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Magnetic field induced reentrance of superconductivity in the cage-type superconductor Y5Rh6Sn18
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4Institute of Materials Engineering, University of Silesia in Katowice, 75 Pułku Piechoty 1A, 41-500 Chorzów, Poland

5Institute of Low Temperature and Structure Research, Polish Academy of Sciences, P. O. Box 1410, 50-950 Wrocław, Poland

(Received 27 August 2021; revised 6 October 2021; accepted 12 October 2021; published 25 October 2021)

The morphological and/or chemical disorder is commonly known as detrimental to superconductivity and
typically reduces the critical temperature Tc. We present research on the skutterudite-related Y5Rh6Sn18 system,
where local atomic disorder leads to novel disorder-enhanced superconductivity. Our present studies focus on
the series of Y4.5M0.5Rh6Sn18 compounds, where the metallic dopants M = Ca, Ti, Sr, Zr, La, or Lu, when
they are smaller than the atomic radius of Y (the case of Ti, Zr, Lu, or vacancies at the Y sites), generate the
so-called peak effect at T < Tc in the fields smaller than the critical field Hc2. The peak effect is well documented
experimentally by measurements of the temperature variations in electric transport and ac magnetic susceptibility
under external magnetic fields. In accordance with the commonly accepted explanation of the peak effect, we
assume that the magnetic field induced reentrance of superconductivity in Y4.5M0.5Rh6Sn18 results from a change
in the structure of the vortex lattice close to Hc2. Using a simple theoretical model we argue that the effectiveness
of this mechanism can depend on the size of the dopant. We also investigate the band structure properties by
x-ray electron spectroscopy and ab initio calculations. It seems interesting that the density functional theory
predicts a magnetic moment on the dopant Ti, which is a reason for the Kondo effect, confirmed experimentally.

DOI: 10.1103/PhysRevB.104.165306

I. INTRODUCTION

In the conventional superconducting (SC) systems, disor-
der, which can be morphological or chemical, is unwanted
since superconductivity is suppressed and even disappears as
disorder increases. Moreover, the effect of the disorder on su-
perconductivity (most often it is a local disorder) depends on
whether the dopant is magnetic or not and the dimensionality
of the superconducting system. The appearance of disorder
is commonly known as detrimental to two-dimensional (2D)
superconductivity, and typically results in decreasing of the
critical transition temperature Tc [1–3]. For 3D supercon-
ducting systems, if the disorder is magnetic, a systematic
suppression of Tc is manifested for any pairing symmetry as
disorder increases, according to the relationship first calcu-
lated by Abrikosov and Gor’kov [4,5]. Conversely, according
to Anderson’s theorem [6] an s-wave superconductor should
be robust against nonmagnetic disorder due to the ability of
the quasiparticle states to form time-reversed pairs, though
several theoretical calculations of the possible decreasing
in Tc have also been presented for nonmagnetic scatterers
in multiband superconductors with generalized s-wave or-
der [7]. In the case of strongly correlated electron systems
(SCESs), atomic disorder, acting as a perturbation within
the critical regime, can lead to novel phenomena such as
the disorder-enhanced superconductivity. If the disorder is

*Author to whom correspondence should be addressed:
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inhomogeneous on the length scale similar to the coherence
length ξ , then it is possible to observed an enhancement of
the superconducting transition temperature, e.g., in SCES su-
perconducting PrOs4Sb12 [8–12], CeIrIn5 [13], CePt3Si [14],
high-temperature Bi2Sr2CaCu2O8+x superconductors [15,16],
or superconducting topological SnSb [17]. An anomalous
enhancement of superconductivity induced by structural de-
fects is also possible to be observed in 2D superconducting
systems; in particular the disorder-enhanced superconduc-
tivity emerges in TaS2 monolayers doped with the hydrion
(H+) [18].

Our present studies are focused on skutterudite-related
superconductors for which we have documented a similar
enhancement of Tc caused by a disorder (the research has been
summarized in a review article [19]). The disorder-generated
enhancement in Tc is well explained theoretically by the
Gastiasoro and Andersen model [20], both at the small and
large limit of disorder present in these SCES superconduc-
tors. The various literature data and our recently published
results allowed us to interpret the appearance of the high-
temperature T �

c superconducting phase as a result of the local
atomic disorder and/or an inhomogeneous doping effect. We
have proposed a phenomenological model that explains the
relationships T �

c > Tc and | dT �
c

dP | > | dTc
dP | due to the greater

lattice stiffening of the T �
c phase, as well as the relation

��
G > �G (�G ∼ Bm, where Bm is the bulk modulus) be-

tween the Grüneisen parameters characterizing the respective
phases [19].

In this study we report the observation of the peak effect
(PE) in the series of disordered Y4.5M0.5Rh6Sn18 polycrys-
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talline samples; for all of them the coexistence of the bulk
(Tc) and high-temperature (T �

c ) superconducting phases is
experimentally documented. The PE phenomenon relates to
an anomalous increase in the critical current density (Jc)
in type-II superconductors with increasing temperature, or
magnetic field, in a narrow range below the upper critical
field Hc2(T ) [21]. This PE phenomenon was found in a large
variety of conventional superconductors, such as Nb [22],
V3Si [23], CeRu2 [24], Yb3Rh4Sn13 [25], and Ca3Rh4Sn13

[26] quasiskutterudites, the UPd2Al3 heavy-fermion super-
conductor [27,28], and the YBa2Cu3O7 high-temperature
superconductor [29,30]. Over the years, understanding PE
has been one of the most challenging tasks in the physics of
vortex-lattice pinning. Two different mechanisms have been
considered to explain the PE phenomenon. A classical sce-
nario [31] attempts to relate PE to a faster rate of decrease
in the elastic modulus of the flux-line lattice with an in-
crease in temperature as compared to that of the elementary
pinning force. A second scenario [28] considers the PE in
heavy-fermion superconductors, which could be caused as
a first-order transition by the realization of a generalized
Fulde-Ferrell-Larkin-Ovchinnikov state at high fields and low
temperatures, lower than 0.55Tc(0) [32,33]; however, this sce-
nario seems to be inappropriate to interpret PE behavior in
the superconductors studied here. In this paper we investi-
gate the electrical transport, thermodynamic properties, and
the electronic structure of the series of the Y4.5M0.5Rh6Sn18

superconductors, focusing on the PE and various interesting
features associated with it. Based on our present results and
other relevant experimental information from our previous
observations and the existing literature data, we also discuss
the nature of the PE in the Y5Rh6Sn18 superconductor doped
with metal M.

The critical behavior at Tc is discussed here as a result
of two effects. The first is the peak effect, which is not an
enhancement of the thermodynamic superconducting critical
temperature, but mainly an enhancement of the critical cur-
rent. The second is an inhomogeneous T �

c SC phase due to
doping, that would appear to be closer to a pressure effect
and enhancement of its superconductivity with increasing of
the local inhomogeneity. However, both are strongly related
to local inhomogeneities due to atomic disorder.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The Y4.5M0.5Rh6Sn18 polycrystalline samples were pre-
pared by the arc-melting technique and then annealed at
870 ◦C for 2 weeks. All samples were examined by x-ray
diffraction (XRD) analysis and found to have a tetragonal
structure (space group I41/acd) [34,35]. Patterns of samples
were collected on a PANalytical Empyrean diffractometer
equipped with a Cu Kα1,2 a source. Diffractograms were
refined using the FullProf Suite set of programs [36]. Sto-
ichiometry and homogeneity were checked by the electron
microprobe technique (scanning microscope JSM-5410).

The x-ray photoelectron spectroscopy (XPS) spectra were
obtained with monochromatized Al Kα radiation at room tem-
perature in a vacuum of 6 × 10−10 Torr using a PHI 5700
ESCA spectrometer. The samples were broken under a high
vacuum immediately before measuring the spectra.

