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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
Pri_,Eu,Pt4Gei2. 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 = < 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 > 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 MPtyGes (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
PrOs4Sbys has a superconducting critical temperature
T. ~ 1.85 K and a normal-state Sommerfeld coefficient
Yo ~ 500 mJ/(mol-K?), revealing a rather signifi-
cant enhancement of the effective mass of the con-
duction electrons [7, 8]. The related compound
PrPt,Geqs has a much higher 7, ~ 7.9 K and smaller
Y ~ 60 mJ/(mol-K?), corresponding to a moderate en-
hancement of the conduction electron effective mass [9].

PrPt4Ge;o 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 T, with the
nodal gap being gradually suppressed [10]. On the other
hand, EuPt4Gejy orders antiferromagnetically [11, 12]
with a fairly large magnetic moment corresponding to
a total angular momentum (J = S = 7/2) and a Neel
temperature Ty = 1.78 K [13]. Furthermore, the Cg; 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 Pri_,Eu,Pt4;Ge;s are su-
perconducting (z = 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 Pry_,FEu,Pt,Ge;o 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 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.

EXPERIMENTAL DETAILS

Polycrystalline samples of Pry_,Eu,Pt,Ge;s were syn-
thesized by arc-melting and annealing according to the
procedure described in detail in Ref. [19]. The crystal
structure was determined by x-ray powder diffraction us-
ing a Bruker D8 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 sam-
ples are really of the given compositions is shown by the
linear dependence of the effective magnetic moment vs
Eu-content z [19].

In order 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 polycrys-
talline samples of Pri_ Eu,PtyGeis (xz = 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 7' range 0.50 K < 7T < 15 K. The
specific heat C' measurements were performed via a stan-
dard thermal relaxation technique using the He-3 option
of a Quantum Design Physical Property Measurement
System (PPMS).

RESULTS AND DISCUSSION

In the following, we present our heat capacity data for
samples with various concentrations of europium ions. In
Fig. 1, weshow C/T vs. T? data for the x = 0.05 sample
of Pry_,FEu,Pt;Gejs. In the absence of any magnetic
contribution, the measured specific heat in the normal
state is the sum of electronic Ce = 7, T (7, is the normal-
state Sommerfeld coefficient) and phonon Cp, = BT3
contributions; hence, we fitted the measured specific heat
in the normal state (T, < T < 15 K) for different Eu
concentrations with C(T) = ~,T+B8T3. The result of
such a fit for the x = 0.05 sample is shown in main panel
of Fig. 1 and gives v, = 76.39+1.15mJ/mol-K? and 3 =
4.97+ 0.01mJ/mol-K*.

The upper left inset in Fig. 1 displays the dependence
of the Sommerfeld coefficient 7, on x, while the bot-
tom right inset shows the Debye temperature (0p) as
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FIG. 1: (Color online) Specific heat C' divided by temperature
T vs. T? for the z = 0.05 sample of Pri_,FEu,Pt4sGe12. The
solid blue line is a straight line fit of the data using the Debye
model. Top left inset: Sommerfeld coefficient « plotted as a
function of Eu concentration x. The solid line is a guide to
the eye. Bottom right inset: Debye temperature p obtained
from linear fits of the normal-state data of the main panel
plotted as a function of z. The solid line is a guide to the eye.

a function of x over the entire Eu concentration range
(0 < x < 1). We note that we obtained the Debye

temperature from Op = (127T4NA/€B/5B) 1/3, where
is found by fitting the data, as discussed above. Notice
that both 7, and 6p increase slowly with increasing Eu
concentration. The ~, values increase from 74 mJ/mol-
K? at 2 =0 to ~224 mJ/mol-K? at x = 1.

We present in Fig. 2(a) specific heat C' — Cpy, data as
a function of T obtained after subtracting the phonon
contribution (obtained from the above fit) from the mea-
sured specific heat of the samples that display supercon-
ducting transition in heat capacity and resistivity mea-
surements. A superconducting transition is clearly ob-
served for Pri_,FEu,Pt;Geis samples with z < 0.3 in
heat capacity measurements, whereas this phase tran-
sition is observed in the resistivity measurements for
the alloys with « < 0.5 [19]. Furthermore, the in-
set to Fig. 2(a) displays the suppression of the su-
perconducting transition temperature T, as a func-
tion of x. Samples with x > 0.5 do not display a
superconducting transition for temperatures down to
T=05K.

