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Superconductivity and crystalline electric field effects in the filled
skutterudite series Pr„Os1ÀxRux…4Sb12

N. A. Frederick, T. D. Do, P.-C. Ho, N. P. Butch, V. S. Zapf, and M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California at San Diego, La Jolla

California 92093-0350, USA
~Received 1 July 2003; published 30 January 2004!

X-ray powder-diffraction, magnetic-susceptibilityx(T), and electrical resistivityr(T) measurements were
made on single crystals of the filled skutterudite series Pr(Os12xRux)4Sb12. One end of the series (x50) is a
heavy fermion superconductor with a superconducting critical temperatureTc51.85 K, while the other end
(x51) is a conventional superconductor withTc'1 K. The lattice constanta decreases approximately linearly
with increasing Ru concentrationx. As Ru ~Os! is substituted for Os~Ru!, Tc decreases nearly linearly with
substituent concentration and exhibits a minimum with a value ofTc50.75 K atx50.6, suggesting that the
two types of superconductivity compete with one another. Crystalline electric field effects inxdc(T) andr(T)
due to the splitting of the Pr31 ninefold degenerate Hund’s ruleJ54 multiplet are observed throughout the
series, with the splitting between the ground state and the first excited state increasing monotonically asx
increases. The fits to thexdc(T) andr(T) data are consistent with aG3 doublet ground state for all values of
x, although reasonable fits can be obtained for aG1 ground state forx values near the end member compounds
(x50 or x51).

DOI: 10.1103/PhysRevB.69.024523 PACS number~s!: 74.25.Fy, 74.25.Ha, 74.62.Dh, 71.27.1a
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I. INTRODUCTION

The filled skutterudite compound PrOs4Sb12 was recently
discovered to be the first Pr-based heavy fermion super
ductor, with a superconducting transition temperatureTc

51.85 K and an effective massm* '50me , whereme is the
free-electron mass.1,2 Features in the dc magnetic suscep
bility xdc(T), specific heatC(T), electrical resistivityr(T),
and inelastic neutron scattering~INS! can be associated wit
the thermally dependent population of the ninefold degen
ate Pr31J54 Hund’s rule multiplet split by a cubic crysta
line electric field~CEF!. These data suggest that the grou
state of PrOs4Sb12 is aG3 doublet, separated from aG5 trip-
let first excited state by;10 K.1,2 The possibility of aG1

singlet ground state has also been put forward based on o
measurements,3,4 some of which also consider tetrahedr
symmetry operators in their calculations of the CEF Ham
tonian of PrOs4Sb12.5 It has been proposed that the sup
conductivity in PrOs4Sb12 may be due to quadrupola
fluctuations,1 a claim that has been supported by muon s
resonance6 (mSR) and Sb-nuclear quadrupole resonan7

~Sb-NQR! measurements, which indicate a strong-coupl
isotropic energy gap of 2D'5kBTc . Other intriguing effects
are seen in PrOs4Sb12, including multiple superconducting
transitions8–10 and phases,11 and an ordered phase that
observed in high magnetic fields and at low temperature12

This high-field ordered phase~HFOP!, which is seen in mea
surements ofr(T),12 C(T),3,9 magnetizationM (T),13 and
thermal expansiona(T) ~Ref. 10! in a magnetic fieldH, as
well as measurements ofr(H) ~Ref. 13! and magnetostric-
tion l(H) ~Ref. 14! isotherms, appears to be related to t
crossing of the CEF energy levels in magnetic fields.9,15 In
addition, neutron-diffraction experiments4 indicate the pres-
ence of quadrupolar effects in the HFOP, analogous to th
seen in PrPb3.16 PrOs4Sb12 has proven to be a unique com
0163-1829/2004/69~2!/024523~8!/$22.50 69 0245
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pound, and will continue to provide a fertile area of resea
for many years.

