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High-quality single crystals of URthave been prepared by vertical float-zone refining in ultrahigh vacuum.
We find that the superconducting transition temperature can be varied systematically by annealing, revealing
that the transition temperature intrinsic to Y 563+5 mK. The suppression of the superconducting tran-
sition from defects is consistent with a modified Abrikosov-Gor’kov formula that includes anisotropic pairing,
Fermi-surface anisotropy, and anisotropic scattering by defgf4.63-18208)50426-2

Since discovery of unconventional pairing in superfluid purity single crystals with which to test various predictions.
%He there has been considerable interest in the existence ®heoretical work on the thermodynamic and transport prop-
similar states in superconductors. Particular attention hasrties of unconventional superconductors shows that a pow-
been directed toward the cupratessome organic erful way of testing different candidate pairing states is to
superconductors,and heavy fermion compoundsThese study the effects of impurity scattering on physical properties
strongly correlated fermion superconductors have commonf the superconducting stat®.For example, it has been
features, one of which is their sensitivity to elastic scatteringshown that the limiting values for the components of the
from defects and impurities that depends on the pairing symthermal conductivity tensor, e.g., limgx, /T, are sensi-
metry. In this paper we focus attention on one of the mostive to impurities in very different ways depending on the
intensively studied heavy fermion superconductors, sUPt orbital symmetry of the pairing statd.
where we have developed a technigue to systematically con- It is well known that fors-wave pairing in isotropic su-
trol the degree of elastic scattering. perconductors, scattering by nonmagnetic impurities has no

In early transport experiments there were indications ofeffect onT..2>'6However, the transition temperature for un-
unconventional superconducting behavior from power-lanconventional superconductors is particularly sensitive to
temperature dependences of the attenuation of sbtind.scattering by nonmagnetic impurities or defeédt©ne ob-
Acoustic experimenfs’ also showed evidence for multiple servation of this effect was by Stewaittal'® In recent work
superconducting phases in a magnetic field. The obser¥atiomn polycrystalline samples, Dalichaouehal ° substituted a
of a second superconducting transition in zero-field heat cavariety of elements for uranium in UPand demonstrated
pacity of UP§ led to a number of studies of these phases andhe suppression of . with residual resistivity. These authors
their boundarie$*! UPt; has a rich phase diagram in the argue that the rare-earth impurities produce magnetic and
field-temperature plane with at least three distinct phases aonmagnetic scattering, and that their results are consistent
fields below the upper critical field. The existence of thesewith the behavior expected for unconventional superconduct-
phases is strong evidence for a multicomponent order paranors. In earlier impurity studies, Vorenkamgi al?® substi-
eter. tuted Th and Y for U, and obtained qualitatively similar re-

Theoretical models based on several different symmetrgults. Ideally the study of the suppressionTof should be
classes have been proposed for the multicomponent ordgerformed on single crystals. Grain boundaries and the an-
parametef?? Experimental and theoretical work on both the isotropy of UP%, and possibly the anisotropy of scattering
phase diagram and transport properties has narrowed thwocesses, complicate the interpretation of the experimental
number of viable models, but currently the precise symmetryesults in polycrystalline samples.
class for the pairing state of UPis not settled. Because the ~ We report a study of the effects of impurity scattering on
signatures of the symmetry of the pairing state are particuthe suppression of superconductivity in single crystals of
larly sensitive to material quality, one of the key experimen-UPt;. As a test for unconventional pairing it is important to
tal challenges is the preparation and characterization of highmeasure the suppression of superconductivity attributable to
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FIG. 1. RRR from all the crystals. The measured residual re- T [K]]
sistivity ratio for currentJ, in thec-axis directionJ||c; along with

the equivalent values of RRRnferred from thel||a data. FIG. 2. Resistivity for a sample annealed at 900 °C and mea-

sured withJ||c. Inset: Superconducting transition for a sample an-

: . nealed at 800 °C witld||a having a transition width of 1.3 mK.
nonmagnetic scattering. We have found a means to system-

atically control defect concentrations, and we have deter-:3.5 at T=0, from Fig. 4, andp,/p.=1.80 at room

