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PHYSICAL REVIEW B VOLUME 53, NUMBER 5 1 FEBRUARY 1996-I

Superconductivity and magnetism in the Heusler alloyav Pd,Pb (M =rare earth, Th, and U)

C. L. Seamari, N. R. Dilley, M. C. de Andrade, J. Herrmann, M. B. Maple, and Z. Eisk
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California, San Diego,
La Jolla, California 92093
(Received 27 September 1995

We report on an investigation of superconductivity and magnetism in the series of compdiRtiBb
(M =rare earth, Th, Ythrough measurements of electrical resistivity, magnetic susceptibility, specific heat, and
lattice parameters. Both single crystals and polycrystalline samples were studied. The compomiol Wil
examined for possible heavy-fermion behavior, and found to exhibit antiferromagnetic orderbel@svK.

INTRODUCTION four-wire ac resistance bridge operating at 16 Hz, with typi-
cal excitation current densities 6f100 uA/cm?. Platinum
Several Heusler alloy&ubicL 2, structure with the gen-  electrical lead¥50 um diametey were attached with silver
eral chemical formul®k T,X have been found to exhibit su- epoxy. Static magnetic-susceptibility measurements were
perconductivity, including YP&K (X=Sn, Pb, In, and S§f  performed on single crystals using a Quantum Design super-
YAu,Sn? and RPd,Sn (R=Sc, Y, Tm, Yb, and Li'3 with  conducting quantum interference devi@QUID) magneto-
critical temperatures as high as 4.76 K. Moreover, supercormeter from 1.8 to 300 K in magnetic fields up to 7 T. Low-
ductivity and antiferromagnetism coexist in the compoundtemperature (0.2<T<6 K) ac magnetic-susceptibility
YbPd,Sn. HigherT, values were generally found for com- measurements were performed ife/He dilution refrig-
pounds with larger lattice parameters, with YPH yielding erator. Specific-heat measurements were made on a polycrys-
the highest reported value of 4.76'Ksor RPd,Pb samples, talline sample of UPgPb from 0.5 to 20 K using a semiadia-
we also expected the effects of magnetic pair breaking by thbatic heat-pulse calorimeter utilizing®#le cryostat.
magneticR ions to be minimized because of the large lattice
parameters, which could give rise to interesting effects due to
the interaction and competition between superconductivity
and magnetism. We report on an investigation of supercon- Single crystals oM Pd,Pb were successfully grown in Pb
ductivity and magnetism in the series of compouMBd,Pb  flux for M =Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, and Lu. Attempts
(M=rare earthR, Th, and U, primarily through measure- to grow crystals witiVl =Yb and U were unsuccessful, even
ments of electrical resistivity and magnetic susceptibility.though polycrystalline samples could be prepared by arc
Both polycrystalline samples and single crystals were studmelting. In addition, attempts to grow crystals consisting of
ied. We find that the magnetic rare-earth ions order ’antiferthe lighter rare-earth ions1 =Ce, Pr, Nd, Sm, and Eu were
romagnetically at low temperatures with the lowesteNe ynsuccessful, consistent with our inability to make polycrys-
temperaturely values amon@RPd,X compounds. Bulk su-  talline samples, most likely due to the large size of the triva-
perconductivity is found foR=Sc, Y, Tm, Yb, and Lu, but |ent jons. The crystals were prepared in the following way.
with lower T, values than expected, probably associated with  Stoichiometric amounts of 99.9% puid and 99.99%
sample quality. Motivated by heavy-fermion behavior previ-pure Pd were placed in an alumina crucible with 99.999%
ously observed in URSn the compound UP®b was ex- pure Pb, which comprised 90 mol % of the mixture. Quartz
amined for possible heavy-fermion behavior, and found tayool was then placed inside the crucible, which was then
exhibit antiferromagnetic order beloW=35 K, inferred  sealed in a quartz tube and backfilled with 150 torr ultrahigh-
from a sharp cusp observed in the magnetic susceptibilitypurity (UHP) Ar. The sample was heated to 1200 °C, then
The Iarge value of the linear coefficient of the Specific heats|ow|y cooled(10 °C/h, a||owing sing|e Crysta|s to nucleate.
y~100 mJ/mol K, determined from data measured below 35in our case, Pb from the flux was incorporated into the crys-
K, along with the temperature dependence of the electricalal structure. The sample was removed from the furnace at
resistivity, suggest that this may be an antiferromagnetic 10800 °C and centrifuged immediately so that the molten flux