The electronic band structure was calculated using the
full-potential linearized augmented plane wave (FP-LAPW)
method complemented with local orbitals (LOs) [37] im-
plemented in the WIEN2k computer code [38]. The core
states were treated within the fully relativistic density func-
tional formalism while for the valence and semicore states
the scalar-relativistic Kohn-Sham approach was applied with
spin-orbit coupling accounted for by means of the second vari-
ational method [37]. The generalized gradient approximation
(GGA) form of the exchange-correlation energy functional,
together with the parametrization (PBEsol) derived for solids
by Perdew at al. [39], was applied. For the correlated Lu
4 f and Rh 4d band states, the exchange correlation potential
was corrected by the Hubbard-type correlation interaction
applying the LSDA+U method [40] with Ueff equal 6.8 eV
and 3.0 eV for the Lu 4 f and Rh 4d states, respectively.
The k mesh was tested against the total energy convergence
and satisfactory precision of a few meV was achieved with a
7 × 7 × 7 mesh (Nk = 40�k vectors in the irreducible Brillouin
zone). The set of local orbitals and valence states of Ti and Sr
atoms was assumed as follows: Ti, [3s23p6]LO(3d24s2)VB; Sr,
[4s24p6]LO(5s2)VB. For other details on similarly made com-
putations see, e.g., Refs. [41,42]. The ab initio calculations
were performed using the experimental lattice parameters
(tetragonal structure, space group I41/acd). To simulate im-
purities M in the Y5Rh6Sn18 structure the supercell approach
was applied with the supercell spanned by a(100), b(010),
and c(001) primitive vectors. The structure with fractional
concentration of M (M = Ti, Sr) dopant atoms was prepared
by replacing selected Y atoms with M ones. In each case the
atomic positions were relaxed using the multisecant rank one
algorithm implemented in the WIEN2k code.

III. THE SYSTEM OF BCS Y4.5M0.5Rh6Sn18

SUPERCONDUCTORS (M = Y, Ca, Ti, Sr, Zr, La, and Lu):
RESULTS AND DISCUSSION

A. Y4.5M0.5Rh6Sn18: Structural properties

The results from refining the XRD data are displayed in
Table I. The final least-squares refinement cycle gave the
weighted-profile R factor Rwp < 3% (Rwp = {∑i wi[yi(obs)−
yi(calc)]2/

∑
i wiyi(obs)2}1/2×100%, where yi is a value of

observed or calculated intensity, and wi is the weight [43]) and
RBragg < 2%. Figure 1 shows representative XRD pattern for
Y4.5Sr0.5Rh6Sn18 with Rietveld refinements. The unit cell vol-
ume of Y4.5M0.5Rh6Sn18 has a linear scaling with the atomic
radius of metal M (as shown in Fig. 2), which suggests that
the content of M is similar (of about 0.5 per formula unit) in
each component of the series, as expected.

We note that energy-dispersive x-ray spectroscopy mea-
surements indicate a deficiency of Y and similar excess of
Sn with a composition close to Y4.1M0.5Rh6Sn18.5. Our band
structure calculation carried out for similar off-stoichiometry
skutterudite-related compounds justifies their semimetallic
nature in the normal state, explicitly visible in the temper-
ature variation of the resistivity ρ(T ) for T > Tc; this will
be discussed later (Sec. III D). Figure 3 displays variation in
stoichiometry over the length of the Y4.5Sr0.5Rh6Sn18 sample.
The nanoscale inhomogeneity obtained over the length scale
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TABLE I. The parameters obtained from structural and microanalysis characterization of Y4.5M0.5Rh6Sn18 superconductors. The energy-
dispersive x-ray analysis gives the average Y : M : Rh : Sn stoichiometric ratio for the sample surface, respectively, when the content of Rh is
normalized to 6 atoms per formula unit.

Y4.5M0.5Rh6Sn18 Stoichiometry
M Y : M : Rh : Sn Lattice parameters (Å) V (Å3) Rwp (%)

Ca 4.10 ± 0.11 : 0.60 ± 0.16 : 6.0 ± 0.11 : 18.21 ± 0.12 a = 13.7678(1), c = 27.5430(8) 5220.85(8) 1.9
Ti 4.10 ± 0.10 : 0.37 ± 0.13 : 6.0 ± 0.13 : 18.40 ± 0.16 a = 13.7164(1), c = 27.3207(0) 5140.11(5) 3.6
Sr 4.10 ± 0.25 : 0.50 ± 0.18 : 6.0 ± 0.25 : 18.60 ± 0.30 a = 13.7921(6), c = 27.5825(7) 5246.85(9) 2.0
Y 4.60 ± 0.11 : 6.0 ± 0.13 : 18.10 ± 0.15 a = 13.7601(2), c = 27.5412(3) 5214.68(2) 2.6
Zr 4.20 ± 0.17 : 0.57 ± 0.15 : 6.0 ± 0.18 : 18.60 ± 0.23 a = 13.7011(1), c = 27.4891(2) 5160.27(2) 3.6
La 4.90 ± 0.09 : 0.50 ± 0.07 : 6.0 ± 0.15 : 18.80 ± 0.19 a = 13.7319(9), c = 27.3479(7) 5156.94(1) 4.3
Lu 4.10 ± 0.13 : 0.60 ± 0.13 : 6.0 ± 0.16 : 18.50 ± 0.18 a = 13.7542(3), c = 27.5146(1) 5205.18(3) 3.2

similar to coherence length was observed too for the remain-
ing M components of the Y4.1M0.5Rh6Sn18.5 series. This local
inhomogeneity, experimentally confirmed as a bulk property
of various quasiskutterudites [44], is a reason for the appear-
ance of the high-temperature inhomogeneous superconducting
phase with critical temperature T �

c > Tc [20].

B. Thermodynamic characterization

The systematic studies of atomic-scale disorder in the
skutterudite-related superconducting compounds in the form
of local defects and vacancies have received our attention,
particularly because of observations of new superconducting
phenomena in these materials [44]. Namely, our previous
comprehensive investigations have shown that atomic disor-
der has a significant impact on the increase in Tc. Here we
documented that the effective increase of disorder by doping
with metal M or by vacancies could be a reason for the ap-
pearance of the peak effect in the system of Y4.5M0.5Rh6Sn18

superconductors when the dopant M is smaller than Y, or
is a vacancy. The most important results from the measured
various thermodynamic and electric transport characteristics
are summarized in Table II.

FIG. 1. Plot of Rietveld refinement for Y4.5Sr0.5Rh6Sn18. Black
dots, observed pattern; red line, calculated; blue ticks, Bragg peak
positions; magenta line, the difference between calculated and ex-
perimentally observed XRD patterns.

Figure 4 compares the ac mass magnetic susceptibility χac

measured for the series of Y4.5M0.5Rh6Sn18 compounds at
ν = 100 Hz; details are discussed below (see also Table II).

