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X-ray powder-diffraction, magnetic-susceptibilig(T), and electrical resistivity(T) measurements were
made on single crystals of the filled skutterudite series Br((&.,),Sh;»,. One end of the seriex0) is a
heavy fermion superconductor with a superconducting critical temperaturd.85 K, while the other end
(x=1) is a conventional superconductor witg=1 K. The lattice constara decreases approximately linearly
with increasing Ru concentration As Ru (Os) is substituted for O$Ru), T, decreases nearly linearly with
substituent concentration and exhibits a minimum with a valug€ 6f0.75 K atx=0.6, suggesting that the
two types of superconductivity compete with one another. Crystalline electric field effegtg(i) andp(T)
due to the splitting of the Bf ninefold degenerate Hund’s rulk=4 multiplet are observed throughout the
series, with the splitting between the ground state and the first excited state increasing monotonically as
increases. The fits to they(T) andp(T) data are consistent with[a; doublet ground state for all values of
X, although reasonable fits can be obtained fbr, @round state fok values near the end member compounds

(x=0 orx=1).
DOI: 10.1103/PhysRevB.69.024523 PACS nuniber74.25.Fy, 74.25.Ha, 74.62.Dh, 71.2&
[. INTRODUCTION pound, and will continue to provide a fertile area of research
for many years.
The filled skutterudite compound Prg®b;, was recently The isostructural compound Pri&hby, displays super-

discovered to be the first Pr-based heavy fermion supercor¢onductivity belowT ~1.0 K and possesses an electronic
ductor, with a superconducting transition temperatilite  Specific-heat coefficieny approximately five to ten times
=1.85 K and an effective mass* ~50m,, wherem, is the ~ smaller than PrQs$b;,, identifying it as a conventional
free-electron mask? Features in the dc magnetic suscepti-metal or at most a borderline heavy fermion meéfalt was
bility x4d(T), specific heaC(T), electrical resistivityp(T), ~ Previously reported, based on measurementgfT), to
and inelastic neutron scatterifitNS) can be associated with POSS€ss &'y ground state and B, triplet first excited state
the thermally dependent population of the ninefold degener= /0 K above the ground staté A later measurement of
ate P#*J=4 Hund's rule multiplet split by a cubic crystal- P(T) also supported this CEF level scheffi@rRuShy, ap-
line electric field(CEP). These data suggest that the groundP€ars t0 be a BCS-like weak-coupling superconductor, with

. : an isotropicswave energy gap of 2~3kgT., as deter-
state of PrOgShy, is al'5 doublet, separated fromIg; trip- ; ) i
let first excited state by-10 K.1? The possibility of al'; mined from Sb-NQR measuremenisat the present time,

nalet d state h 0 b tf d based thno quadrupolar effects or features resembling the HFOP seen
singlet ground state has also been put forward based on o ﬂPrOaSblz have been reported in Prigby,.

4 . .
measurements’? somg of yvhlch alsp consider tetrahedra}l The substitution of PrRiShy, into PrOgShy, to form
symmetry operators in their calculations of the CEF Hamil-

- 5
tonian of PrOgSh;,.” It has been proposed that the Super-(, of the superconductivity, the CEF energy-level scheme,
conductivity in PrOgSh, may be due to quadrupolar gnq the heavy fermion state with Ru doping, and to investi-

fluctuations;, a claim that has been supported by muon SPINyate the relationship, if any, between these three phenomena.
resonanc® (uSR) and Sb-nuclear quadrupole resonénce-l-he present study focuses on measurementg(®fT) and
_(Sb—NQ_R measurements, which indicatg a_str_ong—couplingp(xi-l-), which have revealed the dependencies of . and
isotropic energy gap of 2~5kgT, . Other intriguing effects e gpjitting between the CEF ground state and the first ex-
are seen in PrQSb,, including multiple superconducting gjteq state. We are also in the process of investigating the
transition$ ' and phaseS, and an ordered phase that is heavy fermion state via measurement€¢T) and the upper
observed in high magnetic fields and at low temperattfres. critical field He(T) through measurements qf(T,H)

