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Evidence for unconventional superconductivity in UPt from magnetic torque studies
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We studied the anisotropic magnetic response of the internal superconducting phasesasfdJit aniso-
tropic magnetic susceptibility with a capacitive torque meter which is very sensitive in high fields. Experiments
were performed at temperatures down to 20 mK and at various angles betwesxthénexagonal structuje
and B, ranging from 16° to 82°. The samples were four single crystals grown with different methods and
subjected to different annealing procedures. The normal state susceptibility has a maximum around B0 K for
in the a-b plane which we followed up to 14 T. It may arise from hybridized uranium ion states split by the
hexagonal crystal field. The magnetization curves in the supercondy&@gegime show strong irrevers-
ibilities which are highly sample dependent. They are not correlated with the internal SC phase lines but
continue up to a line of fields that lies parallel to g, curve and even follows its kink at the tetracritical
point (T*,B*). In the cleanest sample this line is shifted to fields well belowBHe internal phase line which
then manifests itself in a pronounced kink of the magnetization curve indicating an enhanced Ginzburg-Landau
parameterx. In another sample thB-C phase line between two of the three internal SC states could be
detected even in the hysteretic region. The enhanced Ginzburg-Landau parammeians a larger penetration
depth and/or a shorter coherence length, clear evidence for the unconventional characteB-&f fifease
transition. With our cleanest sample we also observe an anomalous peak effect, a region of enhanced flux
pinning nearB.,, which is probably related to the Fulde-Ferrell-Larkin-Ovchinnikov state. In yet another
sample we find a crossing of the up-down magnetization curves, als®pgdiut with reversed orientation of
the magnetization loops. We interpret this in terms of different flux pinning in the two main crystal directions,
possibly in relation to the peak effect which is, however, masked in this sample by strong irreversibilities.

INTRODUCTION either two symmetry unrelated one-dimensional components
that lead to nearly degenerafg’s,®° a one-dimensional or-
Among the heavy Fermion systems YR& the most der parameter combined with weak spin-orbit coupfihgr
widely studied compound because of its unusual supercora single two-component order parameter belonging to a two-
ducting (SC) properties. In low magnetic fields there is a dimensional representation of the point grddpg, in which
double transition into the SC stafe; andT. , separated by the degeneracy is lifted by a symmetry breaking fléltf
about 60 mK, leading to phases denofedndB, and there is  For the latter usually the weak antiferromagnetic ordering at
another phase boundary to the so cal@ghase at higher 5 K is taken which was detected by neutron scattering, but
fields. For all field orientations the internal phase lines meetlso a structural texture, observed after annedfiigs been
in a tetracritical point, denotedT(,B*). Furthermore, the invoked*?
specific heal;® the penetration depth,and the thermal Recently, the focus of discussion has narrowed to the
conductivity exhibit power laws in the SC region, instead of question ifE;q (Ref. 11 or E,, (Ref. 12 is the relevant
the usual activated behavior. TiBeC phase boundary has representation for the two-dimensional order parameter. Both
been established mostly by ultrasound velo€itgermal ex- have a line node at the equat@n the notation of a simpli-
pansion, and magnetostrictiémut so far no decisive signa- fied spherical Fermi surfagand point nodes at the poles and
ture in the magnetization has been reported. differ only in the way the gap vanishes at the point nodes.
Theoretical interpretations of this phase diagram suggedtor E,4 this is a linear function ok, whereas foE,, the gap
an unconventional SC order parameter with a symmetryanishes quadratically ilk. Since the node structure is so
lower than that of the Fermi surface. Under consideration arsimilar, it is very difficult to distinguish experimentally be-
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11 ———T——T——T— susceptibility around 20 K is still not clarified. In addition to

1 1 the normal phase anisotropic magnetic susceptibility we
studied the anisotropic superconducting response to field and
temperature variations. We used a capacitive torque meter
] which is very sensitive in high magnetic fields. The normal
g state torque is proportional 8 and to the difference of the
. magnetic susceptibility, ,— xc= Xaniso@nd a finite angl®
T between the field and the crystallographiexis is required.
] In an anisotropic type-ll superconductor a torque is gener-
ated by the fact that the shielding currents are no longer in a

54 - plane perpendicular to the field ama(j.) | to B creates a

-, T torque perpendicular to both andB. Due to a small Meiss-
] o ] ner effect 2%) %1 in the case of URtthe SC torque is
3 00%%1%% 4 superimposed to a large background from vortices. One pur-
R — pose of our experiment was to explore the three SC phases
0 20 40 60 80 100 with a sensitive magnetic method. We found that By

T [K] phase boundary manifests itself in a clear kink in the mag-
netization curvesM, (B) which points to an enhanced
Ginzburg-Landau parametet in the C phase, which is
clearly an unusual behavior.