The isostructural compound PrRu4Sb12 displays super-
conductivity belowTc'1.0 K and possesses an electron
specific-heat coefficientg approximately five to ten times
smaller than PrOs4Sb12, identifying it as a conventiona
metal or at most a borderline heavy fermion metal.17 It was
previously reported, based on measurements ofxdc(T), to
possess aG1 ground state and aG4 triplet first excited state
'70 K above the ground state.17 A later measurement o
r(T) also supported this CEF level scheme.18 PrRu4Sb12 ap-
pears to be a BCS-like weak-coupling superconductor, w
an isotropics-wave energy gap of 2D'3kBTc , as deter-
mined from Sb-NQR measurements.19 At the present time,
no quadrupolar effects or features resembling the HFOP s
in PrOs4Sb12 have been reported in PrRu4Sb12.

The substitution of PrRu4Sb12 into PrOs4Sb12 to form
Pr(Os12xRux)4Sb12 was undertaken to investigate the evol
tion of the superconductivity, the CEF energy-level schem
and the heavy fermion state with Ru doping, and to inve
gate the relationship, if any, between these three phenom
The present study focuses on measurements ofx(x,T) and
r(x,T), which have revealed thex dependencies ofTc and
the splitting between the CEF ground state and the first
cited state. We are also in the process of investigating
heavy fermion state via measurements ofC(T) and the upper
critical field Hc2(T) through measurements ofr(T,H)
~which will also reveal thex dependence of the HFOP!, and
will report these results in a future publication.

II. EXPERIMENTAL DETAILS

Single crystals of Pr(Os12xRux)4Sb12 were grown using
an Sb flux method. The elements~Ames 99.999% Pr, Colo-
nial Metals 99.95% Os and 99.9% Ru, and Alfa Aes
©2004 The American Physical Society23-1
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99.9999% Sb! were sealed under 150 Torr Ar in a carbo
coated quartz tube in the ratio 1:424x:4x:20, heated to
1050 °C at 50 °C/h, then cooled at 2 °C/h to 700 °C. T
samples were then removed from the furnace and the ex
Sb was spun off in a centrifuge. The crystals were remo
from the leftover flux by etching with dilute aqua reg
(HCl:HNO3:H2O51:1:3).

X-ray powder-diffraction measurements were made
room temperature using a Rigaku D/MAX B x-ray machin
The only significant impurities in any of the samples we
identified with free Sb that was still attached to the crysta
Each Pr(Os12xRux)4Sb12 sample crystallized in the LaFe4P12
structure20 with a lattice constanta that decreased roughl
linearly with increasing Ru concentrationx, as displayed in
Fig. 1. A silicon standard was used in order to achiev
more accurate determination of the lattice constant. Meas
ments ofxdc vs temperatureT were made in a magnetic fiel
H of 0.5 T between 1.8 and 300 K in a commercial Quant
Design superconducting quantum interference device ma
tometer. Measurements ofr andxac were made as a functio
of T down to 1.2 K in a4He cryostat and, for several of th
samples, down to 0.1 K in a3He-4He dilution refrigerator.
Many of the crystals used to measurer were small and ir-
regularly shaped, which introduces an uncertainty in the g
metrical factor used to convert resistance tor.

III. RESULTS

A. Magnetic susceptibility

Displayed in the main portion of Fig. 2 is a plot of the d
magnetic susceptibilityxdc as a function of temperatureT for
single crystals of Pr(Os12xRux)4Sb12 with various values of
x. Above T'100 K, the inverse magnetic susceptibili
1/xdc is linear, indicating Curie-Weiss behavior. The da
have been corrected for excess Sb by assuming that the
temperature effective momentmeff of Pr should be equal to
the Hund’s rule free ion value of 3.58mB for Pr31, wheremB
is the Bohr magneton. Any deviation from this value w
attributed to free Sb inclusions in the Pr(Os12xRux)4Sb12

FIG. 1. Lattice parametera as a function of Ru concentrationx.
The solid line is a linear least-squares fit toa vs x.
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crystals. The most significant effect onxdc from this correc-
tion was not the small diamagnetic Sb signal but instead
change in overall scaling due to the difference in mass u
to calculatexdc in units of cm3/mol from the raw magneti-
zation data. The calculated percentages of mass attribute
Sb out of the total sample volume for all values ofx are
listed in Table I. The estimated value of the Sb mass depe
slightly on the CEF ground state used to make the fit corr
tion; only the values for aG3 ground state are given fo
simplicity.

