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Superfluid Density and Energy Gap Function of Superconducting PrPt,Ge,,
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The filled skutterudite superconductor PrPt,Ge;, was studied in muon-spin rotation (uwSR), specific
heat, and electrical resistivity experiments. The continuous increase of the superfluid density with
decreasing temperature and the dependence of the magnetic penetration depth A on the magnetic field
obtained by means of uSR, as well as the observation of a T dependence of the electronic specific heat
indicate the presence of pointlike nodes in the superconducting energy gap. The gap and the specific heat
are found to be well described by two models with point nodes, similar to results obtained for the
unconventional heavy fermion skutterudite superconductor PrOs,Sb,.
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The filled skutterudite compounds MT,Pn;, (M = rare-
earth or alkaline-earth metals, T = Fe, Ru, Os, and Pn =
P, As, Sb) have attracted much attention in recent years
[1]. One of the most interesting representatives is
PrOs,Sb;, which exhibits heavy fermion superconductiv-
ity below 1.85 K with a complex phase diagram [2,3].
Despite of numerous studies the symmetry of the super-
conducting order parameter and even the existence of
nodes in the gap function is still discussed and controver-
sial. While some probes indicate a nodal order parameter
[3-5], other measurements suggest a gap without nodes
[3,6,7]. Moreover, the presence of multiband superconduc-
tivity is discussed [7]. Superconductivity with a similarly
low T is found in PrRuAs;, (T, = 2.4 K) and PrRu,Sb,
(T, = 1.1 K) [8] which are however conventional weakly-
correlated BCS superconductors [3].

Recently, a new Pr-containing skutterudite superconduc-
tor, PrPt,Ge |, with a Pt-Ge framework, was discovered [9].
Specific heat and other experiments reveal strongly
coupled superconductivity with 7. = 7.9 K, a factor of 4
higher than that in PrOs,Sby, [2]. The small coefficient yy
of the electronic specific heat indicates that PrPt,Ge,, is
not a heavy fermion superconductor as PrOs,Sb,, but
more similar to the two ruthenium skutterudites [8].
While the crystal field ground states in all here discussed
Pr superconductors are singlets, the splitting to the first
exited state differs greatly: Acgr = 7 K for PrOs,Sb;, [3]
and = 130 K in PrPt;Ge;, [9,10]. Thus, comparing the
superconducting properties of PrPt,;Ge;, with that of
PrOs,Sb;, and other skutterudites allows us to gain insight
into the mechanisms of superconductivity in these materi-
als. The isostructural LaPt,;Ge;, (T, = 8.29 K [9]) has
been suggested to be an s-wave superconductor [10] like
LaOS4Sb12 [3]

Here, we report on a study of the superconducting state
of PrPt,Ge |, by means of specific heat, muon-spin rotation
(uSR), and electrical resistivity measurements down to
very low temperatures. The observation of a T3 depen-
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dence of the electronic specific heat, the continuous in-
crease of the superfluid density (p,) with decreasing
temperature, as well as its dependence on the magnetic
field suggests [11] the presence of pointlike nodes in a
single superconducting energy gap. The temperature de-
pendence of p, was analyzed with various gap models and
is found to be well described by two functions with point-
like nodes.

The preparation procedures of the PrPt,;Ge, samples are
identical to that described in [9]. The transverse field SR
experiments were performed at the 7M3 beam line at the
Paul Scherrer Institute (Villigen, Switzerland). The sample
was field cooled from above T, down to 1.5 K and mea-
sured as function of temperature in series of fields ranging
from 35 mT to 640 mT. Additional experiments down to
T = 0.03 K were performed at 75 mT. Typical counting
statistics were 7 X 10° positron events per each particular
data point. Electrical resistivity R(7, H) and specific heat
C(T) down to 0.4 K were measured in a commercial system
(PPMS, Quantum Design) using an ac resistance bridge
(LR-700, Linear Research) and the HC option of the
PPMS, respectively.

Figure 1 shows the electronic specific heat Cy; /T vs T2.
The phonon contribution o 73 was subtracted using a
Debye temperature ®, = 189 K. The normal-state elec-
tronic term vy, of the current sample is 63 mJmol ! K2
and the jump Ac,/T, at T, is 130 mJmol ™' K™2. At the
lowest temperatures an upturn from a nuclear Schottky
contribution of Pr [12] becomes visible (Cpu & T 2).
After its subtraction we find Cy(T) = y'T + nT? with
¥’ = 1.31 mJmol ™! K2 originating from a minor metal-
lic impurity phase. For 0.05 < T/T, <0.2 the clear T3
dependence of the superconducting state electronic term
(7 = 2.88(2) mJmol ' K™#) already demonstrates that
the gap function of PrPt;Ge;, has pointlike nodes [13].
Further investigation of the energy gap and the order
parameter symmetry was performed in the transverse field
M SR experiments.

