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For a number of skutterudite-related cage compounds, such as cubic R3M4Snis (R = Ca or La,
M = transition d-electron metal) or tetragonal YsRheSnis, we have previously reported the impact
of various atomic defects in the crystal lattices on the normal-state and superconducting properties
of these clathrates. In these quasi-skutterudites the nanoscale disorder and/or local inhomogene-
ity in composition lead to an abnormal increase in the superconducting transition temperature 7e.
Here we investigate the impact of atomic defects in the superconductors Lus_sRheSnis (tetragonal
symmetry I4;/acd). We have documented that LusRheSnis does not crystallize in the assumed
stoichiometry, but forms a 5-6-18 phase with a Lu-deficiency (6 ~ 0.5). Our comprehensive investi-
gations of electronic structure and thermodynamic and electrical transport properties documented
a T, increase in the more disordered sample (Sample 1). The quality of two investigated samples
(Sample 1 and Sample 2) with similar stoichiometry, but different local inhomogeneity was obtained
by microanalysis and electron transmission microscopy observations. The band structure calcula-
tions show a hybridization pseudogap in the electronic bands of stoichiometric LusRhgSnis at about
0.3 eV in respect to the Fermi level, er. The ab initio calculations predict the scenario, that vacan-
cies could shift this pseudogap towards er, which is manifested by the Mott variable-range hopping

behavior in the resistivity p ~ T~ 1/4

of more homogeneous Sample 2.

PACS numbers: 71.20.-b, 72.15.-v, 71.20.Eh, 74.20.Fg, 74.62.En

I. INTRODUCTION

The effect of disorder on superconductivity has been
investigated on a variety of diverse superconducting ma-
terials for many decades. The earliest understanding
of this phenomenon was due to Anderson’s theorem!
which predicts that the conventional BCS superconduc-
tors with isotropic superconducting s-wave gap gener-
ally are not sensitive to dilute nonmagnetic impurities,
while even small presence of magnetic dopants can dras-
tically reduce the critical temperature of their supercon-
ducting staté?™. In the case of a strongly anisotropic
gap, T. should also be reduced by nonmagnetic impu-
rities. Several theoretical calculations of T, suppres-
sion have also discussed the pair-breaking effects of non-
magnetic scatterers on model multiband superconduc-
tors with generalized s-wave order”. This topic has re-
ceived renewed attention because of the several new re-
ports of the observation of novel phenomena in a num-
ber of strongly disordered superconductors, especially at
the limit of critical disorder leading to complete destruc-
tion of superconductivity®?. In most investigated su-
perconductors the disorder is associated with presence
of atomic scale disorder generated by impurities, struc-
tural defects or local inhomogeneity, and leads to elec-
tronic inhomogeneity over the length scales of the co-
herence length £. Therefore, unexpected observations of
an enhancement of the superconducting transition tem-

perature, T,, when the amount of disorder in a mate-
rial is increased, are particularly interesting and have re-
ceived our attention. In particular, the investigations
of novel strongly correlated superconductors (SCS)&HY
have shown that the atomic disorder, acting as a pertur-
bation within the critical regime, can be decisive and
changes the nature of the quantum macrostate either
in the normal and superconducting phase. The disor-
der as perturbation can lead to novel phenomena like
the disorder-enhanced superconductivity, discovered in a
series of SCSs* 1Y and high-T, BiySroCaCuyOg. ,-type
materials'?, however, the mechanism of T, increasing is
still under the debate. Our present studies focus on the
family of nonmagnetic skutterudite-related RsM4Sn;s-
type superconductors (R = La, Y, or Ca, and M = d-
electron-type metal) with the atomic scale disorder caus-
ing appearance of novel high-temperature superconduct-
ing state with the critical temperature T* > T,

Several experimental and theoretical attempts have been
undertaken to answer the question: why the supercon-
ductivity, characterized by the critical temperature T,
is enhanced when the amount of disorder increases (e.g.,
Refs 1819 - Gastiasoro and Andersen® theoretically ex-
plained disorder-generated T, increase for two separate
scenarios: dilute disorder case in multiband supercon-
ductors, and dense disorder in conventional one-band
superconducting systems. The proposed mechanisms
model well enough the superconductivity of the disor-



dered quasi-skutterudites both at the small and large
limit of disorder!. The current investigations of the se-
ries of Lus_sRhgSn;g quasi-skutterudite compounds en-
able us to verify the validity of Gastiasoro and Andersen
theoretical predictions for systems with low concentra-
tion of defects and those having strong fluctuation in
homogeneity, as well as to predict experimentally the
impact of the disorder strength on enhancement of the
superconducting state.

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

The "LusRhgSnis" (Sample 1) and "Luy gRhgSnis"
(Sample 2) polycrystalline samples were prepared by
arc melting technique and then annealed at 870°C for
2 weeks. All samples were examined by x-ray diffrac-
tion (XRD) analysis and found to have a tetragonal
structure (space group I4;/acd)?"Y, Parametric XRD
studies were carried out at the X-ray Science Division
beamline 17BM2% at the Advanced Photon Source, Ar-
gonne National Laboratory (Argonne, USA) with an in-
cident X-ray energy of approximately 51 keV (wavelength
A = 0.24177A). Series of diffractograms were collected on
a heat up ramp from 100 K to 500 K (360 K/h) using
an area detector and processed using GSAS-II software
package?d. Structural serial refinements were carried out
using FULLPROF software suité?%, Temperature depen-
dence of the cell volume was modeled using a second or-
der Debye-Griineisen fit described by Wood et al?>. The
samples were labeled on the basis of the SEM study as
LusRhgSn;g (sample 1) and Luy gRhgSnig (sample 2),
respectively. The naming scheme was preserved in the
plots. Stoichiometry and homogeneity were checked by
electron microprobe technique [scanning electron micro-
scope JSM-5410 equipped with an energy-dispersive X-
ray spectrometry (EDXS) microanalysis system]. The
transmission electron microscopy (TEM) observations of
the surface images and structural properties of nm size
crystallites were performed using a JEOL high resolution
(HRTEM) JEM 3010 microscope operating at a 300 kV
accelerating voltage and equipped with a Gatan 2k x 2k
Orius™ 833SC200D CCD camera.

Electrical resistivity p was investigated by a conven-
tional four-point ac technique using a PPMS (physical
properties measurement system) device. Similarly, the
PPMS platform was used to measure magnetic ac sus-
ceptibility. The dc magnetic susceptibility and magneti-
zation measurements were carried out in the temperature
range 1.8 — 400 K and in applied magnetic fields up to
7 T using a Quantum Design superconducting quantum
interference device (SQUID) magnetometer.

The XPS spectra were obtained at room temperature
in the vacuum of 8 x 1078 Pa (6 x 10~!° Torr) using a
PHI 5700 ESCA spectrometer with monochromatized Al
K, radiation. The samples were broken under a high
vacuum before measuring the spectra.

The electronic band structure of stoichiometric
LusRhgSnig was calculated using the full-potential lin-
earised augmented plane waves (FP-LAPW) method
complemented with local orbitals (LO)?% implemented
in the WIEN2k computer codeé?d. The ab initio calcu-
lations were performed for the paramagnetic compound
with the formula Lus_sRhgSn;g, using the experimen-
tal lattice parameters (tetragonal structure, space group
141 /acd) (for details on similarly made computations see,
e.g., in®®) In the performed calculations we assumed the
set of local orbitals (LO) and valence states (VB), respec-
tively as follow: Lu - [55%5pS|Lo{4f145d'6s%}vp; Rh -
[4824p6]L0{4d8581}VB; Sn - [4p64d10]Lo{5825p2}VB),
and the scalar-relativistic Kohn-Sham was applied with
spin-orbit coupling (SOC) accounted for by means of sec-
ond variational method?%. The gradient approximation
form (GGA) of the exchange-correlation energy func-
tional together with parametrization (PBEsol) derived
for solids by Perdew at al®) were applied. The k-mesh
was tested against the total energy convergence and satis-
factory precision, of few meV, was achieved with 7x 7 x 7
mesh (Nj, = 40k vectors in irreducible Brillouine zone

(IBZ)).