SAMPLE PREPARATION

effective mass heavy-fermion compound. spun through the quartz wool, leaving the crystals in the
crucible. To etch away any remaining free Pb, the crystals
EXPERIMENTAL DETAILS were placed in a 1:1 solution of B, (30%): glacial acetic

acid for no more than 5 min. The crystals formed as cubes or
Single crystals and polycrystalline samples MPd,Pb  clusters of cubes which appeared to grow in th&l) direc-

were fabricated by flux growth and by melting in sealed Tation. Of these, crystals wittM=Gd and Sc formed the
tubes, respectively. Powder x-ray-diffraction measurementkargest-(~1 mm on a sidgand smallest-sized cubes, respec-
were subsequently made using a Rigaku rotating-anode difively.
fractometer utilizing CuK« radiation. Electrical-resistivity Subsequent x-ray powder diffraction of powdered crystals
measurements were made on the polycrystalline samplegerified the single-phasé&2, cubic Heusler structure for
from 1 to 300 K in a®He cryostat using a self-balancing, R=Lu, Tm, Er, Ho, Dy, Tb, Gd, Y, and Sc. No impurity
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peaks, including those of free Pb, were evident in the x-ray

patterns. The intensity of the background noise level was

only ~0.1% of the most intense peak corresponding to the

(220 direction. The flux growths with Gd and Eu contained "

long, needle-shaped crystals’5 mm length, but they ex- §

hibited multiple x-ray peaks which did not belong to the g

Heusler structure. The Gd flux growths also contained the =~

cube-shaped crystals with the Heusler structure. JRBd =

formed, though it contained several impurity phases, one of

which was identified as ThPb. Attempts to grow single crys-

tals ofR=Yb, Eu, Sm, Nd, Pr, Ce, and U were unsuccessful.
Polycrystalline samples were fabricated by melting in Ta

tubes as follows. Stoichiometric amounts of each element

were sealed in a 1-cm-diameter Ta tube, with 1 atm UHP Ar.

The tube was then sealed in a quartz tube backfilled to 150 -

torr UHP Ar, heated to 1300 °C for 1 h, and subsequently é

guenched by placing the 1300 °C tube in water at room tem- g

perature. Samples with the Heusler structure were made for =

R=Sc, Y, Tb, Dy, Ho, Tm, Yb, and U. X-ray powder- &

diffraction data revealed trace amounts of elemental(&b

superconductor witfT.=7.2 K) in all samples, Pfd (a su- Tb, Tm

perconductor withT.=3.0 K) for R=Y, Dy, Ho, and Tm, , R

andRPd; (not superconductingor R=Yb. This method was 50 100 150 200 250 300
not successful foR=Ce, Eu, Gd, Lu, or Th, although a T(K)
minority Heusler phase was still discernible for Lu. The
R=Er sample was made by arc melting with excess Pb to FIG. 1. Normal-state electrical resistivity normalized to its
compensate for loss due to its high vapor pressure. None @pom-temperature valuep(T)/p(295 K), vs temperatureT for
the samples were subsequently annealed. RPd,Pb polycrystalline samples in which thef #lectron shell of
It is interesting to note that the related compoundsthe R ion is (a) empty or filled ano!(b_) partlally filled. Data for
RPd,Sn, with R=Tb and Dy, exhibit structural transforma- R:Gd_ are f_or a single crystal. Resistivity dropsTat7 K are due
tions at~250 and 50 K, respectively, which lowers the crys-t©© Pb inclusions.
tal symmetries. The transformations were not evident from
magnetic susceptibility, and we cannot rule out similar transQualitatively speaking, those samples with the largest-
formations occurring in ouRPd,Pb samples. momentR ions, namely,R=Gd, Ho, and Dy, exhibit the
smallest RR’s.
All of the polycrystalline samples have elemental Pb im-
RESULTS AND DISCUSSION purities, which causeg(T) to drop belowT~7 K owing to
the superconductivity of Pb. For those samples in which
p(T) does not drop to zero by then, an additional drop is
RPd,Pb (R=rare earth: Sc,Y,Gd,Tb,Dy,Ho,Er.Tm,Yb,Lu) observed belowl ~3 K due to the presence of a il im-
Electrical resistivity purity phase, which is superconducting wikp=3.0 K°® No
such resistive drops are observed for the relatively impurity-
free single-crystal specimen of Gdjfth, allowing a small
anomaly inp(T), shown in the inset of Fig.(b), to be ob-
served neail =4.5 K. This anomaly is due to antiferromag-
netic ordering of the Gd moments, as inferred from the mag-
noe%tic susceptibility discussed below.

