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Motivated by current research efforts toward exploring the interplay between magnetism and superconductivity
in multiband electronic systems, we have investigated the effects of Eu substitution through thermodynamic
measurements on the superconducting filled skutterudite alloys Pr,_,Eu,Pt,Ge,. 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 appear 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 ordering of the Eu moments.
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I. INTRODUCTION

The pioneering work of Matthias and co-workers unveiled
the antagonistic nature of magnetism and conventional super-
conductivity (SC) [1]. Research efforts with unconventional
superconductors have revealed the coexistence of these com-
peting types of order in a certain region of their phase diagram.
Specifically, on the one hand magnetism and conventional
superconductivity in single-band superconductors may coexist
in a fairly narrow region of the material’s phase diagram,
provided the corresponding Curie temperature is lower than the
superconducting critical temperature [2]. On the other hand,
the region of this coexistence 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 formula
MPt4Ge, (where M denotes alkaline earth, lanthanide, or
actinide) represent an example of an electronic system in which
localized 4f moments order antiferromagnetically in the
superconducting state [4—6]. The first Pr-based heavy-fermion
superconductor PrOs;Sbj, has a superconducting critical
temperature 7, >~ 1.85 K and a normal-state Sommerfeld
coefficient ¥, ~ 500 mJ/(molK?), revealing a rather
significant enhancement of the effective mass of the conduction
electrons [7,8]. The related compound PrPt4;Ge;, has a much
higher 7,~7.9 K and smaller y, ~60 mJ/(mol K?),
corresponding to a moderate enhancement of the conduction
electron effective mass [9].

PrPt;Ge;, has been shown to be an unconventional su-
perconductor with two Fermi surfaces having one nodal and
another nodeless gap [10]. In particular, the substitution of
Pr by Ce leads to the suppression of 7. with the nodal gap
being gradually suppressed [10]. On the other hand, EuPt,Ge
orders antiferromagnetically [11,12] with a fairly large mag-
netic moment corresponding to a total angular momentum

2469-9950/2018/98(6)/064506(7)

064506-1

(J =8=7/2) and a Neél temperature Ty = 1.78 K [13].
Furthermore, the C,; versus T curve shows at least three peaks
close to the antiferromagnetic transition [13]. For the purposes
of the present work, it is important to mention that the heat
capacity (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 molecular and external applied
fields [14—16]. In contrast, the upturn in C/T versus 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 compounds of the
series Pr;_,Eu,Pt4Ge, are superconducting (x = 0) and an-
tiferromagnetic (x = 1), respectively [10,13]. This fact alone
naturally 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 Pri_,Eu,Pt;Ge;
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
splitting of the ground-state octet of Eu>* due to an internal
magnetic field. We show that this internal magnetic field is
produced by the net magnetic moment due to the short-range
antiferromagnetic correlations between Eu magnetic moments
that coexist with superconductivity. Finally, the suppression of
the superconducting critical temperature with Eu concentration
can be understood using the standard tools developed for
disordered multiband superconductors.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Pr;_,Eu,Pt;Ge;, were synthe-
sized by arc-melting and annealing according to the procedure

©2018 American Physical Society
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FIG. 1. Specific heat C divided by temperature T vs T? for the
x = 0.05 sample of Pr;_,Eu,Pt,Gey,. The solid blue line is a straight
line fit of the data using the Debye model. Top-left inset: Sommerfeld
coefficient y plotted as a function of Eu concentration x. The solid
line is a guide to the eye. Bottom-right inset: Debye temperature 6
obtained from linear fits of the normal-state data of the main panel
plotted as a function of x. The solid line is a guide to the eye.

described in detail in Ref. [19]. The crystal structure was
determined by x-ray powder diffraction using a Bruker D§
Discover x-ray diffractometer with Cu K« radiation [20].
These polycrystalline samples were characterized through
Rietveld refinement of powder x-ray diffraction (XRD) data,
as well as resistivity and magnetization measurements [19].
The x-ray diffraction patterns revealed that the polycrystalline
samples used in this study are single-phase. The fact that the
samples are really of the given compositions is shown by the
linear dependence of the effective magnetic moment versus Eu
content x [19].

