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Evidence for unconventional superconductivity in UPt3 from magnetic torque studies
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We studied the anisotropic magnetic response of the internal superconducting phases of UPt3 and its 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 between thec axis ~hexagonal structure!

and BW , 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 20 K forBW

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 superconducting~SC! regime 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 theBc2 curve and even follows its kink at the tetracritical
point (T!,B!). In the cleanest sample this line is shifted to fields well below theB-C internal phase line which
then manifests itself in a pronounced kink of the magnetization curve indicating an enhanced Ginzburg-Landau
parameterk. In another sample theB-C phase line between two of the three internal SC states could be
detected even in the hysteretic region. The enhanced Ginzburg-Landau parameterk means a larger penetration
depth and/or a shorter coherence length, clear evidence for the unconventional character of theB-C phase
transition. With our cleanest sample we also observe an anomalous peak effect, a region of enhanced flux
pinning nearBc2, 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, also nearBc2, but 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.
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INTRODUCTION

Among the heavy Fermion systems UPt3 is the most
widely studied compound because of its unusual superc
ducting ~SC! properties. In low magnetic fields there is
double transition into the SC state,Tc

1 andTc
2 , separated by

about 60 mK, leading to phases denotedA andB, and there is
another phase boundary to the so calledC phase at higher
fields. For all field orientations the internal phase lines m
in a tetracritical point, denoted (T!,B!). Furthermore, the
specific heat,1–3 the penetration depth,4 and the thermal
conductivity5 exhibit power laws in the SC region, instead
the usual activated behavior. TheB-C phase boundary ha
been established mostly by ultrasound velocity,6 thermal ex-
pansion, and magnetostriction,7 but so far no decisive signa
ture in the magnetization has been reported.

Theoretical interpretations of this phase diagram sugg
an unconventional SC order parameter with a symme
lower than that of the Fermi surface. Under consideration
PRB 620163-1829/2000/62~6!/4124~8!/$15.00
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either two symmetry unrelated one-dimensional compone
that lead to nearly degenerateTc’s,8,9 a one-dimensional or-
der parameter combined with weak spin-orbit coupling,10 or
a single two-component order parameter belonging to a t
dimensional representation of the point groupD6h in which
the degeneracy is lifted by a symmetry breaking field.11,12

For the latter usually the weak antiferromagnetic ordering
5 K is taken which was detected by neutron scattering,
also a structural texture, observed after annealing,13 has been
invoked.12

Recently, the focus of discussion has narrowed to
question if E1g ~Ref. 11! or E2u ~Ref. 12! is the relevant
representation for the two-dimensional order parameter. B
have a line node at the equator~in the notation of a simpli-
fied spherical Fermi surface! and point nodes at the poles an
differ only in the way the gap vanishes at the point nod
For E1g this is a linear function ofk, whereas forE2u the gap
vanishes quadratically ink. Since the node structure is s
similar, it is very difficult to distinguish experimentally be
4124 ©2000 The American Physical Society
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PRB 62 4125EVIDENCE FOR UNCONVENTIONAL . . .
tween both cases. The most recent experiments are studi
the thermal conductivity of UPt3 in low magnetic fields and
at low temperatures.5 They demonstrated again~through a
scaling behavior in both variables! that the SC gap function
should have lines of zeros, but they also could not reso
the issue ofE1g vs E2u .

Another, more fundamental problem concerns the m
netic susceptibility and the nature of the heavy effect
masses of UPt3 which are still not well understood. Th
usual one channel Kondo scenario is certainly not suffic
to provide an explanation. The biggest problem is the ma
mum around 20 K of the magnetic susceptibilityxa,b , i.e.,
with the external magnetic fieldBW in the crystallographica-b
plane, see Fig. 1. To explain this maximum, the existence
antiferromagnetic fluctuations has been invoked,14 but the
data seem to be not decisive enough to explain the obse
maximum quantitatively. Such maxima in known spin flu
tuating systems such as Pd are usually very weak. Ano
possibility is the splitting of uranium 5f levels in the hex-
agonal crystal field, as in the similar compound PrNi5 ~Ref.
15! which shows a nearly identical temperature depende
of the susceptibility, both ina-b plane and in thec direction.
In contrast to this compound, in UPt3 the 5f levels are hy-
bridized with conduction band electrons and the effect
crystal field splitting needs a more detailed study. But
magnetism in UPt3 is even more complicated because of t
existing anisotropy. A possible scenario which explains a
the puzzling observation of a crossing of the upper criti
field curves forBW icW andBW iaW at 150–200 mK was propose
by Park and Joynt in 1996.11 These authors assume a v
Vleck-like susceptibility in thea-b plane and a Pauli-like
xc . The first one would, similar to the case of PrNi5, lead to
a maximum ofxa,b due to level splitting in the hexagona
crystal field. But also in this model the origin of the hea
effective mass and the nature of the small ordered mom
are unclear.

