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We performed a comparative study of the superconducting gap in the new filled skutterudite superconductors
LaPtyGe;, and PrPt,Ge,, using high-resolution photoemission spectroscopy. We succeeded in observing spectral
changes across 7, that reflect the opening of the superconducting gap in both compounds and also in observing
a noticeable difference in their respective superconducting spectral shapes near the Fermi level, pointing toward
a more complex superconducting gap structure in PrPt;Ge;,. In addition, we found that the two-gap model is
more suitable for describing the superconducting-state spectrum of PrPt,Ge,, than the single-isotropic-gap and
single-anisotropic-gap models, which suggests an explanation that multiband effects may possibly induce the

anomalous superconducting properties of PrPt,Ge;,.
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I. INTRODUCTION

Filled skutterudite compounds M 74X, (where M is a
rare-earth or alkaline-earth metals, 7 is a transition metal, and
X is usually a pnicogen) have a variety of physical properties
that depend on the particular combination of M, T, and X.!?
Within this unique structure, the hybridization between the 4 f
electrons of an M atom and conduction electrons are tuned
by certain atomic configurations. This leads to remarkable
physical properties even in Pr-based filled skutterudites in
which the Pr 4 f electrons are considered to be more localized
than those of Ce. In particular, for PrOs4Sb;,, heavy fermion
and exotic superconducting behavior has been observed® and
the quadrupole degrees of freedom have been suggested to
play a role,? in contrast to the conventional superconductivity
of LaOS4Sb12.

PrPt;Ge;, is a newly synthesized filled skutterudite com-
pound with a Pt-Ge framework*’ (Fig. 1) with a superconduct-
ing transition temperature 7, of 7.9 K,> which is unexpectedly
high among similar Pr-based superconductors. The specific
heat jump at 7. and the superconducting gap values of
PrPtyGe, are larger than those of its non-4 f counterpart
LaPt,Ge, (T, = 8.3 K); the values are close to the mean-field
Bardeen-Cooper-Schrieffer (BCS) values, which indicates
strong-coupling superconductivity of PrPt;Ge;,. Electronic
specific heat and muon-spin rotation («SR) measurements
down to very low temperatures suggested the presence of
pointlike nodes in the superconducting energy gap.® Previous
comparative zero- and longitudinal-field SR experiments on
PrPt4Ge|, and LaPt;Ge,; reported spontaneous magnetization
with a temperature variation resembling that of the superfluid
density below T, only for PrPt,Ge;,, implying time-reversal
symmetry breaking in PrPt;Ge;,.° While these studies have
suggested unconventional superconductivity of PrPt;Ge,,
very recent studies of the ”*Ge-nuclear quadrupole resonance
(NQR) showed a coherence peak just below T, indicating
that the superconductivity is accounted for in terms of
the conventional BCS regime.'” In order to understand the
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anomalous superconducting properties of PrPt;Gej,, it is
crucial to directly observe the superconducting gap.

In this study, we have performed high-resolution pho-
toemission spectroscopy (PES) of PrPty;Ge;, as well as
LaPty;Gej,, in order to elucidate the superconducting gap
structures. We identified a difference in the superconducting
spectral shape near the Fermi level (Ef) between PrPtyGe,,
and LaPt,Ge;,, which provides spectroscopic evidence for a
difference in the superconducting gap structure. While spectral
analysis using an isotropic Dynes function could reproduce the
superconducting-state spectrum of LaPt;Ge, with a gap size
that is consistent with the thermodynamic measurements, it
could not reproduce that of PrPt;Ge,,, suggesting PrPtsGe,
has a more complex gap structure. The superconducting-state
spectrum of PrPt;Gej, could not be fitted well with an
anisotropic Dynes function used for explaining «SR and NMR
results; however, a weighted sum of two Dynes functions could
describe the experimental data, suggesting the need to consider
Fermi surface sheet dependence of the superconducting gap to
understand the anomalous superconducting properties.