To improve the contact between the sample and the
specific-heat platform, the two surfaces of each sample
were polished with sand paper. We performed a series of
specific-heat measurements on these polycrystalline samples
of Pri_,Eu,Pt4Ge;, (x =0, 0.05, 0.10, 0.15, 0.20, 0.30, 0.38,
0.50, 0.70, 0.80, 0.90, and 1) in zero magnetic field and
in magnetic fields H up to 14 T over the temperature T
range 0.50 < T < 15 K. The specific-heat C measurements
were performed via a standard thermal relaxation technique
using the He-3 option of a Quantum Design Physical Property
Measurement System (PPMS).

III. RESULTS AND DISCUSSION

In the following, we present our heat capacity data for
samples with various concentrations of europium ions. In
Fig. 1, we show C/ T versus T? data for the x = 0.05 sample of
Pr,_,Eu,Pt4Ge/,.In the absence of any magnetic contribution,
the measured specific heat in the normal state is the sum of
electronic Ce = ¥, T (¥, is the normal-state Sommerfeld coef-
ficient) and phonon Cpp, = ﬂT3 contributions; hence, we fitted
the measured specific heat in the normal state (7, < T < 15 K)
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FIG. 2. Specific heat C — Cy, vs temperature 7' data for the
samples that have superconducting transitions (top) and antiferro-
magnetic transitions (bottom). Top inset: superconducting transition
temperature 7 as a function of Eu concentration x. Bottom inset: data
of the main panel normalized by C,,x and T},.x, Which are the value
of the heat capacity C — Cp, and temperature 7 at the maximum,
respectively.

for different Eu concentrations with C(T') = v, T + B T3.The
result of such a fit for the x = 0.05 sample is shown in the
main panel of Fig. 1 and gives y, = 76.39 % 1.15 mJ/mol K?
and B = 4.97 4 0.01 mJ/mol K*.

The upper-left inset in Fig. 1 displays the dependence of
the Sommerfeld coefficient y, on x, while the bottom-right
inset shows the Debye temperature (6p) as a function of
x over the entire Eu concentration range (0 < x < 1). We
note that we obtained the Debye temperature from Op =
(12n4NAkB/5ﬂ)]/3, where S is found by fitting the data, as
discussed above. Notice that both y,, and 6p increase slowly
with increasing Eu concentration. The y,, values increase from
74 mJ/mol K? at x = 0 to ~224 mJ/mol K? at x = 1.

We present in Fig. 2(a) specific-heat C — Cpp, data as a
function of T obtained after subtracting the phonon contribu-
tion (obtained from the above fit) from the measured specific
heat of the samples that display a superconducting transition in
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heat capacity and resistivity measurements. A superconducting
transition is clearly observed for Pr;_,Eu,Pt;Ge;, samples
with x < 0.3 in heat capacity measurements, whereas this
phase transition is observed in the resistivity measurements for
the alloys with x < 0.5 [19]. Furthermore, the inset to Fig. 2(a)
displays the suppression of the superconducting transition
temperature T, as a function of x. Samples with x > 0.5 donot
display a superconducting transition for temperatures down to
T =05K.

It has been shown that EuPt,Ge; displays an antiferromag-
netic (AFM) transition at 7y = 1.77 K [13,21], manifested by
apeakin C(T)atthis T = Ty. Therefore, we conclude that the
peaks in C(T) of the samples with x > 0.5 [see Fig. 2(b)] must
account for the second-order phase transition into an AFM
state. The inset to this figure shows that, indeed, the C(T') data
normalized to the corresponding values of the peak scale for
the x > 0.5 samples and do not scale for the x = 0.5 sample.
This reveals that the peak in C(T) for x > 0.5 has the same
origin, namely AFM order.