Shown in Fig. 1 is the temperature dependence of th
normal-state electrical resistivity(T), normalized to its
room-temperature value, &Pd,Pb compounds in which the
4f electron shell of ther ions is(a) empty or filled andb)
partially filled. Except forR=Gd, for which a single crystal
was used, polycrystalline samples were measured because
the difficulty of attaching electrical leads to the extremely
small crystals. All samples exhibit metallic behavior with
positive temperature coefficient of resistance at all tempera- Shown in Fig. 2 is the inverse magnetic susceptibjfity
tures below 295 K. The data display downward curvatureas a function of temperaturg for the RPd,Pb compounds
except at the lowest temperatures where phonon scatteringith magnetic rare-earth ionR. The x(T) data were ac-
freezes out and the data eventually saturate towards the zemuired for many clusters of single crystals with random ori-
temperature value due to scattering by defects and impurientations with respect to the magnetic-field direction, except
ties. Although the degree of curvature varies among thdor R=Er for which a polycrystalline sample was measured.
RPd,Pb samples, it does not appear to depend in a systemat@ver a wide temperature rangE0<T=<300 K), the data for
way on theR ion. In particular, temperature-dependent mag-all of these samples are well described by the Curie-Weiss
netic scattering due to splitting of the ground-state multiplefaw x(T)=Nu24/3kg(T—6cw), WhereN is the number of
by the crystalline electric fieldCEF) is not obvious. The rare-earth ionsu. is the effective magnetic moment, and
resistance ratio RRp(295 K)/p(0 K) also varies a lot among 6y is the Curie-Weiss temperature. The solid lines in Fig. 2
samples, attesting to varying amounts of impurity scatteringtepresent least-squares linear fits of the data, which yield

Magnetic susceptibility
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FIG. 2. Inverse magnetic susceptibility * vs temperaturd for FIG. 3. Effective magnetic momentg of the rare-earth ionR

RPA,Pb single crystals, wherR has a partially filled 4 electron iy Rpg,Pb (solid circle, derived from Curie-Weiss fits to the mag-

shell. The measurements were made in a field of 1 T forpetic susceptibility, compared to the theoretical free-ion values
1.8<T=300 K. (open circles

values foru.4 and 6y listed in Table |. The values Qi . .
are close to the theoretical Hund's rules ground-state valueds T 0 [the ratiox(0)/x(Ty) is much larger than the theo-

for free trivalent rare-earth ions as illustrated in Fig. 3 and doret|cal value of 2/3 for an isotropic, uniaxial AFM powder

not deviate much from the Curie-Weiss fits above the ami_spemmeﬁ] and (2) |rrever3|_b|_l|ty N Xac aPpears below an
nset temperaturd,;,, reminiscent of spin-glass freezing.

fggg@ggg;“f;vcérldsi)rlli?t?ngtgmp%rfit#ée:unzqgglizténgroﬂ]r?;_th?fhe largex(0)/x(Ty) ratio is characteristic of spin glasses,
CEF but can also occur for an antiferromagnetically ordered fcc

Itipl <10 K=~1 in th . )
state multiplets are smallAcer=10 meV) in these lattice due to low anisotropy enerfjyn the latter case, the
compounds. - . .
measured susceptibility beloil, approaches, (in which

The Curie-Weiss temperaturdk,y are all negative, in- the antiparallel moments are perpendicular to the applied
dicative of antiferromagnetiCAFM) exchange interactions. par; S perp . PP
magnetic fieldH), which is more energetically favorable

