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Spontaneous fluxon formation in annular Josephson tunnel junctions
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It has been argued by Zurek and Kibble that the likelihood of producing defects in a continuous phase
transition depends in a characteristic way on the quench rate. In this paper we discuss our experiment for
measuring the Zurek-Kibbl€ZK) scaling exponentr for the production of fluxons in annular symmetric
Josephson tunnel junctions. The predicted exponent=i§.25, and we findr=0.27+=0.05. Further, there is
agreement with the ZK prediction for the overall normalization.
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[. INTRODUCTION experiment® by two of us(R.M. and J.M) was analyzed to
demonstrate its compatibility with the ZK analysis, even
As the early universe cooled it is believed to have underthough it had not been performed with this in mind.
gone a series of spontaneous phase transitions, whose inho-

mogeneitiegmonopoles, cosmic strings, domain walsve Il. ZUREK-KIBBLE CAUSALITY
observable consequences, for structure formation in particu- _ _ -
lar. These defects appear because the correlation Igngth Consider a system with critical temperatufg, cooled

the field (or fields whose expectation value is the order pa-through that temperature so thatTift) is the temperature at
rameter is necessarilfinite for a transition that is imple- timet, thenT(0)=T,. T(O):_TC/TQ defines the quench
mented in a finite time, whether it be continuous or not.  time Q-

It is difficult to determine the microscopic dynamics of  There are several waysf formulating the Zurek-Kibble
such fields but, using only simple causal argumentscausality bounds, but they all depend on the fact that, as the
Kibble!? made estimates of this early field ordering, and thetransition begins to be implemented, there is a maximum
density of topological defects produced at grand unifiedspeedc(t)=c(T(t)) at which the system can become or-
theory transitions at I0°° s. Unfortunately, because the na- dered. For relativistic quantum-field thearyis the speed of
ture of the field theories is not known with any reliability, light. For superfluidsc(t) is the speed of second sound,
and the effects of their evolution are not visible until the vanishing att=0. For Josephson tunnel junctiorgt),
decoupling of the radiation and matter®lgears later, it is  which depends on the nature of the junction, is the Swifart
impossible to provide unambiguous checks of these predioyelocity.
tions. However, causality is such a fundamental notion that Suppose that the equilibriufadiabati¢ correlation length
Zurek suggestéd1 that identical causal arguments, with ¢, (t)=&,4(T(t)) diverges neat=0 as
similar predictions, were applicable to condensed-matter sys-
tems for which direct experiments on defects could be per- t]-v
formed. In addition to their intrinsic interest for a better un- (D) =& —’ .
derstanding of the dynamics of transitions in condensed
matter, the hope is that successful tests of these predictior|1_§owever the true noneailibri lation |
can lead to a better understanding of phase transitions in ' >quiiibrium correfation engi) can
quantum fields. only change so much in a finite time, and does not diverge.

. . Kibble and Zurek made two assumptions.

Several experiments in condensed matter systems have i i — )
already been perform&d to test the Zurek-Kibble predic- (1) First, the correlation length of the fields that charac-
tions, with mixed results. It is these predictions that we havéerizes the onset of order is the equilibrium correlation length
tested here, using annular Josephson tunnel junctions, f@= £x4(t) at some appropriate time
which the defects arluxons (2) Second, we can measugeexperimentally by measur-

This paper is organized as follows. In the following sec-ing the number of defects, assuming that the defect separa-
tion we discuss the Zurek-Kibbl&ZK) scenario. Other sec- g, & FO(E).
tions then give the predictions for annular Josephson tunnel ©
junctions(AJTJ’9), show how the fluxons are measured, the licit or imolicit in th | K of Zurel Most simol
nature of the samples, describe the experimental setup anec\f,(p icit or Implicit In the early work ot Zurek.vost simply
finally, present the measurements and their agreement with© have the following. o
the predictions. An abbreviated description of the experiment (1) £(t) cannot grow fa.sFer than(t)_. Th|s '_S true both
has been given elsewhereDetails of the theoretical analy- Pefore and after the transition. That isjs defined by the
sis can be found in Refs. 13 and 14, in which an earliercondition thaté,4(t)~ —c(t).

