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Nodeless superconductivity in Lus_,RhgSng,, with broken time reversal symmetry
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Evidence for broken time reversal symmetry (TRS) has been found in the superconducting states of the
RsRhgSn;s (R = Sc, Y, Lu) compounds with a centrosymmetric caged crystal structure, but the origin of
this phenomenon is unresolved. Here, we report neutron diffraction measurements of single crystals with
R = Lu, as well as measurements of the temperature dependence of the magnetic penetration depth using a
self-induced tunnel-diode-oscillator (TDO)-based technique, together with band structure calculations using
density functional theory. Neutron diffraction measurements reveal that the system crystallizes in a tetragonal
caged structure, and that one of the nominal Lu sites in the LusRhgSn;g structure is occupied by Sn, yielding a
composition Lus_,RhgSn;g., (x = 1). The low temperature penetration depth shift AX(T") exhibits an exponen-
tial temperature dependence below around 0.37,, giving clear evidence for fully gapped superconductivity. The
derived superfluid density is reasonably well accounted for by a single-gap s-wave model, whereas agreement
cannot be found for models of TRS breaking states with two-component order parameters. Moreover, band
structure calculations reveal multiple bands crossing the Fermi level, and indicate that the aforementioned TRS

breaking states would be expected to have nodes on the Fermi surface, in contrast to the observations.

DOI: 10.1103/PhysRevB.103.024503

I. INTRODUCTION

The breaking of time reversal symmetry (TRS) in the
superconducting state is manifested by the spontaneous
appearance of magnetic fields below the superconducting
transition temperature 7. This requires the superconducting
order parameter to have multiple components with non-
trivial phase differences, and hence TRS breaking is a
signature of unconventional superconductivity beyond the
s-wave pairing state of Bardeen-Cooper-Schrieffer (BCS)
theory [1,2]. TRS breaking in the superconducting state
was first reported in a few strongly correlated electron sys-
tems, such as U;_,Th,Bei; [3], UPt3 [4], and Sr,RuQOy4
[5]. These superconductors have generally been found to
have nodal superconducting gaps characteristic of non-s-
wave superconductivity, which is readily anticipated due to
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the strong Coulomb repulsion in such strongly correlated
systems [6,7].

On the other hand, in recent years TRS breaking has been
reported in several weakly correlated superconductors, a num-
ber of which have noncentrosymmetric crystal structures, such
as LaNiC, [8], La;(Ir, Rh)3 [9,10], several Re-based alloys
[11-13], and CaPtAs [14,15]. Although noncentrosymmetric
superconductors have been predicted to exhibit novel super-
conducting properties due to the influence of antisymmetric
spin-orbit coupling (ASOC) [16,17], the relationship between
the breaking of TRS and the lack of inversion symmetry is
not determined, and moreover, many of the above systems
show other behaviors similar to conventional superconduc-
tors, such as fully open superconducting gaps. In the case
of LaNiC,, it was shown that the breaking of TRS at T
is incompatible with a significant influence of ASOC [18].
Moreover, the occurrence of TRS breaking together with
two-gap superconductivity in both LaNiC, [19], as well as
centrosymmetric LaNiGa, [20,21], was accounted for by an
even-parity nonunitary triplet pairing state [21,22]. Further-
more, the recent findings of the signatures of TRS breaking in
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centrosymmetric elemental rhenium also suggests that broken
inversion symmetry is not essential for this phenomenon in
Re-based superconductors [13].

In this context, it is of particular interest to examine the
superconductivity of weakly correlated centrosymmetric su-
perconductors exhibiting TRS breaking. One such family of
superconductors are the caged compounds RsRhgSnjg (R =
Sc, Y, Lu), which crystallize with the tetragonal space group
14, /acd [23], and evidence for TRS breaking is found from
muon spin relaxation («SR) measurements [24-26] (although
TRS breaking signatures were not observed in another study
for R = Sc [27]). Resistivity measurements of all three com-
pounds show semiconducting behavior in the normal state,
before becoming superconducting below 5.0, 3.0, and 4.0 K
for R =Sc, Y, and Lu, respectively [28,29]. In the case
of LusRheSnig, the exponentially activated behavior of the
electronic specific heat, negligible residual thermal conduc-
tivity, and saturation of the superfluid density derived from
transverse-field uSR, yielded clear evidence for fully gapped
superconductivity [24,28,30]. On the other hand, the proposed
possible TRS breaking pairing states for RsRhgSn;g from the
symmetry analysis corresponded to a singlet d + id state with
line nodes or nonunitary triplet pairing with point nodes [24].
As such, it is of particular importance to perform additional
detailed studies sensitive to the superconducting gap structure,
together with electronic structure calculations, in order to
identify the nature of the superconducting order parameter and
explain the origin of TRS breaking.

