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The heat capacity, magnetic, and electrical transport properties of skutterudite-related YsRhgSn;g com-
pound indicate intriguing coexistence of the high temperature thermal lattice relaxation process at tem-
peratures higher than 350K and superconductivity below the superconducting transition temperature
T. = 3.08 K. Y5RhgSnyg, having a cage-like structure crystallises in tetragonal structure with the space group
[41 /acd. The gap structure of this compound is found not to be characteristic of conventional BCS type
superconductors. Anomalous behaviour observed in the electronic specific heat C(T)/T and the upper
critical field H, (T) data may suggest the presence of two superconducting gaps in this compound. The ab
initio band structure calculations showed a significant contribution of s and p Sn states as well as Rh and Y
d-electron states to the total density of states near the Fermi level, which supports the multi-band su-
perconductivity of this compound. Several electronic quantities and parameters characterising the super-
conducting and normal state of YsRhgSnig are calculated within the Ginzburg-Landau-Abrikosov-Gorkov

theory. The data reveals dirty limit superconductivity in YsRhgSnjg superconductor of type-II.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The f-electron systems can be tuned through the magnetic
quantum phase transition by applying the external pressure, mag-
netic field, or doping, at the border of magnetic order they often
exhibit deviations from the thermodynamic and electric transport
properties predicted by Landau Fermi-liquid theory. A wide variety
of the strongly correlated electron phenomena found in this class of
materials depend on ation between the rare-earth or actinide f-
electron states and the conduction electron states, which defines
either the Kondo (Tk) or indirect magnetic (Trxgy) interactions. The
subtle interplay between the both effects at the presence of crystal
electric field can be a reason of new phenomena including small
hybridisation gap semiconductivity [1], in which the hybridisation
between the coherent f band and conduction electron bands can
even induce the band inversion [2], valence fluctuation [3] and/or
heavy fermion behaviour [4], non-Fermi liquid phase [5,6] and
others [7]. The field skutterudite-related CesM4Sni3 compounds,
where M is a d-electron type metal, known as Remeika phases [8]
have received renewed attention mainly because of the field-
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induced phase transition between the magnetically correlated
heavy-fermion phase and a single-ion Kondo impurity state docu-
mented for the series, and accompanying quantum critical-like be-
haviours [9]. Among the family of these quasi-skutterudites all the
nonmagnetic LazM4Sn13 references have been reported as s-wave BCS
superconductors with presence of atomic scale disorder leading to
the appearance of novel superconducting state, characterised by the
critical temperature T¥ higher than Tc of the bulk phase [10,11]. This
new phenomenon is a reason for continuing the study of atomic
scale disorder and its impact on the superconductivity in strongly-
correlated electron systems (SCES) [12,13], since the similar high-
temperature inhomogeneous superconducting phase T¥ with nano-
scale disorder has also been reported for number of other SCES su-
perconductors [14—18] and high-T, materials [19,20].

The LaM34Sny3 superconducting metals were examined in
detail, leaving Y3Rh4Snq3 as a possible candidate for study. How-
ever, reports about existence of Y3Rh4Sny3 having exact stoichi-
ometry are limited to only one report [21], while some
superconducting properties of the Y—Rh—Sn system with stoichi-
ometry similar to 3 : 4 : 13 were recently reported for YsRhgSnyg
(symmetry 147 /acd) in Refs. [22—24].

Crystal structure of rhodium based stannides is usually con-
nected with a triple-perovskite-like cubic structure with stoichi-
ometry SnR3Rh4Sny,, which can accommodate multiple R cations
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like La, Ce, Pr, Nd, Sm, Gd, Eu, Yb, Ca, Sr, and Th [25]. The cubic
symmetry does not support yttrium (atomic radius 180 p.m.) [26]
as the R cation which is smaller than lanthanum (190 p.m.) and of
the order of gadolinium (180 p.m.). However, the triple-perovskite
stoichiometry can be realized for R=Y when much smaller
germanium (125 p.m.) is used instead of tin (145 p.m.) [27]. In turn,
for rhodium stannides with cations like Y or lanthanides smaller
than Gd, like Er [28] a tetragonal lattice prevails (space group I4;/
acd) with overall stoichiometry (Sni_xRyx)R4RhgSnig (in the triple-
perovskite convention it represents approximately a variation
from R3 33Rh4Sn1, to Ry ggRh4Sn12 66) With continuous solid solution
between the two extremes [29].

Despite its lack of stability we decided to investigate YsRhgSnig
as an equivalent of Y3Rh4Snq3 system for several reasons. (i) It can
possibly form a single phase with tin vacancies. (ii) Its supercon-
ductivity has not been known well so far. (iii) In the complex
structure of Ys;RhgSnig both, the atomic displacements as well as
the nonstoichiometry of different crystallographic sites can be
treated as structural defects (c.f. Refs. [11,30]), which could deter-
mine the superconducting properties of the system. (iv) Previous
studies of LasRh4Snq3 (and similar isostructural compounds)
revealed a structural second order-type transition at temperature
T* ~ 350 K [11,31] due to displacive disorder [11] which converts
the simple cubic high-temperature structure Pm3n into a body
centred cubic structure 14,32 [32], as well as other distinct anom-
alies in the electrical resistivity at characteristic temperature Tp ~
160 K <T* with no structural signatures as a result of charge
density wave (CDW) formation. We expected similar behaviour for
YsRhgSnyg. To better understand the nature of the Tp and T*
anomaly, we investigated magnetic susceptibility and resistivity as
well as x-ray diffraction measurements were carried out, both in a
wide temperature range up to 500 K.

2. Experimental and computational details

The Y3Rh4Snq3-like sample was prepared by arc melting tech-
nique and then annealed at 870°C for 2 weeks.

Electrical resistivity p at ambient pressure and magnetic fields
was investigated by a conventional four-point ac technique using
PPMS (physical properties measurement system) device.

Magnetic ac susceptibility was measured using the Quantum
Design PPMS platform. The dc magnetic susceptibility and magnet-
isation were carried out in the temperature range 1.8— 400 K and in
applied magnetic fields up to 7 T using a Quantum Design super-
conducting quantum interference device (SQUID) magnetometer.

The XPS spectra were obtained at room temperature using a PHI
5700 ESCA spectrometer with monochromatised Al K,, radiation.

The composition of Y—Rh—Sn system was studied using a JEOL
JEM-3010 scanning electron microscope (SEM) equipped with an
energy-dispersive spectrometry (EDS) microanalysis system. From
the EDS analysis the average Y:Rh:Sn stoichiometric ratio obtained
for 10 different regions of the sample surface was found to be 13.3+
0.7 :18.7+0.3 : 60.0+0.7, which gives the formula unit
Y497Rhg0Sn1g97 within the error 5.35, 1.86, and 0.98 atomic %,
respectively for Y, Rh, or Sn elements, very similar to that, recently
reported in Ref. [24]. For simplicity, this correct formula is replaced
here by the expression YsRhgSnis.