There are several ways to estimﬁ(ihe “causal time",
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(2) The relaxation time for the long-wavelength modesBy the causal time some of these have developed into the

7(t) is defined byc(t) = £,4(t)/ 7(t). From this viewpointt ~ (scale-independentdefects that we see subsequentbee

is that time when we can return to an adiabatic regiEe, Refs. 17 and 18 Bgcausg, from this viewpoint, we have
(t_) many protodefects jockeying to become the real thing, the
~q7(l). —

In simple systems these estimates agree up to numericfﬁlevant scale t(.) compare to th.e sygtem size isérimit &o,
. . . — — as before. Equivalently, counting field zeros (mad2or
factors approximately unity.They give t of the form t

1_ . : X not) depends on the short-distance behavior of the field cor-
~1y 1§, wherery<rg is the cold relaxation time of the

o relations. We do not expect a problem as longasé,, as is
longest wavelength modes, and the critical exponeiute- always the case.

pends on the system. As a resu{g»t_> 7o. ldentifying the We conclude by noting that this is a very different picture
initial domain size and defect separation as in the second Zlfom that of domains freezing in as the transition is ap-
assumption then gives proached fromabove (t<0), which is how causal bounds

were originally posed:* What matters is that all these causal
— — Q|7 descriptions give results with the correct engineering dimen-
&~ §ad(t)=§o(7—0> >&o, (1) sjons. With this in mind, we keep the causal boufias a
convenient mnemonic.
whereo= yv. This is very large on the scale of cold defects

that shrink to siz&,4(T+in) = O(&o), whereTy;, is the final lll. THE ZK PREDICTIONS FOR FLUXONS
temperature and, is determined from the microscopic dy- ) ]
namics. We termr the ZK scaling index. The order parameter of a Josephson tunnel junction at

The analysis above is for large systems, of linear &ize temperaturel<T, is the phase differencé of the macro-
>Z. For the experiment that we shall describe below, ofSCopic superconducting quantum-mechanical wave functions

i . . — across the barrier. Using a Lagrangian formalisnv,rBexh-
AJTJ's of circumferenceC, we find thatC<¢. In fact, we  jenseret all® have shown that, for an annular JTJ with a
expect the conclusions to be equally valid for small systemsyisiributed bias currenf, ¢ obeys to the following per-
for which the relevant time might, incorrectly, seem to be they;;ped Sine-Gordon equation:

time when the coherence length becomes smaller than the

system. The reason is that the causal boufdsare to be P 1 P 1 a 0 P
thought of as a shorthand for the underlying dynamics. At the—z— S 3 sing=I"+ pyrhrabal
microscopic level, causality along the lines above is not ex- X~ ¢“(T) at= \5(T) cX(T) dt " oxPat
plicit, although encoded in the relevant dynamical equations. 2
The picture is rather one of order being established througBrovided the widthAr of the annulus, of radius, satisfies
the growth of the amplitudes of long-wavelength instabili- A . < ang Ar<\,(T), the Josephson coherence length. In
ties. The earliest time at which we can identify defects fromy.is casex measures the distance along the annulus c&m
this viewpoint is when the order parameters have achieveé1 the Swihart velocitya and 3 are the coefficients of the
their equilibrium magnitudes. Qualitatively, for simple mod- |,sses que to the tunneling current and due to the surface
els this time is in good agreement with the causal time jmpedance, respectively.

above. There is no real surprise in this. It has been shown by The boundary conditions for Eq2) are periodié’ and
one of us"*® that, in general, the causal time and distancegerive from fluxoid quantizatioR® ¢(x+ C) = ¢(x)+ 27,
scalest and £=£(t) are just as we would expect from a whereC=2xr is the circumference of the junction and the
dimensional analysigin the mean-field approximatioprand  winding numbern is an integer corresponding to the alge-
unstable modes grow exponentially, whereby the dependendwaic sum of fluxons trapped in the junction barrier at the
of the causal timg¢and corresponding defect dengipn the  normal-superconducting\(-S) transition;n is a topological

microscopic parameters is only logarithmic. In the same waysystem constant, that is, only f|uxon-amif|uxoﬁﬁ) pairs
the distance between field zeros has the same scaling depefam be created or annihilated as long as the junction remains
dence onrg asé of Eq. (1), up to logarithms. in the superconducting state.