III. RESULTS AND DISCUSSION

A. Lus_s;RheSn;s; microanalysis and structural
properties

Our intention was to obtain the stoichiometric
LusRhgSn;g (labelled as Sample 1) and off-stoichiometric
Luy ¢RhgSnyg (Sample 2) compounds. It turns out, how-
ever, that system 5-6-18 does not crystallize in the as-
sumed stoichiometry, but forms a 5-6-18 phase with a Lu-
deficiency, and the obtained, arc melted, Lus_sRhgSn;g
compositions differ from the initially assumed stoichiom-
etry (for the both samples 6 ~ 0.5). The energy dis-
persive X-ray analysis gives the average Lu:Rh:Sn sto-
ichiometric ratio for the sample surface, respectively
4.55+0.25: 6.0 £ 0.23 : 17.75 + 0.30 for Sample 1, and
4.4940.20 : 6.0£0.18 : 17.9040.22 for Sample 2. Uncer-
tainties are defined in acknowledgments. For simplicity,
the correct formulas of Lus_sRhgSnig-type compounds
are replaced here by the expressions Sample 1 and Sam-
ple 2, respectively. EDXS indicates a similar atomic com-
position for Sample 1 (initially assumed as LusRhgSn;g)
and its Lu-deficient Sample 2 variant. However, please
note that the EDX picks up the signal from all phases
present in the material and the Sample 1 will be shown
to contain a tin-like impurity. In this sense, this is a
phase content weighted average and might also include
non-crystalline precipitations which are not picked up by
the XRD. In Sample 2, we do not see a clean signal from
tin so it will be closer to the one phase system. This ob-
servation shows that the thermodynamic equilibrium in
the Lu-rich melt is achieved by separation of tin and that
a single phase system is achieved in a Lu deficient melt.



A detailed structural characterization of the material is
well beyond the size of this paper. The original paper of
Hodeau et al*! on (Sn,Eu)-Rh-Sn single crystals serves,
as a good example for a complexity of such a task. The re-
cent paper on a single crystal of "LusRhgSnig" ¥V (which
was released after our submission) indicated that the Lu
vacancy is filled by Sn. We have to note that the growth
of a single crystal might have different thermodynamic
equilibrium than arc-melting and annealing of powder.
Therefore, it does not have to give the same atomic dis-
tribution as in our case. However, all studies show that
the system is close to one phase equilibrium with a pref-
erence for deficiency of atoms in the Lu sites. Our re-
cent TEM study on (Y,Ca)-Rh-Sn system*? has shown
that even two separate but related structures like 3-4-13
(CagRhySny3) and 5-6-18 (Y,Ca)sRhgSnig can smoothly
blend into each other within a few layers in one grain. We
note that the 3-4-13 type cubic phase was not detected in
this study, however, there are multiple structures related
to the prototyplcal 3-4-13 system, for examples seesl.

Local fluctuations in stoichiometry over the length of the
sample were observed at the nanoscale both in samples
1 and 2 due to intersite atomic disorder and/or atom
displacements2, as shown in Fig. [l The stronger fluctu-
ations in both atomic disorder and composition of larger
volume fractions of ~ 20 pum are observed for Sample 1,
as panel (a) shows, while the effect is not visible for sam-
ple 2. We have recently shown'? that similar fluctuations
in concentration over larger areas of a sample volume of
the isostructural compound Y5RhgSn;g can significantly
increase its superconducting temperature T, especially
when the elemental local atomic disorder is strongly en-
hanced by doping. Likewise, we have expected that the
local distortion in stoichiometry would also be the reason
for a similar increase in T, for Sample 1. Indeed, within
the investigated series of the Lus_sRhgSn;g compounds
(6 = 0.5), the superconducting transition temperature
T. = 4.09 K of sample 1 is evidently larger than T, = 3.69
K of sample 2, for which the composition is more stable
within the volume of the sample.

The structural studies revealed that Sample 1 had a
multiphase character with a minority phase initially iden-
tified as a tetragonal tin and another unidentified weak
contribution. The tin-like impurity was not present in
Sample 2. The multiphase character of Sample 1 indi-
cates that its stoichiometry obtained by SEM is a sum of
contributions from all of the phases present in the mate-
rial. This problem was addressed in the XRD analysis,
since it allows to estimate the composition of each crys-
tallographic phase separately. The structural models pro-
posed here are based on the results of similar structural
investigations for isostructural 5-6-18 crystals, previously
reported by Hodeau et al?!' and our group?®, and the no-
tation for the formula unit was kept accordingly.

The large size of the tetragonal unit cell makes it impossi-
ble to uniquely refine all structural parameters even from
a single crystal measurement. Therefore in this study, a
simplified model based on our previous approacht®28 was
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FIG. 1. Variation in stoichiometry of Sample 1 (panel a) and
Sample 2 (panel b) over the length of the sample. The yellow
curve in panel (a) is rough approximation of the fluctuating
Sn around mean content of 17.9 by Asin(2%1) function with
amplitude A = 1.6 and Al = 23 um, where Al could express a
diameter of the extent of strong fluctuations in composition.
Asin(%l) function enough well fits the experimental data in
the region up to about 800 pm, although the fluctuations in
composition are observed for higher values of [ too.

used. There were four main issues to be addressed dur-
ing the refinement: (i) a mixed and possibly less than
1 occupancy of Lul/Snl site, (i¢) an incomplete occu-
pancy of Lu2 site, (ii1) fractional filling of the following
Su sites: Sn2, Sn31, Sn32, Sn33, Sn34 and Sn4, (iv) large
positional disorder vs "rattling" of the Sn4 site. Our pre-
vious results documented that the atomic displacement
parameters (ADP) of the framework (Lu, Rh, Sn other
than Sn4) are similar to each other (=~ 1 A?), but differ
significantly from the behavior of the Sn4 site (> 3 A?),
i.e., in the cage frame for the Sn4 site, its APD was at
least 5 times larger than for the rest of atoms. Therefore
only two ADPs were used: the first one for the rattling
Sn4 and the second one for all other atoms. Chemical
occupancy of the sites was evaluated by refining different
models from two datasets collected at 100 K and 500 K.
No significant departures from a full occupancy were ob-
served. Then, for the serial refinements, the number of



parameters was further reduced by assigning full occu-
pancy to all sites except the Lul/Snl one, which might
be prone to fractional occupancy®l. The diffraction re-
sults confirm that fractional occupancy is not affected by
the temperature. The XRD study allowed us to obtain
structural information about the materials. For Sample 1
an additional phase was identified as tetragonal tin with
the mass fraction estimated to be 8.1(2)%. This phase
was included in the refinement. We note, however, that a
structural gray-tin-white-tin transition has not been ob-
served down to 100 K, which means that the secondary
phase is most probably the tin alloy®3. An example of
a complete set of patterns for Sample 1 is presented in
Fig. 2] The data presented in Table [[T] were refined
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FIG. 2. Low angle section of the merged diffractograms for
Sample 1. Intensity is presented on a logarithmic scale to

magnify weak peaks.