© 2009 The American Physical Society
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FIG. 1 (color online). Inset: specific heat C— Cp, of
PrPt,Ge;, (corrected for the phonon term) and normal-state
electronic yy (horizontal line). Main panel: data (Cy + Cpye)
below 1.4K and data C, corrected for the nuclear Schottky
contribution C,,. of Pr (see text).

The ©SR time spectra were fit to a theoretical polariza-
tion function P(f) by assuming the internal field distribu-
tion Pjy(B) calculated for the hexagonal flux line lattice
(FLL) within the Ginzburg-Landau model and accounting
for the FLL disorder by multiplying P;4(B) with a Gaussian
function:

P(t) = Ae'® f e~ T)?/2p, (B)elVuBldB. (1)

Here A and ¢ are the initial asymmetry and the phase of the
muon-spin ensemble, o, is a parameter related to FLL
disorder and o, the nuclear moment contribution mea-
sured at T > T,. For a detailed description of the analysis
we refer to Ref. [14] and references therein.

Figure 2(a) shows representative internal field distribu-
tions P(B) obtained from the measured uSR time spectra
by performing the fast Fourier transform. P(B)’s have
asymmetric shape as expected for a field distribution
within a well arranged FLL. The small peak in the vicinity
of the applied field is due to muons stopped outside of the
sample ( = 2-3%). Above T, an additional magnetic de-
polarization is observed, which increases with increasing
field. The measurements at zero field, below (1.5 K) and
above 7. (10 K) reveal negligibly small change of this
magnetic depolarization.

Magnetic penetration depth is defined in the London
limit of low fields as a measure of superfluid density p, =
1/A2%. The A obtained in the vortex state is often called an
effective magnetic penetration depth A.q [15,16], since it
might be field dependent. For a classical BCS supercon-
ductor with isotropic s-wave gap A, = A [16]. The fit of
Eq. (1) to the single ©SR time spectra does not allow us to
obtain independently A and ¢, since they are strongly
correlated [14]. In order to get rid of this correlation one
needs to perform a simultaneous fit of several spectra,
measured at the same temperature but different magnetic
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FIG. 2 (color online). (a) The magnetic field distribution P(B)
at T = 1.55 K and applied fields B, = 75, 200, and 400 mT
obtained by means of fast Fourier transform. The solid lines are
fits to the data (see text for details). (b) Temperature dependence
of the upper critical field B, obtained in specific heat (squares)
and resistivity (dots) experiments compared with fit results of
SR time spectra (see text). Panels (c) and (d) show correlation
plots x2(A, &) for B, = 400 mT and 50 mT, respectively.

fields, with A and ¢ as common parameters [14,17]. B, =
®,/2m&? as a function of temperature, obtained after
such fit, is presented in Fig. 2(b). The fit was performed
on combined data measured at B, = 35 and 400 mT.
Figures 2(c) and 2(d) show the corresponding correlation
plots [x*(A, £€)]. The normalized y? was obtained for A and
& varied within 10% around their optimal fit values [Aj =
114(4) nm and &, = 18.1(8) nm]. Strong correlations be-
tween A and ¢ as well as a field dependent slope of the
correlation curves are obvious.

Figure 2(b) implies, however, that B.,(T) obtained in
simultaneous fit is =~ 40% smaller than that measured
directly in specific heat [9] and resistivity experiments
(the upper critical field B.,(T = 0) determined for the
polycrystalline wSR sample is 1.82(2) Tand 7,.(B = 0) =
7.90 K). This suggests that the assumption of a field-
independent A may not be valid for PrPt,Ge,. Field de-
pendence of A (Fig. 3 inset) is actually expected for a nodal
superconductor since a field induces excitations at the gap
nodes due to nonlocal and nonlinear effects, thus reducing
the superconducting carrier concentration n, « 1/A? [15].
We believe however that the Ginzburg-Landau (GL) theory
developed for superconductors with isotropic s-wave gap
is a valid approximation in the present case. In order to
avoid the correlation between A and ¢ we fixed the values
of ¢(T) = \J®,/27B_,(T) by using the B,,(T) curve ob-
tained in resistivity measurements down to 0.057.(0)
(T.(B) = T(p = 0); data not shown).