] sample BU-2¢
64 B=4T

x [10® emu/mole]
h

FIG. 1. Magnetic susceptibility of URfor B perpendicular and
along thec axis of the single crystal No. 48U-2c) measured in a
vibrating sample magnetometer in 4 T.

tween both cases. The most recent experiments are studies on

the thermal conductivity of URtin low magnetic fields and

at low temperatures.They demonstrated agaithrough a Our capacitive torque meter is a modified version of that

scaling behavior in both variablethat the SC gap function first introduced by Brookst al'® The torque experienced in

should have lines of zeros, but they also could not resolvan external magnetic fieltapart from shape effects which

the issue o4 VS Ey, . are negligible for URtsince x, ,, . are small is given by 7
Another, more fundamental problem concerns the mag= (1/10) XanisV BC0SO SiN®, Where x anise= Xab— Xc, O IS

netic susceptibility and the nature of the heavy effectivethe angle between the anisotropy axisand the external

masses of URtwhich are still not _vveII un.derstood. T_h_e field, and7 is perpendicular td,,, and toc.

usual one channel Kondo scenario is certainly not sufficient For UP%, the anisotropy of the susceptibility which is

to provide an explanation. The blggest prOb.'e_”? IS the MaXisizable already at room temperature has been measured more
mum around 20 K of the maqnenc susceptibiligyp, i.e.,  han 14 years ago by Frings and Frafisad we confirmed
with the external magnetic fiel in the crystallographi@a-b  these data with our sample BU-2c in a vibrating sample mag-
plane, see Fig. 1. To explain this maximum, the existence ofetometer in a field of 4 T, see Fig. ¢, andy,, are identical
antiferromagnetic fluctuations has been invokbdut the  and show a maximum at 20.5 K, whije, increases down to
data seem to be not decisive enough to explain the observefis temperature and then levels off. At the lowest tempera-
maximum quantitatively. Such maxima in known spin fluc- tyres y, and y, are about a factor of 2 larger than, and
tuating systems such as Pd are usually very weak. Anothgfe expected a strong torque even at mK temperatures.
possibility is the splitting of uranium Hlevels in the hex- The design of our torque meter is shown in Fig. 2. The
agonal crystal field, as in the similar compound BrtRef.  ypper capacitor plate with the narrow cantilever was etched
15) which shows a nearly identical temperature dependencgut of OFHC copper. The dimensions of the “tongue” were
of the susceptibility, both im-b plane and in the direction.  0.05%2.7x0.4 mn¥.
In contrast to this compound, in UPthe 5f levels are hy- SamplesThe samples, all single crystatepicted in Fig.
bridized with conduction band electrons and the effect of3) came from three different groups and were cut or cleaved
crystal field splitting needs a more detailed study. But theoff from larger parent crystals. One of theisample No. %
magnetism in URtis even more complicated because of thehas already been investigated in a previous heat capacity
existing anisotropy. A possible scenario which explains als@xperiment? The first crystalME-2) was grown in Amster-
the puzzling observation of a crossing of the upper criticaldam with the Czochralski method and has been annealed for
field curves forB||c andBl|a at 150—200 mK was proposed 24 h at 930°C. Two further samplédA-c-ax and HAa-ax,
by Park and Joynt in 1996. These authors assume a van c-axis anda-axis orientegi were grown by the Northwestern
Vleck-like susceptibility in thea-b plane and a Pauli-like group from electromigration purified uranium and they were
Xc- The first one would, similar to the case of PsNead to  tempered for 6 days at 800 and 970 °C, respectively. They
a maximum ofy, , due to level splitting in the hexagonal were cut out of a larger crystal by spark erosion. Both had
crystal field. But also in this model the origin of the heavy excellent residual resistance ratiegg /po k of 892 (HA-
effective mass and the nature of the small ordered momentsax) and 957(HA-a-ax), respectively. The last samplRo.
are unclear. 4) was grown in Konstanz by electron beam melting from
Our torque experiments in the normal phase were motiespecially depleted uranium. Although it has not been an-
vated by the fact, that for the proposed unconventional surealed so far, we consider it an excellent sample judging
perconductor URta basic property such as the magneticfrom the high and sharfi, (540 mK). After polishing the
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capacitor