The powder diffraction pattern of YsRhgSnig was measured at
the room temperature on PANalytical Empyrean diffractometer
with the Cu Ka source. The compound was found to have a
tetragonal structure with symmetry 14, /acd. Powder synchrotron
x-ray diffraction (XRD) studies have been carried out at the Swiss-
Norwegian beamline (SNBL) at the European Synchrotron Radia-
tion Facility (ESRF) in Grenoble, France. A temperature ramp be-
tween 200K and 500K was collected at BM1 beamline using

Pylatus2M detector and A = 0.956906 A. The sample was loaded in a
borosilicate capillary. The collection time was set to 10 s. For the
high temperature range, the temperature was maintained using
nitrogen blower (Cryostream800+) and each frame was collected
with 10 s exposure and 100° sample rotation for a better powder
average. Datafiles were processed using SNBL Bubble software suite
[33] and the Rietveld refinement [34] was performed using Fullprof
suite of programs [35]. The composition of the main phase refined
at 200 K was found to be Ys1(3)Rhe o(3)Sn17(1), where the number in
parentheses is a statistical uncertainty at 1-¢ level. One can note
that the stoichiometry of YsRhgSnig shown by EDS method is
slightly different than that, obtained from the powder diffraction
pattern analysis. The reason for the observed discrepancy is that
XRD sees only one phase of the sample, while EDS gives the result
from the whole surface of the sample with various inhomogeneous
regions. Therefore, the different stoichiometries are obtained
depending on the method used (will be discussed in Sec. 3.3).

Theoretical study of the electronic structure we carried out for
YsRhgSnyg, using the WIEN2k package [36] which employees the DFT
based full-potential linearised augmented plane waves (FP-LAPW)
method complemented with local orbitals (LO) [37]. For the core
states of constituent atoms the fully relativistic DFT approach was
employed. For the set of local orbitals and valence states (assumed as
follows: Y - [4s24p®]10{4d'5s%}vp; Rh - [45%4p®] 0{4d®5s!}yp; Sn -
[4p®4d™°],0{55*5p*}vs) the scalar-relativistic Kohn-Sham was applied
with spin-orbit coupling (SOC) accounted for by means of second
variational method [37]. The generalised gradient approximation
(GGA) form of the exchange-correlation energy functional was
assumed, with parameterisation (PBEsol) derived for solids by Per-
dew at al. [38]. The band structure calculations were performed for
the tetragonal system (space group 14, /acd) with the chemical for-
mula (Sni_xYx)Y4RheSnyg, using the experimental lattice parameters
and the positional parameters given in Table 1 (Choice 2 — BCT>).
During initial calculations the atomic position were relaxed to
minimise interatomic forces. For all atoms the muffin-tin radii (Ry7)
were used equal 0.127 nm. The values of parameters determining the
accuracy of calculations were assumed as follows: [max = 10, Gmax =
14 and Kmax = 8.0/Ryr=0.175 nm~". The k-mesh was tested
against the total energy convergence and satisfactory grecision, of
few meV, was achieved with 7 x 7 x 7 mesh (N, = 40 k vectors in
irreducible Brillouine zone (IBZ)). Small dimensions of unit cell in
reciprocal space can justify our choice for relatively small values of
Kmax and N;, parameters. It is worth note that despite the calculations
were initialised from nonzero spin polarisation the convergence was
reached at paramagnetic state.

3. Results and discussion

3.1. YsRhgSnyg; structure, band structure, electrical transport
properties and its thermodynamic characterisation in wide
temperature range

The structure of Y;RhgSng with space symmetry 14¢/acd is more
complex in reference to that of the cubic superconductor
LasRhsSny3 with symmetry Pm3n, however, the band structures
experimentally obtained for the both compounds are similar. Fig. 1
compares valence-band XPS spectra obtained at room temperature
for YsRhgSnig and LasRh4Snis. Generally, the electronic valence
bands of these two compounds are very similar, and dominated
either by Rh 4d electron states, located in the XPS bands between
the Fermi energy ¢ and ~ 5 eV, or by Sn 5s states with the broad
maximum centred at ~ 7 eV, in agreement to DOS calculations for
YsRhgSnqg and recent band structure calculations for LazRh4Snq3
[39], respectively. However, for YsRhgSng the XPS spectrum clearly
shows the two-peak structure of the d-electron bands of Rh atoms,
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Positional parameters and the site symmetries in space group I14;/acd (No. 142) for YsRhsSn;g system. Lattice parameters (in A) are: a = 13.7532(1) and ¢ = 27.4686(4) at T =
200K, and a = 13.7985(2) and ¢ = 27.5584(5) at 500 K, respectively. Coordinates are listed in standard origin (choice 2) and origin (choice 1) used in Ref. [28] as well as in atom
labelling scheme from entry 2106150 in COD [53], see text.

-14 12 10 8 6 -4 -2 0 2

No. Atom Label Wyckoff  Coordinates Temperature
type Ref. [28] COD [53] Text site Choice 1 Choice 2 200K 500K
1 Rh R Rh1 Rhi 16d (0,0,2) (0,}11) N %_ 00029(2) " 411' 0.0029(3)
2 Rh Rhez) Rh2 Rh2 32g (xy.2) xy.2) (0.2433(4),0.2515(4),-0.1227(3))  (0.2434(4),0.2515(4),-0.1229(3))
3 Y(ED Er(2) Erl Y2 32g (xy.2) xy.2) (0.1328(6),0.3860(6,-0.1923(3))  (0.1316(7),0.3851(7),-0.1915(3))
4 Y(Ersn Ex(1)/sn(1) Er7/sn7  Yijsnl  8b 1 11 11 11
(Enfsn BrC/snn) - 7] / 00)  OLH  ©O4b )
5 sn sn(2) Sn6 Sn2 32g (xy.2) (xy.2) (0.0854(5),0.3395(5),-0.0811(2))  (0.0858(5),0.3395(5),-0.0812(2))
6 5n Sn(3)) Sn3 Sn3_1  16f (x,x%) (x,x+%,%) (0.1748(4),0,4248(4)% ) (0.1742(4), 0.4242(4),%)
7 Sn $n3)e) Sn2 sn3.2 16f (x,x%) (x,x+%%) (0,3246(4),0.5746(4)%) (0.3246(5),0.5746(5)%)
8 sn Sn(3)ay Snd sn3.3  32g (xy.2) xy.2) (0.3292(6),0.2617(4),-0.0382(3))  (0.3296(7),0.2625(4),-0.0382(3))
9  sn sn(3) Sn5 sn3.4  32g (xy.2) xy.2) (0.0016(3),0.5753(5),-0.0365(3))  (0.0003(4),0.5755(6),-0.0363(3))
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Fig. 1. Valence band XPS spectra for YsRheSng (blue points) are compared with the
calculated total density of states within the LSDA approximation (brown line). For
comparison, the figure also shows the VB XPS spectra for LasRh4Sny3 (yellow points).
The blue, green and red lines represent the atomic DOSs calculated for Y, Rh, and Sn,
respectively in the (eV spin cell)~! units. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

which is poorly visible, but noticeable for LasRhsSnis. We have
previously documented that such a more complex structure of Rh
bands in the VB XPS spectra can be observed for the skutterudite-
related 3 : 4 : 13-like systems with a larger atomic disorder [11],
which is a cause of appearance of their superstructure with larger
cell volume.