This high-field ordered phag#lFOP), which is seen in mea-  hich will also reveal thex dependence of the HFQRand
surements ofp(T),™ C(T),™" magnetizationM(T),™ and il report these results in a future publication.
thermal expansiom(T) (Ref. 10 in a magnetic fieldH, as

well as measurements pfH) (Ref. 13 and magnetostric-

Pr(Os _,Ru,) ,Sb;» was undertaken to investigate the evolu-

tion A(H) (Ref. 19 isotherms, appears to be related to the Il EXPERIMENTAL DETAILS
crossing of the CEF energy levels in magnetic fi€édsin '
addition, neutron-diffraction experimeftmdicate the pres- Single crystals of Pr(Qs,Ru,),Sh;, were grown using

ence of quadrupolar effects in the HFOP, analogous to thosan Sb flux method. The elemer(&mes 99.999% Pr, Colo-
seen in PrPp'® PrOgShy, has proven to be a unique com- nial Metals 99.95% Os and 99.9% Ru, and Alfa Aesar
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FIG. 1. Lattice parametex as a function of Ru concentration FIG. 2. dc magnetic susceptibilify,. as a function of tempera-
The solid line is a linear least-squares fitaas x. ture T between 1.8 and 300 K for single crystals of

Pr(Os _4Ru),Shy,. Inset (@ xqc vs T between 1.8 and 30 K,

99.9999% Spwere sealed under 150 Torr Ar in a carbon- showing the evolution of the_ peak due to crystalline electric field
coated quartz tube in the ratio 1-#x:4x:20, heated to effects for the Ru concentrations=0-x=0.4. Thex=0.2 sample
1050°C at 50°C/h. then cooled at 2 °C/h to 700°C Thehas been removed for clarity. Insét) as inset(a), but for Ru
’ ) concentrationsx=0.5-x=1. The samples wittx=0.75 andx

samples were then removed from the furnace and the excess, g5 were removed for clarity.
Sb was spun off in a centrifuge. The crystals were removed
from the leftover flux by etching with dilute aqua regia crysials. The most significant effect . from this correc-
(HCIHNO;:H,0=1:1:3). tion was not the small diamagnetic Sb signal but instead the

X-ray powder-dlffr.actlon .measurements were madg aEhange in overall scaling due to the difference in mass used
room temperature using a Rigaku D/MAX B x-ray machine.y, cajculatey,, in units of cn/mol from the raw magneti-

The only significant impurities in any of the samples Were4iinn data. The calculated percentages of mass attributed to
identified with free Sb that was still attached to the crystalsgy, ot of the total sample volume for all values sofare

Each Pr(Os_,Ru,),Sh; sample crystallized in the Lak®,,  jisted in Table I. The estimated value of the Sb mass depends

structuré” with a lattice constana that decreased roughly slightly on the CEF ground state used to make the fit correc-
I|r_1early wnh_mcreasmg Ru concentrat!ocn as dlsplayeq N tion: only the values for a5 ground state are given for
Fig. 1. A silicon standard was used in order to achieve implicity.

more accurate determination of the lattice constant. Measure- All of the Pr(Os_,Ru,)sShy, samples exhibit features

ments ofyqc VS temperaturd were made in a magnetic field (peaks or plateaiisn yq. that can be attributed to CEF ef-

H Of.0'5 T between 1.8 and 300 K .in a commercial Quantue s, These features are the focus of the two insets in Fig. 2.
Design superconducting quantum interference device magngy,q low-temperaturey. data for the samples from=0 to

tometer. Measurem.ents“pfandxacwere made as a function _ 4 4 are shown in Fig. @), while Fig. ab) similarly dis-
of T down to 1.2 K in a®He cryostat and, for several of the plays data for the samples fror=0.5 tox=1. An expla-