As for the production of defects, there are transitional The classical fluxons are the “kinks” of the Sine-Gordon
regions between different system ground states. For superfltheory. As with other models of defect formation, Ef) is
ids such as*He and superconductors these transitional re-only valid once the transition is complete: therefore, we shall
gions are flagged bgerosof the scalar order-parameter field. not use it to study the appearance of fluxons. However, it is
For the case of JTJ's we shall see that this is generalized tsufficient to enable us, in the spirit of the Zurek-Kibble sce-
zeros(mod2m) of the order-parameter field. Any field cross- nario, to identify\ ;(T), diverging atT., as the equilibrium
ing zero (mod2r) has the potential to mature into a defect. correlation lengthé,4(T) to be constrained by causality. Fur-
However, only when the transition is complete will the field ther, the Swihart velocitg(T) (with critical slowing down at
configurations in the vicinity of the zeros have the energyT=T.) measures the maximum speed at which the order
profile of a classical defect, the solution to the classical fieldparameter can chang&??
equations. Thus, before the causal time, we now have a pic- A detailed discussion of the ZK bounds has been given
ture in which there is a fractal thermal fuzz of potential de-elsewhere by u§***and we refer the reader to these papers
fects, whose density depends on the scale at which we lookor more details. The JTJ's in our experiment aygnmetric
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by which is meant that the electrodes are made of identicahe current sign and fluxon polarity.e., whethem=*1)
superconducting material with the same energy gaps and tffer a given bias current. Fluxons having different polarities
sameT,. For such JTJ'sy=v=1/2.'%' Therefore, at the travel in opposite directions and are likely to annihilate when

time of their formation they collide at low speed.
_ Quantitatively, if a fluxon travels around an AJTJ having a
t=\7qTo, mean circumferenc€ with a constant speed, then it has

the separation of fluxons is expected, in the ZK picture, to b@ngular speed=2mv/C and the phase advances of &
each periodT=2w/w=Clv. Therefore, according to the

Q va second Josephson equation, an average voNadevelops

&~¢&o —) : (3 across the junction equal t&=®dy/2m(dg/dt)=D/T
=®yw/C, which is proportional to the fluxon velocity. In

where&, and 7, have the same meaning as before. It is theother words, the presence of a traveling fluxon sets the junc-

70

prediction(3) that will be tested in our experiment. tion in a finite voltage state than can be easily measured on
In terms of the parameters of the JTJ%& has been jts cvC.
inferred* as By also changing the bias current through the barrier the
voltage drop changes and a new branch called zero-field step
£o= 1 / h (ZF9) appears on the junction CVC; the ZFS represents the
2eudsade(0)’ relation between the applied Lorentz forgeroportional to

whereJ.(T) is the Josephson current density at temperaturéhe bias currentand the fluxon speecproportional to the

S X voltage. When N fluxons travel around an AJTJ, the last
T. The parametea is given in terms of the superconductor Co i lized ; . . |
ap energy and critical temperature and has a value betwe gxpression is easily generalized to give a junction voltage
g ?P:NCI)OC/U. In the last expressio is the total number of

3 and 5. If the thickness of the two superconducting eleciravelin fluxons and can be larger than the winding number
trodes differs, the effective thicknesk is the harmonic 9 9 9

mean of the individual thickness&sAs for 7, it is given as N if FEpairs are traveling around the annulus. Therefore, we
0= &o/Co, Wherec, defines the behavicn'(t)zco(t/rQ)l’Z count the number of traveling fluxons by simply measuring

of the Swihart velocity for the system ne@rT,. the voltage across the AJTJ. o
These properties makes AJTJ's very competitive with re-

spect to other solid-state systems proposed to test the Zurek-
Kibble mechanism. Our idea is to perform a large number of
Once fluxons have appeared, E2) is relevant. A conse- N-Stransitions on the same AJTJ with no external current or