FIG. 2. Sketch of the capacitive torque meter used here. Th
cooling of the sample was provided through a thin lens pape
soaked with GE varnish. The contact was good enough to cool th

paper + GE
isolation

sample to temperatures below 20 mK.

surface for penetration depth measurenteittoroke into
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FIG. 4. Magnetization curv®l, (B) of sample No. 3. To obtain
M, (B), the raw datar(B) was divided byB. In addition, for this
plot the normal state contributioy),JH was subtracted. This
sample had the highest residual resistance ratio and showed the
smallest hysteresis.

Ag) by lens paper of 40um thickness soaked with GE var-

hish. The latter was used to give good thermal contact to the
Blate onto which the samples were glued with DuPont silver

epoxy. Estimates showed that the radioactive heat leak of the
samples was low enough and the thermal contact through the
GE varnish and the silver epoxy was good enough to cool the

three pieces, piece b was used here in the torque meter whigmples to below 20 mK with the body temperature below
piece ¢ was investigated in the vibrating sample magnetomerg mK provided by a dilution refrigerator. The temperatures

ter.

of the sample holder were determined with a carbon resistor

Thermometry The upper capacitor plate was electrically cajibrated against NBS fix-point standax@s previous runk

isolated from the body of the torque met&@FHC copper or

UPt, single crystals
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and against a second carbon resistor in the field-compensated
region of our cryostat when magnetic fields were applied.

The B-T region between 0 and 7 T, 20 mik 2 K was
scanned by either sweeping the field at constBnor by
varying T in a constant field. Also slowly modulated sweep-
ing fields (20—30 mHz ac fields with small amplitudes su-
perimposed to the field rampvere used.

Even at 20 mK the anisotropy was only about 10% less
than @4 K which demonstrates that, ,, is still ~2y. at this
temperature. Since the SC internal phases differ in the order
parameter and/or in the distribution or structure of the vorti-

ces we expected changes;oat the phase boundaries, espe-
cially so since the torque is a very sensitive indicator of
anisotropies.

RESULTS

B-C phase line In the superconducting phase the raw
data 7(B) at constantT were divided byB to obtain the
magnetization curves favl | (B), the magnetization compo-

nent perpendicular tdB. They were nearly reversible for
sample No. 3, the-oriented crystal with the highest residual
resistance ratio. They display a kink around 0.8 T which
flattens the curvésee Fig. 4 and thus points to an increased
Ginzburg-Landau parametarin the C phase, which means

a stronger type-ll character of this phase. This behavior also
leads to the well known kink of th&;, curve above the

FIG. 3. Sketch of the samples used in this work. All samples ardetracritical point. The reversibility oM, (B) in the region

single crystals grown and annealéekcept No. 4 in a different

way, see text and Table I.

where the kink occurs rules out the possibility that it could
be due to changes in flux pinning. In the torque curve the
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FIG. 5. Torque curvedi x B of sample No. 3 with the normal FIG. 6. Torque curves X B of sample No. 2. In spite of the

contribution o y,,sB2 subtracted leaving the SC partsc larger hysteresis as compared to sample Bl@a kinl_( at theB-C

MM(. )|§ which in an anisotropic superconductor stems from phase boundary is clearly seen, the peak effect is masked by the
) J? ) ) P ] P N i large irreversibilities. Note the difference in the scale as compared

shielding currents in a plane which is not orthogonaBtdrhe kink

to Fig. 5.
around 0.8 T marks thB-C phase boundary. Betwe&j andB; an g

anomalous peak effect with hystereBg is found. . .
P y Be In contrast to this we have here a system with a long mean

free path for the electrons as compared§oSuch a “peak

kink is even more pronounced, see Fig. 5. The temperaturgffect” for UPt; has been found in Faraday magnetization
dependence of the kink maps tBeC phase transition, see measurements by Tenyt al?® and it was suspected to be
Fig. 7. Its location under 43° is in accordance with the phasehe cause for a sharp drop gf in ac susceptibility data just
line found by Schenstrorat al** under 45° which was close below T..?* Its origin, however, could not be clarified in
to the B//a phase line. The upper critical field was deter- both cases. Our sample No. 3 is a rare exception among UPt
mined from the upper end of the curves in Fig. 5 and by thedrobes for its widely reversible magnetization curve. This
onset of the Meissner effect in field cool@dsweeps. leads to a clear observation of the “peak effect” feature