We now turn our attention to the low-temperature re-
gion of the C — Cpy versus T data shown in Fig. 2(a). All
these Eu substituted samples have systematic upturns in the
low-temperature region. The samples with x > 0.15 show a
maximum in the electronic specific heat that shifts to higher
temperature and increases in magnitude with increasing Eu
content. For the case of the samples with x < 0.15, the elec-
tronic specific-heat curves show an upturn, without reaching
a maximum in the measured temperature range down to
0.5 K. We attribute this anomaly to a Schottky-type anomaly
that arises from the energy-level splitting of the ground-
state octet of Eu’t. We note that, generally, one expects
the crystalline electric fields (CEFs) to lift the spherical
(2J + 1)-fold degeneracy of the ground state of rare-earth
ions due to the lower symmetry of the crystalline environment
by coupling of the electric fields to the orbital degrees of
freedom. The resulting multiplet structure depends on the
strength of the crystalline electric field and the symmetry of
the local rare-earth environment. The ground state of Eu’*
is 47, and hence the Hund’s rule ground state is %S, /2 with
L =0, so that the crystalline fields cannot lift the (2J + 1)-
fold degeneracy. In addition, the Schottky anomaly peaks in
C(T) cannot reflect the CEF splitting of the ground state
of Pr** since the energy required to lift the degeneracy of
the ground state is higher for Pr** [17], hence the Schot-
tky peaks appear at higher 7 (~10 K) than we presently
observed (T < 1 K). Therefore, the Schottky anomaly must
be due to an internal magnetic field. Interestingly, a simi-
lar effect has been observed in RuSr,(Gd; 5Ceg5)Cuy01¢_s,
YbPd,Sn [22], and Ybg24Sng76Ru [23]. For example, in
RuSr,(Gd; 5Ce.5)CuyO;9—s alloys this effect has been at-
tributed to the lifting of the degeneracy of the ground state
8g, 2 of Gd3* by internal and external magnetic fields [14]:
Gd and Eu have the same ground state with L = 0, so the
splitting of the degenerate Eu ground state in Pr_,Eu,Pt4Ge,,
may also be a result of an internal magnetic field that coexists
with superconductivity. As we will show below, the origin of
this internal magnetic field is very likely due to short-range
antiferromagnetic correlations between the Eu atoms.

To confirm that this is indeed the case, we measured the heat
capacity of all the samples studied in various applied magnetic
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FIG. 3. Heat capacity C — Cp, vs temperature 7 data for
Pr,_.Eu,Pt;Ge;, with (a) x = 0.38 and (b) x = 0.7, measured in
various applied magnetic fields. The solid lines through the peaks
of the HC curves are guides to the eye. Insets: temperature Tpeqx,
corresponding to the maximum in heat capacity data of the main
panel, plotted as a function of magnetic field H.

fields. The results for C — Cpp, versus T for the x = 0.38
sample are shown in Fig. 3(a), and those for the x = 0.70
sample are in Fig. 3(b). Our results can be summarized as
follows: with increasing magnetic field, the peak in the specific
heat of the samples with 0.2 < x < 0.50 shifts to higher
temperatures [Fig. 3(a)], while the peak of the higher Eu-doped
samples (x > 0.5) first shifts to lower temperatures and then
to higher temperatures upon further increasing H [Fig. 3(b)
and its inset]. The initial shift of the peak in C(T') to lower
temperatures with increasing magnetic field in these higher
Eu concentration samples is a result of the suppression of the
AFM transition by applied field. Once the AFM transition
is suppressed, the peak in the specific heat shifts to higher
temperatures upon a further increase of H, as observed in the
samples with x < 0.50. We note that the upturn in specific heat
in the samples with 0.05 < x < 0.15 starts to show a clear
peak with increasing H, confirming that the upturn observed
in these lower Eu concentration samples is also a result of the
splitting of the degenerate ground state of Eu. Therefore, these
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FIG. 4. Saturation entropy Ss, plotted as a function of Eu concen-
tration x over the whole measured range (0 < x < 1). The straight
line is a fit of Sy vs x with S =a + bx, where a = (—0.29 &+
0.14)J/mol K and b = (16.26 + 2.42) J/mol K. Top inset: magnetic
entropy Smae Vs temperature 7. Bottom inset: extrapolation of the
C — Cpy vs T data to 0 K using a polynomial fit for the x = 0.50
sample.

