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Yb3;Rh4Sn;3: Two-gap superconductor with a complex Fermi surface
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Structural and physical properties of the Ybs;Rh,Sn;3 Remeika phase are investigated on large single crys-
tals grown from Sn-flux. It crystallizes with disordered Y;Co,Ge;; structure type [space group Pm3n, a =
9.6709(2) A], where the 24k crystallographic site occupied by Sn atoms is split. YbsRh,Sn; is a superconductor
(SC) with the critical temperature 7. = 7.63(5) K, lower [B.; = 14.5(5) mT] and upper [B.(0) = 2.89(5) T]
critical fields, as well as a clear peak effect with B*(0) = 1.96(9) T observed in the M (H ) loops. B, (T;) can be
described by the sum of two Werthamer-Helfand-Hohenberg equations. A y (B) o B"7 dependency is found.
The electronic specific heat below 7; follows an exponential function including 87% of a strongly coupled
[Ay/kgT. = 3.52(1)] and 13% of a conventional s-wave-like [A,/kgT. = 1.32(1)] gap. The observations are
in line with Yb3;Rh4Sn,; being a two-gap SC. The Remeika phase reveals a complex electronic band structure

studied by Hall coefficient (Ry) measurements and calculations performed within the density functional theory.
A “rattling” effect in Yb3;Rh4Sn,; is discussed based on structural refinements and phononic contributions to its

specific heat capacity.
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I. INTRODUCTION

In the early 1980s Remeika and co-workers discovered a
family of intermetallics crystallizing with the primitive cu-
bic YbsRh4Sn; type [1]. Being structurally akin to simple
perovskite [2] and filled skutterudite [3] types this stannide
is considered as so-called cage compound, where enlarged
[Snj,] icosahedra incorporate a “rattling” Sn atoms. This fam-
ily of intermetallics comprises more then 100 compounds,
a few dozen of which are superconductors with the critical
temperatures (7;) up to ~10 K and frequently unconventional
mechanisms [4], which comes without surprise considering
analogous behaviors in cage compounds [5—12].

Superconductivity at 7, = 8.6 K with an upper critical
field B, = 3.5 T was reported for Yb3RhySn;3 in a seminal
publication of Remeika et al. [1]. However, further studies
found both these parameters somewhat lower (i.e., . = 7.8 K,
B =2.6 T) [13,14] as well as detected a hysteretic peak
effect (PE) above a finite reversible field region (i.e., B*)
in the magnetization, which is suppressed with increasing
temperature. This finding indicated a clear tricritical point
at ; ~ 6 K in the B,,—T. phase diagram, starting from
which B, and B* deviate upward and downward, respectively.
Such a phase diagram is a hallmark of a Fulde-Ferrel-Larkin-
Ovchinnikov (FFLO) superconducting (SC) state [15] and
was reported for, e.g., CeRu, [16] and UPd,Al; [17]. How-
ever, the superconductivity in YbsRhsSn;3 was shown to be
in the dirty limit (i.e., the mean free path is smaller than the
coherence length), the strongly pinned region extended up to
0.9T; instead of the expected 0.557;, the Gruenberg-Gunther
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parameter is found to be too small (i.e., ~0.2 instead of
the theoretically calculated 1.8), and finally the acoustically
determined PE for B < B, was by an order of magni-
tude smaller than that normally observed for a FFLO state
[18]. Thus the latter scenario was considered as being rather
unlikely.

On the other hand, an anomalous variation in the current
density (J..) across the PE region in Yb3Rh4Sn3 together with
a slight (by ~2 %) temperature softening of the cs4 mode
would disagree with a conventional PE [19]. Further extensive
studies based on dc-magnetization and ac-susceptibility mea-
surements revealed a transition from an ordered vortex lattice
(VL) [i.e., Bragg glass (BG)] phase to a partially disordered
vortex glass (VG)-like phase, which was influenced by an ac
driving force [20-23]. The quality of the ordered BG phase in
YbsRhsSn ;3 was shown to depend significantly on the crystal
orientation (i.e., a better spatially ordered vortex configuration
is observed for the magnetic fields applied parallel to the
[110] direction) [24]. Small-angle neutron scattering (SANS)
revealed hexagonal symmetry of the VL [25] as well as con-
firmed a phase transition from VL into a glassy phase [26].
These studies indicated the SC state in Yb3Rh4Sn;; to be
characterized by a stronger electron-phonon coupling together
with an isotropically gapped (i.e., s-wave) order parameter.
All these findings would allow one to assign the Remeika
phase (RP) neither to conventional nor to unconventional su-
perconductors.

A situation, where several physical properties of inter-
metallics crystallizing with the YbsRh4Sn;3 prototype or
in structure derivatives remain less clear, is frequently ob-
served [4]. And one of the reasons here is the challenging
estimation of the true structural arrangement. Recent studies
revealed that such compounds are in many cases charac-
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terized by a strong structural disorder [27-29], by ordered
superstructures [30-33], by modulations [34], or even by
intergrowth on the nanolevel of differently ordered domains
[35,36]. Elucidation of these effects is only possible per-
forming combined powder high-resolution synchrotron and
single-crystal x-ray diffraction (XRD) together with trans-
mission electron microscopy (TEM) investigations [4]. Such
studies suggest that certain Remeika phases do not belong
to the class of cage compounds and thus tend toward con-
ventional SC behaviors. For instance, broken time-reversal
symmetry (TRS) was reported for the tetragonally distorted
RPs RsRheSn;g (R = Sc [37], Y [38-40], and Lu [40]). How-
ever, further studies indicated a strong structural disorder in
such phases and consequently s-wave BCS-like superconduc-
tivity [41,42] similar to isostructural Ru- and Ir-containing
analogs [43-45].

An earlier refinement of the crystal structure of
YbsRhySn 3 indicated unphysical elongation of the thermal
ellipsoids for the Sn atoms (at the 24k site) in one direc-
tion (i.e., By; &~ 3.5B33) [46], which could be a signature
of both a structural disorder (i.e., splitting of the 24k posi-
tion) and/or of a symmetry lowering. Based on this fact as
well as on the puzzling nature of the SC mechanisms for
Yb3;RhySn;; we performed a joint investigation of structural,
magnetic, thermodynamic, and electrical transport properties.
We demonstrate that in YbsRhy4Sn 3, (i) the crystal structure is
disordered; (ii) the lower and upper critical fields are isotropic;
(iii) the charge carrier concentration in smaller by a factor
of ~10° than those in a simple metal; (iv) a rattling effect
manifests itself in both structural refinements and specific
heat; (v) superconductivity is in the clean limit and reveals
all signatures of a two-gap mechanism.

II. EXPERIMENTAL

Samples of total mass of 1 g and the Ybs; RhsSnj3_, (x =
0, 0.1, 0.2) compositions were prepared by high-frequency
melting of the mixtures of ytterbium (Ames, 99.95 wt. %),
rhodium granules (ChemPur, 99.9 wt. %), and tin foil
(ChemPur, 99.995 wt. %) in glassy carbon crucibles. The
total weight losses were < 1 wt. %. All sample handling
and manipulations were performed inside a glove box system
under protective argon atmosphere [p(H,0), p(O,) < 1 ppm]
to avoid oxygen and moisture contamination. The obtained
buttons were wrapped in the Mo foil and enclosed in an
evacuated silica ampoule. Further, the samples were annealed
at 1070 K for 1 month.

