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YbsRheShsg crystallizes with a unique structural arrangement [space group P4./nmc, a = 9.6997(4) A, ¢ =
13.7710(7) Al, which is related with primitive cubic YbsRhsSn;s and body-centered tetragonal (Sn;_Tb,)
Tb4RhgSny g types. X-ray absorption spectroscopy showed that Yb atoms exhibit temperature-dependent
valence fluctuations (VF) (i.e., intermediate valence state). Its complex mechanism is corroborated by the
fact that the well-pronounced maximum in magnetic susceptibility can only be fairly described by the
Bickers—Cox—Wilkins model developed for a J = 3/2 multiplet, atypical for Yb ions. Both Hall and Seebeck
coefficients revealed a switch of the sign, indicating the change of charge carrier type from electrons to
holes between 120 and 220 K. Both these effects together with electrical resistivity and theoretical DFT
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calculations confirm YbsRheSn;g to be a metal, which disobeys the free electron gas theory. ‘Rattling’
motion of Snl atoms within the enlarged 16-vertices distorted Frank—Kasper polyhedra, concluded from
the specific heat measurements, is argued to be the main reason for the appearance of a phonon reso-
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1 Introduction

Intermetallics containing 4f rare-earth elements are known to
tend towards magnetically ordered states defined by the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. Its
strength depends on the number of 4f electrons (n¢) as well as
their position relative to the Fermi level (Eg), which determines
the degree of localization. The competing scenario is the for-
mation of a non-magnetic Fermi liquid ground state com-
monly referred to as the Kondo effect. Obviously, the decisive
role in such a competition is played by the level of hybridiz-
ation of 4f electrons with the conduction band states.

“Institut fiir Experimentelle Physik, TU Bergakademie Freiberg, Leipziger Strafie 23,
09596 Freiberg, Germany. E-mail: roman.gumeniuk@physik.tu-freiberg.de

bInstitut fiir Anorganische Chemie, TU Bergakademie Freiberg, Leipziger Strafie 29,
09599 Freiberg, Germany

“The Rossendorf Beamline at ESRF, CS 40220, 38043 Grenoble Cedex 9, France
“Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Institute of Resource Ecology, P.O.
Box 510119, 01314 Dresden, Germany

“Université de Strasbourg, CNRS, Institut de Physique et Chimie des Matériaux de
Strasbourg, UMR 7504, Strasbourg F-67000, France

IMax-Planck-Institut fiir Chemische Physik fester Stoffe, Nthnitzer Strafie 40, 01187
Dresden, Germany

T Electronic supplementary information (ESI) available. CCDC 2383845. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d4dt02759k

784 | Dalton Trans., 2025, 54, 784-796

nance behavior, resulting in an ultra-low thermal conductivity in the studied stannide.

Frequently it results in some exciting features like heavy fer-
mions, quantum criticality, non-Fermi liquid state, spin and
valence fluctuations [ie., intermediate valence state (IVS)],
etc.'™

The latter effect is observed in intermetallics containing
rare-earth ions, revealing both non-magnetic (e.g., Ce*", Eu®",
and Yb**) and magnetic (e.g., Ce**, Eu**, and Yb*") states. In
some cases, such an ion can switch between configurations,
resulting in a non-integer valence that is usually temperature
dependent.”® All these indicate the change of the ground state
of the ion and its degeneracy (N), which is reflected in well-pro-
nounced maxima in magnetic susceptibility and specific heat
capacity. To simulate them, some theories, based on the
Anderson and Kondo impurity models accounting for the
hybridization strength,”® are normally applied. For instance,
using a unified approach for the former one, which assumes a
simplified concept of large angular momentum degeneracy,
Bickers, Cox and Wilkins® successfully simulated static pro-
perties. The Bethe ansatz, allowing determination of exact wave
functions for quantum many-body models,"’ is a powerful tool
in the solution of both the abovementioned models. So, gener-
alization of the Kondo impurity approach for an N-fold degen-
erate state and application of the Bethe ansatz allowed the
solution of the SU (N) Cogblin-Schrieffer model, which
described well the properties of such impurities in a metal as
Ce** (N =6) and Yb*" (N = 8).""'? Furthermore, it was extended

This journal is © The Royal Society of Chemistry 2025
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to a complete range of temperatures and fields."> However,
despite all these successes, none of the discussed models
accounts for crystal electric field (CEF) multiplets splitting at
non-zero temperatures. Being in the order of a few eV,'* the
splitting energy influences strongly the magnetic susceptibility
and specific heat capacity. There is an attempt of theoretical
simulation of such an effect; however, it is done only for the
ions with a degeneracy of N = 4."®> Among the known examples,
where the theories fail in the description of temperature
dependence of magnetic susceptibilities, we would like to
mention YbCuAl'*™® YbB,,,'° YbNi,Ge, and YbPd,Si,.>°

In the past decades, numerous compounds have been
found to be isostructural to the primitive cubic YbzRh,Sn;;
structure type discovered by Remeika and co-workers.*!
Furthermore, several intermetallics are shown to be its dis-
torted variants with the same composition (such a structural
relationship is normally explained within the group-subgroup
scheme®*™’) or with a close composition.?**° The majority of
the latter compounds crystallize with the body-centered tetra-
gonal (Sn;_,Tb,)Tb,RhSn,4 type.?® Interestingly, among stan-
nides of this series, mainly those containing non-magnetic Sc,
Y or Lu attract much attention, which is due to their exciting
superconducting properties.> ™’ A further important obser-
vation is that such compounds are unknown with Ce, Eu or
Yb, which could reveal VF. The only exceptions in this respect
would be primitive tetragonal YbgglreSn,>° face-centered
cubic  YbsPtsIn;¢Bi,*®* and  body-centered  tetragonal
YbsRueSn, g *° revealing a mixed valence state (i.e., non-integer,
but temperature independent) for Yb ions.

Stannides with primitive tetragonal (a ~ 9.7 A, ¢ =~ 13.7 A),
face-centered cubic (a ~ 13.7 A) and distorted body-centered
cubic (@ ~ 19.4 A) structures and compositions close to
3:4:13 in the Yb-Rh-Sn system were reported to exist by
Espinosa.*® However, in further studies,*"** this information
has not been confirmed. Furthermore, detailed single-crystal
diffraction studies performed on SnM;Rh,Sn;; (M = La-Gd,
Yb, Ca, Sr and Th) explained some earlier observed distortions
by anomalous thermal displacements of Sn2-atoms and struc-
tural disorder.*® Finally, a face-centered cubic phase with a
unit cell parameter a ~ 13.7 A and the (Yb,Sn;_,)Yb,RheSnyg
composition (no refinements were provided) was reported to
exist in ref. 44. For unclear reasons, the same work claims Yb
atoms to be in an intermediate valence state based on
measurements of magnetic susceptibility (not presented) and
room-temperature X-ray absorption spectra at the YbLy; edge.
Considering this information and taking into account unusual
valence fluctuations reported for Yb;Co,Ge,;,*>*® we decided
to shed more light on the properties of a stannide with a com-
position close to the YbsRh,Sn,;,"” recently studied.