The GL theory allows to extend the London definition of
superfluid density for a finite applied field [18]:
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FIG. 3 (color online). Field dependence of the superfluid den-
sity p, = {|¢|*)/A%. The solid line is the power law fit
ps(T)/p(T=0)=1-(B/B,)* with a=0.26(2). The
dashed line represents the case when A does not depend on the
magnetic field. The inset shows A(B/B,) at T = 1.55 K.

ps =P @)/ A% = (1 = B/B,)/ . 2

Here, (r) is the GL order parameter and (- - -) means
averaging over the unit cell of the FLL. Equation (2)
implies that in isotropic s-wave superconductors the
mean superfluid density decreases with increasing field
as (| (r)|?) (the dashed line in Fig. 3). Obviously, the
experimental p, decreases much stronger with increasing
magnetic field than for a field-independent A, thus con-
firming the presence of nodes in the gap. A power law fit
ps(T)/ps(T =0) =1~ (B/B.)" results in a = 0.26(2)
(solid line in Fig. 3).

Figure 4(a) shows p,, normalized to its value at
T =30mK, as a function of T/T,.. Surprisingly,
p(T/T,)/ps(0) is identical for all applied fields. Only
the data measured at 35 mT deviate slightly, which may
be due to larger vortex disorder and, consequently, larger
inaccuracies at such a low field. The inset of Fig. 4(a)
shows p, measured at 75 mT for 0.004 = T/T,. = 0.3.
As expected for a nodal superconductor, p, does not satu-
rate but increases continuously with decreasing tempera-
ture. This is consistent with the conclusion already drawn
from the analysis of p,(B/B.,).

Symmetries of the order parameter for superconductors
with LaFeP;, type crystal (space group /m3) with tetrahe-
dral point group symmetry (77,) are in detail investigated in
Ref. [19]. Possible gap functions A(6, ¢) (the quasiparticle
energy spectrum gaps), among them some discussed for
PrOs,Sby,, are collected in Table I. For comparison we first
list the nodeless s-wave gap (A) A(6, ¢) = Ay and a model
with a line node in the gap (B). As motivated by our
specific heat and wSR results above, the only suitable
gap functions should be those with point nodes in the
gap, models C—F.
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FIG. 4 (color online). (a) Temperature dependence of p, =
(|4 (r)|?)/A> normalized to its value p,(0) at 7 = 30 mK. The
lines represent the fits by using six different gap models as
illustrated in panel (b). The inset shows the low-temperature
region between 7 = 0 and T = 0.37,. The panel (b) illustrates
the gap functions listed in Table 1.

The  temperature  dependence of the gap
A6, 6, T/T,.) = A0, $)5(T/T,) was assumed to follow
8(T/T.) = tanh{1.82[1.018(T/T. — 1)*>']} according to
the weak-coupling BCS theory [20]. Note that the function
S8(T/T,) is practically independent of the gap model [21].

TABLE I. Summary of the analysis of p (T) data for
PrPt,Ge;,. The character of the nodes, line (1) or point (p), of
the gap function models A-F is given. A is the maximum value
of the gap at T = 0, and # and ¢ are the angular coordinates in
k-space. k, = sinf cos¢, k, = sinf sin¢, 122 = cosf. The least-
squares deviation y? of the fits with these models to p,(T) are
compared to the y? of model F.

Nodes  Superconducting gap function A X’
Ao, 0) kgT.  x*(F)
A Ao 1.95(5)  3.99
B 1 Aolkyl 4.88(30) 9.32
cC p Aolk, = ik, 2.68(5) 1.05
D p Ao(1 — &2 229(5) 1.17
E p Ag(1 =kt — &) 3.84(14) 3.46
Fop Al =303 + I3k + I2k2)]V? 356(7) 1
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The temperature dependence of the superfluid density
was calculated within the local (London) approximation by
using the equations [21]:

3 sin?fcos® ¢
Plaa/bbjec) = 1 — T [dedd)dé? sin’@sin’ ¢
2co0s?fcos ¢
€+ A?
X cosh™2[ ——— 3
cos ( 7 ) (3)

Here, p;; < {{¢|*)/A;A; (i = a, b, or ¢) is the component
of the superfluid density along ith principal axis. Since our
experiments were performed on a polycrystalline sample,
we used the powder average of p, [4]:

Ps = (\/paaphb + \/paapcc + \/pccphh)/3- (4)

The fits of the six model gap functions to the p, data
were made for the only free parameter A,. The results of
the fits are presented in Fig. 4(a) and in Table I. The
goodness of a fit can be assessed by the y? value given in
the last column of Table I. It is obvious that the gap
functions A (isotropic s wave), B (line nodes), and also E
fit the data poorly. The data are best described by gap
function F, but also models C and D result in only 5%
and 17% larger x* values, respectively. Thus, from our
present analysis these three gap functions—all with point
nodes—can be considered as candidates for the gap
symmetry.