Our result is clear evidence for unconventional superconwhich is largely obscured by hysteresis in other samples,
ductivity. The possibility that at 8.T a magnetic phase tran- compare the scales in Figs. 5 and 6, or Teayal*®
sition takes place can be ruled out: abolg we see no A peak effect with exactly the same behavior as with our
indication for such a transition and in this region a magneticcleanest sample No. 3 was reported by Gegenetaat?® for
transition has never been observed in the literature. The onlyPGAl; and CeRy. In accordance with a theory by Tachiki
possibility which is left is a change in the Ginzburg-Landauet al?° it was interpreted as due to an anomalous Fulde-
parameterc=\/& of UPt. Either \ increases and/of de-  Ferrell-Larkin-Ovchinnikov state. Since we believe that in
creases. Both parameters depend on the mean free path iP&r case the same explanation is possible, we follow their
way that theC phase would have to have a shorter one. In géargument here and we use the same notations. Between an
scenario with a coupled SC and magnetic order parameter &hset fieldB; which is hysteretidfirst order phase transition
discussed, e.g., by Bloust al?? one could speculate that, as ? and an offset fieldB;, a region of strong flux pinning
in the C phase one component of the magnetic order param-

eter vanishes, more magnetic scattering centers exist, and as ' ' ' y '

a consequence the mean free path would decrease. This 2.51 UPt, i

would lead to the behavior we observed. sample HA-a-ax
The kink inM, was less pronounced with sample No. 2, 2.0 A(B,c)=43° -

due to a larger hysteresis, but it could still be discerned in the o kink of M,(B)

upward branch, see Fig. 6. It's position, though, is shifted to 151 c |

higher fields as compared to sample No. 3, most probably

due to strong flux pinning. Therefore it does not lie at the Q

right field value for theB-C boundary but is still an indica- 1.0 .

tion of it. For both samples no transition could be detected TP Te TGy g

above 400 mK(shaded area in Fig.),/possibly because our N ]

method is less sensitive whd), is smaller at higher tem- ' B A?

peratures, or because the effect is smaller ngar From 7

penetration depth measurements we know the temperature of 0.0 s =

the lower transitionT, in small field$® and the tentative 00 01 02 79':[3K] 04 05 06
location of theA-B phase line is indicated in the figure.

Anomalous peak effecAnother remarkable feature in FIG. 7. Phase diagram showing tBeC phase line as obtained
Fig. 5 is the irreversibility region ned., which is similar to  from Fig. 5(sample No. R In the shaded region no kink M, (B)
the so-called peak effect in “dirty” type-1l superconductors. could be detected. Full squares indic&tg.
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TABLE I. Properties of the samples used in this work. RRIfines the residual resistance ratio along the

C axis.

Mass TS T, Annealing
Sample (mg) umoles (mK) (mK) temperature (°C) RRR
No. 1 ME-2 18.08 21.96 430 340 927,24 h
No. 2 HAc-ax 19.214 23.338 551 420 800, 6 days 892
No. 3 HA-a-ax 14.020 17.029 549 not obs. in 970, 6 days 957
No. 4b BU-2b 6.554 7.961 540 not annealed 200
No. 4c BU-2c 386.9 469.94 540 not annealed 200