In this work, we show that YbsRheSn;g crystallizes with a
unique structural arrangement, and investigate its magnetic,
electrical and thermal transport properties. They reveal a
complex temperature-dependent behavior of the Yb ion
valence. The observed ‘rattling’ effect is found to result in a
phonon resonance behaviour, resulting in ultra-low thermal
conductivity.

This journal is © The Royal Society of Chemistry 2025
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2 Experimental

The YbsRheSn;g sample of a total mass of 1 g was prepared in a
glassy carbon crucible by high-frequency melting from stoichio-
metric amounts of ytterbium (Ames, 99.95 wt%), rhodium
granules (ChemPur, 99.9 wt%), and tin foil (ChemPur, 99.995
wt%). The total weight losses were <0.5 wt%. To avoid oxygen
and moisture contaminations, all sample handling and manip-
ulations were performed inside a glove box system under a pro-
tective argon atmosphere [p(H,0), p(0,) < 1 ppm]. To perform
heat treatment, the obtained button was placed in a glassy
carbon crucible, sealed in a Ta-tube and enclosed in an evacu-
ated silica ampoule. Further, it was annealed at 1070 K for
720 hours and finally quenched in cold water.

Powder X-ray diffraction (PXRD) was carried out on a Huber
G670 Guinier camera (CukK,; radiation, A = 1.54056 A). Phase
analysis performed using the WinXpow software
package,’® and Rietveld refinement using WinCSD.*® Single-
crystal diffraction (SCXRD, two-circle diffractometer Stoe
IPDS-2T, MoK, radiation, A = 0.71073 A) was performed on a
crystal mechanically extracted from the crushed sample. The
obtained data were refined using the SHELXL-2019/3
program®® within the WinGX package.®”

The YbsRhgSn g sample was embedded in a conductive
resin and polished, and the surface was investigated with a
scanning electron microscope (SEM) (Jeol JSM - 7800F) and its
chemical composition Ybs o)Rhso1)Snys.1(1) (in good agree-
ment with the nominal and refined ones) was determined by
the mapping procedure with energy dispersive X-ray spec-
troscopy (EDXS) (Quantax 400 EDXS system, Bruker).
Interestingly, in the mapped surface (an area of ~600 x
600 pm), no traces of Yb,O; were detected (Fig. S1f). This
finding confirms, if any, only minor quantities of such an
impurity in the studied sample.

The X-ray absorption spectra (XAS) near the YbLy; edge of
Ybs;RhsSn; g were measured in fluorescence mode at 100 K and
293 K at the Rossendorf Beamline (BM20) of ESRF with the
help of a Canberra photodiode.’® The spectra were recorded at
a scattering angle of 90° in the horizontal plane.*® The XAS
spectra were recorded in the energy region from 8920 to 9000
eV with a step size of 0.5 eV. The intensity was normalized to
the incident flux. The standard normalization routines were
applied to the spectra with the help of the PyMCA program.>*

To investigate the temperature and field dependencies of
magnetic susceptibility, specific heat capacity, electrical resis-
tivity, Seebeck coefficient, thermal conductivity and Hall coeffi-
cients for YbsRheSn;s VSM, “He heat capacity, TTO and Van
der Pauw options of a DynaCool-12 instrument (Quantum
Design) were used.

The electronic band structure and density of states were cal-
culated with density functional theory (DFT) [local density
approximation (LDA)] using the full-potential FPLO code
(version 18.00-52.38).>° The exchange-correlation potential by
Perdew and Wang>® was used to perform the scalar relativistic
calculation. The k-mesh included 8000 points in the first
Brillouin zone.
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3 Results and discussion

3.1 Crystal structure

The single-crystal XRD (SCXRD) data set of YbsRheSn;g was
collected from a crystalline shard of an approximate size of
0.01 x 0.02 x 0.03 mm?>. The positions of the strongest reflec-
tions were in accordance with a cubic crystal system (cF, a ~
13.8 A), but additional weak reflections indicated a super-
structure (cP, a ~ 13.8 A or tP, a ~ 9.7 A, ¢ ~ 13.8 A). As the
intensities of symmetry-equivalent reflections did not adhere
to cubic symmetry (shown in Fig. S2t), it was concluded that
the diffraction pattern was produced by a three-domain twin of
the tetragonal system with domains of noticeably different
diffraction powers. [The twin domains are related to one
another by 120° and 240° rotation about [0 1 2]; data of
domains 2 and 3 are related to domain 1 according to (—0.5
0.5-0.5) (—0.5 0.5 0.5) (1 1 0) and (—0.5-0.5 0.5) (0.5 0.5 0.5)
(=1 1 0), respectively.] For structure solution, the data set of
the predominant domain was integrated, and the solution
(intrinsic phasing method, ShelXT) was performed with the
HKLF4 format data set obtained therefrom. For the final
refinement, data integration was performed for all three
domains to account for spot shape distortions of the overlap-
ping reflections, and an HKLF5 format data set of all reflec-
tions of domain 1 (with overlaps of domains 2 and 3) was
created. A numerical absorption correction (cylinder) was
applied afterwards in WinGX. In the structure refinement, the
population of the twin domains was refined to 0.635(6), 0.293
(6), and 0.072(6) for domains 1, 2 and 3, respectively.

In agreement with the model obtained from the refinement
of SCXRD data, all peaks observed in the PXRD pattern of
YbsRhgSn,g could be indexed with the unit cell parameters
presented in Table 1 (the difference in the given values
obtained from SCXRD is due to diverse methods of their esti-
mation and not due to a negative thermal expansion). The ana-
lysis of systematic absences (h + k = 2n, [ = 2n and k = 2n for
hk0, hhl, 00! and 0k0, respectively) confirmed the space group
(SG) P4,/nmc. Further refinement of atomic coordinates and
thermal displacement parameters (Table 2 and 3) converged
with low reliability factors (Table 1) confirming its correctness.
The obtained profiles are depicted in Fig. 1. Noteworthily, the
main peaks in the PXRD pattern of YbsRheSn;g could be
indexed within a primitive cubic SG Pm3m with a ~ 9.8 A,
whereas some of their splittings could be indexed within a
primitive tetragonal SG P4/mmm with unit cell parameters a ~
¢ ~ 9.8 A (inset in Fig. 1). These observations suggest a struc-
tural relationship of the herein studied phase with the
Yb3;Rh,Sn,; Remeika prototype.>" In this regard, we would like
to refer to our previous discussions in ref. 23, 24 and 27.

