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The effect of Pd doping on the superconducting phase diagram of the unconventional supercondgctor UPt
has been measured ltsnagnetoresistance, specific heat, thermal expansion, and magnetostriction. Experi-
ments on single- and polycrystalline(Ry _,Pd); for x<0.006 show that the superconducting transition
temperatures of th& phaseT_ , and of theB phaseT_ both decrease, while the splittingT . increasesat a
rate of 0.3@-0.02 K/at. % Pd. Th& phase is suppressed first, ngar0.004, while theA phase survives until
x=0.007. We find thatA T, (x) correlates with an increase of the weak magnetic momex) upon Pd
doping. This provides further evidence for Ginzburg-Landau scenarios with magnetism as the symmetry-
breaking field, i.e., the two-dimension&D) E representation and the 1D odd-parity model. Only for small
splittings AT,em?(T.) (AT,<0.05K) as predicted. The results at larger splittings call for Ginzburg-Landau
expansions beyond fourth order. The tetracritical point in BR€ plane persists until at leagt=0.002 for
Bl ¢, while it is rapidly suppressed f@iic. Upon alloying theA andB phases gain stability at the expense of
the C phase[S0163-18209)01638-0

I. INTRODUCTION critical point might be reached by dopindyut the concur-
rent non-Fermi-liquid behavior has not been signaled so far.
The superconducting instability in heavy electron In the past decade, evidence has accumulated that supercon-

compound$? continues to attract a great deal of attention. Inductivity in UPg is truly unconventional, i.e., the symmetry
the past years much research has been directed towards tbkthe superconducting gap function is lower than that of the
close connection between superconductivity and magnetismnderlying Fermi surfacg Evidence for this is in part pre-
in heavy electron materiafsThe principle research issues sented by the power-law temperature dependence of the elec-
which have emerged aré) spin fluctuation versus phonon tronic excitation spectrum beloW,, indicating point nodes
mediated superconductivityii) the symmetry of the super- and/or line nodes in the gdPf The discovery of a multicom-
conducting gap function, an@ii) the interplay of magnetic ponent superconducting phase diagram with three vortex
order and superconductivity. Among the heavy-fermion suphases in the field-temperature pldne;* and the subse-
perconductors URtwith a superconducting transition tem- quent explanation within the Ginzburg-Landau theory of
peratureT.~0.55 K (Ref. 4 is regarded as exemplary. The second-order phase transitio(eee Ref. 15 and references
low-temperature normal state is characterized by pronouncederein is in general considered as hard proof for unconven-
antiferromagnetic spin-fluctuation phenomer®* ¢20K) tional superconductivity.
and incipient magnetisthyhich give rise to a strong renor- ~ UP% is the only known superconductor with three differ-
malization of the effective mass, of the order of 100 timesent superconducting vortex phases. In zero magnetic field
the free-electron mass. Neutron-diffraction experiments havévo superconducting phases are found: f@hase below
shown that superconductivity in UPtoexists with antifer- T¢ =0.54K and theB phase belowl; =0.48K. In a mag-
romagnetic order, which develops below agNeemperature netic field theA phase is suppressed, while tB@hase trans-
Ty~ 6 K. The antiferromagnetic order is unconventional in forms into a third phase, labeld€ The three phases meet in
the sense that the ordered moment squarg(T) grows a tetracritical point. The phenomenology of the phase dia-
quasilinearly with temperature. Moreover, the size of the orgram has been studied extensively using Ginzburg-Landau
dered moment is extremely smath=0.02+0.01ug/U (GL) theory, where the free-energy functional is derived ex-
atom. The superconducting ground state is difficult to reconclusively by symmetry argumentshe symmetry group for
cile with strong magnetic interactions and therefore it hadJPt is Dgp). A number of GL models have been pro-
been suggested that superconductivity is mediated by antifeposed® 2% in order to explain the zero-field splitting T,
romagnetic interactions rather than by phonbmsowever, =TJ —T_ (Ref. 1) and the topology of the phase diagram
decisive experimental evidence for this is still lacking. Morein magnetic field> *4or under pressuré?* Most of the GL
recently, it has been argued that superconductivity is a mormodels require an unconventional superconducting order pa-
general property of heavy-fermion antiferromagnets close teameter. The most plausible GL models which have been
a quantum critical poirfl.In the case of URtthe quantum worked out to understand the phase diagram of, f#tinto
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three categories(i) the degeneracy of a two-dimensional experiments(ii) to test the SBF model by relatingT(x) to

(2D) even or odd parity order parameter is lifted by athe ordered momenh(x), and(iii) to investigate the effect
symmetry-breaking field®° (i) the spin degeneracy of a Of Pd doping on the superconducting phase diagram in the
one-dimensional1D) odd parity order parameter is lifted by B-T plane by means of magnetotransport and dilatometry

a symmetry-breaking field under the assumptioneXperimemS- The paper is organized as follows. In Sec. Il we
of a weak spin-orbit coupling®?° and (iii) there is an review the basic relations for the SBF scenario. In Sec. llI

accidontal degeneracy of o nealy degenerae 1S SOTCETLEN O e sample preparar pocess o e
representations*?! However, no consensus has been P y

. - tivity. In Sec. IV we present and analyze the specific heat of
reached, as each of the three models only partially describ . o .
the field and pressure variation of the superconductin (P4 «Pd)s in the vicinity of the double superconducting
h A P ds the first t : pk : . Etransition. In Sec. V and VI we present the magnetoresis-
phases. As regards the Nirst o Scenarios a key ISSU€ IS {800 thermal expansion, and magnetostriction data and in
identify the symmetry-breaking fieldSBF). Experimental

i _ . Sec. VIl we construct the phase diagram in Bxd@ plane for
evidence that the anomalous weak antiferromagnetic ordef_ 5g2. In Sec. VIII. we extract the Ginzburg-Landau pa-

which sets in affy~6 K acts as the SBF is at hafitiAn- rameters, while the SBF model is tested in Sec. IX. Finally,
other candidate for the SBF is the incommensurate structurgfe present the concluding remarks in Sec. X. Parts of these
modulation which has been detected by transmission electrosults have been reported in a preliminary form in Refs.
microscopy?® However, its precise role remains unexplored.2g_31.

