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We present a study of the surface critical fidlid;(P,0,T) measured for two needlelike whiskers of
UPt. Dominant surface effects were observed in the angular dependence of the critical field by means of
ac-resistivity measurements. These surface superconductivity effects show a surprisingly nonlinear thermal
variation ofH.5 contrary to behavior expected from conventional theory, wheggH ., = 1.69 is predicted.
The ratioH .3/H, is strongly depressed from its initial value 1.7 when going fromAtte theC phase as the
temperature is decreased. It seems to remain constant i@ thlease for even loweT. Nevertheless, for
temperatures close b, it is possible to describe the angular behavioHgg(®,®) with a standard model
by introducing an effective-mass anisotropy of the heavy quasiparticles. These results are compared to recent
H 3 calculations for different representations of the order parameter and seem to provide a direct evidence for
the suppression of one component of the order parameter at the surface. The restrictions imposed by these
measurements on the choice of the representations of the unconventional order parameter will be discussed by
also taking into account the limitations imposed due to the temperature dependence of the badd|plane
modulation.[S0163-182606)04142-7

[. INTRODUCTION In this paper we present a detailed analysis of the angular
and thermal variation of the critical fields measured on whis-
The superconductivity of the heavy-fermion compoundkers of UPt. The results strongly depend on the particular
UPt; presents a variety of different phenomena.shape of the specimen and can only be analyzed by taking
Specific-heat, thermal-expansiof,and ultrasonic attenua- into account predominent surface effects, as already previ-
tion measurementsshowed the phase diagram to be com-ously noticed The interpretation of the measurements in
posed of three different superconducting phases which joiterms of surface superconductivity, exhibiting a suppression
in a tetracritical point. Commonly, these three phases aréf the ratioHs/H, with decreasing temperature, also pro-
designated now by the lettes B, andC, representing the Vides a satisfying explanation for the former results obtained
high-temperature—low-field, the low-temperature—low-field,in Refs. 6 and 7.
and the low-temperature—high-field phase, respectiyely
yiew,l e.g., Ref. & We wiI_I use the. r.1otati.oﬁ'c+ andT._ to Il EXPERIMENTAL DETAILS
identify the two successive transitions into theand theB
phase in zero applied magnetic field. Several theoretical We studied needlelike whiskers of UPtwhich were
models have been proposed to account for the three supegrown by a bismuth-flux methotiThey have typical dimen-
conducting phasegeview, e.g., Ref. 5 A main distinction ~ sions of 0.1x0.15x5 mm? with their ¢ axis parallel to the
between these different proposed models resides in the teraxis of the whisker. The samples exhibit a nearly hexagonal
perature dependence df,(T) in the hexagonal plane. Early cross section with the surface normals possessing a sixfold
resistivity measurements on whiskers by Taillefemd symmetry. Laue diffraction patterns showed the surface nor-
Behnia! testing theH,, line between the normal and the mals to be parallel to tha axis of the hexagonal lattice. We
superconducting state, showed the discontinuitylef,/oT  use the notatiom™ to designate the direction perpendicular
at (T*,H*) for every field direction in the basal plane. But to eacha axis. The planar surfaces of the as-grown whiskers
also the angular variation of the resistivjty(®)] measured have a polished appearance with well defined sharp edges on
in the middle of the superconducting transition exhibitedthe total length and nearly no irregularities on a scale of 10
very sharp, pronounced peaks with a periodicity of 60°. Thisum. Whiskers 1 and 2 have a superconducting transition at
observed anisotropy in the critical field of the hexagonalT.; =508 and 501 mK, respectively, with a typical transition
plane was difficult to explain in the framework of the exist- width of AT.=18 mK as measured by conventional four-
ing models. We wish to stress here the importance of surfacgoint ac resistivity using indium-soldered contacts. Their
effects in such transport measurements which allow us t@mormal-state resistivity at 530 mK was 1.35 and 1.03
explain the former experiments. n cm, respectively, which is a factor of 2 more elevated
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FIG. 1. H3(®) between the basal plan®&90°) and thec FIG. 2. p(®) measured on whisker 2 &t 0.923 for an applied

axis att=0.923. The solid line shows the,(®) anisotropy cal- field of |H|=0.1 T. The sharp minima appear for the magnetic field
culated for an effective mass ratio of 1.8. The dashed and theeing parallel to a surface. Also shown are the crystalline orienta-
dashed-dotted lines show theoretietl;(®) curves calculated us- tions a,, a;, andaj with respect to the(dP) data.

