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Motivated by current research efforts towards exploring the interplay between magnetism and
superconductivity in multiband electronic systems, we have investigated the effects of Eu sub-
stitution through thermodynamic measurements on the superconducting filled skutterudite alloys
Pr1−xEuxPt4Ge12. An increase in Eu concentration leads to a suppression of the superconducting
transition temperature consistent with an increase of magnetic entropy due to Eu local moments.
While the low-temperature heat capacity anomaly is present over the whole doping range, we find
that in alloys with x ≤ 0.5 the Schottky peaks in the heat capacity in the superconducting state ap-
pear to be due to Zeeman splitting by an internal magnetic field. Our theoretical modeling suggests
that this field is a result of the short-range antiferromagnetic correlations between the europium ions.
For the samples with x > 0.5, the peaks in the heat capacity signal the onset of antiferromagnetic
(AFM) ordering of the Eu moments.

PACS numbers: 71.10.Ay, 74.25.F-, 74.62.Bf, 75.20.Hr

INTRODUCTION

The pioneering work of 1958 by Matthias and cowork-
ers unveiled the antagonistic nature of magnetism and
conventional superconductivity (SC) [1]. Research efforts
of unconventional superconductors have revealed the co-
existence of these competing types of order in a certain
region of their phase diagram. Specifically, on one hand,
magnetism and conventional superconductivity in single-
band superconductors may co-exist in a fairly narrow re-
gion of the material’s phase diagram, provided the corre-
sponding Curie temperature is lower than the supercon-
ducting critical temperature [2]. On the other hand, the
region of this co-existence in multiband superconductors
is usually much broader (for the most recent examples of
such a situation see, e.g., Ref. [3] and references therein).

Filled skutterudite compounds with the chemical for-
mula MPt4Ge12 (M = alkaline earth, lanthanide,
or actinide) represent an example of an electronic
system in which localized 4f moments order an-
tiferromagnetically in the superconducting state [4–
6]. The first Pr-based heavy-fermion superconductor
PrOs4Sb12 has a superconducting critical temperature
Tc ' 1.85 K and a normal-state Sommerfeld coefficient
γn ∼ 500 mJ/(mol·K2), revealing a rather signifi-
cant enhancement of the effective mass of the con-
duction electrons [7, 8]. The related compound
PrPt4Ge12 has a much higher Tc ' 7.9 K and smaller
γn ∼ 60 mJ/(mol·K2), corresponding to a moderate en-
hancement of the conduction electron effective mass [9].

PrPt4Ge12 has been shown to be an unconventional su-
perconductor with two Fermi surfaces having one nodal
and another nodeless gap [10]. In particular, the substi-

tution of Pr by Ce leads to the suppression of Tc with the
nodal gap being gradually suppressed [10]. On the other
hand, EuPt4Ge12 orders antiferromagnetically [11, 12]
with a fairly large magnetic moment corresponding to
a total angular momentum (J = S = 7/2) and a Neel
temperature TN = 1.78 K [13]. Furthermore, the Cel vs
T curve shows at least three peaks close to the antiferro-
magnetic transition[13]. For the purposes of the present
work, it is important to mention that the heat capac-
ity (C) measurements of Eu- or Gd-containing samples
have revealed a low temperature T upturn in C/T as a
function of temperature, which has been attributed to
a Schottky anomaly resulting from the splitting of the
ground state octet of Eu/Gd due to the internal molec-
ular and external applied fields [14–16]. In contrast, the
upturn in C/T vs. T data in samples containing Pr have
been attributed to the crystalline electric field (CEF)
splitting of the ground state of Pr [17, 18].

As already mentioned above, the end com-
pounds of the series Pr1−xEuxPt4Ge12 are su-
perconducting (x = 0) and antiferromagnetic
(x = 1), respectively [10, 13]. This fact alone nat-
urally sets the stage for investigating the interplay
between superconductivity and magnetism in this
series of compounds [19]. In this paper, we report the
results and analysis of the low-temperature specific heat
measurements on Pr1−xEuxPt4Ge12 alloys subject to an
external magnetic field. Our systematic analysis reveals
that the Schottky anomaly present at low temperatures
in the heat capacity is a result of the energy-level split-
ting of the ground state octet of Eu2+ due to an internal
magnetic field. We show that this internal magnetic
field is produced by the net magnetic moment due to the













7

Pr1−xEuxPt4Ge12 with 0.7 ≤ x ≤ 1 close to the AFM
transition. For example, for the x = 1 (x = 0.7) sam-
ple one peak is at the AFM transition TN = 1.78 K
(TN = 1.00 K) and the other at T = 1.2 K < TN

(T = 0.81 K < TN ). We measured the heat capacity
of these compounds in magnetic field in order to deter-
mine the response of the peaks to magnetic field. We
observed that the AFM peaks shifts to lower tempera-
tures and their amplitude decreases with increasing H,
whereas the other peaks are suppressed with increasing
magnetic field and no longer appears in higher fields.

CONCLUSIONS

We analyzed the low-temperature specific heat data
in order to investigate the effect of Eu substitution on
the nature of the superconducting and antiferromagnetic
orders in the Pr1−xEuxPt4Ge12 filled skutterudite sys-
tem. The superconducting transition temperature is
monothonically suppressed with increasing Eu concen-
tration. Our data reveal the presence of short AFM
correlations between Eu ions under the superconducting
dome for x ≤ 0.50. These AFM correlations produce
a local internal magnetic field, which lifts the eight-fold
degeneracy of the Eu ground state and gives rise to a
Schottky peak in heat capacity. The superconducting
gap of Pr1−xEuxPt4Ge12 has line nodes, i.e., CSC ∝ T 2

for the doping range 0 ≤ x ≤ 0.10 and it is isotropic,
i.e., CSC ∝ e−δ/T for 0.15 ≤ x ≤ 0.50. This system
displays long-rage AFM order for x ≥ 0.70, with the
AFM transition temperature decreasing with increasing
Pr concentration. Antiferromagnetism and superconduc-
tivity most likely coexist for 0.30 ≤ x ≤ 0.60.
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