In the next step, samples with Yb content x = 0, 0.1, and
0.2 were placed in separate glassy carbon crucibles together
with tin excess in mass proportions 1:15, 1:10, and 1:7, re-
spectively. Then, they were sealed in Nb tubes under Ar
atmosphere and enclosed again in evacuated silica ampoules.
The crystal growth was performed in programmable muffle
furnaces by the following heat treatment profile: heating up to
1370 K within 6 h, staying at this temperature for 6 h, and
cooling down to 870 K with 2 K h™!. The Sn excess was
removed by centrifugation at 770 K with further washing of
the obtained crystals in diluted (1:8) HCI. The largest crystals
(i.e., with dimensions up to 5 x 5 x 5 mm) were grown from
the synthesis based on the sample with Yb content x = 0.2

and Sn excess 1:7. In two other cases smaller specimens (i.e.,
up to 2 x 2 x 2 mm) were obtained. Interestingly, all crystals
revealed almost identical (i.e., peak positions and intensities)
powder XRD patterns, indicating them to be of the same com-
position. This finding is then confirmed not only by structural
refinements, but also by coherent physical behaviors, which
were measured on three specimens selected from each batch
[they are labeled crystal 1 (x = 0, 1:15), crystal 2 (x = 0.1,
1:10), and crystal 3 (x = 0.2, 1:7), respectively].

Differential scanning calorimetry (DSC) measurements
performed on synthesized crystals using the Netzsch DSC
404c calorimeter revealed one endothermic effect (Fig. S1
of the Supplemental Material [111]) at 1314 K indicating
congruent melting of YbsRh4Sn;.

Powder XRD (PXRD) was performed in transmission
mode on a Huber G670 Guinier camera (CuK, radiation, A =
1.54056 A, 26 range 3°-100°, exposure time 4 x 30 min).
To refine unit cell parameters (UCPs) more precisely, PXRD
patterns were measured with LaBg (a = 4.15695 A) as an
internal standard. Phase analysis was performed with the
WinXPow software package [47], whereas Rietveld refine-
ment and calculation of UCPs by the least-squares method
were carried out with the WinCSD program package [48].

Single-crystal XRD was performed on a Bruker AXS D8
Quest diffractometer (MoK,, A = 0.71073 A) equipped with
a Photon100 detector and a TRIUMPH monochromator [49].
Integration and correction of the obtained data set was done
with the APEX software [50]. Crystal structure refinement
was performed with WinCSD [48].

One of the crystals was embedded in a conductive resin,
ground and polished (final polishing was performed with
0.25 wum diamond powder). The obtained surfaces were
analysed by scanning electron microscope SEM-JEOL JSM
7800F equipped with a Bruker Quantax 400, XFlash 6|30
(silicon drift detector) energy-dispersive x-ray spectrometer.
The composition Ybs o1)Rh3.9(1)Sn3.1(1) estimated from this
study is in agreement with the refined ones (Table I).

The field and temperature dependent magnetic susceptibil-
ity, electrical resistivity, Hall effect, and specific heat capacity
for the YbsRh4Sn;3 crystals were measured with the VSM,
van der Pauw, and HC options, respectively of a DynaCool-12
instrument from Quantum Design. To reach 0.35 K, the *He
option was used.

The electronic band structure and density of states (DOS)
for Ybs;Rh4Sn;3; within the local density approximation
(LDA) of the density functional theory (DFT) were calculated
using the full-potential FPLO code (version 18.00-52.38)
[51]. The scalar relativistic calculations were performed using
the exchange-correlation potential by Perdew and Wang [52]
with the k-mesh of 1728 points in the first Brillouin zone.

III. RESULTS AND DISCUSSION

A. Crystal structure

All peaks in the powder x-ray diffraction (PXRD) pat-
terns of crystals 1, 2, and 3 could be indexed within a
cubic primitive lattice with very close (i.e., within two
standard deviations) values of the unit cell parameter (UCP)
given in Table I, which indicated no homogeneity range for
Yb3Rh4Sl’113.
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TABLE I. Crystallographic data for Yb3Rh4Sn3 [Yb in 6d (1/4
01/2),Rhin 8¢ (1/4 1/4 1/4), Snl in 2a (0 0 0)].

Space group (No.) Pm3n (223)
Formula per unit cell, Z 2

Unit cell parameter,* a A 9.6709(2)
Unit cell volume, V (A%) 904.48(6)
Calculated density, p (g cm™>) 9.08(2)
Crystal size (mm?) 0.02 x 0.06 x 0.11
Absorption coefficient (cm ™) 371.4
F(000) 2080.0
Radiation and wavelength, A (A) MoK, 0.71073
Temperature (K) 300(2)

Diffractometer
20malx (deg) and (Sin 9/)\)max

Bruker D8 QUEST
72.51 and 0.832

Minimum A, k, [ —16, —16, —16
Maximum A, k, [ 16, 16, 16
Absorption correction multiscan
Collected reflections 96 758

Independent reflections 419 (R = 0.066)

Refined parameters 20
Reflections with I,;; > 30 (1) 419 (R, = 0.0085)
Refinement on |F|

R/wR" 0.032/0.034
Goodness of fit 1.06

Residual peaks (e A%
Sn2 in 24k (x 0 z), x, z
Sn3in 24k (x02z),x,z
G(Sn2), G(Sn3)

—0.85; +1.02
0.31567(6), 0.1553(1)
0.29316(7), 0.1508(2)

0.53(1), 0.47(1)

d(Yb-8Sn2) (A) 3.3585(7)
d(Yb-4Rh) (A) 3.4192(1)
d(Rh-6Sn3) (A) 2.6344(5)
d(Sn1-128n3) (A) 3.1882(9)
d(Sn2-1Sn3) (A) 0.222(1)
d(Sn2-1Sn3) (A) 2.968(2)
d(Sn2-2Rh) (A) 2.6622(5)

“Powder data.
bw = 1/1n(F,)*.

Further, one of the crystals from batch 2 was crushed and
an appropriate specimen (dimensions are given in Table I) was
chosen for single-crystal XRD study. Since the UCP matched
those reported in [1], the integration and further refinements

of the collected data were performed within the space group
(SG) Pm3n (crystallographic details are collected in Table I).
Application of direct methods resulted immediately in the
structural model found for YbsRh4Sn;; in [46] and its
further refinement (i.e., of extinction-, atomic-, and thermal-
displacement parameters) converged with reliability factor
R =0.076 and with peaks of the residual electron density
(RED) —3.7/ + 6.7 ¢ A=3. In the next step, the anisotropic
displacement parameters (B;;) (Table II) were refined for such
a model. This led to the remarkable reduction of the R-factor
and RED (i.e., became 0.036 and —0.84/ + 1.0 ¢ A3, respec-
tively) as well as to an unphysical By; value of Sn2 (which is
nearly twice as large as By, and Bs3z). Such a situation could
indicate a split of the 24k [x = 0.3052(1), 0, z = 0.1532(1)]
(these coordinates were further used for the theoretical DFT
calculations) crystallographic position occupied by the Sn2
atom. Here, we would like to refer to our previous work [4],
where relations between unphysical anisotropies of thermal
displacements and possible crystallographic split positions in
Remeika-phase-like structural arrangements are discussed in
detail. And indeed, an introduction of a split position occupied
by a Sn3 atom (occupational parameter G and refined atomic
coordinates are listed in Table I) led to the convergence of
the refinement with a lower R factor as well as to reasonable
RED (Table I) and B;; values (Table II). Such a structural
model (i.e., with a split 24k site) is known as Y3Co4Ge 3 type
[53]. The enhanced B, value for Snl (Table II) could also
hint toward partial occupancy of the 2a position, similarly as
reported for the LuzOs,Ge 3, type [54]. However, in the case
of YbsRh4Sn 3 this enhancement of the atomic-displacement
parameters is ascribed to a rattling effect [55], which is clearly
pronounced in the temperature dependence of the specific
heat (see discussion below). Further, we used the obtained
structural model to perform Rietveld refinement of PXRD
data. It converged with reliability factors R; = 0.052 and
Rp = 0.094 and profiles are presented in Fig. 1, confirming
again its correctness.