In this paper, we report neutron diffraction and mag-
netic penetration depth measurements of single crystals of
Lus_,RhgSn;g,, (denoted LRS), as well as band structure
calculations. The temperature dependence of the magnetic
penetration depth shift AA(7T) measured using the tunnel-
diode-oscillator (TDO)-based method exhibits exponentially
activated behavior for T « T, indicating a nodeless super-
conducting gap. The derived normalized superfluid density
ps(T) can be reasonably well accounted for by a single-gap
s-wave model, consistent with moderately strong electron-
phonon coupling.

II. EXPERIMENTAL DETAILS

LRS single crystals were synthesized using a Sn-
flux method [31]. Room temperature single-crystal neutron
diffraction measurements were performed using the SXD
instrument [32] at the ISIS pulsed neutron facility at the
Rutherford Appleton Laboratory. The composition of the
crystals was checked by energy-dispersive x-ray spectroscopy,
using a JSM-6610LV scanning electron microscope (SEM)
with an Oxford Instruments EDS detector. The temperature
dependence of the electrical resistivity p(7) was measured in
a *He system down to 2 K, using the four-probe method. Mag-
netic susceptibility and magnetization measurements down
to 2 K were performed using a superconducting quantum
interference device (SQUID) magnetometer (MPMS-5T).

The temperature dependence of the London penetration
depth shift AA(T) = A(T) — AL(0) was measured using a self-
induced TDO-based method in a *He cryostat, at temperatures
down to 0.35 K. The samples were cut into regular cuboids,
with dimensions less than 800 x 800 x 300 wm?>. The sam-

TABLE I. Parameters and results of the structural refine-
ment for the single-crystal neutron diffraction measurements of
Lus_ RhgSn g

Formula LuyRhgSno
Molar mass (g mol ™) 3572.8
Wavelength range (A) 0.25-8.8
Crystal system Tetragonal
Space group 14, /acd
a(A) 13.6696(16)
¢ (A) 27.339(3)
Cell volume (A3) 5108.50(10)
Z 8

Density (calculated) (g cm™3) 9.2908
F(000) 1459.16
Crystal size (mm?) 3x5x%x7
Number of reflections 26533
Data/used*/F? > 30/ 26533/26483/21759/
restraints /parameters 0/80
Goodness-of-fit on F? > 30 /all 3.75/4.05

Final R, /wR,, F* > 30 /all 0.1007/0.2163, 0.1163/0.2208

*Qutliers with |F3, — F2,.| > 300 (F2 ) were omitted from the re-
finement.

ples were fixed on a sapphire rod using GE varnish, which
was inserted into the coil of the TDO circuit, without contact
between the sample and coil. The magnetic field in the coil
generated by the current in the circuit is about 2 uT, which
is much less than the lower critical field (H,;) of the sample.
The operating frequency of the TDO system is about 7 MHz
with a noise level of about 0.1 Hz. AA(T) is proportional
to the shift of the resonant frequency of the TDO circuit
Af = f(T)— f(0), AMT)=GAf(T), where G is deter-
mined from the sample and coil geometry [33].

Band structure calculations were performed using density
functional theory (DFT), as implemented in the Vienna ab ini-
tio simulation package (VASP) [34,35]. To ensure convergence,
we employed plane-wave basis up to 400 eV and a3 x 3 x 3-
centered K-mesh so that the total energy converges to 1 meV
per cell. The Perdew, Burke, and Ernzerhoff parametrization
(PBE) of the generalized gradient approximation (GGA) to
the exchange correlation functional and spin-orbit coupling is
considered in the calculations [36].