It has been shown that EuPt,Ge;s displays an anti-
ferromagnetic (AFM) transition at T = 1.77 K [13, 21],
manifested by a peak in C(T") at this T'= T. 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
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FIG. 2: (Color online) Specific heat C' — Cpp, vs. temperature
T data for the samples that have superconducting transitions
(top) and antiferromagnetic transitions (bottom). Top inset:
Superconducting transition temperature 7. as a function of
FEu concentration z. Bottom inset: Data of the main panel
normalized by Ci,az and Thaq, the value of the heat capacity
C — Cpr and temperature T at the maximum, respectively.

samples and do not scale for the = 0.5 sample. This
reveals that the peak in C(T') for > 0.5 has the same
origin, namely, AFM order.

We now turn our attention to the low-temperature re-
gion of the C'— Cpy, vs. 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 electronic specific heat curves show an up-
turn, without reaching a maximum in the measured tem-
perature 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 (CEF) to lift the spherical (2.7 + 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
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FIG. 3: (Color online) Heat capacity C — Cpp, vs. tempera-
ture T data for Pri_,Eu,;Pt4Gei2 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 Tpeqr, corresponding to the max-
imum in heat capacity data of the main panel, plotted as a
function of magnetic field H.

resulting multiplet structure depends on the strength of
the crystalline electric field and the symmetry of the lo-
cal rare-earth environment. The ground state of Eu?™
is 4f7 and, hence, the Hund’s rule ground state is 857/2
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 split-
ting of the ground state of Pr®t since the energy re-
quired to lift the degeneracy of the ground-state is
higher for Pr3* [17], hence the Schottky peaks appear
at higher T' (~ 10 K) than we presently observed (T < 1
K). Therefore, the Schottky anomaly must be due to
an internal magnetic field. Interestingly, a similar ef-
fect has been observed in RuSrs(Gd; 5Ceg.5)CusO1p—s,
YbPdaSn [22] and Ybg.24Sng 76Ru [23]. For example, in
RuSra(Gd; 5Cep.5)Cus019_s alloys this effect has been
attributed to the lifting of the degeneracy of the ground
state 85, /2 of Gd?*t 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;_,FEu,Pt;Ge;o 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.

In order to confirm that this is indeed the case, we
measured the heat capacity of all the samples studied in
various applied magnetic fields. The results for C' — Cpp
vs T for the x = 0.38 sample are shown in Fig. 3(a)
and for the z = 0.70 sample 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 < z < 0.50 shifts to higher temperatures [Fig. 3(a)],
while the peak of the higher Eu doped samples (z > 0.5)
first shifts to lower temperatures and then to higher tem-
peratures with further increasing H [Fig. 3(b) and its
inset]. The initial shift of the peak in C(T") to lower tem-
peratures 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 the higher temperatures with 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 < z < 0.15 starts to show a clear peak with increas-
ing 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
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 re-
sponsible for the observed Schottky anomaly is produced
by antiferromagnetically-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 — Cpp, vs. T curve down to 0 K by
fitting the low temperature data and extrapolating this
fit to 0 K (see bottom inset of Fig. 4). We then cal-
culated the magnetic entropy Spmag = fOT Chag(T)dT/ T,
where Cnag = C— Cpp — v, 1. We plot the results we ob-
tained 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
inset to Fig. 4). The saturation value of the entropy cor-
responds to the magnetic entropy when all eight levels
are occupied.

The main panel of Fig. 4 is a plot of the saturation
value Sg,; of the magnetic entropy at T = 10 K vs.
x. The fact that the internal magnetic field is produced
by antiferromagnetically correlated Eu ions is also sup-
ported by the fact that the entropy increases linearly
with increasing Eu concentration . The straight line is
a linear fit of the Ss; vs. x data, which gives a slope
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FIG. 4: (Color online) Saturation entropy Ssat plotted as
function of Eu concentration z over the whole measured
range(0 < z < 1). The straight line is a fit of Seat vs
with S = a + bz where a = (—0.29 £ 0.14)J/mol-K and
b = (16.26 £ 2.42) J/mol-K. Top inset: Magnetic entropy
Smag VS. temperature 7. Bottom inset: Extrapolation of
the C' — Cpp, vs T data to 0 K using a polynomial fit for the
x = 0.50 sample.

of 16.26+2.42 J/mol-K and an intercept of —0.2940.14
J/mol-K.

