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Suppression of superconductivity in single crystals of UPt3 by Pd substitution
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The suppression of superconductivity by substitution effects has been measured in high-quality single
crystals of U(Pt12xPdx)3 with 0<x<0.002. While the superconducting transition temperatureTc varies lin-
early with residual resistivityr0, consistent with pair breaking by impurity potential scattering, the rate of
suppression ofTc with r0 is much larger for Pd substitution than for other impurity substitutions or by
increased defect density. This effect is correlated with an increase in the inelastic scattering coefficient and may
be related to Pd-induced changes in the magnetic fluctuation spectrum.@S0163-1829~99!12829-7#
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Pd substitution is a powerful method to study unconv
tional superconductivity and magnetism in UPt3. Early stud-
ies of polycrystalline U(Pt12xPdx)3 for x<0.002 showed
that Pd substitution is unique in that it increases the splitt
DTc between transition temperatures of theA and B super-
conducting phases by 40 mK forx50.002.1 Addition of Pd
also increases the zero-temperature moment associated
the anomalous ‘‘small-moment’’ antiferromagnetic~SMAF!
phase above thex50 value of 0.02mB , and the correlation
between the increased moment andDTc has been
confirmed.2 For x.0.01, ‘‘large-moment’’ antiferromag-
netism ~LMAF ! is observed through neutron scattering3,4

muon spin rotation,5 specific heat,6 and other conventiona
methods; the ordered moment increases to maximum
0.6mB for x50.05. In contrast, SMAF is convincingly ob
served only via neutron and magnetic x-ray scattering.4,7,8 It
has been speculated that the SMAF state is not static,
fluctuating in time,4,9,10 while the LMAF state is a conven
tional statistically ordered AFM state.4 This view is consis-
tent with recent work11 which indicates that the Pd conce
tration at which Tc is suppressed to 0 K is also the
concentration at which the LMAF state is first observed, i
plying that the presence of magnetic fluctuations plays a
cial role in forming the superconducting state. From the
considerations it is clear that an understanding of the eff
of Pd substitution on UPt3 can provide substantial insigh
into the microscopic origins of superconductivity and ma
netism, and their interplay, in this system.

In this work we will present data on the suppression
superconductivity in high-quality single crystals
U(Pt12xPdx)3 by varying the Pd content. This work paralle
a recent study of the suppression of superconductivity
defects in single crystals of pure UPt3,12 and a comparison
with that work will show that Pd substitution causes chan
beyond those expected for simple impurity potential scat
ing.

Samples were grown from starting materials of natura
with a purity of 99.98% and Pt and Pd with 99.999% puri
Single-crystal samples of U(Pt12xPdx)3 with x50 and 0.001
were prepared in a mirror furnace via the horizontal float
zone technique. Thex50.002 crystal was prepared in a tr
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arc furnace using the Czochralski technique. U(Pt12xPdx)3

forms in a HCP-like lattice forx<0.15.13 Samples were sub
sequently annealed at 950 °C for 4 days in high vacuum w
a uranium getter, followed by a 2-day cooldown.4 Pd is iso-
electronic with Pt, and because the ionic radii of the two
nearly equal, the fractional unit cell volume change asso
ated with substituting 1% of Pt with Pd is less than 1024 and
is caused primarily by a reduction of thec/a ratio. A similar
reduction in volume would result from the application of
hydrostatic pressure of about 0.2 kbar, although in that c
the c/a ratio increases due to the anisotrop
compressibility.13

The pure UPt3 single crystal has a room-temperature
residual resistivity ratio of 780 for current flow along thec
axis, in good agreement with the data presented in Ref
for samples annealed under similar conditions. Based on
impurity levels of our starting materials, we estimate o
nominally pure UPt3 crystal to have a residual resistivity o
about 0.2mV cm, and this is consistent with the results to
presented. In addition to the resistivity data presented in
work, all the crystals have been characterized through x-
Laue patterns, neutron scattering,3,4 and specific heat
measurements.2 The high quality of the crystals is evidence
by the well-defined double-superconducting transitions
served for all three annealed crystals.

We have cut several samples from the three single c
tals described above. For a given concentration and orie
tion, there are small deviations in the resistive parameter
the samples. Studies on polycrystals1,11 show that the re-
sidual resistivity depends linearly on Pd concentration fox
,0.01, and we will assume here that the sample-to-sam
variations for a given nominal Pd concentration are prima
caused by slight variations in the actual Pd concentration

Electrical leads were soldered to the samples. Resista
was measured by a four-terminal ac bridge method, w
excitation currents of 100mA at a frequency of 15 Hz. The
current dependence of the resistive parameters was mea
to ensure that no self-heating of the samples occurred. M
surements were carried out in a3He refrigerator with a cali-
brated RuO2 thermometer in Amsterdam; additional me
3056 ©1999 The American Physical Society
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surements were then carried out on some of the s
samples in a3He refrigerator with a commercially calibrate
Cernox14 thermometer at Boston College, and no quantitat
change in the results was observed. The resistivity is ca
lated from the resistance by normalizing our room tempe
ture values to 238mV cm ~current along thea axis! and 132
mV cm ~current along thec axis!, as measured for single
crystal UPt3,15 and we assume that the room-temperat
values are unaffected by the addition of small amounts of

