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Unconventional vortex dynamics in superconducting states with broken time-reversal symmetry
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~Received 1 October 2001; revised manuscript received 21 December 2001; published 2 April 2002!

We report vortex dynamics in the unconventional superconductors Sr2RuO4, thoriated UBe13 and compare it
with previous data on UPt3 @A. Amann, A. C. Mota, M. B. Maple, and H.v. Lo¨hneysen, Phys. Rev. B57, 3640
~1998!#. In all three systems, a pinning mechanism, which is very distinct from the standard pinning by defects,
can be associated with the appearance of broken time-reversal symmetry in the superconducting state. The
pinning mechanism is so strong that no vortex creep is observed in a time scale of several hours. Our
observations could be explained by the presence of domain walls, separating different degenerate supercon-
ducting states, as proposed by Sigrist and Agterberg@Prog. Theor. Phys.102, 965 ~1999!#. A conventional
vortex approaching such a domain wall can decay into vortices with fractional flux quanta. Domain walls
occupied with strongly pinned fractional vortices, represent efficient barriers for vortex motion and thus
prevent relaxation towards equilibrium. In the case of UPt3 and U0.9725Th0.0275Be13, two consecutive phase
transitions are known to occur atH50, of which the low temperature one leads to a superconducting phase
with broken time-reversal symmetry. In both systems, one observes a sharp drop of initial creep rates by more
than three orders of magnitude to undetectabely low levels at their second superconducting transition. In
Sr2RuO4 time-reversal symmetry is reported to occur right belowTc . However, we do not observe unconven-
tional pinning immediately below the superconducting transition, but zero creep sets in only much belowTc .
While in U0.9725Th0.0275Be13 and UPt3, the drop in creep rates at the lower superconducting transition tempera-
ture is very sudden and strong, in Sr2RuO4 it looks more like acrossover.

DOI: 10.1103/PhysRevB.65.144519 PACS number~s!: 74.60.Ge
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I. INTRODUCTION

In superconductors the physical manifestation of tim
reversal symmetry (T ) breaking are starting to be consid
ered from a theoretical point of view as well as from expe
ments. The breakdown ofT is a well-known property of
ferromagnets. Since it was a long-believed fact that mag
tism and superconductivity would exclude each other,
more intriguing was the evidence for time-reversal symme
breaking in unconventional superconductors. Up to so
years ago, the only known condensate with broken tim
reversal symmetry was theA phase of superfluid3He.1,2

Nowadays, there are three examples of unconventional
perconducting phases that very likely violateT. They are the
low-temperature superconducting phases of the two he
fermion metals UPt3 ~Ref. 3! and U12xThxBe13 with 0.019
,x,0.045,4,5 and the recently discovered superconduc
Sr2RuO4.6 We present here a study of time-revers
symmetry-breaking superconducting states using vortice
a probe.

A type-II superconductor in a magnetic field higher th
its lower critical field, is threaded by quantized magnetic-fl
lines. Each line carries a single flux quantumFo5hc/2e. In
conventional superconductors this is the only form for a v
tex. However, in analogy to rotating superfluid3He, where
seven different types of vortices have been identified in thA
and B phases,7 new and interesting vortex physics is to b
expected in unconventional superconductors.8 Since in the
latter, the superconducting order parameter has more
one component, this yields many more degrees of freedo
form topologically stable defects.

In superconductors with a multicomponent order para
eter, domain walls separating different degenerate super
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ducting states form. As discussed by Sigrist and Agterber
conventional vortex approaching such a domain wall can
cay into fractional vortices. Due to vortex-vortex repulsio
domain walls occupied with pinned fractional vortices, re
resent efficient barriers for vortex motion and thus prev
flux flow.9 The heavy fermion systems UPt3 and
U12xThxBe13 ~with 0.019,x,0.045) are up to now the only
known examples of superconductors that show more t
one superconducting phase. The phase diagram of UP3 is
shown in Fig. 1. It contains three different superconduct
phases, labeledA, B, and C, which meet at a tetracritica
point. Muon-spin-resonance (mSR) measurements hav
given evidence that the low temperature, low-fieldB phase
of UPt3 violates time-reversal symmetry.3

The phase diagram of U12xThxBe13 is given in Fig. 2. The

FIG. 1. Phase diagram of UPt3 for fields in the basal plane
Three different superconducting phases, labeledA, B, andC, have
been identified. They meet at a tetracritical point.
©2002 The American Physical Society19-1
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ELISABETH DUMONT AND ANA CELIA MOTA PHYSICAL REVIEW B 65 144519
critical temperature exhibits an unsual nonmonotonic beh
ior as a function of thorium concentration. It has a sha
minimum atx1'0.019 and an additional irregular point ha
been proposed atx2'0.045. In this critical-concentration re
gime,x1,x,x2, a second superconducting phase transit
occurs atTc2. Heffner et al. observed an increase of zer
field mSR relaxation rate that sets in atTc2 and is restricted
only to concentrations in the critical regime.4 This result was
attributed to the breakdown of time-reversal symmetry in
low-temperature superconducting phase.10