II. EXPERIMENT

Polycrystalline samples of PrPtsGe;, and LaPt;Ge;, were
prepared by use of a conventional arc-melting method using a
nonconsumable tungsten electrode in an atmosphere of high-
purity argon (99.999%). The casted samples were repeatedly
melted on a water-cooled copper hearth to ensure homogeneity.
No contamination from the electrode or copper hearth was
detected, and the weight loss during the process was negligible.
The arc-melted samples were then annealed at 1073 K for 24 h
under a vacuum pressure of 1x 107> Pa. X-ray diffraction
analysis confirmed that the samples consisted of either a
single phase of PrPt;Ge;, or LaPt;Ge;. The T, temperatures
determined from magnetic susceptibility measurements were
7.9 and 8.2 K for PrPt;Ge,, and LaPt,Ge,, respectively, with
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FIG. 1. (Color online) Crystal structure of Pr(La)Pt,Ge,.

the transition widths of 0.31 and 0.38 K that correspond to
magnetization drops of between 10% and 90%.

High-resolution PES measurements of PrPt;Ge;, and
LaPty;Ge;, were performed using a newly constructed spec-
trometer with a hemispherical electronic energy analyzer
(SCIENTA R4000) and a rare-gas discharge lamp (SPECS
UVSL). The total energy resolution, using a Xe I (8.44 eV)
resonance line, was set to 1.2 meV. The base pressure of the
measurement chamber was below 7.5x 10~ Pa. Samples were
fractured in situ to obtain clean surfaces. The Ef energies
within an accuracy of 0.1 meV refer to those of gold films
evaporated onto the sample surfaces. The sample temperature
was measured with a Pt resistive sensor mounted close to
the sample during the measurements. However, in order to
accurately determine the temperatures in the PES measurement
region, we derived the readings from the obtained analyses of
temperature-dependent PES spectra analysis of the gold films
using the known energy resolution of the spectrometer and the
temperature-dependent Fermi-Dirac distribution function as a
fitting parameter. We estimated the error in the temperature
to be £1 K at most. Several PES measurements of a single
sample taken at different machine times confirmed that the
results are reproducible.

It should be noted that the 8.44-eV photon energy corre-
sponds to a photoelectron escape depth of ~10 nm for the
states near Ey.!! This is much longer than the escape depth of
photoelectrons (~3 nm) used to obtain the dominant electronic
structure of f electron materials in bulk'? and is consistent
with our observation of identical spectral shapes from several
samples. Average grain sizes of the polycrystalline samples
for both compounds determined from scanning electron mi-
croscope (SEM) measurements were ~10 pm, which is larger
than the coherence length of each compound [LaPt,;Ge,,
13.2 nm (Ref. 13); PrPt;Ge,;, 18.2 nm (Ref. 8)].

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show high-resolution PES spectranear
the Er of LaPtyGe;, and PrPt;Ge,,, respectively, measured
above and below T,. For comparison, the normal-state spec-
trum of LaPt;Ge; is also shown in Fig. 2(b). The normal-state
spectra of the two compounds are nearly identical, suggesting
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FIG. 2. (Color online) High-resolution photoemission spectra
near Er of (a) LaPty;Ge;, and (b) PrPt;Ge;, measured at normal
(solid red circles) and superconducting (open blue circles) states.
Normalized intensities were obtained by setting the average intensity
of the normal-state spectra from 6 to 7 meV for each compound
to 1. Normalization between normal- and superconducting-state
spectra was performed with the integrated spectral intensity from
a 10-meV binding energy to 10 meV above Er. For comparison,
the normal-state spectrum of LaPt,Ge,; is superimposed in Fig. 2(b)
(open green circles).