Figure 5 displays the frequency dependence of real (χ ′)
and imaginary (χ ′′) components of ac mass magnetic sus-
ceptibility χac for Y4.5Sr0.5Rh6Sn18. The susceptibility of the
Sr sample was chosen as an example, and the remaining
compounds show very similar χac(T ) behavior. First, χ ′ and
χ ′′ show between ∼5.6 K and T �

c a broad transition be-
tween normal and superconducting states (cf. inset to Fig. 5),
which is related to formation of separate inhomogeneous
and superconducting regions with strongly enhanced local
critical temperatures Tc, but they do not form a continuous
path across the system. As long as the zero-resistivity is-
lands do not form a continuous path, the sample remains
in the normal state, but with decreasing resistivity. Then, χ ′
displays a broad transition between normal and superconduct-
ing states, which signals the presence of an inhomogeneous
high-temperature superconducting T �

c phase, while dχ ′/dT
shows two well-separated maxima at T �

c and at Tc. More-
over, perfect diamagnetism of the full Meissner state with
estimated value of χ ′ = −1/(4πd ) ≈ −0.01 emu/g and mass

FIG. 2. Cell volumes for the series of the Y4.5M0.5Rh6Sn18 com-
pounds vs atomic radius of metal M. The dashed blue line serves as
a guide to the eye.
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FIG. 3. Variation in stoichiometry of Y4.1Ti0.5Rh6Sn18.5 over the
length of the sample. A very similar behavior was observed for all
Y4.1M0.5Rh6Sn18.5 samples investigated here.

density d ∼ 8.1 g/cm3 is fully reached for these samples at
temperatures T < Tc. The respective temperatures Tc, T �

c and
the temperature of the formation of separate inhomogeneous
superconducting regions are summarized in Table II for the
series of Y4.5M0.5Rh6Sn18 superconductors.

Figure 6 shows the specific heat C(T )/T of
Y4.5Ti0.5Rh6Sn18 at various magnetic fields (a) and the
specific heat isotherms CT (B) divided by T as a function
of magnetic field (b), with linear behavior under the fields
lower than Hc2. The linear CT (B) characteristics are usually

FIG. 4. Temperature dependencies of the real χ ′ and imaginary
χ ′′ components of the ac mass magnetic susceptibility χac per 1 Oe
for the series of Y4.5M0.5Rh6Sn18 compounds at ν = 100 Hz. The
used unit 4π × 10−3 m3/kg (SI) is equivalent to 1 emu/g (cgs).
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FIG. 5. Temperature dependencies of the real χ ′ and imaginary
χ ′′ components of the ac mass magnetic susceptibility χac per 1
Oe for Y4.5Sr0.5Rh6Sn18, measured at different frequencies ν, and
derivative dχ ′/dT and dχ ′′/dT . The main maximum in dχ ′/dT
marked by an arrow is assigned to T �

c = 3.63 K of the inhomo-
geneous phase; the second weak maximum at 3.02 K marked by
an arrow is referred to the formation of the bulk Tc phase. The
inset shows a broad transition at 5.63 K to the state with separate
superconducting regions which, however, do not form a continuous
path across the system (the same χac units as in the main panel).
Similar χac(T ) behavior was observed for remaining compounds; cf.
Table II.

attributed to the s-wave one-band superconductivity. Similar
CB(T ) and CT (B) dependencies were documented too for
the remaining Y4.5M0.5Rh6Sn18 compounds; moreover, the
C data give evidence of nanoscale inhomogeneity, which
is a reason for the appearance of the high-temperature
inhomogeneous superconducting phase with characteristic
critical temperature T �

c > Tc, as shown for sample M = Sr in
Fig. 7 (cf. Table II). Usually, the superconducting transition at
T �

c is accompanied by a weak feature in the C(T )/T data (see
Fig. 7). Despite this, specific heat and various experimental
techniques (resistivity, susceptibility) always clearly separate
the bulk and the inhomogeneous superconducting phase, as
shown as an example for Y4.5Ca0.5Rh6Sn18 in Fig. 8.

In locally disturbed systems due to atomic disorder a metal-
superconductor transition at T �

c is broad and weakly visible
in the C(T ) plot (cf. [45,46]). To determine the contribu-
tion of local inhomogeneous doping effect �C(T ) resulting
from the substitution of Y by metal M, first we assumed
the same nanoscale inhomogeneity for Y5Rh6Sn18 and for
each Y4.5M0.5Rh6Sn18 sample due to atomic disorder over
length scales similar to coherence ξ ; next the specific heat
C(T ) data at the magnetic field of 2.4 T were subtracted by
C(T ) measured at the same field for the reference Y5Rh6Sn18

sample. It is worth noting that the anomaly at T �
c marks the on-

set of an inhomogeneous superconducting phase with spatial
distribution of the magnitude of the superconducting energy
gaps, though isolated superconducting islands can be formed
at slightly higher temperatures. One can note, however, that
C(T ) of Y4.5Ti0.5Rh6Sn18 behaves differently; namely, the
broad maximum in its C(T )/T data is much more pronounced

FIG. 6. (a) Temperature dependence of specific heat, C(T )/T ,
for Y4.5Ti0.5Rh6Sn18 at various magnetic fields. The data are
compared with the C(T )/T measured for Y5Rh6Sn18 at the
field of 2.4 T. The inset displays �C(T )/T well approximated
by function f (�) with the following parameters: �0 = 3.04 K
and variance D = 0.5 K2, where �C(T ) = CTi(T, B = 2.4 T) −
CY5Rh6Sn18 (T, B = 2.4 T). (b) The C isotherms as a function of mag-
netic field B for Y4.5Ti0.5Rh6Sn18. The inset shows the details in C/T
vs B at Tc in an extended scale; the units are the same.

in comparison to those of the remaining compounds of the
series, with the maximum value of �C/T ≈ 42 mJ/mol K2 at
T �

c , as shown in Fig. 6(a). Following Ref. [44], a simple Gaus-

sian gap distribution f (�) ∝ exp[− (�−�0 )2

2D ] approximates the
specific heat �C/T data at around T �

c , where �0 and variance
D of the distribution are treated as fitting parameters. For
T < Tc, C/T experimental data are well fitted by the ex-
pression C(T )/T = γ0 + βT 2 + A/T exp[−�(0)/kBT ] with
the electronic specific heat coefficient γ0 = 26 mJ/mol K2,
lattice contribution with β = 18 mJ/mol K4, and energy gap
�(0) = 3.4 K at T = 0, after subtracting the effect of dis-
order. Usually, the strong lattice disorder like this, observed
for Ti dopant, destroys the long-range order of the flux-line
lattice, after which only short-range order prevails. If the
applied magnetic field increases for a fixed temperature, then a
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FIG. 7. (a) Temperature dependence of specific heat, C(T )/T ,
for Y4.5Sr0.5Rh6Sn18 at various magnetic fields. The inset shows the
details in C/T vs T near T �

c in an extended scale; the units are the
same as in panel (a). Panel (b) exhibits temperature dependencies
of the upper critical field for the bulk (Tc) and disorder (T �

c ) phases.
The green points in the H-T plot indicate formation of disconnected
superconducting regions, which give the superconducting transition
a percolation path upon forming. The H-T data are approximated
by the Ginzburg-Landau (GL) model: Hc2(T ) = Hc2(0) 1−t2

1+t2 , and t =
T/Tc (lines). Panel (c) shows heat capacity C isotherms as a function
of magnetic field. The arrows indicate the respective critical fields
for the phases described in panel (b).

phase transition between the short-range order and disorder in
the vortex system eventually could occur due to the enormous
increase of the lattice defects inside the short-range domains,
which could induce the peak effect.