quence of the periodic boundary conditions in AJTJ's is thafnagnetic field; at the end of each cycle, the possible sponta-
fluxons behave as relativistic particles on an infinite lossyneously generated fluxons are static. Then we supply an ex-
line. In the absence of any current through the barrier and/oiernal current that sets the fluxofiany) in motion around
externally applied magnetic field, the fluxons experience dhe annulus and measure the number of traveling fluxons by
flat potential and therefore are in indifferent equilibrium asa careful inspection of the junction CVC. Due to the annihi-
far as the barrier is homogeneous and pin hole free; in thiation of a fluxon-antifluxon pair, this idea works well as
reality, the barrier defects act as small pinning or repulsivdong as the chances to spontaneously generate two fluxons
potentials for the fluxons. Due to the losses, after the tranare small.
sient regime is over the fluxons are still. Unfortunately static Figs. Xa), (b), and (c) represent the CVC of the same
fluxons are difficult to reveal, since according to the second\JTJ with no fluxon trapped, with one fluxon trapped, and
Josephson law, any static phase profii¢x,t)=0 does not with two fluxons trapped, respectively. We note that with no
alter the junction zero-voltage state that is also typical of drapped fluxons the zero-voltage current is very large and
flat profile ¢(x,t)=const, corresponding to the absence ofonly FF current steps appear at finite voltage. In the other
any trapped fluxon. two cases the supercurrent is rather snttilkeoretically it

In contrast, whenever fluxons travel around an AJTJ theyhould be vanishingly small in ideal, pin-hole-free barfiers
leave a clear signature on the junction current-voltage chamnd large current branches can be observed at finite voltages
acteristic(CVC) and therefore are easily detectable. In fact,corresponding to the fluxons and, possifif pairs travel-
as soon as a bias current is fed to the AJTJ, the fluxons mou@ig around the junction.
as magnetic dipoles under the action of the resulting Lorentz
force. The fluxon dynamics in long JTJ’s is a well-known
topic and has rece_ived_ a great deal of both theoretical and V. THE SAMPLES
experimental attention in the last few decades. If the external
bias is assumed to be uniform over the junction area, then, as High quality Nb/Al-Al,,/Nb JTJ’s were fabricated on 0.5
a result of the balance between the externally supplied powenm-thick silicon substrates using the trilayer technique in
and the internally dissipated power, the fluxons move with avhich the junction is realized in the window opened in a SiO
constant speed: the larger the external bias, the greater tresulator layer. Details of the fabrication process can be
fluxon speed, but never exceeding its relativistic limit sets byfound in Ref. 23. On each 2524 mn? chip four JTJ’s were
the Swihart velocity. The motion direction depends both onintegrated, of which three ring-shaped junctions having a

IV. MEASURING FLUXONS
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FIG. 1. Low-voltage part of the experimentally measured.
current-voltage characteristics of the same annular Josephson tun
junction (a) without trapped fluxons(b) with one trapped fluxon,
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and (c) with two trapped fluxons. For each current branch the cor-

responding number of traveling fluxor’s and fluxon-antifluxon
pairsFF is indicated.

mean circumferenc€=500 um and a widthAr=4 um
and one 4500 um? overlap-type linear junction. The so-
called “idle region,” i.e., the overlapping of the wiring layer
onto the base electrode was aboyt 6 for all the junctions.

PHYSICAL REVIEW B57, 104506 (2003

TABLE I. Geometrical and electrical parameters of two selected
annular Josephson tunnel junctions at 4.2 K.

Sample A B
Mean circumferenc€(um) 500 500
Width Ar(um) 4 4
Zero field critical current, (mA) 33 25
Maximum critical current 5, (MA) 39 2.7
Gap quasiparticle current sted ; (mA) 88 5.2
I max/Alg 0.45 0.52
Critical current densityl, (A/cm?) 3050 180
Josephson length; (pwm) 6.9 28
Normalized mean circumferenc& \ ; 72 18
Quality factorV,, (mV) 49 63
Normal resistanc®y (m(}) 36 610
ZFS1 asymptotic voltageu(V) 51 53

The thicknesses of the base, top, and wiring layer were 200,
80, and 400 nm, respectively.