Our torque experiments in the normal phase were m
vated by the fact, that for the proposed unconventional
perconductor UPt3 a basic property such as the magne

FIG. 1. Magnetic susceptibility of UPt3 for BW perpendicular and
along thec axis of the single crystal No. 4c~BU-2c! measured in a
vibrating sample magnetometer in 4 T.
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susceptibility around 20 K is still not clarified. In addition t
the normal phase anisotropic magnetic susceptibility
studied the anisotropic superconducting response to field
temperature variations. We used a capacitive torque m
which is very sensitive in high magnetic fields. The norm
state torque is proportional toB2 and to the difference of the
magnetic susceptibilityxa,b2xc5xanisoand a finite angleQ
between the field and the crystallographicc-axis is required.
In an anisotropic type-II superconductor a torque is gen
ated by the fact that the shielding currents are no longer
plane perpendicular to the field andmW ( j s) i” to BW creates a
torque perpendicular to bothmW andBW . Due to a small Meiss-
ner effect ('2%),16,17 in the case of UPt3 the SC torque is
superimposed to a large background from vortices. One p
pose of our experiment was to explore the three SC pha
with a sensitive magnetic method. We found that theB-C
phase boundary manifests itself in a clear kink in the m
netization curvesM'(B) which points to an enhance
Ginzburg-Landau parameterk in the C phase, which is
clearly an unusual behavior.

EXPERIMENTAL

Our capacitive torque meter is a modified version of th
first introduced by Brookset al.18 The torque experienced in
an external magnetic field~apart from shape effects whic
are negligible for UPt3 sincexa,b,c are small! is given byt
5(1/m0)xanisoVB2cosQ sinQ, wherexaniso5xa,b2xc ,Q is
the angle between the anisotropy axiscW and the external
field, andtW is perpendicular toBW ext and tocW .

For UPt3, the anisotropy of the susceptibility which i
sizable already at room temperature has been measured
than 14 years ago by Frings and Franse19 and we confirmed
these data with our sample BU-2c in a vibrating sample m
netometer in a field of 4 T, see Fig. 1.xa andxb are identical
and show a maximum at 20.5 K, whilexc increases down to
this temperature and then levels off. At the lowest tempe
turesxa andxb are about a factor of 2 larger thanxc , and
we expected a strong torque even at mK temperatures.

The design of our torque meter is shown in Fig. 2. T
upper capacitor plate with the narrow cantilever was etc
out of OFHC copper. The dimensions of the ‘‘tongue’’ we
0.0532.730.4 mm3.

Samples. The samples, all single crystals~depicted in Fig.
3!, came from three different groups and were cut or clea
off from larger parent crystals. One of them~sample No. 4!
has already been investigated in a previous heat capa
experiment.20 The first crystal~ME-2! was grown in Amster-
dam with the Czochralski method and has been annealed
24 h at 930°C. Two further samples~HA-c-ax and HA-a-ax,
c-axis anda-axis oriented! were grown by the Northwester
group from electromigration purified uranium and they we
tempered for 6 days at 800 and 970 °C, respectively. T
were cut out of a larger crystal by spark erosion. Both h
excellent residual resistance ratiosr300 K/r0 K of 892 ~HA-
c-ax! and 957~HA-a-ax!, respectively. The last sample~No.
4! was grown in Konstanz by electron beam melting fro
especially depleted uranium. Although it has not been
nealed so far, we consider it an excellent sample judg
from the high and sharpTc ~540 mK!. After polishing the
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4126 PRB 62STEPHAN SCHÖTTL et al.
surface for penetration depth measurements4 it broke into
three pieces, piece b was used here in the torque meter w
piece c was investigated in the vibrating sample magneto
ter.