In Fig. 1 we show typical resistivity versus temperatu
curves for three samples with nominal Pd concentrations
x50, 0.001, and 0.002 and for current directed along tha
and c axes. The data aboveTc are described by the Ferm
liquid theory expression

r i5r0,i1AiT
2 ~1!

for temperatures below about 1 K; the subscripti (5a,c)
denotes the current flow axis. The constant and quadr
terms represent the elastic and inelastic scattering contr
tions, respectively. In Fig. 2 we plot the results for the
elastic scattering coefficientAi vs r0,i , extracted from data
in Fig. 1 as well as from data for different samples cut fro
the same crystals. TheAi increase linearly withr0, and the
magnitude of the increase is significantly larger than t
observed for substituting Y or Th for U.1 In Ref. 12, theAi
values were approximately constant, although studied ov
small range ofr0 values. Asr0˜0, we find a ratio of
Aa /Ac52.7060.13, in good agreement with Ref. 12. Non
theless, the strong variation of theAi with increasingr0
clearly indicates thatPd substitution produces effects beyo
simple impurity or defect scattering, which would leave the
Ai unchanged.

FIG. 1. Resistivity plotted versusT2 for U(Pt12xPdx)3 with
nominal concentrations ofx50, 0.001, and 0.002 for current~a!
along thea axis and~b! along thec axis. Lines are linear fits.
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The increase of theAi values with Pd substitution fo
these samples is accompanied by an increase2 in the elec-
tronic coefficient of specific heatg such that the Kadowaki-
Woods ratio16 Ai /g2 remains constant within the experime
tal error of roughly 10%. This is strong evidence that t
increase in theAi is related to bulk properties which dom
nate the thermodynamics of the system.

In Fig. 3 we show the results forTc , determined by a
50% drop in the resistance relative to the extrapola
normal-state resistance, as a function ofr0. The data are well
described by a linear suppression. A similar linear relatio
ship was obtained in Ref. 12~also shown in Fig. 3!, as well
as for polycrystals of the type U12xMxPt3 with M represent-
ing a variety of rare-earth and other ions.17 Our rate of sup-
pression with residual resistivity with current along th
c axis, 2dTc /dr0,c , is 166610 mKmV21 cm21, while
the corresponding rate for thea-axis data is 6565 mK
mV21 cm21; both are much larger than the correspondi
rates reported in Ref. 12, 96 and 27 mKmV21 cm21, respec-
tively.

Extrapolation of our data tor050 yields an ‘‘intrinsic’’
Tc(r050)557866 mK, significantly higher than the valu
56365 mK obtained in Ref. 12. It is possible that this di
crepancy arises from the fact thatTc may vary nonlinearly
with r0, and we must extrapolate from higher values ofr0
compared to those of Ref. 12. However, we have measur

FIG. 2. Inelastic scattering coefficient plotted vs residual res
tivity for current along thea andc axes. Solid circles are the data
and solid lines are linear fits. The open circles are data taken f
Ref. 12.

FIG. 3. Superconducting transition temperature plotted vs
sidual resistivity for current along thea andc axes. Solid circles are
the data, and solid lines are linear fits. The open circles and da
lines are data and linear fits, respectively, taken from Ref. 12.
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separate series of polycrystalline samples of pure UPt3, with
residual resistivities in the range 0.17–0.30mV cm, and we
have found values ofTc in excess of 570 mK,11,18 indicating
that the higher value may indeed be correct.

As a check on our data, which are taken over a limi
range ofr0 values, we again refer to data taken by us11 on
polycrystalline U(Pt12xPdx)3 with 0<x<0.006. In that
work, we also found a linear suppression ofTc with r0 for
values up to 5mV cm. The intrinsicTc(r050)558068
mK, and the rate of suppression is2dTc /dr0577
64 mKmV21 cm21. Clearly, the intrinsicTc is equivalent
to our single-crystal result. The rate of suppression should
compared to thea-axis value for the single crystals due
preferential alignment during the arc-melting process.1 The
result is very close to the single-crystal value of
mK mV21 cm21, the slightly higher value presumably du
to the imperfect alignment in thea-b plane.

Finally, we show in Fig. 4 the details of the resistiv
superconducting transitions for different Pd concentratio
Interestingly, while the width of the resistive transition~as
determined by a 10%–90% criterion! is unaffected by Pd
concentrations up to 0.002 for current along thec axis, for
current along thea axis the width increases from 7 to 19 mK

As discussed in Ref. 12, if the inelastic scattering pro
abilities are isotropic, the anisotropies in the values ofr0,i
and Ai can be used to extract the anisotropy of the ela
scattering timest i :

tc

ta
5

r0,aAc

r0,cAa
. ~2!