results show that, indeed, the Schottky anomaly peaks revealed
in C(T) at low temperatures are a result of the splitting of
the degenerate ground state of Eu by internal and/or external
magnetic fields.

Further evidence that the internal magnetic field responsible
for the observed Schottky anomaly is produced by antiferro-
magnetically correlated Eu ions can be found by calculating the
magnetic entropy Smag. To extract the entropy from our low-T
heat capacity measurements, we first estimated the C — Cpy,
versus T curve down to 0 K by fitting the low-temperature
data and extrapolating this fit to 0 K (see the bottom inset
of Fig. 4). We then calculated the magnetic entropy Spmag =
) Conag(T)AT/T, whete Cuag = C — Cyp — yuT. We plot
the results we obtained for the magnetic entropy at different
temperatures and for different Eu-substituted samples in the
inset of Fig. 4. Note that the magnetic entropy first increases
with increasing temperature and then it saturates (see the inset
to Fig. 4). The saturation value of the entropy corresponds to
the magnetic entropy when all eight levels are occupied.

The main panel of Fig. 4 is a plot of the saturation value Sy
of the magnetic entropy at 7 = 10 K versus x. The fact that the
internal magnetic field is produced by antiferromagnetically
correlated Eu ions is also supported by the fact that the
entropy increases linearly with increasing Eu concentration
. The straight line is a linear fit of the S, versus x data, which
gives a slope of 16.26 £2.42 J/mol K and an intercept of
—0.29 £0.14 J/mol K.

Furthermore, the single-ion entropy associated with a state
of angular momentum J is S = xR In(2J + 1), where x is
the Eu concentration in Pr;_,Eu,Pt4Ge;,. Hence, the cor-
responding entropy due to the ground-state splitting of the
887/» of Bu is S ~ 17.28x J/mol K. Note that this value is
within 6% of the value for the magnetic entropy (16.26 + 2.42
J/mol K for x = 1) obtained from the least-squares-linear fit

of Fig. 4. The excellent agreement between the calculated and
expected entropies shows that all eight energy levels of Eu
are occupied and that the errors in determining the phonon and
electronic contributions to the specific heat, as well as the errors
involved in the extrapolation of these quantities to 0 K, are very
small. Therefore, all of these results further confirm our initial
assumption that short-range AFM correlations between Euions
are mainly responsible for the Schottky anomaly revealed by
the low-T specific-heat measurements.

Thus, we have established that the low-temperature upturn
inC — Cpp of Pri_ Eu,Pt;Ge |, as T decreases is caused by the
splitting of the degenerate ®S; /2 ground state of Eu into eight
equally spaced levels. Recall that the Schottky heat capacity
anomaly for a multilevel system with the degeneracy fully
lifted by a magnetic field is given by [24]