occurs due to the interaction of the Abrikosov vortices and ésample No. 1 showed a special peculiarity, see Fig. 8 and the
spatial modulation of the SC order parameter predicted bgnlarged example shown in Fig. 9: the magnetization curves
Fulde and Ferrell in 1964 and by Larkin and cross at a certain field ne8,(T) a behavior that is differ-
Ovchinnikov”%in 1965. For the Tachiki theory to apply the ent from the peak effect where no crossing occurs and it is
following conditions have to be meti) a large electronic embedded in a region of strong irreversibilities. By reversing
mean free patH>¢,, (ii) Pauli limiting dominating over the field sweep direction loops with different orientations
orbital pair breaking by the external magnetic fiefdi,) a  above and below the crossing point are formed. The “phase
Zeeman energy density that equals the SC condensation ediagram” resulting from thesB sweeps is shown in Fig. 10.
ergy density, andiv) a short coherence length, or a large In T sweeps at constant field features corresponding to the
Ginzburg-Landau parameter All of these requirements are peak effect and the crossing effect appeared, but were often
fulfilled in UPt;, and in fact this system was regarded as amasked by the strong flux pinning. These measurements
further likely candidate to show the anomalous peak effectvere done either by cooling in the respective field from
by Gegenwartet al. and Tachikiet al?>?® The coherence aboveT, (Meissner curves or by cooling in a different field
length is short(15 nm, the mean free path is lonfl (zero, higher, or lowerthan the measuring field and warm-
>200 nm estimated from the high residaul resistance rationg throughT.. For the latter, large variations occurred in
value (see Table)l, Pauli limiting of the upper critical field the peak effect region as in Fig. (Bl and(b). These varia-

is very likely the cause of the suppressionBf, whenB is t@ons are due to th_e d_ecay of nonequilibrium qux_ line con-
parallel toc, and the Zeeman energy density is even largefigurations and shielding currents ne&¢. Reversing the
than the condensation enerfyFor UPt the situation is, field sweep direction below, the opposite direction of the
however, even more complicated than for the heavy Fermioghielding currents led to a reversed torque signal. But also
systems investigated by Gegenwattal. due to the internal  for Meissner curves strong irreversibilities due to strong flux
SC phases, the anisotropic magnetic behavior, see belowinning occurred, see Fig. 11. Cooling throufihresulted in
and the stronger flux pinning already in tBephase. a small Meissner effect of£2% which means that most of

Anisotropic flux pinning For sample No. M, (B) also the_flux is prevgnted from being expelled in the peak. effect
showed large hysteretic regions throughout the SC phasefdion. Reversing the temperature sweep to warming re-
largest neaB~0, see Fig. 8B.,(T) was determined here Sulted in the mentioned irreversibilities. After passing
by the disappearance of the hysteresis which defines an irrédrough a maximum and a minimum which depended on the
versibility line rather tharB,,, but the values obtained this field and temperature history of the sample, faster torque
way agreed very well wittB_,(T) from ultrasound attenua- Cchanges occurred above a temperature that corresponded to
tion measurements by Brulst al® on its parent crystal.

005 T T T T T T T
)
2 d S 0.001 .
£
—_ =,
[72]
= § @
> £-0.05- _
O c
§ f /
B A sample ME-2
=0 sample ME-2 ] 010 4(Bc)=46°
A (B,c) = 16° ' ’ T=116 mK
T=47 mK I,/ T T T T T T
-1 . 07 08 09 1.0 11 12 13 14 15
B [T]

0.0 0.2 04 06 08 1.0 12 14 18 18 20 . _—
B [T] FIG. 9. Crossing of the up-down branches of the magnetization

curve of UP§, sample No. 1. Each loop was obtained by stopping
FIG. 8. Magnetization curve of URtsample No. 1. The raw the field sweep at the upper and lower envelppith no effect on
data7(B) was divided byB to obtainM, (B). M, (B)] and then reversing the sweep direction.
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FIG. 10. Location of the crossing points in tleT plane de-

rived from curves similar to those in Fig. 9. Full squares dig, Meissner curved , (T) of Fig. 11 in theB-T plane. Full squares

the full circles are from® =46°, the full diamonds fron®=16°  give B,, the dotted lines indicate the tentative internal SC phase
data. The dotted lines indicate the tentative internal SC phase linegpeg.