Similar to the observations of Amannet al. in UPt3,11 we
observe in thoriated UBe13 in the critical-concentration re
gime, an unusually sharp drop of initial creep rates by m
than three orders of magnitude to zero, within our sensitiv
(u] ln M/] ln tu'231026). This abrupt reduction of cree
rates coincides with the second superconducting transitio
Tc2.12–14

A multicomponent order parameter is most certainly a
realized in Sr2RuO4, a material structurally similar to the
high-Tc superconductor (La12xSrx)2CuO4 but with a much
lower Tc of 1.5 K. Indeed, shortly after its discovery i
1994,15 Rice and Sigrist16,17 proposed thatp-wave supercon-
ductivity might be realized in Sr2RuO4. Zero-field muon spin
relaxation revealed the breakdown of time-reversal sym
try below Tc .6

In Sr2RuO4 we do not observe ‘‘zero creep’’ immediate
below the superconducting transition. However, a regi
with unconventional strong pinning similar to the one in t
low-temperature phases of U0.9725Th0.0275Be13 and UPt3 sets
in much belowTc .18 While in these heavy electron system
the drop in creep rates at the lower superconducting tra
tion temperature is very sudden and strong, in Sr2RuO4 it
looks more like a crossover. Up to now, there is no exp
mental evidence for a second phase transition in this
superconductor.

II. EXPERIMENTAL DETAILS

A. Measuring setup

Both ac-susceptibility and dc-magnetization measu
ments have been performed, in a temperature range betw

FIG. 2. Phase diagram of U12xThxBe13, after Ref. 5.
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7 mK and 2 K, using a custom-made rf-SQUID~supercon-
ducting quantum interference device! magnetometer, built in-
side a3He/4He dilution refrigerator. The cryostat is based o
a commercial model, where the copper mixing chamber
been extended by a custom-made experimental cell, such
the sample is in direct contact with the3He/4He mixture. In
our system the sample remains stationary inside the grad
eter coils during the whole measurement. No supercond
ing shielding is used in the coil system and neither of
coils are used in persistent mode. The residual field at
sample space has been measured to be less than 2 mOe
dc field can be varied up to about 2500 Oe. For the
susceptibility measurements, an ac-impedance bridge wi
SQUID as a null detector is used. The amplitude of the
field is variable in fixed steps between 0.07 and 33 mOe,
its frequency can be set at 16, 32, 80, or 160 Hz. The dc-
ac-fields are applied parallel to each other. The experime
arrangement has been described in detail in Ref. 19.

B. Measuring procedure

We have studied vortex dynamics by means of relaxat
measurements of the remnant magnetization from a m
stable configuration originating from the application of
magnetic field. Isothermal relaxation measurements h
been performed at different temperatures and cycling fie
First the sample has been zero-field cooled to the des
temperature. Then, the field has been raised to a maxim
value Hmax within '1 min. After a waiting time of a few
seconds at this maximum cycling field, the field has be
reduced to zero within seconds. The remnant magnetiza
is recorded as a function of time, the starting timet50 being
defined as the moment when the external field reaches z
Relaxation measurements have typically been performe
the time window between 1 s and 104 s or 105 s. After each
decay measurement, the sample is heated above its supe
ducting transition temperature and the expelled flux is
corded as a function of temperature. The remnant magn
zation is obtained as the sum of the flux leaving the sam
during decay and subsequent expulsion.

C. Samples

1. U0.9725Th0.0275Be13 single crystal

The single crystal of U0.9725Th0.0275Be13 has been pre-
pared at Los Alamos National Laboratory.20 It has the form
of a parallelepiped with dimensions 2.3 mm30.9 mm31.0
mm and mass 8 mg. The magnetic field was applied to
sample along the~100! plane, which corresponds to the sam
ple’s largest dimension. The critical temperature of t
sample, obtained by ac-susceptibility measurements, ta
place atTc15523 mK and has a widthDTc1567 mK. Tc1
has been taken as the midpoint of the transition and the v
for DTc1 has been obtained by the 10–90 % criterio
Specific-heat measurements performed on a sample of
same batch21 revealed a second jump atTc25350 mK with a
width DTc2540 mK.
9-2
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UNCONVENTIONAL VORTEX DYNAMICS IN . . . PHYSICAL REVIEW B 65 144519
2. Sr2RuO4 single crystals

For the work presented here, two Sr2RuO4 single crystals
with different transition temperatures have been measu
Both crystals were prepared by the floating-zone techniqu15

by Maenoet al. at Kyoto University.
SampleA has an almost ellipsoidal shape with dimensio

2.63 mm31.52 mm30.98 mm and mass 11.5 mg. It wa
oriented by Laue x-ray diffraction. In the first series of me
surements, the field has been applied perpendicular to
sample’s largest dimension, i.e., at an angle of 15° from
ab plane. Second, it has been applied parallel to thec axis.
The superconducting transition of the sample takes plac
Tc51.03K and has a widthDTc5300 mK.

SampleB is a rather big parallelepiped with rounded co
ners, of dimensions 4.8 mm32.2 mm32.6 mm and mass
129 mg. It has been oriented with the help of electro
channeling diagrams. Susceptibility measurements gaveTc
51.4 K with a widthDTc5230 mK. The field has been ap
plied along theab plane.