Interatomic distances in the crystal structure of YbsRhgSn;g
are presented in Table S2.1 As for the majority of phases crys-
tallizing in the Remeika type and derived arrangements,””
there are no Yb-Yb and Rh-Rh bonding contacts (i.e., these
distances exceed the 2rv/2 limit, where ry, = 1.94 A, rgp =
1.34 A and rg, = 1.41 A (ref. 57) are atomic radii of
the elements) in the herein studied compound. Remarkable
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Table 1 Crystallographic data collected for YbsRhgSnig at different
temperatures

Temperature, T (K) 200 293
Method Single crystal Powder
Space group (No.) P4,/nmc (137)

Formula per unit cell, Z 2

Unit cell parameter:

a(A) 9.7018(5) 9.6997(4)
c(A) 13.793(1) 13.7710(7)
V(A% 1298.3(2) 1295.6(2)
Density, p (g cm™) 9.26(1) 9.3(1)
Crystal size (mm?®) 0.03 x 0.02 x 0.01 —

Abs. coef., y (mm™") 38.4 203.3
F(000) 3040

Radiation MoK, CuK,,
Diffractometer STOE IPDS 2T Huber G670
20max (°) 58.0 105.5

(sin 6/2) max 0.682 0.517
Minimum #, k, [ -13,-13, -18 0,0,0
Maximum #, k, [ 13,13,18 7,9,14
Abs. correction Numerical —
Collected reflections 14 544 393
Independent reflections 961 (Rine = 0.070) —

Refined parameters 45 31

Refl. with I > 20(1) 920 (R, = 0.027) —
Refinement on P —

R/WR% Ry/Ryp 0.056/0.121
(I > 20(D) 0.042/0.108

(All data) 0.057/0.116 —
Goodness of fit 1.022 1.011

Min. and max. residual

Resid. electr. density (e~ A™) —2.99; +2.04 —1.12; +1.35

“w = 1/6*(F,)? + (0.0757p)* with p = (F,> + 2F.%)/3.

Table 2 Atomic coordinates and thermal displacement parameters
(Ueg/Uiso X 1072 A?) for YbsRheSnsg

Atom Site x y z Ueq/Uiso
200 K

Yb1 2b 3/4 1/4 1/4 21.0(4)
Yb2 8¢ 1/4 0.0255(1) 0.38263(8) 19.4(2)
Rh1 4c 3/4 1/4 0.5060(2) 15.8(6)
Rh2 8f 0.4953(1) —x+1 1/4 17.2(4)
Sn1i 4d 1/4 1/4 0.0389(2) 27.5(1)
Sn2 8¢ 1/4 0.0999(1) 0.7388(2) 21.6(4)
Sn3 8¢ 1/4 0.5787(2)  0.1634(1) 19.6(3)
Sn4 16h 0.5758(2) 0.0743(1)  0.0737(1) 22.9(3)
293 K

Yb1 2b 3/4 1/4 1/4 29(6)
Yb2 8g 1/4 0.0229(9)  0.3826(7) 31(4)
Rh1 4c 1/4 1/4 0.5069(9) 26(9)
Rh2 8f 0.4970(9)  —x+1 1/4 26(6)
Sn1i 4ad 1/4 1/4 0.0354(9) 39(7)
Sn2 8g 1/4 0.0991(9)  0.7404(9) 20(6)
Sn3 8¢ 1/4 0.5743(9)  0.1643(9) 29(5)
Sn4 16h 0.5737(9) 0.0744(9)  0.0739(9) 26(3)

shortenings occur in Ybs;RheSn;g for Yb2-2Rh2 (8.0%)
and Yb2-1Sn1 (8.5%) distances, whereas the Rh-Sn and Sn-Sn
contacts are either slightly shrunk (e.g., Rh1-4Sn4 by 4.0%) or
even longer than the corresponding sum (e.g., Sn4-1Sn4 by
—2.6%).

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Powder X-ray diffraction patterns of YbsRhgSn,g. Inset: selected
range of PXRD patterns with possible indexing within cubic (SG Pm3m, a
~ 9.8 A), tetragonal (SG P4/mmm, a ~ c ~ 9.8 A) and the model (SG P4,/
nmc) refined in this work.

Table 3 Anisotropic thermal displacement parameters (U x 1073 A?)
for YosRhgSnqg

Atom Uy Usz Uss Uiz Uis Uz
Yb1 20.2(7)  Un 23(1) 0 0 0

Yb2 18.4(5)  19.9(5)  Us, 0 -0.14) o0

Rh1 14(1) 16(1) 18(2) 0 0 0

Rh2 16.9(6) Uy, 18(1) —0.4(4) Uy, 0.0(8)
Sn1 24(1) 41(1) 18(1) 0 (] 0

Sn2 15.5(9) 17.6(9) 31.6(9) -0.9(6) O 0

Sn3 16.4(7)  21.1(7) 21.5(8)  3.2(6) 0 0

Sn4 26.0(6) 23.1(6) 19.6(8)  1.9(4) -0.4(4) -8.9(5)

Having a stoichiometry 5:6:18, the compound studied
here is expected to be structurally related to the series of
M;sRhgSn 3 (M =Y, Th, Dy, Ho, Er, and Tm) stannides crystalliz-
ing with the (Sn;_,Tb,)Tb,Rh¢Snigs type (SG I4i/acd, Qe =
13.8 A, Crer & 27.5 A),”® which is considered to be a derivative
of the Yb;Rh,Sn,; Remeika prototype (SG Pm3m, aeyp, ~ 9.7 A).
Indeed, comparing the unit cell parameters from Table 1 with
the abovementioned observations, clear relations become
visible: @ & Geup & Gretr/V2 and ¢ & Aegp V2 & Crer/2. Such a
close relationship between UCPs is also reflected in the struc-
tural arrangements. As one can see from Fig. 2a, b and c, in all
three types [for better visualization, we present ScsRheSn;g in
Fig. 2c, which is an ordered variant of the (Sn;_,Tb,)
Tb,4RheSnyg type], an array of corner sharing [RhSng] trigonal
prisms (tan) with [YbSn,,] cuboctahedra (gray) incorporated
into the free space in-between occurs. In the case of the cubic
Yb;Rh,Sn;; prototype, trigonal faces of prisms and cuboctahe-
dra are shared with those of [SnSn,,] icosahedra (cyan)
(Fig. 2a), whereas for the tetragonally distorted 5:6:18 var-
iants (Fig. 2b and c), the 16-vertices distorted Frank-Kasper
[SnR,Sny,] polyhedra share these with only cuboctahedra.