ing formulas by Yamafujet al. (Ref. 12 (extended to anisotropic

superconductoysand Minenkoet al. (Ref. 17, respectively. The  the vacuum. They showed that a small superconducting layer
inset represents the thermal variation of the parameteas ex-  of thickness~ 1.69%, exists below the surface in external
tracted from the measurements l6f,(0,T) (Ref. 21 using for- magnetic fields stronger thaH., up to a value ofH.s

mula (2) (see text for details (=1.7H,,) when the direction of the field is oriented paral-

. ] lel to the surface. Their approach has been extended by sev-
than the value of Czochralski-grown single crystds0.5  gra| authorsto describe the measured temperature varia-
uf) cm at 530 mK(Ref. 8]. _ _ tion (nearT, and neaiT=0 K) and the angular variation of

The samples were mounted on the cold finger of a miniay - also for anisotropic superconductdfs’ Considering
turized dilution refrigerator and placed in the center of angp, isotropic superconductor with a superconductor to
assembly of three superconducting coils. The magnetic fielgscyum interface and using a variational calculatbihe

with a maximum field strength of 0.85 T can be oriented ingngylar variation of the surface critical fiell; can be ap-
any spatial direction with an angular accuracy of 0.1° and &yoximated by

stability of the overall magnetic-field amplitude better than

0.1%. The choice of a low current density: 0.1 A/cm? for 2

the ac resistivity ensured that no additional broadening of the Hc3(®)/H,=(|sin®|+ocod) ™, o=+/1-— (1)
resistive superconducting transitip(T) (e.g., due to depin- .

ning effecty was observed in applied magnetic fields. Thewith ® being the angle between the surface and the field
angular and thermal variations of the critical fields weredirection. It can readily be seen from this expression, that a
measured as described in Ref. 8. The so-determined criticgleaklike maximum is expected id3(®) for small values
fields do not depend on the measurement procedure. In thgf @. This angular variation can be identified in the mea-
following we designate by the angf@ the direction of the  suredH 4(®) curve which is represented in Fig. 1.

applied field with respect to theaxis (e.g.,® =0:H|c) and For comparison with the smooth angular variation of
by the angle® the direction ofH in the hexagonal plane H_,(®), which is due to an anisotropy of the Fermi surface,
with respect to one crystallograptacaxis, which we named we also plotted this functiofsolid line) in Fig. 1 using the

a, (see Fig. 2 for definition formula of the anisotropic mass model:

Ill. SURFACE CRITICAL FIELDS Hca(©) =(82C052®+Sin2®)_1/2 2

- e He2(90°)
The angular variation of the critical field was measured

for several temperatures on both samples. First we will conwith ez(m”/mi)l’zz 1/1.63. This values can be deduced
sider the critical field variation between tleeaxis and the from the ratio of the initial slopesH,/dT at T.,, where
hexagonal plane witlb=0°. In Fig. 1 we show its angular (aHCz,”c/aT)/(&HCzAC/z?T)=s’1 (Ref. 18 wusing the
variation measured on whisker 2 at a temperature oH.,(T) anisotropy given in Ref. 8. The pronounced maxi-
T=470 mK (t=T/T.=0.923) between the axis and the mum can obviously not exclusively be described by the an-
hexagonal plandsee also Ref. )8 A pronounced peak is isotropy of the Fermi surface which nevertheless has to be
observed for the orientation of the external field parallel toconsidered within the detailed description. Trying to deter-
the ¢ axis. This sharp maximum can be understood in themine the angular variation of the surface critical fi¢ld,,
framework of surface superconductivity as proposed byyamafuji et all? and Minenkd’ proposed approximative
Saint-James and de Genr&sThey consider the boundary formulas for isotropic and anisotropic superconductors, re-
condition 9/ 9x=0 at the surface of the superconductor tospectively. Here, anisotropigsotropig designates the case
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of an elliptical (spherical Fermi surface leading to aniso-
tropic effective masses of the quasiparticles. The dashed line
in Fig. 1 represents the calculatét.;(®) curve from the
Yamafuji model, which has been extended by coordinate
transformation to include the principal axis anisotropy .. |
(z=z’/s,Hx=sH;,sZ=m”/mi). As the model contains no
free parameters the accordance is surprisingly good for tem-
peratures close td.. . Unfortunately, the boundary condi-
tion in this model is only respected for the orientationtbf
perpendicular to the surfa¢éjt therefore can only be con-
sidered as an approximate solution. A more elaborate calcu- g4 |
lation by Minenkd’ for anisotropic superconductors, can

give a more accurate account of the angular variation but is
restricted to a smaller angular range due to the choice of the o.09

whisker #2

047

H; (Tesla)

f1a’, E ffa'

trial functions(dashed-dotted line in Fig.)1In either case, 120 140 160 180 200 220
the ratio ® (Deg)
Hes(0°)  (m |2 ., FIG. 3. He3(®,T) measured on whisker 2 at temperatures of
H.5(909) m o o =169 (3 t=0.923 (A) andt=0.786 @). The suppression of thid rela-
C

tive to theH?, with decreasing temperature is clearly visible.
is given by both models and represents the exact solution for
an infinite superconductor-vacuum surface. We have showRaye already demonstrated in Ref. 8, the measurements of
that the angular dependence of the measured critical fieldg ,(®) can be represented by formu(d) (see continous
close toT,.. can be qualitatively well explained by assuming jine in Fig. 1 of Ref. 8. The parameters used for the fit were
the existence of a thin superconducting surface layer 0£120_831 ande3=0.739. Their ratioe}/e3~1.12 corre-
thicknessd~ ¢, for magnetic fields superior t., (see also  gponds roughly to the ratio of the related surface areas which
Ref. 8. Therefore we identify now the measured values ofyaq a value of 1.2. This relation between the geometry of the
the critical fields to be equal to the surface critical field superconductor to vacuum interface and the valud gfhas
Hc3(0,T) (see Ref. 2P As can be readily calculated from jready been investigated by van Geldeal® on thin films
Fig. 1 and Eq.(3), even the absolute value of yijth a wedge edge geometry. They have shown the actual
Hc3(®=0°)/Hc;(®=90°)~1.67 is encountered when tak- geometry to be the dominant factor for the absolute value of
ing into account the Ferm|—l.72urface anisotropy via the effecs *=H_,/H . Hence the finite sizes of the real surfaces are
tive mass ratioe =(my/m,)**=1/1.8. ForH|c, the crude jnfiyencing significantly the ratiod (®,)/H,, for the
approximation of only one infinite superconductor-vacuumipree principle directions of the field in the basal plane par-
interface seems to describe reasonably well the experimentg|ie| to the surfaces.
results. _ o o Furthermore, one notices that the critical fields Ftfa
Now we consider the angular variation of the res'St'V'tY(HLsurfaceMo not correspond to the bulk, as the mag-
p(®) and the surface critical fielt .3(P) foroa rotation of - netic field is not perpendicular to all of the surfaces but only
the magnetic field in the basal plan® €90°). Our mea- g one. Therefore the value of the critical field, which we will

surements ofp(®), at a temperature coinciding with the gegjgnate bH?,, is enhanced oveHd ., due to a still persist-
midpoint of the resistive transition, show marked peaks Wlthing small surface superconductivity contribution.