Figure 7(b) shows the temperature dependence of the upper
critical field for the Tc and T �

c phases of Y4.5Sr0.5Rh6Sn18,
also shown the Hc2(T ) behavior for the inhomogeneous
phase with the formation of the superconducting regions,
however, without continuous percolation path across the sys-
tem. The respective H-T data are well approximated by the
Ginzburg-Landau equation Hc2(T ) = Hc2(0) 1−t2

1+t2 giving for

the respective T �
c and Tc phases H �

c2 < Hc2 and different dHc2
dT

near the critical temperature Tc or T �
c . Previously [19] we

have documented that in the presence of lattice disorder and
the effect of breaking the lattice periodicity due to doping,
similar H-T behaviors can be described by the percolation
model. We assumed that the inhomogeneous system, where
the local critical temperature T (i)

c is continuously spread over
some range, can be analyzed as a random resistor network
(RRN) [47,48] and the dependence between H (i)

c2 and T (i)
c is

FIG. 8. For the purpose of comparison, the ac susceptibil-
ity, electrical resistivity, and specific heat are displayed for
Y4.5Ca0.5Rh6Sn18. The data from various experiments clearly show
the superconducting bulk phase below Tc and the inhomogeneous T �

c

phase. Similar results were obtained for other dopants M.

linear. H (i)
c2 = aT (i)

c + b with parameters a < 0 and b have
been determined by fitting to the experimental data. T (i)

c is de-
fined as the temperature at which the superconducting regions
characterized by the upper critical field H (i)

c2 form a percolation
path across the sample. This simple approach turns out to give
a perfect agreement of model predictions with experimental
data for La3Rh4Sn13 [19]. The RRN model is also adequate to
describe the H-T behavior of the Y4.5M0.5Rh6Sn18 series with
M = Ca, Sr, and Ti.

The above experimental data allowed us to obtain the
parameters characteristic of the superconducting and normal
state for the Y4.5M0.5Rh6Sn18 compounds with predictions
of the Ginzburg-Landau-Abrikosov-Gorkov (GLAG) theory
of the type-II superconductivity (κ > 1/

√
2); some of them

important for characterizing the superconductivity of the sam-
ples are listed in Table II. The samples are found as moderate
dirty alloys with ξ ≈ l . According to Ref. [49], all parameters
are calculated as a full value (or for a dirty limit ξ 	 l), and
are listed in Table II. In the frame of GLAG theory [50] the
slope of dHc2

dT at Tc in the units G/K is

− dHc2

dT

∣∣∣∣
T =Tc

=
[

9.55 × 1024γ 2
0 Tc

(
n2/3 S

SF

)−2

+ 5.26 × 104γ0ρn

]
[R(λtr )]

−1, (1)

where n is the density of conduction electrons in cm−3,
S/SF is the ratio of the real Fermi surface S to the surface
SF = 4π (3π2n)3/2 of the free electron gas, and the Gorkov
function R(λtr ) ≈ 1 for λtr → 0 [λtr ∼ ξ (0)/l (0) = 5.51 ×
10−21ρn(n2/3S/SF )(γ0Tc)−1 ≈ 0 for all samples]. Then, the
estimate of n2/3(S/SF ) allowed us to calculate the Ginzburg-
Landau coherence length ξ fv

GL, the GL penetration depth λfv
GL,
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and the GL parameter κ fv
GL(0) [49]:

ξ fv
GL =

[
2.90 × 1032(Tcγ0)2

(
n2/3 S

SF

)−2

+ 1.60 × 1012ρnγ0Tc

]−1/2

[R(λtr )]
1/2(1 − t )−1/2, (2)

λfv
GL =

[
8.77 × 1015γ0

(
n2/3 S

SF

)−2

+ 4.83 × 10−5ρnT −1
c

]1/2

[R(λtr )]
−1/2(1 − t )−1/2, (3)

κ fv
GL ≡ λGL(0)/ξGL(0)

=
[

1.60 × 1024Tcγ
3/2
0

(
n2/3 S

SF

)−2

+ 8.78 × 103γ
1/2
0 ρn

]
[R(λtr )]

−1 	 1. (4)

It is worth noting that ξ d
GL(0) ∼

√
ξBCS

0 l (0) is between 13 nm

(M = Sr) and 18 nm (M = Ti) [for La,
√

ξBCS
0 l (0) = 58 nm]

and predicts the moderate disorder regime (ξ � l) for the
investigated samples. Within the BCS theory

Tc = 1.14〈ω〉 exp{−1/[N (εF)U ]}, (5)

where N (εF ) is the density of states (DOS) at the Fermi energy
in states/(eV spin), 〈ω〉 ∼ θD/1.2, and N (εF )U is approxi-
mately [51]

N (εF )U → λ − μ�

1 + λ
. (6)

In Eq. (6) μ� is the Coulomb pseudopotential of Morel and
Anderson [52],

μ∗ = N (εF )U

1 + N (εF )U ln(EB/ω0)
, (7)

and the electron-phonon coupling parameter [53,54]

λ = N (εF )〈I2〉
MA〈ω2〉 , (8)

where 〈I2〉 is the square of the electronic matrix element of
electron-phonon interactions averaged over the Fermi surface,
MA is the atomic mass, EB is the electronic bandwidth, and ω0

is the maximum phonon frequency. To calculate the λ’s and
λ�’s listed in Table II, we used the expression

N (εF )U = −[2 + λ(1 − x)] + [λ2(1 + x)2 + 4λ + 4]1/2

2x(1 + λ)
,

(9)

by combining Eqs. (6) and (7), where x = ln(EB/ω0), and
EB ∼ 4.5 eV is the calculated conduction band width. Ex-
pression (5) allows us to obtain an experimental value of
N (εF )U and [N (εF )U ]� for the respective Tc and T �

c phase,
while Eq. (9) gives the λ-dependent variable N (εF )U . A self-
consistent procedure allowed us to calculate the λ’s listed

in Table II for the best agreement between calculated and
experimentally obtained N (εF )U . Within the series of the
Y4.5M0.5Rh6Sn18 superconductors, the electron-phonon cou-
pling λ� parameters obtained for Ca, Ti, and Sr dopants are
evidently larger than the respective λ’s, determined for their
bulk superconducting phases below Tc. This is a characteristic
behavior of a number of isostructural disordered quasiskut-
terudites (cf. Ref. [19]), where the difference between the
electron-phonon coupling parameters for the two supercon-
ducting phases �λ = λ� − λ > 0 reflects the emergence of
the higher-Tc state, as well as characterizes the degree of local
chemical disorder. One also notes that the largest values of
�λ well correlate with the percolative superconductivity of
Ca, Ti, and Sr dopants, while this is not the case for Zr, La, or
Lu having �λ ∼ 1 × 10−2 very small (see Table II).

C. Comparison of the resistivity data; observation
of the peak effect

In the course of our detailed research of skutterudite-
related 3 : 4 : 13- and 5 : 6 : 18-type superconductors, we
have documented how much nonmagnetic disorder in these
materials can raise Tc. Below, we analyze how much the local
inhomogeneous doping effect and the associated lattice stress
can affect the nature of superconductivity and the value of
Tc in these quasiskutterudites. For this purpose, the yttrium
in Y5Rh6Sn18 is partially replaced with various metals M
from the same as Y or neighboring groups in the periodic
table, which allowed us to determine the impact of metal M
valence states and/or its atomic radii on the resistivity of
Y4.5M0.5Rh6Sn18.

Figure 9 shows the resistivity ρ(T ) for the series of
Y4.5M0.5Rh6Sn18 compounds. The resistivity drop indicates
the superconducting transition at T �

c (T �
c � Tc; cf. Table II).

