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We report the observation of a superconducting state below ~ 8 K coexistent with a spin-glass
state caused by atomic disorder in Ce substituted CagRhsSnis. Measurements of specific heat,
resistivity, and magnetism reveal the existence of inhomogeneous superconductivity in samples doped
with Ce with superconducting critical temperatures 7. higher than those observed in the parent
compound. For CagRh4Sn;s3, the negative value of the change in resistivity p with pressure P, j—}’;
correlates well with the calculated decrease in the density of states (DOS) at the Fermi energy with
P. Based on band structure calculations performed under pressure, we demonstrate how the change
in DOS would affect T, of CazRh4Sni3 under negative lattice pressure in samples that are strongly

defected by quenching.

PACS numbers: 71.27.4+a, 72.15.Qm, 71.20.-b, 72.15.-v

I. INTRODUCTION

The interplay of magnetic order and superconductiv-
ity is a key topic of current research of strongly cor-
related heavy fermion compounds, high-T, cuprates as
well as iron-based pnictide or chalcogenide superconduc-
tors. The destruction of superconductivity at the onset of
magnetic order has been well known; however, there are
an increasing number of new superconductors which are
found experimentally to be closely linked to magnetism.
Analysis of the magnetic ordering and its coexistence
with superconductivity may help to explain the pairing
mechanism in high-7;, and unconventional superconduc-
tors. In particular, very recent reports demonstrate co-
existence of superconducting and spin-glass-like states in
EuFey(As;_,P.)2!, and Cag.9Ceg 1FeaAsy?, which sug-
gests an important role of atomic disorder.

There are a number of strongly correlated super-
conductors including BipSroCaCusOgy,, PrOsySbio34,
CePt3Si%%, and Celrlns”, in which the nanoscale elec-
tronic disorder is responsible for an increase in T.
Similar behavior has been found in LagRhsSn;s® and
LagRusSn;3°, where nanoscale electronic disorder leads
to the increase of T.. Regarding the filamentary super-
conductivity observed in known granular superconduc-
tors, it has been reported!'®, for example, that the fil-
amentary superconductivity in CaFesAss suggests that
even nominally pure stoichiometric compounds can spon-
taneously become electronically inhomogeneous at the
nanoscale. In the similar compound, BaFesAso,'! a spin-
glass-like antiferromagnetic state was found to be coexist
with superconductivity along domain walls. It is widely
believed that disorder plays a key role in the new super-
conductors. In particular, such disorder can have notice-
able effects on T,.. In this study, we report an increase
in T, when Ce is substituted for Ca in the skutterudite-
related CagRhySn;3 superconductor. We argue that it

can be a result of the disorder induced by the substitu-
tion. The results will contribute to a better understand-
ing of the complex low temperature properties observed
in novel superconducting strongly correlated electron sys-
tems.

II. EXPERIMENTAL DETAILS

The CagRh4Sn;3 and CegRhySn;3 polycrystalline sam-
ples were prepared by arc melting the constituent el-
ements on a water cooled copper hearth in a high-
purity argon atmosphere with an Al getter.  The
Caz_,Ce,RhySny3 alloys were then prepared by dilut-
ing the parent compounds with nominal compositions
of Ce and Ca which were then annealed at 870°C for
2 weeks. All samples were examined by x-ray diffrac-
tion (XRD) analysis and found to have a cubic struc-
ture (space group Pm3n)!2. XRD data were refined us-
ing FULPROF program'3 with pseudo-Voight line shape,
yielding the profile R-factor R, < 4, the weighted pro-
file R-factor R,y < 5, and Reyp ~ 0.5. Figure la shows
a representative XRD pattern for CagRhsSni3 together
with its Rietveld refined pattern. From the XRD patterns
measured at 7' = 300 K, 160 K and 12 K we identified the
cubic structure of YbgRh4Sn3-type for CagRhsSny3. No
evidence of simple cubic-to-bce structural distortion was
found in CagRh4Sny3, while the low-temperature XRD
data show superlattice reflections for * > 1.5 compo-
nents of Cas_,Ce,RhsSn;3 in the low 26 region (see Fig.
2a), interpreted (c.f. Refs.141%) as a structural transition
from simple cubic to 143d bece structure, involving crys-
tallographic cell doubling. Fig. 2b exhibits the abnormal
volume change at the temperature of structural distor-
tion found for x > 1.5, which is, however, not observed
for the parent compound. The refined lattice parameters
shown in Fig. 1c and corresponding atomic positions
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FIG. 1. (a) X-ray diffraction pattern for the CazRh4Sn13 com-
pound. The green line represents the differences between the
blue and red line peak shapes. Inset: The temperature change
of the (422) and (430) XRD lines between 12 K and 300 K.
There was no change of dpx; vs T, characteristic of the struc-
tural phase transition. (b) T, and the lattice parameter a for
CasRh4Sni3 plotted against different quenching temperatures
To. The data at Tg = 505, 679, and 804°C are taken from
Ref. 17. Temperature T. = 4.8 K and the room temperature
lattice parameter a = 9.6991 A for the arc-melted sample are
expected at T ~ 2000 K. (¢) The lattice parameter, a, plot-
ted against Ce concentration, x, for the Caz_,CezRhsSnis
system. The dotted line is a linear fit to the data.

were used in our band structure calculations. The lattice
parameters of the Cag_,Ce,RhsSni3 alloys measured at
room temperature follow Vegard’s law, which suggests
good sample quality and stoichiometry of the compo-
nents z. Stoichiometry and homogeneity were checked
by the electron microprobe technique (scanning micro-
scope JSM-5410) and by XPS analysis. Deviations from
the nominal composition were small. The experimen-
tally obtained compositions from the total surface of the
sample were very close to the assumed one; e.g., for
Cag Cep 6RhsSni3 with the assumed atomic concentra-
tion ratio 12:3:20:65, respectively we determined 12.05
at.% Ca, 3.04 at.% Ce, 19.60 at.% Rh, and 65.31 at.%
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FIG. 2. (a) X-ray diffraction of Cag.2Ce2.sRh4Snis with Cu
K, radiation at different temperatures for small 20s to exhibit
additional superlattice reflections at T' = 160 K and below.
(b) The temperature change of the distance d(7') in different
compounds Caj—_,Ce;RhsSnis, normalized to the d value at
T = 300 K between (422) crystallographic planes, obtained
from Bragg equation A\ = 2dsin 6(T") for diffraction line (422).
Arrows indicate the temperature of the structural distortion
(Tp) for the components z = 1.5, 2.5, and 2.8. There is a
change of intensity of the XRD diffraction lines at Tp, not
shown here (c.f. Ref. 16). In panel (a), for T < 160 K the
intensity of the superlattice reflection at 20 ~ 22 deg shows
linear increase vs decreasing T'.