assuming first a full Lul/Snl site occupancy with a re-
fineable mixing factor. This approach was successful in
the case of Sample 1 (the first two columns) but resulted
in negative Lu fraction for Sample 2 (the data are not
presented in the table). Such behavior was indicative
of a non full Lul site occupancy as was observed earlier
by Hodeau et al. for (Sn;_,Er,)ErsRheSnig 21 and our
group for (Snj_.Y,)Y4RhgSns 28 Despite this earlier
observation we have tried to refine it anyhow, since the
excess of tin in Sample 1 suggested such possibility. The
final round of the refinements were performed for a frac-
tional and only by Lu occupied the Lul sites (columns 3
- 6), in a way similar to previous studies. Modeling with
the change of the Lul site occupation did not affect other
structural parameters, which for the same conditions re-
mained similar within a fitting error (columns 1 and 3,
2 and 4). The results indicate that both samples were
affected by an off-stoichiometry obtained with large sta-
tistical uncertainties. This issue was encountered earlier
in our previous studies of similar materials. A relative
error of the occupancy of each tin site is less than 2.5%,
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FIG. 3. Plots of Rietveld refinement for Sample 2 (top) and
Sample 1 (bottom). Black dots - observed pattern, red line
- calculated, blue ticks - Bragg peak positions, magenta line
- the difference. Insets in each plot show magnified regions
from the end of the patterns. On the bottom plot, the second
set of blue markers indicates positions of tin impurity, which
is enhanced in the inset "Sn" in the bottom panel. The two
strongest reflections visible in the bottom panel from the tin-
like phase in Sample 1 (red line) are (200) at 4.75 deg and
(101) at 4.97 deg respectively. They are not present in Sample
2 (blue line).

but the number of Sn sites (up to 7) multiplies it to a
significant value. Therefore, despite the fact that XRD
does allow to decouple compositions of each phase, the
comparison and discussion with the SEM results from a
large sample area is impossible.

Comparison of the 100 K and 500 K datasets justi-
fies the absence of significant relative atom movements
within the cell. However, following our structural inves-
tigations of the inhomogeneity found in the system of
Y5_.Ca,;RhgSnig compounds, where two related struc-
tures of 3-4-13 and 5-6-18-type smoothly blend into each
other within one grain™®, we have searched for a similar
subtle phase changes in Lus_sRhgSn;g. For this pur-
pose, the full temperature range was fit using a second
order Debye-Griineisen model for the cell expansion with
parametrization suggested by Wood et al25. The results
of this approach for both 5-6-18 phases and the tin impu-
rity are presented in Fig.[land in Table[l] The fitting gave
very good results in the case of Sample 1 and the tin-like
impurity. For Sn-rich impurity phase the obtained De-



TABLE I. Parameters obtained from a Griineisen model of cell expansion25. Nyt - number of atoms in the unit cell, §p - Debye
temperature, Vo - cell volume at 0 K, b = (Kj —1)/2,Q = VoKo/va, where Ko and K|, are the incompressibility and its first
derivative vs pressure, ¢ is a Griineisen parameter. (*) Parameter b for Sample 1 has possibly a nonphysical value which is
connected with a non-Debye expansion (see Fig. [5]

Sample Ng: 0p (K)

Sample 1 232 407(4) ( 3)(*) 1466(7)
Sample 2 232 348(8) 5138.87(7) 3.7(3) 1921(9)
Sn 4 246(7) 107.722(6) 7.6(2) 18.8(2)

TABLE II. Parameters of Sample 1 apd Sample 2 superconductors obtained from the structural study. Space group 141 /acd.
For details of notation please check Slebarski et al®®. R,/Rup/Resp - conventional, background corrected, Rietveld factors.
XRD composition is normalized to Rhg, which for brevity is replaced with a (=).

Sample Sample 1 (100 K) Sample 1 (500 K) Sample 1 (100 K) Sample 1 (500 K) Sample 2 (100 K) Sample 2 (500 K)
Model Snl/Lul full Snl/Lul full Lul fract. Lul fract. Lul fract. Lul fract.
XRD compos. Lu3.7(3)(:)SH17(1) Lu3.7(2)(:)SH17(1) LH4.1(2)(:)SD17(1) LH441(2)(:)SD17(1) LU4.1(1)(:)SH1649(8) LH442(1)(:)SD16.5(8)
a (A) 13.7012(2) 13.7590(2) 13.7012(2) 13.7590(2) 13.7069(2) 13.7636(2)
c (A) 27.3462(7) 27.4744(8) 27.3465(7) 27.4747(8) 27.3735(5) 27.4837(6)
vV (A% 5133.5(2) 5201.2(2) 5133.6(2) 5201.2(2) 5142.9(1) 5206.4(2)
Biso other (A2) 0.48(4) 1.39(4) 0.51(4) 1.42(4) 0.44(3) 1.17(3)
Biso Snd (A2) 5.9(4) 7.0(3) 5.7(4) 6.9(3) 3.1(2) 4.0(2)
SOF Lul/Snl  0.40/0.60(2) 0.40/0.60(2) 0.796(4) /0 0.800(4) /0 0.580(4) /0 0.572(4) /0
ZRh1 -0.0032(7) -0.0034(8) -0.0030(7) -0.0032(8) -0.0036(6) -0.0034(6)
XRh2 0.2421(6) 0.2424(8) 0.2422(6) 0.2424(8) 0.2437(6) 0.2438(6)
VRR2 0.2486(5) 0.2490(5) 0.2487(5) 0.2491(5) 0.2504(4) 0.2502(4)
ZRh2 -0.125(2) -0.125(2) -0.125(2) -0.125(2) -0.1249(7) -0.1252(7)
XLu2 0.1327(5) 0.1320(5) 0.1327(5) 0.1320(5) 0.1328(3) 0.1319(4)
VLu2 0.3864(5) 0.3853(5) 0.3864(5) 0.3853(5) 0.3867(3) 0.3862(3)
ZLuz -0.1920(2) -0.1920(2) -0.1920(2) -0.1920(2) -0.1926(2) -0.19220(2)
XSn2 0.0884(6) 0.0894(6) 0.0887(6) 0.0895(6) 0.0874(4) 0.0888(5)
VSn2 0.3380(6) 0.3394(5) 0.3380(6) 0.3394(6) 0.3385(4) 0.3393(4)
ZSn2 -0.0787(3) -0.0782(3) -0.0789(3) -0.0783(3) -0.0806(2) -0.0806(2)
XSn31 0.1811(5) 0.1786(6) 0.1815(6) 0.1790(6) 0.1746(6) 0.1727(5)
XSn32 0.3193(6) 0.3216(7) 0.3188(6) 0.3212 (7) 0.3276(6) 0.3291(5)
XSn33 0.3300(10) 0.3289(11) 0.3301(10) 0.330(2) 0.3262(6) 0.3256(6)
YSn33 0.2619(5) 0.2615(5) 0.2619(5) 0.2613(5) 0.2622(4) 0.2620(4)
ZSn33 -0.0383(6) -0.0381(7) -0.0384(6) -0.0382(7) -0.0389(3) -0.0392(3)
XSn34 0.0070(5) 0.0046(5) 0.0069(5) 0.0045(5) 0.0040(3) 0.0025(4)
Vsn3d 0.5773(10) 0.5769(12) 0.5778( 10) 0.5775(12) 0.5710(8) 0.5687(7)
Z5n34 -0.0377(6) -0.0378(8) -0.0377(6) -0.0378(8) -0.0364(4) -0.0358(4)
Ysna 0.4692(8) 0.4732(8) 0.4692(8) 0.4732(8) 0.4614(4) 0.4621(5)
Rp/Ruwp/Rexp 10.9/12.8/3.01 11.0/12.0/3.46 11.0/12.8/3.01 11.0/12.1/3.46 7.43/9.64/3.22 8.32/10.4/3.51
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FIG. 4. Temperature dependence of cell volumes for the

refined phases (black circles) were fit with a second-order
Griineisen fit (red line). The error bars of the refined param-
eters are smaller than the circle size (0.19 A? for Lu phases
and 0.007 A® for the tin like impurity). The left axis presents
differences between the experiment and the fit (blue dots).