FIG. 12. Position of the minimé&full triangles of the upward

uishable fronB.,(T), otherwise no large variations with

the H; field. Here the flux lines rearrange themselves mor ere found.

easily like in the case of the field sweep curves of Fig. 5. The In Figures 10 and 12 no connection exists to the tetrac-

position of the minima in th®-T plane is shown in Fig. 12.  ical point and to the internal SC phase lines. The crossing
In a series of experiments we determined the dependeanoimS and theB;-boundary lines rather run alorB.,(T),

of the line of crossing points in tH&-T plane on the angl® see the shaded areas in both figures.

betweenB andc. At © =82° the crossing line was indistin- Normal state susceptibilityConcerning the anisotropic

normal state susceptibility of URtour data measured in a

vibrating sample magnetometer in 4Hig. 1) are practically

0.452- (8) 1 identical to those of Frings and Fran$ef 1985. Sincey,
1 UPt, i has only a slight variation around 20 K, the maximuryin,
0450+ ] is reflected in the torque V& curves, see Fig. 13. We fol-
o 448_‘ sample ME-2 ] lowed th_is torque maximum to higher fieldsp to 14_1) and
-§ 1 B=050T to zero field. After subtraction of the background signal from
a5 oasel 4Boy=46° i the empty torque meter the data are shown in Fig. 14. It can
8 ] be seen that the maximum jp, , is suppressed by the mag-
" 0.444- 1% netic field and probably tends to the metamagnetic transition
1 at 20 T, 0 K which was found earliér.
0.442 4 4
1 NI DISCUSSION
0.440 @ T o o
. , , , The kink in the magnetization curves at tBeC phase
00 o041 03_ ” 03 04 05 boundary(Figs. 5 and Bis direct magnetic evidence for the
T 36 ' ' ' ' ' 3.6
13659 UPt, sample ME-2 T 344 o 34
B=120T
— 1.364 4(Bc)=16> T %21 82
= % 30 3.0
£ 1.363 . = 28 2.8
= " 26 4 sample ME-2 1.6
= el | S B=6.00T, ABc) = 45°
#1 S e sample BU-2b |24
22d 7 B=6.93T, JB,c)=238 {22
1.361 1 ®)
0 5 10 15 20 25 30

T [K]

T T T T M T T T T T T T M
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FIG. 13. Temperature dependencexqf,s, around 20 K. Note

FIG. 11. (a) and (b) Irreversible part of the Meissner curve of the absence of any feature at 5 K. The different scales for the two
UPt; just belowT., two examples. The torque changes are fastessamples are due to different sample sizes, orientations, and the use
betweerT and the minimunta) or the maximunib) of the upward  of different cantilevers. They are otherwise consistent with-x.
branch ofM  (T). taken from Fig. 1
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1 %,, Maximum HaO s
6+ ’ k M
= sample ME-2 H%I »
4+ o sample BU-2b . >
5] ] a
04 : : : s I FIG. 15. Qualitative model to explain the different loop direc-
10 12 14 18 18 20 22 24 tions of the magnetization curves of Fig. 9 by anisotropic, field and
T [K] temperature dependent irreversibilities. The external filhere

. . . I assumed to be oriented in the diagonal ofdhe plane, is generally
deplizel%elnte P_?_f]'gogrrzfr tlt::rsmsat):almafrztr;n?izht?avrvrlig%riﬁlrreﬁ\?;c:iatioswept upwards, but the sweep direction is changed to downwards at
. - ointsA andC. As long as the normal state anisotropy is neglected,
during the field sweeps. S L .
the equilibrium magnetization would vary along the dashed line.
Because of strong flux pinninljl deviates from it and follows the
unconventional character of the internal SC phases of UPtoops(1) and(2). For loop(1) it is assumed that the flux pinning is
and demonstrates the stronger type-Il behavior of pl@ase stronger along the direction than along:, while the contrary is
Previous theoretical papers dealt with the difference betweetaken for loop(2). As long as it lies above the diagonal the resulting
the B and C phases, involving different flux line shapes torque is in the positivé direction(into the paper The component
(cross sectionsand different configuration®3%3'There is M, , as drawn here for the other cadlewer right side of the
also experimental evidence for this from neutron scatté?ing dashed lingresults in the negativb direction for the torque. Loop
interpreted theoretically by Joy#it Different flux lines could (1) is below, loop(2) above the crossing point field of Fig. 9. For
indeed explain a kink in the magnetization curves and iffurther details, see text.
remains to be determined which specific type would enhance