a periodicity of 60°(see Fig. 2 similar to those observed by
Taillefer in earlier measuremerftsThese peaks occur every
time the magnetic field is oriented parallel to a surface, hence IV. Hcs PHASE DIAGRAM

the sixfold symmetry of the surface normals is projected into The phase diagrarfFig. 4, as determined for whisker 2,

the angular variation of the resistivity. The correspondingshows several characteristics which we will consider in the

critical field measurements performed on the same whisk . . .
are shown in Fig. 3. The characteristic discontinuitylike ene_}frollowmg sections. The overall anisotropy betwesfic and

hancement fot () reflects the sixfold symmetry of the H_L ¢ shows the same behavior as observed in most experi-
c3 o : ymmetry ments. Nevertheless, we would like to focus attention on

surface normals. Qualitatively, this angular variation can alsq . I . .
several particularities of thl .5 phase lines. First of all, one

be described by assuming not only one ideal infinitely ex- .
tended surface, but a superposition of six “ideal” surfaces apotes that the slope 4 5(|c) close toT, is steeper than

. dH /3T for higher fields H>0.5 T), contrary to the ex-
angles of®,=(2n+1)#/6 (n=1,2,...,6) which reflects c2 o . o
the experimentally encountered situation. The angular variapec’[ed thermal variatior(cf. Ref. 2. This behavior is

. i . . . strongly correlated to the influence of the surface on the criti-
tion of the critical field using Eqc1) can be approximated by cal figlg as will be shown in the next section. On the other

Hoa(D) ' . hand, a significant anisotropy &f.; can be observed for the
H =max[|si®—P,)|+e’|cog P —D,)|]7Y, a and thea* directions in the hexagonal plane, which also
c2 4) changes with decreasing temperature. The litkafT) de-
pendence at higher fields can be used to determine the tet-
with 7 =Hc,/Ha(P,)|, varying for every considered sur- racritical point to be atT*=395 mK andH*=0.42 T
face (n). Thuse}, incorporates the finite-size effects. As we (H||a*), where it starts to deviate from the linear depen-
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FIG. 4. Phase diagram of the surface critical fielgh(T) show- FIG. 5. Temperature variation ¢, relative toH, measured

ing the anisotropy betweet|lc (O) andH.Lc. The in-plane an-  for H||c (@), H|a} (A) andH|a} (O), evaluated from a phase
isotropy for the whisker 2 can be observed fefla () and  diagram with basal plangl., anisotropy in Ref. 7 [J) and com-
Hlla* (@). pared to theoretical prediction by Het al. (Ref. 15 (solid line).

The value ofH,(]|a) used to determine the ratid.5/H, is prob-
dence. In the following analysis we will only consider the aply an overestimation of the rehl , in the basal plane due to a
phase lineH3(T). Therefore, we will refer to the tempera- still persisting surface contribution. Therefore, tHg, /H,, appear
ture ranger>T* (T<T*) as theA (C) phase, respectively. to have a reduced value for field directions in the hexagonal plane
The change in slopéH.3/dT can be distinguished for all compared to théd|c geometry.
directions of the field in the basal plane also at intermediate

angles(cf. Ref. . Hes(la3)/Hi(la) and Heg(las)/Hiy(la;) were deter-
mined for the temperature range of 0.85to T.. The data
V. TEMPERATURE DEPENDENCE OF H, is also represented in Fig. 5. One clearly sees the decrease of

the surface critical field relative to thid., for decreasing
temperatures also in the basal plane. The value 3| a,)
is probably an overestimation of the rddl, in the basal
lane due to a still persisting surface contributtdmhere-
rfore, the H.3/HZ, curves do not show the same absolute
values for both of the directionsl|c and HLc. The so-
determined ratio$i .3 /H, coincide with values determined
directly from theH3(®P) curves shown in Fig. 3see also
data for whisker 1 in Ref.)8

TheH3(0,T) data @ =0°) were analyzed according to
formula (3) using the effective-mass ration(/m, ) deter-
mined from H,(®) measurement®:?* Here we take the
ratio 82=m”/mL as a parameter to describe the change i
H.(®) as a function of temperaturgormula (2)]. The
analysis of theH ,(®) curves of Ref. 21 provided the ther-
mal variation of the parameter’, as represented in the inset
of Fig. 1. Therefore, for everil .3(®,T) curve it is possible
to calculate théd .5 /H, ratio. The results are summarized in ; -
Table | and shown in Fig. 5. The data taken on both whiskers[:e In the classical theory for surface superconductivity, the