bye temperature agrees well with the tabulated value 3%,
For Sample 2 the obtained §p value is higher than that
expected from other measurements. One notes, however,
that the strong enhancement of the highest phonon fre-
quency wp ~ 1/M'? is expected due to the presence
of rhodium, which is lighter than tin. Additionally, this
value of 0p might be different from that obtained from
the low temperature specific heat data, as different and
much higher phonon modes might be available at high
temperatures. The problem in determination of 8, arises
for Sample 1, for which we have obtained a negative value
of parameter b that we obtained (b describes dependence
of incompressibility on pressure, see Table [I). This be-
havior most likely indicates a phase transition (or an ad-
ditional effect) disturbing the fit. In order to inspect this
fact without imposing any physical model, we followed a
procedure applied earlier 28, which was based on a sim-
ple linear fit to volume change V(T') in the temperature
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FIG. 5.  Differences in the unit cell volume expansion vi-

sualized by a simple linear fit from 150 K to 400 K reveal
similar behavior for sample 2 (blue) and the tin-like impu-
rity (green). Sample 1 (brown) displays a trend similar to
Y5RhgSn18“ which is included as an inset in the right bottom
corner. Sample 1 might not follow a Griineisen-like evolution.
Error bars represent 1-o confidence level.

region between 150 K and 450 K, with accompanying
T-anomalies in resistivity and specific heat (see Section
III.C.). The differences AV =V — (aT + b) for all ma-
terials are presented in Fig. The change AV(T) is
similar for Sample 2 and impurity Sn-based phase, while
it looks different for Sample 1. This behavior could only
suggest a possible phase transition in Sample 1, however,
this behavior is not an unequivocal confirmation of the
structural transition. The AV(T) looks similar to the
one presented for the YsRhgSn1g%® (Fig. 13 therein).

B. Band structure of LusRhsgSn;s, electrical
resistivity and thermodynamic characterization

The ab initio calculations documented that the correla-
tion energy U significantly modifies the calculated Lu 4 f
electronic states of stoichiometric LusRhgSn g within the
range of binding energies (—12 < F < —6) eV, while its
impact on the shape of the total density of states (TDOS)
located between —6 eV and the Fermi energy is negligible.
For DFT calculations we have chose Uy=(3, 4.5, 5.5, and
6.8) eV. For all calculations made for a number of differ-
ent (0 < Uy <6.8) eV, the d-electron correlations with
Uy = 3 eV were always taken into account the same3536,
Figure [6] compares the valence XPS spectra of Sample 1
and Sample 2 with the calculated TDOS for Uy = 3 eV
(blue line) and 6.8 €V (brown line), respectively. The Lu
4 f-electron XPS states are well accounted for by the Lu
4f states calculated for Uy = 6.8 eV, which suggests that



the DFT calculations with Uy = 6.8 eV and accompa-
nying Uy = 3 eV are the most reasonable for obtaining
the details in the electronic bands near the Fermi level
and the value of TDOS, 2N (ep), at ep. Figure |z| shows
the energy distribution of the summarized s, p, d, and
f electronic states for all Lu, Rh and Sn atoms in the
LusRhgSn g formula unit, located in the bands near the
Fermi level. Thus, it is possible to precisely determine
the contributions of various conduction electrons to the
electrical transport of LusRhgSnyg, as well as explain the
different p(T") characteristics obtained for Sample 1 (a)
and more off-stoichiometric Sample 2 (b).

The VB XPS spectra shown in Fig. [f] are dominated
either by the Rh 4d and Sn 5p states near e or by Lu
4f states located deeply between —6 €V and —11 €V in
the valence XPS bands. For binding energies (-3 to -11)
eV the Sn bs-states also give a significant contribution
to the intensity of the VB XPS spectra. We also stud-
ied the binding energy spectrum of individual atoms to
provide information about the ionic state of atoms and
thus the change in local structure and better information
about disorder within the unit cell and disorder in com-
position. To make a comparison, we measured the XPS
spectra of Sn, Rh and Lu metals. Figure[6]shows the VB
XPS spectra for the reference metals, where all spectra
displayed in the figure are normalized to the background
intensity for Sample 1. The Sn 5p XPS states measured
for metallic tin show two broad maxima at the binding
energy of ~ 1.3 eV and ~ 7.3 eV, while both the max-
ima are not present in the VB XPS spectra for sample
1 and 2, because they are covered by the Rh 4d and Lu
4f states, respectively. Therefore the analysis of the rel-
ative energy shift of the Sn 5p states located in the VB
XPS spectra shown in Fig. [0 in respect to Sn metal is
impossible. The VB XPS spectrum for pure Rh metal
shows two maxima, at 2.1 eV and 2.8 eV, addressed to
the distribution of the 4d electron states. Both maxima
are also observed in the VB XPS spectra of sample 1 and
2 at about 2.3 and 3.3 eV. We suggest that the charge
redistribution, due to covalent bonding between Rh and
Lu states®’, is the dominating effect on the atomic 4d-
level shift , very similar in both samples. Perhaps most
interesting is the information about the ionic state of Lu
atoms and thus the change in local structure, as shown
in Fig. [6] For this purpose, the 4f spectra of metal-
lic Lu were compared with the 4f%/2 and 4f7/2 states
in VB XPS spectra of LusRhgSnig sample and its off-
stoichiometric variant. For Lu metal the maxima of 4 f5/2
and 4f7/2 XPS lines are at binding energy of 7.3 eV and
8.7 €V, respectively. While these maxima are clearly de-
tected in the related VB XPS bands of Sample 1 and
Sample 2, they are shifted to higher binding energies
7.7 eV and 9.1 eV, respectively. Again, from a similar
atomic 4d-level shift one can speculate the formation of
covalent bondings between Lu and neighboring atoms for
both samples, however, one can not discuss strength of
local disorder. However, the broader distribution of the
4f states documented for Sample 1 gives arguments for

stronger disorder, both compositional and within the unit
cell, compared to Sample 2.

It is worth noting that at the binding energy around
E = —0.3 eV there is a hybridization pseudogap in TDOS
(see also Fig. , which can be shifted towards the Fermi
level by the structural defects, as was documented by
our previous ab initio calculations carried out for sim-
ilar quasiskutterudites>™8, It will be discussed below.

The bands of LusRhgSnig shown in Fig. [8] reveal the
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FIG. 6. Valence band XPS spectra for Sample 1 (blue points)
and Sample 2 (orange points) are compared with the calcu-
lated total DOS within the LSDA approximation. The blue
curve shows the TDOS calculated for Uy = 3 €V and Ug = 3
eV, while the brown curve shows the calculated TDOS with
Uy =6.8 eV and Ug = 3 eV. The VB XPS spectra, measured
for pure Lu, Rh, and Sn metals, are also shown. The inten-
sities of all measured VB XPS bands are renormalized to the
background for Sample 1 at F > €ep.

presence of (i) several Dirac cone-like shapes (e.g., on
' — Z — ¥1 symmetry lines) and (ii) the pseudogap with
almost zero TDOS at ~ —0.3 eV. The first unusual be-
havior, (i), is characteristic of the special class of non-
symmorphic materials®? with the presence of Dirac cones
and Dirac nodes, while depending on the filling level of
the bands, the non-symmorphic materials may also un-
dergo Mott variable-range hopping effect*®4 [the case
(ii)] if the deep minimum in the d-electron DOSs would
be located close to the Fermi level.

