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Magnetic properties of UPt3 in the superconducting state
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The unconventional phase diagram of superconducting UPt3 has been explored using measurements of
magnetic properties at low external fields. We investigated the relaxation of vortices from metastable configu-
rations as well as the low-field ac magnetic susceptibilityx. The data yield a clear distinction between the
behavior of vortices in the two low-field phases A and B. In the high-temperature A phase, vortices trapped in
the bulk of the specimen after cycling it in a magnetic field creep out as expected with a rate which increases
with increasing temperature. Bulk vortices in the B phase, on the other hand, remain so strongly pinned that no
creep could be detected for those vortices. This behavior indicates that an intrinsic and very effective pinning
mechanism exists in the low-temperature superconducting phase of UPt3. Furthermore, a rather small dissipa-
tion peak at the lower transition temperatureTc

2 could be detected in the out-of phase component of the
magnetic ac susceptibility. Both these effects can be well explained with the notion that the low-temperature,
low-field B phase of UPt3 is characterized by a superconducting order parameter which breaks time-reversal
symmetry.@S0163-1829~98!04306-9#
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I. INTRODUCTION

Ever since the discovery of superconductivity in t
heavy-fermion compounds, the question of its exact na
and origin has attracted great interest. As of today, six su
conducting heavy-fermion compounds are known, all
them having transition temperaturesTc between 0.5 and 2 K
Early data showing unusual temperature dependences o
heat capacity, penetration depth, and sound absorption le
the postulate that the superconductivity in some of th
compounds is of an unconventional nature, i.e., character
by a reduced symmetry of the order parameter. Among a
these superconductors, UPt3 holds a special place due to th
well established presence of more than one supercondu
phase — in analogy to the phase diagram observed for
perfluid 3He. The phase diagram of UPt3 is nowadays
known in great detail after careful experiment
investigations.1 Three different superconducting phases,
beled A, B, and C, are observed in theH-T plane. However,
none of the existing phenomenological models describing
order parameter of UPt3 and its symmetry can completel
explain all available experimental data. It is therefore nec
sary to look into new phenomena and carry out differ
types of experiments in order to reach an unambiguous id
tification of the observed superconducting phases.

Some efforts toward such an identification have conc
trated on effects due to the breakdown of additional symm
tries besides the gauge symmetry-breaking characteristic
BCS superconductor.2 As discussed extensively by Sigri
and Ueda,3 time-reversal symmetry-breaking supercondu
ing phases should exhibit various magnetic effects which
not found in conventional superconductors. In particular,
570163-1829/98/57~6!/3640~10!/$15.00
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mixed phases of a superconductor with a multicompon
order parameter should exhibit nontrivial structures w
fractionally quantized vortices in domain walls between d
mains of degenerate superconducting phases and non
vortices in the bulk of these domains.

The present work focuses on the investigation of rel
ation of vortices from metastable configurations, i.e., the
cay of the remanent magnetization trapped in a sample a
cycling it in a magnetic field. Previous investigations of flu
dynamics at low fields yielded that the relaxation of the ma
netization towards equilibrium in UPt3 is clearly distinct
from the one observed in classical or high-temperat
superconductors.5 In the present work we have extended t
magnetic measurements in order to explore in detail the
low-field phases of UPt3.

The study of flux dynamics has been performed in t
different samples of UPt3, namely, a single crystal and
sintered granular sample. In order to check whether the
fects observed are really signatures of the unconventio
phase diagram of UPt3, the same type of measurements h
also been performed in a crystal of UBe13, another heavy-
fermion superconductor which — in its pure chemical for
— does not show multiple superconducting transitions.

Furthermore, a detailed investigation of the low-field
magnetic susceptibility has been performed on the U3
single crystal taking advantage of the high sensitivity of o
measuring system based on a superconducting quantum
terference device~SQUID! magnetometer. Apart from mea
surements of the superconducting transition atTc

1 , the inves-
tigation was focused on the lower superconducting transi
at Tc

2 . To our knowledge, this transition has, up
now, never been detected in magnetic susceptibi
measurements.4
3640 © 1998 The American Physical Society
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57 3641MAGNETIC PROPERTIES OF UPt3 IN THE . . .
II. EXPERIMENTAL DETAILS

A. Measuring setup

All measurements reported here were performed usin
3He-4He dilution refrigerator where the sample is in dire
contact with the3He-4He mixture inside the mixing chambe
of the refrigerator. Ultrasensitive measurements of magn
properties were performed using rf-SQUID magnetomet
In our system, the samples stay stationary inside the de
tion coils during all measurements. Thus, inhomogeneitie
either the applied or the residual field in the cryostat have
influence on the measurements.

