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Superconductivity and heavy fermion behavior in PrOgSb;,
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Superconductivity has been observed in REbg, at T-=1.85 K and appears to involve heavy fermion
quasiparticles with an effective mass' ~50 m, as inferred from the jump in the specific heatTgf, the
upper critical field neafc, and the normal state electronic specific heat. Thermodynamic and transport
measurements suggest that the heavy fermion state has a quadrupolar origin, although a magnetic origin cannot
be completely ruled out.
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A remarkable class of rare earth and actinide compoundgical resistivity p, specific heaC, and magnetic susceptibil-

containing Ce, Yb, and U ions undergo a continuous transiﬁy ¥ measurements betweenl K and 300 K were made in
tion from a high temperature phase in which fRelectrons a0 cryostat, in a semi-adiabatiéle calorimeter, and with

behave as if they are localized with well-defined magnetica superconducting quantum interference deviSQUID)

moments to a low temperature heavy Fermi liquid phase "?nagnetometer, respectively. Measurements(@) down to

which thef-electrons appear to be delocalized with eNOrmoUg ' i maanetic fields up to 30 kOe were performed in a
effective massesn* of the order of several hundred times 9 . p4 S P
transverse geometry in $He-*He dilution refrigerator.

the free electron mass,. > The heavy Fermi liquid ground _ ) L
state of these so-called “heavy fermioflectron materials 1 Ne Physical properties of PreBn, are summarized in

is unstable to the formation of superconductivity and mag+9- 1- Thex(T) data[Fig. 1(a)] exhibit a peak at-3 K and
netically ordered states which sometimes coexist with ongaturate to a value o+0.06 cni/mol asT—0, indicative of
another. The superconducting specific heat jul at the @ honmagnetic ground state. At temperatures above 50 K,
superconducting critical temperatufie. is of the order of ~ x(T) of PrOsShy, can be described by a Curie-Weiss law
¥Tc, where y is the normal state electronic specific heatWwith an effective momenfue=2.97 ng, somewhat re-
coefficient(i.e., Coj~ v T), showing that the superconductiv- duced from the free ion valuge;=3.58 ug, and a Curie-

ity is a bulk phenomenon involving the heavy electrons thatVeiss temperaturécw=—16 K. The onset of supercon-
are responsible for the large valuepfwhich can be as high ductivity occurs atTc=1.85 K in a field of 20 Oe as
as several J/mol K In addition, the superconductivity in revealed by the large diamagnetic signal shown in ifispt
these materials appears to be anisotropic with an energy g& Fig. 1(@). The p vs T curve, shown in Fig. (8) and inset
that vanishes at points or along lines on the Fermi surfacdl), displays metallic behavior and a distinct decrease below
indicative of superconducting electron pairing of electrons~7 K in the normal state before dropping abruptly to zero
with angular momentum greater than zérfolt is widely ~ when superconductivity occurs at=1.86 K. The residual
believed that the pairing of the superconducting electrons ifiesistivity ratio (RRR-33) and transition widthATc
these materials is mediated by magnetic fluctuations. =5 mK reflect the high quality of the single crystals.

The subset of heavy fermion compounds currently known Evidence that strong electronic correlations are present in
to exhibit superconductivity consists of Ce and U intermetal-PrOs,Shy, is provided by the magnitude of the superconduct-
lic compounds, such as Ce{Si, and UBg3.>* Recently, ing specific heat jump as displayed in ind@t) of Fig. 1.
heavy fermion behavior has been reported in the Pr-baseflithough the superconducting transition is somewhat
compounds PrinAgand PrFgP;, and attributed to the inter- rounded, perhaps due to variations in the composition of the
action of the electric quadrupole moments of &'PF; non-  crystals or strain induced by compressing the powdered
magnetic doublet ground state in the crystalline electric fieldsingle crystals into a pellet, an equal entropy construction in
(CEP with the charges of the conduction electrdfidn this ~ which the entropy is conserved just above and belaw
paper, we report the observation of heavy fermion behavioyields AC/Tc~500 mJ/mol K. The value of the elec-
and superconductivity in the compound P§Sls,, which  tronic specific heat coefficient from the weak-coupling BCS
appears to be the first example of a Pr-based heavy fermigprediction AC/yTc=1.43) is y~350 mJ/mol K. The
superconductdt. Thermodynamic measurements and recenspecific heat data can be described by the expression
inelastic neutron scattering experiments are consistent with @(T)/T=y+ T2, whereBT? is the lattice contributioriset
Pr* I'; ground state in PrQ$h;,, suggesting that the qua- equal to that of LaOgSh;, with 65=304 K), between
drupolar fluctuations are responsible for the heavy fermior6.9 K<T<9.6 K (not shown, from which vy
state. =750 mJ/mol K is obtained. A Schottky-like peak in the