mined their influence on elastic scattering and suppression %mperatur@ 10 express the measurements deaxis ofien

superconductivity in single crystals. . ! o . ) .
The crystals we prepared have sufficient purity and per:tatlons in terms of the resistivity for the-axis orientation,

fection that we can reliably extrapolate to the clean limit anddifr']nggcrr]g;:ﬁs E?nRe-la-lhrf gti?r?rilr;e?g .(;f (Iam':giﬁmghzz?f'-
obtain the intrinsic superconducting transition temperature of" Ing Ing perature Is evi : I

UPtL, 563+5 mK. From our measurementsee below we culty in establishing and measuring the annealing conditions,
congé,lude that thé defects are not chemical impurities. Théncluding the cooling schedule, likely gives rise to the spread

observed suppression of the transition temperature with iy the data in Fig. 1 for low annealing temperatures. None-

/ . : heless, a clear trend is apparent and the best quality crystals
r lasti ttering from th fects is further evj- ; X :
creased elastic scattering fro ese defects is further e ave RRR of order 1500, in comparison with bulk crystals

dence for unconventional pairing in this compound. ; : 24-26 .
The crystals were prepared in a vertical float-zone refinin eported in _the literature, RRR.BO' Frqm previous
ork we estimate that contributions to tkeaxis resistivity

system that operates with electron-beam heating in ultrahig hemical i i | h Jat. %19
vacuum (10 torr) 2! Annealing was performed at differ- fom chemical impurities are less than/4@ cm/at. %.

ent temperatures in a furnace, also operating in uItrahigIWe use our Impurity concentrat_lon values to estabiiiite
vacuum, where the sample was placed on & WBtder and conservatively that they would limit the RRRto be above

heated by an electron gun for six days followed by sIOW4000, giving a negligible contribution to the measured re-

cooling over a four day period. Characterization by x-raySldual _reS|st|V|t|es of f(_)u(; crlystalsa L:csnlg ':rz_insmlstsrl]onbelecl-
rocking curves and chemical analysis based on mass spe on microscopy we find pianar detects lying in the basa

trometry were performet- The total impurity concentration plane.s.with the césfect density being hjgher for the higher
was determined to be 10 parts per million by weigt& ppm resistivity sample$! The measured density of planar defects

atomic concentratiorand the concentrations of conventional is consistent with the measured residual resistivities. Thus,
magnetic impuritiesFe, Cr, Co, Mn, Nj are less than 0.03 we cqnclude that the residual resistivity has a significant con-
ppm by weight. tribution from these structural defects.

The resistivity, susceptibility, and specific heat were mea- In Fig. 2 we show the resistive transitions of two crystals.

. The inset shows one of the narrowest resistive transitions
sured to temperatures well below the superconducting tran- . .
P P g easured to daty T,=1.3 mK, determined as the interval

sition. For all samples studied the specific heat exhibited ! :
well defined double pea®. The x-ray rocking curve of the etween 1.0% anq 90% O.f Fhe Jump gig.
[002] reflection, for a sample annealed at 1250 °C had a full The anlsotrpplc resistivity has two components at low
width at half maximum(FWHM) of 63+ 5 arcseconds com- temperature¢Fig. 2),
ared to the theoretical minimum FWHM calculated to be 60 — 2
grcseconds according to the Darwin-Prins md&@efhis is PiT)=pot AT @
evidence for very high crystal quality. The samples whichThe index,i=(a,c), identifies the direction of the current
we report on here were obtained from three zone-refiningelative to the hexagonal unit cell. The temperature indepen-
runs, which produced large single crystals40 g). Rect- dent term,pq, results from elastic scattering of quasiparti-
angular, needle-shaped specimens, typicaly5x0.5 cles from defects and impurities, and thé term is due to
X 0.5 mn?, were cut by electron discharge machining. Theinelastic scattering, which we assume is a result of
transition temperature was determined by an ac four-probguasiparticle-quasiparticle collisions. The coefficidqt is
technique with excitation< 30 A, to avoid self-heating® then inversely proportional to the average squared Fermi ve-
In Fig. 1 we show the behavior of the residual electricallocity projected along the direction As a consequence of
resistivity ratio(RRR), extrapolated to zero temperature, for the large effective masses, the coefficients in heavy fer-
different annealing temperatures. Note that each point reprenions are much larger than in conventional metals. The re-
sents a separate sample. The RRR is expressed as a radigts of our measurements of the anisotropy of the elastic
relative to the room temperature resistance. The resistivity ocattering coefficient are presented in Fig. 3. Note that the
UPt; is anisotropic and so we have used the valpgdpo.  inelastic coefficients are independent of the residual resistiv-
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FIG. 3. Inelastic scattering coefficients for both orientations as a