The shortest interatomic distances in the crystal struc-
ture of YbsRhySn;; are collected in Table 1. Most of them
are by ~4%-5% longer in comparison with the sums of
atomic radii of the elements (ry, = 1.94 A, rrn = 1.34 A, and
rsn = 1.41 A [56]). The exceptions from this observation are

TABLE II. Equivalent (B.q)* and anisotropic (B;;) displacement parameters (in A?) for YbsRh,Sn3 refined with and without split position.

Atom B, By By

Bs; B, Bis Bx;

no split position

Yb 0.86(1) 0.97(2) 0.80(2) B 0 0 0
Rh 0.51(2) 0.51(2) B B —0.03(1) By, B,
Snl 1.37(3) 1.37(3) B B 0 0

Sn2 0.98(1) 1.72(2) 0.51(2) 0.70(2) 0 0.25(1) 0

with split position

Yb 0.85(1) 0.96(2) 0.80(2) B 0 0 0
Rh 0.50(1) 0.50(2) By By —0.03(1) By, B,
Snl 1.36(2) 1.36(3) By By 0 0 0
Sn2 0.60(5) 0.65(2) 0.55(5) 0.61(7) 0 0.05(1) 0
Sn3 0.63(6) 0.70(2) 0.58(5) 0.62(8) 0 0.04(2) 0

*Beg = %(B“a*za2 + ...2Bxb*c*bccosa).
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FIG. 1. Powder x-ray diffraction patterns of YbsRh4Sn,3. Inset:
Arrangement of the [RhSng] trigonal prisms (orange), [Sn1Snj;]
icosahedra (light gray), and [YbSn;,] cuboctahedra (blue) in the

crystal structure of Yb;Rh4Sn;3. Yb and Sn atoms are presented as
light gray and black balls, respectively.

Yb-Sn2 (is close to the corresponding sum), Rh-Sn3 (is
shortened by ~4.2%), and the split Sn2-Sn3 contacts. All
these variations are typical for intermetallic compounds [57],
whereas elongation of the Sn1-Sn3 distance by ~13% (in the
case of the refinement without splitting of the 24k site this
value is even of ~17%) would indicate Yb;Rh4Sn3 to be a
cage compound [5,6,11]. This finding is again in agreement
with the observed rattling effect due to thermal motion of the
Snl atom.

The structural relationship of the ideal (i.e., containing
no split position) YbsRhsSn;3 Remeika structure type with
perovskite and filled skutterudite arrangements is discussed
in detail in [4]. This type is described as consisting of an ar-
ray of corner-sharing [RhSn¢] trigonal prisms with [Sn1Sn;;]
icosahedra and [YbSn;] cuboctahedra (inset of Fig. 1) em-
bedded therein. Both latter units are again characteristics of a
cage compound [5,6,11].

B. Magnetic measurements

The temperature dependencies of magnetic susceptibility
x(T) of the YbsRhsSn ;3 crystals corrected (as proposed in
[58]) by diamagnetic increments are plotted in Fig. 2. They
are rather small and positive (i.e., reminiscent of weak Pauli
paramagnetism [59]) in the whole studied temperature range
and thus indicate a domination of the nonmagnetic Yb-4f4
state (i.e., Yb*?). The effective magnetic moments of ~1 Ug
estimated from a Curie-Weiss fit of x (7") for 250-350 K (not
shown in Fig. 2) are in agreement with 20% of Yb*? impurity
(i.e., valence state v = 2.2) reported for YbsRh4Sn;3 from
XAS investigation [60].

The low-field x(T) for a few randomly oriented crystals
reveals strong diamagnetic signals (inset to Fig. 2) indicat-
ing superconducting transitions with nearly the same (i.e.,
within a standard deviation) onsets, which are in good agree-
ment with the literature data (Table III). The diamagnetic
response in the zero-field cooling (zfc) regime is close to
complete in all cases. The differences in the jumps’ magni-

RIS R T SR SRS NS S S NS SR S
0 50 100 150 200 250 300 350
T (K)

FIG. 2. Magnetic susceptibility of Ybs;Rh,Sn; crystals for B =
7 T and for B = 2 mT measured in zfc and fc conditions (inset).

tudes in field-cooled (fc) Meissner effect and zfc curves of
the specimens are obviously due to the effect of demagne-
tizing fields. Indeed, correcting low-field x (7)) measured in
different directions for crystal 3 (the ellipsoidal shape is as-
sumed) as proposed in [61,62] nearly the same (Fig. S2 of the
Supplemental Material [111]) fc and zfc jumps were obtained.
The differences between them can be explained by imperfec-
tions in the synthesized crystals.

Analogously, the different amplitudes of the isothermal
magnetization M(H) loops typical for a type-II super-
conductor became the same while performing correction
for demagnetizing factors (cf. Fig. 3(a) and Supplemental
Material [111] Fig. S3). Hence, estimating the lower critical
fields [B.1(1.8 K)] for the [100], [110], and [1 1 1] directions
of crystal 3 as points at which M (H) starts to deviate from
linearity the same values are obtained [Fig. 3(b) and Table III].
The obtained here B.; (1.8 K) is somewhat larger than those
reported in [13,22,25,26], which can be explained by the fact
that the latter were not corrected for demagnetizing fields.

In agreement with the earlier reports, all crystals studied
here reveal an unusual hysteretic bubble in both forward
[M(H™")] and reverse [M(H™)] legs of the M(H) curves
prior to the upper critical field (B.;) [Figs. 3(a) and

TABLE III. Superconducting parameters for YbsRhySn;3 crys-
tals synthesized in this work in comparison with the literature data.

Crystal T)/T.(K) B. (T) A (A) «(0)  B.(0) (mT)
1 7.63(5)

7.58(5)
3 755(5) 14.5(5)  1790(40) 17(1) 122(1)
[13] 7.8 10.8° 2100 21 110
[22] 7.6 10.0° 2200
[25] 74 8.3(2)°  2508(17) 25
[26] 74 13.5 18300

4Data measured for [1 0 0], [1 1 0], [1 1 1] directions and corrected
for the effect of demagnetizing fields.
Values were calculated by us using Eq. (4).
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FIG. 3. (a) Magnetization loops for the randomly oriented
YbsRhySn;3 crystals measured at 7 = 1.8 K. (b) Magnetizations for
crystal 3 measured for different directions in low fields and corrected
by demagnetizing factors. Deviation from the linearity at the first
critical field (B,;) is shown with the dashed line. (c) Peak effect (PE)
anomalies in the reversed B~ field for the randomly oriented crystals.
(d) Suppression of PE in crystal 1 with increasing temperature. B* is
the field at which the hysteretic peak closes.