The residual field at the sample space has been meas
to be less than 2 mOe. The dc field can be varied up to ab
2500 Oe. For the ac susceptibility measurements, an ac
pedance bridge with a SQUID as a null detector is used.
amplitude of the ac field can be varied in nine fixed ste
from 0.07 up to 33 mOe, and its frequency can be cho
from four different values between 16 and 160 Hz.

B. Samples

For the work presented herein, two different UP3
samples have been investigated, namely a single crystal
a sintered granular sample. The single crystal was prep
from arc-cast polycrystalline rods by zone melting in hi
vacuum. Laue x-ray-diffraction analysis was used to ori
the single crystal which was then cut into smaller pieces w
a diamond wheel saw. Thereafter, it was annealed in vac
at 800 °C for six days. The sample has a mass of 68.2
and is 1.532.930.9 mm3 in size, with thec axis pointing
along the shortest dimension of the crystal.

The transition temperature of the single crystal h
been obtained from ac magnetic susceptibility measurem
~Fig. 1! as well as from specific-heat measurements~Fig. 2!.
From the susceptibility data, the superconducting transi
takes place atTc

15528 mK with a width DTc
1 of about

11 mK. HereTc
1 has been taken as the midpoint of the tra

FIG. 1. In-phase component of the ac magnetic susceptibilit
the UPt3 single crystal. The data have been taken with an ac
plitude Hac56.6 mOe in the residual field of the cryost
Hdc

res,2 mOe; the susceptibility has been renormalized using
minimal value of the susceptibilityx8 at the lowest temperatur
x085x8(T→0).
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sition and the value forDTc
1 results from using the 10–90 %

criterion. The two specific-heat jumps giveTc
15529 mK and

Tc
25476 mK.

In order to study surface effects on superconducting UP3,
a sintered granular sample has been investigated. The g
have an average diameter of about 7mm and have been an
nealed and sintered into a cylindrical shape at 1000 °C
two days. This sample has a mass of 133 mg, a diamete
3.3 mm, and a height of 1.3 mm.

The ac susceptibility transition into the superconduct
state of the granular sample is significantly wider than
one of the single crystal and it starts at a considerably lo
temperature as shown in Fig. 3.

III. RESULTS

A. Magnetic susceptibility at T.Tc
2

Careful measurements of the ac susceptibility were p
formed in the vicinity of Tc

2 , the lower superconducting

f
-

e

FIG. 2. Ratiog(T)[C/T of the specific heat~measured in zero
external field! over temperature as a function of temperature sho
ing two clearly separated jumps in the specific heat at the
transition temperaturesTc

15529 mK andTc
25476 mK. From the

data above the upper transition temperatureTc
1 , the coefficient in

the normal stateg(0).433 mJ mol21K22 can be extracted. The
quality of the single crystal is reflected in the value of the line
extrapolation ofC/T in the superconducting state yieldingg* (0)
.75 mJ mol21K22.

FIG. 3. ac magnetic susceptibility of the sintered granular UP3

sample. The measuring parameters are the same as the ones us
the single crystal~see Fig. 1!.
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3642 57AMANN, MOTA, MAPLE, AND v. LÖ HNEYSEN
transition temperature. In Fig. 4, we show the out-of-ph
componentx9 of the ac susceptibility of the UPt3 single
crystal in the orientationHacic. The peak at the supercon
ducting transitionTc

1 shows a shoulder at high temperatur
and falls sharply as the temperature is reduced belowTc

1 .
Well separated from the transition atTc

1 , an unexpected sec
ond peak appears as shown in the inset of the Fig. 4. The
of this second peak is about 1/300 of the size of the pea
x9 at Tc

1 which probably explains why it has not been r
ported up to now in less sensitive measurements.

Between 16 and 160 Hz, the extremely small peak inx9
does not depend on the frequency of the measuring field
the other hand, while the position and width of the peak
x9 at Tc

1 are practically independent of the amplitudeHac of
the measuring field~at least for the amplitudes used in o
measuring system!, the maximum of the second peak mov
rapidly towards lower temperatures and the peak wid
with increasing amplitudeHac as shown in the inset of Fig. 4
and in Fig. 5. It is clear that the strong reduction in tempe
ture of the peak’s maximum with ac fiel
(dHac/dT.0.6 Oe/K! cannot be compared with the field d
pendence of the boundary between the A and B phases
ing a slopedHc /dT.1.43106 Oe/K for Hic. Likewise it
cannot be attributed to a phase of slightly different stoic
ometry considering the difference of more than five orders
magnitude in thedH/dT slopes.4 The onset of the small pea
in x9 is independent ofHac, and it occurs atT.480 mK.
Based on the established phase diagram of UPt3 and consid-
ering the good agreement of this temperature with the va
of Tc

