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Suppression of superconductivity in single crystals of URtby Pd substitution
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The suppression of superconductivity by substitution effects has been measured in high-quality single
crystals of U(Pt_,Pd); with 0<x=<0.002. While the superconducting transition temperafyearies lin-
early with residual resistivity,, consistent with pair breaking by impurity potential scattering, the rate of
suppression ofl . with py 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 spe¢80463-182609)12829-1

Pd substitution is a powerful method to study unconvenarc furnace using the Czochralski technique. Y(RPd,)4
tional superconductivity and magnetism in YREarly stud-  forms in a HCP-like lattice fok<0.15° Samples were sub-
ies of polycrystalline U(Rt Pd,); for x<0.002 showed gsequently annealed at 950 °C for 4 days in high vacuum with
that Pd substitution is unique in that it increases the splitting, yranjium getter, followed by a 2-day cooldofvRd is iso-
AT, between transition temperatures ofltAean_d_ B super-  glectronic with Pt, and because the ionic radii of the two are
conducting phases by 40 mK far=0.002> Addition of Pd o411y equal, the fractional unit cell volume change associ-

also increases the zero-temperature moment associated W;Lmed with substituting 1% of Pt with Pd is less than 4@nd
the anomalous “small-moment” antiferromagnetBMAF) is caused primarily by a reduction of tleéa ratio. A similar

phase above the=0 value of 0.02, and the correlation reduction in volume would result from the application of a

between the increased “ moment amd;rc has been hydrostatic pressure of about 0.2 kbar, although in that case
confirmed® For x>0.01, “large-moment” antiferromag- : . . .
the c/a ratio increases due to the anisotropic

netism (LMAF) is observed through neutron scatte , -
ism ( ) | M U u riy compressibility*®

muon spin rotatior, specific heaf, and other conventional )
methods; the ordered moment increases to maximum of 1he Pure UPfsingle crystal has a room-temperature to

0.6ug for x=0.05. In contrast, SMAF is convincingly ob- regidqal resistivity ratio of 780 for current flow alopg the
served only via neutron and magnetic x-ray scattefinglt axis, in good agreement with the data presented in Ref. 12
has been speculated that the SMAF state is not static, bigr samples annealed under similar conditions. Based on the
fluctuating in time*®'°while the LMAF state is a conven- impurity levels of our starting materials, we estimate our
tional statistically ordered AFM stafeThis view is consis- nominally pure UPJ crystal to have a residual resistivity of
tent with recent work! which indicates that the Pd concen- about 0.2 cm, and this is consistent with the results to be
tration at which T, is suppressedot 0 K is also the presented. In addition to the resistivity data presented in this
concentration at which the LMAF state is first observed, im-work, all the crystals have been characterized through x-ray
plying that the presence of magnetic fluctuations plays a crukaue patterns, neutron scatterithty, and specific heat
cial role in forming the superconducting state. From theseneasurementsThe high quality of the crystals is evidenced
considerations it is clear that an understanding of the effectgy the well-defined double-superconducting transitions ob-
of Pd substitution on URtcan provide substantial insight served for all three annealed crystals.
into the microscopic origins of superconductivity and mag- We have cut several samples from the three single crys-
netism, and their interplay, in this system. tals described above. For a given concentration and orienta-
In this work we will present data on the suppression oftion, there are small deviations in the resistive parameters of
superconductivity in high-quality single crystals of the samples. Studies on polycrystdfsshow that the re-
U(Pt,_«Pd) 5 by varying the Pd content. This work parallels sidual resistivity depends linearly on Pd concentrationxfor
a recent study of the suppression of superconductivity by<0.01, and we will assume here that the sample-to-sample
defects in single crystals of pure YPf and a comparison variations for a given nominal Pd concentration are primarily
with that work will show that Pd substitution causes changesaused by slight variations in the actual Pd concentrations.
beyond those expected for simple impurity potential scatter- Electrical leads were soldered to the samples. Resistance
ing. was measured by a four-terminal ac bridge method, with
Samples were grown from starting materials of natural Uexcitation currents of 10Q.A at a frequency of 15 Hz. The
with a purity of 99.98% and Pt and Pd with 99.999% purity. current dependence of the resistive parameters was measured
Single-crystal samples of U(Pt,Pd,); with x=0 and 0.001 to ensure that no self-heating of the samples occurred. Mea-
were prepared in a mirror furnace via the horizontal floatingsurements were carried out in®ale refrigerator with a cali-
zone technique. The=0.002 crystal was prepared in a tri- brated RuQ@ thermometer in Amsterdam; additional mea-
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16 [ (b) ‘ ‘_0002 ‘ ' g FIG. 2. Inelastic scattering coefficient plotted vs residual resis-
i:/-/_,,«)"'/ tivity for current along thea andc axes. Solid circles are the data,
T 12 L 8 and solid lines are linear fits. The open circles are data taken from
S j‘/ x=0001 Ref. 12.
= 08 ¢t :.‘ r/‘;
° : x=0 The increase of thé\; values with Pd substitution for
04+ i these samples is accompanied by an increaséhe elec-
0 i ‘ . tronic coefficient of specific heat such that the Kadowaki-
0 02 04 06 08 1.0 Woods ratid® A; / y? remains constant within the experimen-