. 4 . . B
samples, down to 0.1 K in @He-*He dilution refrigerator. | .tion of the fits used to determine the CEF parameters from

Many of the crystals used to measyrevere small and ir- o\ qata as well as the parameters themselves, are given
regularly shaped, which introduces an uncertainty in the geos, gec. v B.

metrical factor used to convert resistancepto Low-temperature €2 K) ac magnetic susceptibility ..

vs T data for Pr(Os_,Ru,),Sh;, are shown in Fig. 3. A
Il. RESULTS sharp diamagnetic transition can be seen for all values of
indicating the presence of superconductivity. The supercon-
ducting critical temperaturd@ . for each concentration was
Displayed in the main portion of Fig. 2 is a plot of the dc determined from the data displayed in Fig. 3 as the midpoint
magnetic susceptibility 4 as a function of temperatufiefor  of the diamagnetic transition. A plot df, vs x is displayed in
single crystals of Pr(Qs,Ru,),Sh;, with various values of Fig. 6, and is discussed further in Sec. IV A. An additional
X. Above T~100 K, the inverse magnetic susceptibility feature of note is the steplike structure that appears iryjpe
1/xq4c is linear, indicating Curie-Weiss behavior. The datadata for PrOgSh;,. Since double superconducting transi-
have been corrected for excess Sb by assuming that the higtiens have been observed in specific-heat and thermal-
temperature effective momept. of Pr should be equal to expansion measurements on both collections of single crys-
the Hund’s rule free ion value of 3.5 for PP**, whereug tals and individual single crysta‘fs‘,lo it is reasonable to
is the Bohr magneton. Any deviation from this value wasassume that this step in the diamagnetic transition for
attributed to free Sb inclusions in the Pr@OsRu),Sh,  PrOsSh, is also due to an intrinsic second superconducting

A. Magnetic susceptibility
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TABLE I. Physical properties of Pr(Q@s,Ru,),Sh,, compoundsx is the concentration of Ryi(300 K)
is the electrical resistivity at 300 K;p(0 K) is p at 0 K extrapolated from CEF fitsee text RRR is the
residual resistivity ratio, defined a$300 K)/p(0 K); %Sb is the percentage of the mass attributed to free Sb
in xad(T) assuming &5 ground statex, ;v andW are the Lea, Leask, and Wolf paramet&tsndAE,_, is
the energy difference between the ground sigfend the first excited stafe, .

X p(300 K) p(O K) RRR %Sb XLLW W AES*S XLLW W AE175 AE1,4

(uQ cm) () cm) I'; ground state (K)  TI'y ground state (K) (K)

0 155 1.67 93 25.0-0.721 —-5.69 10.1 0.500 199 5.87

0.05 235 18.7 13 151-0.720 —6.38 12.1 0.484 147 7.08

0.1 259 46.0 56 21.3-0.717 —-7.05 159 0.462 1.31 9.54

0.15 215 27.0 80 156-0.718 —7.00 149 0.452 1.11 943

0.2 510 54.0 94 27.3-0.713 —6.16 16.6

0.3 8.0 -—-0.707 —7.48 255

0.4 343 58.2 59 20.2-0.702 —6.43 252

0.5 49 —-0.687 —6.06 34.2

0.6 305 67.4 45 6.6 —0.675 —5.75 40.3

0.7 166 34.8 48 10.1-0.663 —4.81 404

0.75 17.2 —0.669 —5.54 428

0.85 6.3 —0.670 —6.05 464 —0.737 2.70 87.4
0.9 330 42.4 7.8 11.9-0.646 —4.58 47.7 -0.872 3.43 78.8
0.95 20.8 —0.665 —5.94 488 -0.970 5.51 88.7
1 578 41.8 14 7.4 —0.655 —545 50.8 —0.946 4.95 88.1