In this paper we focus on the GL models with the degen-
eracy lifted by a SBE>~2° More specifically we investigate Il. THE SBE SCENARIO
the role of the small-moment magnetism as SBF. Within the ] o ) .
model(see Sec. )| the splitting of the superconducting tran-  The SBF scenarios can be divided into two categofigs:

sition temperature is proportional to the strength of the SBRNe degeneracy Olij'ilgzD even- or odd-parity order parameter
or AT.xs, where sxm?. Direct evidence for the coupl- IS lifted by a SBF,""*and(ii) the spin degeneracy of a 1D

ing betweenA T, and m? was deduced from specific-h&t odd-parity order parameter .is Iifted. byz% SBF.under .the as-
and neutron-diffractiof? experiments under hydrostatic SUMPtion of weak spin-orbit coupling:*® The irreducible
pressure. It was observed that bdtfi., determined by spe- representations for the superconducting gap with the appro-

cific heat, andn?(T,), measured by neutron diffraction un- Priate Den symmetry of UP§ have been tabulated by, e.g.,

. 2 .
der pressure, vary linearly with pressure and vanish at a critiy IP @nd Garg?* We first concentrate on the 2D representa-

cal pressurg,~3 kbars. We utilize another route to verify t@on called theE-re_presentation model. For_a 2D representa-
the coupling betweed T, andm?, namely by doping URt  tion with even parityE,4 or E,g, or odd parity E,, or E,y,
with small amounts of Pd. the superconducting gap function is given hyg(k)

Vorenkamp and co-workers carried out specific-heat ex= 7l ex(K) + 7y'e y(k), wherel' , andI'g , are the basis
periments on polycrystalline samples of Ry, ,Pd)s (x functions for the relevant 2D representation. The complex
—X

<0.002) and showed thatT, almost doubles with respect YECtor 7= (7, 7y) = (| n./€'*[n,|€'*) determines the or-
to pure UP§ for thex=0.002 compound’ This then directly der parameter. The rf;jz_f;gnergy functional can be written as
prompted the question of whether the enhancemenflofis 1€ Sum of three terms:
due to the increase of the ordered momemtSince it was F=FtFEu+F )
P S M SM+

known that for 0.0 x<<0.07 pronounced phase-transition
anomalies in the thermal and transport properties signal ahereFg is the free-energy functional of the superconductor
antiferromagnetic phase transition of the spin-density-wave B 2, 1 4,1 2
type® we conducted a neutron-diffraction study on single- Fs=ag(T=To)|m?+ 281 n*+ 3 B2l 7|, (2
crystalline samples in order to investigateas function of  where the coefficientss, 8;, and 3, are stability param-
Pd content over a wider range @&f including the region eters. The contribution from the magnetic order to the free
whereAT, is observed to increase. These results are reporteghergy is given by
in Ref. 28 and the conclusions are as follows. The small
moment antiferromagnetic ordglSMAF) is robust upon Fu=an(T—Tym?+3Bym*, )
doping with Pd and persists until at least 0.005. The or-
dered moment grows from 0.018.002ug/U atom for
gllj\;eAE ?& to 60 lgd‘f:]t doa%oessﬂﬁé Evf?&mwﬁﬁgxpzoéga?é;gr gfr Bm are stability parameters. The mixing t%rm9 of magnetic

N~ . P . =
=0.01 a second antiferromagnetic phase is found, for whicr?rder and superconductivity can be writtert®as
at optimum doping X=0.05) Ty attains a maximum value Fom=— ym?( 77)2(_ ,,)2/), (4)
of 5.8 K and the ordered moment equals @-@B05ug/U 5. o .
atom. For this large moment antiferromagnetic orderheres=ym-is the symmetry-breaking field. By minimiz-
(LMAF) Ty(x) follows a Doniach-type diagram. From this N9 th_e_ free energy it follows that the_ _smgle sgpercontﬂuctlng
diagram it is inferred that the antiferromagnetic instability in transition atT. splits into two transitions af; and T ,
U(Pt,_,Pd,); is located in the range 0.5-1.0 at. % Pd. where

In this paper we present a study of the superconducting Iy Brt B

properues' of LOPtl_XRq()3. The main object|ves'9f this ATC=TC+—TC’=gl 1 P2 2 (5)
work are:(i) to determineA T.(x) by means of specific-heat as B

where m=(m,0,0) is the small ordered moment oriented
along a principal axis in the basal plane< T,) and«), and
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Hereg=1 for the E model. The ratio 8;+ 3,)/8, can be ll. EXPERIMENTAL
determined from the measured step sizes in the specific heat

at Tc+ andT; : The data reported in this paper have been taken on an-

nealed polycrystalline X<0.006) and single-crystalline
Ac(T;)IT; B, samples 1@§0.002). PoI_ycrysta_IIine mgte_rial was pr(_—:tpgred
(6) by arc melting the constituents in a stoichiometric ratio in an
arc furnace on a water-cooled copper crucible under a con-

] N _tinuously Ti-gettered argon atmosphe@e5 bajy. As starting
Here the steps in the specific heat are measured relative faaterials we used uraniufdRC-EC, Geelwith a purity of

the normal state. The weak-coupling value /B, is 0.5. g9 9894, and platinum and palladiudohnson Mattheywith

The 1D representation model with odd parity yields veryp, i, 5 N. Polycrystalline material with low Pd contents

similar expressions. The three component order parameter %(so 01) was prepared by using master allégsy., 5 at. %

_ _ oy i o,
7= (n1x. 1y, 12) = (| 7] €[ my|€'¥v,| 7,|€'¢2) "and the gap Pd). Single crystals withk=0 and 0.002 were prepared in a