Thermometry. The upper capacitor plate was electrica
isolated from the body of the torque meter~OFHC copper or

FIG. 2. Sketch of the capacitive torque meter used here.
cooling of the sample was provided through a thin lens pa
soaked with GE varnish. The contact was good enough to coo
sample to temperatures below 20 mK.

FIG. 3. Sketch of the samples used in this work. All samples
single crystals grown and annealed~except No. 4! in a different
way, see text and Table I.
ile
e-

Ag! by lens paper of 40mm thickness soaked with GE var
nish. The latter was used to give good thermal contact to
plate onto which the samples were glued with DuPont sil
epoxy. Estimates showed that the radioactive heat leak o
samples was low enough and the thermal contact through
GE varnish and the silver epoxy was good enough to cool
samples to below 20 mK with the body temperature bel
10 mK provided by a dilution refrigerator. The temperatur
of the sample holder were determined with a carbon resi
calibrated against NBS fix-point standards~in previous runs!
and against a second carbon resistor in the field-compens
region of our cryostat when magnetic fields were applied

The B-T region between 0 and 7 T, 20 mK to 2 K was
scanned by either sweeping the field at constantT, or by
varying T in a constant field. Also slowly modulated swee
ing fields ~20–30 mHz ac fields with small amplitudes s
perimposed to the field ramp! were used.

Even at 20 mK the anisotropy was only about 10% le
than at 4 K which demonstrates thatxa,b is still '2xc at this
temperature. Since the SC internal phases differ in the o
parameter and/or in the distribution or structure of the vo
ces we expected changes oftW at the phase boundaries, esp
cially so since the torque is a very sensitive indicator
anisotropies.

RESULTS

B-C phase line. In the superconducting phase the ra
data t(B) at constantT were divided byB to obtain the
magnetization curves forM'(B), the magnetization compo
nent perpendicular toBW . They were nearly reversible fo
sample No. 3, thea-oriented crystal with the highest residu
resistance ratio. They display a kink around 0.8 T wh
flattens the curve~see Fig. 4! and thus points to an increase
Ginzburg-Landau parameterk in the C phase, which means
a stronger type-II character of this phase. This behavior a
leads to the well known kink of theBc2 curve above the
tetracritical point. The reversibility ofM'(B) in the region
where the kink occurs rules out the possibility that it cou
be due to changes in flux pinning. In the torque curve

e
r
e

e

FIG. 4. Magnetization curveM'(B) of sample No. 3. To obtain
M'(B), the raw datat(B) was divided byB. In addition, for this
plot the normal state contributionxaniso

n H was subtracted. This
sample had the highest residual resistance ratio and showed
smallest hysteresis.
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kink is even more pronounced, see Fig. 5. The tempera
dependence of the kink maps theB-C phase transition, se
Fig. 7. Its location under 43° is in accordance with the ph
line found by Schenstromet al.21 under 45° which was close
to the BW //aW phase line. The upper critical field was dete
mined from the upper end of the curves in Fig. 5 and by
onset of the Meissner effect in field cooledT sweeps.

Our result is clear evidence for unconventional superc
ductivity. The possibility that at 0.8 T a magnetic phase tran
sition takes place can be ruled out: aboveTc we see no
indication for such a transition and in this region a magne
transition has never been observed in the literature. The
possibility which is left is a change in the Ginzburg-Land
parameterk5l/j of UPt3. Either l increases and/orj de-
creases. Both parameters depend on the mean free path
way that theC phase would have to have a shorter one. I
scenario with a coupled SC and magnetic order paramete
discussed, e.g., by Blountet al.22 one could speculate that, a
in the C phase one component of the magnetic order par
eter vanishes, more magnetic scattering centers exist, an
a consequence the mean free path would decrease.
would lead to the behavior we observed.