tal error of roughly 10%. This is strong evidence that the

2 2
T (K) increase in the); is related to bulk properties which domi-
FIG. 1. Resistivity plotted versug? for U(Pt_,Pd,); with nate thg thermodynamics of the system. .
nominal concentrations of=0, 0.001, and 0.002 for curreri&) In Fig. 3_We show Fhe results fO_TC' determined by a
along thea axis and(b) along thec axis. Lines are linear fits. 50% drop in the resistance relative to the extrapolated

normal-state resistance, as a functiopg@fThe data are well

surements were then carried out on some of the sam escribed by a linear suppression. A similar linear relation-
samples in @He refrigerator with a commercially calibrated ship was obtained in Ref. 1@lso shown n Fig. B as well
CernoxX*thermometer at Boston College, and no quantitativeas for po!ycrystals of the typelUXMXREHW'th M represent-
change in the results was observed. The resistivity is calcnd @ variety of rarg-earth and_ qther : SOur rate of sup-
lated from the resistance by normalizing our room temperapres@'On év_'lfh/ dres'd“?" ;%%it'l\gty VKV'thQELi"en_tl alop]%] the
ture values to 23 cm (current along the axis) and 132 'fh axis, —dlc d_Po,m Its tor th m "tj . c';mGE,SW 'E
w) cm (current along thec axis), as measured for single- € 7clorreis§).on Ing rate for tha-axis data 1s me
crystal UP3,'° and we assume that the room-temperature“? cm . dbpthRa]Eelgwugg Ia(rjg;; th%w_tlhe c_:cirrespondmg
values are unaffected by the addition of small amounts of Pd:.a els reportedin Ret. Lz, Joan ' cm =, respec-

In Fig. 1 we show typical resistivity versus temperature |veEy. lati ¢ d —0 vield e
curves for three samples with nominal Pd concentrations of xtrapolation of our data tpo=0 yields an “intrinsic
x=0, 0.001, and 0.002 and for current directed alongahe Te(po=0)=578-6 mK, significantly higher than the value

andc axes. The data abovk, are described by the Fermi 563+5 mK obtained in Ref. 12. It is possible that this dis-
liquid theor.y expression crepancy arises from the fact thdf may vary nonlinearly

with pg, and we must extrapolate from higher valuespgf
compared to those of Ref. 12. However, we have measured a

pi=poj+AT? 1)

for temperatures below about 1 K; the subsciifft=a,c) 560
denotes the current flow axis. The constant and quadratic
terms represent the elastic and inelastic scattering contribu- . 520
tions, respectively. In Fig. 2 we plot the results for the in- X