— =1+
Ac(THITS B

function is given by mirror furnace(NEC-NSC335 using the vertical floating zone
method. A single-crystalline sample with=0.001 was
A(k)= 2 ml(K) 7y 7 pulled from the melt using a modified Czochralski technique
A=Xy,z in a tri-arc furnace under a continuously Ti-gettered argon

atmosphere. For annealing, the samples were wrapped in tan-
with 7, =ioyo), where theo’s denote the Pauli spin matri- talum foil and put in a water-free quartz tube together with a
ces. The complex coefficientg, are characterized by a spin piece of uranium that served as a getter. After evacuating
index \. The orbital part (k) belongs to the 1D representa- (p<10~°® mbars) and sealing the tube, the samples were an-
tion Ay, Byy, or By,. The free-energy functional is ex- nealed at 950 °C during four days. Next the samples were
pressed as in thE model using Eq(1)—(3). The coupling  slowly cooled in three days to room temperature. Several
term of the magnetic and the superconducting order paransamples were investigated by electron probe microanalysis

eter consists of three components and @g.now reads (EPMA), but the concentration of Pd is too small to arrive at
oe 2 2 2 a quantitative composition analysis. In the following, the
Fsm=—ym (25— ny— n53). (8 value ofx is the nominal composition. Samples with appro-

priate dimensions and weights were obtained by means of
For the 1D modelA T, is given by Eq.(5) with g=32, while  spark erosion.
the expression foB, /3, is the same as in thé model[Eq. In order to characterize the prepared materials the electri-
(6)]. Note that in Ref. 20 an incorrect expression is given forcal resistivity p(T) was measured on bar-shaped samples.
T, in which 8, and 3, are interchanged in the numerator. The results for the polycrystalline samples=(0, 0.0025,

As it is our purpose to verify Eq5) by experiments, one 0.003, 0.0035, 0.004, and 0.0C&re reported in Ref. 30. The
also needs, besides values &F and3,/8;, which can be data abovd are well described by the Fermi-liquid expres-
deduced from the specific-heat data, and the valuenof sion p=po+AT? (T<1K). The residual resistivityp, is
which follows from the neutron-diffraction experimedfsan  extracted by extrapolating th&T? term to T=0. Forx=0,
estimate for the parametgy|/as. We here assume this pa- the residual resistance ratio RRRR(300 K)/R(0)~ 1000,
rameter to be sample independent for small values of indicating a high quality of the pure compound, whilg¢

0.8

0.6

04

FIG. 1. Specific heat divided
by T versusT of U(Pt, _,Pd,)5 for
x=0.000, 0.001, and 0.008ingle
crystal3 and for x=0.0025,
0.003, and 0.004polycrystalline
samples The solid lines represent
ideal transitions determined from
an equal entropy construction.

d T (JImolK2)
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TABLE |. Parameters deduced from the specific heat of U(fRd))5;. The ratioB,/3, is calculated
with help of Eq.(10). The superscripts andp refer to single- and polycrystalline samples, respectively.

X T Te AT, AnaC(TO)ITe Ange(To)ITe Aagc(T)IT,  BalBs

(%) (K) (K) (K) (J/mol K?) (J/mol K?) (J/mol K?)

0.0¢ 0.56Q3) 0.5063) 0.0544) 0.231) 0.341) 0.141) 0.606)

0.0¢° 0.5433) 0.4893) 0.0544) 0.261) 0.351) 0.131) 0.505)

0.1¢ 0.4373) 0.3553) 0.0824) 0.21(1) 0.261) 0.121) 0.577)

0.2¢° 0.3843) 0.2764) 0.1085) 0.171) 0.191) 0.101) 0.588)

0.25° 0.3623) 0.2364) 0.1265) 0.181) 0.181) 0.081) 0.449)

0.3 0.3134) 0.1635) 0.1506) 0.131) 0.091) 0.061) 0.4611)
0.40° 0.2225) 0.071)

=0.57 K. Upon alloying,p, increases linearly withx at a  uted to impurity broadening of the line nodieJust as is the
rate of 9.60.2() cm/at. % Pd, which ensures that palla- case for pure UR™*?Fig. 1 shows that the superconduct-
dium dissolves homogeneously in the matrix. AKDvaries ~ ing state entropy exceeds the entropy of the normal state
smoothly with Pd content and the critical concentration for(assumingcy=y\T). The extrapolated entropy unbalance
the suppression of superconductivityxigsc~0.007. In case for 0<T<T/ is slightly sample dependent in(Rt, _,Pd,)5

of the single-crystalline materialp(T) was obtained for a and ranges from 6-12% of the normal-state entropy. The
currentl along thea andc axes. The residual resistivipp,  entropy discrepancy can be resolved by either an increase of
amounts to 0.52, 1.6, and 2H) cm, while po. amounts to ¢ /T or a decrease af,/T below 0.1 K. The most plausible
0.18, 0.75, and 1.02£ cm, forx=0, 0.001, and 0.002, re- explanation for the entropy imbalance is offered by the pres-
spectively. For pure URtwe obtain RRR values 0f-460  ence of an anomaly at 0.018 K in the normal-state specific

and~720 forllla andllic, respectivelyT; is suppressed at heat* The entropy balance is fulfilled when this peak is
a rate 0.77 K/at. % Pd. In the following section we compargncjuded.

the resistively determine®, with the bulk value determined InFig. 2T, , T, , andAT, are plotted as a function of Pd

by the specific heat. concentration. BotA; and T, decrease with increasing Pd
concentration, but with different ratesdT_/dx=—0.79
V. SPECIFIC HEAT OF U (Pt,_,Pd,) +0.04K/at. % Pd anddT;/dx=—1.08+0.06 K/at. % Pd,

The speic heasT) of aseies o W_pa)y R A EEUNT, TGRS 8 T 000
samples was measured using the relaxation technlqug. E)S_:O 04 K/at. % measured by the specific ﬁeat is within the
periments have been carried out on annealed single- ™ '
crystalline samples witlk=0.000, 0.001, and 0.002 and on
annealed polycrystalline samples with=0.000, 0.0025, 0.6
0.003, and 0.004. The typical sample mass was 80 mg. The
results are shown in Fig. 1 in a plot of T versusT. At least
three interesting features strike the eyi¢: T, and T_ are

well resolved forx<0.003, while forx=0.004 onlyT_ is
resolved >0.1K), (ii) both T, andT_ decrease smoothly
with Pd concentration, whilAT, increases, andiii) the
overall height of the jumps ig/T at T, and T, decreases
with increasingx. The results for the single-crystalline
samples X=<0.002) are in good agreement with those ob-

tained by Vorenkampet al?’ on polycrystalline material. In
order to determine the ideal values for the jumps in the spe-
cific heat, we have made use of an equal entropy construc-
tion at theNA andAB phase boundaries. The ideal transitions
are represented by the solid lines in Fig. 1. The resulting
values of T, , To, AT, Anac(TO)/ TS, Anec(TL)/ T, ,
ApgC(T,)/T, , andB, /B, are collected in Table I. Here the i . . . .
subscriptsNA and NB refer to the step sizes measured with 00 T o1 o2 o3 oz os
respect to the normal-statéT value, while the subscripiB
refers to the step size measured with respect tatfievalue

in the A phase. Belowl; c4(T)=y,T+ 6T?, down to the FIG. 2. T, , T, , andAT, of U(Pt,_,Pd); as a function of Pd
lowest T measured0.1 K). The §T? term shows that the concentration, determined from the specific-heat data. The solid and
superconducting gap function has a line n8der T~0K  open symbols represent single- and polycrystalline data, respec-
considerable residual, values are observed which is attrib- tively.