For all samples the high quality has been inferred by a
measure of thé-V characteristic alT=4.2 K. In fact, the
subgap currentgy at 2 mV was small compared to the cur-
rent riseAl in the quasiparticle current at the gap voltage
Vg, typically Al,>35 ¢4, the gap voltage was as large as
V¢=2.76 mV and the maximum critical curreintwas larger
than 0.5%1 for the overlap-type junction. Furthermore, the
application of a strong enough external magnetic field in the
barrier plane completely suppressed any Josephson struc-
tures indicating the absence of electrical shorts in the barrier.
It is important to mention thafi) no logarithmic singularity
has been observed in the CVC's at low voltages @ndhe
temperature dependence of the critical current was linear as
the temperaturd approached the critical temperatufe ;
both these observations assure us that the junctions are sym-
metric, i.e., no detectable difference can be assumed between
both the energy gaps, , and the critical temperaturés;;
of the junction electrodes 1 and 2 in the proximity of the
barrier. The maximum Josephson current dendjtyvas of
the order of 1 kA/crh corresponding to a specific barrier
normal resistancey of about 200) wm?.

Many samples have been measured. For clarity only two
will be discussed here. The geometrical and electfagdl.2
K) parameters of the two selected annular junctions on dif-
ferent wafers are listed in Table I. They have the same ge-
ometry (both the base and top electrode have a hole concen-
tric to the ring, but differ in the critical current densities, i.e.,

4@, the normalized mean circumferenc€s\,. The critical
current density has been calculated from the measured qua-
siparticle current stepl 4, at the gap voltage. The values of
the barrier magnetic thickne$s= 180 nm has been used for
numeric calculations. On each same chip a linear overlap-
type junction with the same width, length, and idle region
was used in order to measure the junction Swihart velocity
Co With a geometry in which the effects of the self-field are
minimized. The value o€y,=1.4x 10’ m/sec, due to the ef-
fect of the idle region, is 1.5 times larger than that expected
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To the vacuurn pumnip

Yacuur tight can ”

Thermnroblock Teflon spacer

/ FIG. 2. Sketch(dimensions are not to scale

d L of the cryogenic insert developed to perform the

/' Chip junction thermal cycles with a time scale chang-
o L ing over a broad range.

Solenoid
Heater

He gas

L.He bath

for a bare junction. This value @f, corresponds to a value of technique to be filled. We stress that just using a single

0.08 F/nt for the barrier effective specific capacitance. sample holder with smaller heat capacity would not give us
The data in Table | show that both samples are highaccess to the same time scales. We could not get quench
quality, long C>\;) annular JTJ'’s. times as short as those from the SMR and, even with a very
small exchange gas pressure, could not get times as long as

VI. THE EXPERIMENTAL SETUP those with the larger sample holder on using the mechanical

| der t h hing time in the broadest pumps available to us.
n order to vary the quenching ime in the broadest pos- 1o \yppje system was kept in a vacuum tight can im-

sible range, we have realized the experimental setup SCh?ﬁersed in the LHe bath at He gas pipeline pressure. The

matically shown in Fig. 2. pressure of He gas inside the can could be varied in order to

A massive Cu block held to the sample holder by two thin . ) )
Cu arms was used to increase the syF')stem therm)z/il capaci .Od'fy the heat exchange between the chip and the environ-
ent and, in turn, the speed of the sample cooling. A sole-

The chip was mounted on one side of this block and ther-""~ . X
mally loosely coupled to it by means of a 1-mm-thick teflon noid was V\_/ound around the can _to prowd_e a strong vertlf:al
sheet. On the other side of the Cu block, a thermoblocknagnetic field and Helmholtz coils were instead placed in-
consisting of a 5@ carbon resistor and two thermometers Side the can to generate a weak horizontal magnetic field in
in order to measure and to, if necessary, stabilize the cthe barrier plane in order to tune the critical currents of the
block temperature, was mounted in good thermal contac@nnular junctions to their maximum values.
Finally a small-sized 10@ resistor, more precisely a sur- ~ The temperature dependence of the junction gap voltage
face mount resistaiSMR), was kept in good thermal contact was exploited to monitor the temperature of the junction it-
with the chip by means of a small amount of vacuum greaseself during the thermal cycle. Figure¢aand (b) show the
This system, due to the two heating elements placed iuligitally measured/y(t) for sampleA current biased on the
tight and loose thermal contacts with the chip and with thequasiparticle curve at 17.7 mAij.e., at about one-fifth of
proper choice of the thermal loads, allowed us to perform the\l; at T=4.2 K), for a slow and a fast thermal cycle, re-
sample quenching over two quite different time scales. Irspectively. In the case of Fig(8, a 100-mA current was fed
fact, by means of the resistor in the thermoblock, a long timeo the thermoblock heater for aliodi s in order to increase
scale was achieved by heating the chip through the Cu blocthe junction temperature up to its critical value where the
and the teflon sheet; on the contrary, a short current pulssample CVC becomes a straight line with a slope corre-
through the surface mount resistor on the chip attained muciponding to the junction normal resistariRg. In the case of
shorter thermal cycles. Fig. 3(b) a 20-V-high and 4-ms-wide voltage pulse was ap-
These two completely different quenching techniques proplied at the SMR. In Fig. 3 the time origin is arbitrarily set at
vide time scale ranges that do not overlap, leaving a gaghe instant we began to feed the heating elements. It is im-
between 0.2 and 1 s, which would require a third quenchingportant to observe that the time scale in Figg)3s about 50
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FIG. 3. Digitally measured time dependence of the junction gap ) t(s)