3(c)]. This so-called peak effect (PE) phenomenon is well
known for YbsRh4Sn;3 and is discussed in the literature
[13,14,20,23,24]. It is appearing due to unusual increase in
the critical current density j.(B) and is found to be strongly
orientation dependent [24]. The latter fact explains also dif-
ferent amplitudes as well as the onset field positions (B*)
in the studied crystals (Fig. 3(c) and Supplemental Material
[111] Fig. S3). PE is suppressed with increasing temperature
[Fig. 3(d)] and thus B* reveals a clear T dependence (see
discussion below).

C. Electrical transport

The temperature dependence of electrical resistivity p(T')
for YbsRh4Sn3 (crystal 2) is presented in Fig. 4. It decreases
with decreasing temperature as expected for a simple metal,
however, at the same time, it is nearly by one order of
magnitude higher then those of a typical metallic system [59].
Interestingly, at room temperature, p(7) is also by a factor
of ~5 or ~15 larger compared with the data obtained for
YbsRhsSnj3 in [63] and [25], respectively. Actually, such
an excellent conductivity (in accordance with [63] and [25]
it is comparable with stainless steel [59]) is rather rare for
Remeika phases (for now observed only for Yb3;CosGes
[34], ScsRheSn;g [64], and U3zRhyGe; [33]). The latter
are normally revealing o(7) comparable with RT values
Of, c.g., La3Rh4Sn13, Ceth4Sn]3 [65], Y3Rh4Gel3 [35],
Th3IrsGeys [28], etc.) or even by a factor of ~2—4 higher
and simultaneously characterized by, for a metal, an unusual
increase with decreasing temperature (e.g., Y34RhsGejrg
[35], YsIrgSnig [36], YsRhegSnig [39], LusRhgSnjg
[41], etc.).

450 II " i T ] T T T —=
@ o
400 FE+ 055 E
Z60 el
350 “wf 1
© ] ) ) ]
300 a2 0 100 ZO.IO_Z(K;S)OO ‘_.N .
§ 250
G
Z200F 3
Q
150 | 25t
10T —22T |/
50 12T ——24T [
14T 26T ° 2 5
0 m—— |4.';.1'?T. 1 .2'?1-. . PP IT.(K.) . P
0 50 100 150 200 250 300
T (K)

FIG. 4. Temperature dependence of electrical resistivity p(7") for
Ybs;RhsSn;3 (crystal 2). Inset a: Dependence of electrical resistivity
from T2. Green line shows fit to py + Ap. T2. Inset b: p(T') near the
superconducting transition in different magnetic fields.

In the temperature range 8—40 K, o(T) of YbsRh4Sn 3 fits
well to the Bloch-Griineisen formula [Eq. (1)] [66]:

T n e5*/T P
w=m+a(ge) [ et O

with n =3 (indicating domination of the s—d interband
scattering in agreement with a strong relevance of electron-
electron scattering due to p ~ T2 behavior, as discussed
below), the residual resistivity po = 43.4(1) u€2 cm (stays for
the scattering on defects), A = 1.42(1) u2 cm (coefficient
depending on the phonon contribution), and Debye temper-
ature OF* = 74(1) K. The latter value is by a factor of ~2.7
smaller than ®p(0) obtained from specific heat and by the
same factor larger than the observed Einstein temperature
O (see discussions below). This could indicate that electron
scattering in Yb3Rh4Sn;3 occurs mainly on, e.g., longitudinal
acoustic phonons [67]. The residual resistance value (RRR)
estimated as p3pp/ 0o is found to be 10.6 (compare RRR = 8
reported in [63]) and indicates a good quality of the studied
sample.

In the temperature range 7.8-18.8 K, p(T') of Yb3Rh4Sn3
reveals a quadratic behavior (inset a to Fig. 4) and fits to
po +Ap T? with py = 41.2(1) u2 cm and Ap = 9.6(1) x
1072 u2 cm K~2. Hence, the Kadowaki-Woods ratio [68]
ArL/y? = 1.83 x 107> u2 cm (mol K)> mJ~2 is calculated.
This value is close to 1 x 107> uQ2 cm (mol K)?> mJ~2, which
indicates YbsRhy4Sn;3 to be a Fermi liquid system [69].

The Remeika prototype stannide reveals a strong
temperature- and magnetic-field-dependent Hall coefficient
Ry(T). As one can see from Fig. 5, it decreases upon in-
creasing temperature and becomes larger in higher fields. The
latter dependence [i.e., Ry(B)] shows also a clear tendency to-
ward saturation, which is especially well pronounced at lower
temperatures (Fig. S4 of the Supplemental Material [111]).
Strong changes of Ry with 7 and B have been also observed
for numerous isostructural Remeika phases (e.g., Ce3RhySn 3
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FIG. 5. Temperature dependencies of the Hall coefficient Ry (T')
for YbsRh4Sny3 in different magnetic fields. Inset: Temperature de-
pendence of charge carrier concentration n(7") and mobility wu(7') for
Ybs;RhsSn; in a magnetic field B=9T.

[70], UsRh4Sny3 [71], LaslrySnys [72], LazCo4Snysz [73],
Y;RuysGeq3 [74], etc.). In all these cases deviation from the
behavior of a single-band metal (Ry is expected to be tem-
perature independent [59]) is ascribed to complex band and
electronic structures. These are also found to be characteristic
for YbsRh4Snj3: nine bands are crossing the Fermi level (Ef)
in this stannide (see below).

Interestingly, contrary to the aforementioned compounds,
Ry(T) of YbsRh4Snj;; is negative, which indicates an
electron-like conduction mechanism. Comparing this re-
sult with chemically closely related CesRhySn;; [70] and
UsRhySnj3 [71], where conductivity is found to be hole-
mediated [i.e., positive values of Ry(7")], one could conclude
that the type of the latter is defined by the valence balance
(i.e., Ce™ and U™ vs Yb*?). And indeed, In-doping of
La3Co4Sn;s (i.e., replacement of Sn** by In*?) results in
Ry (T) behavior, which is almost identical with those in Fig. 5
(cf. Fig. 3(b) of [73]).

Absolute values of |Rg(T)| in the whole studied tem-
perature range for YbsRh4Sn;3 are of the same order of
magnitude (i.e., ~107! cm® C~') as those of La3Co4Sn3
[73], Y3;Ru4Geys [74], and YslrgSnig [36], thus indicating
by a factor of ~10° lower charge carrier concentration n(T)
[deduced from |Ry| = (ne)™'] (inset of Fig. 5) compared to
a conventional metal [59]. Here it should be noted that the
change of n(T) by one order of magnitude in the narrow
temperature range of 10-130 K (similar behavior is reported
for Y3RuyGe,3 [74]) is rather artificial due to application of
the simplified one-band model. Obviously, the reliable n(T)
values are obtained for T > 130 K, where the free electron
gas model starts to work (see discussion below). Neverthe-
less, despite all disadvantages of the used model, lowered
charge carrier concentration explains well the enhanced elec-
trical resistivity of YbsRhySny3. Also, a decrease of n with
increasing T accompanied by the temperature-independent
charge carrier mobility (calculated from p = |Ry/p|), which

T T T
T T T T

T
—— B-WHH (two-gap)

B! [13] ]
o By (1) x B [13]
0.0 L 1 1 1 1 1 .
0 1 2 3 4 5 6 7 8
T. (K)

FIG. 6. Upper critical (B.;) and onset (B*) fields of PE for
different YbsRh,Sn 3 crystals as function of critical temperature de-
termined from the electrical resistivity (B%,), magnetic susceptibility
(B), and specific heat (B(;) measurements together with the fits to
GL-, JHC- and B-WHH models (for more details see text). Inset: Fit
of the B,(T:.) dependence assuming two B-WHH-like bands.

is found to be comparable with those of a simple metal
[59] (.e., ~107%2 cm? V~! s71), are in line with the ob-
served increase of electrical resistivity in the whole studied T
range (Fig. 4).