U(P’t1_XPd))3

Pd concentration x (at.%)
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FIG. 3. Schematic temperature dependence/ ©fat the double K

superconducting transition. The solid line representscalculated

from the GL free energy, while the dotted line reflects the observed FIG. 4. Reilstlwty_of UP.0087ch 0013 (1113) in constant mag-
behavior. netic fieldsBlla*, ranging from 0-1.3 T in steps of 0.1 T. For the

most right curveB=0 T and for the most left curvB=1.3T.

experimental error equal to the resistive vatu@.77 K/at. % N o )

Pd. locates the tetracritical point in the multicomponeBtT
Usually, the ratioB,/B, is calculated from the steps Phase diagram of pure UPtThe experiments were carried
Ac/T at T, and T, with respect to the normal pha$Eg. ou_t on bar-shaped samples with the current along the long
(6)]. However, in order to obtain proper values@f/ 8, one ~ &xis (la). The samples were cut from the same single-

should realize that E8) is only correct for small values of Crystalline batch as used for the specific-hegec. IV) and
AT, which is not the case in the doped samples. Therefor@eutron-difiraction .expenmen@. Beo(T) was determined
we use a slightly different relation foB,/3, given here t_)y resistivity experiments in 3 transverfe_ constant magnetic
below. The stepac/T are derived from the GL free energy field for BllcandB.Lc (|_.e., Blla*, Wher_ea is taken at right
by Ac/T=— 32F/4T2. The thermodynamic step in the spe- angles toa andc). In Fig. 4 some typical resu!ts are shown
cific heat afT- can be written as for x=0.001 BLc). In these low magnetic fieldsB(
¢ <1.3T) the magnetoresistance is smédks than 1% opg
AppC(To) TS =AngC(To )T, —AnaC(TH)TS . (9 per tesla. At each applied fieldl; was determined by the
~ 50% resistivity criterion, and the width of the superconduct-
The temperature dependencecaT at the two phase ransi- ng transitionA T, was determined by the 10—90% resistiv-
tions is shown schematically in Fig. 3. In the fourth-orderi criterion. The resulting upper critical field curves Bt c
GL _mo_delc/T is constrained to be temperature independent g Blic are shown in Fig. 5, where both axes have been
(solid line), while the measured behavior shows a clear temsz, j .- 1i-aq by dividing by, . For comparison we have also

perature dependeln(:éotted Iine: In fact, higher-order terms lotted in Fig. 5 the resistively determind®},(T) data of
need to be taken into account in order to arrive at a tempereg-ure UP} 35,36

ture dependerd/T. In order to arrive at a proper estimate of For B1 ¢ clear kinks inBy(T) are observedFig. 5(b)].

,ﬁZ/Bl we use the 7directly measured stapgc(Tc)/Te . This strongly suggests that in the Pd doped sampies (
instead ofAc/T at T, with respect to the normal state. This <0.002) a tetracritical point is present, as for pure 4Pt
results in Upon doping the tetracritical point shifts towards lower tem-
AngC(TD)/TS peratures and higher fields, which indicates thatAhghase
&:AB—H_ (100 becomes more stable. For=0.001 T, =0.309(8) K and
B1  Anac(Tg)/Te B,=0.461(8) T, while forx=0.002 T,=0.225(8) K and

. . . B,=0.490(8) T BLc). Thus forBL c the phase diagrams
The values of3,/8,, determined from Ec(.lQ), are I_|sted in fOCI‘r U(Ptl_x(P()i()g (Qisc)).ooz) have the sarge topology. Eor
Table I, and are close to the weak-coupling limit 0.5. TheBHc no distinct anomalies are observedBgy(T) of the Pd

ratio B,/ is within the experimental error independent of .
Pd concentration. Note that in a first analysis of the specifichped samplegFig. 5(@)]. However, for pure URta weak

: kink in B,(T) was reported? locating the tetracritical point
Ze?tﬁditsovxepgsggpi(g% which led to a steady decrease of at T,=0.45(2) K andB.,=0.60(2) T. In the following sec-
2 1 .

tion we study the phase diagrams &t ¢ andBlic in more

detail by dilatometry.
V. THE UPPER CRITICAL FIELD

In order to investigate the effect of Pd doping on the
upper-critical fieldB.,(T), we have measured the electrical
resistivity in field for single-crystalline Pt _,Pd,)5; with In order to determine the superconducting phase diagram
x=0.001 and 0.002. These experiments were primarily conef the x=0.002 compound dilatometry experimefitisermal
ducted to investigate the presence of a kinBi(T), which  expansion and magnetostrictjohave been performed. The

VI. THERMAL EXPANSION AND MAGNETOSTRICTION
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(a) g
25F ] ©
=
x=0.002 =
20 -0.5 3
A L
= 15[ =
£ 157 &
~° : ©
~ X o
oS 1.0F =
i ©-1.0
05:B||c,l||a s
2F U(Pt Pd)
- 1- 3
- * %] u(p to.ggspdo‘ooz)a
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25} . 0.2 0.3 0.4 0.5
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2.0F x=0.002 . o _ _
— FIG. 6. The coefficient of linear thermal expansion along¢he
é _ axis (a.) of U(PtygedPth o3 The solid line represents the ideal
“’01'5 b %=0.000 transition determined from an equal-length construction. In the inset
tN - the data is plotted ag./T vs T. The transition temperatures are
x°1.0 T/ =0.381(2) K andT_, =0.271(4) K.
[ Bjla'l]la . o
0.5 U(|||3t Pg while monitoring the lengtiL of the sample. The magneto-
1-x )3 striction was measured for a field along the dilatation direc-
0-%_0 Y 04 oo 08 0 tion (Bllc) and at right anglesH|la).