phase instead of a variation d@f, throughout the multiple various values ok between 0 and 1. The extrapolated values
crystals used in ther,c measurements. None of the other of p at zero temperature taken from fits to tp€T) data
concentrations display significant structure in their superconbased on calculations @f T) that incorporate CEF splitting
ducting transitions, although the transitions for0.3 and  of the PF* J=4 multiplet(see Sec. IV B p(0 K), are plot-
x=0.4 are much wider than for the other concentrationsted vsx in the inset to Fig. 4. These(0 K) values, as well
This may be due to a variation df. between individual as the values op at room temperaturgy(300 K), and the

crystals for these two concentrations. residual resistivity  ratio (RRR), defined as
p(300 K)/p(0 K), are listed in Table I. It is surprising that
B. Electrical resistivity the RRR of PrRySh, is so much lower than that of
The main portion of Fig. 4 displays high-temperature 600
electrical resistivityp vs T data for Pr(Os_,Ru,),4Sh;, for o - —e x=0 -—¥x=06 o
s . +x=g; —v—x=?_7 o
| © - ——x=02 —<&—x= P
0 ' 7 500 g . ——x=04 e
Pr(Os 1_xRux) 4Sb 12 g/ o p
e x=0 400 - "o o i
02 —o—i ; 0.05 ’E\ %oz o4 06 o8 o
5} X - A
g s00f o
2
—~ 04 o &
3 & -
S 200 o A e
* 06 idr T
100 - 4:#:"/"/ ,wwww“vv vV T
BRI Pr(°s1.xRux)4Sb12
0.8 0 1 1 1 1 1
] 50 100 150 200 250 300
T(K)
-1 0 2 FIG. 4. Electrical resistivityp as a function of temperaturé

between 0.4 and 300 K for single crystals of Pr{OQRu,),Sb;»
with various values ofk between 0 and 1. The samples with

FIG. 3. ac magnetic susceptibility,. as a function of tempera- =0.05, x=0.15, andx=0.9 were removed for clarity. Inset: ex-
ture T between 0.1 ah 2 K for single crystals of trapolated values gf at zero temperature from fits to t€T) data
Pr(Os_,Ru),Sh,. The data have been normalized to 0 Tat based on CEF splitting consideratiofsge text for details p(0 K)
=2 Kandto—1 atT=0 K for clarity. vs X. The solid line is a guide to the eye.
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FIG. 5. Electrical resistivityp as a function of temperaturé
between 0.4 a2 K for single crystals of Pr(Qs,Ru,),Sh;, with
various values ok between 0 and 1, normalized to their values at
2 K. The data for the sample with=0.7 are not shown because it
did not superconduct down to the lowest temperature measseed

text for detail$. Similarly, the superconducting transition far

=0.9 is not complete due to the low-temperature limit of the meaars in Fig. 6 are a measure of the width of the supercon-
surement of this sample. ducting transitions, taken to be the 10% and 90% values of

the resistance change associated with the transition.

PrOsSh;,, since they are both stoichiometric compounds;6 Ehe_TI_C \t;sxdata for Pr(%%XRWg“tShblz o(ljispla;qeq int_Fig..
and would be expected to have a low residual resistivity. A> >0 "¢ ?_:_ng_%u%)risse rfrge) oThen Ist’ C? rrgnli\ ing iha
previous measurement of Pri8b, found p(300 K) minimum ot ;= 1. neax=0.6. The plot 0fp(0 K) vs

=632 10 cm and a RRR of 287 in reasonable agreement x displayed in the inset of Fig. 4 indicates a variation in
with t#e data presented in thi’s paper. The low RRR Ofdisorderdue to substitutional effects. The data approximate a

PrRu;Shy, is not presently understood parabola with a maximum near=0.3, similar to what is
2 .