; mperature variation dfl .3 has been evaluated theoretically
for H||c are represented by the solid dots. The surface supef- 13-15

al= e : y several authors:**~*®For ans-wave superconductor the
conductivity is apparently strongly suppressed in the

hase. where it is reduced from a value close to 1T.atto surface critical fieldH 5 is expected to increase from the
El 5 E)eIowT* Aled initial value of 1.695 towards a value of 12909 when

- considering speculadiffuse) reflexion of the quasiparticles
whl(\alr?mtlhv(\elemwelllgljr?(la?icc u?izltdh?steomnlr;erritt:rti dd?r?etuie?é?aégona t the surfacé? Hu and Korenmal? expanded the Ginzburg-
plane @ =90°). For the directions of the magnetic field par- andau free energy ned to sixth order and obtained two

allel to thea3, a,, andaj directions(defined in Fig. 2 the correction terms to théls(T) dependence:

temperature evolution of the critical fields were carefully de-

termined byp(T) measurements in constant applied mag- _‘3321.695.,[1+0.6141_0_0_57-,(1_03/2]_ (5)
netic fields. From these phase lines the ratios Heo

TABLE |. Temperature evolution of thel .3/H, determined foH||c under consideration of the global
anisotropy ofH., (see text for details

No. t=T/T, my/m, (from Ref. 20 Hc3(0°)/H3(90°) (Hea/Heo) cae
1 0.925 1.63 2.6 1.59
1 0.886 1.62 2.12 1.31
1 0.807 1.37 1.65 1.21
2 0.94 1.8 3.0 1.67
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The solid line in Fig. 5 represents this temperature varia- A. 1D Models

tion of H3(T) for comparison with the experimental results.  Here, we would like to recall the basic idea of the 1D-
One clearly observes the significant difference between thRep modelgeither A,B or mixed A®B) (Refs. 2728 to
classicalH¢3(T) prediction and the measurements. provide a basis for the following discussion. The supercon-
In Fig. 5, we also compare our experimental results tojucting ground state is assumed to be formed by two inde-
hitherto uninterpreted results available in the |iterature.pendent order parameters,(and 7,) belonging to different
Behnid showed a phase diagraHy,(T) anisotropic in the 1D representations and exhibiting slightly different transition
basal plane, which was determined during the same measuremperatures ., and T._, respectively. Also the slope
ments as reported in Ref. 6. We analyzed these data to e¥H.,/dT differs in general betweerny; and 7,, being
tract the ratioH.3/H., when supposing that also surface steeper for the latter in order to reproduce khg(T) phase
superconductivity was encountered. This data is also rediagram. Therefore, thé& phase will be formed only by
ported in Fig. 5 by the open squares. Surprisingly, the same, the B phase byn, and 5, being simultaneously present,
strong suppression of the surface critical field with decreasand theC phase only by they, order parameter. Independent
ing temperature in th& phase is observed for their measure-O0f the orientation of the applied magnetic field with respect
ments. Here we would like to emphasize that the formetto the crystallographic axes in these models the phase dia-
measurements were performed on whiskers prepared diffegram aIv_vays_exhlblts a tetracrltlcal_pom_t. Also no adc_htlonal
ently by rapid quenching of a URtmelt in an UHV zone mechanism like a symmetry breaking figick., the antifer-

refining installation. Also early measurements by Kleiman'omagnetic orderingis required as it is the case for the 2D

et al,?® determining the phase diagram by mechanical tor-mOdeIS’ Wh.'Ch we W'I.l discuss later. .
Concerning the mixture of two different types of order

sional oscillator experiments, claim the observation of sur- arameters A, ®B,, Ay ®B,g, and Ay, ®B,,) Chen and

face superconductivity. Thel.3/H,, ratio, extracted from P 6 NI EL, Mg 20 1u™ =2u

their phase diagram, also exhibits a strong suppression in thGarg2 considered three different geometries of su'rface nor-
o . : Mals () along thea, a*, and thec axes, representing also