The bare Sommerfeld coefficient calculated for the DOS at the
Fermi level amounts to 16.8 mJ/mol K? for YsRhgSnsg (for compar-
ison, the bare vy coefficient calculated from the DOS at e is 13 mJ/
mol K2 for LazRh4Sny3. For the both compounds this value is in good
agreement with that estimated from the low-temperature specific
heat measurements (will be discussed). YsRhgSnyg is calculated
paramagnetic (i.e., with non-spin polarised solution and calculated
total magnetic moment as well as magnetic moments of various Ce,
Rh, and Sn atoms equal zero). We started to calculate the DOSs for
ferromagnetic system, however, the calculations predicted the
paramagnetic ground state of YsRhgSnig. The electronic states
located at the Fermi level are mostly of s (Sn), p (Sn), and d (Y, Rh)
orbital symmetry. Fig. 2 shows the energy distribution of the
summarised states s, p, and d for all Y, Rh and Sn atoms in the
YsRhgSnyg formula unit, respectively located near the Fermi energy.

In our recent report [40] we documented for the series of
Ce3M4Sny3 and LazM,4Sny3 isostructural compounds that the asym-
metry of the Sn 4d XPS spectra can be associate with the change of

E (eV)

Fig. 2. Sum of the s, p, and d electronic states in respective valence bands of Y, Rh, and
Sn in the YsRhgSnqg formula unit (atomic positions are listed in Table 1), located near
the Fermi level. In panel (b) sum of the d-electron states for four Rh atoms is multiplied
by 1/10 to present all remaining atomic DOSs in the same scale.

local symmetry of the Sn1(Sn2);; cages due to strong covalent
bonding between the atoms Sn1 and Sn2. We therefore suspect
similar line-shape effect for cage-like YsRhgSnyg. Fig. 3 compares the
Sn 4d XPS spectra obtained for YsRhgSnig and LasRhsSnys. The
asymmetry of the both lines is qualitatively similar, however, more
pronounced effect is visible for YsRhgSnig, which suggests its
stronger covalent bondings and/or the presence of other electronic
states on the higher energy side of the spectrum. Indeed, the cal-
culations (in Fig. 3b) showed the complex structure of various Sn 4d
states, as well as the presence of the Y 4p states in this spectrum.
The bulk nature of superconductivity in YsRhgSnig was estab-
lished by magnetic susceptibility x(T), as shown in Figs. 4 and 5. The
x versus T dc magnetic susceptibility measured at 500 Oe in zero
field (ZFC) and field cooling (FC) modes exhibits bifurcation in ZFC
and FC data below ~ 350 K (Fig. 4), similar to that, reported for
LasRh4Sny3 [11,31], while in the superconducting state (T <T,=3.1
K) it reveals the onset of diamagnetism associated with the
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Fig. 3. The Sn 4d XPS spectra for YsRhgSnig are compared to the similar spectra of
LasRh4Sny3 [in panel (a)]. Panel (b) presents total 4d-electron Sn-DOSs and Y 4p DOSs
calculated for different atoms listed in Table 1.
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Fig. 4. Magnetic susceptibility (dc) for YsRhgSn;g in a field-cooled (FC) and zero-field-
cooled (ZFC) experiment with an applied field 0.05T.

superconductivity. The sharp drop below 120K shown in x4.(T)
data well correlates with an anomalous change in the specific heat
C(T) and can be related to appearance of the CDW phase (will be
discussed), while its small rice below 20 K shown in Fig. 4 can be
addressed to presence of paramagnetic impurities and/or structural
defects (c.f. similar low-temperature rice was observed and dis-
cussed for nonmagnetic CazRh4Snq3 [11]).

Similarly, the ac susceptibility (Fig. 5) displays a robust
diamagnetic signal due to superconducting transition at T.. The
perfect diamagnetism of the full Meissner state with x' = — 1/
(4nd) = 9.8 x 1073 emu/g for mass density d = 8.14 g/em? is
reached for YsRheSn g below 2.6 K. Imaginary (x”) part of ac mass
magnetic susceptibility y,. shows the maximum at Tmax = 2.86 K,
which well characterises the full Meissner state of the sample. The
X'(T) component also demonstrates for YsRhegSnig an anomalous

- 1 L

X Y.RhSn
01 —~—160Hz &
&
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T 04 |—1050Hz | B
P .70
<, 3000 Hz | =
N, i
30
g
[}
':9 -6
= 10 7 () 100
) 4 48
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Fig. 5. The real and imaginary components of the ac magnetic susceptibility x,. (x’ and
X") for YsRhgSnyg, as a function of temperature measured at different frequencies in a
field B=2 Oe. The main panel shows the superconductivity volume fraction, i.e.,
Xac/(4md) 1. The bare value of ‘X,,C J(4rd)~! ‘ >1 is due to the diamagnetic character of
the sample at T>Te.

behaviour at ~ 120 K and ~ 300 K, and its low-T frequency
dependent rise, which indicates the presence of structural defects.

Fig. 6 shows temperature dependence of electrical
resistivity p(T) for YsRhgSnig in various magnetic fields. The
critical temperature T, is defined as the temperature at which p falls
to 50% of its normal state value. In the temperature range
T.<T<100 K resistivity exhibits a positive magnetoresistivity
MR = [p(B) —p(0)]/p(0) with the maximum value of MR ~ 9% at T
for applied fields B<5 T. The similar positive MR effect is charac-
teristic of the family of skutterudite-related compounds Ce3M4Sn3
and LazM4Snys [13] and results from d-electron correlations in
these materials. Fig. 7 displays the cooling-heating and field evo-
lution of p(T) data in the temperature range 250 < T <320 K. A clear
hump-like feature emerges in the first cooling run, while for next
heating run it disappears. We noted that intensity of this hump-like
feature and its thermal hysteresis AT is reduced in the next cooling/
heating cycles. The cooling run hump-like feature is also reduced by
magnetic field, as is shown in the inset to Fig. 7. After more than
four cycles the remaining weak hump-like feature is still present in
p(T) data between ~ 250 and 320 K, however, it does not depend on
further thermal treatment. The high temperature resistivity hump-
like feature roughly correlates with the abnormal behaviour in the
Xdc and x’ data at about ~ 300 K (see Figs. 4 and 5) and specific heat
anomalies shown in Fig. 8. The phenomenon seen in the electrical
resistivity is most likely related to the process of thermal lattice
relaxation. In order to explain the nature of this anomaly we

400
——04T
300- ——08T_
——12T
— ——16T
&
G 200 —247
g ——28T
——32T
——36T
100 4T
——44T
0 T
0 4 5

Fig. 6. Electrical resistivity at various applied magnetic field for superconducting
phase of YsRhgSnys.
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Fig. 8. High temperature specific-heat C(T) for YsRheSng measured first in the heating
(red squares) and then in cooling (blue points) process in the temperature region
between 0.4K and 390 K. Panel (a) displays the C(T) data with a clear kink in C(T)
different slopes above and below T = 155 K. Panel (b) shows abnormal behaviour with
thermal hysteresis at temperatures T > 343 K. The effect of the both anomalies in high-
T C(T) data is reproducible in several measurements. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this
article.)

performed synchrotron XRD at wide temperature range above and
below the p hump.