III. EXPERIMENTAL RESULTS

A. Flux dynamics in thoriated UBe13

1. Remnant magnetization as a function of temperature
and field

The field dependence of the remnant magnetization
very distinct in the low-temperature and high-temperat
superconducting phases of U0.9725Th0.0275Be13, as can be
seen in Fig. 3. In the latter the remnant magnetization
plotted for different temperatures both below, and aboveTc2.

T.Tc2. At T5400 mK, the remnant magnetization fo
lows the classical behavior as described by the B
model.25 For low fields, Mrem increases as a function o
Hmax until Hmax reaches the value 2H* '400 Oe. For fields
H.2H* , the remnant magnetizationMrem becomes inde-

FIG. 3. Dependence of the remnant magnetization of
U0.9725Th0.0275Be13 single crystal on the maximum cycling field, fo
different temperatures. The lines serve as guides to the eyes.
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pendent ofHmax, i.e., the sample is in the fully critical state
T,Tc2. In the low-temperature phase on the other ha

the field dependence of the remnant magnetization is v
distinct from that expected by the Bean model.Mrem does
not saturate as a function of field. For increasing fie
Hmax, the remnant magnetizationMrem first increases, goes
through a maximum and then decreases again with fur
increasing field. This indicates a field-induced ‘‘memory e
fect’’ in vortex pinning. It results in a different critical stat
at H50 depending on the maximum field to which th
sample has been cycled.

In Fig. 4, Mrem is given as a function of temperature, fo
the cycling field H51200 Oe~closed diamonds!, and the
maximum value ofMrem(H) ~open diamonds!. For T,Tc2,
the simple identification ofMrem with the critical current
breaks down.

2. Relaxation measurements as a function of temperature

Studies of vortices and their dynamics in classical h
type-II superconductors have a long history on account
their technological importance. A type-II superconductor c
rying a current is in a thermodynamically metastable sta
which decays towards equilibrium as a result of therma
activated motion of vortices. This phenomenon has been
served by Kimet al.22 and described by Anderson.23

Figure 5 shows typical relaxation measurements of
remnant magnetization of U0.9725Th0.0275Be13 as a function of
temperature. For temperatures belowTc2, we plotted the de-
cays taken after the sample has been cycled to a field la
than the one, whereMrem takes its maximum value~see Fig.
3!. The field dependence of the relaxation measurements
be discussed in Sec. III A 3.

T.Tc2. Rather strong vortex creep is observed~about
30% at T5400 mK after 105 s), which follows an almost
logarithmic time dependence. Logarithmic decays of vortic
have been observed in conventional superconductors, in

e

FIG. 4. Values of the remnant magnetizationMrem of the
U0.9725Th0.0275Be13 single crystal as a function of temperature. F
temperaturesT,Tc2, values ofMrem at H51200 Oe~closed dia-
monds!, and the maximum value ofMrem as a function ofHmax

~open diamonds! are plotted. The line serves as guide to the eye
9-3



ti-

ic
s
e
th
a
e
,
e

o
ce
av

ce
ry
io
e
.

io
a
,
ga

w

r

e to

ing
era-
so
ith

ced
is

of
eld
al
ides
by
f

-
at

he

sec-

s

ELISABETH DUMONT AND ANA CELIA MOTA PHYSICAL REVIEW B 65 144519
ganics and in high-Tc cuprates, as a result of thermally ac
vated vortex creep.23

T,Tc2. The decays start deviating from this logarithm
time behavior. First, the initial decay is strongly reduced,
that for short times, almost no vortex creep is observed. S
ond, after some waiting time, the relaxation recovers and
vortex creep accelerates. As the temperature is more
more reduced belowTc2, these accelerations occur at long
and longer times. Far inside the low-temperature phase
T!Tc2, the vortices remain so strongly pinned that no cre
is observed in our time window (104 s–105 s).

Immediately below the second transition, the decays sh
a strong deviation from the logarithmic time dependen
However, in order to compare different samples, we h
choosen to characterize the decays of U0.9725Th0.0275Be13 by
two parameters:~i! the initial logarithmic slope ofM vs t,
which gives us theinitial creep ratesu] ln M/] ln tu, and ~ii !
the deviation from the logarithmic time dependen
D M /Mrem at 104 seconds. This choice might seem arbitra
but it affects mainly the relaxation data around the transit
Tc25350 mK. It does not influence the data at much high
or much lower temperatures, as can be seen from Fig. 6
this graph, we have plotted the normalized deviat
D M /Mrem(t5104 s) from the logarithmic time law as
function of temperature. In the high-temperature phase
small temperature-independent deviation from a purely lo
rithmic decay occurs at longer times (t.103 s). The devia-
tion is very pronounced aroundTc2, which is due to nonloga-
rithmic decays in this temperature region. At very lo
temperaturesT<200 mK, on the other hand,D M /Mrem(t
5104 s) is practically zero. In this temperature region, vo

FIG. 5. Relaxation of the remnant magnetization of t
U0.9725Th0.0275Be13 single crystal at different temperatures.
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tices remain so strongly pinned, that they do not manag
escape from the sample.

This lack of creep indicates an unusal strong pinn
mechanism that sets in below the second transition temp
ture and inhibits flux motion. From Fig. 6, it becomes al
clear, that the pinning mechanism increases gradually w
decreasing temperature belowTc2. Far inside the low-
temperature phase it is so strong, that vortex creep is redu
to practically zero within our time window. We refer to th
phenomenon as ‘‘zero creep.’’