A phase, although the initial ratio close 1q is far more

N N . our experimentally encountered situatiorj|4*). While also
elevated (¢3/H,~2.8 atT/T.~0.94) than the theoretical p\5)7ing our data of Ref. 8, they conclude that the combi-

value of 1.695. nation A;,® B,, could probably not be realized, & is
predicted to be linearly proportional td., over the entire

temperature rangeH.3=1.69H ,), which is contrary to the
VI. DISCUSSION observations.

Our measurements clearly show that the surface criticarlnigzwoﬁggrbg?ra%;?;szggé szsdid: reEc; E? O;T]tzr?@ti?ﬁes‘ o
field (or Heg/H,) in the basal plangH .5(®,0 =90°)] and ; ! 19~ =29 "
along thec axis [Hoy(®=0°,0)] is strongly suppressed in componenty, is suppressed due to the boundary condition,

: . . whereas the component; maintains the surface supercon-
the A phase with decreasing temperatusee Fig. 3 and 4,0ty even to fields higher thai*. This implies that the

exhibits an essentially constant temperature evolution in th?atioH 4/H,, has a value of 1.695 in the phase, due to the
. . C. [+ . il
C phase. This temperature dependence is contrary to ﬂ}?resence ofy,. As theH,, in the C phase is given by,
verified predictions of the “classical” theory, where the ratio possessing an enhanced slofid.,/dT relative to theA
Hes/Hc, should slightly increase towards=0 K. These  phage, théd 4 /H., will exhibit a reduced value for tempera-
results seems to bg strengthzesned by earlier, unan_alyzgd dalfesT<T*. Ideally, Hes /H,, should present a step change
of Behnid and Kleimanet al.*> One has to keep in mind i s value atT* from its initial value of 1.695 to a value of
when interpreting these results in the framework of the clas; 4 This value ofHs/H, (=1.1) in theC phase can be
1. eal/H¢ .

sical surface superconductivity theory, that these mOdeléstimated from the ratiodH oy 4 /dT)/(IHepc/dT) in slopes
consider an ideal superconductor-vacuum surface with a cong o , (=0.645 for sar;ble 1in Re?‘ )aetween thed
c . :

ventionals-wave order parameter. ; -
_ andC phases. Compared to our experiments this step change
Recent theoretical efforts by Samokfifhagterberg and in Hes/He, would only be encountered for perfectly linear

Walker?® and Chen and Gafgfocus on the calculation of : , -

H o for different bl r r@ tations of the order par mH°3(T) an_d Heo(T) phz_ase lines. Now, if one considers a
etcegr gelongir?g e?t%s:asr toetheepoensee-di%:n;gnal ?e%reeseﬁ?afilongnore continuous variation of the slope betweenAhphase
(1D-REP A; ,B; ,A;®B; or to the two-dimensional represen- d theC phaseHes/He will be expected to show a con-

; : . tinuous decrease from its inital value 1.695 already in the
tations(2D-REPB E; in the framework of a Ginzburg-Landau ; o - i}
(GL) free-energy expansion. Samokiinand Chen and A phase. This thermal variation, which we named suppres

. . ) . ion ofH.3/H., in the A ph m ncountered for

Gard® each give complementary information for all possible > 0 ea/Hez in the A phase, seems to be encountered fo
e our experiments.

order parameters on the boundary conditions and the sup-

pression of certain components due to the presence of a
boundary. According to the analysis by Samokhin, the order
parameters belonging to the 1D-RER;( A,,B4, B,) give In general, the ground state due to the vector order param-
the ratioHs/H, to be independent from temperature overeter n=(#,,7,) of the 2D-REP models is always degener-
the entire validity range of the GL theofyefer to Ref. 24. ate and the corresponding phase diagram does only exhibit
This dependence is not observed for the measured data. Tl@e superconducting order parameter. The degeneracy of the
same conclusion is reached by Agterberg and Walker, ground-state energy can be lifted if a symmetry-breaking
while analyzing the data of Ref. 8. mechanism(generally called the symmetry-breaking figld