These interactions give rise to AFM order at low tempera-

tures, revealed as a peak in the magnetic susceptibility fo’ihan xi (moments parallel tcH). Paramagnetic impurities

some of these samples at theeNeemperaturd, as shown .COUId a!so increase the measured value(@)/X(TN_). The
in Fig. 4 and listed in Table I. Data faR=Gd, Tb, and Dy irreversible yu{T) for GAPgPb was measured withl =1,

: o 10, 100, and 200 Oe, with little change ¥(T) or Ty. This
representy,. from static (dc) magnetization measurements , . N
taEen in aX?iCeId of 10 O€100 Oe ?orRzGd) after zero-field observation, as well as the observed scaling @fwith t_he
cooling (ZFC) and during field coolingFC). Data forR=Ho de Gennes factordescribed beloyy and the electrical-

and Er are from low-temperature ac magnetic-susceptibiIit){eSiStiVity results(described aboyeeliminate the possibility
Xa Measurements. hat these anomalies are due to superconductivity. The irre-

Two interesting aspects of the magnetic-susceptibiIityvers'b'“ty in the magnetization might be due to structural

data are(1) there is only a small decrease yiT) below Ty disorder(defects in the samples, which could give rise to

TABLE I. Physical parameters for MBBEb. A dash indicates

that the entry is not applicable to nonmagnéiicions. * indicates
not detected above 0.1 K.
M a®) g (we)  Oow (K T (K Ty (K) 7
€

Sc 6.63 0 - 2.4 - >
Y 6.74 0 - 23 - £
Gd 6.81 8.51 -17.3 * 45 ®
Tb 6.79 10.17 -16.9 * 2.8
Dy 6.76 11.13 -9.8 * 2.4
Ho 6.75 11.10 -6.5 * 0.8
Er 6.76 9.77 -5.2 * 0.6 T(K)
Tm 6.72 7.85 -2.7 21 *

— *
Yb 6.73 4.15 36 28 FIG. 4. Low-temperature magnetic susceptibilitys tempera-
L: 6.73 0 - 3'4 ture T of RPA,Pb single crystals, revealing antiferromagnetic order
T 6.88 0 - -

below the Nel temperaturély, determined from the cusp in the
u 6.85 2.8 —51 * 35 data. The data foR=Gd, Tb, and Dy are from dc measurements

- - - — taken in fields of 100, 10, and 10 Oe, respectively, upon zero-field
@0nset temperature of superconducting diamagnetic transition iBooling (ZFC) and field cooling(FC). The data forR=Ho and Er

static magnetic susceptibility. are from ac susceptibility measurements as described in the text.
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FIG. 5. Superconducting contribution to the magnetic suscepti- ]
bility Ay, after zero-field coolingZFC) and then applying a 10 Oe FIG. 6. Curie-Weiss temperaturég,y (solid circleg, Neel tem-
field, for single-crystal specimens of tRPd,Pb compounds which ~peraturesTy (open circley and onset superconducting critical tem-
were found to be superconducting. The data RsrTm and Yb  peraturesT. (open squargsof the RPd,Pb compounds, derived
were corrected for the magnetic background contribution ofRhe from magnetic-susceptibility measurements. The valagg and
ions. Ty are compared to the de Gennes facipy1)2J(J+1), repre-
sented by the solid line, and normalized to the valuesRfeiGd.

spin-glass-like behavior, or possibly geometrical frustrationsuperconducting impurities including PE.=7.2 K) and
of the ordered moments on the fcc lattice. Pb,Pd (T.=3.0 K).