The initial creep rates are plotted in Fig. 7 as a function
temperature together with the measured lower critical fi
data.13 At T5Tc2, we observe a sharp transition in the initi
creep rates. Note that the transition in creep rates coinc
with the break in the lower critical field, observed also
other authors.24 At Tc2, the rates drop by three orders o
magnitude to zero within our sensitivity (u] ln M/] ln tu'2
31026). Our sensitivity is limited mainly by the reproduc
ibility of the background creep of the NbTi coils that are

FIG. 6. Deviation of the decays of the U0.9725Th0.0275Be13 single
crystal from the logarithmic time law att5104 s as a function of
temperature. The deviation is very pronounced just below the
ond transition temperatureTc25350 mK, but negligible above and
much below the transition.

FIG. 7. Lower critical fieldHc1 ~closed circles, left scale! and
normalized initial creep ratesu] ln M/] ln tu ~closed diamonds, right
scale! of the U0.9725Th0.0275Be13 single crystal. The line serves a
guide to the eyes.
9-4
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UNCONVENTIONAL VORTEX DYNAMICS IN . . . PHYSICAL REVIEW B 65 144519
about the same temperature as the sample.
It is interesting to compare these results to those obta

by Amannet al.11 on pure UBe13. According to the phase
diagram in Fig. 2, the pure compound exhibits a single
perconducting phase. Moreover, there is no experimental
dence that it violates time reversal symmetry. In Fig. 8,
give vortex creep rates of pure UBe13 and vortex creep rate
of U0.9725Th0.0275Be13. The creep rates of UBe13 show a
well-defined linear-in-T dependence fromT55 mK up to
T'Tc .11 They follow the classical temperature dependen
predicted by the Kim-Anderson theory.23 There is no indica-
tion for a transition such as the one we observe in the th
ated sample. We conclude that zero creep found in the l
temperature phase is not material dependent, but ra
intrinsic to the nature of the low-temperature phase
U0.9725Th0.0275Be13.

A similar zero-creep regime was found for the first tim
by Amannet al.11 in the low-temperature phase of UPt3. As
can be seen from Fig. 9, the strong reduction of creep rate

FIG. 8. Normalized creep rates of the thoriated~closed dia-
monds! and the pure UBe13 ~open circles! single crystals. The tran
sition temperatures of U0.9725Th0.0275Be13, Tc1 andTc2, are marked,
as well as the critical temperature of the UBe13 sample.

FIG. 9. Normalized initial creep rates of UPt3, after Ref. 11. The
superconducting transition temperaturesTc1 and Tc2 of UPt3 are
marked.
14451
d

-
i-

e

e

i-
-
er
f

in

this system also developes just below the second transitio
the superconducting phase with broken time-reversal s
metry.

At first sight, the temperature dependence in the hi
temperature phase of both systems differs, as can be
from Figs. 8 and 9. Indeed, in the high-temperature phas
U0.9725Th0.0275Be13, the creep rates increase almost linea
with increasing temperature, indicating thermally activat
creep. On the other hand, the creep rates of UPt3 in the
high-temperature superconducting phase show a stro
temperature dependence. However, comparing the two
ures, one could argue, that this difference is due to the sm
extent of the high-temperature phase of UPt3 (DTc
'50 mK).

3. Relaxation measurements as a function of cycling field

In this section, we will discuss the influence of th
maximum cycling field Hmax on vortex creep in
U0.9725Th0.0275Be13. Figure 10 shows decays o
U0.9725Th0.0275Be13 taken at temperatures both above, and
low Tc2 for different cycling fields.

T.Tc2. In the high-temperature phase~at T5400 mK),
the field dependence of the decays is characterized by
following. ~i! The decays are logarithmic in time for field

FIG. 10. Relaxation of the remnant magnetization of t
U0.9725Th0.0275Be13 single crystal for six different cycling fields
Hmax ~a! high-temperature phase (T5400 mK), ~b! low-
temperature phaseT5200 mK, and~c! low-temperature phaseT
5100 mK.
9-5
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ELISABETH DUMONT AND ANA CELIA MOTA PHYSICAL REVIEW B 65 144519
100<H<1200 Oe.~ii ! The fraction of remnant magnetiza
tion that decays is the same for all fields.

As can be seen from Fig. 3, this sample enters the f
critical state at 2H* '500 Oe. There is no significant differ
ence between decays that started from the undercritical s
or from the fully critical state.

T,Tc2. A different situation is encountered in the low
temperature phase, where the following features are
served.

At T5200 mK, zero creep is observed only if the samp
has been cycled to high-enough fields (H.1000 Oe). As the
temperature is reduced, the zero-creep regime is alread
tablished at smaller cycling fields. AtT!100 mK, we ob-
serve zero creep for all cycling fields.

From these observations we infer that the pinning stren
increases, the more the temperature is reduced belowTc2,
and the higher the maximum field in which the sample h
been cycled before the start of the decay. This is true for
range of field strength applied in this investigation.