The electrical resistivity of Pr(Qs Ru,).Shy, below T expected for electrical resistivity in disordered alloys, which
X 4 2

: : ; ; _ 21,22
=2 K is shown in Fig. 5. The data have been normalized tg> 2 parabola irp(0 K) with a maximum ak=0.5. Ina

their values 82 K in order to emphasize the superconductinggoggggtffr_'ral E Csofehn(:g?r;'(gtetgﬁedﬂiﬁenrggpnd:Cr:g:.’ctgil_re'
transitions. Thex=0.7 sample did not display the onset of uctl c By p : Ing gneti

superconductivity down to the lowest measured temperatureléte Ions 1S expecteq to be. sr_n_?ﬂl,unless the' Increase in
and no data for this sample are shown in this plot; the hea,[§catter|ng accompanies a significant change in the electronic

ing due to large contact resistances in the 0.7 andx structure of the system. While Prib,, appears to be a

=0.9 samples precluded measurements below 1 K. The Slﬁ:_onventional BCS superconductor, PfSh, is quite uncon-

perconducting transitions as determined fraigT) are in ventional, being a heavy fermion superconductor in which

reasonable agreement with those measured nductifiy o " MREENR IR P BRECR TN 8 RS
3), and the plot of T, vs x is discussed in the following q b ’ Y P

section disorder explanation can account for the behavioiT gfin
' the Pr(Os_,Ru,),Sh;, system.
Because the superconducting mechanisms appear to be
IV. ANALYSIS AND DISCUSSION quite different between Pr@Sbh;, and PrRySb;,, the de-
pression ofT; from both ends as shown in Fig. 6 could be
due to a competition between these two types of supercon-
The dependence of the superconducting transition temductivity. Indeed, the persistence of superconductivity
peratureT. on Ru concentratiow for Pr(Os _,Ru,),Sh;,is  throughout the series is unusual, as for heavy fermion
shown in Fig. 6. Several concentrations have more than oneelectron superconductors both magnetic and nonmagnetic
data point associated with them, which are from measurempurities generally produce relatively rapid depressions of
ments of different crystals. These additional measurement§.. When the impurity is of an element that would produce
were not shown in Figs. 4 and 5 or listed in Table | in thean isostructural superconducting compound, the trend is not
interest of clarity. The RRR’s were nearly identical for all as clear. For example, the,U,La,PdAl; system is similar
crystals of a given concentration, with the exception of theto the Pr(Os_,Ru,)4Sh, system in that one end member
x=0.2 samples where the crystal with the low€sin Fig. 6 compound, UPgAl;, is a heavy fermion superconductor,
had an RRR about half of that measured for the other twavhile the other end member compound, LafRd, is a con-
x=0.2 samples, one of which is listed in Table I. The verticalventional BCS superconductor. Unlike PrGOgsRu,),Sh;,,

FIG. 6. Superconducting critical temperatirgvs Ru concen-
tration x for Pr(Og_,Ru),Sh;,. Filled circles: T, extracted from
electrical resistivityp. Open squarest . determined from ac mag-
netic susceptibilityy,.. The straight lines are guides to the eyes.