The kink in M' was less pronounced with sample No.
due to a larger hysteresis, but it could still be discerned in
upward branch, see Fig. 6. It’s position, though, is shifted
higher fields as compared to sample No. 3, most proba
due to strong flux pinning. Therefore it does not lie at t
right field value for theB-C boundary but is still an indica
tion of it. For both samples no transition could be detec
above 400 mK~shaded area in Fig. 7!, possibly because ou
method is less sensitive whenBc2 is smaller at higher tem
peratures, or because the effect is smaller nearTc . From
penetration depth measurements we know the temperatu
the lower transitionTc

2 in small fields16 and the tentative
location of theA-B phase line is indicated in the figure.

Anomalous peak effect. Another remarkable feature i
Fig. 5 is the irreversibility region nearBc2 which is similar to
the so-called peak effect in ‘‘dirty’’ type-II superconductor

FIG. 5. Torque curvesMW 3BW of sample No. 3 with the norma
contribution }xanisoB

2 subtracted leaving the SC parttSC

}MW ( j s)BW which in an anisotropic superconductor stems fro

shielding currents in a plane which is not orthogonal toBW . The kink
around 0.8 T marks theB-C phase boundary. BetweenBi andBf an
anomalous peak effect with hystereticBi is found.
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In contrast to this we have here a system with a long m
free path for the electrons as compared toj0. Such a ‘‘peak
effect’’ for UPt3 has been found in Faraday magnetizati
measurements by Tenyaet al.23 and it was suspected to b
the cause for a sharp drop ofx9 in ac susceptibility data jus
below Tc .24 Its origin, however, could not be clarified i
both cases. Our sample No. 3 is a rare exception among U3
probes for its widely reversible magnetization curve. Th
leads to a clear observation of the ‘‘peak effect’’ featu
which is largely obscured by hysteresis in other samp
compare the scales in Figs. 5 and 6, or Tenyaet al.23

A peak effect with exactly the same behavior as with o
cleanest sample No. 3 was reported by Gegenwartet al.25 for
UPd2Al3 and CeRu2. In accordance with a theory by Tachik
et al.26 it was interpreted as due to an anomalous Ful
Ferrell-Larkin-Ovchinnikov state. Since we believe that
our case the same explanation is possible, we follow th
argument here and we use the same notations. Betwee
onset fieldBi which is hysteretic~first order phase transition
?! and an offset fieldBf , a region of strong flux pinning

FIG. 6. Torque curvesMW 3BW of sample No. 2. In spite of the
larger hysteresis as compared to sample No. 3 a kink at theB-C
phase boundary is clearly seen, the peak effect is masked by
large irreversibilities. Note the difference in the scale as compa
to Fig. 5.

FIG. 7. Phase diagram showing theB-C phase line as obtained
from Fig. 5~sample No. 3!. In the shaded region no kink inM'(B)
could be detected. Full squares indicateBc2.
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TABLE I. Properties of the samples used in this work. RRRc defines the residual resistance ratio along
c axis.

Sample
Mass
~mg! mmoles

Tc
1

~mK!
Tc

2

~mK!
Annealing

temperature (°C) RRRc

No. 1 ME-2 18.08 21.96 430 340 927, 24 h
No. 2 HA-c-ax 19.214 23.338 551 420 800, 6 days 892
No. 3 HA-a-ax 14.020 17.029 549 not obs. inl 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
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occurs due to the interaction of the Abrikosov vortices an
spatial modulation of the SC order parameter predicted
Fulde and Ferrell27 in 1964 and by Larkin and
Ovchinnikov27,28in 1965. For the Tachiki theory to apply th
following conditions have to be met:~i! a large electronic
mean free pathl .j0, ~ii ! Pauli limiting dominating over
orbital pair breaking by the external magnetic field,~iii ! a
Zeeman energy density that equals the SC condensation
ergy density, and~iv! a short coherence length, or a larg
Ginzburg-Landau parameterk. All of these requirements ar
fulfilled in UPt3, and in fact this system was regarded as
further likely candidate to show the anomalous peak eff
by Gegenwartet al. and Tachiki et al.25,26 The coherence
length is short~15 nm!, the mean free path is long@ l
.200 nm estimated from the high residaul resistance r
value~see Table I!#, Pauli limiting of the upper critical field
is very likely the cause of the suppression ofBc2 whenBW is
parallel toc, and the Zeeman energy density is even lar
than the condensation energy.26 For UPt3 the situation is,
however, even more complicated than for the heavy Ferm
systems investigated by Gegenwartet al. due to the internal
SC phases, the anisotropic magnetic behavior, see be
and the stronger flux pinning already in theC phase.

