.62u) In (7587) — 1.04°

ey

Aelph =

Using the typical values for p* of 0.1-0.15, Aeiph =
0.47-0.57 are obtained, close to the derived values for
isostructural LaPdIn [44], indicating weakly coupled super-
conductivity in LaRhSn. In addition, the value of y, is very
similar to that of LaPdIn, but larger than the values for LuPdIn
and LaPtIn which are not superconducting down to at least
0.5 K [44]. This is consistent with the magnitude of the density
of states at the Fermi level playing an important role in giving
rise to superconductivity in this family of compounds.

The main panel of Fig. 2 shows the low-temperature
electronic specific heat Cg(T)/y,T, from which the phonon
contribution has been subtracted. In the superconducting state,
the entropy S can be calculated by [60]

3w
73

2T (o)
5= /0 /0[flnf+<1—f>1n<1—f>]ded¢, ?)

where the f(E, T) = [1 + exp(E /kgT)]~! is the Fermi-Dirac
distribution function. Here, E = v'&2 + A2, where A(T) =
A(T)gy is the superconducting gap function. Therefore, the
electronic specific heat of the superconducting state can be
obtained by C,; = TdS/dT . In the case of a single-gap s-wave
model, there is no angle-dependent component (g; = 1), and
A(T) was approximated by [61]

A(T) = A(0)tanh{1.82[1.018(T./T — D1*'},  (3)

where A(0) is the zero-temperature superconducting gap
magnitude. As shown by the solid line in Fig. 2, the zero-
field Ce;/y,T can be well described by this single-gap s-wave
model, with A(0) = 1.76(1)kpT,.

Upon applying a magnetic field, the bulk supercon-
ducting transition is shifted to lower temperatures and is
completely suppressed at about 0.25 T [see Fig. 3(a)].
The inset displays the extracted upper critical field B (T)
and the corresponding fitting using the Werthamer-Helfand-
Hohenberg (WHH) model [62], with a zero-temperature
upper critical field B (0) =0.219(2) T. Using A(0) =
 PoB2(0)//24y,A0) [63], where the units of B.,(0) and
¥» are Gauss and ergs cm 3 K2, respectively, a penetration
depth at zero temperature A(0) = 244(1) nm is estimated us-
ing A(0) = 1.76(1)kgT,. Combined with a Ginzburg-Landau
(GL) coherence length of &g. = /P/27B.,(0) = 38.7(2)
nm, the GL parameter « is estimated to be 6.30(4), indi-
cating that LaRhSn is a type-II superconductor. Using the
values of A(0) = 244(1) nm, a residual normal state resistivity
po =25 uQ cm, and y, = 11.15(4) mJ mol~! K2, the mean
free path £ and BCS coherence length &gcs are estimated to
be £ = 17.91(8) nm and &gcs = 43.8(2) nm [64]. The mean
free path ¢ is smaller than &gcs, indicating that the sample is
in the dirty limit.
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FIG. 3. (a) Temperature dependence of the electronic specific
heat as C./y,T of LaRhSn under various applied fields. The in-
set displays the temperature dependence of the upper critical field
B (T), derived from the specific heat measurements, where the
solid line represents fitting with the WHH model where B.,(0) =
0.219(2) T. (b) Field dependence of the residual Sommerfeld coeffi-
cient plotted as 35 k (B)/¥» Vs B/B(0) for LaRhSn, ReyNbs [34],
MgB, [58], and LaNiC, [59]. The dashed and dashed-dotted lines
correspond to the expected behaviors of nodal and single-gap s-wave
superconductivity, respectively.

Figure 3(b) displays the field dependence of the Som-
merfeld coefficient value at 0.38 K, normalized by its value
in the normal state, i.e., ¥p33k(B)/y». It can be seen that
Y038 K (B)/ vy shows a nearly linear field dependence, being
similar to the fully gapped superconductor Re,sNbs [34].
On the other hand, yy33k(B)/y, clearly deviates from the
square-root field dependence (dashed line) expected for line
nodal superconductors, as well as the typical behaviors of
the multiband superconductors MgB, [58] and LaNiC, [59].
Note that 33 k(B)/y, of LaRhSn are determined from the
specific heat at the lowest measured temperature, and there-
fore even in zero field the data have a finite value.
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FIG. 4. ZF-uSR spectra of LaRhSn at 2.5 K (T > T.) and 0.1 K
(T < T.). The solid lines show the results from fitting using Eq. (4).

B. #SR measurements

Figure 4 displays the zero-field (ZF) 1SR spectra collected
at 25 K (T > T.) and 0.1 K (T < T.). These are fitted with a
damped Gaussian Kubo—Toyabe (KT) function

1 - 82
Gzr(t)=A —|— (l 8°t7)exp - exp(—Ar)+Ay,,

where A is the initial asymmetry, and Apg corresponds to
the time-independent background term from muons stop-
ping in the silver sample holder. § and A are the Gaussian
and Lorentzian relaxation rates, respectively. Upon fitting
with Eq. (4), § = 0.086(3) us~! and A = 0.0134(11) pus™!
were obtained at 2.5 K, while § = 0.082(3) us~! and A =
0.0157(10) us~! at 0.1 K. Therefore, we find no evidence
for TRSB in the superconducting state of LaRhSn, and these
results suggest that any spontaneous internal fields should be
no larger than 6.6 ©T, which is smaller than the corresponding
fields in other reported TRSB superconductors [35].