D. Upper critical field

In the inset b to Fig. 4, p(T') in various magnetic fields is
depicted. The onset of the superconducting transition in zero
field is observed at 7,°™" = 7.60(5) K in good agreement
with the values of T presented in Table III. Further, we plot
the upper critical fields (B.,) as well as onset fields B* of PE
determined from diverse measurements for different randomly
oriented crystals synthesized in this work together with the
literature data [13] as a function of transition temperatures 7.
As one can see from Fig. 6 they follow the same dependence,
which brings us to the conclusion that B, is isotropic and/or
independent of the routes of syntheses.

B (0 T
()

T\? 7\*
—[0.153(1——) —0.152(1——)} )
1. 1.

In the next step, we tried to describe the B (7.) depen-
dence with the analytical expression of Baumgartner et al.
[75], which reproduces the shape of the Werthamer-Helfand-
Hohenberg (B-WHH) model [76] [Eq. (2)] and is expected to
work in the case of a conventional BCS-like superconductor.
However, as one can see from Fig. 6, the B-WHH-fit did
not work in the lower and in the middle 7; ranges mainly
due the change of the slope, which starts to become steeper
at Ty =& 5 K before it saturates. Therefore, we assumed the
possible suppression of a small SC gap at T; (indicated by
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an arrow in the inset to Fig. 6) and tried to fit the B (T:)
dependence with a sum of two Eq. (2) (i.e., for temperature
ranges T < Ty and T > T, respectively). The total fit to such
a model with both contributions is depicted in the inset to
Fig. 6. A nice description with the value of the upper critical
field B.»(0) = 2.95(5) T could let us to conclude on the two-
gap-like SC mechanism in Yb3Rh4Sn ;3. However, as one can
see from Fig. 6, the Jones-Hulm-Chandrasekhar (JHC) model
[77] [Eq. (3)] provides an excellent description of B (7;) in
the whole temperature range and results in a very close value
of B»(0) =2.89(5) T.
2
- (1)

2
1+(%)

Such cases where temperature dependence of the upper crit-
ical fields fits well to several models are also known in the
literature (e.g., [78]). This indicates that analysis based only
on B (T;) dependence is frequently insufficient to estimate
the SC mechanisms in a material and further studies are re-
quired.

The B, values obtained here are by ~0.2-0.4 T higher
than those from the earlier studies [13,23,25,26]. This could
be explained by the fact that in none of the previous works
a model analysis was applied to estimate the upper critical
field. Taking into account that data from [13] and from [25]
(not shown in Fig. 6) agree well with ours, we conclude that
B, values derived in this study are reliable.

Further, using B, = ®o/27&2, (where &g = h/2e is the
flux quantum), the Ginzburg-Landau (GL) coherence length
EgL(0) = 107(1) A is calculated. Having this value, we esti-
mated the London penetration depths A; (0) by the numerical
solution of Eq. (4) [79] as well as GL parameters and the ther-
modynamic critical fields from «(0) = Ap/&gL and B.(0) =
[B.1Bey/In(k)]'/?, respectively. Obtained data are collected
in Table III. Importantly, the Ginzburg-Landau parameter is
well above 1/+/2, which is in agreement with the type-II
superconductivity in YbsRhySn3.

([ @ n
e(mel) @

In this work we pay less attention to the PE in Yb3RhySn;3,
since it was already extensively investigated and the main
results on this issue are collected in [13,23,24]. In Fig. 6 we
compare the temperature evolution of B* (the field at which
the hysteretic bubble due to PE closes) of our sample with
the data from [13]. Interestingly, both of them fit well to the
Ginzburg-Landau (GL) equation [Eq. (5)]:

T 2
B —B (0)[1 _ (T—> ] )

with B*(0) = 1.96(9) T and 7} = 7.1(1) K~0.93T;. in agree-
ment with other studies [13,14].

B (T) = Be2(0) 3

E. Specific heat

The suppression of the steplike anomaly due to a SC
transition in the temperature dependence of the specific heat
capacity of YbsRhsSn;3 (crystal 2) [presented as c,/T(T)]

1.00T
125T
——1.50T 7
—o—1.75T
—=—2.00T
—o—225T
—=—250T |
—o—275T A
_D|_3'00|T 1
0 1 2 3 4 5 6 7 8

c,/T (10> mJ mol” K?)
N w H (3, ] (=] ~ (<] o

FIG. 7. Specific heat capacity of Ybs;RhsSn; in different mag-
netic fields in ¢,/T(T) presentation. Inset: Magnetic field depen-
dence of the Sommerfeld coefficient of electronic specific heat for
Yb;Rh,Sn; together with a power-law fit to oc B%7.

with increasing magnetic field is depicted in Fig. 7. No super-
conductivity became visible down to 0.35 K while reaching
B>275T.

The ¢,(T') dependence for the overcritical field (B =3 T)
fits well (inset to Fig. 8) to ansatz c,(T) = yiT + BT with
Yior = 72.5(5) mI mol ™! K=2 and 8 = 4.5(5) mJ mol~! K*,
which corresponds to a Debye temperature ®p = 232(1) K
(in fair agreement with ®p = 195 K obtained from the mea-
surements of elastic properties [18]). However, this approach
works only in a narrow T range of 0.35-2 K. Adding further
a 8T° phononic term with 8§ = 4.3(1) x 107> J mol~! K~
we could extend this range up to ~4.5 K; however above

50 | T T T T T T T T '11 T T T T T T T
| o o data < o data
‘p = " ot %10 7 THBT? 0000

’-\40—‘P ﬁT3+5T5 E .
Y | oo edT6) :
N ¢ fit Ly
e 30 & B
£
g
~ 20 -
el
~
\D.
(&)

10 -

0

FIG. 8. Specific heat for YbsRh4Sny3 in overcritical field (B =
3T)inc,/ T3(T) presentation together with the fit to Eq. (6) and its
electronic (¥ T), phononic (873 + 8T?), and Einstein [e£(Og/T)]
contributions. Inset: Low-temperature c,(T") together with the fit to
the Debye ansatz.
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this temperature the Debye model fails in the description of
¢,(T) of YbsRhySny3. Therefore, in the following we tried to
take into consideration possible rattling modes, suggested by
the crystal structure refinement (Table II). They also manifest
themselves in form of a well pronounced maximum centered
at ~5.5 K in the c,,/T3(T) dependence [80,81] (Fig. 8), which
can be described by adding of an Einstein-term to the ansatz
above [80,82,83]:

cp(T) = T + BT + 8T’ + €£(Og/T), (©6)

where £(Og/T) is the Einstein function [83] and € = 3 Ry
reflects three degrees of freedoms for each rattling atom (i.e.,
y = 1 for Snl in our case). To perform the fit to Eq. (6)
we fixed y, B, and § to the values given above deduc-
ing € =6.5(1) T mol~! K~! and ®g = 28 K. The former
value, however, indicates a strongly underestimated number
of rattlers (i.e., y = 0.26 instead of the expected 1). The
structural arrangement of Remeika type hosts a much more
complex phonon spectrum than those of heavy atom-filled
skutterudites [80,82] or intermetallic clathrates [84], where
this simplified model was reasonably well working. Also,
recalculating B of the rattling Snl atom (Table II) into
Einstein temperature ©F using Eq. (7) we obtain 89 K, which
is again by a factor of ~3 larger than the value deduced from
the specific heat data. Such a discrepancy was also encoun-
tered in the case for filled skutterudites, where the atomic
mass of the rattler (Ra) was comparable with those of the
atoms forming the framework (e.g., RaFe,Sb, with Ra = Na,