voltage during the(@ “slow” and (b) “fast” thermal cycle. For FIG. 4. Time dependence of the junction temperature during the

these measurements the junction was biased at about 1/5 of the 988 slow and(b) fast thermal cycle obtained from the data of Fig. 3

quasiparticle current step. The horizontal dashed lines indicate thgansformed according to Eq4). The horizontal dashed lines

voltage threshold above which E(d) can be used to relate the jndicate the temperature threshold below which the temperature

junction voltage at its temperature. time dependence can be reliably accounted for by our measured
data. Furthermore, the thick dashed lines are best-fitting curve of

times larger than that of Fig.(8), although the curve shapes the cooling process according to the thermal relaxation expression

are quite similar. Eq. (5).

In our samples the current jump at the gap voltage is very
= 0
steep and, af=4.2 K, the voltage changes by less than 1% acy. We would like to mention that an experimental proof of

when the current is changed from 10% to 90% of the tota X . . ) .
current jumpAl 4 and by less of 10% af=8.5 K. Further- %?60(31)2? Nb/Nb tunnel junctions was first evidenced by

more, atT=4.2 and 8.5 K and for this bias current, the . N
junction voltage was equal to 2.74 and 1.0 mV, respectively. Figures 43) aqd 4b) show the data repo.rted in Figs(aB
Therefore, assuming that the electrode gap energies are eq@ld 3b), respectively, transformed according to £4), as-
A4(T)=A,(T)=A(T), and that in the 4.2-8.5 K range we summg.forA(O) andT, the values 2.22365 me\_/ and 8.95 K,
can neglect the thermal gap smearing, the analytical expregeSpectively, as found by Monaggt al™ on similar JTJ's.
sion found by Thoulegs for the gap energy in a strong- Now the dashed horizontal lines indicate the temperature

coupling superconductor threshold below which the temperature time dependence can
be reliably accounted for by our measured data. The large

A(T) A(T) T, noise at low temperature is the result of an amplification

A(0) =tan A0) T (4)  effect of Eq.(4), according to which the temperature varia-

tion corresponding to a given energy gap variation becomes
also applies to the junction gap voltage that is proportional tdarger and larger as the temperature becomes smaller. It
it. The dashed lines in Fig. 3 indicate the voltage thresholdvould be very complicated to write the proper boundary con-
above which Eq(4) can be used to relate the junction volt- ditions for the heat diffusion equation that would correctly
age at its temperature, without any significant loss of accumodel the full time dependence of the junction temperature.
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0.20 - - - - - 10 junction voltage and current leads were shorted during all the
1 8 L9 thermal cycle. Furthermore, the heat supplied to the sample
0.18 - ; :
] [ 5 was such that the maximum temperature reached by the junc-
0164 m tion was made slightly larger than its critical temperature,
1 - (7 ® say at about 10 K, in order to make sure that also the bulk
o V4 e -6 & electrode critical temperaturd@ ¢=9.2 K) was overcome. In
2 012_' - — s 2 this case, according to Eqé5) and (6), the value of the
& [ [, & quenching time results in a correspondingly smaligy
m 0.104 =1.7 7. Due to the approximation made by using E5).and
008_‘ ° 3 to the experimental uncer_tainty in the knowledge of the
] & — N & maximum temperature during each thermal cycle, the value
0.06 : : : : _° 1 of the quenching times has been determined with an overall
0 200 400 600 800 1000 accuracy as large as 5%. For each value of the quenching
P (mbar) time, in order to estimate the trapping probability, we have