The resulting gap-to-T ratios Ay/kgT,. of model C, D,
and F are 2.68(5), 2.29(5), and 3.56(7), respectively. All
three ratios are higher than the weak-coupling BCS limit
1.76. The ratio of the specific heat jump Ac), to yyT, for
the present PrPt,Ge,, sample is 2.06 (BCS weak-coupling
value 1.43). This observation and the previous estimate of
Ay/kgT, of 2.35 from the electronic specific heat in the
superconducting state at 7,/2 [9] suggest that function C
or D may represent the symmetry of the superconducting
gap in PrPt;Ge;,. The high gap-to-7, ratio of model F
would correspond to a significantly larger Ac,,/yyT, than
observed. Thus, our combined results from thermodynam-
ics and uSR give evidence that PrPt,Ge;, is a strong
coupled superconductor with point nodes in the gap.

To conclude, the PrPt,Ge;, skutterudite superconductor
was studied in uSR, specific heat, and electrical resistivity
experiments. A clear 7° dependence of the electronic
specific heat and the wSR data give evidence that the gap
function of PrPt,Ge,, has point nodes. A detailed analysis
of the SR data was performed by exact minimization of
the Ginzburg-Landau free energy. The temperature depen-
dence of p, is well described by three models with point-
like nodes in the gap. One of these models can be excluded
due to its very strong coupling. Thus, possible supercon-
ducting gap functions for PrPt,Ge,, are AOIIQX + il€y| and
Ay(1 — Igf,) [22]. The maximum gap-to-T. ratios Ay/kpT,
for these models are 2.68(5) and 2.29(5), respectively.
Note, the former gap with identical gap-to-7, ratio was

suggested for the isostructural unconventional supercon-
ductor PrOs,Sb, [4], the latter of our “‘best’” gap functions
Ay(1 — lg;‘) was suggested for the low-field B phase of
PrOs,Sb;, [23] and is in better agreement with our specific
heat data. Further investigations are desirable to clarify the
reason for such remarkable resemblance of order parame-
ters to address the questions of gap symmetry and pairing
mechanism.
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functions.

*alexander.maisuradze @psi.ch
rustem.khasanov @psi.ch

[1] B.C. Sales, Handbook on the Physics and Chemistry of
Rare Earths, edited by K.A. Gschneidner, Jr., J.-C.G.
Biinzli, and V.K. Pecharsky (Elsevier, Amsterdam,
2003), Vol. 33, p. 1.

[2] E.D. Bauer et al., Phys. Rev. B 65, 100506 (2002).

[3] M.B. Maple et al., J. Magn. Magn. Mater. 310, 182
(2007); M.B. Maple et al., J. Supercond. Novel
Magnetism 19, 299 (2006).

[4] E.E.M. Chia et al., Phys. Rev. Lett. 91, 247003 (2003);
E.E.M. Chia et al, J. Phys. Condens. Matter 17, L303
(2005).

[5] R.W. Hill et al., Phys. Rev. Lett. 101, 237005 (2008).

[6] D.W. MacLaughlin et al., Phys. Rev. Lett. 89, 157001
(2002).

[7]1 L. Shu et al., Phys. Rev. B 79, 174511 (2009).

[8] T. Namiki et al., J. Phys. Soc. Jpn. 76, 093704 (2007).

[9] R. Gumeniuk et al., Phys. Rev. Lett. 100, 017002 (2008).

[10] M. Toda et al. J. Phys. Soc. Jpn. 77, 124702 (2008).

[11] Since a rigorous assignment of nodes from finite tempera-
ture measurements is not possible, a maximum value of
A/10 (with A being the spherically averaged gap) for
“approximate nodes” has been estimated (See Ref. [19]).

[12] Y. Aoki et al., J. Phys. Soc. Jpn. 71, 2098 (2002).

[13] M. Sigrist and K. Ueda, Rev. Mod. Phys. 63, 239 (1991).

[14] A. Maisuradze et al., J. Phys. Condens. Matter 21, 075701
(2009).

[15] M.H.S. Amin, M. Franz, and 1. Affleck, Phys. Rev. Lett.
84, 5864 (2000).

[16] I.L. Landau and H. Keller, Physica (Amsterdam) 466C,
131 (2007).

[17] T.M. Riseman et al., Phys. Rev. B 52, 10569 (1995).

[18] P. Lipavsky et al., Phys. Rev. B 65, 144511 (2002).

[19] I.A. Sergienko and S.H. Curnoe, [Phys. Rev. B 70,
144522 (2004)].)

[20] A. Carrington and F. Manzano, Physica (Amsterdam)
385C, 205 (2003).

[21] R. Prozorov and R.W. Giannetta,
Technol. 19, R41 (2006).

[22] In general, all combinations of these basic gap functions
are possible [19].

[23] K. Maki et al., Europhys. Lett. 68, 720 (2004).

Supercond. Sci.

147002-4