Ca, Sr) [82,85].
5 82T
Op = —%— (N
mSnkBBeq

Additionally, rattling is known to strongly influence the
electronic structure as well as to give rise to an exotic su-
perconducting state characterized by the possible formation
of heavy quasiparticles due to off-center degrees of free-
dom of ions [86,87]. Resulting from it anharmonic phonons
are shown to play an important role in the enhancement of
electronic specific heat and superconducting transition tem-
peratures (as, e.g., in KOs;Og [87], LaRusAs, [88], etc.).
Investigating SC properties of the MV,Al,, series with M =
Sc, Y, and Lu, the authors of [89] observed a T, increase
while strengthening anharmonicity of the ionic vibrations.
Further performed theoretical calculations of the phononic
dispersions and density of states (PhDOS) confirmed this
trend giving the highest electron-phonon coupling parameter
for ScV,Alyg (T, ~ 1 K), intermediate values for M =Y and
Lu (T, ~ 0.6 K), and the smallest for nonsuperconducting
M = La. Accordingly, one can assume that a rattling effect
in YbsRh4Sn;; is strongly contributing to superconductiv-
ity, since this stannide reveals the highest known for now
T, among all studied Remeika phases (cf. Table 4 in [4]).
However, more detailed analysis in this respect, as done
for the M'V,Aly, series, would be rather complicated, since
isostructural RaRh4Sn ;3 compounds are either crystallizing
in different structure types (Ra = La, Ce) or their specific
heat (Ra = Ce, Pr, Eu, Gd) is affected by magnetic orderings
and/or crystal electric field effects [4], making elucidation of
rattling motions very challenging. Additionally, simulations

of PhDOS for Yb3Rh4Sn ;3 would require special approaches
in view of the occurrence of structural disorder due to the split
position in its crystal structure and should become an object of
a separate study.

In the following c,(T") of crystal 2 near the SC transition
in zero field was analyzed within a graphical equal-areas
approximation (entropy-conserving) resulting in critical tem-
perature 7,” = 7.62(1) K (in good agreement with the values
from Table III) and the specific heat jump Ac,/yiolc =
2.38(1). The jump considerably exceeds the prediction of the
BCS theory (i.e., 1.43) as well as those earlier reported [13]
and thus indicates a strong electron-phonon coupling in the
YbsRhySn;3 superconductor. This finding would be also in
agreement with the enhanced (i.e., close to 1) value of the
electron-phonon coupling parameter A¢j—p, = 0.82(3), which
was deduced from the McMillan formula (with the repulsive
screened Coulomb potential ©* = 0.13):

1.04 + w*In(®p/1.45T,)

. ®)
(1 —0.62u*)In(®p/1.457;) — 1.04

)\elfph =

In a theoretical study [90] Eq. (8) is shown to be valid for two-
gap superconductors and is typically applied to estimate Aej—ph
in such materials (e.g., ReBey, [91], LaNiC, [92], ThyFes
[93], etc.).

Tc : @in
Acp/YinTe =143 1+53( = ) In( 30 )

(0.507x + 0.0436)*
(0.8281 + 0.00637)* + /1.85u* — 0.00743

(10)

T. = 0.715w,

An additional approach allowing estimation of the coupling
parameter and based on the different to McMillan considera-
tion of electron-phonon interactions appearing in the Eliash-
berg theory is proposed by Allen and Dynes [94]. Calculating
the logarithmic averaged phonon frequency wy, = 167.43 us-
ing Eq. (9) [95] and applying it together with the above
given value of the repulsive screened Coulomb potential in
Eq. (10) (Allen-Dynes formula improved by machine-learning
algorithm [96]), we deduce the electron-phonon coupling pa-
rameter A = 0.84(2) in excellent agreement with the above
obtained A¢j_ph.

Further, the temperature dependence of the electronic spe-
cific heat (co) (obtained after subtraction of Debye and
Einstein contributions) of Ybs;RhySn;; (Fig. 9) in zero field
is analyzed. It seems to be nearly comparable to the @ model
assuming a stronger electron-phonon coupling with o =
A0)/kgT. = 2.3 > apcs = 1.764 [97]. This finding would
acceptably agree with the energy-gap ratio of 2.8 deduced
from a small-angle neutron scattering (SANS) study [25].
However, presenting normalized c.;/y T, electronic specific
heat in semilog scale against reciprocal temperature T./T
(inset of Fig. 9), one can see that it is linear [i.e., compatible
with «-model and simple s-wave BCS-like o exp(—A /kgT;)
behavior] in the very narrow 7, /T ranges. On the other hand,
linearity in this dependence at higher 7,/7T values followed
by a strong upturn while reducing them is a typical feature
for a two-gap superconductor, which is reported in such state-
of-the-art materials as Lu,Fe3Sis [98] and YNi,B,C [99].

214515-8



Ybs;RhysSni3: TWO-GAP SUPERCONDUCTOR WITH A ...

PHYSICAL REVIEW B 108, 214515 (2023)

3.5 [ T T T T T T T T ]
A T — T T T

I o0 data ]

30F 1F a=23 3 .

[ fitto Eq. 9 ]

a5 LW o exp(-AlkBTc)_ _

© 2.0 ) D+
55 i
S i
© 15 D
L O 4
i Fuste
1.0 | ]
0.5 O data
[ - 23
0.0 .
0.0 0.2 0.4 0.6 0.8 1.0

FIG. 9. Temperature dependence of the electronic specific heat
for YbsRhySnj; in comparison with the o model [97]. Inset: A
semilog graph of electronic specific heat against 7. /T together with
a-model, o exp(—A/kgT,) approximation, and the fit to Eq. (11) for
T <T./2K.

Therefore, ¢ of YbsRhsSn;3 was further fitted to Eq. (11)
for T < T./2 (inset of Fig. 9):

ca = YoT + Vi Te[xAre™ 25T 1 (1 — x)Are= 22077 (11)

It converged with ¥y = 5.8(1) mJ mol~' K2, x = 0.87(1),
A =57(1), Ay/kgT. =3.52(1) (which is in acceptable
agreement with the order parameter calculated from the
Ginzburg-Landau coherence length, i.e., Ay/kgT, = 4.08; see
discussion below), A, = 27(1), and A, /kgT. = 1.32(1). This
indicates that the larger (i.e., of 87%) gap A; obeying an
exponential function is still s-wave, despite being character-
ized by an extremely strong electron-phonon coupling. On the
other hand, the smaller (i.e., of 13%) gap A, is somewhat
smaller than the BCS prediction [i.e., A(0)/kgT, = 1.764]
in agreement with earlier reports for two-gap superconduc-
tors [83,98—101]). Two-gap superconductivity in Yb3RhsSn 3
would be also in agreement with the power-law-like yp o< B"
(n = 0.75) dependence (inset of Fig. 7). Such a SC mech-
anism has been recently reported for the Y;RuyGe;s [102]
and LuszRuysGe;s [103] Remeika phases. Although several
factors hint toward multiband superconductivity in the studied
stannide, additional field and temperature dependent ther-
mal conductivity measurements could help to substantiate
this scenario. Such a study would be especially important in
view [104-106] of the observed complex electronic structure
for Yb3Rh4SI1]3.