All of the Pr(Os12xRux)4Sb12 samples exhibit feature
~peaks or plateaus! in xdc that can be attributed to CEF e
fects. These features are the focus of the two insets in Fig
The low-temperaturexdc data for the samples fromx50 to
x50.4 are shown in Fig. 2~a!, while Fig. 2~b! similarly dis-
plays data for the samples fromx50.5 to x51. An expla-
nation of the fits used to determine the CEF parameters f
thexdc data, as well as the parameters themselves, are g
in Sec. IV B.

Low-temperature (,2 K) ac magnetic susceptibilityxac
vs T data for Pr(Os12xRux)4Sb12 are shown in Fig. 3. A
sharp diamagnetic transition can be seen for all values ox,
indicating the presence of superconductivity. The superc
ducting critical temperatureTc for each concentration wa
determined from the data displayed in Fig. 3 as the midpo
of the diamagnetic transition. A plot ofTc vs x is displayed in
Fig. 6, and is discussed further in Sec. IV A. An addition
feature of note is the steplike structure that appears in thexac
data for PrOs4Sb12. Since double superconducting trans
tions have been observed in specific-heat and therm
expansion measurements on both collections of single c
tals and individual single crystals,8–10 it is reasonable to
assume that this step in the diamagnetic transition
PrOs4Sb12 is also due to an intrinsic second superconduct

FIG. 2. dc magnetic susceptibilityxdc as a function of tempera
ture T between 1.8 and 300 K for single crystals
Pr(Os12xRux)4Sb12. Inset ~a! xdc vs T between 1.8 and 30 K
showing the evolution of the peak due to crystalline electric fi
effects for the Ru concentrationsx50 –x50.4. Thex50.2 sample
has been removed for clarity. Inset~b! as inset~a!, but for Ru
concentrationsx50.5–x51. The samples withx50.75 and x
50.95 were removed for clarity.
3-2
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TABLE I. Physical properties of Pr(Os12xRux)4Sb12 compounds.x is the concentration of Ru;r(300 K)
is the electrical resistivityr at 300 K;r(0 K) is r at 0 K extrapolated from CEF fits~see text!; RRR is the
residual resistivity ratio, defined asr(300 K)/r(0 K); %Sb is the percentage of the mass attributed to free
in xdc(T) assuming aG3 ground state;xLLW andW are the Lea, Leask, and Wolf parameters;30 andDEa2b is
the energy difference between the ground stateGa and the first excited stateGb .

x r(300 K) r(0 K) RRR %Sb xLLW W DE325 xLLW W DE125 DE124

(mV cm) (mV cm) G3 ground state ~K! G1 ground state ~K! ~K!

0 155 1.67 93 25.0 20.721 25.69 10.1 0.500 1.99 5.87
0.05 235 18.7 13 15.120.720 26.38 12.1 0.484 1.47 7.08
0.1 259 46.0 5.6 21.320.717 27.05 15.9 0.462 1.31 9.54
0.15 215 27.0 8.0 15.620.718 27.00 14.9 0.452 1.11 9.43
0.2 510 54.0 9.4 27.320.713 26.16 16.6
0.3 8.0 20.707 27.48 25.5
0.4 343 58.2 5.9 20.220.702 26.43 25.2
0.5 4.9 20.687 26.06 34.2
0.6 305 67.4 4.5 6.6 20.675 25.75 40.3
0.7 166 34.8 4.8 10.120.663 24.81 40.4
0.75 17.2 20.669 25.54 42.8
0.85 6.3 20.670 26.05 46.4 20.737 2.70 87.4
0.9 330 42.4 7.8 11.9 20.646 24.58 47.7 20.872 3.43 78.8
0.95 20.8 20.665 25.94 48.8 20.970 5.51 88.7
1 578 41.8 14 7.4 20.655 25.45 50.8 20.946 4.95 88.1
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phase instead of a variation ofTc throughout the multiple
crystals used in thexac measurements. None of the oth
concentrations display significant structure in their superc
ducting transitions, although the transitions forx50.3 and
x50.4 are much wider than for the other concentratio
This may be due to a variation ofTc between individual
crystals for these two concentrations.