The ρ(T ) characteristics indicate some interesting effects in
both the superconducting and the normal metallic state:

(i) The ρ(T ) behavior in the normal metallic state is
for Y4.5Ti0.5Rh6Sn18 and Y4.5La0.5Rh6Sn18 typical for metals
[55,56], while the resistivity of the remaining superconduc-
tors with dopants M = Y, Ca, Sr, Zr, and Lu indicates their
semimetallic nature and exhibits a negative temperature coef-
ficient of resistance (TCR) dρ/dT < 0 in a wide temperature
range 70 K � T � 300 K with ln ρ ∼ T −1/4 dependence (as
shown in the inset to Fig. 9). This unusual ρ ∝ exp[( �M

kBT )1/4]
behavior is known as the Mott variable-range hopping ef-
fect [57,58], where �M is a pseudogap in the band structure
near the Fermi level. Indeed, our previous ab initio calcula-
tions for several similar quasiskutterudites (La3Co4Sn13 [59],
Ce3Co4Sn13 [60], Lu5Rh6Sn18 [42]) documented the pseu-
dogap with very small DOS, located in the bands of these
compounds at a similar binding energy of ∼ − 0.3 eV. Even
a small number of vacancies shifts this pseudogap toward
the Fermi level; simultaneously, the presence of defects may
reduce the pseudogap after its shift to εF (this is characteristic
of Kondo insulators; see, e.g., [61]). We expect a similar band-
structure effect for the off-stoichiometry Y4.5M0.5Rh6Sn18

samples, which in consequence of vacancies show semimetal-
lic ρ(T ) behavior with accompanying Mott variable-range
hopping effect in the metallic state.
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FIG. 9. Electrical resistivity ρ as a function of temperature at
B = 0 for the series of Y4.5M0.5Rh6Sn18 superconductors, where
M = Y, Ca, Ti, Sr, Zr, La, and Lu. The inset displays the resistivity
data in coordinates lnρ = f (T −1/4). The lines approximate the linear
lnρ vs T −1/4 behavior in the temperature range between ∼80 K and
∼300–350 K, depending on the sample.

(ii) Figures 10 and 11 depict temperature-dependent resis-
tivity at various magnetic fields, as well as magnetoresistance
isotherms in the superconducting state for Y and Ti sam-
ples, respectively. The ρB(T ) and ρT (B) characteristics shown
in Fig. 10 are quite different from those in Fig. 11, which
suggests a strong relationship between the superconducting
nature of the Y4.5M0.5Rh6Sn18 sample and the atomic radius
of metal M.

For M = Y, Ca, and Lu [Fig. 10(a)] ρ exhibits a sharp drop
below T �

c with the transition width less than 0.1 K, which
attests to good sample quality. A considerable broadening and
suppression of the superconducting transition with increas-
ing magnetic fields are observed until the superconducting
state completely disappears. Likewise, magnetoresistance
isotherms for Y4.5M0.5Rh6Sn18, where M = Y, Ca, or Lu, are
typical of BCS superconductors, as shown in Fig. 10(b). Here,
one can note that the atomic radius of metal M is comparable
to (Lu case) or larger than (Ca) the yttrium one.

The ρB(T ) and ρT (B) characteristics for Y4.5Ti0.5Rh6Sn18

are shown in Fig. 11. Panel (a) shows the temperature-
dependent ρ under various magnetic fields. The sample goes
to the disorder-enhanced superconducting phase at T �

c =
3.18 K (B = 0) and then to the bulk superconducting state
at Tc = 2.71 K. In the fields larger than ∼0.4 T the super-
conducting transition broadens and it is difficult to separate
the T �

c phase from the Tc one. In the magnetic fields regime
B > 1.2 T the ρB(T ) curves under different fields intersect
with each other, which indicates an anomalous behavior of
the magnetoresistance in this sample. Figure 11(b) shows the

FIG. 10. Low-temperature electrical resistivity, ρ, for
Y5Rh6Sn18 for a measuring current of 10 mA. Panel (a) shows
ρB(T ); panel (b) exhibits isotherms of ρ as a function of the
magnetic field. Analogous behaviors in ρB(T ) and ρT (B) have been
demonstrated in the temperature region T < T �

c for Y4.5M0.5Rh6Sn18

with M = Ca and Lu. Here, T �
c is defined as the temperature

corresponding to midpoint of the resistive transition at zero magnetic
field.

magnetoresistance isotherms vs increasing magnetic field. As
the applied field increases, the ρ isotherm of Y4.5Ti0.5Rh6Sn18

measured at T = 1.8 K suddenly rises, reaching a peak before
finally dropping to a minimal value (almost zero). A similar
tendency in the field dependence of ρB(T ) can also be visible
in the higher temperatures up to T = 2.8 K. This field-induced
reentered superconductivity is expected to be suppressed at
B > 2.4 T [see Figs. 11(b) and 12]. A similar field-induced
peak effect in the superconducting state is also observed
for Y4.5Zr0.5Rh6Sn18 between 2.2 K and 3 K as shown in
Fig. 13(b); however, this PE behavior is not as pronounced
as for the sample with Ti dopant.

The PE anomalies in the resistance of Y4.5Ti0.5Rh6Sn18 are
more clearly seen in the variation of normalized resistance
R/Rn as a function of magnetic field at T = 1.9 K, where Rn

is the normal state resistance obtained slightly above T �
c . The

magnetic fields at which these anomalies appear are strongly
dependent on the measuring current, as shown in Fig. 14.
This field-dependent behavior of resistance under various
measuring currents is a key phenomenon for interpreting the
resistance anomaly as a peak effect.

Figure 15 shows the isothermal magnetic-field change
of the real (χ ′) and imaginary (χ ′′) components of the ac
susceptibility for Y4.5Ti0.5Rh6Sn18. As the field increases, χ ′
isotherms measured for T = 1.8 K or at 2 K show a weak
maximum at B = 1.4 T or 1.1 T, respectively. Similarly, χ ′′
shows the maxima related to the respective extremes of χ ′.
The peaks in χac were found to be independent of frequency;
also the curves shown in Fig. 15 were reversible for increasing
and decreasing fields. Such a χac behavior is characteristic of
the peak effect in superconductors.
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FIG. 11. (a) Electrical resistivity for Y4.5Ti0.5Rh6Sn18 for a mea-
suring current of 10 mA. Panel (a) shows the low-temperature
dependence of ρ when the magnetic field is in the range of 0 � B �
2.4 T. The resistivity drop at B = 0 indicates the superconducting
transition at T �

c , while the weak change of ρ at ∼2.8 K is related to
the bulk transition at Tc. For the fields B > 0.4 T the resistivity shows
an anomalous rise in the SC state. (b) Magnetoresistance isotherms
of Y4.5Ti0.5Rh6Sn18 as a function of applied magnetic field for the
temperature changing from 1.8 to 4 K with the appearance of the
anomalous peak effect in ρ. At T = 1.8 K ρ first increases with rise
of the magnetic field, then a reentrance of superconductivity happens
at B ≈ 2.2 T. As the temperature increases, the “reentrance” behavior
becomes less and less obvious and finally disappears at T > 2.6 K.
At the lowest temperatures the effect is expected to be observed for
the magnetic field B < 2.4 T. The dashed line shows the estimated
critical field, below which the peak effect coexists with the SC state.

The resistivity of Y4.5Sr0.5Rh6Sn18 shows at T �
c a narrow

transition between the normal and superconducting state, as
shown in Fig. 16(a), while between T �

c and 5.6 K the figure ex-
hibits an abnormal change in ρ(T ), which indicates formation
of disconnected superconducting regions in the sample and
suggests the percolation modeling for this inhomogeneous
superconductor. As long as the zero-resistivity elements do
not form a continuous path across the system, the sample
remains in the normal state, but with decreasing resistivity,
as shown in Fig. 16. The magnetoresistance isotherms shown
in panel (b) do not exhibit the peak effect, but indicate the
superconductivity preceded by the creation of activating per-
colation paths between ∼6 K and T �

c . Recently [19], we

FIG. 12. Y4.5Ti0.5Rh6Sn18; electrical resistivity ρ0 approximated
from the normal state near T �

c to T = 0 vs magnetic field. The field
of 2.4 T separates different slopes in ρ0(B) behavior; cf. Fig. 11(b).

proposed a percolation approach based on the random resistor
network (RRN) model [47,48], that can reproduce similar
temperature dependence of Hc2 in analogous quasiskutteru-
dites with T �

c significantly larger than Tc and | dHc2
dT | > | dH�

c2
dT |

dependence near proper critical temperatures, where the
single-band (or multiband) Werthamer-Helfand-Hohenberg

FIG. 13. Electrical resistivity ρ for Y4.5Zr0.5Rh6Sn18 below T �
c

for a measuring current of 10 mA. Panel (a) shows ρB(T ); panel
(b) displays isotherms of ρ as a function of the magnetic field.
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FIG. 14. Field-dependent normalized resistance R/Rn of
Y4.5Ti0.5Rh6Sn18 for different measuring currents at 1.9 K.