Anisotropic flux pinning. For sample No. 1M'(B) also
showed large hysteretic regions throughout the SC pha
largest nearB'0, see Fig. 8.Bc2(T) was determined here
by the disappearance of the hysteresis which defines an
versibility line rather thanBc2, but the values obtained thi
way agreed very well withBc2(T) from ultrasound attenua
tion measurements by Brulset al.6 on its parent crystal.

FIG. 8. Magnetization curve of UPt3, sample No. 1. The raw
datat(B) was divided byB to obtainM'(B).
a
y

en-

a
t

io

r

n

w,

es,

re-

Sample No. 1 showed a special peculiarity, see Fig. 8 and
enlarged example shown in Fig. 9: the magnetization cur
cross at a certain field nearBc2(T) a behavior that is differ-
ent from the peak effect where no crossing occurs and
embedded in a region of strong irreversibilities. By revers
the field sweep direction loops with different orientatio
above and below the crossing point are formed. The ‘‘ph
diagram’’ resulting from theseB sweeps is shown in Fig. 10

In T sweeps at constant field features corresponding to
peak effect and the crossing effect appeared, but were o
masked by the strong flux pinning. These measureme
were done either by cooling in the respective field fro
aboveTc ~Meissner curves!, or by cooling in a different field
~zero, higher, or lower! than the measuring field and warm
ing throughTc . For the latter, large variations occurred
the peak effect region as in Fig. 11~a! and ~b!. These varia-
tions are due to the decay of nonequilibrium flux line co
figurations and shielding currents nearTc . Reversing the
field sweep direction belowTc the opposite direction of the
shielding currents led to a reversed torque signal. But a
for Meissner curves strong irreversibilities due to strong fl
pinning occurred, see Fig. 11. Cooling throughTc resulted in
a small Meissner effect of'2% which means that most o
the flux is prevented from being expelled in the peak eff
region. Reversing the temperature sweep to warming
sulted in the mentioned irreversibilities. After passin
through a maximum and a minimum which depended on
field and temperature history of the sample, faster torq
changes occurred above a temperature that correspond

FIG. 9. Crossing of the up-down branches of the magnetiza
curve of UPt3, sample No. 1. Each loop was obtained by stopp
the field sweep at the upper and lower envelope@with no effect on
M'(B)# and then reversing the sweep direction.
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the H f field. Here the flux lines rearrange themselves m
easily like in the case of the field sweep curves of Fig. 5. T
position of the minima in theB-T plane is shown in Fig. 12

In a series of experiments we determined the depende
of the line of crossing points in theB-T plane on the angleQ
betweenBW andcW . At Q582° the crossing line was indistin

FIG. 10. Location of the crossing points in theB-T plane de-
rived from curves similar to those in Fig. 9. Full squares giveBc2,
the full circles are fromQ546°, the full diamonds fromQ516°
data. The dotted lines indicate the tentative internal SC phase l

FIG. 11. ~a! and ~b! Irreversible part of the Meissner curve o
UPt3 just belowTc , two examples. The torque changes are fas
betweenTc and the minimum~a! or the maximum~b! of the upward
branch ofM'(T).
e
e

ce

guishable fromBc2(T), otherwise no large variations withQ
were found.

In Figures 10 and 12 no connection exists to the tetr
ritical point and to the internal SC phase lines. The cross
points and theBf-boundary lines rather run alongBc2(T),
see the shaded areas in both figures.