R 2 2
Csen = r(X)ﬁ[fz(T)/fo(T) — fED/f(D)),

,
Fu(T) =" AT exp(=A;/ksT),
j=0

ey

where A; = jA is the energy gap between the lowest energy
level (j = 0) and the jth energy level, R = 8.31 J/mol K is
the universal gas constant, A = gugH, g =2 (L =0), up
is the Bohr magnetron, and H is the magnetic field. We have
also included the parameter r(x ), which is proportional to the
concentration of Eu ions and will be used as one of the fitting
parameters. Furthermore, for the analysis of the heat capacity
data, it is important to keep in mind that EuPt4;Ge, orders
antiferromagnetically, so that in the alloys Pr;_,Eu,Pt4Ge;,
one may expect short-range antiferromagnetic correlations
between the Eu ions. Therefore, we hypothesize that short-
range antiferromagnetic correlations between Eu ions are
present even in samples with small x. One consequence of the
short-range antiferromagnetic correlations is that the nearest-
neighbor Eu ions will provide a net magnetic moment that
should lift the (2J 4 1)-degeneracy of the Eu ion. The level
splitting on each Eu ion will of course be different due to
the randomness associated with the alloying itself. Therefore,
for our analysis of the heat capacity data, we need to use
the expression (1) averaged over the distribution of the level
splittings A. To perform the averaging, we assume that the
level splitting energy A is evenly distributed within a certain
i_nterval of values A € [Apin, Amax] around the mean value
A = (Anin + Amax)/2 [22].

Our results show that for the case of zero magnetic field,
we can use expression (1) directly with A = A. For x < 0.10,
we fitted the specific-heat data below the temperature where
the upturn starts with a the sum of the Schottky contribution
given by (1) and a superconducting nodal contribution of the
form Csc = AT", where A and n are fitting parameters, since
a better fit of the HC data is obtained with a nodal gap. For the
doping range x > 0.10, a better fit of the HC data is obtained
with the sum of Eq. (1) and the superconducting contribution
with an isotropic gap Csc = B exp~%” with B and § as fitting
parameters; this is perfectly expected since the nodal gap is
quickly suppressed by scattering on lattice imperfections. In
Fig. 5(a), we show the results of the fit of the heat capacity data
for the x = 0.05 and 0.30 samples.
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FIG. 5. (a) Fit of the heat capacity C — Cy, vs T/T. with the
Schottky and superconducting contributions for x = 0.05 (left axis)
and x = 0.30 (right axis) samples. See text for details. (b) Fit of the
field dependence of the heat capacity with a distribution of internal
field as described in the text. The inset to (b) shows the fitting
parameters as a function of external magnetic field.

When the external magnetic field is applied, the peak in
the heat capacity shifts to higher temperatures (Fig. 3). This
feature can be explained by the fact that the application of
the field leads to broadening in the distribution of the energy
splittings. As a result, the averaging of the heat capacity
over the probability distribution discussed above leads to
an overall decrease in the amplitude of the peak together
with its broadening [22]. In Fig. 5(b), we show the fits to
the heat capacity data for a sample with x = 0.38, which
again include the Schottky contribution averaged over A and
the superconducting contribution with an isotropic gap, as
discussed above. For the fits of the Schottky peak, we actually
took into account that the internal magnetic field A is weakly
temperature-dependent. Specifically, we found that the best
fits are obtained by replacing A — (+—=)A and using T*
as a fitting parameter. The field dependences of T*, A, and
8A = Apax — Amin for the results presented in Fig. S5(b) are
shown in its inset.

The results for the average energy splitting A and coefficient
r(x) obtained from the fits of the low-temperature HC data
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FIG. 6. Energy gap A vs Eu concentration x. The black solid
circles are A extracted from the temperature at which the heat capacity
peaks occur in the plot of C — Cpy, vs T curves; the red squares are
the energy gaps obtained by fitting the C — Cy, vs T data. Inset:
coefficient r obtained from the fit plotted as a function of x. The line
is a straight line fit with x = r.

measured in zero external magnetic field are presented in Fig. 6.
The temperature corresponding to the Schottky peak for a
system with eight energy levels and the degeneracy fully lifted
yields A, ie., Tpeax = ‘A. The black circles in the main panel
give the values of A obtained directly from Theax on the HC
curves, while the red squares give the values of A obtained
from the fits of the specific-heat curves as discussed above.
It is noteworthy that the values of A obtained through these
two procedures are in excellent agreement. This represents
further confirmation that the eight energy levels of Eu are
mainly responsible for the observed HC anomaly. The inset
to Fig. 6 shows the coefficient r in Eq. (1), which accounts for
the percentage of Eu in Pr;_,Eu,Pt4Ge ;. The straight line in
the inset is a fit of the C versus x data with slope and intercept
close to 1 and 0, respectively.