FIG. 4. Resistivity divided by the~extrapolated! normal-state
resistivity plotted vsT-Tc in the vicinity of Tc for U(Pt12xPdx)3

with nominal concentrations ofx50, 0.001, and 0.002 for curren
~a! along thea axis and~b! along thec axis.
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The ratior0,c /r0,a50.39, as found from the slopes of Fig.
Because theAi vary with Pd content, we use the ratio e
trapolated tor050. Thus we find

tc /ta51.060.2,

to be compared to the results of Ref. 12,tc/ta51.360.1. In
terms of the calculations presented in Ref. 12 for an an
tropic unconventional superconductor withE1g or E2u pair-
ing symmetry, our results imply that onlys-wave impurity
scattering is significant in this system. However, the re
tively large error in our result makes an interpretation dif
cult.

The Tc suppression rates with residual resistivity are s
nificantly higher for Pd substitution than for suppression
defects. It is also higher than for substitutions on the
site,17,19 where the rate for various substitution
U0.997M0.003Pt3 is in the range 40–50 mKmV21 cm21, a
value consistent with the defect suppression rate. Once a
it is found that Pd substitution is anomalous. There are re
tively few studies of substitutions other than Pd on the
site. Ni substitution produced multiple phases.19 Limited
studies on polycrystalline samples show that Au substitut
suppressesTc at a rate similar to the U-site substitution
while Ir substitution has a value of2dTc/dr0 that may be
comparable to that for Pd substitution.20 No data exist re-
garding its effect on theAi .

As given in Ref. 17, the shift ofTc from its zero-impurity
value,DTc , can be written as the sum of impurity potenti
and spin-flip scattering terms. It has been clearly dem
strated that both magnetic and nonmagnetic impurities s
press superconductivity at the same rate with respect tor0 in
UPt3.17,19The lack of a spin-flip scattering contribution ind
cates parallel-spin electron pairing, a conclusion also dra
from recent NMR measurements.10 Thus we believe that
magnetic pair breaking is not playing any significant role
the suppression ofTc .

Our results suggest that the enhanced value
2dTc/dr0,i observed for Pd substitution is directly related
the increase in theAi . This claim is supported by specifi
heat measurements on UPt3,21 which show that applying
stress along thec axis reducesTc . While theAi coefficients
were not measured in that work, it was found that t
normal-state electronic coefficient of specific heat increas
Assuming a constant Kadowaki-Woods ratio, this impli
that theAi increase asTc decreases, as for our results. It h
also been reported that pulling whiskers of UPt3 along thec
axis causesTc to increase and theA coefficient to decrease.22

Because Pd has the effect of reducing thec/a ratio, these
results indicate thatc/a may play an important role in form
ing the superconducting state, as it does for magnetism4 in
UPt3.

Our correlation between2dTc /dr0,i and Ai can be un-
derstood qualitatively if we assume that in addition to imp
rity potential scattering, there is a contribution to pair brea
ing from inelastic scattering processes. For example, Mil
Sachdev, and Varma23 described how electron scatterin
from low-frequency antiferromagnetic fluctuations cou
lead to pair breaking in anisotropic, spin-fluctuatio
mediated superconductors~calculated fors- andd-wave pair-
ing only!. Assuming that the low-temperature resistivity
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UPt3 results from spin-fluctuating Fermi liquid behavior,24

then the Ai}Tsf
22 , where Tsf is the characteristic spin

fluctuation temperature@'20 K in UPt3 ~Ref. 25!#. Pd sub-
stitution increasesAi , therefore decreasingTsf . This results
in an increase in the low-temperature spin fluctuations
enhanced inelastic scattering. We note that the increas
spin fluctuations with increasing Pd content is also consis
with the approach to static magnetic ordering~the LMAF
phase! whenx.0.007.

This qualitative explanation has some difficulties. For e
ample, increasing hydrostatic pressure reduces bothTc and
theAi .25 However, it must be remembered that the magne
fluctuation spectrum of UPt3 is complex,7,26–28 and so the
value of the inelastic scattering coefficient may contain ma
contributions in addition to fluctuations resulting in the pa
breaking inelastic scattering processes. To fully characte
these relationships would require a complete compariso
the magnetic fluctuation spectrum for U(Pt12xPdx)3 with
moderate amounts of Pd substituted~e.g., x50.005) with
pure UPt3 at ambient and high pressures. Such a study
beyond the scope of this paper.

Finally, we comment on the anisotropic broadening of
superconducting transition shown in Fig. 4. The simpl
magnetic structure in agreement with neutron-scattering
sults for the SMAF phase is singleq with the local magnetic
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moments aligned parallel or antiparallel to thea axis.29 Thus
it is natural to associate the broadening ofTc with the mea-
sured increase in the SMAF ordered moment which occ
for Pd substitution. There are three equivalent magnetic
mains in thea-b plane for this structure, and so it is possib
that the broadening forI ia axis results from scattering a
domain walls. This does not occur for current directed alo
thec axis as all three magnetic domains are equivalent al
the c axis.

In conclusion, we have measured the suppression of
perconductivity in high-quality single crystals of UPt3 by
substitution of Pd for Pt. The rate of suppression with
sidual resistivity,2dTc /dr0, is larger than similar rates
caused by defects or other impurity substitutions and may
associated with pair breaking by inelastic scattering p
cesses resulting from enhanced spin fluctuations.
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