2 obtained from our specific-heat measurements on
same single crystal, we identify theonsetof the second dis-
sipation peak with the lower transition temperatureTc

2 .
A second weak peak developing atT<Tc

2 , temperatures
at which the specimen isfully superconducting, has no trivia
interpretation. Most likely it is related to hysteresis loss

FIG. 4. Out-of-phase componentx9 of the ac susceptibility of
the UPt3 single crystal measured with an amplitudeHac56.6 mOe
in a residual dc fieldHdc

res,2 mOe. In the inset, an enlargement
the region aroundT5450 mK for different amplitudesHac of the
measuring field is shown. The arrows in both graphs indicate
upper onset of the lower transition temperatureTc

2 at a temperature
T.480 mK as determined from specific-heat measurements on
sample~see Fig. 2!.
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which are not present at temperatures aboveTc
2 . In several

studies of the complex ac susceptibility in sintered high-Tc
superconductors it has been shown that the imaginary parx9
of the susceptibility exhibits two peaks belowTc , one cor-
responding to bulk pinning hysteresis losses and a sec
peak resulting from losses due to the motion of intergranu
Josephson vortices. The second peak is independent of
quency in the range .01–10 kHz, and its maximum sh
rapidly to lower temperature with increasin
ac field amplitude. For example, for a sintered sample
Y-Ba-Cu-O, Goldfarbet al.6 measureddHac/dT50.6 Oe/K.
Both dissipation peaks extrapolate toT5Tc for Hac→0.
This behavior at weak magnetic fields (H!Hc1) has been
well described in terms of a critical state model for granu
superconductors by Mu¨ller.7

In the inset of Fig. 4, we observe rather similar dissip
tion peaks. However, contrary to the case of granu
Y-Ba-Cu-O, the weak peak inx9 starts to developonly be-
low Tc

2 , the temperature corresponding to the boundary
tween the A and B phases. Based on this, we interpret
origin of dissipation belowTc

2 in the bulk material as due to
the formation of superconducting domains in the lo
temperature phase. Such domains are expected to occ
the B phase if that phase breaks time-reversal symmetr3,8

Dissipative processes can arise in domains separated by
main walls from spontaneous currents and motion of wea
pinned vortices as well as domain walls. On further reduc
the temperature, the domain walls and vortices are m
strongly pinned, so that the maximum inx9 is pushed to-
wards lower temperatures for higherHac amplitudes.

B. Magnetization measurements

UPt3 single crystal

Bulk isothermal dc magnetization curves were measu
using the SQUID magnetometer for all samples. A magn
zation cycle of the UPt3 single crystal recorded withHic is
shown in Fig. 6. From the shape of the magnetization cu
one can infer the presence of strong flux pinning. As a c

e

he

FIG. 5. Widths and positions of the maxima of the peaks in
out-of-phase componentx9 of the ac susceptibility of the UPt3

single crystal atTc
1 (d) and atTc

2 (s). The circles denote the
positions of the maxima, the vertical lines indicate the widths of
peaks. The dashed and solid lines serve only as guides to the
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57 3643MAGNETIC PROPERTIES OF UPt3 IN THE . . .
sequence of pinning, the magnetization for increasing fie
shows a rather wide cusp instead of a sharp minimum at
lower critical fieldHc1.

From a quantitative analysis of the magnetization curv
values for the remanent magnetizationM rem trapped inside
the sample at the end of a magnetization cycle can be
tained. In Fig. 7, values ofM rem of the single crystal for two
field directions (Hic and H'c) are shown as functions o
temperature; all the points in this figure have been taken w
the specimen cycled to sufficiently high fields, so that
remanent magnetization was independent of the cycling fi
Hmax, i.e., with the sample being in the fully critical stat
Thus, the remanent magnetizationM rem of the sample is di-
rectly proportional to its critical currentj c , with a propor-
tionality factor which depends only on the geometry of t
sample. For instance, for the simplest case of an infinite
perconducting slab of thicknessd one obtains9

M rem5
d

4
j c . ~1!

FIG. 6. dc magnetization curve of the UPt3 single crystal at a
temperatureT5450 mK.