T

c

B. Thermal expansion
FIG. 5. The upper critical field of PPy, _,Pd )5, determined by . L .
resistivity (lla), in a plot of B.,/T, as a function ofl/T, for (a) The zero-field temperature variation of the coefficient of

Blic and(b) Blla*. T,=T, is 0.5475) K, 0.4665) K, and 0.42¢5) ~ linear thermal expansion along the axis, ac(T), of

K for x=0.000, 0.001, and 0.002, respectively. The arrows markl(Pl.ao?h 0023 is shown in Fig. 6, with as inset(T)/T.

the tetracritical points. The data of pure YRte taken from Refs. Just as for pure URt a./T is constant in the normal state,

35 and 36. while two clear steps of opposite sigmost pronounced in
a¢(T)/T] mark the double superconducting transition. The

results will be compared with the dilatation experiments onSUPerconducting transition temperatures have been deter-

pure UP§ reported by Van Dijk and co-workef&3® m|neq. using an equal-length cqnstruct!on and the idealized
transition is given by the solid line in Fig. 6. Fa=0.002,
T =0.381(2) K andT, =0.271(4) K. These values are in

A. Experiment excellent agreement with the transition temperatufés

The WPty 00Pth 0093 Sample used for the thermal expan- =0.384(3) K andT_ =0.276(4) K determined by the spe-
sion and magnetostriction experiments was cut from th&ific heat (see Sec. Y. However, the value ofT
same single-crystalline batch as prepared for the resistivity=0.420(3) K determined resistively is slightly higher. This
specific-heat, and neutron-diffraction experiments. The apbas also been noticed for pure WPt The resistive transition
proximate dimensions of the sample along the*, andc  temperature marks the onset of the bulk transitions measured
axes are 4.0, 5.0, and 3.4 mm, respectively. The sample w&y the specific heat and thermal expansion. The difference
mounted in a capacitance dilatation cell machined ofbetween the resistive and bulk transition decreases in an ap-
oxygen-free high-conductivity copper. Two Ru@esistors plied magnetic field. In Fig. 7, a few exemplawy,(T)
which served as heater and thermometer were glued onto tféirves are shown in a constant magnetic fiéticandBila).
sample. Length changes along thaxis of the sample were Both T, and T, are suppressed with field, bl is sup-
determined with the three-terminal capacitor technique, uspressed more rapidly thaf, , so that they merge at a criti-
ing an Andeen-Hagerling bridgenodel 2500 The sensi- cal field B.,. The field dependence is anisotropic. Ria
tivity of the experimental setup amounts to 0.01 A. The di-the transitions merge in the field range 0.5-0.6 T, while for
latation cell was attached to the cold finger of a dilutionBjc the transitions do merge at about 1.0 T, which is close to
refrigerator. The coefficient of linear thermal expansian, B, at our lowest temperatur@®.075 K).
=L~'dL/dT, was measured using a modulation technique Combining the thermal-expansion and the specific-heat
(f=0.003 Hz,AT=5-10mK). The linear magnetostriction, data we can determine the uniaxial pressure dependence of
AN=[L(B)—L(0)]/L(0), was measured by sweeping the the superconducting phase transitions using the Ehrenfest re-
magnetic field at a relatively low ratedB/dt=<0.03 T/min) lation:
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T(K) FIG. 8. Linear magnetostriction along the axis (\.) of
1.0 T T T T U(Pty g9dPth 0023 at T=0.075K for Blla and Blic. The dotted line
for Blic represents the extrapolated normal-state magnetostriction
(see text
05} 1
C. Magnetostriction
ool i The linear magnetostriction along tleaxis, A¢(B), at
= 7 T=0.075K is shown in Fig. 8 for fields up to 2 B(c and
f Blla). In addition to the normal-state contributiontg(B), a
5'2 05 | superconducting contribution is present belByy. For Blic
=, .."%- the normal-state magnetostrictioB<€2 T) is well described
s I %%x ) 00009.0 T 1 by a .qyadratic field dependean,(B) = ).\C(O)+ b.B2. The
10k U(P’t0 998PdO 002)3 %000 | coefficient of the quadratic terrp. is slightly temperature
TALL " c M dependent and is 1.66<10 ' T"2atT=0.075K. In Fig. 9
X we show\ . (B) with Blla at several temperatures. Here the
15 Bl a . . L normal-state magnetostriction also follow$4 dependence
0.0 0.1 0.2 0.3 0.4 0.5 (B<2T) with b, is —0.46x10 ' T2 at T=0.075K. For
T (K) Blla the upper critical fieldB, is difficult to distinguish,

while the B-to-C phase transition @ is visible as a clear

FIG. 7. The coefficient of linear thermal expansion alongdhe
axis (a;) of U(PtygedPh 0023 in magnetic fields ranging from 0—1
T as indicated, with@ Blic and (b) Blla. The curves in field are
shifted upwards along the vertical axis for the sake of clarity.

dT . VmA(Xi
dp, A(c/T)”

Here p; is the uniaxial pressure along a specific crystallo-
graphic axis (=a, a*,c) and V,,=4.24x 10 °>m*mol is
the molar volume. With help of the thermal-expansion data
of Fig. 6 and the specific-heat steps listed in Table I, we
calculate: dT_/dp.=—0.14(1) K/GPa and dT_/dp,
=0.06(1) K/GPa. Thus for uniaxial pressure alongdfexis

the splitting, AT.=T, —T_ , decreases at a rate\ T./dp,
=—0.20(2) K/GPa. These calculated pressure dependencies
are similar to those determined from the pressure dependence
of the specific heat for pure URtwhere dT,/dp.=
—0.13(3) K/IGPa, dT./dp.=0.09(3) K/GPa, and
dAT./dp.=—0.22(6) K/GPa>*® Assuming a linear pressure
dependence off; and T_, the A phase vanishes i,

c

=0.54 GPa andr,,=0.308 K for x=0.002, while for pure

11

A (106)
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0.0

"U(Pt

Aljl e
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Pd
0.998

)