In the next step, we corrected the normal state elec-
tronic specific heat coefficient (y() by the residual term
(yo) and obtained yy = Yot — Yo = 66.7(2) mJ mol~! K2
The electronic density of states (DOS) at the Fermi
level N(Ep) = 30.76(1) states eV~! fu.~! and the bare
DOS  Noanda(Er) = 28.30(1) states eV~' fu.”' deduced
from ¢ and yy, respectively, strongly deviate from the
theoretically obtained Npeor(EF) = 14.99(1) states eV~!
fu.~! for the idealized structure. However, recalculating a

Sommerfeld coefficient Pyae = 35.3 mJ mol~' K2 from
the latter value, we could find the electron-phonon cou-
pling parameter A = (¥n/¥bare) — 1 = 0.89, which is in good
agreement with the ones deduced from the McMillan and
Allen-Dynes formulas [Eqgs. (8) and (10)]. Further, knowing
that the DOS at Er and the effective mass of the quasiparticles
m* depend on the many-body electron-phonon interactions
in similar way, i.e., N(Eg) = Npand (Ep)(1 4 Aei—pn) and m* =
myna(1 + Ael—ph), and taking into account that my, ; = me,
the mass of the quasiparticles as m* = 1.86m, was estimated.

. n2k§NAme
© R23rin)/3

Unexpectedly, from Eq. (12) a charge carrier concentration
n=>5.54 x 10" cm™3 is found being the same as the ex-
perimental value observed at ~130 K (inset of Fig. 5). This
indicates that a simplified free electron gas theory could work
in the case of Yb3Rh4Sny3, in agreement with the numerous
parabolic bands and spherical sheets of the complex Fermi
surface calculated for this compound (see below). Taking the
charge carrier concentration njox = 2.41 x 102 cm™ (ex-
perimentally measured at 10 K), a Fermi velocity of vgp =
(ﬁ/m)(3712n)1/3 =2.23 x 10° m s~! and the mean free scat-
tering time T = m*/pone* = 6.49(2) x 10~'3 s are obtained.
Hence, the mean free path [ = vpt = 1447 A is calculated.
Finally, we find the relation / /£, = 13.5 >> 1 and can con-
clude that the superconductivity in Yb3Rh4Sn ;3 is in the clean
limit.

YN 12)

F. Possible FFLO state

This latter finding is in contradiction with the earlier
reports [13,14], where the mean free path is found to be
shorter than the coherence length. However, it should be noted
that in both these works the charge carrier density was not
directly measured, but was assumed to be of the same order of
magnitude as of a simple metal (i.e., ~#10?> cm~). The fact
that [ < &g was also interpreted as one of the reasons why a
Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state in
Yb;RhsSny3 is impossible.

The generalized FFLO state can occur in a superconductor
with a greatly enhanced Ginzburg-Landau parameter [i.e.,
k(0) > 1] being simultaneously in the clean limit and re-
vealing peak effects [17]. Our study shows Yb3;RhsSn;; to
fulfill all these conditions. And even more, the observed «(0)
(Table III), I < &g, ratio, and B*(0) are comparable with
those of such superconductors in a FFLO state as UPd,Alj
and CeRu, [16]. In this view, further analysis seemed to
be required. Therefore, we calculated for Yb3RhsSn;3 the
orbital critical field given as B%® = By (e*™7t /72) =3.85 T
(yg = 0.57721 is the Euler constant), which is, in contrast to
UPd,Al;, much smaller than BY, of the Pauli-paramagnetic
limit and indicates a strong orbital pair breaking. On the other
hand, the paramagnetically limited upper critical field Bp =
Ao/upv2 = 32.7 T, where Ag = fivg/mégL, = 2.68 meV is
a SC order parameter [for its calculation, charge carrier
concentration obtained from Eq. (12) was used] with much
larger value compared to UPd;Al; and CeRu, [16]. Hence,
the parameter fg = B‘C);b\/i /Bp, proposed by Gruenberg and
Gunther [15] and expected to be >1.8 for a superconductor
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FIG. 10. (a) Total and atomic-resolved electronic density of
states (DOS) for Yb3RhySn3. Inset: DOS near the Fermi level Ef.
(b) Total and orbital-resolved DOS.

in FFLO state, is in our case of only 0.17 (it is, e.g., 2.5
and 1.2 for UPd,Al; and CeRus,, respectively [16]). Even if
the order parameter obtained for the second gap (i.e., A, =
1.1 eV) were taken into consideration, this would indicate
Bp = 13.1 T, and thus Bg = 0.42, still well below the theo-
retical expectation. Therefore, the occurrence of a generalized
FFLO state in Yb3Rh4Sn 3 is rather unlikely.

G. Electronic band structure

The electronic density of states (DOS) calculated for the
structural model of YbsRh4Sn;; without split position is pre-
sented in Fig. 10(a). The valence band in such an electronic
structure is characterized by a low-lying energy region (ex-
tends from ~ — 11 eV to ~— 6 eV) separated from the
higher-lying one [~ — 5 eV to Fermi level (Ef)] by an en-
ergy gap of ~1 eV. The Fermi level is situated on the slope
of the DOS [inset of Fig. 10(a)], which would indicate an
instability of Yb3Rh4Sn 3 with any electron-hole doping and
thus explain the absence of (i) a homogeneity range for this
compound as well as (ii) formation of the isostructural stan-
nides with the neighboring rare-earth atoms (R) (i.e., R-Rh-Sn
systems, where R = Tb, Dy, Ho, Er, Tm are characterized
by the tetragonal arrangements with the close 5:6:18 com-
positions [1]). Similar to recently reported superconducting
Remeika phases [31,35,36,64] and structurally related filled
skutterudites [9,10,107], the Fermi level in YbsRh4Sn;3 is
mainly populated by p states of the p-element (i.e., contri-
butions from Sn atoms are of ~56%), whereas the states of
d-transition metals are much less present (i.e., we observe
only ~15% of Rh-4d at Ef).

The orbitally resolved DOS for YbsRh4Sn;; is depicted in
Fig. 10(b). The Yb-4f states are almost completely below the
Er and form a narrow peak centered at &~ —0.35 eV, which
would indicate them to be fully populated, whereas Yb-5d
and Yb-6s are above the Fermi level and, thus, empty. These
observations would support a +2 oxidation state of Yb in line
with the experimental findings. The Rh-4d and Sn2-5p bands

0.107 0.288 0.130 0.309

(10°ms™)

(10°ms™)

FIG. 11. Band structure of Yb3;Rh4Sn;3 in close vicinity to Eg
together with the calculated hole-like (band 426) (left) and electron-
like (band 427) (right) Fermi surfaces. The lower scale represents the
distribution of Fermi velocities.

form the broad upper energy band (E > —5 eV), whereas the
lower one (E < —6 eV) is mainly due to Sn2-5s electrons.
Thus, the contribution of the latter to the superconductivity in
Yb3RhySn 3 is rather unlikely.