FIG. 7. Remanent magnetization of the UPt3 single crystal in
the fully critical state for the two field directionsHic (d) andH'c
(s). The remanent magnetizationM rem is given in number of flux
quantaF0 at the sample.
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Due to the large pinning, the determination of the low
critical field Hc1 is not straightforward since the minimum o
the increasing branch of the magnetization curve lies a
value considerably higher thanHc1. Moreover, the initial
slope of the magnetization cycle always shows some cu
ture. This results from the fact that, due to demagnetiza
effects, the field is greatly enhanced at the corners of
sample, so that flux can penetrate into the sample thro
corners already for very small applied fields. Thus, no fi
of first flux penetrationHp could be extracted from the dat
by simply defining the point where the deviationDM from
the initial slope ofM versusH takes place. However, usin
the simple model of Bean9 for the magnetization of a type-I
superconductor, which predicts that the magnetic induct
of the sample increases quadratically for fieldsH.Hc1, a
quantitative analysis ofHc1 is possible: plotting the squar
root of the deviationDM versus the applied fieldH yields a
line intersecting theH axis atH5Hc1. In Fig. 8, the results
obtained for the lower critical field are plotted against t
square of the temperature. In the inset of the figure,
method of analysis explained above is illustrated for o
magnetization cycle.

The Hc1 data in Fig. 8 cannot satisfactorily be fitted wit
a single temperature dependence of the form

Hc1~T!5Hc1~0!F12S T

Tc
D 2G ~2!

over the whole temperature range but only using two sligh
different values ofHc1(0) and Tc for the high- and low-
temperature regimes. The two fits to the lowest and high
points respectively, cross each other at a temperaturT
5475610 mK which coincides well with the lower trans

FIG. 8. Values of the lower critical fieldHc1 as obtained from
magnetization curves of the UPt3 single crystal withHic as func-
tion of the square of the temperature. The two lines represent lin
fits @corresponding to a temperature dependence as in Eq.~2! for
Hc1# using only the points at high~low! temperature. The two lines
cross each other at a temperatureT5475610 mK ~note that the
values forHc1 are not corrected to account for demagnetizatio
effects!. In the inset, the method used to obtainHc1 is illustrated
using the data of a magnetization curve taken atT5450 mK ~see
text for details!.



-
tu

,
g

la
e-
si
he

ce
d
h
ts
e
a
th
e
el
w
ni-
e
a
ig

s
f
-
u
to
to

ity
io
i
c

ard
the
er-
ta-
ilib-
s.
ob-

er
tal
bing
ical
lax-
igh
otro-

by

su-
or
nd
in

al
ial

ts.
of
ex-
the
re-

the

era-

3644 57AMANN, MOTA, MAPLE, AND v. LÖ HNEYSEN
tion temperatureTc
25476 mK as obtained from the specific

heat measurements of this sample. A kink in the tempera
dependence of the lower critical field of UPt3 has already
been reported by other groups.10,11 In those works, however
the temperature where the kink was observed does not a
with the measured lower transition temperatureTc

2 for those
samples but occurs at a significantly lower temperature.

Sintered granular UPt3 sample

In Fig. 9, a magnetization curve of the sintered granu
sample of UPt3 is shown. For low fields, an anomalous b
havior can be seen for increasing as well as for decrea
fields. For increasing fields, the initial slope changes rat
abruptly to less than half its initial value atH.5 Oe. For
decreasing fields a change of sign of the slope takes pla
about the same field. Both features can easily be explaine
result from the so-called intergrain Josephson currents: w
a magnetic field is applied, it induces shielding curren
which can run not only within single grains but also betwe
them. Thus, at low fields shielding currents can run
around the sample. On increasing the external field,
shielding currents grow until the Josephson contacts betw
the individual grains can no longer sustain them. The fi
HJ at which the induced intergranular currents break do
~i.e., roughly speaking, the field where the first local mi
mum in the increasing branch of the magnetization curv
observed! can thus be used as qualitatively indirect inform
tion for an average value of the intergranular currents. In F
10, we show this fieldHJ as function of temperature. It i
interesting to note the linear temperature dependence oHJ

from T5Tc down to T.10 mK. This temperature depen
dence follows neither the Ambegaokar and Baratoff res
for the dc Josephson current of a superconductor-insula
superconductor junction between classical superconduc
nor the positive curvature expected for a proxim
superconductor–normal-metal–superconductor junct
More work in controlled junction geometries is necessary
order to understand the Josephson effect between the un
ventional superconducting phases of UPt3.

FIG. 9. Magnetization cycle of granular UPt3 at a temperature
T5150 mK. The magnetizationM is given in number of flux
quantaF0 at the sample.
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C. Flux dynamics

Studies of vortices and their dynamics in classical h
type-II superconductors have a long history on account of
technological importance of such materials. A type-II sup
conductor carrying a current is in a thermodynamically me
stable state which is thus bound to decay towards equ
rium as a result of thermally activated motion of vortice
This phenomenon of vortex decay or vortex creep was
served by Kimet al.12 and described by Anderson.13 With
the discovery of the high-Tc superconductors, a new chapt
in the field of vortices opened. Innumerable experimen
and theoretical works appeared in the last decade descri
different, fascinating phenomena not observed in class
superconductors. In particular, studies on magnetic re
ation uncovered giant creep rates on account of the h
temperatures, short coherence lengths, and strong anis
pies that characterize those materials.14 Usually, the time de-
pendence for flux creep in classical as well as in high-Tc
superconductors is logarithmic or it can be described
power laws.