This journal is © The Royal Society of Chemistry 2025
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Sc;RhSn,q

Fig. 2 Packing of [RhSng] trigonal prisms (tan), [YbSn;,] cuboctahedra
together with [SnSn;,] icosahedra (gray) and 16-vertices distorted
Frank—Kasper [SnM,Sny4] (M = Sc and Yb) polyhedra (cyan) in the struc-
tures of YbzRh4Snys (a), YbsRhgSnig (b) and ScsRhgShyg (€). [Yb,] tetrahe-
dra together with tetragonal fragments [Sny] within the icosahedra (d)
and [M,Sn;] within the Frank—Kasper polyhedra (e and f) are given in red
and thick blue lines, respectively. Yb and Sn atoms at the vertices of
polyhedra are depicted as magenta and white balls, whereas Sn atoms
centering them are depicted as black balls.

Additionally, the latter units in ScsRheSn;g are distorted in a
different way due to diverse distributions of M atoms therein
(Fig. 2¢), which results in the shifted positions of centering Sn
atoms (black connected with red zigzag). On the other hand,
in the structures of YbsRh,Sn;; (Fig. 2a) and YbsRhgSngg
(Fig. 2b), the Sn atoms centering the similar voids are along a
straight line (red).

In Fig. 2d, e and f, we demonstrate the packing of [Yb,] tet-
rahedra (red) together with tetrahedral fragments (marked
with thick blue lines) within the [SnSn;,] icosahedra and
16-vertices distorted Frank-Kasper [SnM,Sn,,] polyhedra (both
units are given in cyan). These fragments consist of only Sn
atoms in the case of YbzRh,Sn;; (Fig. 2d), whereas for
YbsRhgSng (Fig. 2€) and ScsRheSn; g (Fig. 2f), they contain 2Sn
and 2M. Again, being nearly equally oriented in Yb-containing

Dalton Trans., 2025, 54, 784-796 | 787
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stannides, they reveal different distributions in the ScsRhgSn;g
type.

Similarly to YbsRheSng, YbeelrsSnye crystallizes with the
same space group, close unit cell parameters and even identi-
cal Wyckoff positions.”® The only difference between these
structural arrangements is the appearance of an 8g site occu-
pied by Yb (240%) in the Ir-containing stannide instead of Sn1
at the 4d position (Table 2), which results in various
compositions.

All these let us to conclude that YbsRhgSn,s crystallizes
with a unique structural arrangement, which belongs to the
family of derivatives of the Yb;Rh,Sn;; Remeika prototype.

3.2 X-ray absorption spectroscopy

The X-ray absorption spectra (XAS) of YbsRheSn,;s measured at
the YbLy; edge are presented in Fig. 3. They reveal two white
lines, which are attributed to Yb-4f™* (~8940.5 eV) and Yb-4f"*
(~8946 eV) configurations, respectively. Interestingly, the XAS
measured here at room temperature are nearly identical to
those reported for a (Yb,Sn;_,)Yb,RheSn;s compound, which
was believed to crystallize with the face-centered cubic struc-
ture (SG Fm3m, a = 13.74 A).**

A clear reduction of the intensity of the low-energy line
(~8940.5 eV) in the XAS of YbsRhgSn,g with increasing temp-
erature is observed. This is an indication of the fluctuating
valence [ie. intermediate valence state (IVS)] of ytterbium.
Indeed, by deconvoluting the measured spectra, we obtain
yb2*W* and yb**2W* at 100 K and 293 K, respectively.
Interestingly, similar valence evolution is reported for the
Yb;Co,Ge,; modulated Remeika phase46 and YbPtGe,: a multi-
valent charge-ordered system with an unusual spin pseudo-
gap.>® The IVS in YbsRheSn,; is in contrast with the prevailing
temperature-independent state of Yb-4f'* (i.e., Yb*") observed

Intensity (a.u.)

8940 8956
E (eV)

8920 8930

8960

8970

Fig. 3 Temperature-dependent X-ray absorption spectra of YbsRhgSnig
at the YbL;, edge in comparison with the literature data for (Yb,Sn;_,)
YbsRhgSnig 44 and the theoretically calculated Yb-5d density of states.
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in the weakly Pauli paramagnetic and superconducting
Yb;Rh,Sn,; compound with a close composition.***”

Furthermore, we compared the Yb-5d electronic density of
states (DOS) obtained from the theoretical DFT calculations
with the measured XAS. They are expected to reproduce the
lower-energy feature in the spectra and therefore became
shifted to ~8940.5 eV. As one can see from Fig. 3, the Yb1-5d
orbitals are mainly unoccupied (they are above the Fermi level
Ey) and nicely coincide with the position of the corresponding
absorption maximum. However, unexpectedly, the 5d states of
the Yb2 atom are found to be partially occupied. Also, these
orbitals contribute remarkably to the higher-energy absorption
maximum at ~8946 eV corresponding to the Yb-4f'* configur-
ation, which would assume an underestimation of the Yb*
fraction in the valences obtained from the deconvolution of
XAS. Since the temperature dependence of the Yb2-5d DOS
cannot be simulated, its influence on the IVS behavior in
Ybs;RhsSn;g remains rather unclear.

3.3 Magnetic susceptibility

Temperature dependence of magnetic susceptibility [y(7)] for
YbsRheSn,g is depicted in Fig. 4. It obeys the Curie-Weiss
(CW) law for 180 K < T < 350 K (inset in Fig. 4). The effective
magnetic moment pegr = 2.94(5)up deduced from such a fit is
approximately by a factor of 3/2 smaller than 4.54up — a value
theoretically calculated for the Yb-4f"> configuration. A similar
situation was observed in YbPtGe,, where the Yb atom in one
of the crystallographic positions was shown to be non-mag-
netic (ie.,, in the Yb-4f' state),’®®® which resulted in the
reduction of u.g by a factor of ~ /2. Also, the performed CW
fit indicated a large negative Weiss temperature of &p = —175
(1) K, which can be explained by an enhanced characteristic
energy (~47 K) of valence fluctuations.
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Fig. 4 Temperature dependence of magnetic susceptibility (uoH = 7 T)
for YbsRhgSn,g together with the predictions of the Coqgblin—Schrieffer
(CS) and Bickers—Cox—Wilkins (BCW) models for the J = 3/2 multiplet.

Insets: temperature dependence of the reciprocal magnetic suscepti-
bility of YbsRhgSn,g together with the Curie—Weiss (CW) fit.
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Below 180 K, the y(T) of YbsRheSn,g deviates from the CW
law, overcomes a maximum centered at 7%, =~ 47 K and finally
reveals an upturn for T < 25 K (Fig. 4) due to a minor (invisible
in XRD) paramagnetic impurity. Such a behavior of magnetic
susceptibility is in line with the IVS observed in XAS.
Noteworthily, 7%, varies in a broad range for Yb-containing
intermetallics, revealing the IVS [e.g., 25 K for YbPd,Si,,*° 30 K
for YbCuAl'® 150 K for Yb;Co,Ge;,"® 240 K for Yb,Sb;,°
250 K for YbNiygAl,,,%* 250 K for YbPtGe,,’® 400 K for
YbNiAL,* 500 K for Yb;Ges,** etc.]. Such a behavior is
expected to be universally described by a Cogblin-Schrieffer
(CS) model proposed by Rajan for the whole Yb*" multiplet J =
7/2 (ie., degeneracy N = 2J + 1 = 8)."* However, since this
model does not account for crystal electric field (CEF) effects,
the low temperature lattice problem and the so-called Kondo
limit (i.e., valence variation, 0.5 < ns < 1), it frequently fails in
the description of the IVS, as it is the case for e.g., YbPd,Si,,*°
YbCuAlL*® Yb;Co,Ge;5,*° etc.