Figure [0] compares the ac mass susceptibility Xac =
x + X of Sample 1 [panel (a)] and Sample 2 (b), mea-
sured at different frequencies with amplitude 2 x 1000/47w
A/m (2 Oe) of the applied ac field. The maxima in
dx'/dT and dx"”/dT define the critical temperature T,
and/or T*. The components X’ and x” shown in Fig. [0b)
indicate a broad transition between the normal and
superconducting states in Sample 2, this signals that
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FIG. 7. Sum of the s, p, and d electronic states in respective
valence bands of Lu, Rh, and Sn in the LusRhgSn;s formula
unit, distributed near the Fermi level. All partial DOSs are
calculated for Uy = 6.8 eV and Uy = 3 €V. In panel (b) total
density of d-electron states calculated for four Rh atoms is
multiplied by 1/10 to present all remaining atomic DOSs with
the same scale.
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FIG. 8. The band structure calculated along high sym-
metry k lines in the Brillouine zone (shown in the inset) of
LusRheSnig for Uy = 6.8 €V and accompanying Uy = 3 V.

the inhomogeneous high temperature superconducting T
phase is not well separated from the bulk superconduct-
ing one, giving T =~ T.. In contrast to this behavior,
the yq. data shown for Sample 1 in Fig. Eka) signals the
presence of an inhomogeneous superconducting 77 -phase
well separated from the bulk T.-phase, and both transi-
tions are observed to be more narrow. One also notes
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FIG. 9. Temperature dependencies of the real ¥’ and imag-
inary x” components of the ac mass magnetic susceptibility
Xac per 1 Oe for Sample 1 [panel (a)] and Sample 2 (b), mea-
sured at different frequencies v, and derivative dx’/dT and
dx" /dT [the used unit 47 x 1072 m?/kg (SI) is equivalent to
1 emu/g (cgs)]. Panel (a) displays the data for inhomoge-
neous Sample 1, the first maximum in dy’/dT is assigned to
T? of the inhomogeneous phase, the second weak maximum
at ~ 3.85 K marked by an arrow is referred to the formation
of the bulk T phase. Panel (b) shows a broad transition to
the superconducting state of Sample 2 with very similar 7.
and T).

the perfect diamagnetism of the full Meissner state with
the expected value of Y/ = —1/(4rd) ~ —8.5 x 1073
A m? kg=! (emu/g) and mass density d = 9.42 g/cm3
for both samples 1 and 2 at temperatures T' < T, (c.f.
Fig. . Figure displays the magnetization M vs B
isotherms for Sample 1 [panel (a)] and Sample 2 [panel
(b)]. The samples are diamagnetic with hysteresis loops
in the superconducting state, representing the effect of
vortex pinning. A very crude estimate gives the critical
field H, ~ 0.023 T and ~ 0.006 T for sample 1 and



. M (Am’/kg)

0.01

M (A m?/kg)
o

— | Sample 2

—23K

—6K

B(T)

FIG. 10. The magnetization M isotherms vs magnetic field
B for Sample 1 [panel (a)] and Sample 2 [panel (b)] at differ-
ent temperatures [the used unit 1 A m?/kg (SI) is equivalent
to 1 emu/g (cgs)]. (a) The left inset shows the hysteresis loop
at T' = 2 K for superconducting state of Sample 1, the lower
inset exhibits the diamagnetic behavior at various tempera-
tures T' > 2 K. The inset in panel (b) exhibits the hysteresis
loop measured for Sample 2 at T'= 2.3 K.

2, respectively (230 and 60 G). The calculated critical
fields H., are for sample 1 and 2 one order of magni-
tude smaller than those estimated experimentally (c.f.
Table 7 however, the relation between the respective
calculated quantities Hci(a) > H.1(b) matches the ex-
perimental data.

The magnetic data in Figs. [0 and [10] (chiqc and M)
show that samples 1 and 2 are diamagnetic in their nor-
mal state. The diamagnetic effect dominates the Pauli
paramagnetism for 7' > T, and mostly results from Rh
d-electron states (as results from DFT calculations) and
Landau diamagnetism of the free electron gas (a Fermi
surface effect). One can suppose that the electron states
close to the Fermi surface are diamagnetically active,
then, even a weak effect should be related to the DOS

at ep. A comparison of the mass ac susceptibility in the
normal state between these two compounds (see Fig. [9))
gives | X;C | of Sample 1 one order in magnitude larger
than | x,. | of Sample 2, which is evidence that the en-
hanced superconductivity in Lus_sRhgSng is a result of
the changed electronic structure at the Fermi level. The
variation in DOS, depending on the sample stoichiom-
etry, also significantly changes the temperature depen-
dence of resistivity, as discussed below.

Figure shows the specific heat of Sample 1 [panel
(a)] and Sample 2 [panel (b)] at various magnetic fields
(insets). As an attempt, the low-T' C'/T data at zero mag-
netic field have been approximated by a two-gap model.
The two-gap scenario can be expected from the band
structure calculations, which confirm the presence of var-
ious s, p, and d electronic states at the Fermi level, as
Fig. [7] presents. Under the two-gap scenario the best fit
is given by the expression:

1 A
) BT A o
T Y +0 + T [y exp( kBT)

+ (1—y) exp (—kiQT)] (1)

with the parameters ’y(/) = 0.008 J/mol K2, B = 0.023
J/mol K%, y = 0.95, Ay /kpT = 12.6 K, and Ay/kpT =
5.0 K for Sample 1. However, the approximation of Eq.
gives a very small contribution of the second band to
the electronic specific heat data of Sample 1 (y ~ 0.95),
which causes the multi-band model not to be clearly de-
fined. The C/T data also can be well approximated by
the one-gap scenario, where in Eq. y = 1, then the
fitting parameters 7(/) and B/ are obtained similar, and
A/kpT = 11.4 K. Our previous investigations of a num-
ber of similar quasiskutterudite superconductors doc-
umented their multi-band superconductivity?®32, how-
ever, in the case of Sample 1, the specific heat does not
give an unambiguous answer, whether the system is a
dirty one-gap or two-gap superconductor.

The normal-state electronic specific heat coefficient
'y(()n) and the lattice specific heat coefficient 8 were ob-
tained for Sample 1 at T' > T, by a least-squares fit of the

C(T)/T data to C(T)/T = vén) + BT?, which provides
~m" = 18 mJ/mol K2. The similar least-squares fit of

the 3 T data gives a Sommerfeld parameter fyésc) = 36.2
mJ/mol K? in the superconducting state (T’ < T.). The
same least-squares analysis gives 'yén) = 5.5 mJ/mol K2
and 7" = 47.6 mJ/mol K2 (B = 3 T), respectively for
Sample 2. For a classic BCS superconductors with a De-
bye lattice, the normal state would appear as a straight
line C/T = 7((]") + BT?, and the electronic term would
vanish exponentially at low temperatures in the super-
conducting state, so that below about ~ T./7 only the
lattice specific heat contribution should survive. There-
fore the initial slopes of both curves C'") /T obtained for
T > T. (B = 0) and C®9/T, measured under mag-
netic fields B > B, at T < 7T.(0), should be equal.



This is not the case here. The possible vy discrepan-
cies could be addressed to a vortex effect. For a classic
isotropic s-wave superconductor (e.g., Nby7Zra3#?), the
specific heat at T' < T, is dominated by that of the vortex
cores, the number of which is proportional to the field.
As a result, one observes at T — 0 a field dependence

of ’yésc). Similar o(H) behavior was also reported for
other skutterudite-like superconductors (R3M4Sn1344’46,
LU5RhGSD18, Y5Rh6$n1847=48, and SC5RhGSn1849). For
example, *y(()sc)(H) for LusRhgSnig and YsRhgSnig is
continuously increasing from a few mJ/mol K? in the
normal state (I’ > T. and H = 0), up to the value of
about 60 mJ/mol K2 under H =5 T at T = 0.7 K. A

linear increase in fy(()sc) (H) was obtained for LusRhgSn;s,

while for Y5RhgSnig 'yc()sc)(H) ~ H'/2H48 Based on these
results, LusRhgSnyg was interpreted as a BCS supercon-
ductor with an isotropic gap, while its Y5RhgSn;g equiv-
alent has anisotropic gap with a node. The field increased
’y(()sc) is also a strong evidence in favor of gap anisotropy or
different gaps on different sheets of the Fermi surface, like
in MgBs. This scenario, however, seems to be unlikely
for LusRheSn;s superconductor. In Fig. [I1] the specific
heat of Sample 1 exhibits a change of slope in C(T') at
about 300 K.This phenomenon is most likely related to
the process of lattice relaxation and also was observed in
a similar T-region for the isostructural YsRhgSnis qua-
siskutterudite system?d. Figure Fig. shows the spe-
cific heat isotherms C(B) as a function of magnetic field
B, which for temperatures T < T, exhibit a clear kink at
the critical field H.o and linear behavior under the fields
lower than H.,. This behavior is usually attributed to
the s-wave one-band superconductivity.