Sn. The variations in stoichiometry over the length of
the sample are shown for this sample in Fig. 3. Local
fluctuations in composition were observed in nano-scale
for all components of the alloy, however, the greatest one
exist for Ce, which may explain the strong disorder in-
duced by doping. We observed similar fluctuations in the
composition for the parent compound, which signals sim-
ilar site disorder induced by rapid quenching from high
temperature in the system of Cas_,Ce,RhsSn;3 alloys.

The difference spectrum shown in Fig. 1la (green
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FIG. 3. Variations in stoichiometry of Cagz 4Cep.cRhsaSnis
over the length of the sample. The right panels show cor-
responding histograms.

line) results from the differences in peak shape, which
we attribute to atomic disorder in CagRhsSni3. It was
reported!”!8 that Ca-Snl anti-site defects generated
at high temperatures and then frozen-in by rapid
quenching to room temperature are responsible either
for the degradation of the superconducting transition
temperature T, or a reduction in the lattice parameter
a in CagRhsSn;3. Figure 1b exhibits the T, vs T (the
temperature from which the samples were quenched)
data taken from Ref. 17. In the quenching temperature
range ~ 810 — 300 °C, T, of CagRh4Sn;3 is lowered from
8.4 K in the as-grown sample down to 6.9 K in the sam-
ple which was quenched at ~ 810 K'7. Hence, the value
of T, ~ 4.8 K and the lattice parameter a = 9.6991 A for
the sample melted in arc (shown in the figure) can be ex-
plained by rapid quenching at Ty of about 2000—3000 K.

Electrical resistivity p at ambient pressure was inves-
tigated by a conventional four-point ac technique us-
ing a Quantum Design Physical Properties Measure-
ment System (PPMS). Measurements of p under pressure
were performed in a beryllium-copper, piston-cylinder
clamped cell (for details, see Ref. 19).

Specific heat C was measured in the temperature range
0.4—300 K and in external magnetic fields up to 9 T using
a Quantum Design PPMS platform. The dc magnetiza-
tion M and (dc and ac) magnetic susceptibility x were
obtained using a commercial superconducting quantum
interference device magnetometer from 1.8 K to 300 K in
magnetic fields up to 7 T.

The XPS spectra were obtained with monochroma-

tized Al K, radiation at room temperature using a PHI
5700 ESCA spectrometer. The polycrystalline sample
was broken under high vacuum better than 6 x 10710
Torr immediately before taking a spectrum.

The band structure calculations were accomplished us-
ing fully relativistic full potential local orbital method
(FPLO9-00-34 computer code?”) within the local spin
density approximation (LSDA) as well as ELK FP-
LAPW/APW+lo code?'. The exchange correlation po-
tential V.. was used in the form proposed by Perdew-
Wang?? in both cases. The number of k-points in the
irreducible wedge of Brillouin Zone was 80. The results
obtained from both methods were accomplished for the
same V., and as expected were essentially the same.
The ELK-code was used for accurate calculations of the
electron localization function (ELF), whereas the FPLO
method was used to study the pressure influence as it is
much faster due to a more advanced mixing scheme.

III. RESULTS AND DISCUSSION

A. Atomic disorder and superconductivity in
Ca3sRh4Sni3 revisited

1. Magnetic properties of CasRhaSmis doped with Ce,
evidence of short range magnetic order and the
superconducting state

CagRh4Sn;3 has been reported to be a paramagnetic??
superconducting compound with a 7T, ~ 8.4 K. How-
ever, the superconducting state of this compound was
proposed!” to be strongly dependent on the atomic dis-
order, which, upon quenching, leads to a significant de-
crease in T,. On the other hand, there are some exam-
ples of analogous skutterudite-related superconductors
(LagRh4Sn;324, LagRusSni3”) which show evidence of
nanoscale disorder over length scales similar to the co-
herence length as a bulk property, leading to an inhomo-
geneous superconducting state with an enhanced critical
temperature T > T,. Here, T} represents a drop of
resistivity connected to formation of percolation paths,
whereas T, determined from the specific heat, indicates
the onset of bulk superconductivity. This behavior is
also observed in other strongly correlated f-electron su-
perconductors which we believe will attract future at-
tention. With this motivation, we present the magnetic
investigations of CagRh4Sn;3 substituted with Ce. The x
vs T' dc magnetic susceptibility data obtained at 500 Oe
in zero field (ZFC) and field cooling (FC) modes shown
in Fig. 4 reveals the onset of diamagnetism and thermal
hysteresis associated with the superconducting state be-
low T, ~ 4.8 K for CazRh4Sn;3. At the concentration of
Ce z = 0.1 T, jumps to about 8 K and remains at this
value for x up to 1. Then, with further increase of x it
drops down and at = = 1.5 there is no superconductivity.
For a wide range of Ce concentrations two superconduct-
ing transitions are observed, what will be discussed later.