B. 2D Models
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like a coupling between the superconducting order parameter 25
» and the magnetic momenits!| of the antiferromagnetism
(F==¢|9M|), is introduced into the free energy. All of the
below-considered 2D-REP models reproduce the phase dia-
gram forHLc andHL M. A study ofH.,(T) as a function

of the direction of the magnetic field in the hexagonal pfane
has shown that the tetracritical point is generally present for
H.L c. Most of theE models(cf. Ref. § require one to as-
sume a rotation of the magnetic momémtunder the action

of H to account for the experimental facts. However, re-
cently inelastic neutron-scattering measurements seem to in-
dicate that the directions d¥l, which are fixed along the

a* directions®® do not rotate under the action of an external

| sample S1

applied magnetic field* Therefore in the framework of the Toss 0.40 0.45 0.50 0.55
basicE models the isotropy of the phase diagram ffor ¢ T®
seems difficult to predict. Only for thel?) representatiof? FIG. 6. Temperature variation of thiH ., /H, modulation ob-

of the order parameter, recently Agterberg and Wéfkend  served duringH,,(®) measurementéRefs. 8 and 38 The two

Saul$* have shown, that incorporating a static orientation ofsuccessive superconducting transitions take plac@,at=527.9

the magnetic moments is sufficient to explain the observethK and T._=420 mK. TheH., modulation changes its sign at

H,(T) phase diagram. T*~437 mK. The dashed lines represent a fit of the data for the
The main problem of the different considered representa® and C phases to the modél dependence (2T/T.)? deter-

tions of the order parameteE(,E,) resides in the problem Mined by MineeuRef. 40 for order parameters of mixedh(>B)

of reproducing the tetracritical point fdd|c as it has been representation. The thermal variation in fephase can obviously

. ’ be described by the model, whereas in thephase an opposite
observed expenmentalﬁ/g. Only recently, Saufshas shown behavior is observed. The dashed-dotted line represents a

that it is possible to overcome this problem when ch003|ng5|_|c2/HCZ calculation by Saul$Ref. 34 considering arES) rep-

the E;) representation of the order parameter and assumingsentation of the order parametsee text, which we scaled by a
only a very weak hexagonal anisotropy of the Fermi surfaceactor of 1/20.1 to describe our results.

(see also Agterberg and Walkéwho extended the model

further). According to this approach the phase diagram can C. H,, modulation in the hexagonal plane

be reprodL_Jce_d foHLc anc_JH||c. Also using this model the At this point it seems suitable to reconsider the observed
strong uniaxial suppression df., for H|jc compared to

) ; modulation 6H., of the Hy,(®) in the basal plang?®3°
Hlc _(Il?efs. I'ZIQ and 21 chan be explained in terms of & \yhich we observed on spark-cut single crystals, and the dif-
uniaxial Pauli limiting of t eHc, for Hic. ferent theoretical models proposed for their explanation by
Returning to the interpretation of the measured surfaceﬁ,”neevz;o Agterberg and Walket*! Sauls* and Machida