The existence of bulk superconductivity was confirmed Magnetic interactions in a metal with rare-earth ions are
for some of the RPd,Pb samples from dc magnetic- governed by thesf exchange interaction between the con-
susceptibility measurements, taken upon both ZFC and FC iduction electron spinsand the total angular momentuhrof
a magnetic fieldH=10 Oe. ZFC data are shown in Fig. 5. the local 4 states, given by the Hamiltonian
The x(T) data were irreversible with the FC data being typi- 7 ;=—2 7Z51(9;—1)J-s, where Z; is the exchange cou-
cally 50% of the ZFC values for each sample, which wepling parameter and; is the Landeg factor of the rare-earth
attribute to flux pinning. A significant diamagnetic response,ion. The factor(g;—1) results from replacing the total spi
indicative of bulk superconductivity, is observed ®RPd,Pb  with its projection onto the total for rare earths with finite
compounds in whictR is a nonmagnetic trivalent ion, in- orbital angular momentunh. For superconducting metals,
cludingR=Sc, Y, and Lu. Evidently, superconductivity is the this interaction leads to magnetic pair breaking as described,
ground state of this system in the absence of magnetic pafor example, by the Abrikosov-Gorkov theory. For a lattice
breaking by magneti® ions. Thed electrons of the Pd ions of rare-earth ions, this interaction leads to the RKKY indirect
are believed to be mainly responsible for superconductivitiexchange interaction between rare-earth ions, with Hamil-
in these compoundsCuriously, superconductivity was not tonian Trrky =—2 Zerdi*J;, Where Teii~ 7 2(9;— 1)
observed down to 1.8 K for ThBEb, Th being a nonmag- The RKKY interactions are responsible for magnetic order at
netic tetravalent ion. Superconductivity was also observedbw temperatures and magnetic correlations at high tempera-
for R=Tm and Yb, which are trivalent magnetic ions with tures which result in finite Curie-Weiss temperatures. If the
the smallest values of the de Gennes factpr ()2J(J+1) magnitude of Zg; is constant, the characteristic temperatures
among the heavy magnetic rare earths. Alyedata shown in T and 6., are predicted to scale among the rare earths with
Fig. 5 for R=Tm and Yb were obtained by subtracting the the de Gennes factog{—1)2J(J+ 1), which represents the
magnetic contribution of the Tm and Yb ions, respectively.square of the component of the total si8nn the totalJ
As shown in Fig. 5, the diamagnetic shielding fractions, esdirection,|(S-J)J|%.
timated from the ZFC measurements, vary fremi0% to Figure 6 summarizes the results of the magnetic-
~60% for single-crystal specimens, and are as high as 140%usceptibility measurements on tHRPd,Pb compounds,
for polycrystalline YbPgPb. These values should be multi- showing 6y, Ty, and T, for the heavy rare-eartR ions.
plied by a factor of~2/3 to account for the demagnetization Both 6., and Ty, scale approximately with the de Gennes
correction if one approximates the cube-shaped crystals dactor (g;—1)2J(J+1), represented by the solid line in Fig.
spheres. 6 (normalized to the values fdR=Gd). Crystalline electric

The superconducting transitions are rather broad, with onfield effects could be responsible for deviations from this
set temperatures ranging from 2.1 to 2.8(%ee Table )l scaling. It is interesting to note that the valuesTgfand 6.y
Previous measurements ©f for arc-melted polycrystalline are very small compared to other rare-earth intermetallic
samples of YPgPb yielded higher values off ;(=4.76  compounds, implying small exchange interactions. Of par-
(Ref. 1) and 4.05 K2 The precise value oF is known to be ticular interest is the existence of superconductivity for
highly sensitive to the stoichiometry in these Heusler sysR=Tm and Yb. Apparently, because of the small de Gennes
tems, with a possible correlation with lattice parameterfactors, the magnetic pair breaking due to the magnetic Tm
which could be due to a sharp feature in the electronic denand Yb ions is not sufficiently strong to destroy supercon-
sity of stateg. It is not clear what value of . represents that ductivity. In addition, since Tm is a non-Kramer’s ion, it is
of the stoichiometric compound YBb. We note, however, possible for it to have a nonmagnetic CEF ground state,
that one must be very careful to account for the effects of anwhich might also reduce magnetic pair breaking. Supercon-
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FIG. 7. Isothermal magnetizatiohl vs magnetic fieldH of ‘_é 10 '/T
TmPA4,Pb single crystals ai=1.8 K. The solid line is a guide to the 3 gt
eye. The dashed line represents a linear fit to the high-field data qu>
with the slopey,=0.07 emu/mol. Inset: Low-fielH=0.1T) in- g 61
verse magnetic susceptibility * vs temperature below 10 K. The = 4r
dashed line represents a fit of the data to a Curie-Weiss law for
1.8<T=<10 K with uez=7.3ug and 6oy, =—1.4 K, revealing mag- 2r H=1T 1
netic behavior of the Tm ions. 0 ! L L L L