III. RESULTS

A. Structure

In order to characterize the crystal structure of LRS, single-
crystal neutron diffraction measurements were performed.
The results from refining the neutron diffraction data are dis-
played in Tables I and II. Results from the neutron diffraction
measurements in the (hk0Q) and (hk1) layers are displayed
in Figs. 1(a) and 1(b). The tetragonal structure with space
group I4/acd corresponds to the distortion of a cubic struc-
ture (space group Fm3m), which approximately doubles the
length of the ¢ axis, and is displayed in Fig. 1(c). We note
that energy-dispersive x-ray spectroscopy measurements of
the samples indicate a deficiency of Lu and excess Sn in the
crystals, with a composition close to LusRhgSn9. This is in
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TABLE II. Atomic positions for Lus_,RhgSn; g, obtained from
structural refinements of single-crystal neutron diffraction data.

Atom  Wyckoff site X y Z
Lu(1) 32¢g 0.63661(12) 0.11648(12)  0.05719(5)
Rh(1) 32¢g 0.67289(19) 0.74143(16)  0.53734(17)
Rh(2) 16d 0.5 0.75 0.49828(15)
Sn(1) 32¢g 0.67289(19) 0.74143(16)  0.53734(17)
Sn(2) 16f 0.67613(15) 0.92613(15) 0.625
Sn(3) 32¢g 0.6747(2) 0.75567(18)  0.71198(18)
Sn(4) 32¢g 0.58750(14) 0.66168(14)  0.41923(6)
Sn(5) 16e 0.21346(12) 0 0.25
Sn(6) 16f 0.67849(15) 0.57151(15) 0.625
Sn(7) 8D 0 0.25 0.125

agreement with the structural refinement, where the site with
Wyckoff position 85, which would be occupied by Lu in the
nominal LusRhgSng structure, is instead entirely occupied
by Sn atoms [labeled Sn(7) in Table II]. It is clear from the
diffraction results that there is a significant amount of diffuse
scattering which is not taken into account by the above struc-
tural model. This can be seen in particular in the diffraction
measurements of the (kk1) layer in Fig. 1(b), where the weak
superlattice reflections are connected by weak diffuse lines. If
the twinning of the crystals is taken into consideration, where
the ¢ axis can potentially lie along one of three orthogonal
directions, then this diffuse scattering is well accounted for,
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FIG. 1. Neutron diffraction measurements are displayed in the
(a) (hk0O) and (b) (hk1) planes, measured on the SXD instrument.
(c) Crystal structure of Lus_,RhgSng,, (x = 1) derived from neu-
tron diffraction measurements, with Lu, Rh, and Sn in red, gray, and
yellow, respectively. (d) Plot of the calculated (|F.yc|) vs observed
(| Fyps|) structural factors for the refinement of the neutron diffraction
data.
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FIG. 2. (a) Temperature dependence of the electrical resistivity
p(T) of an LRS single crystal down to 2 K. The inset shows the low
temperature part of p(7') with a sharp superconducting transition at
4.08 K. (b) Temperature dependence of the magnetic susceptibility,
measured upon both zero-field cooling (ZFC) and field-cooling (FC)
in a 10 Oe magnetic field. The data are corrected for demagnetization
effects.

with approximately equal occupations for each of the twinned
domains [23], as shown by the plot of the calculated versus
observed structure factors for such a refinement in Fig. 1(d).
This indicates the highly twinned nature of the crystals.

B. Physical properties

The temperature dependence of the resistivity [po(T)] of
an LRS crystal is displayed in Fig. 2(a), which increases
slightly with decreasing temperature, before reaching a near
constant value at low temperatures, in line with previous re-
ports [24,28,30]. A sharp superconducting transition occurs at
T. = 4.08 K, where p(T') drops to zero. A residual resistivity
po of 418 w2 cm is obtained from extrapolating the normal
state p(T') to zero temperature. The temperature dependence
of the magnetic susceptibility is shown in Fig. 2(b) after
both zero-field and field cooling in an applied magnetic field
of 10 Oe. A superconducting transition is observed in both

024503-3



A. WANG et al.

PHYSICAL REVIEW B 103, 024503 (2021)

0 (a) T T T
0 000000000000
—~ ] 00000° oo
® ‘8000000 Oooooooooooo
- -1r 000000°° o°oooo°°°°°
o 0 20K 98 64 0000°° 000000°°
o0 22k Y0,°° 000°
=} 2 4K tﬂooooooOoo
E -2t6 26k v80 C)oo°°°
3 2.8K Ugooooooooo
o 3.0K
E 3_03.2K 8800000000000 j
0 2 4 6 8
uH (mT)
T T T
4+t 4
A~ 3 T
= i T=2K
2 04 = /
é 2_5 a i
- g2 o2 <
(] B frreeeeeeeeeeesS o AU
TooqEeie _
060 0.5 1.0 15
0 ,uoH(mT) |
0 1 2 3 4

T (K)

FIG. 3. (a) Field dependence of the magnetization M (H ) of LRS
at various temperatures below 7.. (b) Temperature dependence of
the lower critical field H,; of LRS. The solid red line shows a fit
to the Ginzburg-Landau formula. The inset shows the deviation of
the magnetization from the low-field linear field dependence at 2 K.
The lower critical field was defined as the field where the deviation
is greater than 0.1 emu cm >,

quantities, with the onset of diamagnetism occurring at around
3.95K.