0.002°3

-0.3
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0.0

0.5

1.0

B(T)
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FIG. 9. Linear magnetostriction along the axis (A.) of
U(Pty.90dPth 0023 With increasing magnetic fielBlla. The tempera-
ture ranges from 0.10-0.35 K as indicated. The arrows marBthe

UPt pe, is only 0.25 GPa, because of the much smaller zeroandCN transitions(see text The curves foiT=0.15K are shifted

pressure splitting, andl.,=0.459 K.

upwards for the sake of clarity.
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FIG. 10. Linear magnetostriction along the axis (\.) of 20 T T T T
U(Pt g0dth 0023 fOr increasingBlic at temperatures as indicated. b
The normal-state contribution is subtractasge text U(Pt, 066P % 002)a (b)

15 AL |l c y
kink in the data. FoBlic the situation is reverse®;, shows Bl a
up as a clear anomaly on the(B) curve, whileB; does & 10
not. For this field direction, the superconducting signal, ob- g
tained after subtracting the quadratic background contribu- g
tion, is show in Fig. 10. Although the behavior observed for § 5
x=0.002 is in many aspects similar to the behavior for pure <.
UPt, two important differences should be notdd: for x 2
=0.002 only B., is resolved from the magnetostriction < 0
curves forBlic, while for pure UP§ both B, and B are
resolved, andii) for x=0.002 a significant hysteresis is ob-
served forBllc, which was absent in the data of pure L\IRh - . L L L

Fig. 11 a typical magnetostriction cyc{éeld sweep up and
down) is shown. In Fig. 12 we show for both field orienta-

0.0 0.2

0.4 0.6 0.8 1.0

B(T)

tions the amount of hysteresis, obtained after subtracting the FiG. 12. The hysteresis in, for field sweeps up and down
()\c,up_)\c,dowr) Of U(Pbggéjd)002)3 W|th (a) B“a and (b) B“C The

0.12

0.10

peak effect is observed just beldBg, for Bllc. The temperatures
range between 0.075 and 0.4 K as indicated.

0.08

0.06

(109)

o

< 0.04

0.02

0.00
0

FIG. 11. Linear magnetostriction along tleeaxis (\;) at T
=0.075K of UPty g9dPh 0023 for Blic. The normal-state contribu-

0.998
AL |l e

—B ||l ¢

L U(Pt___Pd

)

0.002"3

1.2

1

.0

0.5

B(T)

1.5

sweep-up signal from the sweep-down signal. Boa the
hysteresis is negligible, while fdlc the resulting curve has
two peaks. The peak just beloB,, is reminiscent of the
peak effect observed in metallic alloys with strong pinning of
the flux-line lattice. Recently, the peak effect was found in
the magnetization of several pure YRtample$®4! The
peak effect is expected to become more pronounced upon
introducing additional pinning centers, e.g., by doping with
Pd. The larger low-field peak, observed for0.002 atB
~0.1T, which is most pronounced f@&ilc [see Fig. 12a)],

has also been reported for pure LlPthis peak, which has a
weak temperature dependence, is not directly related to the
superconducting properties as it is also present in the normal
state. The origin of this anomaly remains unclear, but it has
been suggested that it is related to a metastable magnetic
state??

tion is subtracted. The arrows indicate the sweeps up and down of With help of the measured discontinuities at the supercon-
the magnetic field. The inset shows a closeup of the irreversiblglucting transitions the field dependence of the transition tem-
magnetostriction peak just beloB., .

peratures can be estimated with the Ehrenfest relation
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TABLE II. Thermodynamic quantitiesA«, and A7, for x 1.50 . T .
=0.002 at the superconducting transitidhs and T, in zero field. N UPt  Pd
The stepA 7, is determined in the limiB—0. 1251 ( 0.998 o‘ooz)a-
Bic
Te (K) Te (K) 1.00 1
Aa (105K} —0.562) (NA) 0.41(1) (AB) £o075 .
Ar (10°6T7Y ~0.141) (Bla)  0.0X1) (Bla) ® s |
—0.071) (Blic) 0.01(1) (Blic)

— A7 /Aa, (KIT) ~0.202) (Bla) 0.077) (Bla) 0.25

—0.131) (Bllc) 0.077) (Bllc)

0.00

1.25 U(Pt

)

Pd .
0.998 0.002'3

T\ A Bl c
((95)‘)— Aa’ (12 1.00 ;
Here 7,=d\;/dB wherei refers to the principal crystallo- £075
graphic directions. The initial field dependenciesTgf and @ 0.50
T. are determined by thB=0 thermal expansion data and '
by extrapolation ofA 7, to B—0. The values determined in 0.25
this way are listed in Table Il and should be compared to the

directly measured slopes of the phase lines of the supercon- 0.00 :

ducting phase diagram of (Bty 9P th 0023 (See Sec. VII). 00 01 7?('; 03 04

VIl. SUPERCONDUCTING PHASE DIAGRAM . .
FIG. 13. The superconducting phase diagram of

OF U(Pto.00dd.00d3 U(Pty g9 th 005 for BLc andBlic, constructed from phase transi-

By locating the anomalies at the superconducting phastons detected in the thermal expansi@b) and magnetostriction
transitions determined by our dilatometry experiments in thé®). ForBL ¢ theNC phase transition is determined resistively).
B-T plane we have constructed the superconducting phase
diagrams of WPty goPth 0023 Shown in Fig. 13. ThélAtran- ~ second-order phase-transition lines meet, leads to strict con-
sition is detected by both thermal expansion and magnetdjitions for the slopes of the four phase lines as formulated in
striction, while theAB transition shows up only in the ther- Ref. 43. In the case of pure UpPthese conditions were
mal expansion. Th&lC phase line, which is only found for satisfied®® Also in case of thex=0.002 compound no hys-
BLc, has a very weak signature in the thermal-expansiorieresis was observed in the location of the phase boundaries
data and was therefore complemented by Be(T) data indicating second-order phase transitions. In order to inves-
measured resistiveljFig. 5(b)]. In this field range the resis- tigate the thermodynamic stability of(By gogPth 0023 addi-
tive and bulkT_ are equal within the experimental accuracy. tional specific-heat measurements in an applied magnetic
For BLc the tetracritical point is located atT. field are needed.
=0.205(4) K andB,=0.556(8) T. ForBlc the x=0.002

compound has no tetracritical poinT#0.075K), which VIIl. GINZBURG-LANDAU PARAMETERS
presents a striking difference with respect to purezUPt OF U(Pt;_,Pd,)5