A similar observation is made for the herein studied
YbsRhgSn,g, where a good description for T > 100 K is
obtained with J = 3/2 (N = 4) and the characteristic spin-fluctu-
ation temperature T, = 201 K. The situation can be somewhat
improved while switching to the Anderson model developed
for the same multiplet and n¢ = 1 by Bickers, Cox and Wilkins
(BCW)° (Fig. 4). From such a fit, we obtained a similar charac-
teristic temperature T, = 208 K. Using the Rajan prediction®
for the Sommerfeld coefficient of electronic specific heat, we
calculated y = 2/mkNa/6T, ~ 63 m] mol " K2 (with kg = 1.38 x
107> J K™' and N, = 6.022 x 107>* mol™" as Boltzmann and
Avogadro constants, respectively) — a value that seems to be
degeneracy-independent and would even be in fair agreement
with the corresponding value obtained from c,-measurements
(see below). However, implying the obtained T, to be correct,
we calculated a Kondo temperature: T = 2xT,W/(2] + 1) ~
191 K (where W;, = 0.5843 is the Wilson number),®® which is
in complete disagreement with the measured electrical resis-
tivity, revealing no signature of any Kondo-like behavior at this
Tk.

In view of the complicated Yb valency situation (i.e., Yb2-5d
states contribute to the Yb®* fraction), it is not surprising that
the classical CS and BCW models do not work well.
Additionally, as it is shown in section 1.1 and Fig. S3 of the
ESL{ the simplified two-level interconfigurational fluctuation
model (ICF)® fails in the description of the valence fluctu-
ations in YbsRheSnyg as well, thus confirming the conclusion
above.

3.4 Specific heat

The temperature dependence of specific heat capacity c,(T) of
YbsRhgSn; ¢ reveals no anomalies for 3 K < T < 200 K (inset in
Fig. 5) and reaches the Dulong-Petit limit ¢, = 3nR ~ 723 ]
mol ™" K* (R=8.31] K ' mol™" is the gas constant) at ~183 K.
However, it reveals an anomaly at Ty = 2.3 K (Fig. S47). This is
due to a minor (not detectable with XRD or EDX) Yb,O; impur-
ity ordering antiferromagnetically.®” The influence of such an
impurity on the physical properties of the similar Yb;Pt,Ge,3
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Fig. 5 Specific heat for YbsRhgSnig in the cp/TZ'(T) presentation
together with a fit to eqn (1) and Debye (Op; + Op,), Einstein (@) and
electronic (y) contributions. Inset: specific heat for YbsRhgSnyg.

is discussed in detail in ref. 22. Noteworthily, the cusp at the
transition in the current case is by a factor of ~3 smaller than
that in ref. 22. Therefore, we further consider the specific heat
of YbsRheSng in the ¢,/T(T°) presentation and assume it to
follow an ansatz of ¢, = yT' + BT° in a temperature range of
~4.5-6.1 K (Fig. S41). This would indicate y ~ 55(5) mJ mol™*
K™ and @, = 148(2) K - values that are very similar to those
reported for non-magnetic ScsRhgSn, g ** and LusRhgSn,g.%®
For T > 6 K, the ¢,(T) of YbsRhgSn; 4 deviates from the above
given ansatz, which is confirmed by a well-pronounced
maximum centered at ~8 K observed for the ¢,/T°(T) presen-
tation (Fig. 5). It signals a contribution of low energy Einstein
optical modes to the measured specific heat. One of the poss-
ible reasons of their appearance could be the so-called ‘rat-
tling’ motion® of Sn1 atoms within the enlarged 16-vertices
distorted Frank-Kasper polyhedra (Fig. 2b). Such an effect is
discussed for some Remeika phases.”” To describe it, a com-
bined Debye-Einstein model is frequently used.”®”" It
assumes as a first approximation” the separation of phononic
contributions originating from different types of sublattices
(i.e., covalently and ionically bonded) and is given as follows:

¢T73(T) = Z e T3(T) + Z g T3(T)+yT™2 (1)
i J

where the Debye contribution is given as:

(T) = 3NpiR (- TD"/T xe” 2)
e (T) = 3No; _tr
Di Di @Di 0 (ex _ 1)2
(with x = hw/kgT) and the Einstein one as:
B @Ej 2 e@E.f/T
cg(T) = NgjR (7) (/T _ 17 3)

By fitting the ¢,(T) of YbsRheSn,g to eqn (1), the character-
istic Debye and Einstein temperatures and number of modes
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were found to be ©p; = 300(2) K, Op, = 134(2) K, and Og; = 47
(1) K and Np; = 59(1), Np, = 30(1), and Ng; = 4(1), respectively.
Comparing this result with the YbsRheSn;,Sn; (Sn1 should
remain for a possible ‘rattling’) stoichiometry, Np; could be
assumed to originate mainly from the covalently bonded Sn;,
framework (i.e., theoretically expected number of Debye modes
is 51). Np, is then due to 5Yb and 6Rh atoms (theoretical value
of 33) and finally Ng; is from 1Sn1 in the enlarged [Sn1M,Sn,,]
polyhedron (should be 3). In total, the abovementioned stoi-
chiometry indicates 87 possible modes, whereas our fit results
in Niot = Np; + Ny = 93(1). The mismatches between the theore-
tical expectations and the experiment are not a rare case (here
we would like to refer to ref. 47, 71, 73 and 74) and reflect the
shortcomings of the simple model applied to the complex pho-
nonic spectra of compounds.

Interestingly, taking the thermal displacement parameter
Biso = 8m° Ui = 3.1(1) A? of the ‘rattling’ Sn1 atom refined from
the powder XRD data at room temperature (Table 2) and imple-
menting it into eqn (4), we obtained the Einstein temperature
©% = 55(1) K, which fairly agrees with the specific heat data.
This is a rather unexpected result. As it has been shown for
such  well-established  ‘rattling’” systems as filled
skutterudites”>”® and the recently studied YbsRh,Sn,;,"” if the
atomic masses of the ‘rattling’ systems are comparable with
those of the atoms forming the framework, @z and 6% differ

strongly.
| 8m2R*T
O = ———— 4
£ mSnkBBeq ( )

(where / = 1.055 x 107** ] s is a Dirac constant).