Fig. 5 shows how these temperatures depend on x. Since
the critical temperature first increases with increasing x,
then reaches maximum at optimal dopping and then de-
creases, it forms a dome similar to that which is typical
for the high — T, cuprates. Of course, the main differ-
ence is that for CagRhsSn;3 doped with Ce, there is no
lower critical concentration of Ce and as such the un-
doped parent compound CagRh4Snj3 is superconducting.
Within the superconducting dome there are two effects of
disorder on the superconductivity, namely the site disor-
der induced by rapid quenching from high temperature
which decreases T, in the parent compound and the dis-
order that results from doping with cerium, which in-
creases superconducting transition. The effect of these
two types of disorder is clearly seen in Fig. 5; these
two types of disorder roughly can be distinguished by

microanalysis (c.f. Fig. 3 and comment). Measure-
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FIG. 4. Magnetic susceptibility (dc) for Cag—;CezRhaSnis
in a field-cooled (FC) and zero-field-cooled (ZFC) experi-
ment with an applied field 0.05 T. The data are shown for
CagRh4Sni3 (a) and for the compounds with z = 0.2 and 0.5
(b). The insets exhibit details in the extended x axes.
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FIG. 5. Superconducting critical temperature 7. (red points)
and T} (blue points) of Cas_;Ce;Rh4Snis for z from 0 to
1.2 obtained from ygq.. An increase in Ce doping leads to
an increase of the lattice constant (see Fig. 1c), suggesting
an effective chemical pressure for the x < 0, undoped system
(discussed later in the text).

ments of the dc magnetic susceptibility performed on the
parent CagRhsSnysz sample (cf. inset to Fig. 4a) re-
veal very weak thermal hysteresis in the ZFC and FC
data between ~ 110 K and T,. This is a significant phe-
nomenon which may be interpreted in several ways. One
interpretation could be the formation of a charge density
wave (CDW) ordering or a structural distortion. There
are a few examples of compounds that are isostructural
to CagRh4Sni3, such as La-based?® superconductors or
Sr3IrsSni3 superconductors'®2% which exhibit CDW or-
dering and structural distortions at about 100 — 140 K.
Since the structural distortion has not been observed in
CasRh4Sn 3%, a weak spin fluctuation in CazRh4Sn;s
could also explain the observed thermal hysteresis for
T. < T <~ 110 K. The high temperature thermal hys-
teresis observed in xq. (Fig. 4a), Xqc vs. frequency at
T < T, and resistivity measurements (shown later) are
also suggestive of a granular effect?”. This scenario seems
to be very probable and will be discussed. In panel (b)
of Fig. 4, x can be well approximated by the modi-
fied Curie-Weiss expression x = xo + C/(T + 6cw) with
Curie constant C' = 0.807 K emu/molc, for Ce3* ion,
Xo = 3.7 x 107* emu/molce, and fow = 31 K, suggest-
ing ferromagnetic correlations of Ce magnetic moments.
For the similar isovalent compound CaglrySny3, there are
a number of similar anomalies in the magnetic and elec-
tric transport properties at ~ 38 K which is well above
the superconducting transition; these features were at-
tributed to ferromagnetic spin fluctuations coupled to
superconductivity?®2?, or a CDW effect’. In order to
study the complex interplay of magnetism and supercon-
ductivity in Caz_,Ce,RhsSny3 with < 0.5, we have
investigated the ac mass magnetic susceptibility vs fre-
quency and different ac amplitude of the magnetic field



(Figs 6 and 7). The perfect diamagnetism of the full
Meissner state Y = —1/(4rd) = 9.587 x 103 emu/g for
mass density d = 8.3 g/cm?® 3! is reached for CazRh;Sn;3
below T, = 4.6 K. The Ce doping and increasing am-
plitude of the magnetic field systematically reduces the
Meissner effect about 73 % in Caz_,Ce,RhysSn;3, which
is for the ac magnetic field amplitude of 1 Oe at 2 K for
the sample = 0.5. The insets to Fig. 6 (lower panel)
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FIG. 6. The real and imaginary components of the ac mag-
netic susceptibility, X/ and X”, for CagRh4Sni3, as a function
of temperature measured in various magnetic fields (a) and
at different frequencies (b) in a field B = 4 Oe.

display weak frequency dependence of the real (X/) and
imaginary (XN) parts of ac mass magnetic susceptibil-
ity Xae, which could suggest an atomic disorder effect in
Cath4Sn13, while frequency and field dependencies in
x and x depicted in Fig. 7 become apparent for spin-
glass-like behavior in Ce doped alloys.

Figure 8 shows the magnetization loops for the
Cas_,Ce,RhsSni3 samples with < 0.5 and the ir-
reversibility in the magnetization curves observed for
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FIG. 7. The real and imaginary components of the ac mag-
netic susceptibility, X/ and XN, for Cag.5Cep.2Rh4Sn13 (a) and
Caz.5Cep.5RhaSniz (b), as a function of temperature mea-
sured in various magnetic fields. The inset to panel (b) shows
how XN depends on frequency for Cag 5Cep sRhaSnqs with ev-
idence of the spin-glass state.

T < T, at lower fields represents the effect of vortex pin-
ning. Moreover, CagRhsSn;3 is diamagnetic in the wide
temperature region (Fig. 8a) with weak magnetization
hysteresis loops observed at T' = 6,10, and 50 K, which
correlates with thermal hysteresis in the ZFC and FC y
data presented in Fig. 4a and is not associated with the
flux pinning effect. For the alloys doped with Ce (cf. Fig.
8b), the magnetization M vs B isotherms for B 2 1 T
are characteristic of paramagnets. The smaller hystere-
sis loop effect, as shown in the lower panel of Fig. 8,
is likely due to atomic disorder and related to the more
complicated effect of magnetic flux pinning.