[50] theory cannot explain the H-T experimental data (cf.
Sec. III B).

(iii) The comprehensive results obtained for the series of
the Y4.5M0.5Rh6Sn18 superconductors allow us to construct a
simple modeling of superconductivity with the presence of the
PE phase, taking into account the local stresses caused by M
dopant with the atomic radius smaller than the radius of Y.
The peak effect in the superconducting state is only possible
when the radius of metal M is smaller then the radius of Y. We
have shown, too, that the electronic properties of the impurity
M significantly affect the nature of electrical conductivity of
sample; however, the change of the band structure near εF due
to doping is not the cause of the reentrance in superconductiv-
ity phenomenon. This will be discussed in Sec. IV.

D. The peak effect induced by vacancies in the isostructural
Lu5−δRh6Sn18; band structure calculations

In the doped Y4.5M0.5Rh6Sn18, the magnetic field induced
reentrance of superconductivity has been observed only for
the dopants smaller than the yttrium atoms. One can con-
clude that the peak effect results from local stresses; if such

FIG. 15. Y4.5Ti0.5Rh6Sn18; real (χ ′) and imaginary (χ ′′) parts of
the ac susceptibility as a function of applied dc magnetic field. The
curves are reversible for increasing as well as decreasing fields.

FIG. 16. Electrical resistivity ρ for Y4.5Sr0.5Rh6Sn18 for a mea-
suring current of 10 mA. Panel (a) shows ρB(T ); panel (b) displays
isotherms of ρ as a function of the magnetic field. The change of ρ

between T �
c = 3.63 and T = 5.63 K (B = 0) indicates formation of

disconnected superconducting regions. Similar ρB(T ) characteristics
are observed for Y4.5La0.5Rh6Sn18.

a hypothesis is correct, the effect should also be generated
by the presence of vacancies in the 32(g) sites of the par-
ent compound [35]. Continuing, first, the analysis should
be performed for the reference system Y4.5Rh6Sn18 with
vacancies at Y sites; unfortunately we were unable to ob-
tain a single-phase compound. However, it is possible to
obtain isostructural superconductor Lu5Rh6Sn18 and its off-
stoichiometric equivalent [42]. Microanalysis has documented
[42] that the system 5 : 6 : 18 does not crystallize in an as-
sumed stoichiometry but forms a Lu5−δRh6Sn18 phase with
Lu deficiency δ � 1. Figure 17(a) shows the magnetoresis-
tance for Lu5−δRh6Sn18. The anomalous rise in ρT (B) is not
explicitly observed in the superconducting state for the sys-
tem with composition closed to assumed stoichiometry (5 :
6 : 18) [62], while the peak effect is clearly seen for sample
Lu4.6Rh6Sn18 with the number of vacancies much larger than
δ [see Fig. 17(b)]. Analogously, quite different temperature
characteristics of ρ observed for Lu5Rh6Sn18 (typical of met-
als) or Lu4.5Rh6Sn18 (semimetallic) [42] are also documented
for a series of Y-based superconducting quasiskutterudites,
as shown in Fig. 9; they are typical for metals (the case of
M = Ti, La) or show the ρ ∼ T −1/4 behavior for M = Y,
Ca, Sr, Zr, or Lu. The comparable behavior in the respec-
tive ρ(T ) plots of the Lu- and Y-based systems suggests a
significant impact of the density of states at the Fermi level
on electric transport. We therefore compare the band structure
calculations for Lu5Rh6Sn18 and Lu4.5Rh6Sn18 having vacan-
cies at Lu sites to understand the analogous properties of the
doped Y4.5M0.5Rh6Sn18 compounds, and assuming that the
local stress effect caused by the lower size of M in respect
to Y and/or the vacancies at Y sites are similar in nature
and could be a cause of the reentrant phenomenon (Figs. 18
and 19).
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FIG. 17. Magnetoresistance isotherms for a measuring current
of 10 mA as a function of applied magnetic field at different tem-
peratures for Lu5−δRh6Sn18 with small Lu deficiency δ (a), and
for off-stoichiometry Lu4.6Rh6Sn18 (b). The peak in ρT (B) in the
superconducting state of Lu4.6Rh6Sn18 occurs in the magnetic fields
B > 1 T, while for the Lu5−δRh6Sn18 sample with the composition
similar to 5 : 6 : 18 this behavior is not clearly observed.

The ab initio calculations confirmed the significance of
correlation energy U on the energy of Lu 4 f electronic states,
while its impact on the shape of the total density of states
(TDOS) between −6 eV and the Fermi energy was negligi-

(a)

(b)

FIG. 18. The band structure calculated along high-symmetry k
lines in the Brillouin zone for stoichiometric Lu5Rh6Sn18 (a) and
Lu4.5Rh6Sn18 (b). The bands are calculated for U4 f = 6.8 eV and
Ud = 3 eV and spin-orbit (SO) coupling.
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FIG. 19. The comparison of TDOS for Lu5Rh6Sn18 and
Lu4.5Rh6Sn18. The inset shows details near the Fermi level. The
DOSs were calculated for SO coupling and for U4 f = 6.8 eV and
Ud = 3 eV giving the best comparison to the XPS valence band
spectra (see Ref. [42]).

ble. We chose for DFT calculations Uf = (3, 4.5, 5.5, and
6.8) eV, respectively. For all calculations made for a number
of different Uf , the d-electron correlations with Ud = 3 eV
were always taken into account the same [63]. The Lu 4 f -
electron XPS states are well accounted for by the Lu 4 f
states calculated for Uf = 6.8 eV (cf. Fig. 6 in Ref. [42]),
which suggests that the DFT band structure calculations with
Uf = 6.8 eV and accompanying Ud = 3 eV are the most rea-
sonable for obtaining the details in the electronic bands near
the Fermi level. For both samples the dispersive character of
the calculated bands is similar; however, the partial DOSs of
Lu4.5Rh6Sn18 are shifted toward εF by ∼0.2 eV in respect
to the bands calculated for stoichiometric Lu5Rh6Sn18. The
ab initio calculations thus also confirmed that the presence of
vacancies shifts the pseudogap toward the Fermi level, thereby
reducing the TDOS at εF , as shown in Fig. 19. The formation
of the pseudogap results from strong hybridization between
the band states located on various surfaces of the Brillouin
zone, as shown in Fig. 18 (k lines: Y -�-�, Z-�1-N , P-Y 1-Z).

The pseudogap shift with increase of the number of de-
fects toward the Fermi level justifies the observation of the
negative TCR behavior in ρ(T ), as well as the Mott variable-
range hopping effect for Lu4.5Rh6Sn18 (cf. [42]) and for some
Y4.5M0.5Rh6Sn18 samples (as shown in Fig. 9). However, the
presence of the pseudogap at εF cannot be the main reason
for the anomalous resistivity rise in the superconducting state
of Y4.5M0.5Rh6Sn18, the more so as the PE phenomenon is
also observed for metallic superconductors doped with La
and Ti atoms. Therefore, the discussion of the PE reduced
only to the band structure properties near εF seems not to
be justified. The size effect of the impurity/vacancy seems
to be crucial. For example, a strong peak effect has been ob-
served for Y4.5Ti0.5Rh6Sn18, while its normal state resistivity
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FIG. 20. Valence band XPS spectra for Y4.5M0.5Rh6Sn18 are
compared with the calculated total DOS for pristine Y5Rh6Sn18

(TDOS for Y5Rh6Sn18 is taken from Ref. [41]). The intensities
of all measured XPS bands are normalized to the background for
Y5Rh6Sn18 at E > εF . Solid brown line represents the Lu 4 f VB
XPS spectra obtained for Lu5Rh6Sn18 (see Ref. [42]), and normal-
ized to VB XPS spectra of Y4.5Lu0.5Rh6Sn18 at E = −12 eV.

is metallic, as shown in Fig. 9. Therefore, an interpretation
based on stresses caused by M dopants smaller than Y atoms
seems more likely.