The AB phase line of WPty g0t 0003 Measured foB.L ¢ o -
shows a clear change of slopeBx0.2 T. For pure URta The temperature derivative of the thermodynamic critical

similar kink was observed, albeit at a lower fi@e=0.1T. It ~ field dB./dT, nearT, can be estimated from the jump in
has been suggested that this kink arises from a coupling dhe Specific heat at the superconducting transition in zero
the superconducting order parameter to the metastable mafield:
netic staté? For U(Pt gofPth 00)3, however, the change of
slope does not coincide with the low-field anomaly observed TABLE lIl. Thermodynamic quantities fox=0.002 in the vi-
in the magnetostrlctlon B=0.1 T’ and the Or|g|n remains C|n|ty of the tetracritical pOint B“a) at Tcr: 0205(4) K andBcr
unclear. =0.556(8) T. The phase lines between theB, C, andN phases

In Table 1l we compare the measured slopes of the phas@'® indicated bNA, NC, AB, andBC.
lines near the tetracritical point with the calculated ones us-

ing the Ehrenfest relatiofEq. (12)]. Within the experimental NA NC AB BC
accuracy the data agree, which demonstrates their internglygg (k/T) —0.4728) —0.2174) —0.0861) 1.376)
consistency. Near the tetracitical point the thermodynamiq, (106k-Y) -0.182) -0.022) 0.061) -0.10%
steps should follow the relatiodya+Aap=AnctApc: A7 (108TY)  -0.1%41) 0001 0001 —0.111)

whe(eA is Ac/T, Aa, or A7. We have checked. Fhat this —Ar /A, (KIT) —0.6112) 0.005) 0.02) 1.1(1)
relation holds forA7. The thermodynamic stability of a
phase diagram with a tetracritical point, where at least thre@etermined by the relatioAya+ Apg=Anc+ Agc.
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TABLE 1V. Slopes of the critical fields for the A phase of Ry _,Pd,);, and the calculated GL param-
eters and effective mass ratio.

X dB./dT dT/dB3, dT/dB¢, Ka Ke Kay me/m,
(%) (TIK) (KIT) (KIT)

0.0 -0.0876) —-0.2418)2 —0.0934)2 87(6) 13(1) 46(3) 6.7(6)
0.1 —-0.0786) —-0.25¢ -0.124 73(6) 18(1) 46(3) 4.1
0.2 -0.0747) —0.2586) —0.1556) 64(6) 23(2) 46(3) 2.7(2)

@Data taken from Ref. 38.
PAverage value of the entries for the=0.000 andx=0.002 compounds.

Vi, [ 9Bc\? els presented in Sec. AT is proportional to the strength of
A(c/T)= o | G (13)  the SBF or assuming that the ordered moment of the SMAF

_ N is the SBFAT .«m?(T.) [see Eq(5)]. In order to determine
Here, uo is the permeability of free space. The thermody-m?(x) we have recently carried out neutron-diffraction
namic critical field is related to the upper critical field by experiment$ on single-crystalline samples. The ordered
Bco=2kB., wherex is the(isotropig Ginzburg-Landau pa- moments atT, are 0.018), 0.0243), 0.0363), and
rameter which characterizes the superconducting $tatee  0.048(8)u5/U atom, forx=0, 0.001, 0.002, and 0.005, re-
GL parameter is defined as=\/&, where is the penetra-  spectively. In Fig. 14 we have traceXT, as a function of
tion depth andt is the coherence length. Since we are dealy?(T 1) for x<0.002. It is interesting to compare this result
ing with a hexagonal strongly anisotropic mates@l\, and i AT «m?(T!) obtained by the hydrostatic pressure
& are anisotropic. In that case, the upper critical field is g'verbxperiment§? because doping increas&3, and hydrostatic

i . .
by Be=Po/(2m¢;€y), wheredy is the flux quantum and  ressyre decreasad,. A direct comparison is not possible
j, andk are the principal crystallographic directions. ASSUM-pecayse of the relatively large uncertainty in the absolute

ing that the parameters in the basal plane are isotropic the;| o of m?(p=0)=0.03+0.01ug/U atom. Therefore we

foIIowmg relations bet\Neechz and B, hold: scaled themz(p) values of Ref. 25 such tha’nz(p=0)
B2, =\2kakcBe, =0.02ug/U atom. The error bars for the pressure data cor-
¢ (14) respond to the relative errors determined by counting statis-
c2=V2KaBe. tics, while for the Pd doping these are absolute errors. After

Here the superscripta and c refer to the direction of the including the pressure data in Fig. 14, we notice the follow-

. _ _ ing three points(i) both the Pd doping and pressure data sets
magnetic fieldx,=N\,/&,, andk.=\./&:. The average GL Ing - : .
parameter is defined ag, = («2xo) . collapse onto one curveiji) AT. is a smooth function of

2T+ 2T+ ; .
We have evaluated the various GL parameters and th (Tc), and (iii) AT.xm%(Tc) but in a limited range

temperature derivatives of the upper critical fields from the 1c=0-05K. The latter result shows that the simple GL
measured data. The results B0 are listed in Table Iv. Models presented in Sec. Il break down for splittings,

The value ofdB,/dT for the A phase has been determined ~0-05K. This is not unrealistic because the applied
using Ayac(TZ)/TS . The values ofdB.,/dT determined

from the step in the magnetostriction and thermal expansion 150 — T
(see Table Il are in reasonable agreement with the values o Pressure data
determined directly from the slope of the phase diagrams. r e U(Pt Pd)

UPt is an extreme type-ll superconductor with for pure 1-x 3
samplesh=6000 A andé~120A so that~50. Upon Pd 100 | ]

doping x=0.002) k,, remains roughly constant, while,
decreases and. increasegsee Table V. Substituting Pd
makes the superconducting properties less anisotropic, which
is also reflected in the ratio of the anisotropic quasiparticle
masses, determined by, /m,=(BS,/BZ,)? (see Table IV.