critical field Hs(T), Chen and Garg also show that it o al*? They all identify the change in sign of the modulation
should exhibit a similal dependence for nearly all 2D-REP 5 = ot the tetracritical point to be related to the change in
as for theA®B m(l)dels[no surface superconductivity is 10 e components of the order parameter under consideration.
be expected foEY) (Refs. 24 and 3@, when the field iS  Here once again an important feature of the obseidgg
oriented along the” direction in the basal plane. For the anjsotropy resides in its temperature variation which is sig-
orientation ofH along thec axis, Hq3/H,, is calculated to pificantly different between th& phase and th€ phase(cf.
increase slightly with decreasing temperature for ig,  Fig. 6). Mineev explicitly calculated the thermal variation of
Ei. Ezg, andEY) representation of the order parameter. the expected modulatiodHg,/He, for mixtures of order
Our results forH||c show also a significant decrease in the parameters belonging to two different one-dimensional rep-
ratio Heg/H¢, and contradict therefore the predictédde-  resentations A®B). He showed it to be proportional to
pendence. One has to notice that the calculation for the1—T/T..)2. The dashed lines in Fig. 6 represent a fit of
ES) representation of the order parameter with the fieldthese formulas to théH,/H, data in theA andC phases.
along thec axis was performed without the refinements in- Whereas the thermal variation in ti@& phase is quite well
troduced by Saufsin order to obtain the tetracritical point in described by the model, the modulation in th@hase shows
the H.,(T) for this direction. This particular situation was a behavior inverse to the one calculated. On the other hand,
recently considered by Agterberg and WafReand they Agterberg and Walkéf** and Saul¥* calculated indepen-
show that due to the suppression of thecomponent of the  dently, while using the sami$?) representation of the order
vector order parametey= (7, ,7,) at the boundary, a sup- parameter, that a theoretical description using this 2D repre-
pression of the surface superconductivity in @@hase is to  sentation can qualitively describe the obsertd modula-

be expected in all directions of the field with respect to thetion and its temperature dependence. To illustrate this quali-
crystal axis. They conclude that the strong reduction ofative accordance, we transformetaling factor 1/20Jithe
H.s/He may be explained with the presence of Bff) 6H¢, modulation calculated by Sadfsto be represented in
order parameter. Summing these different calculatié®,  Fig. 6. The calculated thermal variation 6H, shows the
there seem to remain three different possibilities for the ordesame behavior as the measurements except that a value of
parameter representations; ® B4, A;3®B,g, and E(Zi). 30% close toT. is an overestimation. The calculations by
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Agterberg and Walkét reproduce more quantitatively the parameter and that the thermal variation in fkhand theC
experiments? Therefore, the measurement of the thermalphase of theSH ., /H ., modulation restricts the order param-
change of theSH ., /H ., modulations seems to exclude order eter to belong to a 2D-REP, one may be tempted to conclude
parameters belonging to any of the one-dimensional reprein favor of the ES) representation as the actually present
sentations. superconducting order parameter in YPAs pointed out
recently by Sauls,an order parameter of tH'e(zzu) represen-
VIl. CONCLUSIONS tation has also the required nodal structure to account for the

The measurements of the critical fields on whiskers Ofthermal variation of th_e acoustic _attenuajuon, th_e specific
heat, and the penetration depths in WPt is possible to

UPt; revealed pronounced surface superconductivity effect?each this conclusion after considering the large variety of
every time the magnetic field was oriented parallel to a sur-,. : 9 g y
L . different proposed theoretical models for both the upper
face. The observed angular variationttf; can be explained " .
. X - critical field (e.g., Refs. 5, 40, 33, and B4nd the surface
in the framework of classical surface superconductivity when_ ... 12426, ; P
. ; : . critical field?*~2°with their thermal variations.
the anisotropy of the effective masses of the quasiparticles i$
taken into account. Contrary to the expected small increase
of the ratioH 3/H., at lower temperatures, the measure-
ments clearly show its strong suppression with temperature
from a value of 1.69 al ., to a value of 1.1 in th& phase. We thank Z. Fisk for providing the whiskers of UPt
According to the above-presented theoretical interpretationg\lso we are grateful to V. P. Mineev and A. Buzdin for
this thermal variation ofH.3/H., can be taken as direct numerous discussions on the topic of surface superconduc-
evidence for the suppression of one component of the unconivity. N.K. is indebted to J. Sauls, K. Samokhin, D. Agter-
ventional order parameter at the surface due to the boundaterg, M. Walker, D. Chen, and A. Garg for making their
condictions. work available to us prior to publication and for their numer-
Keeping in mind that the surprising suppression of theous enlightening discussions. Part of this work was sup-
surface superconductivity in theé phase favors either the ported by the French Ministry of Research and Education.

A1® By, theA,;® By, or theES) representation of the order N.K. acknowledges support from the European Community.
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