Kk in t_he way we observe it. Another possibility is the abovemagnetization varies along bran¢h) to point B. Then the

mentioned disappearence of magnetic order inGhghase.  fie|d is raised again. After passing the crossing point, our
The best sample, No. 3, from Northwestern Universitymodel assumes that the pinning forces along ahand c

with its widely reversible magnetization made it possible togjrection change their relative magnitude. Thus, the magne-

distinguish theB-C phase line directly in magnetization on a tjzation vector goes to the right side of its equilibrium value.

two orders of magnitude finer scale than with other samples the field sweep direction is again reversed at p@nthe

and with almost no hysteresis. TRephase is characterized yariation is reversed with respect to brardh: the a com-

by a stronger type-II behavior, most probably due to differ-ponent varies faster, the magnetization wanders to the left, to

ent flux line shapes and configurations. point D, where the sweep is again reversed until laq@p
Along theB, curve lies a region which shows an anoma-cjoses at pointC. The direction of the resulting torque is

lous peak effect, different from the usual one in the fact thafjetermined by the sidéviewed from the direction of the

it occurs in a type-II superconductor which is in the cleanexternal magnetic fieldon which the pointer of the magne-
limit. Our best sample allowed to observe it Ina region Wlth}ization lies. If it is on the upper lefty is in positive b
very small hysteresis. The possible connection of this effec

to the Fulde-Ferrell-Larkin-Ovchinnikov state needs furtherdiréction, bottom right means negatibedirection for 7. An

investigation. example for the latter situation is drawn _in Fig. 15 in the
Another remarkable feature is the crossing of the magneS€cond branch of loofil). As one can see, in both loops the
tization curves of sample No. 1, occurring without a forego-magnetization changes its direction with respecBtdack
ing reversibility region. An explanation as in the case of theand forth each time. In loof) this is from left to right and
peak effect(strong flux pinning neaB,,) is thus excluded. back, while in loop(2) the first change is from right to left.
The Crossing can be understood qua|itative|y in a modeirhiS explains the different orientations of the two |00pS. If
which invokes anisotropic, field and temperature dependerfine takes into account the anisotropy of the normal state, the
flux pinning, see Fig. 15. Let us neglect, for a moment, theequilibrium magnetization does no longer coincide with the
normal state anisotropy and assume that the external magirection of the external field which, however, still deter-
netic field is oriented under 45° with respect to thaxis in  mines the position of the sign changeoénd the supercon-
the a-c plane. In the region below the crossing line the pin-ducting part of the torque still follows the loops described
ning force along the direction is now assumed to be larger above.
than in thec direction. The result is, that during a field in-  This irreversible behavior depends strongly on crystal
crease the component of the magnetization is lagging be-quality and is thus different in the different samples but is
hind its equilibrium value, farther than tleecomponent. The otherwise not connected to the internal phase boundaries.
magnetization thus lies left, above of the diagonal dashe&imilar features were detected with a Faraday magnetometer
line. At point A, as the sweep direction is reversed, the in other sample&
component follows rapidly, tha component slowly and the In our opinion, the origin of the maximum ig, , around
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20 K is not clarified. Arguing from &2 In T contribution to  netometry in low fields and torque in high fiejdst was

the heat capacityin a small T range Frings and Frans@ claimed that this might be due to the different time scales
and also Stewatt interpret the magnetic anisotropy as a sig-probed in static measurements and in neutron scatt&ting.
nature of ferromagnetic spin fluctuations, but only antiferro-This argument implies that the antiferromagnetic fluctuations
magnetic fluctuations of very small magnetic momentsare very weak on macroscopic time scales. Long range anti-
(0.02ug) in thea-b plane were found in neutron scatterifg ferromagnetic order developing out of these fluctuafidf’s

at 5 K. One plausible explanation for the magnetic behaviois most probably the cause of the increase of the specific heat
of UPt is that proposed by Park and Joynivho assume a below 50 mK and its maximum at 18 niié® Detailed stud-

van Vleck type of enhanced magnetism in taéb plane jes of the magnetism of Upfrom above 20 K to below 50

(CryStaI field Sp'lt excited magnetic states mix with the non-mK are necessary to shed more ||ght on its nature.
magnetic ground statelong with an slightly enhanced Pauli

magnetism along the axis. This model can also explain the

crossing of the upper critical fields around 150 miBi(T) ACKNOWLEDGMENTS
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