Fig. 9 displays the magnetisation M versus magnetic field B
isotherms for YsRhgSnig with hysteresis loops for T< T, due to
vortex pinning effect, and the diamagnetic M(B) behaviour related
to Rh atoms.

In the inset we show the hysteresis loop of AM(B) at T = 2 K that
is defined by M(B) at 2 K minus a diamagnetic background y,B with
X4 = —8.88 x 1077 emu/g Oe. A hysteresis loop suggests a type-II
superconductor with a critical field H,; <80 Gs. The expected [41]

He1(0) = He(0)In k(v/2k)~! = 3.5 Gs for estimate of the thermody-
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Fig. 9. Magnetisation M vs magnetic field B for YsRhgSnsg at different temperatures.
The inset exhibits hysteresis loop for superconducting state. AM,y (B) is the magnet-
isation isotherm M,y (B) subtracted by background y, x B, for x4 = —8.88 x 107 emu/
(g Oe). At T>T. the M(B) isotherms exhibit diamagnetism of the sample.

erg/em’® K2, kg ~ 74 (cf. Sec. 3.2)], alternatively He;(0) is ~ 15 Gs
using the formula H¢(0) = 4.23,/7Tc(1 —t)=371 Gs in the limit t =
T/T.—0.

Shown in Fig. 10 is the specific heat plotted as C(T)/T at various
magnetic fields. The heat capacity data indicate bulk supercon-
ductivity below T, = 3.08 K, slightly smaller than T* = 3.20 K ob-
tained from electrical resistivity. The C(T)/T data can be
approximated by the expression C(T)/T = y+ BT?+ +Aexp[ —
Ac(0) /kgT]. The best fit gives an electronic coefficient y = 15.3+1.1
mJ/mol K?, 8 =7+0.9 mJ/mol K* and the energy gap at T = 0,
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Fig. 10. (a) Temperature dependence of specific heat, C(T)/T, for YsRheSn;g in various
magnetic fields. The dotted blue line is the best fit of the expression
C(T)/T =y + BT2 + +Aexp(—Ac(0) /kgT) to the data (Chisq = 2.6 x 107#). The solid
violet line is a fit of two-gap model to the C(T)/T at B = 0, considering the phonon
(Cpn = B'T3) and electronic (y'T) contributions (Eq. (5), Chisq = 8.3 x 10~°). The solid
green line shows the power law approximation of the expression C(T)/T = 7" + 6'T2 +
cT¥, o =195, and AC = cT295 (Chisq = 2.3 x 10-4). The inset exhibits C/T at 1K vs.
magnetic field B. The parameters vy and § are obtained similar from all different ap-
proximations. Panel (b) shows specific heat C(T,B=0) — y'T — 8'T? in a log scale vs.
the inverse temperature, 1/T. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Ac(0)/kg = 7.6+0.11 K. For N =29 atoms in formula unit, § =

N(12/5)7r4R053 gives the Debye temperature, fp ~ 200.4+ 10 K.
We estimated AC/(yoT:)=2.0(5). We also determined 2A.(0)/
kgT.=4.92 which is larger than that expected from the BCS theory
(2Ac(0)/kgT: = 3.52). The C/T ~ exp[—Ac(0) /kgT] exponential
behaviour and the proper calculated quantities obtained from the
specific heat data indicate that YsRhgSnig may be categorised as a
strong coupling s-wave BCS superconductor. Following by Bhat-

taacharyya et al. [24] the AC(T) = C(T) —¥'T — §'T3 can also be
approximated by a power law AC(T) = cT* with an exponent & =
2.95, which suggests that YsRhgSnig has an anisotropic super-
conducting gap. It should be noted, however, that the best fit to the
C(T) data in the temperature range T <T. gives the multi-band
model (details in Fig. 10).

Within the Eliashberg theory of strong-coupling superconduc-
tivity [42], the McMillan expression [43,44],

b ~1.04(1 4 2)
Tc_ﬁe"p{x i+ o.ezx)}’

gives an estimate of the electron-phonon coupling parameter
A=0.54 (for T* phase 2* =0.55), when the Coulomb repulsion u*
is assumed to be ~ 0.1 as a typical value known for s and p band
superconductors [43,45]. A similar A was estimated for LagRh4Snq3
superconductor [10]. From free electron theory, the normal state
electronic specific heat coefficient y,=C(T)/T is related to the bare
density of states at the Fermi level N(ef) by equation

(1)

Yo (ep)(1+4). (2)

o 7T2k§NA N
=—
The DOS at e is N(er) = 9.64 states/eV f.u. or 9.58 states/eV f.u.,
respectively for A or A*, based on a value of the electronic specific
heat coefficient y5™® =39 mj/mol K? obtained in the super-
conducting state T < T, from the linear dependence of C/ T against
T? at T=0 and at magnetic field of 2.4T. The coefficient v
compares well with the 78‘31“ x (142) = 25.9 mJ/mol K? for N(E) =
7.13 states/eV f.u. from ab initio calculations.

Fig. 11 displays the H — T phase diagram. The critical tempera-
tures were determined from resistivity (T¥, blue points) or from
the specific heat data (T, phase, red squares), respectively.

——=- WHH 1 band
4 —— WHH 2 bands
TN~ = heat capacity
S~ ® resistivity
3 -
E
3,
1 -
0- T T T T T =
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Fig. 11. Temperature dependence of the upper critical field H., in the H— T phase
diagram for YsRheSnig. The blue points show T, values obtained from electrical re-
sistivity data under H, and defined as the temperature at which p drops to 50% of its
normal-state value. The red squares represent Tc obtained from C(T)/ T vs T data in
Fig. 10. The dashed green (solid black) line represents results from the Wertha-
mer—Helfand—Hohenberg a one—band (two—band) dirty type—II superconductor. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Our previous studies of the series of LagM4Sn13 superconductors
have documented that the separation of the T and T. super-
conducting phases was enhanced by an increase of atomic disorder
[10,46], the largest one was obtained for LazRusSni3. Shown in
Fig. 11 the H — T phase diagram is very similar to that of LazRh4Sn;3.
The maximum difference AT, = T;" — T¢ ~ 0.15 K occurs for H = 0,
with increasing of H AT, decreases, while for H> 1 T the difference
between the high temperature inhomogeneous superconducting
state T¥ and the bulk superconducting phase T, is no longer visible.
The H — T data near T, are not enough well approximated by the
Ginzburg—Landau (GL) theory. The best fit of equation
He(T) = H(0) };5 gives the upper critical field values of Hi, (0) =
43 T and T¢" =329 K, larger than T, and T*. From the
Ginzburg—Landau relation [47] pugHg(0) = fI>0/27rEGL(O)2 we esti-
mated the superconducting coherence length £5; (0) = 9 nm, where
Oy = h/2e = 2.068 x 10~'> T m? is the flux quantum.