function of po. FIG. 4. T, suppression in URtvs the residual resistivity for
) ] ) ) ] ] _both orientations. The solid and dashed lines are theoretical fits for
ity, as expected for quasiparticle-quasiparticle scattering withkyn Eq OF Ey, order parametefsee below.
low concentrations of defects and impurities.
If the inelastic scattering probability is isotropic, the an- myla for pair breaking in conventional superconductors by

isotropy in the angular average of the Fermi velocity can b . - ; —pris
determined from the\, coefficients, ‘?nagnlenc |mpur|t|§s, |.e.., Iﬁlo/_Tc? \If[z- (ﬁ/Zwrk.BTc)]
—W(3), where 1f is the isotropic impurity scattering rate,

A, (vi(pp) T, is the superconducting transition temperatirg, is the
A2 269003 (2)  transition temperature of the perfect, clean material, #rid
e (via(P)) the digamma function. This equation, combined with the

The elastic scattering rate can be inferred from the repn’!de formula, relates the s_uppression'l_’gfto the re_sidual_
sidual resistivitiespg , and the Drude result reS|st|v_|ty, Po- We extend this re.sult to include ar)lsotrop|c
Oi s ’ scattering in superconductors with an unconventional order
5 parameter and an anisotropic Fermi surface. The simplest
p01:i< E) ys(vfz-(pf)f(pf)), (3) model tha_t can a_ccount for the observed uniaxial anisotropy
' 2\ k ! of the resistivity is a two parameter modei-ave andp-
) ) ) ) ~wave for the scattering rate of a quasiparticle with Fermi
wherer(py) is the transport time for quasiparticles scatterlngmomem”mpf scattering off anisotropic impurities or de-
into the direction p; on the Fermi surface, andyg fects,

=27%k2N; is the Sommerfeld coefficient for the linear term
in the electronic specific heat. Thus, the anisotropy in the 1/ —1/r— 302/ 5
residual resistivitypg,/poc , is determined by the anisotropy 7(pr) = 1ro=3pi 71, ©

in the Fermi velocities and the elastic scattering time. W%heref) is the direction of the Fermi momentum andrd/
define effective scattering times faraxis andc-axis trans- >3/7, gfuarantees (p;)=0. This model is applicable to
port by Ti:<v_$i(pf)T(pf)>/<”%i(9f),>',For isotropic scattering  gpisotropic scattering by a nearly homogeneous distribution
times the ratio of residual resistivities faraxis andc-axis ¢ structural defect®® The suppression of, also depends

measurements is inversely proportional to the ratio of Fermiy, the anisotropy of the pairing state. We restrict the analysis
surface averages of tlah-plane anct-axis Fermi velocities. (5 the pairing states that can explain both teT phase

However, the Fermi velocity anisotropies above cannot aCgiagrani? and the anisotropic thermal conductivifyThis
count for the anisotropy Obg; . From our measurements of regtriction allows only the order parameters belonging to the
the suppression of; as a function of residual resistivity we E,q OF E,, pairing symmetries, which are the leading candi-
infer that the elastic scattering rate is anisotropic in 4JPt §stes for the superconducting phases of J3Bt The

e, ground-state basis functions for these two models are
Te  Poa 7E (pf):pfz(pfxiipfy)2 and 7z (Pr)=PrPixEiP1y)-
c_Poac " 2u X S 1g 17 . ;