; . . £
elastic scattering coefficiem; vs po;, extracted from data =, 480+
in Fig. 1 as well as from data for different samples cut from =
the same crystals. Th&; increase linearly wittpg, and the 440+
magnitude of the increase is significantly larger than that
observed for substituting Y or Th for Uln Ref. 12, theA, 400 S 05 10 15 20 25
values were approximately constant, although studied over a | ’ ' ' ' '
small range ofp, values. Aspy—0, we find a ratio of Py, (ML cm)
A,/A.=2.70+0.13, in good agreement with Ref. 12. None-
theless, the strong variation of th& with increasingp, FIG. 3. Superconducting transition temperature plotted vs re-

clearly indicates thaPd substitution produces effects beyondsidual resistivity for current along theeandc axes. Solid circles are

simple impurity or defect scatteringvhich would leave the the data, and solid lines are linear fits. The open circles and dashed
A; unchanged. lines are data and linear fits, respectively, taken from Ref. 12.
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10F , ‘ ' A, The ratiopg./pg,=0.39, as found from the slopes of Fig. 3.

(a) LA Because the\; vary with Pd content, we use the ratio ex-

£ 087 vt ] trapolated tgp,=0. Thus we find

Z 06

< ° T/ 7,=1.0x0.2,

b 0.4 . x=0

* 02 ' . 5.002) | to be compared to the results of Ref. ¥2|7,=1.3+0.1. In
A . . terms of the calculations presented in Ref. 12 for an aniso-

0.0 “ ; : -
45 10 5 0 5 10 15 tropic unconventional superconductor wi, or E,, pair

ing symmetry, our results imply that onkrwave impurity

T-T,(mK) scattering is significant in this system. However, the rela-
tively large error in our result makes an interpretation diffi-
cult.

10f ‘ ‘ , T o] The T, suppression rates with residual resistivity are sig-
(b) N nificantly higher for Pd substitution than for suppression by
e 087 ) ] defects. It is also higher than for substitutions on the U
3 06 - | site} "' where the rate for various substitutions
= 04l . | U0.997M0,00§_3t3 is in the range 40-50 mth cm - a
= . o « x=0 yqlue consistent with thg d(_efec_t suppression rate. Once again
0.2t ] it is found that Pd substitution is anomalous. There are rela-
- ’ tively few studies of substitutions other than Pd on the Pt

site. Ni substitution produced multiple phasesLimited
studies on polycrystalline samples show that Au substitution
T-T_ (mK) suppresseg . at a rate similar to the U-site substitutions,
o while Ir substitution has a value of dT./dp, that may be
FIG. 4. Resistivity divided by thdextrapolated normal-state comparable to that for Pd substituti®hNo data exist re-

re_sistivity_ plotted vsT-TC_ in the vicinity of T, for U(Pt,_,Pd); garding its effect on the\, .
with nominal con_centratlons of=0, 0.0Ql, and 0.002 for current As given in Ref. 17, the shift oF ., from its zero-impurity
(2 along thea axis and(b) along thec axis. value,AT., can be written as the sum of impurity potential
and spin-flip scattering terms. It has been clearly demon-
separate series of polycrystalline samples of purggUiith  strated that both magnetic and nonmagnetic impurities sup-
residual resistivities in the range 0.17-0.3d) cm, and we  press superconductivity at the same rate with respeeg to
have found values df . in excess of 570 mK-*®indicating  UPt,.17'9The lack of a spin-flip scattering contribution indi-
that the higher value may indeed be correct. cates parallel-spin electron pairing, a conclusion also drawn
As a check on our data, which are taken over a limitedfrom recent NMR measuremerifs.Thus we believe that
range ofp, values, we again refer to data taken by'usn  magnetic pair breaking is not playing any significant role in
polycrystalline U(Pt _,Pd,); with 0=<x=<0.006. In that the suppression of..
work, we also found a linear suppressionTgf with p, for Our results suggest that the enhanced value of
values up to 5u{) cm. The intrinsicT.(py=0)=580*+8 —dT./dpg; observed for Pd substitution is directly related to
mK, and the rate of suppression isdT./dpo=77 the increase in thé,. This claim is supported by specific
=4 mKuQ tcm 1 Clearly, the intrinsicT, is equivalent heat measurements on YBt which show that applying
to our single-crystal result. The rate of suppression should bstress along the axis reduced .. While theA; coefficients
compared to the-axis value for the single crystals due to were not measured in that work, it was found that the
preferential alignment during the arc-melting prockhe  normal-state electronic coefficient of specific heat increased.
result is very close to the single-crystal value of 65Assuming a constant Kadowaki-Woods ratio, this implies
mK uQ~tem™!, the slightly higher value presumably due that theA; increase a3 . decreases, as for our results. It has
to the imperfect alignment in tha-b plane. also been reported that pulling whiskers of YRIong thec
Finally, we show in Fig. 4 the details of the resistive axis caused_ to increase and th& coefficient to decreas@.
superconducting transitions for different Pd concentrationsBecause Pd has the effect of reducing tita ratio, these
Interestingly, while the width of the resistive transitiGais  results indicate that/a may play an important role in form-
determined by a 10%-90% criteripis unaffected by Pd ing the superconducting state, as it does for magn&tiem
concentrations up to 0.002 for current along thexis, for  UPt,.