3.2. Superconductivity of YsRheSnig in the presence of atomic
disorder; superconductivity modelling

From the microscopic point of view the temperature dependence
of He, in dirty superconductors, i.e., superconductors where the
coherence length ¢ is larger than the mean free path, is normally
explained with the Werthamer—Helfand—Hohenberg (WHH) [48,49]
or Maki—de Gennes [50] theories. They take into account the orbital
and paramagnetic effects of an external fields as well as nonmagnetic
and spin-orbit scattering. The WHH theory predicts a linear tem-
perature dependence of H., near T., what agrees with the data pre-
sented in Fig. 11. However, it also predicts that in the dirty limit

dHe,
dT |p_q’

He(0)= — 0.69T¢ (3)

which gives H, (0) = 3.86 T, whereas the actual value is around
4.7T. The temperature dependence of H, from WHH theory is
shown as the dashed green line in Fig. 11. It is obvious from this
figure that WHH theory underestimates the upper critical field at
low temperatures by predicting much larger curvature of Hy (T).
We estimate the mean free path /=6.2 nm (see later) what, when
compared to £ =9 nm does not locate our system deeply in the dirty
limit. However, in the clean limit the coefficient in Eq. (3) is 0.73
instead of 0.69 [49], which is still too small to explain the measured
value of H.,(0).

The deviation from the WHH curve can have different sources.
For example, strong—coupling effects can yield an enhancements of
Hg,(0) and we estimated 2A.(0)/kg T =4.92. This effect, however, is
reduced in the case of disordered superconductors [51]. Other
possible explanations include, e.g., the spin—orbit coupling,
Fermi—surface anisotropy or granularity. The results presented in
Sec. 3.1 can suggest that for the present system H (T) can also be
affected by the presence of two bands. In this case the critical field
can be calculated from the theory of Gurevich [52], which is ob-
tained by adapting the Eilenberger and Usadel equations to the case
of a two—band dirty superconductor.

ap(Int+ U(h))
x [Int+U(nh)]+az(Int+U(nh)]+a1[Int+ U(h)] =0, (4)

where U(x)=y/(x +1/2) — (1 /2),y(...) is the di—-gamma function,
t = T/T., h is reduced magnetic field defined as h = Hy D1 /2®¢T,
D; is the band diffusivity, n = D,/D;. The parameters ag ;  can be
expressed by the intra— and interband BCS superconducting
coupling constants 111, A3, A1 and Ay;. We are aware that though
the agreement between the experimental data and theoretical
approximation is satisfactory, there remains questionable
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reliability of obtaining parameters since the fit was done for a
number of fitting parameters. Nonetheless, the ab initio band
structure calculations, that showed a significant impact of s and p
Sn bands as well as Rh and Y d-electron states at the Fermi level of
Y5RhgSnqg (see Fig. 2) are a strong support for the two-band sce-
nario. The electronic specific heat shown in Fig. 10a can also be the
reasonable confirmation of the two(multi)-gaps model. In the one-
gap BCS description, one expects the linear plot of the electronic
specific heat C(T) — voT — BT® = A exp[ —4¢(0) /kgT] in a log scale
vs. the inverse of temperature, 1/T (see Fig. 10b). This is, however,
not a case. A straight line cannot be used to describe the data at the
lowest temperatures between 0.4 and 2 K, this observation allows
us to propose that the superconductivity in YsRhgSnig is not a
classic isotropic s-wave BCS-type. Alternatively, the electronic
specific heat C(T)/T data of the YsRhgSnig superconductor are well
fitted using two-gap model (Eq. (5)):

oo -f3) 0 ves(-25)

(5)

In the two-gap scenario, electronic specific heat is assumed to be
the sum of two contributions with different values of super-
conducting gaps A; and A,. The result of the best fit with Eq. (5) for
the parameters Aq/kg = 8.7+1.0 K, Ay /kg =3.9+1.9K, n = 0.96+
0.04, v' = 12.8+2 mJ/mol K?, and § = 6.5+1 mJ/mol K* is illus-
trated by the solid violet curve in Fig. 10. The electronic specific heat
coefficient ¥’ and coefficient 8’ in phonon contribution are similar
to that, obtained from the approximation with the use of simple s-
wave model.

The two-band dirty superconductor model gives the extrapolated
zero-temperature upper critical field H.,(0) = 4.7 T corresponding
to £¢1(0) = 8.4 nm, which seems to be reasonable since {5 > [ (I is
an electric transport scattering length) has the same order of

g0 =

=~9.2 nm (p, = 350 x 1076 Qcm is a normal state

:’)’,+5,T2+1A

C(T)
T T

magnitude as that,
8.57x10~7
(YornTo) 2 (1-0)'2
resistivity approximated to T =0, yo = 813.8 erg/cm’ K2, and t — 0).
In the frame of Ginzburg-Landau-Abrikosov-Gorkov (GLAG) theory

of the type-II superconductors [48] the slope of dg’sz at T is [41]:

estimated from relation [41];

_dHg
dT

T=T.

in units Gs/K, where n is the density of conduction electrons in cm3,

S/Sk is the ratio of the Fermi surface area to the Fermi surface of the

free electron gas, Sp = 4w(3w2n)%/3, and R(A) is the Gorkov function

of order unity (R(0) = 1, R(e0) = 1.17 [41]). For <dHﬂ> =-2.07 x
T,

c

10% Gs/K (in Fig. 11) we have calculated the value n?/35/ Sp = 5.83x

1013 cm?, taking R(g) = 1, when
Ar = 5.51 x 1021, (n2/3S /Sp)(voTe) ! is calculated 4.4x 10-14 for
YsRhgSnig.  Then, the electronic  mean free path

1(0) = 1.27 x 104[p,,(n?/35/S)]! = 6.2 nm is obtained smaller than
the coherence length £;.