negligible correlation effects in PrPt;Ge|,, and a band picture
may be a good starting point for describing the electronic
structure. According to band structure calculations, the states
near the Er of LaPt;Ge;, and PrPt;Ge, have a dominant Ge
4p character hybridized with Pt 5d.> Resonant PES studies of
PrPt4Ge;, do not show significant enhancement of the spectral
intensity near Ep across the Pr 3d-to-4f threshold,'* in
contrast with similar studies of PrFe4P;,, which is considered
to be a heavy fermion material with significant hybridization
of the conduction band and 4 f electrons.'> The spectrum at
4K (the superconducting state) of each compound shows a
reduced intensity near the Ef region and a peak at 2 meV.
These are typical superconducting-state spectrum features and
reflect the opening of a superconducting gap. These results
show the first direct observation of the superconducting gap in
PrPt,Ge, and LaPt,Ge;,. To elucidate the difference between
PrPt4Ge;, and LaPt;Gej;, we compared superconducting
spectra normalized using the normal-state spectra intensity,
as shown in Fig. 3. In the inset, we find that the intensity in the
vicinity of the peak appears to be higher in the PrPt;Ge;,
spectrum than in the LaPtyGe|, spectrum. Near Ep, the
spectral intensity of the leading edge region of PrPt;Ge, is
higher than that of LaPt;Ge;,. As noted under Experiment,
the 7, widths are nearly the same, indicating that extrinsic
variation of 7, is not responsible for the spectral difference.
In addition, we observed an identical spectral difference for
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FIG. 3. (Color online) A comparison of the superconducting
spectra of LaPt;Ge,, (solid red circles) and PrPtyGe;, (open blue
circles) normalized by the same procedures used for Fig. 2. Error
bars show the statistical accuracy obtained from the square root of
the photoelectron count. Note that the spectral intensity near the Er
region of PrPt;Ge,, is larger than that of LaPt;Ge,, indicating a
difference in the superconducting gap structure. Inset shows the same
spectra over a wider energy range.

several samples in different experimental runs. These facts
indicate that the observed spectral difference reflects the
difference in the superconducting electronic structures of the
two compounds. The observation that the PrPt,Ge;, spectrum
has a higher intensity near Er compared to that of LaPt;Ge
implies a more complicated gap structure in PrPtsGe;, than
in LaPt,Ge,. To discuss the superconducting gap structure of
PrPt,;Ge, and LaPt,Ge,,, we performed a numerical analysis
of the experimental spectra using the Dynes function.

The Dynes function is a modified BCS function that
introduces phenomenological broadening effects into the BCS
function and is known to describe a superconducting gap
with isotropic s-wave symmetry very well.'® The Dynes
function is defined by D(E, A,T)=Re{(E —il")/[(E —
iT)> — A?]'/2}, where A is the superconducting gap size
and I' is the phenomenological broadening parameter. This
parameter was originally introduced to represent finite-lifetime
effects of the quasiparticles at the gap edge, but it is often used
as a fitting parameter and, thus, includes other factors such
as the superconducting gap variations and anisotropy. To fit a
spectrum, the Dynes function is multiplied by a Fermi-Dirac
function of the measured temperature and convolved with a
Gaussian function corresponding to the experimental energy
resolution. The fitting parameters are chosen to reproduce
experimental spectra within a binding-energy region from the
top of the quasiparticle peak to 5 meV above E . We found that
the superconducting-state spectrum of LaPtsGe;,, shown in
Fig. 4(a), is well reproduced using an isotropic Dynes function
with a A and I" of 1.3 meV and 0.25 meV, respectively.
The magnitude of the superconducting gap as a function
of temperature A(T) is plotted in Fig. 4(b). The gap size
changes systematically with temperature, which is consistent
with the BCS theory.!” We estimate A(0) to be 1.4 meV
by extrapolating the observed gap magnitude and assuming
a temperature dependent gap. This corresponds to a reduced
gap value 2A(0)/kgT, of 3.9 & 0.5, which is comparable to
the mean-field BCS value [2A(0)/ kg T, = 3.54]. The reduced
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FIG. 4. (Color online) (a) Result of the fitting analysis of
LaPt,Ge; (solid green curve) compared with the experimental data at
4.0 K (open red circles). (b) Temperature dependence of the supercon-
ducting gap of LaPt,Ge,,. Solid red circles indicate experimentally
obtained temperature dependence of the superconducting gap, and
the solid curve indicates the BCS relation'> under conditions of
Aop = 1.4 meV and T, = 8.3 K. (c) Results of the fitting analysis of
PrPt,Gey, (solid green curve) using an isotropic Dynes function (A)
and anisotropic Dynes functions (B, Ay|sin¢gsin@|; C, Ay|sinf|;
D, Aol —sin*¢sin*0); E, Ag[l — (sin* ¢ + cos* @) sin* ), F,
Ag[1 — 3 cos? O sin® O — 3 sin® A cos? 6 sin* #]'/?) compared with the
experimental data at 4.0 K (open red circles). (d) Result of the fitting
analysis of PrPtsGe;, (solid green curve) using a weighted sum of
two isotropic Dynes functions, compared with the experimental data
at 4.0 K (open red circles). All the experimental spectra are the
same those shown in Fig. 3. Error bars show the statistical accuracy
obtained from the square root of the photoelectron count. The dotted
horizontal lines in (c) are the zero lines for each data set.