Transverse-field uSR (TF-uSR) measurements were car-
ried out in the mixed state with applied fields in the range
40-60 mT, where the data were collected upon field cooling
in order to probe a well-ordered flux-line lattice (FLL). The
results at 2.5 and 0.05 K in a field of 40 mT are displayed
in Fig. 5. The significant increase of the depolarization rate
corresponds to the inhomogeneous field distribution in the
sample, characteristic of the formation of a FLL. The TF-uSR
asymmetry were fitted to the sum of oscillations damped by
Gaussian decaying functions

Grr(t) = Y Aicos(yuBit + @)™ "1 4 Apg,  (5)
i=1

where A; is the amplitude of the oscillating component, which
precesses about a local field B; with a common phase offset ¢
and a Gaussian decay rate o;, while y, /2r = 135.5 MHz/T
and Apg are the muon gyromagnetic ratio and background
term, respectively. The asymmetry can be well fitted with
three oscillatory components (n = 3), where o3 was fixed to
zero, corresponding to muons stopping in the silver sample
holder. Figure 6(a) displays the temperature dependence of
o (T) obtained following the multiple-Gaussian method de-
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FIG. 5. Transverse-field uSR spectra of LaRhSn at (a) 2.5 K

(T > T;) and (b) 0.05 K (T < T;) in an applied field of 40 mT. The
solid lines show the results of fitting with Eq. (5).

scribed in Ref. [65]. Here, the first and second moments of
the field distribution are calculated as

P Sy Tesst vy ©

(®) ZZA +-

i=1

[(a,/m +[B; — (B)*l, (D

and o = y,/(B?). The relaxation rate in the normal state
is ascribed to a temperature-independent contribution aris-
ing from quasistatic nuclear moments, with a nuclear dipolar
relaxation rate oy = 0.0851(27) us~'. The superconduct-
ing component of the variance oy is calculated as oy =
Vo? — o7, and its field dependence is displayed in Fig. 6(b)
for several temperatures.

For small applied fields and large «, o is field independent
and proportional to A~2, which is not applicable for the current
measurements of LaRhSn. On the other hand, for « > 5 and
0.25/k'* < b < 1, 04 may be approximated by [66]

0 = 4.854 x 104%(1 — b1 +121(1 =VDb)1, (8)

where b = B/B,, is the applied field normalized by the upper
critical field. Since the « of LaRhSn was determined to be
about 6.30(4), the measurements of LaRhSn are within the
applicability of Eq. (8). Therefore by fixing B, (T ) to the bulk
values derived from the specific heat in Fig. 3, the tempera-
ture dependence of A~%(T') can be obtained from fitting with
Eq. (8) [Fig. 6(b)], and the results are shown in Fig. 8, together
with the TDO results described in following section.

C. TDO measurements and superfluid density analysis

Figure 7 shows the penetration depth shift AA(T) of
LaRhSn at low temperatures, with a calibration factor G =
14.2 A/Hz. The inset displays the frequency shift Af(T)
from 2.5 K down to the base temperature of 0.3 K, where a
sharp superconducting transition is observed at 7, = 2 K, in

134523-4



NODELESS SUPERCONDUCTIVITY IN ...

PHYSICAL REVIEW B 105, 134523 (2022)

1.0
‘::4&4;_
0.8
__ 06
‘n
= 04
o)
0.2
0.0
10 T v T v T v T
5 o 01K/
08} o 0.3K |
' A 05K
[ v 0.7K]
—~ 06} & 09KA
‘n - <4 1.0K -
2 04} > 14K
) i © 12K |
o % 13K
0.2 = o 14K
L 15K -
00 1 1 1 1 1 1 1
40 50 60 70

Field (mT)

FIG. 6. (a) Temperature dependence of the Gaussian relaxation
rate of the TF-u SR spectra in different applied fields between 40 and
60 mT. (b) Field dependence of the superconducting contribution to
the TF-SR relaxation rate oy, at various temperatures, where the
solid lines correspond to fitting using Eq. (8).

accordance with other measurements. Upon further cooling,
AM(T) flattens at the lowest measured temperatures, indicat-
ing fully gapped superconductivity in LaRhSn. For an s-wave
superconductor, the temperature dependence of AA(T) for
T « T, can be approximated by

7 A(0) A(0)
AMT) = 1(0) g P <— P ) ©)

As shown by the solid line, the experimental data below
T./3 can be well described by the s-wave model with A(0) =
1.80(1)kgT,, where A(0) = 227.9 nm was fixed to the value
derived from TF-uSR. The data were also fitted by a power-
law dependence AA(T) & T", from 0.3 K up to 0.75 K. A
large exponent of n = 4.4 is obtained, which is much larger
than two, excluding nodal superconductivity in LaRhSn.