4. Field-cooled vs zero-field-cooled relaxation measurements

We have performed field-cooled relaxation measureme
on U0.9725Th0.0275Be13 at two different temperatures, as
function of cycling fields. In the field-cooled mode, a fie
Hmax is applied to the sample at a temperature aboveTc .
Subsequently, the sample is cooled down to the desired m
suring temperature, keeping the fieldHmax constant. When
the sample attained thermal equilibrium, the field is redu
to zero in the same way than for zero-field-cooled exp
ments. The remnant magnetization as a function of time
zero field is recorded. After a decay of typically 104 s, the
sample is warmed up above its transition temperature and
expelled flux is recorded. The remnant magnetizationMrem
at the start of the decay is given as sum of the decayed
the expelled flux. Figure 11 shows data aboveT
5400 mK) and below (T5200 mK) the second transitio
temperatureTc2.

T.Tc2. In the high-temperature phase, apart from
change in absolute values, there is no qualitative differe
between the results obtained in zero-field-cooled and fi
cooled mode.

T,Tc2. In the low-temperature phase, vortex dynamics
considerably altered in field-cooled mode as respect to z
field cooled:

~i! At T5200 mK zero creep is observed, forH
.1000 Oe in zero-field-cooled mode.

~ii ! At T5200 mK zero creep isnot observed, if the
sample is field cooled in fields up to 1000 Oe. On t
contrary, the decay is strong at high fields and at low fie

~iii ! The field dependence ofMrem is different in zero-
field and in field-cooled experiments. In zero-field-cool
mode, Mrem does not saturate at high fields as would
expected from the Bean model~see also Fig. 3!. Instead it
goes through a maximum and decreases with increa
fields. In field-cooled mode, the remnant magnetization
creases continuously and seems to saturate at high fields
‘‘memory effect’’ observed in zero-field-cooled mode is n
present when the sample has been field cooled, but it ra
14451
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resembles the behavior forT.Tc2.
From these observations we infer that the new pinn

mechanism found in the low-temperature phase
U0.9725Th0.0275Be13 is not active when field cooling the
sample.

B. Flux dynamics in Sr2RuO4

1. Remnant magnetization as a function of temperature
and field

The field dependence ofMrem(Hmax) in Sr2RuO4 follows
the classical behavior described by the Bean model.25 At all
temperatures, no unusual behavior, such as one observ
thoriated UBe13, is seen in Sr2RuO4.

In Fig. 12, the temperature dependence of the remn
magnetization is shown. All the points are taken for cycli
fields high enough, so that the sample is in the critical st
According to the Bean model,25 Fig. 12 represents the tem
perature dependence of the critical current. It shows, that
critical current varies continuously and saturates for the lo
est temperatures. The Bean model allows to give an estim
of the critical current.25 For the low-Tc sample, we obtain
values for the critical current of the order of 104 A/cm2. For

FIG. 11. Comparison between field-cooled~FC! and zero-field-
cooled~ZFC! mode, forT.Tc2 (T5400 mK), and forT,Tc2 (T
5200 mK). Remnant magnetization of the U0.9725Th0.0275Be13

single crystal taken at two different times as a function of fie
Diamonds are forMrem at the start of the decay measurementt
'1 s), and circles forMrem at t5104 s. The shaded area indicate
the amount of flux that leaves the sample in this time window. T
field-cooled data is represented by open symbols and dark sh
area; the zero-field-cooled data by closed symbols and light sha
area.
9-6
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UNCONVENTIONAL VORTEX DYNAMICS IN . . . PHYSICAL REVIEW B 65 144519
sample B with higher Tc , lower values of the order o
103 A/cm2 have been obtained, which indicates that th
are indeed less material defects in this sample.

2. Relaxation measurements as a function of temperature

In this section flux-creep measurements on the lowTc
sampleA (Tc51.03 K), with the field applied both paralle
and perpendicular to thec axis, and on the sampleB (Tc
51.4 K), with the field applied perpendicular to thec axis,
will be presented.

In order to be able to compare relaxation measuremen
different temperatures, great care has been taken to en
that the starting conditions were identical for all the deca
The samples have been cycled in high-enough fields as t
in the fully critical state. Only in this case, do the flu
density gradients point solely out of the sample. If t
sample is not in the fully critical regime, part of the trapp
vortices is exposed to a flux-density gradient, and hence
Lorentz force, pointing towards the inside instead of the o
side of the sample. Those vortices relaxing to the ins
would probably not leave the sample in our measuring tim

H'c. In Fig. 13, are plotted typical relaxation measur
ments for the field applied at an angle of 15° from theab
planes. The following features are observed.

~i! The decays are weak at all temperatures.
~ii ! In the first 104 s, the decays follow a logarithmic tim

dependence. After the first 104 s, the decays accelerate an
follow an unusual nonlogarithmic time dependence.

~iii ! Below 26 mK, the vortex creep of the first 104 s is
practically zero, vortices remain so strongly pinned that th
do not escape from the sample in this time range. After
first few hours, some vortices manage to leave the samp

Let us compare these results to the ones obtained
sample B (Tc51.4 K) that is about ten times larger tha
sample A, forH in theab planes. From Fig. 14 the following
observations can be made.

~i! Vortex creep is muchweaker in sample B (Tc
51.4 K) than in the low-Tc sampleA (Tc51.03 K).