A. Superconductivity
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however, superconductivity is destroyed upon substitutiorfourth- and sixth-order terms of the angular momentum op-
on either end of the seriéd.This persistence of supercon- erators in the crystal-field Hamiltonian aidl is an overall
ductivity throughout the Pr(Qs,Ru),Sh;, system for energy scale factor. It was assumed that the CEF parameter
all values of x is also observed in the Cegalr,Ins  which controls the tetrahedrdl, crystalline symmetry con-
series of compoundS. This system’s similarities to tribution to the Hamiltoniahwas small; thus, the calcula-
Pr(Os _Ru,),Sh;, may end there, because both end mem+ions were made for a cubi®, crystalline symmetry. This
ber compounds (CeCaojrand Celrlg) are heavy fermion assumption was made based on calculations including the
superconductors in which the superconductivity is believederms, which mix thel’, andI's triplet states into one an-
to be magnetically mediated and to possess line nodes in trher. Wheny is small, the only noticeable change to the
energy gapA (k).%° physical properties in zero magnetic field is an effect identi-
This nodal energy-gap structure appears to be in contras@l to a reduction of the energy-level splitting. Thus, the
with PrOsSh;,, whereuSR (Ref. 6 and Sb-NQR(Ref. 7 physical properties induced by a small valueyaire identi-
measurements indicate an isotropic energy gap, a conditiogal to those that could be attained by simply changing,
which could occur if the superconductivity in Prif3b, was  and W slightly. Wheny is large, the mixing of the triplets
mediated by quadrupolar fluctuations. Tunneling spectroschanges the physical properties drastically. For example, in
copy measurements in the superconducting state also indilT) al'3-I's transition manifests itself as a peak, whereas a
cate that the energy gap of Py3%;, is open over a large [I'3-1"4 transition gives rise to a plateau (T) at low tem-
part of the Fermi surface, ruling out the presence of lineperatures. Thus, when ti& andI's triplets mix, the shape
nodes?’ It is generally the case that superconductors withof the data at low temperatures can change in a dramatic
isotropic or nearly isotropic energy gaps are relatively insenway. In addition, for large enough values yfal', or I's
sitive to the presence of nonmagnetic impurities, with thetriplet will be the ground state regardless of the value of
notable exception of the isotroppewave Balian-Werthamer- x,, a condition that is clearly not the case in nonmagnetic
type superconductivity. Thus, the gradual decreasd of PrOsSb;,. Finally, a practical reason for disregarding the
and the presence of superconductivity for all valuex@f  addition of terms proportional ty is that this causes the
Pr(Os _,Ru,),Sh;,, provides further evidence for an isotro- eigenvectors of the LLW Hamiltonian to become dependent
pic energy gap and quadrupolar superconductivity inon x.w and W, so fitting the data would become nearly
PrOsSh;,, since PrRuSh;, also possesses an isotropic su-impossible by conventional methods, as the equations for
perconducting energy gap.The minimum inT. nearx  xq{T) and p(T) are derived from transition probabilities
=0.6 could mark the shift from quadrupolar mediated heavythat are constant within a givehmultiplet. Thus, it was felt
fermion superconductivity to phonon-mediated BCS superthat neglectingy was a reasonable approximation, which
conductivity. Specific-heat measurements are in progressyould only cause small errors ix,, W, and the fits de-
and it will be interesting to see if the heavy fermion state carscribed in the remainder of this section. It should be noted
be correlated withr . that assuming that is small also implies that the main con-
On the other hand, several recent experiments indicate thgibution to the crystalline electric field comes from the
presence of point nodes in the energy gap, most notablgimple cubic transition-metal sublatti¢®s or Ry, as op-
thermal-conductivity measurements on P8I, in a mag- posed to the more complicated tetrahedral Sb sublattice.
netic field, which have been interpreted in terms of two dis- The y4(T) data forx<0.15 could be reasonably fit with
tinct superconducting phases in tHeT plane, one with two  either al’; or aI'; ground state and Hj first excited state.
point nodes iM (k) in low fields, and another with six point As X increases, the magnitude of the peakyin decreases
nodes inA (k) at higher fields? In addition, zero-fielquSR ~ more rapidly than the temperatufg,,, at which the peak
experiments on PrQSh;, have discovered internal magnetic occurs. The peak also broadens until it resembles a hump.
fields in the superconducting state, indicating the breaking oThese changes witk make it unreasonable to fit B,-I's
time-reversal symmet’? and recent magnetic penetration CEF energy-level scheme to the highetata, since for these
depth studies also suggest this symmetry breaking as well akata an energy-level scheme with the coriggf, makes the
the presence of point nodes in the energy Talp.is clear  peak too sharp, while the correct hump shape results in a
that the supeconducting state of PsBls,, is not well under-  Ta that is too high. Thus, for the Pr(@sRu),Sh,
stood, and the study of how the nature of the superconducsamples withx=0.2, al'; ground state best approximated
ing state evolves with Ru substitution could be instrumentathe data. An example of a fit with B3 ground state fox
in improving this understanding. =0.6 is shown in Fig. {®&). A plot of the splitting between
the ground state and the first excited statexys shown in
Fig. 8, including all reasonable fits of thg(T) data.
The Pr(Os_,Ru,)4Sh;, samples withx=0.6 all display
The x4 T) andp(T) data for Pr(Os_,Ru,) 4Sby, were fit  upturns iny4(T) at the lowest temperatur@isset(b) in Fig.
to equations including CEF effects, in a manner identical t@2]. If the ground state is B3 doublet, these upturns could be
that reported previousfy'® The CEF equations were derived due to the splitting of the doublet in a small magnetic fidld
from the point-charge(i.e., disregarding hybridization ef- It would be expected that these upturns would be more no-
fects Hamiltonian of Lea, Leask, and WolELW).2° In the ticeable for samples with large (more Ru than Os since
LLW formalism, the CEF energy levels are given in terms ofthe CEF contribution toy. from theI'5-I'5 splitting is much
the parameterg v andW, wherex,,,, is the ratio of the smaller compared to the samples with snxalinore Os than