To further characterize the superconducting pairing state
of LaRhSn, the temperature dependence of A ~2(T') was ana-

FIG. 7. The change of magnetic penetration depth AA(T') of
LaRhSn at low temperatures. The solid red, dashed blue, and dashed-
dotted magenta lines represent fitting to an s-wave model, and
power-law dependences ~T** and ~T?, respectively. The inset dis-
plays the frequency shift A f(7) from 2.5 K down to 0.3 K, where
there is a sharp superconducting transition at around 7, = 2 K.

lyzed, which is proportional to the superfluid density p,(T) as
0s(T) = [A(0)/A(T)]?. Figure 8 displays A~2(T') as a function
of the reduced temperature 7/7T,, where the data are de-
rived from both the TDO and TF-xuSR measurements, which
show nearly identical behavior. Since the previous analysis
suggested that the sample is in the dirty limit, the results from
TF-uSR were fitted with the following expression for a dirty

20 - P T T T T T T T

15

10
TDO

@ uSR
s-wave (clean)
5S¢ s-wave (dirty)
-----d-wave

—-—- p-wave

O " 1 " 1 " 1
0.0 0.2 0.4 0.6

TIT,

A% (um™)

FIG. 8. Temperature dependence of A~2(T') as a function of the
normalized temperature 7/7T.. The data are derived from measure-
ments using the TDO-based method and TF-uSR measurements,
which correspond to the open circle and solid symbols, respectively.
The lines show the results from fitting with different models for the
gap structure.
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TABLE 1. Superconducting parameters of LaRhSn, where the
parentheses with C and ©SR denote the results from the specific heat
and uSR, respectively.

Property Unit Value
T. K 1.9
B.,(0) T 0.219(2)
Vi mJ mol ' K2 11.15(4)
®p K 241(1)
Ael-ph 0.47-0.57
“;:GL nm 387(2)
£ nm 17.91(8)
&Bcs nm 43.8(2)
Ao(C) nm 244(1)
Ao (SR)rY nm 227.909)
k(C) 6.30(4)
K (uSR)4ry 5.89(4)
A0)(©O) kT, 1.76(1)
A(0)(SR)diry kgT. 1.77(4)
s-wave model [67]

A(T) { A(T) }

ps(T) = tanh . (10)
A0) 2kgT

As shown by the dashed line in Fig. 8, the dirty s-wave
model can well describe the experimental data, with A(0) =
227.9(9) nm and A(0) = 1.77(4)kgT.. The data were also
analyzed using the clean limit expression

) — AT +2 /‘” EdE _ 3f an
A= 520) T s g2 a2 E ’
FS

where a clean single-gap s-wave model can also fit the data
well, yielding a larger gap value of A(0) = 2.05(3)kgT.. Here,
the gap value obtained from the dirty s-wave model is in very
good agreement to those derived from the analysis of specific
heat and low-temperature AA(T'), while the clean limit value
is considerably larger, which is in line with the previous dirty
limit calculation. We note that due to the samples being in the
dirty limit, we cannot exclude an anisotropic superconduct-
ing gap in LaRhSn, since impurity scattering can suppress
any gap anisotropy. On the other hand, as also shown in
Fig. 8, a d-wave model with g; = cos2¢ and p-wave model

with g = sinf (¢ = azimuthal angle, & = polar angle) can-
not account for the data, further indicating a lack of nodal
superconductivity in LaRhSn. Meanwhile, the value of A(0)
obtained from SR experiments is very close to that from
specific heat results. Using this value of A(0) = 227.9(9) nm,
Kk = 5.89(4) is estimated, which corresponds well to the value
from the specific heat analysis. The obtained superconducting
parameters of LaRhSn are displayed in Table I. Therefore, the
results of specific heat, TDO-based measurements, and @SR
can all be consistently described by a single-gap s-wave model
with a gap magnitude very close to that of weak-coupling BCS
theory, and there is no evidence for time-reversal-symmetry
breaking below 7.

IV. SUMMARY

In summary, we have studied the order parameter of the
noncentrosymmetric superconductor LaRhSn. Both the spe-
cific heat and magnetic penetration depth show exponentially
activated behavior at low temperatures, providing strong ev-
idence for fully gapped superconductivity. A~2(T) derived
from the TDO-based method and TF-uSR, as well as the spe-
cific heat can be consistently well described by a single-gap
s-wave model, with a gap magnitude very close to that of weak
coupling BCS theory. Together with findings for LaPdIn [44]
and ZrRuAs [47], our results suggest that fully gapped s-wave
superconductivity, together with a lack of evidence for time-
reversal-symmetry breaking, are consistent common features
of weakly correlated NCS with the ZrNiAl-type structure and
there is a lack of significant singlet-triplet mixing.
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