B. Electrical resistivity

The main portion of Fig. 4 displays high-temperatu
electrical resistivityr vs T data for Pr(Os12xRux)4Sb12 for

FIG. 3. ac magnetic susceptibilityxac as a function of tempera
ture T between 0.1 and 2 K for single crystals of
Pr(Os12xRux)4Sb12. The data have been normalized to 0 atT
52 K and to21 at T50 K for clarity.
02452
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various values ofx between 0 and 1. The extrapolated valu
of r at zero temperature taken from fits to ther(T) data
based on calculations ofr(T) that incorporate CEF splitting
of the Pr31 J54 multiplet~see Sec. IV B!, r(0 K), are plot-
ted vsx in the inset to Fig. 4. Theser(0 K) values, as well
as the values ofr at room temperature,r(300 K), and the
residual resistivity ratio ~RRR!, defined as
r(300 K)/r(0 K), are listed in Table I. It is surprising tha
the RRR of PrRu4Sb12 is so much lower than that o

FIG. 4. Electrical resistivityr as a function of temperatureT
between 0.4 and 300 K for single crystals of Pr(Os12xRux)4Sb12

with various values ofx between 0 and 1. The samples withx
50.05, x50.15, andx50.9 were removed for clarity. Inset: ex
trapolated values ofr at zero temperature from fits to ther(T) data
based on CEF splitting considerations~see text for details!, r(0 K)
vs x. The solid line is a guide to the eye.
3-3
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PrOs4Sb12, since they are both stoichiometric compoun
and would be expected to have a low residual resistivity
previous measurement of PrRu4Sb12 found r(300 K)
5632 mV cm and a RRR of 25,17 in reasonable agreemen
with the data presented in this paper. The low RRR
PrRu4Sb12 is not presently understood.

The electrical resistivity of Pr(Os12xRux)4Sb12 below T
52 K is shown in Fig. 5. The data have been normalized
their values at 2 K in order to emphasize the superconducti
transitions. Thex50.7 sample did not display the onset
superconductivity down to the lowest measured temperat
and no data for this sample are shown in this plot; the h
ing due to large contact resistances in thex50.7 and x
50.9 samples precluded measurements below 1 K. The
perconducting transitions as determined fromr(T) are in
reasonable agreement with those measured inductively~Fig.
3!, and the plot ofTc vs x is discussed in the following
section.

IV. ANALYSIS AND DISCUSSION

A. Superconductivity

The dependence of the superconducting transition t
peratureTc on Ru concentrationx for Pr(Os12xRux)4Sb12 is
shown in Fig. 6. Several concentrations have more than
data point associated with them, which are from measu
ments of different crystals. These additional measurem
were not shown in Figs. 4 and 5 or listed in Table I in t
interest of clarity. The RRR’s were nearly identical for a
crystals of a given concentration, with the exception of
x50.2 samples where the crystal with the lowestTc in Fig. 6
had an RRR about half of that measured for the other
x50.2 samples, one of which is listed in Table I. The vertic

FIG. 5. Electrical resistivityr as a function of temperatureT
between 0.4 and 2 K for single crystals of Pr(Os12xRux)4Sb12 with
various values ofx between 0 and 1, normalized to their values
2 K. The data for the sample withx50.7 are not shown because
did not superconduct down to the lowest temperature measured~see
text for details!. Similarly, the superconducting transition forx
50.9 is not complete due to the low-temperature limit of the m
surement of this sample.
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bars in Fig. 6 are a measure of the width of the superc
ducting transitions, taken to be the 10% and 90% values
the resistance change associated with the transition.