Furthermore, the single-ion  entropy  associ-
ated with a state of angular momentum J is
S = zRIn(2J + 1), where z is Eu concentration in

Pri_,Eu,Pt;Gejs. Hence, the corresponding entropy
due to the ground-state splitting of the 857/2 of Eu is
S ~ 17.28z J/mol-K. Note that this value is within
6% of the value for the magnetic entropy (16.2642.42
J/mol-K for x = 1) obtained from the least-square-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
FEu ions are mainly responsible for the Schottky anomaly
revealed by the low-T" specific heat measurements.

Thus, we have established that the low temperature
upturn in C — Cpy, of Pr;_,Eu,Pt4Geis as T' decreases
is caused by the splitting of the degenerate 85, /2 ground
state of Eu into eight equally-spaced levels. Recall that
the Schottky heat capacity anomaly for a multilevel sys-
tem with the degeneracy fully lifted by a magnetic field



is given by [24]:

R

Csen = r(x)ﬁ [f2(T)/ fo(T) = f3(T)/ f3(T)]

7 (1)
Fn(T) = A" exp (=A;/kpT),
j=0

where A; = j- A is the energy gap between the lowest
energy level (j = 0) and the j* energy level, R = 8.31
J/mol-K is the universal gas constant, A = gupH, g = 2
(L = 0), pup is the Bohr magnetron and H is the mag-
netic field. We have also included the parameter r(z)
which is proportional to the concentration of Eu ions
and will be used as one of the fitting parameters. Fur-
thermore, for the analysis of the heat capacity data it is
important to keep in mind that EuPt;Geys orders anti-
ferromagnetically, so that in the alloys Pr;_,Eu,Pt;Gejs
one may expect short-range antiferromagnetic correla-
tions between the Eu ions. Therefore, we hypothesize
that short-ranges antiferromagnetic correlations between
FEu ions are present even in samples with small . One
consequence of the short-range antiferromagnetic corre-
lations is that the nearest neighbor Eu ions will provide
a net magnetic moment which should lift the (2J + 1)-
degeneracy of the Eu ion. The level splitting on each
FEu 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 interval of values A € [Anin, Amax] around the
mean value A = (Apin + Amax)/2 [22].

Our results show that for the case of zero magnetic
field we can use expression (1) directly with A = A. For
r < 0.10, we fitted the specific heat data below the tem-
perature where the upturn starts with a the sum of the
Schottky contribution given by (1) and a superconduct-
ing nodal contribution of the form Cgsc = 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 con-
tribution with an isotropic gap Csc = Bexp %7 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
x = 0.30 samples.

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 appli-
cation 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
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FIG. 5: (Color online) (a) Fit of the heat capacity C — Cpp, vs
T/T. with the Schottky and superconducting contributions
for z = 0.05 (left axis) and z = 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. Inset to (b): Fitting parameters as a function of
external magnetic field.

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 de-
pendent. 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
O0A = Apax — Apin for the results presented in Fig. 5(b)
are shown in its inset.

The results for the average energy splitting A and coef-
ficient r(z) obtained from the fits of the low-temperature
HC data 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
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FIG. 6: (Color online) 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' — Cj,
vs T curves; the red squares are the energy gaps obtained by
fitting the C — Cpp, vs T data . Inset: Coefficient r obtained
from the fit plotted as a function of z. The line is a straight
line fit with z = r.

and the degeneracy fully lifted yield A, i.e., Tpeax = A.
The black circles in the main panel give the values of A
obtained directly from Tpeax 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 note-
worthy that the values of A obtained through these two
procedures are in excellent agreement. This represents
a 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 Pry_,FEu,Pt,Geqs.
The straight line in the inset is a fit of the C' vs. = data
with slope and intercept close to 1 and 0, respectively.