Single crystals of the filled skutterudite PySd,, were  specific heat data of Prg8b;, is visible at~3 K.
grown in an Sb fluXRef. §. X-ray diffraction measurements Additional evidence for heavy fermion behavior in
revealed that PrQSb;, crystallizes in the LaF#;type  PrOsSb, is provided by an analysis of the slope of the
BCC structure with a lattice paramei@r9.3017 A? Elec-  upper critical fieldH, nearT¢ similar to that described in
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FIG. 1. Physical properties of Prg&b,. Panel(a): p vs T
(uppery axis). Inset(i): p(T) below 20 K.y vs T atH=5 kOe
(lower y axis). Inset (ii): x(T) at H=20 Oe. Panelb): C(T)/T
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yields a value of ~19 kOe/K for the initial slope
(—dHC2/dT)TC. The zero temperature value of the orbital

critical field can be determined from the relatibff,(0)
=0.693 (~dHc,/dT)7 Tc," yielding the valueH?,(0)
~24.5 kOe. The superconducting coherence lerigtltan

H=200e (ii)

be estimated from the relatidt?,(0)= ®/27£3,° yielding
&~116 A. A value for the Fermi velocityvp=1.57
x10° cm/s is then obtained front,=0.18%vg/kgT e
from whichm* and+y can be estimated as follows. Using a

22 26

spherical Fermi surface approximation, the Fermi wave vec-

3.0+

1.5
1.0

0.5

R AL S > tor is given byke=(3722/Q)*3, whereZ is the number of
50 100 150 200 250 300 electrons per unit cell an@ is the unit cell volume. Assum-
(b) ,\2'50 - ing that Pr contributes 3 electron&€6), we obtainkg
%k 225¢ =6.05x10" cm 1. The expressionm* =#kg/vg yields
€200} m*~50 m,. From the relationy= 7?(Z/Q)kim* /#°k2
31_75 | y~350 mJ/mol K is obtained. These values of* andy
o T.=176K are comparable to the values estimated from the specific heat
1.50r AC/T, ~ 500 mJ/mol K2 jump AC at T and the normal state specific heat.
1.251 5 1'5 : 2'0 . 2'5 . The physical properties of PrgB8b, can be analyzed
‘ ' ‘ ” within a localized or itinerant electron approach. In an ionic

(localized model, a cubic crystalline electric fieldCEF
splits theJ=4 Hund’s rule multiplet of P¥" into a singlet
(I'y), a doublet ['3), and two triplets [, and I's). As
shown by Lea, Leask, and Wolf.LW),'° the CEF Hamil-
tonian in cubic symmetry can be written in terms of the ratio

10 15
T(K)

20 of the fourth and sixth order terms of the angular momentum
operatorsy, and an overall energy scale facidt The mag-
netic susceptibility data were fitted by a CEF model in which
the ground state was chosen to be either a nonmaghetic
singlet W>0) or a nonmagnetid’; doublet (W<0). A

below 20 K. Insefiii): Expanded view of the superconducting spe- P€aK inx(T) is produced when the first excited state s
cific heat jump. Solid lines represent an equal entropy constructioffiPlet with an energy<100 K above the ground state and
yielding AC/T~500 mJ/mol K.

corresponds to a positiaix) close to the crossing points on
the LLW diagram wherd’; or I'; are degenerate with's.

Ref. 14 for the heavy fermion superconductor YBeShown  The best fits to the data aré) x=0.50, W=1.85, and(b)
in Fig. 2 is theH,(T) curve for PrOgSh;, derived from x=—0.72, W=—5.44, corresponding to level schemes dis-
p(T) measurementénset of Fig. 2. Disregarding the slight played in Fig. 3 of I';(0 K), I's(6 K), I'y(65 K),
positive curvature iH,(T) nearT¢, a linear fit to the data I'3(111 K) and I'3(0 K), I's(11 K), I',(130 K),

25

20+

H,, (kOe)