The field dependence of the magnetization [M(H)] is
shown in Fig. 3(a). The linear decrease of M (H ) at low fields
indicates that the sample is in the Meissner state. When the
applied magnetic field is larger than the lower critical field,
there is a deviation from the low-field linear behavior, due
to the sample entering the mixed state. Figure 3(b) displays
the temperature dependence of the lower critical field H.(T),
which was defined as the field above which this deviation is
larger than 0.1 emu cm~3 [inset of Fig. 3(b)], after correct-
ing for demagnetization effects. H,;(T) was fitted using the
Ginzburg-Landau formula H.(T) = H,;(0)[1 — (T/T.)?] as
shown in the main panel of Fig. 3(b). A zero-temperature
value of woH.(0) = 4.2 mT is obtained. Using this value
together with an upper critical field of uoH(0)=52 T
from Ref. [30], we estimated the zero-temperature values
of the Ginzburg-Landau coherence length £g1 (0) and pene-
tration depth A(0) using wuoH.; = ®/(4wr?)In (1/Eg) and
poHe = ®/27&2; , which yield A(0) = 390 nm and &g, =

60 T T T T T T T T
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FIG. 4. (a) Temperature dependence of the resonant frequency
shift Af(T) of a single crystal of Lus_,RhsSn;g,, from above T,
down to 0.35 K. (b) Low temperature London penetration depth shift
AMT) data for two samples, where the solid red line shows the
fitting to an s-wave model, and the dotted blue line shows a quadratic
temperature dependence.

7.96 nm. The mean free path / (in cm) is estimated using
1=1.27x 104[10_6,00n§S/SF]_1 [37]. Using a carrier den-
sity n = 1.86 x 10%° cm™3 calculated from the value of A(0),
and assuming a spherical Fermi surface with S/Sp ~ 1, the
mean free path is estimated to be 9.33 nm. In the clean and
dirty limits, &g is related to the BCS coherence length &gcg
via &g = 0.74&pcs and £gp. = 0.855(Epcs!)?, respectively,
yielding respective &gcs of 10.76 and 9.28 nm. Both values are
comparable to the mean free path, suggesting that the sample
is situated between the clean and dirty limits.

C. Magnetic penetration depth measurements

The temperature dependence of the resonant frequency
shift Af(T) from measurements of one sample using the
TDO-based method is shown in Fig. 4(a), while Fig. 4(b)
displays the low-temperature AX(T) of both samples. The
calibration factors are G = 4.0 A/Hz and G = 40.0 A/Hz
for samples No. 1 and No. 2, respectively, where the latter
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FIG. 5. Temperature dependence of the normalized superfluid
density p,(T) of Lus_,Rh¢Snig;, derived from the TDO-based
method. The open red squares show the results from @SR measure-
ments in Ref. [24]. The results from fitting with various models are
also displayed, which are described in the text and in Table III.

value corresponds to a much smaller sample, in order to re-
duce the effects of sample inhomogeneity. The onset of the
superconducting transition in Fig. 4(a) occurs at 4.10 K and
ends at about 3.95 K, which is consistent with the resistivity
and magnetic susceptibility. It can be seen that AA(T) flattens
at the lowest temperatures, being nearly temperature indepen-
dent, which indicates a nodeless superconducting gap. For
an isotropic single-band s-wave superconductor, AA(T) for
T « T, can be approximated using

A(O)>, )]

 kgT

AMT) = A(0) ”22(2) exp <

where A(0) is the superconducting gap magnitude at zero
temperature. This expression gives excellent agreement with
the experimental data below T;./3, with A(0) = 1.5kgT,. The
A(0) is smaller than the value for the weak-coupling BCS
theory of 1.76kpT., which can arise from the presence of
multiple gaps and/or gap anisotropy.