A sharp superconducting transition in the specific heat
data C(T)/T at T, = 4.6 K is shown for CazRh4Sn;3 in
Fig. 9a. The C(T')/T data are well approximated by the
expression C(T)/T = v+ BT* + FAexp(—A.(0)/ksT).
The best fit gives an electronic coefficient v = 6.1 mJ/mol
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K2, 3 = 4 mJ/mol K* and the energy gap at T = 0,
A.(0)/kg = 16.0 K. From 8 = N(12/5)7*R0,%, we
estimated the Debye temperature, p ~ 213 K, which
compares very well with the literature data®!. The
C/T ~ exp(—A(0)/kpT) exponential behavior indi-
cates an s-wave and BCS character of superconductiv-
ity. We obtained AC/(yT,) = 1.4(7) based on a value
of the electronic specific heat coefficient v = 34 mJ/mol
K? for T < T. at a field of 3 T; we also determined
2A.(0)/kpT, ~ 7.0 which is larger than that expected
from the BCS theory (2A.(0)/kgT. = 3.52) which indi-
cates that CagRhsSn;3 may be categorized as a strong
coupling superconductor. The two lower panels, Fig. 9
(b) and (c) display the specific heat data C(T)/T and
C(T), respectively, for Cag gCepoRhySny3. There is no
sharp transition at T, in the specific heat data shown in
panel (b) Instead, the specific heat displays a broad peak
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FIG. 9. (a) Temperature dependence of specific heat,
C(T)/T, for CazgRhsSni3 in various magnetic fields. The
dotted blue line is the best fit of the expression C(T")/T =
v+ BT? + F Aexp(—Ac(0)/ksT) to the data. The C(T)/T
and C(T) data vs T at different magnetic fields are shown for
Caz.8Cep.2Rh4Sny3 in panel (b) and (c), respectively.

at T ~ 0.6 K with a maximum value of C/T = 1.9 J/K?
mole. which is strongly reduced by field, shifts to higher
temperatures, and is not related to the superconductiv-
ity of the sample. We attribute this low-temperature C'
behavior to the formation of a spin-glass-like magnetic
state. The low-T heat capacity gives magnetic entropy
S =1 J/K molc,, while the limit S = R1n23? is reached
at about 6 K, well above the C/T maximum. If the
cause of the maximum in C and C/T was due solely to a



Kondo effect, then C'//T should be about 4 J/K? molc.33
in the limit of T — 0 ( recently we have shown a sin-
gle ion Kondo impurity state for La-diluted isostructural
Ces_,La;CosSn;333 and Ces_,LayRhsSnis2* series of
compounds with small value of Kondo temperature of
about 1.5 K and C(T)/T value almost not az-dependent
and about 3—4 J/K? molc,.) Moreover, the 4f contribu-
tion to the specific heat, AC(T"), should be approximated
by the Kondo resonant-level model®*, however, this is not
a case. Within this model the Kondo-impurity contribu-
tion to AC can be described by the expression:

QSAK (AK +iguBH)2

AC = _9 8K TR )
C= R RR@{ (2rkpT)?
Ag +igugH

x{(25+1)2¢,<1+ ST (25+1))

' Ak +igupH

where z// is the first derivative of the digamma function,
and Ag/kp is of the order of the Kondo temperature
Tk . The best approximation gives Ax = 0, which elimi-
nates the Kondo impurity effect as dominant. Therefore,
the C(T) and x..(T) data for Cas gCey2RhySn;3 indi-
cate the coexistence of an inhomogeneous superconduct-
ing phase (cf. Ref. 8 and 9) and a spin-glass-like state at
temperatures below T,.. Very recently we have discussed
a very similar specific heat behavior in so strongly disor-
dered LagCozRus_.Sni3 superconductors® that the ex-
pected specific heat jump and the onset of diamagnetism
are spread out over a very large temperature range. It
has been shown that potential disorder smooth on a scale
comparable to the coherence length leads to large mod-
ulation of the superconducting gap and large transition
width, similar to that shown in Fig. 7.

Figure 10 displays the zero field electrical resistivity
p between 0.4 and 300 K for Caz_,Ce,RhySny3 com-
pounds, normalized to the value of p at T'= 300 K. The
samples 0 < x < 0.5 show a superconducting transition.
The remaining compounds in the series for which > 0.5
exhibit p(T') that is characteristic of Kondo-lattice sys-
tems, with distinct anomalies at T~ 160 K for the sam-
ples z = 2.5 and 2.8 due to a subtle deformation of the
Snjo cages (cf. Refs. 33 and 35, and Fig. 2). Now we will
discuss the p(T') data for the superconducting samples.
Figure 11 shows the temperature dependence of the ele-
crical resistivity for x = 0, 0.2 and 0.5. The transitions in
the doped samples are much broader than for the x = 0
compound, which shows that substitution of Ce for Ca in-
troduces inhomogeneity into the system. It is interesting
to note the shape of p(T') for x = 0.5 which exhibits two
clear separate drops in p, one near T,; = 8 K and another
near T.o = 6.7 K. T,y coincides with the temperature of
the single transition for x 2 1. The two distinct drops in
p for x = 0.5 indicate a double resistive phase transition
to the superconducting state. Such a double transition is
typical for inhomogeneous (granular) superconductors®®,
in which isolated superconducting islands are formed at
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room temperature value for Cas_,Ce;Rh4Snis compounds.
The inset shows the temperature dependence of p for
Cag.5Cep.2RhsSni3 at various externally applied magnetic
fields.
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FIG. 11. Electrical resistivity of the superconducting
Casz_.Cer;Rh4Snis samples (z = 0, 0.2, and 0.5) normalized
to p at T'= 10 K, near the critical temperature 7.

the higher temperature, T.;. Then, at the lower temper-
ature, T.s, a global phase coherence develops at which
point p — 0. The double transition can also be seen in
the ac susceptibility (see Fig. 7b): x’ starts to diminish
at T'= 8 K, but significantly decreases only for 7' < 6 K.
Additionally, the anomaly in x” seen for temperatures
between 6 K and 8 K (the inset in Fig. 7b) can be inter-
preted as a signature of the double transition®7.