«—— Slope = -19 kOe/K

PrOs Sb,,

FIG. 2. Upper critical fieldH,, vs T of
PrOsSb;,. The bars indicate the 10% and 90%
values of the superconducting transitions. Inset:
p(T) in magnetic fields up to 30 kOe.
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0.08 . . when the local site symmetry of the®Prions is not cubic as
v (@) [ might be caused by some kind of local distortion. However,
0'06_ there is no indication for this distortion from refinements of
0.06 PrOs Sb 004 ' x-ray diffraction data on PrQshby, single crystal$! Second,
412 ! the amount of entropy associated with the two levels of equal
3 : 0'020 0 20 30 degeneracy8r; s=RIn2~5.8 J/mol K is too small to ac-
% 0041 x=050,W=19K x=-0.72,W=-54K count for the total entropy;=[(C/T)dT~10.3 J/mol K
S . (111 K) r, (313 K) at 10 K which includes the peak and thd term. A more
= ] rs (65 K) T, (130 K) likely possibility is that the pronounced peak@{T)/T cor-
-t - responds to d'; ground state and a low lyin§j's excited
0.02} Ts 6K) L (1K) state. The entropy of this doublet-tripldf {—I's) scenario
T (0K) [ (0K) [Sr,-r,=RIN(5/2)~7.6 Jimol K is large enough to ac-
< 2 0 G0 00 a count for most of the total entroffy; at 10 K. The additional
0 — - . . entropy may be due to contributions of thig andI'; excited
0 50 100 150 200 250 300  states and/or lattice contributions that we were unable to re-
3.0 —9,=9, 12 . . . move completely using the procedure described above. In-
o5l (b) I 566K < | d elastic neutron scattering experiments reveal peaks in inten-
= _‘ ) —g 8r 1 sity at ~8 K and ~130 K that appear to be due to CEF
< 20l % Sl ] excitations'? consistent with the Bf CEF energy level
| o | ] scheme deduced frony(T) and C(T) which has al';
% 151 <o - s L ground state and a low lyinf5 excited state.
= “l 5 10 15 20 The x(T) andC(T) data can also be analyzed within an
Q 10 AC(T)= C, (D ++'T itinerant electron approach. The peakad(T)/T would then
I arise from an electronic contribution with a low-degeneracy
0.5 S as om0 temperaturélf ~10 K, as observed in many heavy fermion
I PrOS4Sb12 compounds(e.g., CeAl, UBeyg), with a value of y of
0 - - - ~2 J/mol K at~3 K. In this case, the Pt excited CEF
0 S T1?K) 15 20 energy levels would be far removed from the ground state as,

for example, in PrinAg which has the P energy level
scheme: T'3(0 K), T4(71 K), TI'5(96 K), and
I'3(177 K)!® For a value ofy of ~2 J/mol K, the ratio
AC/yT:~0.2 is reduced with respect to the BCS value of
1.43. In the superconducting state, the specific edhas a
power law T-dependenceCg(T)~T" with n~3.9 for 0.6
<T=1.1; this value of is somewhat larger than the values
observed for other heavy fermion superconductors that lie
within the range 2n=<3.2 The reduced specific heat jump
I';(313 K), respectively. The fit based on the latte?'Pr and power law behavior oE(T) are consistent with aniso-
energy level scheme reproduced better the overall shape topic superconductivity in which the electrons are paired in
the low temperature peak, and also the value of the Vastates with nonzero angular moment@non-s-wave super-
Vleck paramagnetic susceptibility. The effective momentconductivity). If the heavy fermion state is based on mag-
was allowed to vary in the analysis and a valuegf;;  netic fluctuations, rather than quadrupolar fluctuations, one
=2.6 ug was obtained in both scenarios. The reduced valugvould — expect a  Wilson-Sommerfeld  ratio Ry

of wess could be due to incomplete filling of the Pr sites or =(X(O)/y(0))(w2k§/;¢§ff) of the order of unity. Using the
Sb inclusions in the PrQSby, single crystals. Several Pt values of (3 K)=0.07 cni/mol and (3 K)

FIG. 3. Panela): Fits of x(T) of PrOsSh;, to a CEF model in
which the ground state is eith€r (solid line) or I'; (dashed ling
Inset: x(T) vs T below 30 K. Panelb): 4f contribution to the
specific heat AC=C(PrOgSh;,)-C.(LaOsShy,), plotted as
AC/T vsT. The solid line is a fit to a two-level Schottky anomaly
and an additional’ T electronic contributiorisee text for details
Inset: 4f contribution to the specific heat, plotted A€ vs T.

energy level schemes can account for the broad pe@kn)

just above the superconducting transition in Py

,. The

best fit of the 4 contribution to the specific hedite., AC
=C(PrOsSb;,)-C.(LaOs,Shy,), where Cjp(LaOs,Shy,)
is the lattice contribution of the isostructural compoundcrease with decreasing temperature bete® K to a value
LaOs;Sh, (Ref. 8], was to a system of two levels of equal ~500 mJ/mol K, consistent with the superconducting
degeneracy split by an energy=6.6 K, and an additional
¥'T electronic contribution withy’ =568 mJ/mol K, as
shown in Fig. 8b). However, there are two problems asso-f-electron heavy fermion behavior, in whigifT) has a rela-
ciated with this interpretation. First, for a nonmagnéticor
I'; ground state, there are no excited states of degenera@gteristic “coherence temperature” below which it decreases
equal to that of the ground state. It is conceivable that theapidly and then saturates @$, reminiscent of a Fermi lig-
degeneracy of thE; ground state has been lifted by the CEF uid. The coefficient of the T2 term in p(T) is often found