TheTc vs x data for Pr(Os12xRux)4Sb12 displayed in Fig.
6 showTc being suppressed from both ends, culminating i
minimum ofTc50.75 K nearx50.6. The plot ofr(0 K) vs
x displayed in the inset of Fig. 4 indicates a variation
disorder due to substitutional effects. The data approxima
parabola with a maximum nearx50.3, similar to what is
expected for electrical resistivity in disordered alloys, whi
is a parabola inr(0 K) with a maximum atx50.5.21,22 In a
conventional BCS phonon-mediated superconductor, the
duction ofTc by potential scattering from nonmagnetic so
ute ions is expected to be small,23 unless the increase in
scattering accompanies a significant change in the electr
structure of the system. While PrRu4Sb12 appears to be a
conventional BCS superconductor, PrOs4Sb12 is quite uncon-
ventional, being a heavy fermion superconductor in wh
the superconducting electron pairing may be mediated
quadrupolar fluctuations. It is therefore unlikely that a simp
disorder explanation can account for the behavior ofTc in
the Pr(Os12xRux)4Sb12 system.

Because the superconducting mechanisms appear t
quite different between PrOs4Sb12 and PrRu4Sb12, the de-
pression ofTc from both ends as shown in Fig. 6 could b
due to a competition between these two types of superc
ductivity. Indeed, the persistence of superconductiv
throughout the series is unusual, as for heavy ferm
f-electron superconductors both magnetic and nonmagn
impurities generally produce relatively rapid depressions
Tc . When the impurity is of an element that would produ
an isostructural superconducting compound, the trend is
as clear. For example, the U12xLaxPd2Al3 system is similar
to the Pr(Os12xRux)4Sb12 system in that one end membe
compound, UPd2Al3, is a heavy fermion superconducto
while the other end member compound, LaPd2Al3, is a con-
ventional BCS superconductor. Unlike Pr(Os12xRux)4Sb12,

t

-

FIG. 6. Superconducting critical temperatureTc vs Ru concen-
tration x for Pr(Os12xRux)4Sb12. Filled circles:Tc extracted from
electrical resistivityr. Open squares:Tc determined from ac mag
netic susceptibilityxac. The straight lines are guides to the eyes
3-4
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however, superconductivity is destroyed upon substitut
on either end of the series.24 This persistence of supercon
ductivity throughout the Pr(Os12xRux)4Sb12 system for
all values of x is also observed in the CeCo12xIrxIn5
series of compounds.25 This system’s similarities to
Pr(Os12xRux)4Sb12 may end there, because both end me
ber compounds (CeCoIn5 and CeIrIn5) are heavy fermion
superconductors in which the superconductivity is believ
to be magnetically mediated and to possess line nodes in
energy gapD(k).26

This nodal energy-gap structure appears to be in con
with PrOs4Sb12, wheremSR ~Ref. 6! and Sb-NQR~Ref. 7!
measurements indicate an isotropic energy gap, a cond
which could occur if the superconductivity in PrOs4Sb12 was
mediated by quadrupolar fluctuations. Tunneling spectr
copy measurements in the superconducting state also
cate that the energy gap of PrOs4Sb12 is open over a large
part of the Fermi surface, ruling out the presence of l
nodes.27 It is generally the case that superconductors w
isotropic or nearly isotropic energy gaps are relatively ins
sitive to the presence of nonmagnetic impurities, with
notable exception of the isotropicp-wave Balian-Werthamer
type superconductivity. Thus, the gradual decrease ofTc ,
and the presence of superconductivity for all values ofx in
Pr(Os12xRux)4Sb12, provides further evidence for an isotro
pic energy gap and quadrupolar superconductivity
PrOs4Sb12, since PrRu4Sb12 also possesses an isotropic s
perconducting energy gap.19 The minimum in Tc near x
50.6 could mark the shift from quadrupolar mediated hea
fermion superconductivity to phonon-mediated BCS sup
conductivity. Specific-heat measurements are in progr
and it will be interesting to see if the heavy fermion state c
be correlated withTc .