Here we discuss flux dynamics in a low-temperature
perconductor, UPt3, which also shows anomalous behavi
clearly different from the one observed in the classical a
high-temperature superconductors. The relaxation laws
UPt3 are significantly different. For very low fields~of the
order of several Oe, i.e., of the order of the lower critic
field Hc1), relaxation curves follow a stretched-exponent
law of the form

M ~ t !2M ~`!5@M ~0!2M ~`!#exp@2~ t/t!b#, ~3!

with a parameterb of the order of 0.620.7.5 This behavior
is observed for field-on as well as for field-off measuremen
In the framework of the work reported here, investigations
the relaxation of the remanent magnetization have been
tended to higher fields, such that the sample is always in
fully critical state at the beginning of the decay measu
ment.

FIG. 10. Temperature dependence of the fieldHJ corresponding
to the first local minimum observed in the increasing branch of
magnetization curve for granular UPt3. In the inset, the increasing
branch of the magnetization cycles measured at different temp
tures is shown for illustration (s: T596 mK, d: T5150 mK, h:
T5255 mK!.
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Isothermal relaxation curves of the remanent magnet
tion M rem were taken after cycling the specimen in an ext
nal field H. In all the decay measurements ofM rem reported
here, the specimen is first zero-field cooled to the des
temperature, then the fieldH is raised up toHmax in about 30
s and subsequently removed in about 1 s. The measurem
of M rem(t) start typically att.1 s wheret50 has been cho
sen as the time when the applied fieldH reaches zero. The
relaxation of the magnetization is typically measured in
time window 1 s,t,105 s. After each decay measureme
the specimen is heated above its critical temperatureTc

1 and
the expelled flux is recorded as function of temperature
order to obtainM rem at the beginning of the decay as the su
of the decayed flux plus the flux expelled during heating

In Figs. 11 and 12, typical relaxation measurements
tained for the UPt3 single crystal are presented for differe
cycling fieldsHmax and temperatures. Figure 13 shows va
ous relaxation curves measured at different temperature
the sintered granular sample of UPt3. From these curves, th
following observations can be made:

~i! At a constant temperature, the relaxation is stron
dependent on the value of the cycling fieldHmax @Fig. 11#.
The normalized relaxation is stronger the lower the cycl
field.

~ii ! At all temperatures, the fraction of the remanent ma
netization which leaves the sample within a fixed tim
interval is significantly bigger for the granular sample th
for the single crystal@Figs. 12 and 13#.

~iii ! Measurements starting with the UPt3 single crystal in
the fully critical state exhibit a rather sharp increase of
short-time relaxation rate at higher temperatures (T*Tc

2),
whereas for temperaturesT&400 mK no visible decay is ob
served at short times@Fig. 12~b!#.

~iv! The short-time relaxation behavior for the granu
sample of UPt3 is clearly different and appears to be ind
pendent of temperature@Fig. 13~b!#.

For the single crystal at low cycling fields, the decays c
be well fitted with a stretched exponential law~3!, whereas
this fit does not give any meaningful results for higher c
cling fields. With increasing cycling fields, the shape of t
relaxation curve is more and more dominated by a contri
tion from a logarithmic law@DM (t)} ln t# which is visible

FIG. 11. Relaxation of the remanent magnetizationM rem of the
UPt3 single crystal withHic at T5350 mK for different cycling
fields Hmax.
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especially for short times (t&100 s!. Due to this fact, the fit
to the data using expression~3! does not give satisfactory
results for high cycling fields. Moreover, the fraction of th
remanent magnetization which decays within a given ti
interval decreases with increasing cycling field.

According to the Bean model for a type-II superconduc
with pinning,9 when a small magnetic field is applied, th
flux penetrates into the sample only up to a certain dista
from its surface. For high enough fields, a gradient of flux
established in the bulk of the material. Therefore, for lo
cycling fields one only probes the dynamics of vortices clo
to the surface. At larger fields, the critical state is establis
and the decays reflect the motion of bulk vortices as wel
surface vortices. Thus, we argue that the almost p
stretched exponential law at small cycling fields results fr
the motion of surface vortices, while vortices in the bulk
the sample relax via a logarithmic law of the formM (0)
2M (t)} lnt. When both types of decays are present,
SQUID magnetometer which detects the total magnetic fl
of the sample, measures the sum of the two. This give
decay which, in our time window, can be described by a l
of the form

M ~ t !5DM surfaceexp@2~ t/t!b#2DMbulkln t1const. ~4!