In a dirty limit, the Ginzburg-Landau penetration depth AdGL =
6.42 x 10-3(p,/Tc)'/?(1 — t)~1/2 = 682 nm gives GLAG parameter

K = A‘éL(O)/EGL(O) = 74.2,in agreement with alternative estimate of

)S”ZOSn31°5n32°5n3305n3405n4

Fig.12. Schematic view of the crystal structure, which can be represented as Rh-based
almost square prisms (a=5.0 A, c=6.8 A) extending along the c-axis with channels
filled with dumbbells of Sn3_1 and Sn3_2 as well as Sn4 atoms (a). A connectivity is
provided by bonds =2.8 A(b). Y1 atom is coordinated by a cage of Sn3_(1,2,3,4), Rh1
and Rh2 (c). The linkage (<2.8 A) along the ab-plane is provided through Sn3_(1,2,3,4)-
Rh2-Sn2 contacts and along the c-axis by Sn3_3/Sn3_4-Rh1-Sn2-Rh2 (c). Y2 and Sn4
atoms are omitted in panel (c).

x4, =74.8 on the base of expression «, = 7.49 x 103y,/%p, defined

in Ref. [41]. The large Kg,_ >>1 value establishes Y5RhgSnjg to be a
superconductor of type II.

3.3. Insight into structural properties of YsRhgSnigs_x—type
structure at high temperature limit

The crystal structure has been modelled in a tetragonal 14¢/acd
space group (No. 142), which has been proposed by Hodeau et al.
[28] and is deposited in the Crystallography Open Database (COD)
[53] as entry No. 2106150. The space group has two alternative
origin choices. In this paper a standard origin choice 2 is used, while
the paper [28] and the COD used the origin choice 1. Additionally,
the other authors also used a different naming scheme, which
might cause confusion. Table 1 contains mapping between co-
ordinates in standard origin (choice 2) and origin choice 1 used in
Ref. [28] as well as atom labelling scheme from entry 2106150 in
the COD [53]. The unit cell contains 10 crystallographically inde-
pendent sites and its large dimensions make it difficult to visualise

-1

-2
= {9.55 x 10%4y2T, (nZ/BS—SF) +5.26 x 10470,)”} [R(Aer)] (6)

in a simple fashion. In this paper we would like to present an
alternative way to look at this type of structure, which emphasises a
tetragonal layered-perovskite-like character of the lattice and not a
pseudocubic coordination of Sn. In this context the framework is
based on corrugated rhodium (Rh2) planes (Fig. 12a) and Rhl
square prisms, which are coupled by tin along the ab-plane and the
c-axis (Fig. 12b). In particular, the a/b-axis connectivity is provided
by bonds of about 2.8 A between Sn3_(1,2,3,4)-Rh2-Sn2 and along
the c-axis by Sn3_3/Sn3_4-Rh1-Sn2-Rh2 (Fig. 12c). The Y1 acts
either as a centre for the Rh2 square (d =3.5 A) and its fixed po-
sition does not allow to move inside the cage (Fig. 12c). On the other
hand Y2 is in the second shell (d =3.1 A) of both Rh1 and Rh2,
therefore it also might take part in electron transfer. Sn4 is far
(3—5 A) away from most atoms, which makes it weakly coupled to
the lattice. A special comment must be made about Sn2 site, which
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has multiple roles. First, it belongs to close contact pathways both
along the ab-plane and the c-axis (right hand of Fig. 12c), which
potentially makes it sensitive to changes in both crystallographic
directions. At the same time, it forms a tetrahedron (d =3.41 A),
which plays a role equivalent to the Y1 site in centring of the Rh1-
prism. The tetragonal arrangement makes Sn2 closely packed to
each other, which hinders their free movement despite fully
refineable atomic coordinates.

The Rietveld [34] refinement performed on datasets collected
between 200 K and 500 K allowed to connect variations observed in
resistance (inset to Fig. 7) and specific heat (Fig. 8b) with changes in
the crystal structure. The first observation was connected with
subtle variations of the unit cell volume (Fig. 13). In order to visu-
alise the changes a straight line (black) was fit to the volume (red
dots) in the whole temperature range and then subtracted from it
(blue dots). The observed deviations from the linear trend are of the
order of 0.5 A% but much bigger than uncertainty of the fit 0.1 A3
(blue bars). Two distinct inflection points can be observed: one
around 300 K where the curve has a clear minimum and the second
one around 355 K where the curve regains a linear trend. The lower
temperature corresponds well with the observed history effect in
the resistance curve (Fig. 7), while the higher one with the
abnormal behaviour of the specific heat (Fig. 8b). It must be noted
that the refinement of the cell volume (peak positions) is almost
completely uncorrelated with the atomic coordinates (peak in-
tensities), so it does not directly depend on the unit cell contents. At
the second stage the data was examined with respect to a possible
superstructure or a short range order similar to the one observed in
LasRh4Snq3 [11]. No indication of any of the above effects was found
in the data and an example of temperature dependence of a
selected angular range in presented Fig. 14.

The next step comprised refinement of atomic coordinates,
atomic displacement parameters (ADPs) and site occupancies. For
all plots check Appendix A. Similarly to Hodeau et al. [28] a possible
Sn1/Y1 Table 1 site disorder was expected, which was included in
the refinement as a variable Sn/Y ratio with a total occupancy con-
strained to 1. The refinement of the ratio resulted in a clear prefer-
ence for yttrium —0.10(4)/1.10(4) and no tin, therefore only Y1 was
kept and refined for all temperatures (the negative quantity of tin
indicated that even with the lighter Y, the site might not be fully
occupied). Then the occupancies of remaining sites (Rh1 was fixed
to 1.0) were refined and at 300K they were equal to: Rh1 1.0(fix),
Rh2 0.88(7),Y10.80(4), Y2 0.97(5),Sn2 0.80(4), Sn3_10.83(5), Sn3_2
0.90(6), Sn3_3 0.79(5), Sn3_4 0.96(6), Sn4 0.96(5), which gave the

5250 |- = Volume 10
— Linear fit R = 0.9996 ’
5240+t V (T) =5159.4(2) + 0.1745(4) * —
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= 5230+ 0.5 &
£ 5220} 2
8 ! Hoo
= 10 F [
3 5210 3 ; 2
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Fig. 13. Temperature dependence of the unit cell volume (red, left axis). In order to
enhance subtle changes a straight line was fit (black) and subtracted from the data
(blue, right axis). Clear changes in slope are observed at 300 K and 355K after which a
linear trend is recovered. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 14. Temperature dependence of the low part of the diffraction patterns did not
reveal any superstructure peaks or sudden changes in background. The refinement was
performed using the same structural model for all temperatures.