Figure [I3] shows the resistivity of Sample 1 and Sam-
ple 2. For both samples, the resistivity drop indicates
the superconducting transition at T (T} Z T., see Ta-
ble. . The lower insets display the resistivity for sam-
ples 1 and 2 at various applied fields, while the upper
inset shows Inp vs T~'/4 dependence for Sample 2. As
shown in Fig. the characteristics p(T) in the normal
metallic state are for these two samples quite different,
for sample 1 the p(T) plot is typical for metals, while
the resistivity of the off-stoichiometric Sample 2 indicates
its semimetallic nature and exhibits a negative tempera-
ture coefficient (TCR) dp/dT < 0 in a large temperature
range T, < T < 160 K. However, this unusual increase
in p with decreasing T' does not exhibit a linear change,
as could be expected for strongly disordered alloys®Y, nor
it obeys an activated law, while for (60 < T < 160)
K p(T) obeys Mott’s law p exp[(,i—”%)l/‘l], known
as Mott variable-range hopping effect (A, character-
izes the pseudogap in the band structure near the Fermi
level). In the case of metals, when a conduction and va-
lence band overlap slightly giving a finite DOS at the
Fermi energy, a pseudogap or minimum in the DOS is ex-
pected, as first suggested by Mott*. When the overlap
increases, the states at ep are delocalized, and a metal-
insulator transition of Anderson type is possible; at the
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FIG. 11. (a) Temperature dependence of specific heat, C(T),

for Sample 1, measured in the heating-cooling cycles. The
inset displays C(T")/T data in various magnetic fields. The
dark blue line is the best fit of Eq. to the C(T')/T data in
the temperature region T' < T.. (b) Temperature dependence
of C(T) for Sample 2. The inset displays C(T")/T data in
various magnetic fields.

limit of weak localization, conduction by hopping accord-
ing to o o exp[(f,i—“%)l/‘i] will occur in disordered ma-
terials. An agreement with Mott variable-range hopping
behavior was observed, e.g., for some d-electron semicon-
ducting Heusler alloys (c.f. ZrNiSn and TiNiSn*¥%) and
CesRuGes?¥. The ab initio calculations predict for sto-
ichiometric LusRhgSnig a pseudogap with a minimum
in DOSs at ~ —0.3 €V due to interband hybridization
effect (cf. Fig. . Previously, for similar R3Co4Sn;s
quasiskutterudites (R = La*® or Ce?”) we documented,
that even a small number of vacancies can shift the pseu-
dogap calculated at similar binding energies of ~ —0.3
eV towards the Fermi level, simultaneously, the presence
of defects may reduce this pseudogap after its shift to
er (this is characteristic of SC Kondo insulators; see,
e.g..””). We expect a similar band structure effect for
the off-stoichiometry Sample 2, which as a consequence
of vacancies exhibits abnormal semimetallic p(T") behav-
ior with accompanying Mott variable-range hopping ef-
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FIG. 12. Heat capacity C' as a function of magnetic field B
at constant temperatures T for Sample 2. Similar behavior
was observed for Sample 1).
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FIG. 13. Electrical resistivity p(T) for Sample 1 and Sample
2. The lower insets show p(T') at various externally applied
fields for sample 1 and 2, respectively. Inset (c) displays the
resistivity data for Sample 2 in coordinates Inp = f(T~1/%).
Blue line approximates the linear Inp vs T~'/* behavior in
the temperature range between 60 K and 160 K.

fect in its metallic state. The TDOS calculations done
for Lus_sRhgSn;g with Lu deficiency (simulated by va-
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cancies located at Lu sites), should better approximate
the band structure of the experimental compositions and
provide more information about the shift of the pseudo-
gap in DOS towards the Fermi level. We therefore car-
ried out similar DFT calculations for Luy s RhgSn;g with
the stoichiometry more close to that obtained from mi-
croanalysis. The ab initio calculations documented the
shift of pseudogap in TDOS of Luy sRhgSnig by 0.1 eV
towards eg in comparison to the stoichiometric variant
5-6-18, as shown in Fig. while the energies of the SO
Lu 4f7/2 and 4£5/2 states were not changed. The calcu-
lations did not take into account the Sn vacancies, which
could significantly contribute to a greater energy shift of
the pseudogap in TDOS towards e (cf38). Within such
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FIG. 14. The comparison of TDOS for LusRhgSnis and
Lus.6RheSnis near the Fermi level.

a scenario the resistivities shown in Fig. [I3] well correlate
with the specific heat data in Fig. [[I] Namely, Sample 1
with a hybridization pseudogap in DOS at —0.3 €V has
a good metallicity, characterized by small normal state
residual resistivity p,(0) ~ 5 pfem, while p,(0) of the
off-stoichiometric Sample 2 is about two orders of mag-
nitude larger due to a possible shift of the pseudogap
towards ep. Simultaneously, the electronic specific heat
coefficient ’y(()") obtained in the normal state for Sam-
ple 1 is 18 mJ/mol K? (= 467 erg/cm® K?), while a
value of 4™ = 5.5 mJ/mol K? (= 142 erg/cm® K2) for
semimetallic Sample 2 is much smaller. Such divergent
behaviors seen in two different Lus_sRhgSnig samples
result from their different real electronic structures near
er generated by vacancies and accompanying changes in
the density of states 2N (6‘1&%| (cf. Table [II). It is worth
it to note our earlier paper®?, where we documented dif-
ferent field skutterudite CeOs,Sb1o single-crystal speci-
mens - all obtained in one technological process by flux
method, a spectrum of various conductivities from metal-
lic to semiconducting, as a result of the changed number
of vacancies in the Sb sublattices, depending on which



crystal was measured (cf. Fig. 2 in Ref®"). Then,
one can comment that the temperature dependence of
p, previously reported by Zhang et al®” for single crys-
talline LusRhgSnig, which is similar to that obtained
for Sample 2. Both the band structure properties of
LusRhgSn g near the Fermi level from ab initio calcula-
tions, as well as its various electric transport properties -
depending on the stoichiometry of this compound - sup-
port the assumption that the semimetallic behavior and
negative TCR effect in p(T') reported for single crystals
of LusRhgSn 1427 also result from the off-stoichiometry
effect.

The low-T resistivity of Sample 1 exhibits a field in-
duced positive magnetoresistivity (MR) in the normal
metallic state, and the isothermal increase in pr vs B is
linear, pr = B, with coefficient ¢ = 1 uQem/T, as is
shown in inset (a), Fig. Similar positive MR effect
has been previously documented for a series of metallic
(e.g., Y3IryGei3°®) or superconducting (LasM;Sn;3°%)
quasiskutterudites, and was attributed to the Coulomb
interactions between the d-electrons of transition metal
M which dominate the field-dependent electronic trans-
port in these materials. In Fig. [7] the DFT band struc-
ture calculations confirm the d-band character of the con-
duction electrons, which dominate the DOS at er. The
field induced magnetoresistivity effect is, however, not
observed for the off-stoichiometry Luy g RugSnyg. For this
semimetallic sample with the pseudogap expected at the
Fermi level, the d electrons correlation effect is not pos-
sible.
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FIG. 15. Electrical resistivity in cooling/heating cycles for
the Sample 1 and Sample 2, between 150 K and 400 K.