FIG. 12. Remnant magnetization of Sr2RuO4 as a function of
temperature for sampleB (Tc51.4 K). The line serves as guide t
the eyes.
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~ii ! For temperatures above 150 mK, the time depende
is practically logarithmic. No such accelerations as obser
in sampleA are seen in sampleB in our time window.

~iii ! Below 150 mK, the decays start flattening at sh

FIG. 13. Relaxation of the remnant magnetization at differ
temperatures measured on Sr2RuO4 (Tc51.03 K) with the field
applied at an angle of 15° from theab plane.

FIG. 14. Relaxation of the remnant magnetization at differ
temperatures measured on Sr2RuO4 (Tc51.4 K) with the field in
the ab plane.
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ELISABETH DUMONT AND ANA CELIA MOTA PHYSICAL REVIEW B 65 144519
times and deviate from logarithmic time dependence
longer times@see also Fig. 19~b!#.

Hic. The relaxation curves for the configuration with th
field parallel to thec axis, on the other hand, show ve
different behavior than the one observed withH'c. Figures
15 and 16 show decays of sampleA as a function of tem-
perature with the field oriented along thec axis. Four differ-
ent temperature regimes can be distinguished.

Region ~I! in Fig. 15. For temperatures 300 mK,T
,900 mK, the decays follow a logarithmic time dependen
The fraction of remnant magnetization that decays in
measuring time decreases with decreasing temperature.

Region ~II ! in Fig. 16~a!. In the range 75 mK,T
,300 mK, the beginning of the decays is logarithmic, b
after the first thousands of seconds the relaxation slows d
and deviate from the purely logarithmic time dependen
What is remarkable here, is the fact that the fraction of re
nant magnetization that leaves the sample in our measu
time increaseswith decreasing temperature.

Region~III ! in Fig. 16~b!. At low temperatures 28.5 mK
,T,50 mK, the decays could be fitted to stretched ex
nentials,

M ~ t !2M ~`!5@M ~0!2M ~`!#exp@2~ t/t!b# ~1!

with 103,t,104 s and 0.3,b,0.6.
It should, however, be noted, that at long timest

.30 000 s), the decays deviate from the stretched expo
tial law.

Region ~IV ! in Fig. 15. At even lower temperatures, fo
T,20 mK, no visible decay could be detected in the first

FIG. 15. Relaxation of the remnant magnetization at differ
temperatures measured on Sr2RuO4 (Tc51.03 K) with the field
along thec axis: Region~I! 300 mK,T,900 mK and region~IV !
T,20 mK.
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thousand of seconds. The vortices remain strongly pin
inside the sample. After this time~approximately 8 h!, some
vortices manage to escape and leave the sample.

The four different creep regimes are naturally reflected
the initital creep rates plotted in Fig. 17 as a function
temperature, both in linear and semilogarithmic scale.

In the transition regime (50,T,300 mK), the decays
deviate strongly from the purely logarithmic time depe
dence. Therefore, the slopeu]M /] ln tu depends on the cho
sen fitting range. However, in order to be able to compare
data in this transition regime to the logarithmic decays in
high-temperature regime, we decided to use the slope
short times and extract the initial creep rate

U] ln M

] ln t U for 10,t,100 s.

Note that this choice affects only the results in the transit
regime.

In region~I!, the creep rates are decreasing with decre
ing temperature. A broad minimum is observed around 3
mK, before the creep rates start increasing again in reg
~II !. Indeed, in this temperature region, the fraction of t
remnant magnetization that decays in 104 s is increasing with
decreasing temperature. Around 60 mK the creep rates re
a local maximum. In the very narrow region~III ! vortex
creep occurs following approximately stretched exponent
with decreasing strength as the temperature is reduced.

Finally, below 20 mK, the sample enters the zero-cre

t FIG. 16. Relaxation of the remnant magnetization at differ
temperatures measured on Sr2RuO4 (Tc51.03 K) with the field
along thec axis. ~a! Region II 75 mK,T,300 mK. ~b! Region III
28.5 mK,T,50 mK. Lines are stretched exponential fits.
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UNCONVENTIONAL VORTEX DYNAMICS IN . . . PHYSICAL REVIEW B 65 144519
regime. The creep rates have dropped by three order
magnitude to zero within our sensitivity (u] ln M/] ln tu'2
31026).

The temperature dependence of all the measured c
rates for both samples is compared in Fig. 18 in a semilo
rithmic plot. In both samples and for both field orientation
the following observations can be made.

~i! Two regimes can be clearly distinguished. A hig
temperature regime with creep rates of the order of 0.1
and a low-temperature regime with zero creep, separate
a strong reduction of creep rates by more than two order
magnitude, to undetectabely low levels within our sensitiv

~ii ! For the low-Tc sampleA (Tc51.03 K), the two re-
gimes are separated by a rather sharp drop of creep
around 50 mK for both field directions. However, in samp
B (Tc51.4 K), the drop of creep rates is broadened a
shifted to much higher temperatures, around 150 mK. Th
fore, the drop in creep rates may be considered to repres
crossover, rather than a transition. The strong pinning me
nism in the high-quality sample does not set in abruptly
increases gradually with decreasing temperature.