The electronic band structure for YbsRhsSn;3 near the
Fermi level together with the calculated Fermi surfaces (FSs)
are presented in Fig. 11 and Supplemental Material [111]
Fig. S5. The former is very complex, since nine bands are
found to cross Er. Seven of them are nearly parabolic and are
located mainly either at the I" point (i.e., bands 428-431) or at
the R point (i.e., bands 423-425) (Fig. S5 of the Supplemental
Material [111]). Therefore, the corresponding FSs are either
embedded in each other’s bowed spheres with pointed vertices
centered in the first Brillouin zone (for the bands 428-431) or
open pockets at the apexes of the latter (i.e., bands 423-425).
Interestingly, bands 426 and 427 cross Er at many points
and thus reveal hole-like (426) and electron-like (427) Fermi
surfaces of much more complex character (Fig. 11). Such
a band structure strongly deviates from the classical ones
(i.e., with 2-3 bands at Er) observed for the state-of-the-
art two-gap superconductors (e.g., MgB, [108], Lu,Fe;Sis
[98], or AgMo4Ss [109]). However, on the other hand,
this SC scenario is also reported for numerous compounds
were multiple bands are crossing the Fermi level. For instance,
these are YNi,B,C [110] and ReBey, [91]. Interestingly, the
electronic band structure of the latter beryllide is found to be
characterized by a much larger size of the electron pockets
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centered around the I' point in comparison with the hole-like
ones near the L point, which is shown to be one of the reasons
for the two-gap superconductivity. The difference in the sizes
of the bands around the I" and R points in Yb3Rh4Snyj is less
pronounced in comparison to those in ReBey, (cf. Fig. S5
of the Supplemental Material [111] and Fig. 12 of [91]);
nevertheless it is clearly visible, especially in the correspond-
ing Fermi surfaces (Fig. S5 of the Supplemental Material
[111]). Additionally, the cylindrical hole-like FSs in MgB,
are reminiscent of those shown in Fig. 11 for the band 426
(cf. Fig. 3 of [108]). However, despite showing some sim-
ilarities with the known two-gap superconductors, the band
structure of Yb3;Rh4Sn 3 needs additional experimental proofs
(e.g., by de Haas—van Alphen, ARPES, etc., methods)
especially in view of its crystal structure with a split crystal-
lographic position.

IV. CONCLUSIONS

Indexing of the powder x-ray diffraction (PXRD) pat-
terns of the samples with Ybs;,RhsSnj3_, (x =0, 0.1, 0.2)
compositions indicated them to crystallize with a primitive
cubic (space group Pm3n) structure with identical unit cell
parameters, thus revealing no homogeneity range. Further,
large single crystals were synthesized from these specimens
by the Sn-flux method. PXRD and measurements of physi-
cal properties showed them to be of the same Yb3;Rh4Snj;
composition. Structural refinements performed on powder and
single-crystal XRD data revealed the Remeika phase to crys-
tallize with primitive cubic (space group Pm3n) disordered
Y;3Co,4Ge,3 structure type characterized by the split of the 24k
Wyckoff position occupied by Sn2 atoms. Enhanced thermal-
displacement parameters for Sn1 at the 2a site (i.e., centering
an enlarged icosahedron) indicate rattling-like movements of
this atom.

The temperature dependence of magnetic susceptibility of
Yb3;RhySny3 is found to be reminiscent of a Pauli paramagnet
in agreement with a previous XAS study reporting domination
of the nonmagnetic Yb-4f'# state. At the critical temperature
T.* = 7.63(5) K a strong diamagnetic signal confirms a tran-
sition into a superconducting (SC) state. No anisotropy for 7
and the lower B.; and upper B, (0) critical fields is observed.
Another characteristic feature observed for YbsRhsSn;3 in
both legs of M(H) prior to B, is the so-called peak effect
(PE): a hysteretic bubble with the onset field position B*
appearing due to an unusual increase in the critical current
density j.(B). Being strongly orientation dependent it reveals
different amplitudes as well as B*. PE is suppressed with
increasing temperature.

To obtain the B.,(0) and B*(0) values measurements of
magnetic susceptibility, electrical resistivity, and specific
heat capacity at different temperatures and magnetic fields
were performed. B (7;) and B*(T.) dependencies could
be modeled by the sum of two Werthamer-Helfand-
Hohenberg equations from Baumgartner (B-WHH),
Jones-Hulm-Chandrasekhar (JHC), or Ginzburg-Landau
(GL) models, respectively, resulting in B.;(0) = 2.89(5) T
and B*(0) =1.96(9) T. The fact that B, (T.) reveals

a complex behavior
SC mechanism.

Electrical resistivity of YbsRh4Sn;3 above T; is by 1-2
orders of magnitude higher than those expected for a simple
metal. This observation is in line with a lowered charge carrier
concentration (i.e., n ~ 101°720 cm=3), which was deduced
from Hall effect measurements. The latter revealed also a
strong temperature and field variation reflecting the complex
electronic band structure of the studied stannide. Its charge
carrier mobility is found to be temperature independent and
comparable to a metallic-like one.

The temperature dependence of the specific heat of
Yb3RhySn;3 in overcritical field could be described only by a
combined Debye-Einstein model, which indicated a complex
phononic spectrum and a well-pronounced rattling effect. Fur-
ther, the calculated specific heat jump Ac,/yioTc = 2.38(1)
is well above the BCS prediction (i.e., 1.43) and in agree-
ment with the enhanced values of the Aci_pn = 0.82(3) (or
0.89) parameter indicating a strong electron-phonon cou-
pling in the studied superconductor. Below T; the electronic
specific heat, obtained after subtraction of the Debye and
Einstein phononic contributions, could be described only as-
suming a two-band model with gap ratios A /kgT. = 3.52(1)
and A,/kgT. = 1.32(1) and respective weights of 87(1)%
and 13(1)%. This finding agrees also well with the power-
law-like y(B) oc B*7> dependence. Unexpectedly, based on
a simplified free-electron gas model a reasonable value for
the charge carrier concentration in Yb3;RhsSn;3 was calcu-
lated. So, the mean free path / = 1447 A was estimated.
With this value and the GL coherence length [£g(0) =
107(1) A] their ratio [ /&g, = 13.5 > 1 indicates supercon-
ductivity to be in the clean limit. We have also shown
that occurrence of the generalized Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state in the studied stannide is rather
unlikely.

The electronic band structure (EBS) and density of states
(DOS) were obtained for the idealized Yb3sRh4Sn;3 structure
(i.e., with no split position) within the density functional
theory (DFT). They indicate a significantly smaller DOS at
the Fermi level (Ef) in comparison with those deduced from
experiment indicative of a strong electron-phonon coupling as
well as a complex EBS with nine bands crossing Er. Seven of
them are nearly parabolic, and the electronic pockets centered
around the I" point reveal some differences in size with the
hole-like bands at the R point. This finding, together with the
fact that the hole-like band 426 shows a cylindrical Fermi
surface, supports a two-gap SC mechanism in Yb3RhySn3.

already suggested a multiband
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