Figure [15 shows the cooling-heating evolution of p(T')
data in the temperature range 150 < 7' < 400 K. A clear
kink in p at about 290 K and a hysteresis is observed for
Sample 2, while Sample 1 shows only a weak change in
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the slope of p(T') without any hysteresis at this temper-
ature. The phenomenon seen in the electrical resistivity
is most likely related to the process of thermal lattice re-
laxation, and is also evidenced by the specific heat data

in Fig.

C. Superconductivity of Lus_s;RhsSnis in the
presence of atomic disorder; Experimental results
and comparison with BCS theory

Now we analyze the experimental data: the coefli-
(n)

cient of the electronic heat capacity <, ', normal state
resistivity p,(0) approximated to T' = 0, and the mea-
sured critical-field slopes near T, with predictions of the
Ginzburg-Landau-Abricosov-Gorkov (GLAG) theory of
type-II superconductivity, to obtain the parameters char-
acteristic of the superconducting and normal-state of the
investigated samples [e.g., coherence length £(0), pene-
tration depth A(0), GLAC parameter &, electronic mean
free path 1(0), and the critical fields H.(0) and H.;(0)].
According to RefP?, all parameters are calculated as a
full value, or at the clean (§ < 1) and dirty limit (£ > 1),
and are listed in Table Under the GLAG theory®” the
slope of 22 at T, in the G/K units is

_»dfﬂ2
ar

—2
= [9.55 x 1024427, <n2/3s>
Sk

T=T,

+5.26 x 10%0p,] RO (2)
where n is the density of conduction electrons per cm ™3,
S/SF is the ratio of the real Fermi surface S to the
surface Sp = 4m(37%n)%/? of the free electron gas, and
the Gorkov function R(\.) = 1 for Ay —> 0 (Mg ~
£(0)/1(0) = 5.51 x 107 p,(n?/38/Sp)(%T.)" " ~ 0
for LusRhgSnig). Equation allows one to estimate
the value of nQ/B% = 2.3 x 10'3 cm~2 for sample 1
and 0.66 x 10'3 cm™2 for sample 2, respectively¢l63,
Then, the electronic mean free path [(0) = 1.27 x
104[p,(n?/38/SF)]~" = 1130 nm is estimated much
larger for sample 1 in comparison to [(0) = 85 nm ob-
tained for sample 2, while the Ginzburg-Landau coher-
ence length (full value)

: S\’
I = [2.90 x 10%2(T.yp)? <n2/35F>

+ 160 x 101297070 2 [ROW)V2(1 — 1) 7Y% (3)
is ~ 7 nm for both samples. From the Ginzburg-
Landau relation pigHe2(0) = ®0/2782,(0) éqr(0) = 8
nm, where &5 = h/2e = 2.068 x 1071° Tm? is the
flux quantum. The relation §£UL < 1(0) predicts a
clean limit in superconductivity of LusRhgSnis (sam-
ple 1 and 2), although the atomic disorder is evident
in both samples. The BCS coherence length (8¢S =
7.95 x 10717 (n?/35/SE) (70T.) "' ~ 10 nm is very similar



to the value of févL
The Ginzburg-Landau penetration depth

S -2
A = [8.77 x 10" (n2/35>
F

+4.83 x 1077, 7% [R(A) /2

x (L—t)7/2 (4)
(see Table gives GLAC parameter
w1 = AcL(0)/66L(0) =

-2
[1.60 x 104 T3/ <n2/3ss)
F

+ 878 x 10373/%,1] RO >1,  (5)

which determines Lus_sRhgSnis (Sample 1 and 2) to
be a superconductors of type II. Our analysis also in-
cludes the dirty limit, where the GLAG parameter k&; =

7.49 % 10373/2,%59 is 0.8 or 13 for samples 1 and 2, respec-
tively, i.e., a much smaller value of n‘é ;, than expected for
a superconductor of type II. However, k&, ~ 0.8 for Sam-
ple 1 is close to 1/4/2, that separates the superconduc-
tivity of the type I (k < 1/v/2) and type II (k > 1/1/2).

Then, the critical field H4(0) = \/gfcg = 4.7 T would be
kGL

estimated for sample 1 almost equal to its critical field
H. = 5.2 T, which drastically deviates from the exper-
iment (cf. Table . In the clean limit this expression,
however, gives HS(0) ~ 0.03 T (300 G), in accordance
with an alternate estimate of H.(0) = 0.0373 T (373 G),
base on the expression H.(0) = 4.23T¢,/7o (as shown by

Table. For sample 2 kg, > 1/v/2 for both: the clean
and dirty limits and H.(0) is calculated 0.02 T (clean
limit) or 0.23 T (dirty limit), respectively. It can
therefore be suggested that the Lus_sRhgSn;g samples
are largely homogeneous, however, with possible inter-
site and/or displacive®? atomic disorder present in both
samples (1 and 2), or even with fluctuations in compo-
sition as it was documented for sample 1. It is worth it
to note, that only in the moderate disorder regime, the
characteristic relation &4, (0) = /¢FC51(0) is roughly
satisfied for both samples.

The observed relation & < 1[1(0) also justifies
that Ho(T) can not be well approximated with the
Werthamer—Helfand-Hohenberg (WHH)*%04 or Maki-de
Gennes® theories for a dirty superconductor (cf. Fig.
116). The microanalysis, however, confirms the presence
of moderate atomic disorder in both samples, and shows
a periodic fluctuation in composition on a long distance
of about 25 pum for sample 1 ©®. (i) From the local
atomic disorder results the presence of the high temper-
ature phase T, the effect T} — T. ~ 5 x 1072 K is weak
but experimentally confirmed for sample 1 and 2. (i)
Simultaneously, the enhanced T, of Sample 1 by about
0.4 K with respect to T, of Sample 2 can be due to the
periodic inhomogeneity effect. Very similar enhancing of
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the superconductivity by fluctuation of the composition
was recently documented and discussed for YsRhgSng1?
within the Gastiasoro and Andersen theoretical modell®.

The BCS theory gives a relation between T, (w), and
the interaction strength N (ep)U

T, = 1.14(w) exp[—1/ (N (er)U)]. (6)

The equivalent of N(ep)U is approximately®”

A—p*
N
(er)U = 301 (7)
where p* is the Coulomb pseudopotential of Morel and
Anderson®®,
N(EF)U
* — , 8
W = T N(er)U In(En Jan) (8)
and electron-phonon coupling parameter®-2
N I?
A= &H )
MA <OJ2>

In Egs. @ - @ (I?) represents the square of the elec-
tronic matrix element of electron-phonon interactions av-
eraged over the Fermi surface, (w) ~ 0p/1.2 is an aver-
age phonon frequency, N (er) is a density of states at the
Fermi energy in states per eV and per spin, M4 is the
atomic mass, Ep is the electronic bandwidth, and wy is
the maximum phonon frequency.
From Eq. and (7)), one is able to determine’”

24+ A1 —2)] + [N2(1+2)? + 4N+ 4]1/2
2¢(14 A) ’
(10)
where = In(Ep/wg). For Sample 1 T, = 4.06 K,
Tr =409 K, 0p = 149 K, and Ep = 5 eV (cf. Fig.
[7), then Eq. (6) allows to estimate N(ep)U = 0.2815
for the T, bulk phase, and [N (ep)U]* = 0.2821 for inho-
mogeneous T phase, respectively. From Eq. one
can calculate N(ep)U as a function of A, for the T, and
T phase, respectively, and then compare them with the
appropriate N(ep)U quantities obtained experimentally
from Eq. The proposed self-consistent procedure
gives the best agreement between calculated and exper-
imentally obtained N(ep)U for A = 0.53(4) in the case
of the bulk T, phase and A* = 0.54(0) for the disordered
T phase, respectively. The A and \* are, however, very
similar, which again suggests that LusRhgSn;g is largely
homogeneous. Similar self-consistent action gives more
similar A = 0.52(0) and A\* = 0.52(2) for Sample 2. The
A parameter obtained self-consistently can be verified;
e.g., by the analysis of the normal-state specific heat in
a standard way (at T < 7. and under magnetic field
B) according to the expansion C(T' — 0) = vT + Cpp,