On the other hand, several recent experiments indicate
presence of point nodes in the energy gap, most nota
thermal-conductivity measurements on PrOs4Sb12 in a mag-
netic field, which have been interpreted in terms of two d
tinct superconducting phases in theH-T plane, one with two
point nodes inD(k) in low fields, and another with six poin
nodes inD(k) at higher fields.11 In addition, zero-fieldmSR
experiments on PrOs4Sb12 have discovered internal magnet
fields in the superconducting state, indicating the breaking
time-reversal symmetry,28 and recent magnetic penetratio
depth studies also suggest this symmetry breaking as we
the presence of point nodes in the energy gap.29 It is clear
that the supeconducting state of PrOs4Sb12 is not well under-
stood, and the study of how the nature of the supercond
ing state evolves with Ru substitution could be instrumen
in improving this understanding.

B. Crystalline electric field effects

Thexdc(T) andr(T) data for Pr(Os12xRux)4Sb12 were fit
to equations including CEF effects, in a manner identica
that reported previously.1,15 The CEF equations were derive
from the point-charge~i.e., disregarding hybridization ef
fects! Hamiltonian of Lea, Leask, and Wolf~LLW !.30 In the
LLW formalism, the CEF energy levels are given in terms
the parametersxLLW and W, wherexLLW is the ratio of the
02452
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fourth- and sixth-order terms of the angular momentum
erators in the crystal-field Hamiltonian andW is an overall
energy scale factor. It was assumed that the CEF paramey
which controls the tetrahedralTh crystalline symmetry con-
tribution to the Hamiltonian5 was small; thus, the calcula
tions were made for a cubicOh crystalline symmetry. This
assumption was made based on calculations including thTh
terms, which mix theG4 and G5 triplet states into one an
other. Wheny is small, the only noticeable change to th
physical properties in zero magnetic field is an effect iden
cal to a reduction of the energy-level splitting. Thus, t
physical properties induced by a small value ofy are identi-
cal to those that could be attained by simply changingxLLW
and W slightly. Wheny is large, the mixing of the triplets
changes the physical properties drastically. For example
x(T) a G3-G5 transition manifests itself as a peak, wherea
G3-G4 transition gives rise to a plateau inx(T) at low tem-
peratures. Thus, when theG4 andG5 triplets mix, the shape
of the data at low temperatures can change in a dram
way. In addition, for large enough values ofy, a G4 or G5
triplet will be the ground state regardless of the value
xLLW, a condition that is clearly not the case in nonmagne
PrOs4Sb12. Finally, a practical reason for disregarding th
addition of terms proportional toy is that this causes the
eigenvectors of the LLW Hamiltonian to become depend
on xLLW and W, so fitting the data would become near
impossible by conventional methods, as the equations
xdc(T) and r(T) are derived from transition probabilitie
that are constant within a givenJ multiplet. Thus, it was felt
that neglectingy was a reasonable approximation, whic
would only cause small errors inxLLW, W, and the fits de-
scribed in the remainder of this section. It should be no
that assuming thaty is small also implies that the main con
tribution to the crystalline electric field comes from th
simple cubic transition-metal sublattice~Os or Ru!, as op-
posed to the more complicated tetrahedral Sb sublattice.

The xdc(T) data forx<0.15 could be reasonably fit with
either aG3 or a G1 ground state and aG5 first excited state.
As x increases, the magnitude of the peak inxdc decreases
more rapidly than the temperatureTmax at which the peak
occurs. The peak also broadens until it resembles a hu
These changes withx make it unreasonable to fit aG1-G5
CEF energy-level scheme to the higherx data, since for these
data an energy-level scheme with the correctTmax makes the
peak too sharp, while the correct hump shape results
Tmax that is too high. Thus, for the Pr(Os12xRux)4Sb12
samples withx>0.2, aG3 ground state best approximate
the data. An example of a fit with aG3 ground state forx
50.6 is shown in Fig. 7~a!. A plot of the splitting between
the ground state and the first excited state vsx is shown in
Fig. 8, including all reasonable fits of thexdc(T) data.