The fit to eqn (1) also resulted in an enhanced Sommerfeld
coefficient of the electronic specific heat y = 196(1) mJ mol™*
K2, which is by a factor of ~4 larger than the values observed
from the classical ansatz as well as for the non-magnetic
ScsRheSnys®* or LusRhgSnie.®® This is again due to the
enhancement of low-temperature c,(T) caused by the Yb,O;
impurity.

3.5 Electrical transport

The temperature dependence of electrical resistivity p(T) for
YbsRhgSn,g is presented in Fig. 6. In contrast to that for
LusRhgSn;s - a phonon reference compound’” - as well as
YsRheSnys,”® ScsRheSnyg,**?® YslIrgSnys,*® analogous interme-
tallics, etc., it increases with increasing temperature and is of
the same order of magnitude as that of a metal.”
Furthermore, in the temperature range of ~4-12 K, p(T) of
YbsRhgSnyg follows the Fermi-liquid behavior and fits well to
po + Ap T%, with p, = 61(1) pQ cm and Apy, = 0.13(1) pQ cm K 2.
However, this p(T) cannot be described by a Bloch-Griineisen
model (typical of metals)®® in the whole temperature range (for
more details, see the discussions in section 1.2 of the ESIY),
which is most probably due to the change of the scattering
mechanism at T = 100 K. Similar temperature dependencies of
electrical resistivity were reported for such unusual IVS as
CePt,Ge;, ! and YbPtGe,.>®
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Fig. 6 Temperature dependence of electrical resistivity p(T) for
YbsRhgSnig together with the fit to the Fermi-liquid model. Inset: temp-
erature dependence of the Hall coefficient Ry(T) for YbsRhgSnig in
different magnetic fields. The red line is a guide for the eye only.

Taking the values obtained from the Fermi-liquid fit, we esti-
mated the residual resistance ratio RRR = p(zo0)/po = 9.3, which
indicates a fair quality of the studied sample. From the quadratic
term, Kadowaki-Woods ratios®” (Rgw = Ap/y’) of 4.2 x 107> uQ
em (mol K mJ™")? [for y =~ 55(5) mJ mol ™" K™*] and 3.4 x 10™° uQ
em (mol K mJ™")? [for y ~ 196(1) mJ mol™" K*] were obtained.
Both the obtained values differ strongly from the Ry = 1.0 x
107° pQ em (mol K mJ™")* expected for a heavy fermion com-
pound, which is in line with the IVS of YbsRhSnys.

Temperature dependence of the Hall coefficient Ry(T) for
YbsRheSnyg in different magnetic fields is presented in the
inset of Fig. 6. Being nearly field independent, Ry(7T) mimics
the behavior of the Seebeck coefficient (see below, Fig. 7),
revealing a well-pronounced minimum at T, ~ 50K and
changing the sign from negative to positive at 7'~ 120 K. This
latter observation confirms the switching of the conduction
mechanism from electron- to hole-like type. By applying the
one-band model [Ry = (n|e|)™" and u = Ry/p], we found that
their charge carrier concentration n and mobility u vary (with
the exception of singularity at Ry = 0) in the narrow ranges of
7.6-9.4 x 107" em™ and 1.1-2.1 em® V™' s7', respectively.
Weak temperature dependence of both these characteristics
and their order of magnitudes indicate YbsRhgSn;g to be a
metal.”® By further applying the free electron gas model, we
calculated the Fermi energy Ep = (h%/2m)(3n°n)*3e™* = 1.52(9)
eV and the DOS at the Fermi level D(Eg) = 3nV/2Er = 10.9(4)
states eV~ ' f.u.”". The latter value is strongly underestimated
in comparison with the theoretically calculated one, which is
in line with a complex electronic band structure of YbsRhsSn;g
(see the discussion below).

Temperature dependence of the Seebeck coefficient of ther-
mopower S(T') for YbsRheSn; 5 in logarithmic and linear scales is
shown in Fig. 7 and the inset therein, respectively. It is negative

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Temperature dependence of the Seebeck coefficient S(T) for
YbsRheSnyg on a logarithmic scale together with the fit to egn (5). Inset:
temperature dependence of the Seebeck coefficient S(T) for YbsRheSn g on
a linear scale together with the linear fit as expected for a metallic system.

in the LT range and decreases with increasing temperature,
passing through a minimum centered at 75, ~ 41 K (in fair
agreement with 7% ). Furthermore, S(T) starts to increase
steeply, becoming almost linear, and changes the sign to posi-
tive at T ~ 220 K, which indicates the switch from n- to p-type
conductivity.

Having two crystallographic positions for Yb atoms in the
structure of YbsRheSn,g, we assumed that the conduction elec-
trons scattered on two independent 4f quasiparticle bands.
This prompted us to try to describe S(T) using the model pro-
posed by Bando et al.:*

ANT AwT
S(T) = 5
D =pm 5 (5)
with
A _ 20w _ AIZ\I.,W +F§.,w (6)
MW el k3

where Ay w = enw — €r and I'yw are the position relative to the

Fermi level and half width of the band, respectively. Hence,

the corresponding Lorentzian density of states is expressed as:
4 ir

Nﬁrf,w = ; 2 2 (7)
(ENA’W — 8) + (12F)

Here, W = Q'z + Q7(1 — 2) is the integrated weight approxi-
mated for the intermediate valence regime with Q" = N (ie.,
the degeneracy of Yb ions), Q = 1 and the number of holes in
the 4f-shell is estimated as np, = 1 — 2.5 The latter value can
also be derived from:

nh:1—z:JmN“@me (8)

€F
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The parameters obtained from the fit of S(T) of YbsRheSn;g
to eqn (5) and the theory related to it are presented in Table 4.
Knowing that the Yb valence is given as v = 3 — z, we can state
that from these calculations, it is ~2.9 for both bands if one
assumes the whole J = 7/2 (N = 8) multiplet for Yb ions. These
values strongly deviate from those observed experimentally
from XAS and can become somewhat improved (i.e., to ~2.8)
while taking into consideration the J = 3/2 (N = 4) multiplet
applied for the description of temperature dependence of mag-
netic susceptibility. Such an inconsistency can be explained by
the fact that the applied model is much too simple, which
stresses again the fact that the Yb valence fluctuation in the
studied stannide is of a very complex mechanism.
Interestingly, the Yb-valences obtained here are in good agree-
ment with those deduced from the ICF fit to the magnetic sus-
ceptibility of YbsRhgSn,s. With due caution, we thus conclude
that the simplifications in both theories (i.e., electron scatter-
ing on two quasiparticle bands and valence fluctuations
between two energetic levels, respectively) result in comparable
values.