Finally, in Figure 7 we show the temperature T vs.
Eu concentration z phase diagram of Pry_,Eu,Pt,Ge;s.
The T.(z) data were obtained from heat capacity (blue
triangles) and resistivity (pink triangles) measurements.
Note that T.(x) gradually decreases, with a negative cur-
vature, with increasing x up to x = 0.5. The solid pink
curve is a theoretical fit to the data computed using the
following expression:

(B) (o) () o

Here () is the digamma function, T.p = T.(z = 0) and
I' & x is the disorder induced single-particle scattering
rate. We found that expression (2) describes the exper-
imental data best when the critical value of the scatter-
ing rate for which T, — 0 is I'. =~ 0.73T.9. Equation
(2) is similar to the one describing the suppression of
the critical temperature in conventional s-wave super-
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FIG. 7: (Color online) Plot of temperature T' vs. Eu con-
centration z phase diagram. Pink triangles are the super-
conducting 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 temper-
ature where the second peak appears in the 0.7 < z < 1
samples. Inset: Zoomed phase diagram of the data in the
main panel to better reveal the values of the Schottky and
AFM peaks.

conductors with magnetic impurities [25], multiband s*
superconductors with potential impurities with T' being
the interband scattering rate [3, 26], and last, but not
least, d-wave superconductors with nonmagnetic impuri-
ties [27-29]. The expression (2) describes the data quite
well which is not surprising in light of the facts that the
superconducting 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 where the Schottky peaks occur. The
red triangles are the AFM transition temperatures cor-
responding to different x values. Clearly, the plot of the
Schottky and AFM peak temperatures vs. x have two
slopes (see inset to Fig. 7), indicating the different origin
of the two peaks present in C.(T). The present study
shows that there is a coexistence of superconductivity
and antiferromagnetically correlated Eu ions for x < 0.5
and that for 0.3 < z < 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,Geio has been reported to show
at least three peaks in Co(T") close to the AFM transi-
tion [13]. In the present study we observed two peaks in



Pri_,Eu,Pt4sGejo with 0.7 < z < 1 close to the AFM
transition. For example, for the z = 1 (z = 0.7) sam-
ple one peak is at the AFM transition Ty = 1.78 K
(Tnv = 1.00 K) and the other at T = 1.2 K < Ty
(T = 0.81 K < Ty). 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 Pri_,Eu,Pt;Ge;s 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 Pri_,FEu,Pt;Ge;» has line nodes, i.e., Cgc o T2
for the doping range 0 < x < 0.10 and it is isotropic,
ie., Csc e /T for 0.15 < z < 0.50. This system
displays long-rage AFM order for > 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.

ACKNOWLEDGMENTS

This work was supported by the National Science
Foundation grants DMR-1505826 and DMR-1506547 at
KSU and by the US Department of Energy, Office of Ba-
sic Energy Sciences, Division of Materials Sciences and
Engineering, under Grant No. DE-FG02-04ER46105 at
UCSD. The work of M.D. was financially supported in
part by the U.S. Department of Energy, Office of Basic
Energy Sciences under Award No. DE-SC0016481.

[1] B. T. Matthias, H. Suhl, and E. Corenzwit, Phys. Rev.
Lett. 1, 449 (1958).

[2] A. A. Abrikosov, Fundamentals of the Theory of Metals
(North-Holland, Elsevier Science Publishers, 1988).

[3] M. G. Vavilov and A. V. Chubukov, Phys. Rev. B 84,
214521 (2011).

[4] M. B. Maple, Journal of Alloys and Compounds 303-
304, 1 (2000), ISSN 0925-8388.

[5] E. Bauer, A. Grytsiv, X.-Q. Chen, N. Melnychenko-
Koblyuk, G. Hilscher, H. Kaldarar, H. Michor, E. Roya-
nian, G. Giester, M. Rotter, et al., Phys. Rev. Lett. 99,
217001 (2007).

[6] R. Gumeniuk, W. Schnelle, H. Rosner, M. Nicklas,
A. Leithe-Jasper, and Y. Grin, Phys. Rev. Lett. 100,
017002 (2008).

[7] E. D. Bauer, N. A. Frederick, P.-C. Ho, V. S. Zapf, and
M. B. Maple, Physical Review B 65, 100506 (2002).

[8] M. B. Maple, N. A. Frederick, P.-C. Ho, W. M. Yuhasz,
and T. Yanagisawa, Journal of Superconductivity and
Novel Magnetism 19, 299 (2006), ISSN 1557-1947.