D. Superfluid density

To determine the gap structure of LRS, the normalized
superfluid density was calculated using p; = [1(0)/ A(T)]? for
the first sample with A(0) = 390 nm, as displayed in Fig. 5.
The oy derived from 1SR measurements in Ref. [24] are also
displayed, and it can be seen that there is excellent agreement
with the TDO-method results in the present study. The su-
perfluid densities were fitted with various models for the gap
structure, and the results are also displayed. p; was calculated
using

ps(T>=1+2< EdE 8f>, ©
FS

A1) E? — Ay(T)? oE

where f(E, T) is the Fermi-Dirac function and (- - - ) g repre-
sents an average over a spherical Fermi surface [38]. The gap

TABLE III. Different models used to fit the superfluid density
of Lus_,RheSns4., displayed in Fig. 5, together with the fitted gap
values. For the nonunitary triplet state with a two-component order
parameter, models with three different values of the real parameters
a and b are displayed. For the d + id state, A(0) corresponds to the
maximum gap magnitude, while for the nonunitary triplet state it is
the gap size in the equatorial plane.

Label 8k A(0)/kpT,
s-wave clean constant 2.08
s-wave dirty constant 1.82
N e S e o
b
Nonunitary 1 a=>b 1.9
Nonunitary 2 a/b=>5 0.65
Chiral p-wave a=0 2.6

d+id

[k2(K2 + K2) 3.0

function is given by
Av(k, T) = A(T)gr(k), 3)

where g;(k) is the angle dependence of the gap function,
while the temperature dependence is given by

A(T) = A(O)tanh{1.82[1.018(7,/T — D1>'}. (@)

In the case of anisotropic gap functions, it is impor-
tant to consider the field direction in the experiment due to
the anisotropy of the penetration depth. Since our diffrac-
tion results reveal the crystals to be highly twinned, with
nearly equal populations of three different domains, we cal-
culated a polycrystalline average of the superfluid density
for three different crystallographic directions using p; =
(\/paapbb + x/pbbpcc + \/pccpaa)/?’ [39], where Paa>s Pbb> and
Pee are calculated for a spherical Fermi surface [38].

On the other hand, for an s-wave superconductor in the
dirty limit, p, is given by [40]

A(T)

ps(T) = mtanh{

A(T
( )}_ 5)

2kpT,

Figure 5 displays the results from fitting p, with isotropic
s-wave models in both the clean and dirty limits, as well as for
two TRS breaking states described in Ref. [24]. The angular
dependences of these models, together with the gap values,
are listed in Table III. It can be seen that the single-gap s-wave
models can well describe the data in both the clean and dirty
limits, with respective gap values of A(0) = 2.08kzT, and
A(0) = 1.82kgT.. We note that there is a small discrepancy
between these models and the data at low temperatures. To-
gether with a slightly smaller A(0) being derived from the
analysis of the low temperature AA(T') (Fig. 4), this could
suggest the presence of a second superconducting gap, since
the low temperature AA(T) would be primarily determined by
the smaller of the two gaps. If the data are fitted by a two-gap
s-wave model, the small gap only has a weighting of 5%. The
origin may also be due to a moderate gap anisotropy, as was
inferred for YsRhgSn;g [28]. In this case the low temperature
AM(T) will be particularly sensitive to the size of the gap
minimum, which may explain the smaller value of A(0).
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FIG. 6. (a) Map of the first Brillouin zone showing the cuts displayed in the plot of the DFT calculations. (b) Band structure of LRS. Blue
lines correspond to bands crossing the Fermi level along the cuts displayed in the panel. The band structure along such a path enables us to
confirm the presence of a Fermi surface along both the polar and equatorial directions. (c) Partial and total density of states, obtained from the

DFT calculations.

On the other hand, the models for the TRS breaking
states proposed in Ref. [24] are unable to describe the data.
The d + id state has two point nodes at the poles and an
equatorial line node, while the nonunitary states only have
the two point nodes. Since the nonunitary state has a two-
component order parameter, corresponding to the triplet order
parameter d(k) = [AZ, iAZ, B(X + iY)], there will in general
be a two-gap structure [AL(K)]? = [dK)]> £+ |d*(K) x d(k)|,
which depends on the relative value of two adjustable pa-
rameters A and B, and we show the results from fitting this
model for three cases. Note that in Table III, A(0) for the
nonunitary states corresponds to the gap magnitude in the
equatorial plane, which is the same for both gaps. A =0
corresponds to the scenario of a unitary chiral p-wave state
with Ay = A_, and although this curve is closest to the ex-
perimental data out of the three cases, there is still a significant
deviation. Upon increasing A, the calculated p; drops more
rapidly with increasing temperature, which is in contrast to
the data. Furthermore, all these TRS breaking models have
nodes on a spherical Fermi surface, while the data show an
apparent saturation of p; below T./3, strongly indicating a
nodeless superconducting gap in agreement with the analysis
of AAMT).