total stoichiometry of Ys(3)Rhg g(3)Sny7(1). The numbers in paren-
theses represent a statistical uncertainty on each site, which results
in about 6% relative error. It is noted that the discrepancy in the
number of tin in formula unit obtained from the XRD 17(1)and the
SEM 18(1) was also indicated in case of Er/Sn ratio in the single
crystal study [28]. In our case the discrepancy does not exceed 2
standard deviations and can be explained within a statistical error.
An alternative explanation might indicate a formation of minimal
quantities of secondary phases with a higher Sn content, which are
picked up by the SEM but not by the XRD. Let us now look at the
refined values of ADPs, which are selectively presented in Fig. 15. It
must be noted that much better description could be obtained from
anisotropic ADPs as it was done in the single crystal study [28] but
they are very difficult to obtain from a limited number of reflections
available from powder diffraction. The lowest ADP value =3 A? is
observed for the Rh1 and is slowly increasing with the temperature.
This behaviour is consistent with a well localised site, without po-
sitional disorder, which random displacements are predominantly
defined by a thermal motion. The high stability of the Rh1 was one
of the reasons for selecting Rh1 as the basis of the structural model
presented in Fig. 12. At the other end of the scale is Sn4, which has
the highest value of ADP =15 AZ because it is loosely bound to the
framework. Unexpectedly its ADP starts to decrease above 375K,
which indicates that this high ADP value has two components: 1) a
monotonically increasing thermal motion and 2) a static disorder,
which starts to decrease at 375K. The decrease of Sn4 ADPs at
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Fig. 15. Temperature dependence of the isotropic Atomic Displacement Parameters

(ADPs) for selected atoms. The largest change is observed in the ADP of Y2 but is also
mirrored other atoms like in Y1, Sn3_1 or Sn3_2. For all parameters see the SI.
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higher temperatures due to a decrease of a static disorder can be
understood in term of annealing, which should thermally average
the whole structure. The time scale of this relaxation is of the order
of the 20s time interval between the datasets. Additionally, the
higher thermal motion of the framework will effectively shrink the
Sn4 cage increasing its confinement. The non-thermal character of
Sn4 displacements was also visible in analysis of the single crystal
data for the Er-based compound by Hodeau et al. [28] where they
had to remove symmetry restrains from anisotropic ;s for Sn4 in
order to get a reasonable fit. A solution which would not violate the
symmetry would require a use of a split Sn4 site, which simulated
positional disorder. In our case, with limited powder XRD data it is
practically unfeasible to refine an anisotropic ADP or a split site. The
second highest value of ADP = 5.5 AZ is observed for Y2, which is
semi-isolated [54] from the framework. The two drops in the value
of Y2 ADP at 275 K and 350 K are correlated to flattening of Sn4 ADP
between 275 K and 350 K and then by its decrease. Both effects can
be attributed to a varying interaction of Y2 with the lattice. The
change in coupling is also reflected in the framework when we
notice an anti-correlation with ADPs of Sn3_(1,2), Y1 and Rh2
(omitted for clarity) (Fig. 15), which points towards Y2 being a semi-
correlated rattler. When it attaches itself to the framework (the
nearest neighbour is Rh2 at 3 A) its ADP decreases but the frame-
work ADPs increase and vice versa.

Let us discuss temperature dependence of selected fractional
coordinates, which are presented in Fig. 16 for the ab-plane and
Fig. 17 for the c-axis (All plots are available in Appendix A). In order
to bring the changes to the same scale, the figures present variation
of fractional coordinates vs their values at 200 K.

When the temperature increases, the fractional coordinates
remain unchanged until around 300 K, when some atoms start to
deviate from their positions predominantly in the ab-plane. The
most active site is Y2 but a clear change is also observed for Sn3_3
especially in the y-coordinate. A weaker effect is observed for Rh2
and Sn3_2. This effect appears about 25 K higher than the changes
in ADPs therefore one can say that the coupling of Y2 first modifies
the thermal motion (ADPs) of atoms and then results in change of
their average positions. Remarkably, the position of Sn4 is not
influenced at this temperature, which suggests that it is inactive in
this transition. The second class of atomic movements is observed
around 350K and affects Sn3_1, Sn3_2, Sn3_3, Sn3_4 and Sn4(y),
which practically involves the whole structure. The fractional po-
sition of Sn4 basically remains constant, which corresponds to the
decrease of its ADP and agrees with the annealing hypothesis. To
sum up, the variations observed in refined parameters indicate that
the Y2 is the main atom responsible for the transition around 275 K
— 300K, which is connected with its increased interaction with the

T g T r T = T 1 T ™ T T T

1.0x10° - coord(T) - coord(200 K) 7

B
g 5.0x10* i
¢ L l IINIVI ’||
S o N il
Sty
| = ‘!{{"ﬂ!l\lllllllllll\ll||l"»
g * xY2 & yY2 ;
Sn3_1 )
3‘%'1-0"103' o i:s:s 2
o y_Sn3_3
-1.5x10° 1 : - . !

200 250 300 350 400 450 500
T(K)
Fig. 16. Atomic coordinates in the ab-plane plotted relatively to their 200K values.

Atomic movement starts to develop around 275K with the leading role of Y2. For
clarity fit uncertainty is plotted only for one coordinate.
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Fig. 17. Temperature dependence of selected fractional coordinates along the c-axis
plotted vs values refined at 200 K.

framework and shifts atoms mostly in the ab-plane. In turn, at
350K all directions become active and the main role seems to be
played by the Sn4, which is affected by a static positional disorder
below this temperature. Finally, let us discuss a possible connection
between the changes seen in the XRD experiments with the
development of a dynamical CDW phase. The canonical static CDW
is usually connected with a long range ordered structure and a
suppression of the SC state. It has been speculated for a long time
[55,56] and recently proven experimentally [57] that CDW might
also have a short-range dynamical character, which extends well
above the SC and pseudo-gap opening temperatures. This is also
not a local pair-density wave [58] type CDW, which in the picture
presented by Arpaia et al. would be equivalent to a quasi-critical 2D
CDW. In this context, the transition around 340 K—360K (as seen
from susceptibility in Fig. 4 and XRD in Fig. 13) might be connected
with the onset of the dynamical CDW in a way similar to Tyt
observed in CapzLazgRhsSnis [11]. Below this temperature there
are several regions with anomalous responses in different physical
properties: (a) around 280K (in 5 cycles of resistance shown in
Fig. 7 and the inset), (b) around 300 K in the cell volume in Fig. 13,
(c) around 300K in the atomic coordinates displayed in Figs. 16 and
17, and finally (d) 160 K in the specific heat Fig. 8.

In this context, the transitions around 300 K (around 25 meV) are
most likely connected to the aforementioned pinning of the dy-
namic CDW on defects in the structure (Cf. Refs. [59,60]). This pic-
ture is supported by the systematic decrease of the anomaly under
subsequent heating and cooling ramps (Fig. 7, inset), when the
structure becomes more average. On top of the proposed pinning,
below 300K, we have suppressed movement of atomic positions
(this includes vacancies), which oscillate around their average
values refined at 200K (Figs. 16 and 17). While comparing the
resistance to the XRD it must be noted that only the first (B=0T)
heating ramp in the resistance (Fig. 7) is equivalent to the XRD runs
which were collected on the first heating of a fresh piece of the
sample. At this moment, we can only compare this result to the
previous studies [11] and references therein for LasRh4Sn;3, similar
sequence of transitions was also observed for CagLaz gRhgSnys. The
LazRh4Sny3 also displays a precursor transition at Tyr = 311 K, which
is clearly connected to a local disorder but contrary to Y—Rh—Sn
system, it locks into a long range ordered CDW-type superstructure
at T* = 280 K. This transition is still debated between a phonon soft
mode and CDW like anomaly but most likely both mechanisms are
involved. In the case of YsRhgSng, the nonstoichiometry and dis-
order suppress the formation of a long range CDW superstructure.