The lower-critical fieldB,; is related to the thermodynamic
critical field according tdB, = B, In(«)/(v2«), from which it
follows thatB,; is about 6% oB;. Such small values @,

have not been probed in our dilatometry experiments. 0 — 1.
0 5 10 15 20

IX. TESTING THE SBF MODEL 104 (m(T +)/MB)2
C

50 .

AT (mK)

One of the main objectives of the specific-heat experi-
ments on the (Pt _Pd); system was to determine the sU-  FIG. 14. The variation of the splitting\ T, as a function of
_pergonductlng splittin\ T, as _functlon of_x. From t_he data m2(TJ) for U(Pt_,Pd); (@) and for UP§ under pressurdll)
in Fig. 2 we conclude thak T, increases linearly witlk at a  (Ref. 25. ForAT,<0.05 KAT.xm? as predicted by the GL model
ratedAT./dx=0.30+0.02 K/at. % Pd. Within the GL mod- (see text The solid line is to guide the eye.
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Ginzburg-Landau expansion is only valid f&T. /T .<1. Pd substitution A(c/a)/(c/a)=—0.6x10 “perat.% Pd,
Clearly, for enhanced splittings a more sophisticatedvhile for hydrostatic pressure, because of the anisotropic
Ginzburg-Landau expansion with terms beyond fourth ordecompressibility — «.<k3), A(c/a)/(cla)=1.3x10"*

is needed. We conclude that there is a clear correlation bger GPa> hence doping 1 at. % Pd corresponds to an applied
tween AT, and m?(TJ), which is in line with the SMAF  hydrostatic pressure of0.52) GPa. For the stability range

acting as SBF. of the A phase we do not arrive at the same numbers. For
pure UP§, dAT./dp=-0.19K/GPa2® while dAT./dx
X. CONCLUDING REMARKS =0.30K/at. % Pd. Thus in this case 1 at. % Pd corresponds
to —1.6 GPa.
The experimental results reported in Sec. lll-VI show |n analyzing the specific-heat data around the double su-

that the unconventional superconducting properties ok UPtperconducting transition, we have provided evidence that
are extremely sensitive to Pd doping. First of all, resistivitymagnetism provides the SBF. This restricts the choice of the
experiments show that th& phase signaled b¥, is com-  GL models to theE-representation model, which applies for
pletely suppressed at a critical concentratiqry~0.007.  both even- and odd-parity states, and to the 1D odd-parity
Second, the specific-heat experiments show thaBthkase, model. The latter model relies on a weak spin-orbit coupling.
marked by the second transition Bt , is suppressed even In zero magnetic field both models give identical results, but
more rapidly, withx.~0.004. Third, AT, increases with Pd they differ in predicting the field and pressure dependence of
content. One of the main objectives of the present work washe superconducting phases. Notably, a tetracritical point for
to investigate the GL model formulated in Sec. Il, especiallyall field directions is only possible in thE model under
with respect to whether the SMAF acts as the SBF. Indeedsertain conditions and certain symmetr[&s, (Ref. 48 or
we find a close correlation betweeXiT(x) and m?(T;). E,, (Ref. 15], while no additional constraints are needed in
However, the proportionality betweeAT. and m?, pre- the odd-parity 1D model. As regards, the pressure depen-
dicted by the SBF model, only holds faT,<0.050K. For  dence, theE model predicts theB phase to be the stable
AT.>0.050 Km? grows more rapidly. The failure of the phase under pressure. A recent refinement of the odd-parity
model for larger splittings is attributed to the limited appli- 1D model shows that th€ phase is most stable under
cability of the simple GLE representation and 1D odd-parity pressuré? This is in line with recent pressure studiéand
models. The fourth-order expansion ndaris only valid for ~ dilatometry experiment&: Moreover, NMR experiment$>*
AT /T <1 have demonstrated convincingly thatthe Knight shift does
While SMAF and superconductivity coexist, evidence isnhot change through the normal-superconducting phase tran-
accumulating that LMAF and superconductivity compete.sition, and(ii) the effective spin-orbit coupling is weak. All
Recent neutron-diffractiéf and uSR*® experiments indicate these studies provide a strong case for the odd-parity 1D GL
that the critical concentration for the onset of LMAF is nearmodel. It is interesting to note that in the refined 1D odd
Xc,afEXc,sc~0-007?’o In order to put this on firm footing ad- parity modef® the antiferromagnetic moment is not static but
ditional SR experiments are in progress. The competitiorfluctuates in time. This is consistent with recent NWR,
between superconductivity and LMAF lends further supportuSR;">®?and neutron-diffractioff experiments.
for spin-fluctuation mediated superconductivity. In summary, we have studied the superconducting phase
The effects of Pd dopindthis work and hydrostatic ~diagram of UPt_,Pd,)3, by (magnetoresistance, specific
pressuré on the stability of theA phase are opposite. It is heat, and dilatometry. Our results in zero field show a strong
interesting to note that this also holds for tBeand C increase of the splittind T as function of Pd concentration.
phase2*3"38which is most clearly observed f@Lc. By ATc(X) correlates with an increase of the magnetic moment

applying hydrostatic pressure the tetracritical point in theM(X) upon Pd doping. This provides further evidence for the
B-T plane shifts to lower fields. Upon increasing pressuré>inzburg-Landau scenario with magnetism as the symmetry-
first the A phase disappeafat p.~0.35 GPa), followed by breaking field. '_I'he tetracritical point in tH&-T plane is ro-

the B phase, so that th€ phase is the most stable phase Pust upon alloying foBLc, at least up tx=0.002, while it
under pressur&:3738For Pd doping the contrary takes place. IS rapidly suppressed fiic. In a magnetic field thé andB
Upon doping the tetracritical point shifts to higher fields, andPhases gain stability at the expense of hephase upon
the A phase gains stability at the expense of Bi@nd C alloying. In this sense Pd doping and the effect of an external
phases. Note that thé phase is completely suppressed for Pressure are complementary.

U(Pt 9o 0023 In the caseBlic. The normal-state proper-

ties of UEg react upon Pd dpping also in an opposite way to ACKNOWLEDGMENTS
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