In the temperature range of 150-250 K, the Seebeck coeffi-
cient of YbsRheSn;g fits well to S(T) = AsT + B (the inset in
Fig. 7) with the carriers’ diffusion component Ag = n°kg*/2eEy =
0.15(1) pv K2 and the term due to the contribution of elec-
tronic interaction B = —32(1) pv K >.%*®® Having these fit para-
meters, we calculated the Fermi energy Er = 1.64(9) eV, which
is in good agreement with the value obtained from Hall effect
measurements.

3.6 Thermal conductivity

The temperature dependence of the thermal conductivity
[ktot(T)] of YbsRheSn,g is depicted in Fig. 8. It is very low and
thus comparable with those of such well-established ‘rattling’
systems as intermetallic clathrates®”®° and filled skutteru-
dites.” To shed light on this behavior, we decomposed (T)
into its electronic (ke = [L(T)/p(T)]T) and phononic (kpn = Kior —
Ke1) parts. Knowing that the Lorenz number L, = 2.44 x 10°8 W
Q K? is temperature dependent, we corrected it as proposed

in:**

116

Lu0:15+wpﬁjﬂm0 ©)

[in this equation, |S(T)| is given in pV K™ and L(T) is given in
10 WQK™.

As one can see from Fig. 8, the phononic contribution to
the thermal conductivity of YbsRhgSn;g is larger than the elec-
tronic one, which is again similar to the situation in the above-

Table 4 Positions (4) and half-widths (I of 4f quasiparticle bands in
YbsRhegSnig derived from the temperature dependence of the Seebeck
coefficient and assuming different degeneracies (N) for Yb ions

i A; (meV) I'; (meV) zZ(N=28) zZ(N=4)
N —0.86(5) 7.30(5) 0.09(1) 0.15(1)
W —0.02(1) 0.56(1) 0.10(1) 0.19(1)
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Fig. 8 Temperature dependence of thermal conductivity and its elec-
tronic ke and phononic kg, contributions for YbsRheSnyg together with
the fit to egn (10). For T > 250 K, kot(T) and kpn, reveal an upturn follow-
ing the xT° law due to radiation heat losses. Inset: kph together with the
fit to eqn (10) on a logarithmic scale for the better visualization of a
minimum at Ty, ~ 40 K.

mentioned ‘rattling’ systems. Furthermore, the obtained x,,(T)
reveals a well-pronounced minimum at Ty, ~ 40 K (inset in
Fig. 8), which could be a signature of the so-called phonon
resonance (PR).%> There are two known reasons for the appear-
ance of such a phenomenon: (i) resonant interaction occurring
between phonons and non-paramagnetic lattice point defects
(reported for mixed halides®®* and recently for natural
galena®®) and/or (i) anticipated scattering of the phonons by
the vibrations of a weakly bound cation incorporated inside an
enlarged anionic void (ie., ‘rattling’ effect).”® The modified
Debye-Callaway model®” [eqn (10)] allows accounting for
different scattering mechanisms of phonons (including PR)
and to describe k(7).

X
7 _dx

rod (@~ 1) (10)

kB4 T3 Op/T 1
Kph =

3
2752115 ) 0

In eqn (10), we used Op = 148(2) K, the average sound vel-
ocity vs = kgOp/h(6n’n,)"? = 1435(1) m s~* (with the concen-
tration of atoms per unit cell volume 7, = 4.48 x 10*®* m™
deduced from XRD refinement and x = Zw/kgT. The total relax-
ation time 7., ' in the current case includes the following con-
tributions: phonon scattering on (i) grain boundaries (5 ")
and (ii) point defects (zpp '), (iii) normal (zx~") and (iv)
umklapp (vy~") phonon processes and (v) zpg " due to phonon

resonance:
Tor =T ' 47ep  +in Ty TR (11)
with
Csw?
-1 5
T = 12
" (o — 0*)® + (Co/n)*0Pok] 12)
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Parameters obtained from the fit to eqn (10) are presented
in Table 5. Interestingly, the observed C; value is by 1-2 orders
of magnitude smaller than those reported for the intermetallic
ErPdSb®® or semiconducting PbS” and In;_,@,In,S,”* ther-
moelectric materials. This means that phonon scattering on
the grain boundaries in YbsRheSn,g is rather weak. On the
other hand, parameter C,, which is due to the point defects, is
(for the stannide studied here) by a factor of 10-100 larger
than the analogues in the abovementioned compounds. Thus,
this scattering process is a dominating one in the low tempera-
ture regime. For T > 50 K, the dominance of normal and
umklapp phonon-phonon processes is observed, which is
reflected in the remarkable C; and C, parameters. Such a clear
separation of both contributions is frequently not the case,
especially for intermetallic systems. For instance, the normal
processes seem to be completely screened by the umbklapp
ones in ErPdSb®® and as a result, no C; parameter is obtained
from the fit to the Debye-Callaway model. In concluding this
discussion, we emphasize that the C;_, parameters obtained
for YbsRheSn, s are quite conventional and do not provide any
insights into the ultra-low values of x(T). Herein, it should be
also noted that the applied model does not distinguish
between three- and four-phonon decay mechanisms in
umklapp processes, and as is known, the latter can lead to
extremely low «(T), as it is the case for PbCuSbS;.”* Obviously,
to shed more light on this problem, inelastic neutron scatter-
ing on single-crystalline YbsRheSn;g combined with theoretical
lattice dynamics studies would be required.

The possible occurrence of phonon
YbsRhgSn; g could be the main reason for its ultra-low thermal
conductivity. This phenomenon is usually described by a
simple mechanical oscillator model given by eqn (12), where
the half-width of the energy resonance curve is defined as I" =
wprCe/2 and a proportionality factor containing the concen-
tration of oscillators is A = Cs/I.°* Since a resonance inter-
action with a relaxation time zpr " is believed to occur between
phonons and defects, the enhanced C, parameter would nicely
agree with this expectation. One of the central questions for
such systems is the nature of the resonator. In early studies of
mixed halides, this role was ascribed to the impurity non-mag-
netic ions,”>®* whereas in the cage compounds to ‘rattling’
atoms.’® However, the concept of inelastic resonance associ-
ated with energy dissipation of isolated ‘rattling’ atoms has

resonance in

Table 5 Relaxation time constants (C,,) and the characteristic PR fre-
quency (wpr) deduced from the fit to the modified Debye—Callaway
model

! Equation®” Cn
Tt v5/Cy 4.0(1)x 10" m
P Cox*T* 4.0(1) x 105 B
Nt CX°T* 1 5(1) x10° s K™*
P C, 2 T2e=O/37) 8.7(1) x 10° st K2
Tpr * Cs 5. 1(1) x 103 s73

Cs 2.1(1)

Wpr 5.8(1) THz

This journal is © The Royal Society of Chemistry 2025
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been recently challenged®® %! by inelastic neutron scattering
and lattice dynamics studies for clathrate- and skutterudite-
based cage compounds. Since the value of the characteristic
PR frequency wpgr, deduced for YbsRheSn,s from our fit, is
comparable with that reported for the SrgGa,sGes, clathrate,’®
one could conclude on the same nature of the resonator (i.e.,
‘rattling’ atoms) in both substances. Despite being less under-
stood and its applicability to thermal properties of cage com-
pounds is debated,”>'°*™'°* PR would clearly contribute to a
drastic reduction in «(7T). For instance, as it has been shown in
ref. 95, its appearance in PbS leads to a decrease of kpn(T) by
~70% at a certain temperature. Thus, since the lattice contri-
bution is a dominant one in the case of YbsRhgSn,g, its sup-
pression plays a central role in the minimization of k(7).