E. Band structure of Y4.5M0.5Rh6Sn18

Figure 20 shows the valence band XPS spectra of
Y4.5M0.5Rh6Sn18 in relation to the TDOS calculated for
Y5Rh6Sn18. All the VB XPS spectra are dominated by the Rh
4d and Sn 5p states between εF and −5 eV, while for binding
energies −3 to −11 eV the Sn 5s states also give significant
contribution to the intensity of these VB XPS spectra. For
Y4.5Lu0.5Rh6Sn18, the Lu 4 f -electron states located at the
binding energies −7.7 eV and −9.1 eV dominate the XPS
VB spectra of this sample. We observed that the presence of
d-electron states of metal M did not significantly change the
XPS spectra of Y5Rh6Sn18, especially near the Fermi level,
which is reflected in similar Tc values measured for the series
of Y4.5M0.5Rh6Sn18 superconductors.

As an example, the total DOS calculated for
Y4.5Ti0.5Rh6Sn18 and Y4.5Sr0.5Rh6Sn18, assuming the
correlation energy Ud = 3 eV only for Rh 4d states, is
shown in Fig. 21. The DFT calculations were performed for
only a single specific configuration of Ti (Sr) atoms in the Y
sublattice. We are aware that to gain the complete knowledge
of the effect of the dopants M on the TDOS all symmetrically
nonequivalent configurations should be considered in DFT
calculations.

Assuming, that the configuration adopted for the calcula-
tions well reflects the real TDOS of Y4.5M0.5Rh6Sn18, then
the most important results are following: (i) The atoms sur-
rounding Ti move toward Ti [64], while the local distances

FIG. 21. (a) The total DOS per formula unit within GGA ap-
proximation (SO; Ud = 3 eV) for the both spin orientations (spin-up
and spin-down) for Y4.5Ti0.5Rh6Sn18 and Y4.5Sr0.5Rh6Sn18. Panel
(b) shows the spin-polarized TDOS for Ti per one Ti atom. The inset
displays resistivity ρ as a function of lnT at various magnetic fields
near Tc for Y4.5Ti0.5Rh6Sn18.

between Sr neighbors increased in relation to the undoped
compound Y5Rh6Sn18 (see the data in Table III). This is
the basis for PE modeling in Sec. IV. (ii) The Ti d-electron
states form a sharp peak in the TDOS of Y4.5Ti0.5Rh6Sn18 at
∼0.3 eV below the Fermi level, thus removing the pseudogap,
characteristic of the series of the remaining Y4.5M0.5Rh6Sn18

compounds [cf. Figs. 20 and 21(a)]. As a result, the resis-
tivity of Y4.5Ti0.5Rh6Sn18 is metallic (cf. Fig. 9). (iii) The
calculated Sommerfeld coefficient γ0 is 34.7 mJ/mol K2

for the Ti sample and 33.4 mJ/mol K2 for the Sr one;
both calculated quantities are quite comparable with those
experimentally obtained from the specific heat data (cf.
Table II). (iv) The ab initio calculations documented for
the series of Y4.5M0.5Rh6Sn18 superconductors a nonmag-
netic ground state, however, with the exception of the Ti
dopant. The Ti dopant is calculated magnetic with the mag-
netic moment μTi = 1.42 μB per atom, while the remaining
dopants M are calculated nonmagnetic. However, the exper-
iment does not confirm the possible magnetic ground state
for Y4.5Ti0.5Rh6Sn18; we therefore suggest a Kondo-impurity
effect. One notes that the Ti dopant is only 1.7% of the total
number of atoms in a unit cell, and the distance between
the nearest Ti atoms is so large that the RKKY interaction
between them is negligible. The inset to Fig. 21 exhibits a
linear change in ρ vs ln T between 3.5 K and 4 K, that is
not observed in the applied magnetic fields. These temper-
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TABLE III. Interatomic distances dY, dTi, dSr (in Å) between the Y, Ti, Sr atom and atoms surrounding them in the relaxed crystal
structure of Y5Rh6Sn18 (third column), Y4.5Ti0.5Rh6Sn18 (fourth column), and Y4.5Ti0.5Rh6Sn18 (fifth column). For each composition the
atomic relaxation (minimization of interatomic forces) was performed assuming the experimental lattice parameters. Multiplicity parameter
(Mult.) gives the number of atoms of a given type in the local neighborhood of Y, Ti, and Sr atoms.

Atom Mult. Y5Rh6Sn18 dY Y4.5Ti0.5Rh6Sn18 dTi Y4.5Ti0.5Rh6Sn18 dSr

Sn 2 3.382 3.290 3.394
Sn 4 3.388 3.312 3.408
Sn 4 3.403 3.322 3.421
Sn 2 3.423 3.351 3.438
Rh 2 3.508 3.509 3.534
Rh 4 3.515 3.543 3.546

ature and field dependencies of ρ are characteristic of the
Kondo-impurity behavior. Similarly, a broad maximum in the
C(T )/T data above T �

c shown in Fig. 6 may also indicate a
Kondo effect coexisting with the distribution of �’s in the re-
gion of the inhomogeneous superconducting phase; however,
both of these effects are difficult to be separated exactly.

IV. TOY MODEL

We propose a simple model to verify whether the observed
PE described in the previous section can be caused by the local
dopant-induced changes in the crystal lattice geometry. It has
been widely accepted that this effect results from a change
in the structure of the vortex lattice close to Hc2 or Tc. At
low temperature, the vortex lines form a regular lattice. When
the temperature approaches Tc the flux line lattice starts to
melt, which allows individual flux lines to deviate from an
ideal periodic lattice and go through pinning centers. That
means that the presence of the PE should be correlated with
the effectiveness of the pinning of flux lines. And since we
observe the PE only when Y atoms are replaced by smaller
atoms, we want to check how the size of the impurity affects
the pinning energy. The pinning energy Ep is defined as the
energy that is gained when the vortex core is located at the
impurity site [65],

Ep = E (r = 0) − E (r = ∞), (10)

where E (r) is the energy of the system when the distance
between the impurity site and the vortex core is r. Since both
the size of the area affected by the impurity and the vortex
size are limited, for r → ∞ the energy of the vortex is not
affected by the impurity and we can divide the system into
two parts: one with the impurity and one homogeneous. Then,
we independently calculate the energy of both parts with and
without the vortex (see Fig. 22). The total energy (for r = 0
and for r = ∞) is a sum of these energies.

What is interesting for our analysis is the dependence of
the pinning energy on the impurity size. In particular, we
want to determine whether the strength of the pinning depends
on whether the impurity is smaller or larger than Y atoms.
The lattice deformations for small and large impurities are
schematically demonstrated in Fig. 23. It has already been
discussed that impurities smaller then Y atoms lead to a
small decrease in the total volume of the sample. The most
pronounced effects on the crystal lattice are, however, in the
vicinity of the impurity site. In Fig. 23 we marked this region

by a light gray circle and assume that the changes are negligi-
ble beyond this area. For an impurity larger than Y atoms, the
lattice is locally compressed so that the length of the bonds is
reduced near the impurity. In contrast, for a small impurity the
length increases.