gap value also agrees well with the values determined from the
specific heat measurements [2A(0)/ kg T, = 3.88],° indicating
that PES is a reliable experimental tool for studying the
superconducting gap in this new filled skutterudite supercon-
ductor. The I" value for the LaPtsGe,, fit is larger than those
for elemental metals'® but comparable to that for LaRuyP,
(T, = 7.2 K), where the value was discussed in relation
to possible superconducting gap anisotropy.'® Nonetheless,
the nearly isotropic gap in the present study for LaPt;Ge;,
agrees well with the nuclear magnetic resonance (NMR)>
and NQR studies and also suggests that the absence of the
Hebel-Slichter peak in the LaPt,Ge;, spectrumlo'zo is not due
to the spatial distribution or variation in momentum space of
superconducting gap.

For PrPt,Ge;, the Dynes function analysis was performed
with an isotropic gap (model A) and with allowed anisotropic
gaps (models B-F) 2! used to explain SR and NQR data,®!? as
shown in Fig. 4(c). We found that the isotropic function, model
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A, does not reproduce well the experimental data of the peak
and the leading edge region simultaneously. This is in sharp
contrast to the reasonable fitting seen for LaPt4Ge,, but is con-
sistent with the differences seen in the raw data (Fig. 2). Thus,
the present study provides spectroscopic evidence for different
superconducting gap structures in LaPtyGe;, and PrPt;Ge;;
there is a larger deviation from an isotropic superconducting
gap in PrPt;Ge, than in LaPt;Ge,. This is consistent with
the reported superconducting property differences of the two
compounds that emphasized the anomalous properties of
PrPtsGe|, (thermodynamic and magnetization measurements®
and comparative SR studies®), which allows us to conclude
that the more complex gap structure in PrPt;Ge;, induces the
anomalous superconducting properties.