As t in Eq. ~4! lies outside the time window for most o
the measurements (t.105 s!, the data cannot be quantita

FIG. 12. Relaxation of the remanent magnetization of the U3

single crystal withHic at different temperatures. Note that~in ad-
dition to the strong increase of the relaxation with temperature
served at long times! a clear change in the short-time behavior c
be observed forT*460 mK.~b! Same data in an expanded vertic
scale.
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3646 57AMANN, MOTA, MAPLE, AND v. LÖ HNEYSEN
tively fitted with expression~4! unless either the fraction
DM surfaceor the timet are known. We therefore have chos
to describe the decays with two parameters,Sinitial5
2] ln M/] lnt, the initial logarithmic rate, andDM @104 s#,
the deviation from a pure logarithmic decay law att5104 s.
As Sinitial describes the logarithmic decay whereas the de
tion DM is proportional toDM surface~assuming that both,b
and t, are independent of temperature!, we identify Sinitial
with the relaxation from bulk vortices andDM with the de-
cay from surface vortices. In the following, decays of surfa
vortices and vortices in the bulk are analyzed independe
using these two parameters.

Dynamics of surface vortices in UPt3

Stretched-exponential laws describe the relaxation o
very wide range of phenomena in complex, strongly intera
ing materials with slow recovery towards equilibrium.15 A
typical example which has been widely studied is the rel
ation in amorphous or glassy materials. In UPt3, the question
of the origin of stretched-exponential relaxation of surfa
vortices remains open at this moment.

The dependence of the ratioDM @104 s#/M rem on the cy-
cling field Hmax is illustrated in Fig. 14 using the data ob
tained for the single crystal at a temperatureT5450 mK.
The ratio DM @104 s#/M rem decreases dramatically from
more than 50% for low fields to only 1% in the fully critica

FIG. 13. Relaxation of the remanent magnetization of granu
UPt3 at different temperatures. All the measurements shown h
start with the sample in the critical state. Note that the tempera
dependence of the short-time relaxation behavior~lower graph with
the same data in an expanded vertical scale! is significantly differ-
ent from the one of the single crystal~Fig. 12!.
-
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state (Hmax*300 Oe atT5450 mK!.
In Fig. 15, the normalized temperature dependence

DM is plotted as obtained from decay measurements of
UPt3 single crystal and the granular sample. AsDM is nor-
malized using the total remanent magnetizationM rem and not
DM surface~which is not known!, the values obtained for the
rate are lower estimates~see also Fig. 14!. One can see
clearly that, due to the much increased surface-to-bulk r
of the granular sample as compared to the single crysta
all temperatures the values ofDM /M rem are considerably
higher for the granular sample than for the single crystal.
fact, as shown in Fig. 13, relaxation of the remanent mag
tization of the granular sample showed, within our precisi
practicallyno logarithmic contribution to the decay, sugges
ing that the width of the layer at the surface in which t
vortices decay with a stretched-exponential decay law
comparable to the size of the grains. A comparison betw
the stretched-exponential decays in the crystal and the gr

r
re
re

FIG. 14. Normalized fractionDM @104 s#/M rem (j, left scale!
and values of the remanent magnetizationM rem given in number of
flux quantaF0 at the sample (s, right scale! for different cycling
fields Hmax. The solid lines only serve as guides to the eye.

FIG. 15. Normalized fractionDM @104 s#/M rem of surface vor-
tices in UPt3 which have left the sample within the first 104 s after
the start of the decay as function of the reduced temperature.
points are taken when the sample was in the fully critical state at
beginning of the measurement.
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lar sample is relevant in spite of the fact that we do not h
evidence for a double transition in the UPt3 sintered powder,
since this type of surface creep is observed in both the
phase as well as the B phase of the single crystal.

For both specimens, the values ofDM @104 s#/M rem are
independent of temperature forT/Tc&0.520.7 with a value
of 10% for the single crystal and'1% for the granular
sample. This indicates that this type of decay does not o
result from thermal processes but also via some kind
quantum tunneling. Quantum creep of vortices has been
served at millikelvin temperatures in high-Tc
superconductors16 as well as in organic superconductors17

Typically, the normalized logarithmic creep rate
u] ln M/] ln tu at T→0 measured in those systems are of
order of 1%. These values agree well with the ones estim
from the quantum collective creep theory of Blatteret al.14,18

According to this theory, strong quantum creep rates occu
superconductors with large anisotropy 1/«, high normal-state
resistivity rn , and short coherence lengthj. A theoretical
estimate of the quantum creep rate atT→0 with the corre-
sponding values of 1/«, rn , and j of UPt3 shows that for
this superconductor the logarithmic creep rates should
about 1000 timesweaker than the rates in the high-Tc su-
perconductors. The different relaxation law observed
UPt3 — stretched-exponential instead of the usual logar
mic or power laws — as well as the strength of the relaxat
in a given time interval cannot be explained with the exist
theories of quantum creep.