The inset in Fig. 10 displays p(T) for
Cag gCegoRhySny3 in various magnetic fields. The



p(T) data exhibits a sharp transition near T, which is
very similar to the behavior at T, that was observed
for Cath4Sn13 and 032.5060_5Rh4SH13. In Flg 12,
we show the H — T phase diagram, where the critical
temperatures were determined to be the temperature at
which p reaches 50% of its value in the normal state. For
the CagRhySn;3 compound, there is also evidence of two
superconducting phases, however, the nature of these
transitions is different from that for Cas 5Ceq sRhsSny3.
There is only one drop of resistivity, but its temperature
is slightly off the position of the peak in the specific heat.
A similar situation was observed in LasRhsSn;3® and
LasRu4Sn;3°. The transitions are represented in Fig. 12
by the H — T curves (a) and (b); the data points along
the (a) and (b) curves were obtained from the resistivity
(T inhomogeneous phase) and specific heat (7. phase)
data, respectively. The H — T data from all samples
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FIG. 12. Temperature dependence of the upper critical field
H.s in the H — T phase diagram for CagRhs4Sni3 (symbols a
and b), Cag.8Ceo.2Rh4Sn13, Cas.5Ceo 5 RhaSn1s, respectively.
Te values characterized by points a for CazRhaSni3, and for
the samples z = 0.2 and 0.5 are obtained from electrical resis-
tivity data under H, and defined as the temperature at which
p drops to 50% of its normal-state value. The red symbols b
represent T, obtained from C(7T')/T vs T data in Fig. 9. The
solid color lines represent a fit using the Ginzburg-Landau
model of Heo(T).

are well approximated by the Ginzburg-Landau (GL)
theory. The best fit of equation Hu.o(T) = HCQ(O)%,
where t = T/T. gives the upper critical field val-
ues of H2(0) and H%(0) ~ 3.1 T for CagRhySn;s,

22(0) =3.6T for Cag_gCeo,th4Sn13, and HZQ(O) =4.0
T for Cag5CepsRhySnyiz.  The critical temperatures
determined from the best fit of the GL equation to the
H — T plots are: T, = 4.71 K and T} = 4.97 K for

CagRh4Sny3, T} = 7.73 K, and T, = 6.41 K for the
samples substituted with nominal Ce concentrations
of x = 0.2 and = = 0.5, respectively. Using the
Ginzburg-Landau relation®® pgH.o(0) = ®q/27£(0)?
we determined the superconducting coherence length
£(0), where &y = h/2e = 2.068 x 10715 Tm? is the
flux quantum. CagRhySni3 exhibits similar values of
£(0) and £(0)* = 10.3 nm; for CaggCepaRhsSnis,
€(0)* 22 9.6 nm, and for Cag 5Cep 5RhySny3, £(0)* £ 9.0
nm. In Fig. 12, all these H.(T) curves have a small
initial positive curvature. This feature can also be
found in other skuterrudites, such as PrOssSb;939. Tt is
interesting that this compound also exhibits a double
superconducting transition, but it was claimed in Ref. 40
that the positive curvature of H.o(T') is not related with
sample inhomogeneities. A similar shape of H.o(T') also
appears in MgB,,*' in borocarbides such as YNiyByC
and LuNiyBs,*? or in the cuprates.*3

The pressure (P) evolution of the electrical resistiv-
ity as a function of temperature for CagRhsSn;3 and
Ca2lgCeo_2Rh4Sn13 is displayed in Figs. 13 and 14, re-
spectively. From these data we obtained the pressure co-

dr, . 4T dp

efficients or 7% and 75%. (i) The pressure coefficients

of T are —0.2 K/GPa for CagRh4Sn;3 and —0.3 K/GPa
for the x = 0.2 sample substituted with Ce. These values
of Cg;f;* are about twice those values for T,, are found in
similar isostructural La-based superconductors (cf. Ref.
9), and seems to be characteristic of materials which show
evidence of nanoscale disorder leading to an inhomoge-
neous superconducting state with T > T¢.
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FIG. 13. Electrical resistivity for CagRhs4Sni3 under applied
pressure. The left inset shows the details near the critical
temperature. The right inset displays the value of p measured
just above T, at T'=5 K.

Within the Eliashberg theory of strong-coupling
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FIG. 14. Electrical resistivity for Caz.sCep.2RhsSni3 under
applied pressure. The left inset shows the details near the
critical temperature. The right inset displays the value of p
measured just above T, at T =9 K.

superconductivity,** the McMillan expression,*?:46
0p —1.04(1+ A)
T. = , 2
1.45 eXp{)\—M*(1+O.62)\) @

as a solution to the finite-temperature Eliashberg equa-
tions, gives an estimate of the electron-phonon coupling
parameter A ~ 0.62 (for T} phase \* ~ 0.63), when
the Coulomb repulsion p* is assumed to be ~ 0.1 as
a typical value known for s and p band superconduc-

tors. The electron-phonon coupling A is given by the
expression?®47
N(Ep)(I?
y = N 5
M {w?)

where (I?) is the square of the electronic matrix element
of electron-phonon interactions averaged over the Fermi
surface, (w?) is an average of the square of the phonon
frequency, and M is the atomic mass, is larger for the in-
homogeneous superconducting T* state with respect to
the bulk effect observed below T,., which may lead to a

dTy dT,
larger value of —5 than

dpP *
127}’; > ‘fgg is the pressure dependence of 6p, which leads
to larger lattice stiffening in the T phase with respect to

the bulk effect below T, and contributes to the T > T,

The primary reason for

effect. The dependence is given by the Griineisen pa-
rameter yg = — ’Zﬁf‘? , which determines the lattice stiff-

ening. Using the McMillan expression it was found*®
that v strongly determines the magnitude and sign of
dT./dP. Tt is also probable that in the case of inhomoge-
neous superconductivity, the pressure dependence of the
density of states at the Fermi level is more pronounced

than in bulk superconductors, and may lead to a larger
value of dT* /dP than dT./dP. (ii) For T > T,, the elec-
trical resistivity (Fig. 13) shows the positive coefficient
j—}’i for CagRhySny3, while for the Ce doped sample (Fig.

14) j—; < 0. This diverse p vs P behavior is interpreted
as a result of the pressure dependent band structure near
the Fermi energy (which will be discussed below).