current along tha axis the width increases from 7 to 19 mK.  Qur correlation between dT./dpo; andA; can be un-
As discussed in Ref. 12, if the inelastic scattering prob-derstood qualitatively if we assume that in addition to impu-
abilities are isotropic, the anisotropies in the valuepgf  rity potential scattering, there is a contribution to pair break-
and A; can be used to extract the anisotropy of the elastiéng from inelastic scattering processes. For example, Millis,
scattering times; : Sachdev, and Varm# described how electron scattering
from low-frequency antiferromagnetic fluctuations could
lead to pair breaking in anisotropic, spin-fluctuation-

Te_P °~aAC_ (2)  mediated superconductdisalculated fors- andd-wave pair-
Ta  PocPa ing only). Assuming that the low-temperature resistivity of

0 Lo . . .
-i5 <10 -5 0 5 10 15
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UPt; results from spin-fluctuating Fermi liquid behavf@r,
then the Aiochfz, where T4 is the characteristic spin-
fluctuation temperaturg~20 K in UPt (Ref. 25]. Pd sub-
stitution increaseg,; , therefore decreasingg. This results
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moments aligned parallel or antiparallel to thaxis?® Thus
it is natural to associate the broadeningTgfwith the mea-
sured increase in the SMAF ordered moment which occurs
for Pd substitution. There are three equivalent magnetic do-

in an increase in the low-temperature spin fluctuations andhains in thea-b plane for this structure, and so it is possible

enhanced inelastic scattering. We note that the increase

that the broadening fot||a axis results from scattering at

spin fluctuations with increasing Pd content is also consisterdomain walls. This does not occur for current directed along

with the approach to static magnetic orderifige LMAF
phase whenx>0.007.

This qualitative explanation has some difficulties. For ex-

ample, increasing hydrostatic pressure reduces bgtand

thec axis as all three magnetic domains are equivalent along
the c axis.

In conclusion, we have measured the suppression of su-
perconductivity in high-quality single crystals of WPy

the A; . However, it must be remembered that the magnetiGypstitution of Pd for Pt. The rate of suppression with re-

7,26—-28

fluctuation spectrum of URtis complex; and so the

sidual resistivity, —dT./dpg, is larger than similar rates

value of the inelastic scattering coefficient may contain many. ,sed by defects or other impurity substitutions and may be

contributions in addition to fluctuations resulting in the pair-

associated with pair breaking by inelastic scattering pro-

breaking inelastic scattering processes. To fully characteriz
these relationships would require a complete comparison o
the magnetic fluctuation spectrum for U{P{Pd); with The work in Amsterdam was supported through Dutch
moderate amounts of Pd substitutéelg., x=0.005) with  Foundation for Fundamental Research on Mate(i&sitch-
pure UP§ at ambient and high pressures. Such a study isng” FOM). The work at Boston College was supported
beyond the scope of this paper. through Research Corporation Grant No. RA0246. M.J.G.
Finally, we comment on the anisotropic broadening of theand A.D.V. acknowledge support through NATO Collabora-
superconducting transition shown in Fig. 4. The simplestive Research Grant No. CGR11096. M.J.G. would like to
magnetic structure in agreement with neutron-scattering rethank colleagues at the Van der Waals—Zeeman Institute for
sults for the SMAF phase is singéewith the local magnetic their generous hospitality during his recent sabbatical leave.

esses resulting from enhanced spin fluctuations.
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