It has been suggested by Sigrist, Rice, and Ueda3,8 that
one way to probe an unconventional superconductor is
investigate surface effects. For example, in the A phase
superfluid 3He, the Cooper pair wave function adjusts in
way that the angular momentuml of the Cooper pair is di-
rected perpendicularly to any wall.19,20 Similar effects are
likely to occur in unconventional superconductors. Howev
the range of surface effects is rather short, orderj0, so no
essential effect is expected except in thin films with a thi
ness of a few coherence lengths.21 On the other hand, if a
superconducting phase breaks time-reversal symmetry,
a phase can have unique properties close to domain w
and surfaces with persistent currents and vortices enclosi
nonuniversal flux quantum.8

In our investigation we find anomalous, fast dynamics
surface vortices in the granular sample as well as the b
single crystal inboth low-field superconducting phases
UPt3. Since the high-temperature A phase is not suppose
break time-reversal symmetry, we have to conclude t
other boundary phenomena are responsible for the g
creep rate of surface vortices following a stretche
exponential relaxation law.

Dynamics of bulk vortices in UPt3

The dynamics of bulk vortices in UPt3 also shows specia
features which are not observed in any other supercondu
The initial logarithmic creep rateSinitial of the remanent mag
netizationM rem as a function of temperature is shown in Fi
16. As one can see from the data, the creep rateu] lnM/]lntu is
practically zero (u] ln M/] lntu,1025) up to about 400 mK
for both field directions. Around this temperature it sta
to increase slightly and then reaches rapidly a value
531023 close toTc
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The very strong pinning of bulk vortices with an almo
zero creep rate in the low-temperature, low-field B phase
UPt3 cannot be the result of extrinsic quenched disorder
this were the case, one could not explain the clear chang
creep rates that occurs around 400 mK and the fast incr
of the creep rates with temperature in the high-temperatur
phase. The strong reduction of bulk creep in the B phas
an intrinsic property and probably related to the nature of
order parameter in this phase. In a phase that breaks t
reversal symmetry, vortices can be trapped at domain w
between domains of degenerate superconducting phase
can decay into fractional vortices carrying a noninteger m
tiple of the flux quantumF0. As those fractional vortices
cannot exist off the domain walls, they have to recombine
give an integer flux quantum before leaving the wall. As th
recombination costs energy, vortices at a domain wall w
hardly ever leave the wall again, they are thus very stron
pinned by the domain wall. Due to the repulsive vorte
vortex interaction, domain walls with many trapped vortic
can act as barriers for the motion of other vortices. In t
way vortices can be pinned very strongly in a network
domain walls so that ordinary creep is substantia
reduced.3,22 Note that a similar, drastic change in the pinnin
strength has also been observed in the lower supercondu
phase of thoriated UBe13.23

Magnetic relaxation in UBe13

In order to check our interpretation that the strong red
tion of bulk vortex creep results from additional pinning i
troduced by the presence of domain walls in a time-reve
symmetry-breaking phase, similar measurements were
formed on a crystal of UBe13.24

Some decay measurements for different cycling fie
Hmax at a constant temperatureT5800 mK are shown in Fig.
17. For the lowest cycling field shown in the figure, the for
of the decay is similar to the ones of UPt3. However, already
for very small cycling fields, the logarithmic contribution t
the decay is rather strong~of the order of several % pe

FIG. 16. Normalized logarithmic decay rateSinitial of bulk vor-
tices as obtained for the UPt3 single crystal withHic (d) and
H'c (s). All points are taken with the sample in the fully critica
state at the beginning of the measurement.
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decade!, whereas the contribution from the nonlogarithm
decay law is much smaller than for a comparable deca
UPt3. Moreover, the total decay is stronger in UBe13 than in
UPt3. For example, forHmax53.3 Oe, more than 80% of th
flux trapped inside the sample have left it after 104 s at T
5800 mK ~for UPt3, at a comparable reduced temperatu
T/Tc , this value is around 40%!. For larger cycling fields —
even before reaching the fully critical state when starting
decay measurement — the decay follows nearly a pure lo
rithmic decay law~the increase in the decay rate at long
times is still present, but this effect is so small that a qu
titative analysis is not possible!. Thus, it can be said that als
in UBe13 a difference in relaxation behavior between surfa
and bulk vortices can be observed although the contribu
of surface vortices to the total decay is much smaller than

FIG. 17. Sample decay measurements of the UBe13 crystal
taken at a temperatureT5800 mK for three different cycling fields
Hmax53.3 Oe (L), Hmax533 Oe (s), and Hmax5530 Oe (h).
The decay withHmax5530 Oe corresponds to the case where
sample is in the fully critical state at the beginning of the decay.
each decay, a logarithmic fit through the initial data points
shown.