[9] A. Maisuradze, M. Nicklas, R. Gumeniuk, C. Baines,
W. Schnelle, H. Rosner, A. Leithe-Jasper, Y. Grin, and
R. Khasanov, Phys. Rev. Lett. 103, 147002 (2009).

[10] Y. P. Singh, R. B. Adhikari, S. Zhang, K. Huang,
D. Yazici, 1. Jeon, M. B. Maple, M. Dzero, and C. C.
Almasan, Phys. Rev. B 94, 144502 (2016).

[11] Z. Ren, Z. Zhu, S. Jiang, X. Xu, Q. Tao, C. Wang,
C. Feng, G. Cao, and Z. Xu, Phys. Rev. B 78, 052501
(2008).

[12] A. Midya, P. Mandal, K. Rubi, R. Chen, J.-S. Wang,
R. Mahendiran, G. Lorusso, and M. Evangelisti, Phys.
Rev. B 93, 094422 (2016).

[13] M. Nicklas, R. Gumeniuk, W. Schnelle, H. Rosner,
A. Leithe-Jasper, F. Steglich, and Y. Grin, Journal of
Physics: Conference Series 273, 012118 (2011).

[14] D. G. Naugle, K. D. D. Rathnayaka, V. B. Krasovit-
sky, B. I. Belevtsev, M. P. Anatska, G. Agnolet, and
I. Felner, Journal of Applied Physics 99, 08M501 (2006),
https://doi.org/10.1063,/1.2163276.

[15] N. R. Leigh and D. P. Hampshire, Phys. Rev. B 68,
174508 (2003).

[16] U. Khler, R. Demchyna, S. Paschen, U. Schwarz, and
F. Steglich, Physica B: Condensed Matter 378-380, 263
(2006), ISSN 0921-4526.

[17] N. A. Frederick, T. A. Sayles, and M. B. Maple, Phys.
Rev. B 71, 064508 (2005).

[18] N. Takeda and M. Ishikawa, Journal
Physical Society of Japan 69, 868
https://doi.org/10.1143/JPSJ.69.868.

[19] I. Jeon, S. Ran, A. J. Breindel, P.-C. Ho, R. B. Adhikari,
C. C. Almasan, B. Luong, and M. B. Maple, Phys. Rev.
B 95, 134517 (2017).

[20] K. Huang, L. Shu, I. K. Lum, B. D. White, M. Janoschek,
D. Yazici, J. J. Hamlin, D. A. Zocco, P.-C. Ho, R. E.
Baumbach, et al., Physical Review B 89, 035145 (2014).

[21] A. Grytsiv, X.-Q. Chen, N. Melnychenko-Koblyuk,
P. Rogl, E. Bauer, G. Hilscher, H. Kaldarar, H. Michor,
E. Royanian, R. Podloucky, et al., Journal of the Physical
Society of Japan 77, 121 (2008).

[22] Y. Aoki, H. R. Sato, H. Sugawara, and H. Sato, Physica
C: Superconductivity 333, 187 (2000), ISSN 0921-4534.

[23] T. Klimczuk, C. H. Wang, J. M. Lawrence, Q. Xu, T. Du-
rakiewicz, F. Ronning, A. Llobet, F. Trouw, N. Kurita,
Y. Tokiwa, et al., Phys. Rev. B 84, 075152 (2011).

[24] E. S. R. Gopal, Magnetic Contribution to Specific Heats
(Springer US, Boston, MA, 1966), pp. 84-111, ISBN 978-
1-4684-9081-7.

[25] A. A. Abrikosov, L. P. Gor’kov, and I. E. Dzyaloshin-
ski, Quantum Field Theoretical Methods in Statistical
Physics, International series of monographs in natural

of the
(2000),



philosophy, Vol. 4 (Nauka, 1965). [28] V. Galitski, Phys. Rev. B 77, 100502 (2008).
[26] M. Dzero, M. Khodas, A. D. Klironomos, M. G. Vavilov, [29] A. B. Vorontsov, A. Abanov, M. G. Vavilov, and A. V.
and A. Levchenko, Phys. Rev. B 92, 144501 (2015). Chubukov, Phys. Rev. B 81, 012508 (2010).

[27] A. V. Balatsky, I. Vekhter, and J.-X. Zhu, Rev. Mod.
Phys. 78, 373 (2006).