E. Band structure calculations

Figure 6(b) displays the band structure of LRS, based
on the structural parameters and composition obtained from
neutron diffraction and energy-dispersive x-ray spectroscopy,
displayed in Tables I and II. The band structure is plotted
along three high symmetry paths, I'-Z, from X-P and a loop
in the ab plane passing through I", Mj, and X as illustrated
in Fig. 6(a). Bands that cross the Fermi level are plotted in
blue while those which do not are in red. It can be seen that
for I'-Z there are two bands which cross the Fermi surface,
which indicates that there are two Fermi surface sheets at the
poles in the Brillouin zone. As a result, the time reversal sym-
metry breaking states listed in Table III would be expected to
have nodes on the Fermi surface, and moreover this indicates

that our analysis using a three-dimensional Fermi surface is
appropriate. Furthermore, the numerous bands crossing the
Fermi level in the ab plane indicate a complex arrangement
of Fermi surfaces near the equator. The corresponding total
and partial density of states (DOS) are displayed in Fig. 6(c).
The partial DOS at the Fermi level is 0.277, 0.559, and
0.196 states/(eV atom) for Lu, Rh, and Sn, respectively. Here,
the largest contributions to the total DOS are from Rh-4d
(61.7%), and Sn-5p (21.4%) orbitals, while the contributions
from the other orbitals are no larger than 3%.

IV. DISCUSSION

Our findings of nodeless superconductivity in LRS is
highly consistent with other studies of the specific heat [28],
thermal conductivity [30], and wSR [24]. We find that the
superfluid density is generally well described by a single-gap
s-wave model, where a small deviation at low temperatures
could be due to a moderate gap anisotropy or multigap su-
perconductivity. In the case of centrosymmetric LaNiGa,,
the observation of two-gap superconductivity allowed for the
proposal of a nonunitary triplet even-parity pairing state to
explain the observed TRS breaking [21], but whether such a
scenario is applicable to LRS remains to be determined. The
gap value in the clean limit of A(0) = 2.08kpT; is enhanced
over the weak-coupling BCS value, which could indicate
strong electron-phonon coupling, which is consistent with the
specific heat [28].

On the other hand, a single-gap s-wave model is un-
able to account for the breaking of TRS inferred from
1SR measurements [24]. We also find that the two previ-
ously described TRS breaking pairing states corresponding to
two-dimensional irreducible representations of the crystallo-
graphic point group are unable to describe the observed p;.
A possible explanation for this discrepancy could be that the
superfluid density in such a model is dominated by the low-
energy nodal excitations, and therefore if the Fermi surface
were absent in the regions of the Brillouin zone where the gap
function goes to zero, the superconducting gap would remain
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fully open over the entire Fermi surface. However, our band
structure calculations reveal that there are bands which cross
the Fermi level along I'-Z, and hence for both TRS breaking
pairing states point nodes would be expected to be detected.
It is therefore of particular interest to both perform additional
measurements to confirm the TRS breaking in LRS such as via
Kerr effect measurements [41], and to scrutinize other theoret-
ical proposals for reconciling fully gapped superconductivity
with broken TRS, such as loop-current order [42].

V. SUMMARY

In summary, we performed single-crystal neutron
diffraction and tunnel-diode-oscillator-based measurements
of the centrosymmetric TRS breaking superconductor
Lus_,RhgSnjgy,. The penetration depth data below
T./3 show a clear exponential temperature dependence,
indicating a nodeless superconducting gap. These findings
are corroborated by the analysis of the superfluid density,

which are reasonably well described by a single-gap s-wave
model. On the other hand, the data cannot be explained by
models with two-component order parameters, which would
have nodal gaps on some of the Fermi surface sheets. As a
result, further studies are necessary to explain the origin of
TRS breaking, and in particular to reconcile this phenomenon
with fully gapped superconductivity.
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