Normal state susceptibility. Concerning the anisotropic
normal state susceptibility of UPt3, our data measured in
vibrating sample magnetometer in 4 T~Fig. 1! are practically
identical to those of Frings and Franse19 of 1985. Sincexc
has only a slight variation around 20 K, the maximum inxa,b
is reflected in the torque vsT curves, see Fig. 13. We fol
lowed this torque maximum to higher fields~up to 14 T! and
to zero field. After subtraction of the background signal fro
the empty torque meter the data are shown in Fig. 14. It
be seen that the maximum inxa,b is suppressed by the mag
netic field and probably tends to the metamagnetic transi
at 20 T, 0 K which was found earlier.29

DISCUSSION

The kink in the magnetization curves at theB-C phase
boundary~Figs. 5 and 6! is direct magnetic evidence for th

s.

st

FIG. 12. Position of the minima~full triangles! of the upward
Meissner curvesM'(T) of Fig. 11 in theB-T plane. Full squares
give Bc2, the dotted lines indicate the tentative internal SC ph
lines.

FIG. 13. Temperature dependence ofxaniso around 20 K. Note
the absence of any feature at 5 K. The different scales for the
samples are due to different sample sizes, orientations, and the
of different cantilevers. They are otherwise consistent withxa,b-xc

taken from Fig. 1
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unconventional character of the internal SC phases of U3
and demonstrates the stronger type-II behavior of phasC.
Previous theoretical papers dealt with the difference betw
the B and C phases, involving different flux line shape
~cross sections! and different configurations.8,9,30,31There is
also experimental evidence for this from neutron scatterin32

interpreted theoretically by Joynt.33 Different flux lines could
indeed explain a kink in the magnetization curves and
remains to be determined which specific type would enha
k in the way we observe it. Another possibility is the abo
mentioned disappearence of magnetic order in theC phase.

The best sample, No. 3, from Northwestern Univers
with its widely reversible magnetization made it possible
distinguish theB-C phase line directly in magnetization on
two orders of magnitude finer scale than with other samp
and with almost no hysteresis. TheC phase is characterize
by a stronger type-II behavior, most probably due to diff
ent flux line shapes and configurations.

Along theBc2 curve lies a region which shows an anom
lous peak effect, different from the usual one in the fact t
it occurs in a type-II superconductor which is in the cle
limit. Our best sample allowed to observe it in a region w
very small hysteresis. The possible connection of this ef
to the Fulde-Ferrell-Larkin-Ovchinnikov state needs furth
investigation.

Another remarkable feature is the crossing of the mag
tization curves of sample No. 1, occurring without a foreg
ing reversibility region. An explanation as in the case of t
peak effect~strong flux pinning nearBc2) is thus excluded.
The crossing can be understood qualitatively in a mo
which invokes anisotropic, field and temperature depend
flux pinning, see Fig. 15. Let us neglect, for a moment,
normal state anisotropy and assume that the external m
netic field is oriented under 45° with respect to thec axis in
the a-c plane. In the region below the crossing line the p
ning force along thea direction is now assumed to be larg
than in thec direction. The result is, that during a field in
crease thea component of the magnetization is lagging b
hind its equilibrium value, farther than thec component. The
magnetization thus lies left, above of the diagonal das
line. At point A, as the sweep direction is reversed, thec
component follows rapidly, thea component slowly and the

FIG. 14. Position of the maxima ofxaniso showing their field
dependence. The error bars stem from the temperature vari
during the field sweeps.
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magnetization varies along branch~1! to point B. Then the
field is raised again. After passing the crossing point,
model assumes that the pinning forces along thea and c
direction change their relative magnitude. Thus, the mag
tization vector goes to the right side of its equilibrium valu
If the field sweep direction is again reversed at pointC, the
variation is reversed with respect to branch~1!: the a com-
ponent varies faster, the magnetization wanders to the lef
point D, where the sweep is again reversed until loop~2!
closes at pointC. The direction of the resulting torque i
determined by the side~viewed from the direction of the
external magnetic field! on which the pointer of the magne
tization lies. If it is on the upper left,tW is in positive b

direction, bottom right means negativeb direction fortW . An
example for the latter situation is drawn in Fig. 15 in th
second branch of loop~1!. As one can see, in both loops th
magnetization changes its direction with respect toBW back
and forth each time. In loop~1! this is from left to right and
back, while in loop~2! the first change is from right to left
This explains the different orientations of the two loops.
one takes into account the anisotropy of the normal state,
equilibrium magnetization does no longer coincide with t
direction of the external field which, however, still dete
mines the position of the sign change oftW and the supercon
ducting part of the torque still follows the loops describ
above.