27,2
where in the first term g = %ZN(eF)(l + A) the
correction factor (1 + \) remains as a consequence of the
different electron-phonon renormalizations of the band

N(EF)U =
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structure density of states at the Fermi level. The second
term is the low-temperature expansion of the lattice spe-
cific heat. For 2N (ep) = 11.5 states/eV fu. from DFT
calculations and A = 0.53(4), the estimated vy = 41.72
mJ/mol K? matches well the experimental data ('yésc))
measured in the superconducting state under magnetic
field namely, 47.6 mJ/mol K2 for Sample 2, and 36.2
mJ/mol K? for Sample 1. The DOS renormalized by
electron-phonon coupling explains partially the enhanced
Sommerfeld coefficient, however, for correct interpreta-

tion one needs to consider the field effect on ’yésc) too.
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FIG. 16. The upper critical field H.s vs T for Lus_sRhgSnsg
(Sample 1 and 2). The points are determined from specific
heat Cg(T) and /or Cr(B) (filled squares) and from resistiv-
ity pp(T) (filled diamonds) measurements. The brown open
squares are the data from Ref. |57 for comparison. The H — T
data are well approximated by GL equation (red dotted curve
for sample 1 and light green dotted line for sample 2). For
both samples, 1 and 2, T (filled squares) is measured slightly
larger by ~ 0.02 K than T, (filled diamonds) for B = 0. The
solid red and dark green curves are obtained by the single
band WHH model using Eq. .

The dotted curves in Fig. represent the best fit of
the H.o(T) data by the GinzburgaASLandau (GL) for-
mula: Heo(T) = HCQ(O)%, where H.2(0) is the upper
critical field at T = 0. The H — T data for samples 1
and 2 are well described by the GL equation with similar
H.(0) ~ 5.3 T. For comparison, Fig. also displays
the respective temperature dependencies of H.o derived
within the WHH model, which includes orbital and Zee-
man pair breaking®®64, For a single band superconductor
in a dirty limit, the model yields the well-known WHH
formula for the upper critical field:

dH o

T=T.
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For our samples the slope uo%ZT(T) = —1.63 T/K (sam-
ple 1) or —1.69 T/K for sample 2. Within the WHH
theory Hc2(0) = 4.93 T is for both samples ~ 04 T
smaller than that, obtained experimentally and approxi-
mated by the GL expression. Different mechanisms have
been proposed to explain this behavior, such as strong
coupling effects, multi-band electronic structure, and/or
disorder®#“l In the case of the Lus_sRhgSn;g samples,
the multiband model seems to be probable, considering
the more complicated band structure of these compounds
with the presence of various electronic states at the Fermi
level, as shown in Fig.[7] To confirm this hypothesis, the
H,5(T) was calculated according to the Gurevich™ the-
ory, which adopts the Eilenberger and Usadel equations
for a two—band dirty superconductor. Within the model,
the reduced magnetic field h = Hq.o D1 /2®0T is a solution
of the nonlinear equation

ag[Int + U(h)] [Int 4+ U(nh)]
+ag[Int +U(nh)] +ay [Int+Uh)] =0, (12)

where U(x) = ¢ (x+1/2) — ¢ (1/2), ¢(...) is the di-
gamma function and n = Dy /D is the ratio of the intra-
band electron diffusivities D7 and Ds. The parameters
a0,1,2 can be expressed by the intra— and interband BCS
superconducting coupling constants A\11, A2, A2 and Aog.
However, fitting the solution of Eq. to Heo(T) data
for Lus_sRhgSnyg gives n ~ 1. In this case Eq.
reduces to

Int+ U(h) =0, (13)

which is the standard Maki-de Gennes equation for
Ho(T) in single band dirty superconductors®, which in-
dicates that the role of the second band is practically
negligible in the superconductivity of the Lus_sRhgSnig
samples.

IV. CONCLUDING REMARKS

The main goal of our comprehensive research of various
quasiskutterudites was to document experimentally and
interpret the impact of an atomic disorder characteristic
of these materials on enhancement of their superconduc-
tivity. Since varying amounts of disorder may be present
in these materials, and because the superconducting state
is effected by various structural defects, vacancies and/or
by doping, it is important to precisely identify them,
and to understand the role of widely understood defects
on the superconductivity. There are several experimen-
tal approaches to study the disorder-induced supercon-
ductivity in the skutterudite-related cubic R3M4Snys3-
typet® ™ or tetragonal RsMgSn s-type compoundst?32
where R = Ca and La, or Y and Lu, respectively (see
also Ref. ™). One of them is to measure the change
of the superconducting transition temperature 7T, with
well controlled disorder of the sample, which also can
be artificially introduced by doping. Recently, we doc-
umented the structural defects, like disorder caused by



static displacements of atoms in cages, local disorder due
to anti-site positions of the neighboring atoms, or dis-
order resulting from doping; all these defects contribute
to the increase in 7., observed as 7. The coexisting
bulk T, phase and the high-temperature T phase and the
T} > T behavior fit well the mechanism of disorder-
generated T, enhancement, very recently proposed by
Gastiasoro and Andersen!®. In accordance with this the-
oretical model, the structural defects at a low concentra-
tion level can be understood as the elemental impurity
effect, giving the basis for interpretation of the increase
in T, at the level of the dilute disorder case. However,
the effect of stronger fluctuations in both atomic disorder
and composition in Y5_,Ca,RhgSnig (z > 2/1) leads to
a significant increase in T, as a result of stoichiometry
fluctuations, and it is well interpreted by the Gastiasoro
and Andersen model of dense disorder in a conventional
one-band superconducting system. Similar enhancing of
superconductivity by the increase in atomic disorder is
also observed for the Lus_sRhgSnig compounds, which
confirms that this anomalous behavior is characteristic of
the family of skutterudite-related compounds. The mi-
croanalysis documented that Sample 2 is a homogeneous
system with small nanoscale atomic disorder, character-
ized by the transition to the superconducting state at
T. = 3.7 K, while Sample 1 exhibits both nanoscale in-
homogeneity and long-range fluctuations in composition,
and its T} ~ 4.1 K. If one treats Sample 2 as a reference
compound for Sample 1, then the T} > T, relation can
be interpreted under the Gastiasoro and Andersen model
as the effect of increased disorder in Sample 1.

Our systematic research on the series of quasiskut-
terudites allowed to propose a phenomenological model
that explains the T > T, behavior, based on the docu-
mented experimentally larger lattice stiffening in the T
phase with respect to the bulk effect below T.. For var-
ious quasiskutterudites investigated under pressure we
always found |ddj;§*| > |‘£; , and accompanying T >
T. behavior, both relations are characteristic of these

materials™*™, Considering, that the P dependence on
fp is given by the Griineisen parameter yg = 7021& GVD

and determines the lattice stiffening, we documented ex-
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perimentally 75 > 7 for T} and T, phases, respec-
tively (e.g., for YsRhgSn;g doped with Ca 2 and for
LazRhsSn;3 ). The relationship between vg and T,
seems to be correct for all disordered skutterudite-related
superconductors as well as for the filled skutterudite
PrOs4Sbys superconductor™. This is one of the most in-
teresting results obtained for this intriguing single crys-
tal of PrOs4Sby2, namely the observation of two vari-
ous superconducting transitions at T, and T}, and the
T
76, For the family of quasiskutterudite supercon-
ductors our research has confirmed, that the coupling A
parameter correlates with vg and always A* > A ™ this
is also the case of Lus_sRhgSns.
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