~iii ! At all temperatures, the creep rates in sampleB with
higherTc are much smaller than those of the low-Tc sample,
indicating stronger pinning. At first sight one would expe
the opposite to be true. If the vortex creep in the hig

FIG. 17. Normalized initial creep rates of Sr2RuO4 (Tc

51.03 K) as a function of temperature. Same data is given in lin
and semilogarithmic plot. Regions I–IV correspond to the differ
creep behaviors described in the text and in Figs. 15 and 16.
lines are guides to the eyes.
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temperature regime was dominated by extrinsic pinning
crystalline defects, one would expect that the low-Tc sample
would show stronger pinning~i.e., lower creep rates!. Since
the opposite is observed, we conclude that some intrin
pinning of the same sort than observed at the lo
temperature regime might be effective already at higher te
peratures.

~iv! In the regime of finite creep, the temperature dep
dence of the rates is different in the two field directions. F
fields in theab plane, the creep rates increase continuou
with increasing temperature. In contrast, as we have alre
discussed, the creep rates for fields along thec axis show a
pronounced minimum atT'300 mK.

3. Relaxation measurements as a function of cycling field

In Fig. 19 atT5700 mK, we observe no significant dif
ference between decays that started from the undercri
state, and those that start from the fully critical state~see
inset of Fig. 19!. The time dependence is practically logarit
mic for all fields. Moreover, the fraction of vortices tha
leave the sample in our time interval is the same for
fields.

A completely different situation is encountered in the lo
temperature regime, atT570 mK. As can be seen from Fig
19~b!, the shape and the strength of the decays are stro
field dependent. The lower the maximum cycling field, t
larger is the fraction of remnant magnetization that leaves
sample in our measuring time. At this temperature, the fu
critical state is realized at 2H* '200 Oe. In the undercritica
regime, for fieldsH,H* , the decays follow the classica
logarithmic time dependence. For fieldsH.2H* , they be-
come more rounded and the initial creep starts flattening
H5600 Oe, the first 100 s of the decay are practically fl
After the first hundred seconds, some vortices manage
escape from the sample.

ar
t
he

FIG. 18. Normalized initital creep rates of Sr2RuO4 as a func-
tion of temperature in a semilogarithmic plot. The open symb
represent data of the low-Tc sample A withTc51.03 K, and the
closed symbols those of sampleB with a higher transition tempera
ture of Tc51.4 K. Circles are for the field perpendicular to thec
axis and diamonds for the field parallel to thec axis. The lines are
guides to the eyes.
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IV. DISCUSSION

In this paper, we address vortex creep in Sr2RuO4, thori-
ated UBe13 and compare it to previous work on UPt3.11 In all
three materials a similar low-temperature vortex creep
gime with unusual strong pinning was observed. The latte
so strong, that vortex creep is reduced to zero in a time s
of several hours, therefore, we call this phenomenon z
creep. This is a different type of vortex pinning, very distin
from the conventional pinning due to defects. It is not
property of the material, but it is intrinsic to the superco
ducting phase in question.

Although vortex dynamics shows many characterist
specific to each superconductor, a zero-creep regime is
served in all the three materials with the following comm
features.

~i! Vortices remain so strongly pinned that no creep
observed in the first few hours.

~ii ! Several hours after the start of the decay, some vo
ces manage to escape and leave the sample. As the tem
ture is reduced these accelerations occur at longer and lo
waiting times.

~iii ! The pinning strength increases gradually with d
creasing temperature and increasing cycling field.

~iv! Although vortex creep goes to zero, no dramatic
crease of the critical current is observed.

FIG. 19. ~a! Relaxation of the remnant magnetization
Sr2RuO4 (Tc51.4 K), as a function of the maximum cycling fiel
Hmax, atT5700 mK. The inset shows the cycling field dependen
of the remnant magnetization. The field is applied pependicula
the c axis. ~b! Relaxation of the remnant magnetization as a fu
tion of the maximum cycling fieldHmax, at T570 mK for
Sr2RuO4 (Tc51.4 K). At Hmax5200 Oe the sample is in the fully
critical state.
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An interpretation of these phenomena, not observed
any other type-II superconductor, has been proposed by
grist and Agterberg.9 In their model, they consider a time
reversal symmetry-breaking phase with two different deg
erate superconducting states separated by a domain wa
vortex approaching such a domain wall, decays into fr
tional vortices, each carrying only a fraction ofFo with the
sum of their fluxes being equal toFo . Because the sum o
their line energies is lower than that of a conventional vor
with one flux quantum, they do not recombine and leave
domain walls. Since vortices repel each other, these dom
walls occupied with fractional vortices, can act like ‘‘fence
for oncoming conventional vortices.9 This pinning phenom-
enon would explain our observation of zero creep.

The described mechanism isintrinsic, originating from
the nature of the superconducting state itself. Pinning by
main walls should not influence the magnitude of the criti
current. The latter is governed by extrinsic pinning, due
defects of the crystal. This is in accordance with our obs
vations.