To calculate Ep for a given impurity size we model the
system by a tight-binding 2D lattice with hopping integral ti j

between nearest neighbor sites i and j given by

ti j = t0(1 + ae−br ), (11)

where r is the distance between the center of bond i- j and
the impurity site. Parameter a is assumed so that the ti j sig-
nificantly differs from t0 only within a few lattice constants
from the impurity site. Parameter a describes the magnitude of
the lattice constant changes and additionally a > 0 (ti j > t0)
for impurities larger than Y atoms and a < 0 (ti j < t0) for
impurities smaller than Y atoms.

(a)

(b))

FIG. 22. Illustration of the vortex configurations used to calcu-
late the pinning energy according to Eq. (10). Panel (a) shows the
situation when the vortex is pinned at the impurity (represented by a
small red sphere; r = 0), whereas in panel (b) the vortex is located
away from the impurity (r = ∞).
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(a)

(b)

FIG. 23. Schematic illustration of local atom displacements
around an impurity smaller (a) and larger (b) than Y atoms (not to
scale). The dashed circles represent a perfect square lattice without
the impurity-induced distortion. The light gray shaded area shows
the range of the influence of the impurity.

We assume s-wave pairing, so the model Hamiltonian can
be written as

H =
∑
i jσ

ti je
iφi j c†

jσ ciσ − μ
∑

iσ

niσ

−
∑

i

(�ic
†
i↑c†

i↓ + H.c.) + Vimpnk, (12)

where ti j is given by Eq. (11), niσ = c†
iσ ciσ , nk = nk↑ + nk↓, μ

is the chemical potential, and the impurity has potential Vimp

and is located at lattice site k. In the mixed state, the magnetic
field effect is included through the Peierls phase factor [66]

ti j → ti je
iφi j , (13)

where

φi j = e

h̄

∫ ri

r j

A(r)dr. (14)

The mean-field pair potential �i is defined as

�i = Vs〈ci↓ci↑〉, (15)

where Vs > 0 is the on-site attractive potential leading to the
pairing in the s-wave channel and 〈. . .〉 denotes the thermody-
namic average. Hamiltonian (12) can be diagonalized with the
help of the Bogoliubov–de Gennes (BdG) equations [67]. We
introduce a set of new fermionic operators γ (†)

nσ :

ci↑ =
∑

l

uilγl↑ − v∗
ilγ

†
l↓, (16)

ci↓ =
∑

l

uilγl↓ + v∗
ilγ

†
l↑, (17)

where uil and vil are solutions of∑
j

(
Hi j Di j

D∗
i j −Hi j

)(
u jl

v jl

)
= El

(
u jl

v jl

)
. (18)

Here, Hi j = ti jeiφi j − μδi j and Di j = �iδi j . The order param-
eter �i is calculated self-consistently,

�i = Vs

∑
l

uilv
∗
il tanh

(
El

2kBT

)
. (19)

Results

To determine the pinning energy, we need to calculate
E (r = 0) and E (r = ∞) [see Eq. (10)]. To do that, we con-
sider two 35 × 35 lattices: one with uniformly placed lattice
sites and one with lattice sites shifted by the presence of
an impurity (toward the impurity site or away from it; see
Fig. 23). For both these systems, the BdG equations are solved
iteratively, but the initial configuration of �i in one of the
systems is such that its phase changes by 2π when encircling
the center of the system. This is the system where the vortex is
located. Its profile is self-consistently determined by solving
the BdG equations. Since even in the absence of a vortex the
order parameter �i can be affected by the impurity-induced
dislocations, we also need to solve the BdG equations for the
other system.

Then, E (r = 0) is defined as the total energy of both the
systems calculated for the vortex located in the system with
the impurity. Similarly, E (r = ∞) is the total energy in the
case where the vortex is located in the system without an im-
purity (see Fig. 22). The energy of each of them is calculated
as

E (k) =
∑

l

E (k)
l

∑
i

{∣∣u(k)
il

∣∣2
f
(
E (k)

l

)

+ ∣∣v(k)
il

∣∣2[
1 − f

(
E (k)

l

)]}
, (20)

where f (. . .) is the Fermi-Dirac distribution function and k =
1, 2 enumerates the systems with and without an impurity. The
total energy is E = E (1) + E (2). Since we want to analyze the
influence of the displacements of atoms around an impurity,
we assume that Vimp does not change with the size of the
impurity so that Ep describes only the contribution to the
pinning energy from the lattice distortion.

Figure 24 shows the resulting pinning energy (10) as a
function of parameter a [see Eq. (11)]. It can be seen there that
arbitrary deformation produced by an impurity leads to vortex
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FIG. 24. The pinning energy [Eq. (10)] as a function of param-
eter a. a < 0 (a > 0) corresponds to impurities smaller (larger) than
Y atoms. The dashed line shows a = 0, i.e., a situation when there is
no impurity-induced deformation.

pinning (or enhances pinning if the impurity itself is a pinning
center). Note, however, that for a < 0, which corresponds to
an impurity smaller than Y atoms, the pinning is significantly
stronger. This is one of the possible explanations why the PE
is seen only when Y is substituted by smaller atoms. It also
suggests that this effect may be observed if Rh is substituted
by smaller atoms, which will be verified in future studies.

V. CONCLUDING REMARKS

In summary, we performed comprehensive investigations
of the polycrystalline Y4.5M0.5Rh6Sn18 samples and con-
firmed that their superconducting transition temperature Tc

increases with the random disorder. These disordered samples
exhibit coexistence between a bulk superconducting phase
and a higher-Tc, inhomogeneous superconducting phase. Ev-
idence is provided that the degree of local chemical disorder,
characterized by the difference between the electron-phonon
coupling parameters for the two superconducting phases, �λ,

correlates with the emergence of the higher-Tc state. The
observed phenomenon can be understood within the Gasti-
asoro and Andersen theoretical approach [20]. In a series
of our previous reports, we proposed a phenomenological
model to explain the enhanced superconductivity of the family
of similar skutterudite-related superconductors by different
stiffness of the bulk (Tc) and inhomogeneous (T �

c ) phases.
The enhancement of Tc here is related to stemming from two
effects. One is an inhomogeneous SC T �

c phase due to an
inhomogeneous doping effect, which appears to be closer to
a pressure effect; the second is a peak effect, which is not an
enhancement of Tc, but mainly an enhancement of the critical
current. Here, we have demonstrated that the field-induced
reentrant superconductivity and the peak effect are observed
when the atomic radius of metal M is smaller than the radius
for Y (i.e., M = Zr, Ti, Lu, vacancies). The effect is not
observed when the atomic radius of M is greater than that of
Y. We hypothesize that this reentrant superconductivity and
its associated peak effect are consequences of variations in
the structure of the vortex lattice under applied fields near the
critical field Hc2. Reentrant superconductivity and the peak
effect are also more prominent in samples with larger values
of �λ. The PE was also documented for the Lu5−δRh6Sn18

sample with vacancies in Lu sites [68]. Therefore, one can
assume that the anomalous reentrance of superconductivity in
the defected quasiskutterudites results from the stress located
on the local defects. We also proposed a simple theoretical
model which demonstrated that the lattice distortion produced
by an impurity smaller then Y leads to stronger pinning than
that produced by a larger impurity. A toy model is presented in
which the dependence of the pinning energy, Ep, on the size of
impurities is computed. These calculations show the pinning
is much stronger when the atomic radius of M is smaller than
that of Y. The resulting impact on flux lattice dynamics is
responsible for the reentrant superconductivity and associated
peak effect in samples with M = Zr, Ti, Lu vacancies.
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