~2 J/mol K, anduei=3 ug, a value ofRy~0.9, typi-
cal of many heavy fermion compounds, is obtained for
PrOsSh;,. However, conservation of entropy between the
superconducting and normal states indicates fhatust de-

properties.
The electrical resistivity, however, does not exhibit typical

tively weakT-dependence at high temperatures above a char-
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to follow the Kadowaki-Woods(KW) relation A/y?>=1 polar Kondo effect is responsible for the NFL behavior in
x107° pwQcm  (mol K/mJF.Y  The resistivity of these systems. It seems possible that the heavy fermion be-
PrOsShy, follows a T? dependence from 7.5 K<T  havior exhibited by PrQ$h, is associated with a quadru-
<45 K, with aT? coefficientA=0.009 xQcm/K?. Thisis  polar Kondo lattice, in analogy with the quadrupolar Kondo
some two orders of magnitude smaller than the valde ( model®®

~1 uQcm/K?) expected from the KW relation, assuming A lattice of Pr ions with a5 ground state may undergo a
y~500 mJ/mol K. The overall shape of thg(T) curve  structural phase transition, which can be first or second order
and behavior at low temperaturéaside from the supercon- in nature, via a cooperative Jahn-Teller effécSuch a tran-
ductivity), is very similar to that of PrinAg™>'®in which  sition is observed in cubic compounds such as B#b
strong electronic correlations, perhaps due to quadrupolapile quadrupolar ordering at~3 K, producing a peak in
fluctuatipns, are apparently rgsponsible for the enormoug,(T), cannot be excluded in Prg&iy,, it is perhaps more
electronic specific heat coefflc!erytj 6.5 J/mol K2._ It is likely that this type of ordering is suppressed by thequa-
noteworthy that the value oA in_this compound is also  yynqar fluctuations, analogous to the competition between

inconsistent with the KW relation.The decrease ip(T) he Ruderman-Kittel-Kasuya-Yosid4RKKY) interaction
belov 7 K apparently reflects a decrease in scattering o nd the magnetic Kondo effe?t

conduction electrons by the electric quadrupole or magnetic In summary, PrOgSby, exhibits superconductivity with a

dipole momgnt; of a low lying I§i"energy levelin the CE.F' T-=1.85 K that appears to involve heavy fermion quasipar-
In a magnetic field of 30 kOg(T) in the normal state varies . : . N .
ticles with an effective mass’* ~50 m,, as inferred from

as a power la +BT" in the range 0.£T<1.1 K
with BD:V(\)IISS l\gziﬁ?l@ andln~3. A 192 dependence of the jump in specific heat i, the slope of the upper critical

p(T) is observed over a more limited temperature rangefield nearTc, and the electr_onic _specific h(_eat coefficient
from 0.5 to 1.0 K(with deviations outside thi§ range with he ground state of the P ions in the cubic CEF appears
A=1.0 pQcm/K2, in agreement with the KW relation. to be thel'3 nonmagnetic doublet, suggesting the possibility
If a I'3 nonmagnetic doublet ground state with a nonvanthat the heavy fermion behavior involves the interaction of
ishing quadrupole moment is stabilized in a metallic com-the PF* I's quadrupole moments and the charges of the
pound, a quadrupolar Kondo effect can, in principle, beconduction electrons. If this is indeed found to be the case, it
realized® In the single-ion quadrupolar Kondo model, the raises the question of what role3Prquadrupolar fluctua-
guadrupolar moments of tHeelectron ions are overscreened tions play in the heavy fermion superconductivity of this
by the charges of the conduction electrons, leading to noneompound.
Fermi liquid (NFL) behavior in the physical properties at low
temperatures. Single-ion NFO-dependences, similar to We thank D. L. Cox for informative discussions. This
those predicted, have been observed in the physical properesearch was supported by the U. S. DOE, Grant No. DE
ties of theM;_,U,Pd; (M=Y, Sc) systems® However, it FG03-86ER-45230, the NSF, Grant No. DMR00-72125, and
has not been possible to definitely establish that the quadridhe NEDO International Joint Research Program.
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