Fitting results using models B-F and the experimental
spectra at 4 K are also shown in Fig. 4(c). We found that
the superconducting-state spectrum of PrPt;Ge, is not well
described using the anisotropic gap functions. Note that
using a single Dynes function analysis can be considered
to correspond to one isotropic Fermi surface sheet as a
normal-state electronic structure. To consider effects beyond
such this simple case, it may be valuable to assume multiple
Fermi surface sheets that may assist the superconducting gap
to have different magnitudes. As a first step, we used the
weighted sum of two isotropic Dynes functions for large
Dy (E,Ar, ") and small Dg(E,Ags,I") gaps, expressed as
Dyi+s=RD (E,AL,T')+ (1 — R)Ds(E,As,I'), where R is
the amplitude ratio of the larger gap to the total sum. We found
that this model reproduces the experimental data very well
with (A;,Ag,T',R) = (1.7,0.8,0.10, 0.3) in units of meV
[Fig. 4(d)]. For simplicity, we adopt the same I" value for both
gaps. The use of two isotropic Dynes functions, however, does
not necessarily mean two fully pronounced s-wave gaps, as we
have found that in the present study the two Dynes functions
with anisotropic gaps can also explain the data very well. If one
considers the fact that the Dynes function does not take into
account the underling density of states, strong correlations,
or a number of other possible complicating factors, better
reproducibility using two Dynes functions for PrPtsGey; is, at
most, suggestive of an explanation. However, band structure
calculations have predicted multiband crossing of the Ef of
RPt4Ge;, (R = Sr, Ba, and La)** and multiple Fermi surface
sheets of ThPt;Ge;,.2* Existence of multiband crossings or
multiple Fermi surface sheets are a condition for multigap
superconductivity. An upturn of the upper critical field as
a function of temperature for the higher 7, region, one of
the characteristics of two-gap superconductivity,>*?> is indeed
observed in PrPt;Ge;,. Improvement of energy resolution
may help to distinguish full details of superconducting gap
structure.
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In PrOs4Sby,, multiband superconductivity has been pro-
posed to explain several experiments.”*" The advantage of
this approach is that it is able to explain previous reports
of seemingly controversial superconducting gap structures
by considering nodal and full gaps open on different Fermi
surface sheets. Multiband superconductivity may also assist
in understanding the previously observed superconducting
properties of PrPtsGej;. One interesting scenario is a band
with a nearly isotropic gap that contributes to the presence of
the Hebel-Slichter peak in NQR studies, while another band
with large gap anisotropy is responsible for the line-node-like
low-temperature phenomena. If one of the two bands is related
to the presence of spontaneous magnetization in PrPt;Ge,
and vanishes with the substitution of La, it may explain
the smooth variation in the spontaneous magnetization as a
function of La concentration in Pr,La;_,Pt;Ge;, observed in
uSR measurements.’ This study has suggested one possible
explanation based our experimental data; to confirm the multi-
band superconductivity in PrPtyGe,,, further experimental
studies are necessary.

IV. CONCLUSION

We have investigated the superconducting gap of PrPt;Ge;,
in comparison with LaPt;Ge;, using high-resolution PES.
In contrast to LaPt;Ge;,, where the superconducting-state
spectrum was well reproduced using an isotropic Dynes
function, the PrPtyGe;, spectrum was not well reproduced
by either a single isotropic or anisotropic gap model. The
weighted sum of two Dynes functions (whether isotropic or
not) produced the best fit for the experimental spectrum. The
present results have established that there is a difference in the
superconducting gap structures of the two superconductors
(a more complex superconducting gap in PrPt;Ge;;), and
a possible relationship between the multiband effects and
the anomalous superconducting properties of PrPt;Ge;, was
discussed. We hope the present results motivate further
experimental and theoretical studies to understand the origin
of the difference in the gap structures, which may further our
understanding of Pr-based filled skutterudite superconductors.

ACKNOWLEDGMENTS

We thank M. Nohara, H. Harima, and K. Takegahara
for valuable comments and discussion. We also thank G.
Tembrevilla for carefully checking the manuscript. This work
was supported by a Grant-in-Aid for Scientific Research in
Innovative Areas “Heavy Electron” (No. 20102003) from
the Ministry of Education, Culture, Sports, Science and
Technology Japan. R.Y. acknowledges the financial support
received from JSPS.

'B. C. Sales, in Handbook on the Physics and Chemistry of Rare
Earths, edited by K. A. Gschneidner Jr., J.-C. G. Bunzli, and
V. K. Pecharsky (Elsevier, Amsterdam, 2003), Vol. 33, p. 1-34
and references therein.

%Y. Aoki, H. Sugawara, H. Harima, and H. Sato, J. Phys. Soc. Jpn.
74, 209 (2005), and references therein.

3E. D. Bauer, N. A. Frederick, P.-C. Ho, V. S. Zapf, and M. B. Maple,
Phys. Rev. B 65, 100506(R) (2002).