B. Crystalline electric field effects
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In the current experiment, the=0.9 andx=1 samples are
the only ones in which a plateau is observed. In addition,
FIG. 7. Examples of CEF fits to the dat@ dc magnetic sus- While the other samples witx=0.85 have their hump

ceptibility x4T) for x=0.6 andx=0.85 for Pr(Os_,Ru,),Sh;,. maxima reasonably well described by'a ground state, the
The solid lines are fits assumind'g doublet ground state andlg fit predicts a saturation &t=0 K that is much lower than is
triplet first excited state, and the dashed line is a fit assumifig a observed in the data. However, the I@wupturn could be
singlet ground state andl3, triplet first excited statelb) Electrical  responsible for disguising both the maximumxis 0.9 and
resistivity p(T) for x=0.15 betwer 1 K and 300 K. The fitisfora  x=1 and the low-temperature saturation observed in the
I'5 ground state_ ar_ld ES'first _excited state. Fits with B, ground  gther high Ru concentration samples. Accordingly, all the
statg were qualitatively identical, and so are not sh¢se® text for Pr(Os_,Ru,),Sh, data with x=0.85 were fit assuming
detaily. Inset to (b) p(T) for x=0.15 betwes 1 K and 50 K, pnih a7, T'; CEF energy-level scheme andaT', scheme,
displaying the low-temperature curvature in greater detail. ignoring the low-temperature upturn: the=0.85 fits are
shown in Fig. Tb). Both fits are represented in the splitting
Ru). The samples withk=0.75, including PrRyShy,, also  between the ground state and first excited St 1e5VS
display structure in these upturns that appears to be an addi-plot of Fig. 8; the results from all fits are also listed in
tional peak near 5 K superimposed on the broad CEF humglable I.
near the temperature of the CEF peak in REbg,. The The electrical resistivity(T) of Pr(Os _,Ru,),Sh;, was
smooth progression of both the lattice parameteand T,  fit using a combination of scattering from impurities, the
indicates that there is no macroscopic phase separation atomic lattice(phonon$, and temperature-dependent energy-
Pr(Os_4Ru),Sb;, into PrOsSh;, and PrRySh;,. How- level populations due to the CEFThe phonon contribution
ever, it is possible that the peaklike structure could be due taas represented by the measupggd of LaOs,Sb;,, an iso-
inhomogeneous alloying of Os and Ru on an atomic scalestructural reference compound withotitelectrons, for all
wherein each Bi ion sees a distribution of Os or Ru atoms, values ofx. This procedure was validated by reproducing the
leading to a variation in the CEF throughout the crystal. Un-results of Abeet al 8 with LaOs,Shy, instead of LaRkShy,;
fortunately, this possibility would be difficult to establish in as expected, thg,; data of the two compounds appear to be
the current experiments. The low-temperature upturn, espeaearly identical. The CEF contribution {@(T) consists of
cially in PrRuShy,, could be attributed to either CEF split- two terms, representing magnetic exchange and aspherical
ting in H or paramagnetic impurities, both of which could Coulomb scattering, which were assumed to be equally im-
produce a low-temperature increaseyif. portant when fitting the datg.Just as it was possible to fit
Takedaet al. reported that PrRysb;, has al'; singlet  p(T) of PrOsSh;, with either al'5 or al'; ground state, all
ground state and B, triplet first excited state, a CEF con- of the Pr(Os_,Ru,),Sh;, data were indifferent to the choice
figuration that exhibits a plateau jp. at low temperatureS.  of either ground state. The splitting between the ground state
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and the first excited statéalways al's triplet) was also heavy fermion behavior is likely to be strongest. Regardless
nearly identical for fits with either ground state for a particu- of the accuracy of the CEF calculations, the steady evolution
lar value ofx. In the interest of simplicity, for the(T) data, of the x4(T) and p(T) data does support the gradual in-
only the splitting betweet’; andI's5, AE;_s5, is shown in  crease of the splitting between the ground state and the first
Fig. 8. The fit used to calculat®E;_5 for x=0.15 is shown excited state. Further experiments as well as theoretical
in Fig. 7(b). It is evident thatp(H) measurements will be analysis will be necessary to completely reveal the CEF
required to elucidate the CEF ground state from transporground state and its relationship to the superconductivity.
measurements.