FIG. 18. Temperature dependence ofS52] lnM/]lnt, the nor-
malized logarithmic creep rate of the UBe13 crystal ~Ref. 24!. All
points have been taken after cycling the sample in a sufficie
high fieldHmax such that the sample was in the fully critical state
the beginning of the measurement.
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UPt3. In the following, the analysis of the decays of UBe13

from the fully critical state is given using a simple logarit
mic decay law. In Fig. 18, the temperature dependence of
normalized logarithmic decay rateS52] ln M/] lnt is plot-
ted. As can be immediately noted from the figure, the r
increases linearly with increasing temperature as is expe
by the theory of thermally activated flux creep.13 The de-
crease of the rateS at high temperatures is due to the rath
broad superconducting transition of the investigated sam
The temperature dependence of the logarithmic decay ra
UBe13 is thus significantly different from the one obtaine
for UPt3. The almost ideal pinning~creep rateS,1025) of
bulk vortices at lower temperatures observed in UPt3 is
therefore an effect which is not common for heavy-fermi
superconductors in general, but rather an intrinsic effec
the low-temperature B phase of UPt3.

In preliminary relaxation measurements of the reman
magnetization in a U0.9725Th0.0275Be13 single crystal, we ob-
serve a strong reduction of the normalized creep rateS below
the lower transition temperatureTc2. The temperature depen
dence ofS deviates clearly from the observed linear in tem
perature behavior for pure UBe13. Since also the lower su
perconducting phase of thoriated UBe13 is believed to be
characterized by an order parameter which breaks ti
reversal symmetry, this result strongly supports our interp
tation that the additional pinning in the B phase of UPt3 can
be attributed to effects arising due to the nature of the or
parameter in that phase.

IV. SUMMARY AND CONCLUSIONS

The relaxation of the remanent magnetization in UP3
shows different behavior for vortices close to the surface
the specimen and vortices in the bulk. Surface vortices de
via a stretched-exponential decay law. Their decay rate
temperature independent forT&0.5Tc

1 with a rather high
rate~10% of the trapped flux decaying within the first 104 s
in the sintered sample!, indicating that some new form o
quantum tunneling is involved.

Moreover, the relaxation of bulk vortices shows new fe
tures which, up to now, have not been observed for any o
superconductor: for the UPt3 single crystal, the normalized
creep rateS52] ln M/] lnt is practically zero (S,1025) for
temperatures up to about 400 mK. On further raising
temperature it starts to increase rapidly reaching a value
about 531023 close toTc

1 . As the reduction in bulk creep
occurs approximately below the lower transition temperat
Tc

2 ~the existence of which has been verified by measur
the specific heat of the sample!, it is obvious to relate this
additional pinning to some novel effect in the low-field low
temperature superconducting B phase of UPt3. This behavior
can be attributed to the nature of the order parameter in th
phase of UPt3. In a phase that breaks time-reversal symm
try, fractional vortices get trapped and strongly pinned
domain walls between domains of degenerate supercond
ing phases. Due to the repulsive vortex-vortex interacti
these vortices also inhibit the motion of ordinary vortic
resulting in additional strong pinning.3,22 Thus, the ideal bulk
pinning in the B phase of UPt3 supports scenarios that hav
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proposed for this phase a superconducting order param
that breaks time-reversal symmetry.

Further support for the above conclusion was inferr
from very sensitive measurements of the ac magnetic sus
tibility x. Well below and clearly separated from the supe
conducting transition atTc

1 , a small peak inx9 was detected.
While the width and the position of the peak’s maximum a
very sensitive to the amplitude of the applied ac measur
field Hac, its upper onset is nearly independent ofHac. In
agreement with the measured lower transition tempera
Tc

2 as determined from specific-heat measurements, we id
tify the onset of dissipation with the lower superconducti
transition from the A to the B phase. We interpret the peak
resulting from losses due to the motion of domain wa
and/or fractional vortices building up in the B phase. On ju
entering this phase from higher temperatures, the walls
eter
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vortices may adjust to the externally applied field where
deep inside the B phase they become strongly pinned
thus behave rigidly.
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