‘E. Bauer, A. Grytsiv, X.-Q. Chen, N. Melnychenko-Koblyuk,
G. Hilscher, H. Kaldarar, H. Michor, E. Royanian, G. Giester,
M. Rotter, R. Podloucky, and P. Rogl, Phys. Rev. Lett. 99, 217001
(2007).

014521-4


http://dx.doi.org/10.1143/JPSJ.74.209
http://dx.doi.org/10.1143/JPSJ.74.209
http://dx.doi.org/10.1103/PhysRevB.65.100506
http://dx.doi.org/10.1103/PhysRevLett.99.217001
http://dx.doi.org/10.1103/PhysRevLett.99.217001

COMPARATIVE PHOTOEMISSION STUDIES ON THE . ..

SR. Gumeniuk, W. Schnelle, H. Rosner, M. Nicklas, A. Leithe-J asper,
and Yu. Grin, Phys. Rev. Lett. 100, 017002 (2008).

D. Kaczorowski and V. H. Tran, Phys. Rev. B 77, 180504 (2008).

"E. Bauer, X.-Q. Chen, P. Rogl, G. Hilscher, H. Michor, E. Royanian,
R. Podloucky, G. Giester, O. Sologub, and A. P. Goncalves, Phys.
Rev. B 78, 064516 (2008).

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

°A. Maisuradze, W. Schnelle, R. Khasanov, R. Gumeniuk,
M. Nicklas, H. Rosner, A. Leithe-Jasper, Yu. Grin, A. Amato, and
P. Thalmeier, Phys. Rev. B 82, 024524 (2010).

10F. Kanetake, H. Mukuda, Y. Kitaoka, K. Magishi, H. Sugawara,
K. M. Itoh, and E. E. Haller, J. Phys. Soc. Jpn. 79, 063702 (2010).

1'M. P. Seah and W. A. Dench, Surf. Interface Anal. 1, 1 (1979).

121, Braicovich, N. B. Brookes, C. Dallera, M. Salvietti, and G. L.
Olcese, Phys. Rev. B 56, 15047 (1997).

BL. Li, E. Sakada, and K. Nishimura, Mater. Trans. 51, 227
(2010).

%Y. Nakamura, H. Okazaki, R. Yoshida, T. Wakita, M. Hirai,
Y. Muraoka, H. Takeya, K. Hirata, H. Kumigashira, M. Oshima,
and T. Yokoya, J. Phys. Soc. Jpn. 79, 124701 (2010).

SA. Yamasaki, S. Imada, T. Nanba, A. Sekiyama, H. Sugawara,
H. Sato, C. Sekine, I. Shirotani, H. Harima, and S. Suga, Phys. Rev.
B 70, 113103 (2004).

IR, C. Dynes, V. Narayanamurti, and J. P. Garno, Phys. Rev. Lett.
41, 1509 (1978).

17]. R. Schrieffer, Theory of Superconductivity (Perseus Books,
Reading, MA, 1983), p. 54.

PHYSICAL REVIEW B 86, 014521 (2012)

18 A, Chainani, T. Yokoya, T. Kiss, and S. Shin, Phys. Rev. Lett. 85,
1966 (2000).

19S. Tsuda, T. Yokoya, T. Kiss, T. Shimojima, S. Shin, T. Togasi,
S. Watanabe, C. Q. Zhang, C. T. Chen, H. Sugawara, H. Sato, and
H. Harima, J. Phys. Soc. Jpn. 75, 064711 (2006).

20M. Toda, H. Sugawara, K. Magishi, T. Saito, K. Koyama, Y. Aoki,
and H. Sato, J. Phys. Soc. Jpn. 77, 124702 (2008).

2. A. Sergienko and S. H. Curnoe, Phys. Rev. B 70, 144522
(2004).

22K. Takegahara and H. Harima (private communication).