Finally, in Fig. 7 we show the temperature 7" versus Eu
concentration x phase diagram of Pr;_,Eu, Pt4Ge ;. The T, (x)
data were obtained from heat capacity (blue triangles) and
resistivity (pink triangles) measurements. Note that T.(x)
gradually decreases, with a negative curvature, with increasing
x up to x = 0.5. The solid pink curve is a theoretical fit to the
data computed using the following expression:

m( Lo\ _y(t. T 1 )
“(f)‘w(fnn)_‘”(E)' @

Here 1/ (z) is the digamma function, T,o = T.(x = 0),and I"
x is the disorder-induced single-particle scattering rate. We
found that expression (2) describes the experimental data best
when the critical value of the scattering rate for which 7, — 0
is I'. & 0.73T,. Equation (2) is similar to the one describing
the suppression of the critical temperature in conventional
s-wave superconductors with magnetic impurities [25], multi-
band s* superconductors with potential impurities with T
being the interband scattering rate [3,26], and last but not
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FIG. 7. Plot of temperature 7 vs Eu concentration x phase dia-
gram. Pink triangles are the superconducting transition temperature
T, obtained from HC and resistivity measurements. The pink solid
line is a theoretical fit to the data using expression (2). The black
solid circles give the temperature of the Schottky peak, while the red
triangles are the AFM transition temperature extracted from the HC
curves. The solid red line is a guide to the eye, and the dashed red line is
the extrapolation of the AFM phase boundary to lower temperatures.
The solid green points are the temperature at which the second peak
appears in the 0.7 < x < 1 samples. Inset: zoomed phase diagram of
the data in the main panel to better reveal the values of the Schottky
and AFM peaks.

least, d-wave superconductors with nonmagnetic impurities
[27-29]. The expression (2) describes the data quite well,
which is not surprising in light of the facts that the supercon-
ducting order parameter on one of the bands is nodal, while
the pairing amplitudes on the other bands are nodeless [10].
In Fig. 7 and its inset, the solid black circles represent
the temperatures at which the Schottky peaks occur. The red
triangles are the AFM transition temperatures corresponding
to different x values. Clearly, the plots of the Schottky and
AFM peak temperatures versus x have two slopes (see the
inset to Fig. 7), indicating the different origin of the two
peaks present in C,(7'). The present study shows that there is
a coexistence of superconductivity and antiferromagnetically
correlated Euions for x < 0.5 and that for 0.3 < x < 0.6 there

may be a coexistence of SC and long-range AFM. Further
lower temperatures studies are required to address this second
region of the phase diagram.

The compound EuPt;Ge;, has been reported to show at
least three peaks in C,(T") close to the AFM transition [13]. In
the present study, we observed two peaks in Pr;_,Eu,Pt,;Ge,,
with 0.7 < x < 1close tothe AFM transition. For example, for
the x = 1 (x = 0.7) sample one peak is at the AFM transition
Ty = 1.78 K (Ty = 1.00 K) and the otherisat 7 = 1.2 K <
Tn (T = 0.81 K < Ty). We measured the heat capacity of these
compounds in magnetic field in order to determine the response
of the peaks to magnetic field. We observed that the AFM peaks
shift to lower temperatures and their amplitude decreases with
increasing H, whereas the other peaks are suppressed with
increasing magnetic field and no longer appear in higher fields.

IV. 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
Pri_,Eu,Pt4Ge,, filled skutterudite system. The supercon-
ducting transition temperature is monotonically suppressed
with increasing Eu concentration. Our data reveal the pres-
ence 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
Pr,_,Eu,Pt;Ge), has line nodes, i.e., Csc o T for the doping
range 0 < x < 0.10 and it is isotropic, i.e., Csc o< e~%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
superconductivity most likely coexist for 0.30 < x < 0.60.
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