It is unclear what effect the CEF ground state may have V. SUMMARY
on the superconductivity in Pr(@s,Ru),Sh;,. From a
physical point of view, it is reasonable that an abrupt change The superconducting critical temperatufg and crystal-
in the ground state would produce an equally abrupt changline electric field (CEF) parameters of single crystals of
in the physical properties. However, it is difficult to conceive Pr(Os _,Ru,),Sh, have been deduced through measure-
of a mechanism for this occurrence in the context of thements ofx(T) andp(T) for 0<x=<1. The superconductiv-
LLW theory, since it is based on the interaction of the atomicity, which is present for all values of, exhibits a change in
lattice with a rare-earth ion. If there is not an abrupt changehe sign of the slope i (x) nearx=0.6. It is possible that
in the crystal or the electronic structure, which could affectthe crossover from heavy fermion superconductivity that
the screening of the CEF, one should not expect an abruphay be mediated by quadrupolar interactions to nearly BCS
change in the CEF ground state. It is therefore far moresuperconductivity occurs at this “pseudocritical” concentra-
reasonable to consider a constant ground state, with the eken x,.=0.6. The CEF splitting between the ground state
cited state varying as the Ru substitution changes the spaciramd thel s triplet first excited state increases steadily from
of the atoms in the skutterudite lattice. The present data arerOgSh;, to PrRySh;,, regardless of whether the ground
most consistent with a constah ground state, with the state is a5 doublet or al’; singlet. Fits toyy{T) are most
exception of thex=0.9 andx=1 data. In addition, wheris  consistent with a I'; ground state throughout the
in the region 0.Zx=<0.75, al's-I's CEF energy-level Pr(Os_,Ru,).Sh;, series, except near=1.
scheme is the only one which reasonably fits thg(T,x)
data. On the other hand, the possibility cannot be ruled out
that this deep in a substituted system, a CEF analysis in the
tradition of LLW may be unreliable due to the distribution of ~ We would like to thank S. K. Kim and D. T. Walker for
the two substituent$Os and Ru in the nearest neighbor experimental assistance, and E. D. Bauer for useful discus-
environment of each Pt ion. Finally, the possible effects of sions. This research was supported by the U.S. Department
hybridization between thé electrons and the conduction of Energy Grant No. DE-FG03-86ER-45230, the U.S. Na-
electrons were not included in the CEF analysis. These efional Science Foundation Grant No. DMR-00-72125, and
fects are expected to be much stronger for smalthere the the NEDO International Joint Research Program.
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