Due to their ultra-low thermal conductivity, clathrates and
filled skutterudites are known to be promising thermoelectric
(TE) materials, which is reflected in their enhanced dimen-
sionless figure of merit zT' = $*T/pk > 1.57°° In the case of
YbsRheSnyg, the highest z7'= 5 x 107> is observed at 40 K. The
poor TE performance of this stannide is explained by the negli-
gibly small Seebeck coefficient due to its predominantly metal-
lic behavior.”

3.7 Electronic band structure

The atomic- and orbital-resolved electronic densities of states
(DOS) of YbsRhgSny g are presented in Fig. 9a and b, respect-
ively. They show similar features to those reported earlier for
the Ybs;Rh,Sn;; Remeika prototype®” and the idealized struc-
tural model of ScsRhgSn;s.>> These are: (i) a low-lying energy
band in the #—10.8 - ®—5.8 €V range formed mainly by Sn-5s
states, followed by (ii) an energy gap of ~1 eV and (iii) a broad
valence band extending from ~—4.5 eV to the Fermi level Er
dominated mainly by Rh-4d and Sn-5p electrons.

As one can see from the inset in Fig. 9a and b, the majority
of the states at Eg originate from Yb2-4f (~41%), Sn-5p (~29%),

60

50

40

T
DOS (eV fu.”)

30

DOS (eV' f.u.)

E(eV)

Fig. 9 (a) Total and atomic resolved electronic density of states (DOS)
for YbsRhgSnyg. Inset: DOS near the Fermi level Eg. (b) Orbital resolved
DOSs. Ef is marked as a green dashed line.
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Yb1-4f (~8%) and Rh-4d (x9%) (the small admixture of Yb1,2-
5d, Rh-5p, and Sn-5s together contributing ~9% is not shown
in the figures). Thus, in total, we obtain at the Fermi level a
DOS of D(Eg) = 18.8 states eV~ f.u.”", which can be recalcu-
lated in a Sommerfeld coefficient of the electronic specific
heat y¢heor = 44.5 mJ mol~* K. This value would be in accepta-
ble agreement with those approximately estimated from the
experiment. Taking into account that four electronic bands,
with a curvature revealing no similarities to a parabola
(Fig. S6t), cross Eg, one cannot expect that the simple free elec-
tron gas model would satisfactorily work in the case of
Ybs;RhsSn;g. Indeed, as it has been shown above, the electrical
conduction mechanisms are found here to be of a complex
nature.

4 Conclusions

YbsRheSn;g crystallizes with a unique primitive tetragonal
structural arrangement, which is closely related with the
Ybs;Rh,Sn;; Remeika and (Sn;_,Tb,)JTb;RhsSn;g types. Such a
relationship is reflected in the unit cell parameters which are
derived from a ~ 9.5 A as well as in the common [RhSng]
corner sharing trigonal prismatic arrays with cuboctahedra
incorporated into the free space in between. An important
feature of the YbsRheSn, crystal structure is that the relatively
small Sn1 atoms reside inside enlarged 16-vertices distorted
Frank-Kasper polyhedra thus possessing potential for a ‘rat-
tling’ motion. This expectation is confirmed by the fitting of
the temperature dependence of specific heat capacity to the
combined Debye-Einstein model. The Einstein temperature
deduced from the fit is in good agreement with the value
obtained from the thermal displacement parameter of the Sn1
atom refined from the powder XRD data.

The two white lines with temperature-dependent intensities
in the X-ray absorption spectra (XAS) of YbsRheSn;g indicate
that the Yb ions are in the intermediate valence state (IVS)
switching between the 4f™ (Yb*") and 4f'* (Yb*") configur-
ations. The latter one was simulated by quantum mechanical
density functional theory (DFT) calculations, which showed
that the Yb2-5d states are unexpectedly strong, contributing to
the Yb*" white line. This finding can explain why the known
theories fail to describe the IVS in the new stannide.

Indeed, the well-established Cogblin-Schrieffer model fails,
whereas the Bickers-Cox-Wilkins one fairly describes the
maximum in the temperature dependence of the magnetic sus-
ceptibility of YbsRhgSn,g only on the assumption of the J = 3/
2 multiplet (degeneracy N = 4) which, however, is atypical for
Yb atoms. Furthermore, the Kondo temperature of 191 K,
obtained from such a fit, is much too low, which is not con-
firmed in further electrical transport studies.

Electrical resistivity, which increases with increasing temp-
erature and fits well to the quadratic Fermi-liquid approach in
the low-T regime, together with the observed small Seebeck
coefficients as well as high charge carrier concentrations and
their mobilities hints towards the metallic properties of
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YbsRhgSn;g. However, application of the free electron gas
model failed in the description of electrical transport of this
stannide. This fact is further ascribed to its complex electronic
structure revealing four bands at the Fermi level (Eg) as well as
to the temperature-dependent domination of the type of
charge carrier (i.e., electrons below 200 K and holes above).

A well-pronounced minimum in the T-dependent Seebeck
coefficient is a feature indicating IVS. By applying a two-band
theory, we found that the mean Yb valence is v ~ 2.8, if one
assumes smaller degeneracy (N = 4), and it increases up to
~2.9 for N = 8. Although both v-values differ strongly from v =
2.59 to 2.62 (deduced from XAS), the observed tendency is in
line with those found for magnetic susceptibility (i.e., better
description with models for smaller N).

YbsRhgSn;g shows an ultra-low thermal conductivity domi-
nated by phonons in the low-T range. The lattice contribution
shows also a clear minimum, which (at the level of this investi-
gation) most likely can be attributed to the appearance of
phonon resonance due to the ‘rattling’ motion of Sn1 atoms in
the structure of this new stannide. Indeed, by applying the
Debye-Callaway model, we deduced the characteristic reso-
nance frequency [5.81 THz], which is comparable with the
values for such cage compounds as intermetallic clathrates.
Therefore, it is argued that the phonon resonance can explain
why the thermal conductivity of YbsRhsSn,;s becomes ultra-
low.
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