2. Band structure of CasRhaSnis under pressure

Figure 15 compares the valence band X-ray photoelec-
tron spectroscopy (VB XPS) spectra for CagRhySny3 and
the calculated bands. The ground state is calculated as
nonmagnetic. A comparison of the theoretical and ex-
perimental results shows that the calculated density of
states (DOS) reflects all of the features found in the VB
XPS spectra for CagRhsSn;3. The most intense peak at
about 3 eV originates mainly from the Rh 4d states which
are hybridized with the 5p states of Sn2. The inset ex-
hibits a maximum in the DOS at the Fermi energy with
a significant contribution coming from the Sn2 5p states,
which suggests the importance of these electronic states
in electric transport.
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FIG. 15. Valence band XPS spectrum for CagRh4Snis com-
pared with the calculated total and spin-resolved density of
states within the LSDA approximation. The figure also shows
Ca 4s, Rh 4d, Sn2 5p and 5s states for CagRhsSni3. The in-
set exhibits the energy distribution of these partial DOS near
the Fermi energy.

In order to understand the effect of pressure on the
band structure, the DOS calculations were performed
for hypothetical lattice parameters that are smaller com-
pared to the parameters that were measured at room



temperature. We used the Birch-Murnaghan isothermal
equation of state?® to estimate the hypothetical applied
pressure that would correspond to a systemati(; decrease
in the unit cell volume: V(P) = V(0)[1 + & P|=V/E |
where V(0) is the unit cell volume experimentally ob-
tained at room temperature and ambient pressure, B =
91.64 GPa is the calculated bulk modulus, and B =4.95
is its pressure derivative. Figure 16 displays the calcu-
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FIG. 16. The total and spin-resolved density of states near
the Fermi energy within the LSDA approximation at varous
pressures, calculated for CazRh4Snis. The dotted blue line
represents the total DOS calculated for CesRh4Sn;s.

lated DOS at various pressure. There is a systematic
change in the DOS vs P near Er. However, it is in-
teresting to note the change in the DOS vs P at the
Fermi energy as an explanation for the observed coeffi-
cient 5—]@ > 0, shown for CagRhySn;3 in Fig. 13. Our
calculations documented the linear decrease of the total
DOS at Er with P in the region of P < 4.5 GPa, giv-
ing % =~ —1.3eV~! GPa! (the proper DOSs taken
from Fig. 13), which correlates well with the observed
positive 5—1@ =~ 1.2 4Q) GPa~! at applied pressure P < 2.5
GPa. This simple estimate bases on the relation p ~ 1/n
between the resistivity and the number of carriers n, that
naively reflects the DOS at the Fermi level. Moreover,
the value of % roughly agrees with the pressure de-
pendence of p in the limit of low T.

Secondly, a linear change of the calculated DOS(P)
at Er with the change of the lattice parameter a was
obtained on the basis of the Birch-Murnaghan isothermal
equation of state. Namely, the calculated DOS decreases
with decreasing volume of the sample. Assuming that
this linearity is extended to the region of negative lattice
pressure (as is the case for CagRhySnis with 7. ~ 8 K,
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cf. Fig. 1 and Ref. 17) and that U does not strongly
depend on P, we attempt to demonstrate how the change
in DOS would increase T, for CagRhsSny3. This would
follow from the BCS equation®® T, = @pe~1/POS(EF)U
and the expression for the DOS: DOS(Ep)U ~ ’\11‘;\* 5L
We considered the calculated DOS for our sample with
T. = 4.8 K at ambient pressure in order to estimate the
value of U. A simple approximation gives T, =~ 10 K,
which is comparable to the value of T, ~ 8.4 K that was
found experimentally for the as-grown sample (cf. Fig. 1
and Ref. 17).

The proposed model explains too the higher value of
T} = 8 K which was documented experimentally for the
Cas_,Ce,RhsSn;3 samples with 0 < x < 1 compared
to the parent compound CagRhsSn;3 with T = 4.9 K.
For Cas sCeg.oRhysSny3, one can expect an increase of the
DOS at Er caused by either the presence of Ce f-states
(cf. Fig. 16 displays the total DOS for isostructural
CesRh4Sny3) or a larger lattice parameter (as is shown
in Fig. 1) than what was observed in the parent com-
pound. Within our model, even a slight increase in the
DOS at Ep may cause a significant increase in T, for
Cag.9Cep.1RhsSnq3 relative to the value of T, observed
for the parent compound CazRh,Sni3. It is apparent
that the external pressure shifts the DOS of CegRhsSn3
toward the Fermi energy and therefore one can expect an
effective increase in the total DOS at Fr with increasing
P for Ce-doped alloys as well. This behavior correlates
well with the observed negative 3—]’; at low T, as is shown
in the inset of Fig. 14.

Previously we discussed the effect of nanoscale disorder
leading to an inhomogeneous superconducting state with
the critical temperature T higher than T, of the bulk
phase. This scenario seems, however, not to be adequate
for CagRh4Sn;3, where the difference T — T, ~ 0.1 K is
small and hardness of the both superconducting phases
is very similar. We can not, however, exclude the im-
pact of the disorder on the T of Ce-doped alloy, as an
additional effect, evident in temperature dependence of
the specific heat. It was shown theoretically®?%3 and
experimentally?®* that the superconducting transition
temperature is higher in the presence of the spin-glass
state compared to the noninteracting case. Generally,
disorder can either suppress or significantly increase T,
values®®. The Ce-doped CazRhsSn;5 seems to be an ex-
ample of strong-coupling superconductor with the spin-
glass-like state documented experimentally and gener-
ated by an atomic disorder.

8. Bonding properties of CesRhaSni3 investigated by
electron localization function, absence of structural distortion

For the series of skutterudite-related compounds,
Cez3M4Sny3 and LazM4Sny3, where M is a d-electron
metal, the charge density analysis revealed a strong
charge accumulation between the M and Sn2 atoms,
which implies a strong covalent bonding interaction and



leads to a subtle structural transition at Tp ~ 150 K56.
In this class of materials, the structural deformation
is usually accompanied by formation of a charge den-
sity wave (CDW) phase transition, and under external
pressure Tp — 0 defines a novel structural quantum
critical point'*. The structural deformation, however,
was not documented for CagRhsSni3. To determine the
subtle bonding properties of the charge distribution in
CagRh4Sn3 we present a full-potential chemical-bonding
analysis via calculation of the electron localization func-
tion within the density functional theory.®” The ELF dis-

tribution is given by n(7) = [1 + x*(7)] ~' where

1 =12 _ 1(Vp)?
2 Zz |Vw2| 8 p . (4)

1_30(37r2)2/3p5/3

X(7) =

61/}1(7"’) = 1, (") are the crystal wave functions with

band index v and wavevector k, and p(7) is the total
charge density. ELF isosurfaces are shown in Fig. 17a.