The Pr(Os12xRux)4Sb12 samples withx>0.6 all display
upturns inxdc(T) at the lowest temperatures@inset~b! in Fig.
2#. If the ground state is aG3 doublet, these upturns could b
due to the splitting of the doublet in a small magnetic fieldH.
It would be expected that these upturns would be more
ticeable for samples with largex ~more Ru than Os!, since
the CEF contribution toxdc from theG3-G5 splitting is much
smaller compared to the samples with smallx ~more Os than
3-5
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Ru!. The samples withx>0.75, including PrRu4Sb12, also
display structure in these upturns that appears to be an a
tional peak near 5 K superimposed on the broad CEF hu
near the temperature of the CEF peak in PrOs4Sb12. The
smooth progression of both the lattice parametera and Tc
indicates that there is no macroscopic phase separatio
Pr(Os12xRux)4Sb12 into PrOs4Sb12 and PrRu4Sb12. How-
ever, it is possible that the peaklike structure could be du
inhomogeneous alloying of Os and Ru on an atomic sc
wherein each Pr31 ion sees a distribution of Os or Ru atom
leading to a variation in the CEF throughout the crystal. U
fortunately, this possibility would be difficult to establish
the current experiments. The low-temperature upturn, e
cially in PrRu4Sb12, could be attributed to either CEF spli
ting in H or paramagnetic impurities, both of which cou
produce a low-temperature increase inxdc.

Takedaet al. reported that PrRu4Sb12 has aG1 singlet
ground state and aG4 triplet first excited state, a CEF con
figuration that exhibits a plateau inxdc at low temperatures.17

FIG. 7. Examples of CEF fits to the data.~a! dc magnetic sus-
ceptibility xdc(T) for x50.6 andx50.85 for Pr(Os12xRux)4Sb12.
The solid lines are fits assuming aG3 doublet ground state and aG5

triplet first excited state, and the dashed line is a fit assuming aG1

singlet ground state and aG4 triplet first excited state.~b! Electrical
resistivityr(T) for x50.15 between 1 K and 300 K. The fit is for a
G3 ground state and aG5 first excited state. Fits with aG1 ground
state were qualitatively identical, and so are not shown~see text for
details!. Inset to ~b! r(T) for x50.15 between 1 K and 50 K,
displaying the low-temperature curvature in greater detail.
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In the current experiment, thex50.9 andx51 samples are
the only ones in which a plateau is observed. In additi
while the other samples withx>0.85 have their hump
maxima reasonably well described by aG3 ground state, the
fit predicts a saturation atT50 K that is much lower than is
observed in the data. However, the low-T upturn could be
responsible for disguising both the maximum inx50.9 and
x51 and the low-temperature saturation observed in
other high Ru concentration samples. Accordingly, all t
Pr(Os12xRux)4Sb12 data with x>0.85 were fit assuming
both aG3-G5 CEF energy-level scheme and aG1-G4 scheme,
ignoring the low-temperature upturn; thex50.85 fits are
shown in Fig. 7~b!. Both fits are represented in the splittin
between the ground state and first excited stateDEgs-1esvs
x plot of Fig. 8; the results from all fits are also listed
Table I.