Further support for the formation of domain walls is give
by ac-susceptibilty measurements performed by Ama
et al.11 on a UPt3 single crystal. They revealed a second pe
atTc2 in the out-of-phase componentx9. The peak does not
depend on the frequency of the measuring field but rathe
its amplitude: With increasing amplitude, the maximum
the peak is shifted towards lower temperatures and its w
increases. It was concluded, that it might be related to
motion of domain walls and/or fractional vortices buildin
up in theB phase of UPt3.11

In the picture of Sigrist and Agterberg,9 a domain wall
close to the surface may open some escape channels fo
vortices due to their pressure. With time this channels exp
more and more, so the process accelerates. This proce
strongly temperature dependent~domain wall dynamics!.
The starting time of the acceleration increases as the t
perature is reduced belowTc2. Motion of domain walls is
also supported by recent hysteresis measurements in a sl
oscillating magnetic field by the Rosenbaum group26 on a
UPt3 single crystal.

Domains are believed to nucleate randomly at the sup
conducting transition temperature that leads to a tim
reversal-symmetry-violating state,unless there is bias for
one type of domain. In time-reversal-symmetry-breaking
perconducting phases, an external magnetic field could
vide such a bias. Therefore, field-cooling the sample wo
result in a smaller number but in bigger domains than in
zero-field-cooled process. This is due to the fact that
magnetic field may ‘‘polarize’’ the superconducting order p
rameter, thus leading to a preferred domain type. The pinn
should then be stronger in the zero-field-cooled case due
larger number of domain walls.

This has been observed in our field-cooled relaxation
periments on U0.9725Th0.0275Be13. Whereas in the high-
temperature phase, there is no qualitative difference betw
the results obtained in zero-field-cooled and field-coo
mode, the intrinsic pinning mechanism found in the lo
temperature phase in the zero-field-cooled mode, is not a
vated in field-cooled relaxation experiments. Indeed, we

e
to
-
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UNCONVENTIONAL VORTEX DYNAMICS IN . . . PHYSICAL REVIEW B 65 144519
not observe zero creep in the time-reversal-symme
breaking phase if the sample has been field cooled. On
contrary vortex creep remains strong even at high fields
similar conclusion has been made from a different type
investigation by the Rosenbaum group in thoriated UBe13.27

In the following we discuss the dependence of the dec
on the cycling field strength.

~i! In U0.9725Th0.0275Be13 and Sr2RuO4, we observe that
for low cycling fields, which introduce vortices close to th
surface, we do not have zero creep. The observed relaxa
in that case is due to vortices at the surface, which are
impeded by the barriers and leave the sample when the m
netic field is turned off. This was already observed by Ama
et al.11 in UPt3. It was argued that the observed strong d
cays at low cycling fields—following stretched exponent
law—resulted from the motion of vortices at the surfac
This argument was supported by measurements on U3

powder. In the powder sample, strong stretched expone
decays were observed for every field strength. In fact,
zero-creep regime was observed in the powder sample. P
ably the powder grains are too small for domain walls
form and/or efficiently inhibit vortex motion.

~ii ! In the low-temperature phase of UPt3, the zero-creep
regime is already established at very low fields~undercritical
state! even for temperatures close to the second transi
temperatureTc2. On the other hand in U0.9725Th0.0275Be13 and
Sr2RuO4, rather high cycling fields have to be applied to t
sample, before we observe zero creep. For temperatures
below the transition to the zero-creep regime, fields hig
than the critical field of the Bean model are necessary
activate the novel pinning mechanism. As the temperatur
further reduced, smaller cycling fields are needed to estab
the zero-creep regime.

Our observation of zero-creep can be interpreted as
indirect evidence for the existence of domain walls and fr
tional vortices in the low-temperature phase of UPt3 and
U0.9725Th0.0275Be13 and in Sr2RuO4 at the lowest tempera
tures. So far, a direct observation of domain walls occup
by fractional vortices has not been made. In the last
years, scanning tunneling or magnetic force microscopy h
been successfully applied to image~standard! vortices in
NbSe2

28 and YBa2Cu3O72d .29 Unfortunately, the relatively
low temperatures needed to apply this sort of technique
UPt3, thoriated UBe13, and Sr2RuO4 ~the interesting tem-
perature range lies below 0.5 K!, and problems with surface
.
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preparation, could delay the search for domain walls and
fractional vortices.

V. SUMMARY AND CONCLUSION

Summarizing, we have found a pinning mechanism in
low-temperature phase of U0.9725Th0.0275Be13 similar to the
one observed in UPt3,11 and in Sr2RuO4 at the lowest tem-
perature. It is very distinct from the standard pinning
defects. It results in a completely different vortex dynam
than the one observed in classical, or in high-Tc supercon-
ductors. The pinning mechanism is so strong that no vor
creep is observed in a time scale of several hours. After
time period, some vortices close to the surface escape.
observe that the pinning strength increases with increa
cycling field and with decreasing temperature. This pinn
mechanism is not material dependent, but rather intrinsic
unconventional superconducting states. Our observations
be explained in the framework of the theoretical model
Sigrist and Agterberg.9

In the case of UPt3 and U0.9725Th0.0275Be13, the pinning
regime coincides with their respective low-temperatu
phases that violate time-reversal symmetry.4,5,3 In contrast,
the reduction of vortex creep in Sr2RuO4 does not set in right
below the superconducting transition temperature where
breakdown of time-reversal symmetry has been observ6

but it occurs only at much lower temperatures. In this ma
rial, the drop in creep rates might be associated with a ‘‘tr
sition’’ of domain wall states attributable to the multiban
nature of the superconducting state in Sr2RuO4.9
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