This irreversible behavior depends strongly on crys
quality and is thus different in the different samples but
otherwise not connected to the internal phase bounda
Similar features were detected with a Faraday magnetom
in other samples.23

In our opinion, the origin of the maximum inxa,b around

on

FIG. 15. Qualitative model to explain the different loop dire
tions of the magnetization curves of Fig. 9 by anisotropic, field a

temperature dependent irreversibilities. The external fieldBW , here
assumed to be oriented in the diagonal of thea-c plane, is generally
swept upwards, but the sweep direction is changed to downward
pointsA andC. As long as the normal state anisotropy is neglect
the equilibrium magnetization would vary along the dashed li

Because of strong flux pinningMW deviates from it and follows the
loops~1! and~2!. For loop~1! it is assumed that the flux pinning i
stronger along thea direction than alongc, while the contrary is
taken for loop~2!. As long as it lies above the diagonal the resulti
torque is in the positiveb direction~into the paper!. The component
M' , as drawn here for the other case~lower right side of the
dashed line! results in the negativeb direction for the torque. Loop
~1! is below, loop~2! above the crossing point field of Fig. 9. Fo
further details, see text.
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20 K is not clarified. Arguing from aT3 ln T contribution to
the heat capacity~in a small T range! Frings and Franse19

and also Stewart34 interpret the magnetic anisotropy as a s
nature of ferromagnetic spin fluctuations, but only antifer
magnetic fluctuations of very small magnetic mome
(0.02mB) in thea-b plane were found in neutron scattering35

at 5 K. One plausible explanation for the magnetic behav
of UPt3 is that proposed by Park and Joynt11 who assume a
van Vleck type of enhanced magnetism in thea-b plane
~crystal field split excited magnetic states mix with the no
magnetic ground state! along with an slightly enhanced Pau
magnetism along thec axis. This model can also explain th
crossing of the upper critical fields around 150 mK ifBc2(T)
is Pauli limited in thec direction, but not alonga or b. But
even in this theory the exact nature of the hybridize
strongly correlated states which lead to the enhanced e
tive masses, is not exactly specified. Concerning the ant
romagnetic fluctuations below 5 K, we never detected a
sign of it with our sensitive magnetic methods~SQUID mag-
.
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netometry in low fields and torque in high fields!. It was
claimed that this might be due to the different time sca
probed in static measurements and in neutron scatterin36

This argument implies that the antiferromagnetic fluctuatio
are very weak on macroscopic time scales. Long range a
ferromagnetic order developing out of these fluctuations36,37

is most probably the cause of the increase of the specific
below 50 mK and its maximum at 18 mK.3,38 Detailed stud-
ies of the magnetism of UPt3 from above 20 K to below 50
mK are necessary to shed more light on its nature.
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Lüthi, L. Jansen, and L. Taillefer, Physica B223-224, 36 ~1996!.
30R. Joynt, Europhys. Lett.16, 289 ~1991!.
31T.A. Tokuyasu, D.W. Hess, and J.A. Sauls, Phys. Rev. B41,

8891 ~1990!.
32U. Yaron, P.L. Gammel, G.S. Boebinger, G. Aeppli, P. Schiff

E. Bucher, D.J. Bishop, C. Broholm, and K. Mortensen, Ph
Rev. Lett.78, 3185~1997!.

33R. Joynt, Phys. Rev. Lett.78, 3189~1997!.
34G.R. Stewart, J. Appl. Phys.57, 3049~1985!.
35G. Aeppli, E. Bucher, J. Baumann, and J. Hufnagl, Phys. R

Lett. 60, 615 ~1988!.
36Y. Koike, N. Metoki, N. Kimura, E. Yamamoto, Y. Haga, Y

Onuki, and K. Maezawa, J. Phys. Soc. Jpn.67, 1142~1998!.
37I.A. Fomin and J. Flouquet, Solid State Commun.98, 795~1996!.
38E. A. Schuberth, Int. J. Mod. Phys. B10, 357 ~1996!.