23V. H. Tran, B. Nowak, A. Jezierski, and D. Kaczorowski, Phys. Rev.
B 79, 144510 (2009).

2 A. Gurevich, Physica C 456, 160 (2007).

F. Hunte, J. Jaroszynski, J. Jariszynski, A. Gurevich, D. C.
Larbalestier, R. Jin, A. S. Sefat, M. A. McGuire, B. C. Sales, D. K.
Christen, and D. Mandrus, Nature 453, 903 (2008).

%6G. Seyfath, J. P. Brison, M.-A. Measson, D. Braithwaite,
G. Lapertot, and J. Flouquet, Phys. Rev. Lett. 97, 236403 (2006).
2’M. Yogi, T. Nagai, Y. Imamura, H. Mukuda, Y. Kitaoka, D. Kikuchi,
H. Sugawara, Y. Aoki, H. Sato, and H. Harima, J. Phys. Soc. Jpn.

75, 124702 (2006).

BM.-A. Measson, D. Braithwaite, G. Lapertot, J.-P. Brison,
J. Flouquet, P. Bordet, H. Sugawara, and P. C. Canfield, Phys. Rev.
B 77, 134517 (2008).

2R. W. Hill, Shiyan Li, M. B. Maple, and L. Taillefer, Phys. Rev.
Lett. 101, 237005 (2008).

D. M. Broun, P. J. Turner, G. K. Mullins, D. E. Sheehy, X. G.
Zheng, S. K. Kim, N. A. Frederick, M. B. Maple, W. N. Hardy, and
D. A. Bonn, arXiv:cond-mat/0310613v1.

014521-5


http://dx.doi.org/10.1103/PhysRevLett.100.017002
http://dx.doi.org/10.1103/PhysRevB.77.180504
http://dx.doi.org/10.1103/PhysRevB.78.064516
http://dx.doi.org/10.1103/PhysRevB.78.064516
http://dx.doi.org/10.1103/PhysRevLett.103.147002
http://dx.doi.org/10.1103/PhysRevLett.103.147002
http://dx.doi.org/10.1103/PhysRevB.82.024524
http://dx.doi.org/10.1143/JPSJ.79.063702
http://dx.doi.org/10.1002/sia.740010102
http://dx.doi.org/10.1103/PhysRevB.56.15047
http://dx.doi.org/10.2320/matertrans.MC200907
http://dx.doi.org/10.2320/matertrans.MC200907
http://dx.doi.org/10.1143/JPSJ.79.124701
http://dx.doi.org/10.1103/PhysRevB.70.113103
http://dx.doi.org/10.1103/PhysRevB.70.113103
http://dx.doi.org/10.1103/PhysRevLett.41.1509
http://dx.doi.org/10.1103/PhysRevLett.41.1509
http://dx.doi.org/10.1103/PhysRevLett.85.1966
http://dx.doi.org/10.1103/PhysRevLett.85.1966
http://dx.doi.org/10.1143/JPSJ.75.064711
http://dx.doi.org/10.1143/JPSJ.77.124702
http://dx.doi.org/10.1103/PhysRevB.70.144522
http://dx.doi.org/10.1103/PhysRevB.70.144522
http://dx.doi.org/10.1103/PhysRevB.79.144510
http://dx.doi.org/10.1103/PhysRevB.79.144510
http://dx.doi.org/10.1016/j.physc.2007.01.008
http://dx.doi.org/10.1038/nature07058
http://dx.doi.org/10.1103/PhysRevLett.97.236403
http://dx.doi.org/10.1143/JPSJ.75.124702
http://dx.doi.org/10.1143/JPSJ.75.124702
http://dx.doi.org/10.1103/PhysRevB.77.134517
http://dx.doi.org/10.1103/PhysRevB.77.134517
http://dx.doi.org/10.1103/PhysRevLett.101.237005
http://dx.doi.org/10.1103/PhysRevLett.101.237005
http://arXiv.org/abs/arXiv:cond-mat/0310613v1