D’h.?/

‘©.0 ;E@%@;

| o) @
1949,,020,|

P=2.7GPa

FIG. 17. (a) ELF isosurfaces for CagRh4Snis. (b) The ELF
distribution in the plane (00%) for CagRh4Snys calculated for
P =0 and 2.7 GPa. Note, that the pressure up to 2.7 GPa
does not change the ELF distribution.

Figure 17b exhibits the ELF distribution in the plane
(00%) for CazRhySni3. The ELF maxima are located
on the atoms in the plane, but the covalent bonding be-
tween Rh and Sn atoms, characteristic of Ce3M4Sn3 and
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LasM4Sni3 counterparts®® are not observed. This cova-
lent bonding is a cause of structural distortion at Tp
~ 100 — 160 K in the Ce3M4Sn;3 and LagM;Sn 3 com-
pounds. This superlattice transition that is connected
to a CDW instability of the conduction electron system
which is observed in most of these compounds is not ob-
served in CagRh4Sny3. For CagRhysSn;3, the ELF analy-
sis also confirms that the thermal hysteresis present in x
as shown in Fig. 4 is not of the CDW origin but results
rather from the inhomogeneity of the sample.

IV. ELECTRONIC STRUCTURE AND
MAGNETIC PROPERTIES OF CA;_,CE,RH,SN;3
WITH KONDO LATTICES FOR z > 1.5

In order to explain the (de)localized character of the
Ce 4 f-electron states in the system of Caz_,Ce,RhsSn;3
alloys we analyze the valence band and the Ce-3d core
level XPS spectra. The VB XPS bands shown in Fig.
18a are very similar across the series z of compounds
we investigated, which suggests that the Rh 4d-electron
states dominate the shape of the bands, while the 4 f-
electron state contribution is small. This behavior is
typical for isostructural compounds RFE3MySni3. The
LSDA calculations (cf. Fig. 15) support these experi-
mental observations. In panel (b) of Fig. 18, the Ce-3d
core level XPS spectra demonstrate the well localized Ce
4 f-electron states and the weak hybridization between
the Ce 4 f-electron and conduction band states, charac-
terized by energy A. The qualitative analysis of the 3d
XPS spectra shown in Fig. 18b was performed based on
the Gunnarsson and Schonhammer theoretical method.
The model (for details see Refs. 58-60) explains a com-
plex structure of the Ce-3d core level XPS spectra in
which the main 3d} ol f ! and 3d} oS I spin-orbit split-
ting components of the final states are associated with the
stable configuration of the Ce-4f shell and the contribu-
tions from the 3d°4f° and 3d°4f? are due to on-site hy-
bridization between the f-electron states and conduction
band. The presence of the 3d?4f sattelite line usually
indicates an intermediate valence of the Ce ions, while
3d%4f2 reflects the hybridization effect which is expressed
by energy A = 7V2DOS(er). Standard analysis of the
intensities of the components of the Ce-3d XPS spectra
shown in Fig. 18b suggests both the presence of Ce3*
ions®! and also a small hybridization energy A ~ 80420
meV.

Our complex research suggests there is single-ion
Kondo behavior in Casg_,Ce;RhsSni3. Figure 19 shows
the low-temperature specific heat of Ca; 5Ce; sRhsSny3
as C(T) in panel (a) and C(T)/T in panel (b) as well as
the low-temperature specific heat as C(T")/T in panel (c)
for the Cag 2Ces gRhsSni3 compound. The large value
of C(T)/T ~ 4 J/K? molg, for T — 0 is typical for the
family of Ce3M4Sn;3 heavy Fermi liquids (c.f. Refs.2433).
Moreover, the 4f-electron contribution to the specific
heat C' is well approximated by the Kondo resonant-level
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FIG. 18. (a) Valence-band XPS spectra for

Casz—;CezRhaSni3, which show very similar structure across
the series z. (b) The Ce 3d XPS spectra at the room temper-
ature exhibit a deconvoluted spectrum for Caz.5Cep.5 RhaSnis
on the basis of the Gunnarsson-Schonhammer theoretical
model, as an example, with spin-orbit components 3d%4f°
(blue solid line) and 3d°4f? (blue dotted line). The brown
solid line represents the background, the solid red line shows
the fit after deconvolution to the XPS spectra. (From the
deconvolution procedure, the Sn 3s line contribution at 885
eV provides about 15 % of the total peak intensity due to
3d2/24f1 final states.)

model. In Fig. 19a we present the fit of the expression
C(T) = T+ BT3+AC to the experimental data, where
AC is defined in Eq. 1. The level width Ag/kg ~ 0.95
K for B = 0 and is found to increase with magnetic
field (Ag/kp =~ 2.25 K for B = 67T'). This behavior is
characteristic of a single-ion Kondo system. Figure 20
shows the temperature dependence of the dc magnetic
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FIG. 19. (a) C(T) vs T and (b) C(T)/T vs T for

Cai1.5Ce1.5Rh4Sni3.  In panel (a) the lines represent the
fit of the resonance level model to the experimental data.
Panel (b) shows C(T)/T at various magnetic fields for
Cap.2Ce2.sRh4Sn3.

susceptibility x and inverse susceptibility data, 1/, for
Cay 5Ce; sRhySny3, measured in a magnetic field of 500
Oe. The experimental x(T") and 1/x(T) data can be well
described in terms of CEF model%2:

_ Nug 35+ bie™ P
N kB Zz gie_ﬁAi

(Here, the summations run over all i states of ener-
gies E; with A; = E; — Ey and Boltzman constant,
kg). This model appropriately reflects the tetragonal
Ce point symmetry, where the J = 5/2 multiplet of
the Ce®t ion splits into three doublets which are sep-
arated from the ground state by energies A ~ 26 K and
Ay = 303 K, respectively, and xo &~ —0.0013 emu/mol.
The tetragonal symmetry of the CEF may indicate the
structural deformation of the Sn2;5 cages in each of the
Cai_,Cey;RhsSni3 alloys. Recently®®, we documented
that this subtle structural transition from the simple cu-

XCEF + Xo- (5)



bic structure at room temperature to a superlattice vari-
ant near 7' = 160 K modifies the electronic structure and
various physical properties of RE3M,Sn;3 compounds,
where RE = La or Ce and M is a d-electron-type metal.
Indeed, for the compounds in the Ca;_,Ce,RhsSn3 se-
ries with > 1, the measurements of electrical resistivity
reveal an abnormal change at Tp ~ 160 K, which could
be interpreted as a transition between the semi-metallic
(T < Tp) and metallic (T > Tp) state, generated by
a distortion of Sn215 cage. This interpretation is very
probable, with consideration that the structural distor-
tion was also found in the parent compound CezRhsSn3.
In this case, the Ca;_,Ce,Rh4Sn;3 series appears to have
a critical concentration x, ~ 1, which separates the dif-
ferent behaviors of CagRh4Sn;3 doped with Ce. The in-
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FIG. 20. Magnetic susceptibility x and 1/x for
Cai1.5Ce1.5Rh4Sn13 in an external field of 500 Oe. The blue
line represents the CEF fit to the 1/x data, with the two
excited doublets separated from the ground state doublet by
energy A; = 26 K and Az = 303 K, respectively. Inset: Mag-
netization M vs B isotherms for Ca;.5Ce1.5Rh4Sn13 which are
characteristic of paramagnets and well approximated by the
Langevin function L(§) = coth(§) — 1/&, where &€ = uB/ksT
with a total magnetic moment y ~ 0.9 ug at T'=1.8 K.

set to Fig. 20 shows the magnetization M vs B isotherms
for Ca; 5Ce; 5RhsSni3 which are characteristic of para-
magnets. They are well approximated by the Langevin
function L(§) = coth(§) — 1/, where &€ = uB/kgT, with
the total magnetic moment p ~ 0.9 pup at T'= 1.8 K. The
M vs B isotherms do not show any hysteresis in the field
dependence of M and we noted that the magnetization M
is well approximated by the Langevin function for all the
components of the Ca;_,Ce, RhsSn;3 series with = > 1.

Finally, in Fig. 21 we present the electrical resistiv-
ity of Cal,5Ce1,5Rh4Sn13 (a) and Cao,gCeg,th4Sn13 (b)
under applied external pressure. The pressure effect j—l’;
is strong and positive (in the upper panel the resistivity
at P = 1.29 GPa for the sample x = 1.5 deviates from
the expected value, this effect is not discussed here. The
subtle DOS effect at e could be a possible reason of this
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FIG. 21. Electrical resistivity for (a) Cai.5Ce1.sRhsSni3 and
(b) Cap.2Ce2.sRh4Sn13 under applied pressure. Inset: Elec-
trical resistivity at T'= 1.2 K as a function of P.

abnormal behavior, it seems to be also possible that this
is not a physical effect). A similar j—}’; > 0 behavior was
recently observed for CesCo4Sni3 and CesRhsSn;3°¢ be-
low the temperature of structural distortion and has been
documented as a result of the band-structure properties

near the Fermi energy under applied pressure.

V. CONCLUSIONS

The resistivity of Ce-substituted CazRhsSni3 sam-
ples exhibits high-temperature superconductivity with the
highest T, ~ 8 K for Cay gCegoRhsSni3. This is much
higher than the value of T, = 4.8 K for the parent
compound. Magnetic measurements as well as theoret-
ical band structure calculations predict a nonmagnetic
ground state in CagRh4Snq3. It is possible, however, that
the substitution of Ce for Ca forms a spin-glass-like phase
which coexists with the superconducting phase and that
the superconductivity is enhanced in this magnetic state.
Although attempts have been made to explain the in-
crease in T, for unconventional superconductors exhibit-
ing disorder or a magnetic phase, there is no clear answer
as to why T, rises in materials in which a spin-glass-like
state coexists with superconductivity. The basis for the



interpretation of the results presented here is that the Ce
substitution into the superconducting parent compound
CagRh4Sn;3 increases the inhomogeneity and chemical
pressure in the sample. It is also possible that the sub-
stitution affects T, through the increase of the DOS at
the Fermi level. But results of the LSDA calculations
presented in Fig. 16 do not support such a scenario: the
DOS at the Fermi level for CesRhySn;3 is slightly smaller
than for CagRh4Sn;3, though it does not exclude the pos-
sibility that the DOS is larger at a lower doping level. It is
also difficult to definitely say how the substitution modi-
fies other parameters that enter the McMillan expression
for T,. The Ce-doping drives CagRh4Sny3 through a T,
vs x superconducting dome between x = 0 and = ~ 1.2,
similar to that documented for high-T, cuprates, and for
x > 1.2, the compounds settle into a Kondo-lattice state
with structural distortion. Taken together, the resistiv-
ity, specific heat and susceptibility measurements are sug-
gestive of granular superconductivity, a form of inhomo-
geneous superconductivity. Interestingly, a high value of
T, was observed upon Ce substitution but in the absence
of the structural deformation, while in the Kondo-lattice
range, the slight structural deformation is visible in the
resistivity data. Within the superconducting dome region
we documented, the relationship between the electronic

14

structure and the resistivity under external pressure for
T > T.. Namely, we calculated a linear decrease of the
DOS at Er with P which correlates well with the mea-
sured negative coefficient 3—1’;. These observations raise
questions regarding the sensitivity of Cooper pairing in
Cag_,Ce,RhsSn;3 and similar skutterudite-related sys-
tems to the electronic structure, atomic disorder and

bonding, which suggests further detailed investigation.
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