The electrical resistivityr(T) of Pr(Os12xRux)4Sb12 was
fit using a combination of scattering from impurities, th
atomic lattice~phonons!, and temperature-dependent energ
level populations due to the CEF.15 The phonon contribution
was represented by the measuredr lat of LaOs4Sb12, an iso-
structural reference compound withoutf electrons, for all
values ofx. This procedure was validated by reproducing t
results of Abeet al.18 with LaOs4Sb12 instead of LaRu4Sb12;
as expected, ther lat data of the two compounds appear to
nearly identical. The CEF contribution tor(T) consists of
two terms, representing magnetic exchange and asphe
Coulomb scattering, which were assumed to be equally
portant when fitting the data.15 Just as it was possible to fi
r(T) of PrOs4Sb12 with either aG3 or aG1 ground state, all
of the Pr(Os12xRux)4Sb12 data were indifferent to the choic
of either ground state. The splitting between the ground s

FIG. 8. The splitting between the ground state and first exc
stateDEgs-1esvs Ru concentrationx for Pr(Os12xRux)4Sb12, calcu-
lated from fits of CEF equations toxdc(T) andr(T), as described
in the text. The solid line is a linear fit toDEgs-1esfor a G3 doublet
ground state and aG5 triplet first excited state calculated from th
xdc(T) data. Forx<0.15, a CEF energy-level scheme with aG1

singlet ground state and aG5 first excited state also provided
reasonable fit to thexdc(T) data, while aG1 ground state with aG4

triplet first excited state was also a possible energy-level schem
x>0.85.
3-6
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and the first excited state~always aG5 triplet! was also
nearly identical for fits with either ground state for a partic
lar value ofx. In the interest of simplicity, for ther(T) data,
only the splitting betweenG3 and G5 , DE325, is shown in
Fig. 8. The fit used to calculateDE325 for x50.15 is shown
in Fig. 7~b!. It is evident thatr(H) measurements will be
required to elucidate the CEF ground state from transp
measurements.15

It is unclear what effect the CEF ground state may ha
on the superconductivity in Pr(Os12xRux)4Sb12. From a
physical point of view, it is reasonable that an abrupt cha
in the ground state would produce an equally abrupt cha
in the physical properties. However, it is difficult to concei
of a mechanism for this occurrence in the context of
LLW theory, since it is based on the interaction of the atom
lattice with a rare-earth ion. If there is not an abrupt chan
in the crystal or the electronic structure, which could affe
the screening of the CEF, one should not expect an ab
change in the CEF ground state. It is therefore far m
reasonable to consider a constant ground state, with the
cited state varying as the Ru substitution changes the spa
of the atoms in the skutterudite lattice. The present data
most consistent with a constantG3 ground state, with the
exception of thex50.9 andx51 data. In addition, whenx is
in the region 0.2<x<0.75, a G3-G5 CEF energy-level
scheme is the only one which reasonably fits thexdc(T,x)
data. On the other hand, the possibility cannot be ruled
that this deep in a substituted system, a CEF analysis in
tradition of LLW may be unreliable due to the distribution
the two substituents~Os and Ru! in the nearest neighbo
environment of each Pr31 ion. Finally, the possible effects o
hybridization between thef electrons and the conductio
electrons were not included in the CEF analysis. These
fects are expected to be much stronger for smallx, where the
le
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heavy fermion behavior is likely to be strongest. Regardl
of the accuracy of the CEF calculations, the steady evolu
of the xdc(T) and r(T) data does support the gradual i
crease of the splitting between the ground state and the
excited state. Further experiments as well as theoret
analysis will be necessary to completely reveal the C
ground state and its relationship to the superconductivity

V. SUMMARY

The superconducting critical temperatureTc and crystal-
line electric field ~CEF! parameters of single crystals o
Pr(Os12xRux)4Sb12 have been deduced through measu
ments ofx(T) andr(T) for 0<x<1. The superconductiv-
ity, which is present for all values ofx, exhibits a change in
the sign of the slope inTc(x) nearx50.6. It is possible that
the crossover from heavy fermion superconductivity th
may be mediated by quadrupolar interactions to nearly B
superconductivity occurs at this ‘‘pseudocritical’’ concentr
tion xpc50.6. The CEF splitting between the ground sta
and theG5 triplet first excited state increases steadily fro
PrOs4Sb12 to PrRu4Sb12, regardless of whether the groun
state is aG3 doublet or aG1 singlet. Fits toxdc(T) are most
consistent with a G3 ground state throughout th
Pr(Os12xRux)4Sb12 series, except nearx51.
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