0 50 100 _:_5(2) 200 250 300
ductivity was previously observed in Tm&h and YbPgSn

with T, values of 2.8 and 2 K, respectivety,and YbPgSn

was discovered to exhibit coexistence of superconductivin{ric
and antiferromagnetic order of the Yb ions beldy=0.23
K.2 This coexistence has been attributed to the small d
Gennes factor of Yb. The TmR8n compound was postu-
lated to have a nonmagnetic CEF ground state. There does

not appear to be any sign of magnetic order for Teiedor ~ TMP&Pb despite the highly magnetic character of the Tm
YbPd,Pb down to 1.8 K from our magnetic-susceptibility ions even at low temperaturds-T,.

measurements.

From magnetic-susceptibility and®sn Mossbauer mea-
surements on TmR8n, Malik, Umarji, and Shend{ de-
duced that the TH ions have al'; nonmagnetic ground
state with a first excited triplet statel meV(~10 K) above
the ground state. Shown in Fig. 7 are magnetizatibfH)
data for TmP¢gPb crystals at 1.8 K, measured in fieldsup
to 7 T. TheM(H) data are nonlinear and consist of a contri-
bution that appears to saturate like a Brillouin function in
high fields and a linear term with a slopg=0.07 emu/mol,

FIG. 8. Temperaturd dependence ofa) the normalized elec-
al resistivity p(T)/p(295 K) and(b) the dc magnetic susceptibil-
ity x(T) of UPd,Pb (polycrystalline sample revealing antiferro-

%agnetic order of the U ions beloW=35 K.

UPd,Pb

In a previous study of uranium-based ternary compounds
with the chemical formula U,X with T=Pd, Au andX=In,
Si, Ge, Sn, Sb, it was found that only those with=In
formed the cubic Heusler structutélhe others revealed a
more complicated structure in the x-ray-diffraction patterns,
believed to be orthorhombic. None of those materials studied

represented by the dashed line. The linear term could be ere superconducu_ng down to 80 mK The compound
second-order van Vleck susceptibility term. Extrapolation of Pd,an' however, d|§played characteristics of valence f!ug-
the linear term to zero yields the saturation magnetization ofu@tion or Kondo lattice phenomena below a characteristic
~19x10® emu/mol, corresponding 1,J=3.4ug, which is temperature~10 K and is considerédo be a_nonmagne_tlc,
less than the saturation moment ofig7for the full Tn®* nonsuperconducting heavy-electron material. In particular,
multiplet. This reduced value could be due to the cubic CERNe electronic specific-heat coefficiept=C¢/T was found to
which splits the multiplet such that tH&? triplet, which has ~ be strongly temperature dependent with a maximum value of
the magnetic momentg T @|J|T 2)=3.13u5, lies ~270 mJ/mol K at 9.7 K and an extrapolated value 670
lowest!! A nonmagnetic ground state appears to be ruled outmJ/mol K at T=0 K.
unless the CEF splittings are very small compared to 1.8 K. We have synthesized polycrystalline samples of iHbd
Shown in the inset is a plot of the temperature dependencand found that it forms the cubic2,; Heusler structure. The
of the inverse magnetic susceptibility from 1.8 to 10 K ascubic lattice parametea=6.85+0.01 A is the largest of all
measured in a low field of 1 kOe wheM(H) is approxi- the MPd,X L2, Heusler compounds$see Table ), except
mately linear down to 1.8 K. The dashed line in the insetperhaps for a mixed-phase ThiPth sample which had a
represents a fit to a Curie-Weiss law in this temperatureomparable valua=6.88+0.05 A. It is interesting that this
range, which has nearly the samg; and 6., as the high- compound forms whileM Pd,Pb compounds witiM =Sm
temperature fits, again suggesting that the CEF splitting isnd Eu, which would have smaller or comparable lattice pa-
very small, or that thd“gz) triplet lies lowest in energy. In  rameters, do not. It is possible that the hybridization of the
either case, it is surprising that superconductivity exists irbf electrons with the conduction-band states stabilizes this
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600 : : . . : tetravalent(3.58ug) U ions. The paramagnetic constapy
could be due to an enhanced Pauli susceptibility for a heavy-
fermion compound. Significant CEF splittiid cge~100 K)
might also give rise to the observed deviation from free-ion

s 00T behavior. Not shown in Fig. (8), the x(T) data reveal

\g I slightly irreversible behavior at temperatures belbyy.