T P =1.3+0.1. (4)  The calculation of the suppression Bf,’ including aniso-
a FocTa tropic scattering and anisotropic pairing, gives

The ratiopg,/ pg.= 3.5+ 0.3 used in Eq(4) is obtained from

the slopes of thdl, suppression foa-axis andc-axis cur- T (1 4 o (11

rents in Fig. 4. Extrapolation to zero resistivity giv&s, I”T_CO_\I' 5= P [*W| 5+5a(p) | ), (6)
=563+5 mK, where the accuracy is determined by absolute

thermometry. where a(py)=h/[2mkgT r(pr)] and Q=(|n(ps)|?). For

The basis for this analysis follows from a generalizationweak scattering Eq(6) reduces to
of the Abrikosov-Gor’kov formula for the pair-breaking sup-
pression ofT . to include anisotropic scattering in unconven- T, w2 1 )
tional superconductors. The suppressio gby a homoge- T_Cozl_ 22 Hn(p)l*alpy). ()
neous distribution of isotropic, nonmagnetic impurities has
been calculated for unconventional superconductoesid is  Evaluating the Fermi-surface averages for the model
given by a formula similar to the Abrikosov-Gorkov for- gives®
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T, w2 3 In conclusion, we have grown high quality crystals of
T_Oz 1- 2 9%, afm. (8 UPt; and have found a means for controlling the elastic scat-
(o] o]

tering by ultrahigh vacuum annealing. Using transmission
whereq=1-1/3r for the E;, model andy=1-3/7r forthe  electron microscopy we have identified the defects princi-
E1q model. The anisotropy ratio is defined by 7,/37o. pally responsible for the scattering as planar defects. We
Similarly, from thes-p model for the scattering rate and show independently that they are not chemical impurities.
the definition of the effective scatterln_g tlmes, we can relaterpe measured suppressionTf with increasing residual re-
these to thes-wave andp-wave scattering times, sistivity is in good agreement with a simple generalization of
the Abrikosov-Gor’kov theory, which includes anisotropic

r
Ta= 705[1—(ﬁ— 1/yr)tanh {141, (9)  scattering, unconventional pairing, and Fermi-surface anisot-
ropy. We infer from the data and this model that the effective
i i i 0, I -
o= 1o \/Ftanh‘ 11/ JF) “11. (10 scattering rate is approximately 30% weakerdeaxis trans

port compared withab-plane transport. Finally, we have
These results foll /T, and 7, . can be combined to ex- shown that our crystals approach the perfect, clean limit un-
pressT /Ty in terms of eitherpg, or po.. The slopes, der appropriate annealing conditions. By extrapolating to
dT./dpga=—26.6t2 mK/uQ cm, dT./dpo.=—93.0 zero elastic scattering we deduce the intrinsic transition tem-
*1 mK/uQ cm, from Fig. 4 can be used to determing  perature of URtto be 5635 mK.
and 7., and thus thes- and p-wave scattering times. From ] ] ]
the measured anisotropy ratios we obtajn 7,=1.3+0.1 We thank M. Bedzyk, B. Davis, and M. Meisel for their
[Eq. (4)]. The ratio of thes-wave andp-wave scattering rates contributions to this work and to the heavy fermion research
is thenr =2, which corresponds to effective scattering timesProject at Northwestern. The research was supported in part
7,=1.13r, and 7.~ 1.48r,. Combined with the Sommerfeld by the NSF(DMR-9705473 Focused Research Group Pro-
coefficient, ys=430 mJmol'! K28 and Eq.(3), we ob-  gram and the NSKDMR-9120000 through the Science and
tain <Uf2(pf)>l/2:(2<v$a>+<vfzc>)l/223-3 km/s. This aver- Technology Center for Superconductivity. Use was made of
age is consistent with averaged velocities for extremal orbitshe Central Facilities of the Northwestern University Materi-
obtained from de Haas-van Alphen measurementsals Research Center, supported by the NSMR-912052)
3.5-5.5 km/s*®® MRSEC program.
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