At Tp =160K the system is most likely entering the quasi-
critical region of the CDW [57,58]. but this temperature region
was not achievable during the XRD measurement.
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3.4. Electronic band structure of YsRhgSnig near the Fermi level; a
possible Fermi surface nesting and charge-density wave formation

A variety of properties of YsRhgSnig documented by our in-
vestigations may indicate some peculiar character of band structure
near Fermi energy and shape of Fermi surface. Band structure dis-
played in Fig. 18 along high-symmetry lines possess dispersive elec-
tronic states near the Fermi level, which is consistent with the metallic
conductivity of YsRhgSnyg, shown in Fig. 7. Furthermore, the character
of the band structure near Fermi level and the shape of Fermi surface
(Fig. 19) can be linked to the occurrence of charge density waves.

It is worth note that investigated compound, for it's symmetry,
belongs to a special class of non-symmmorphic materials. Recent
investigations have shown that the bulk materials with non-
symmorphic space groups may exhibit unusual properties of their
electronic structure [62,63] resulted from the band degeneracies
entailed by non-symmmorphic symmetry. Characteristic property
of band structure of such materials is the presence of Dirac cones
and Dirac nodes [62]. Depending on the filling level of the bands the
non-symmorphic materials may undergo Mott transition [64] or
show the presence of charge density waves associated with Peierls
transition [65]. The band structure presented in Fig. 18 reveals the
presence of several Dirac cone like shapes (e.g.onI' —Z—= — N
symmetry lines). The property of band structure may be related to
the occurrence of CDW in investigated compound.

Another property of the band structure which may indicate the
occurrence of CDW is the presence of nested portions of the Fermi
surface [66]. Fig. 19 shows the Fermi surface for a four bands
calculated without SOC.

Only three bands (1033, 1034 and 1034) have pronounced Fermi
surface. For all of them the nesting effect may be ascribed but with
different directions of nesting vectors. V\_/}hile for the 1033 and 1034
bands the nesting vector lays eLk)ng the b 5 direction, the 1035 band
shows the nesting along the b ; direction. Although, according to
Johannes and Mazin work [67] the presence of nesting effects of
Fermi surface is not a unique criterion for the occurrence of charge
density waves, the nesting visible on Fig. 19 and characteristic Dirac
cones present in band structure (Fig. 18) support interpretation of
our experimental findings assuming presence of CDW in investi-
gated material. In very recent structural investigations of the
R3M4Snq3-type compounds (R=La or Ce [11,68]) the Rietveld
refinement proved the high temperature structural transition Ty ~
350 K connected to atomic disorder (ADPs), which subsequently
leads to the long range superstructure at T* and the subtle effects
observed at Tp ~ 150 K leave no structural signatures. The Tp has

0.2
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Fig. 18. Calculated band structure of YsRheSnqg with SOC along high symmetry lines
shown in the inset. Inset presents the Brillouine zone of BCT, structure with high
symmetry points and lines [61]. Green lines depict the path used for band structure
plot. The intersections of red parabola at the Fermi level (along Y-=-T" and Y1 — Z
lines) show electron states dispersion relations similar to a Dirac-cone. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig.19. Fermi surfaces of YsRheSnqg with indicated band's number. Orientation of BZ is
consistent with that shown in the inset of Fig. 18.

been suggested to be associated with a CDW—type instability (c.f.
[69]), and Tp <T* <Tyr. In the area of large disorder, structural
deformations of Ty or Tp-type are not visible [11]. This is probably
the case of Y;RhgSnqg, while at Tp are clear anomalies in the specific
heat shown in Fig. 8a and susceptibility data (in Figs. 4 and 5).

4. Concluding remarks

Our intention was to obtain Y3Rh4Snq3 with a cubic Yb3Rh4Sn3-
type structure (space group Pm3n). We showed, however, that this
stoichiometry is not possible for a ternary system Y—Rh—Sn.
However, it is possible to obtain a similar skutterudite-related
YsRheSnyg, 5 compound having a cage-like structure, which crys-
tallises in tetragonal structure with the space group 144 /acd (Z = 8),
and exhibits superconductivity as does equivalent cubic system
LasRh4Sni3 of YbsRhySny3-type structure.

We have investigated the superconducting state in Y;RhgSng by
using electric transport, magnetic, and specific heat experimental
techniques. All experiments were performed on the same poly-
crystalline sample, whose high quality is evidenced by microanal-
ysis and XRD studies. The measurements reveal that YsRhgSnqg is
BCS superconductor with superconducting phase transition at
3.08 K. Anomalous behaviour observed in electronic specific heat
C(T)/T and H,(T) provides evidence for two superconducting gap
behaviour. This phenomena is also supported by the ab initio band
structure calculations, which predict the presence of s, p, and
d electron states at the Fermi level. Based on experimental data we
determined some fundamental thermodynamic parameters char-
acteristic of the dirty superconductor of type II. In a dirty limit we
found the coherence length £ > 1, then the WHH theory well ap-
proximates the temperature dependence of the upper critical field
Hg, in the H — T diagram within the two-band model.

The structural analysis has shown that the anomalies clearly
visible in temperature dependencies of various thermodynamic
quantities at T ~ 300 and ~ 350 K do not change the symmetry of
the system but the reason for the observed anomalies is a thermal
lattice relaxation process. At 300 K mostly Y2 and Sn3_3 atoms start
to deviate from their positions determined by the minimum energy
of the crystal at low temperatures. A change of the character of
thermal motion to more collective (correlated rattler) is observed
with the increase of T. At ~ 350 K Sn4 atoms tend to occupy the
equilibrium position due to thermal activation-like behaviour.
There is some structural analogy to cubic LasRh4Snq3 system, where
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increase of atomic displacements with thermal noise begins at
about 250 K and finally is completed at around 300 K [11]. However,
for the system of 3 : 4 : 13 compounds there is evidence of struc-
tural transition, which is not explicitly found for YsRhgSnig.
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Appendix A

In this Appendix we show temperature dependence of atomic
parameters for atoms occupying the unit cell of YsRhgSnig (see
Table 1). Columns represent respectively fractional coordinate po-
sitions [X, y, z], a chemical site occupation factor (SOF), an isotropic
atomic displacement parameter (ADP) Bg,.
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Fig. 20. Plots of atomic parameters from Rietveld refinement in the temperature region 200K and 500K (in all plots 200K < T < 500K scale is linear.).
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