£ C(T) = 4T + pT° Shown in Fig. 9 are low-temperature specific-heat da}ta for
£ 200 = 08 mimolek? ] UPd,Pb, plotted a<C/T vs T2, for 0.5<T=<10 K. The solid

line represents a least-squares fit of the data to the equation
C(T)=9T+BT3 with y=98 mJ/mol¥ and B=3.8
0 L L . L . mJ/mol K. The value of the Sommerfeld coefficieptis at
0 20 40 60 80 100 120 least an order of magnitude larger than that of a normal
T metal, although it is small compared to prototypical heavy-
fermion compounds for which 0.25y<1 J/mol K2.1? How-
ever, the U ions are antiferromagnetically ordered at these
temperatures, which might be responsible for the observed
values of the coefficientg and 8. Measurements dE(T) to
higher temperatures will give information about the ordering,
as well as a measure gfaboveT).

B = 3.8 mJ/moleK* ]

FIG. 9. Low-temperature specific he@t plotted asC/T vs T2,
for UPd,Pb. The solid line represents a linear fit of the relation
C/T=vy+BT?, as described in the text. The large value of the
Sommerfeld constany is suggestive of heavy-fermion behavior.

crystal structure. We subsequently measw@d, x(T), and
C(T) in order to characterize it for possible heavy-fermion

behavior. CONCLUSION
The temperature dependences of the normalized electrical )
resistivity and magnetic susceptibility of UfRb are shown Single crystals ofRPd,Pb with very small amounts of

in Figs. §a) and 8b), respectively. The electrical resistivity impurity phases were fabricated. Measurements of magnetic
p(T) increases by only a few percent with decreasing temSusceptibility revealed bulk superconductivity f@=Sc, Y,
perature down te-100 K, below whichp(T) decreases. The Tm, Yb, and Lu, withT;~2-3 K. These values are lower
negative temperature coefficient of resistance above 100 K 1an expected; @ value as high as 4.76 K was previously
indicative of Kondo-like magnetic scattering and is a typicalePorted for YPgPb. The discrepancy is most likely due to
feature of heavy-fermion materials, as is the subsequent drdffferences in sample composition and/or quality. In particu-
below 100 K. A small kink in thep(T) data is observed at 'ar, theT¢'s of these Heusler compounds are known to be
T=35 K, which we attribute to antiferromagnetic ordering of S€nsitive to exact stoichiometry; off-stoichiometric polycrys-
the U ions, inferred from the magnetic-susceptibility data intalline samples might yield higheF. values. The magnetic
Fig. 8b). Like the otherMPd,Pb polycrystalline samples, rare-earth ions order antiferromagnetically with very low
p(T) drops suddenly below 7.2 K due to Pb inclusions. TheNeel temperaturedy<4.5 K. Both Ty and 6y scale ap-
low-temperature resistivity ok Pd,Pb could be studied by prox_lmat_ely with the de Gennes factor._lt is unlikely that the
applying a magnetic field sufficient to destroy the superconTm ions in TmPdPb have a nonmagnetic ground state, mak-
ductivity of Pb and P§Pd impurity phases. ing it more surprising .that it is superconducting. ThiPd
The magnetic susceptibility of UBRb is shown in Fig. Was not superconducting above 1.8 K. The Heusler com-
8(b). A sharp cusp is observed @=35 K, which we at- p_ound UPdPb orders ant_lfe'rromagnetlcally bglow 35K, and
tribute to AFM order of the U ions. In contrast to tR®d,Pb  displays many characteristics of a low effective mass heavy-
compounds which exhibit AFM order, the ratio fermion material.
x(0)/x(Ty)=0.75 for UP@Pb, which is only slightly larger
than the theoretica}l value of 2/3 for an isotropic, uniaxial ACKNOWLEDGMENTS
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