carried out a set of 300 thermal cycles and at the end of each

. .F'G' 5. QuenCh'n.g limeq as a funCt'qn of the He gas pressure cycle the junction CVC was inspected in order to ascertain
inside the vacuum tight can. By changing the pressure of the ex;

e : Be possible spontaneous trapping of one or more fluxons.
change gas inside the can, the system thermal constants are varie “As we shall later. the AJTJ's ar h that the ZK
The solid squares refer to the left vertical scale while the solid S we shall see later, the S are suc at the

circles refers to the right vertical scale. causal length{>C by an order of magnitude wheng
=1 s. Increasing and decreasimg by an order of magni-

However, for our purposes we are only interested in the cooltude changeg by less than a factor of 2. Thus the probabil-
ing process, and we successfully fit our data by a simpléty of finding a single fluxon after a quench is small. In the

thermal relaxation equation: following, we will focus our attention only on the probability
—t P, to trap just one fluxon, although a few times we found
—tg .
T(t)=Tfm+(Tm—Tfm)exp{ _ ) (5) clear evidence of two and, more sgldom, three hc_;mopolar
fluxons spontaneously trapped during tNeS transition.

However, these events were too rare to be statistically sig-
nificant.

Experimentally, we defind®; as the ratio between the
umber of times in which, at the end of the thermal cycle,
he junction CVC looks like that shown in Fig(H), i.e.,

with a tiny critical current and a large first ZFS, and the
number of attempts. It is worth mention here that in the case
of simultaneous trapping of a fluxon and an antifluxon, they

with only two fitting parameter, and 7, T;, andTy;,, being
fixed at 8.95 and 4.15 K, respectively. In E®) t, is the
time at whichT=T,,=T, and 7 is the relaxation time that
sets the cooling time scale. The fitting curves are shown b
the thick dashed lines in Figs(a} and 4b), and correspond
to a thermal relaxation time equal to 3.6 and 0.073 s, re-
spectively. The quenching time, can be obtained from its

definition: would annihilate and leave no track of their formation.
Te dT Therefore, our definition oP, is not rigorous, but it is rea-
—=——|r=7 (6) sonable as far as the chances to trap thhamo or heteropo-
TQ dt c . .. ..
lar) fluxons are negligibly small. Similarly, a CVC similar to

giving 7q=7Tc/(Ti,—Ttin). For a thermal relaxation from that shown in Fig. (b) could be the result of the simulta-
the junction critical temperature down to the helium bathneous trapping of two fluxons and one antifluxon, or the
temperature we geiy=1.97. Eventually, Fig. 5 displays the other way around, but this event is less likely, to occur in our
values of the quenching times obtained with the process deexperimental situation. For the sake of completeness, it must
scribed above, both for the fagblack squares with right be added that, in some cases, the CVC displayed either a
vertical scalg¢ and slow(solid circles with left vertical scaje  depressed critical current without ZFS structures or a ZFS
cooling processes and for different values of the He pressurn@ith an enhanced critical current. We explain them as due
inside the can. We observe that, by changing the exchange the trapping of Abrikosov vortices in the junction elec-
gas pressure and using the two techniques, the quenchitigpdes and nearby the barrier and we did not take in to ac-
time can be changed over a quite large range starting fromount the occurrence of such events, since it is not known if
tenths to tens of seconds. At the end of this paper we wiland how the vicinity of Abrikosov vortices influences the
discuss how it is possible to extend this range in both direcfluxon formation.

tions; however, as we will show in the following section, this

range has shown to be large enough for our purposes. VIIl. THE RESULTS

VIl. THE MEASUREMENTS When £>C, we estimate the probability of finding a

. . . . fluxon in a single quench to be
Quenching experiments were carried out in a double geq

u-metal shielded cryostat and the transitions from the nor- Y
mal to the superconducting states were performed with no Pi~—=—|— 7
£o

current flowing in the heaters and the thermometers. Both the & To
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0.3 C=500um. Its effective superconductor thickness whs
~250 nm. At the final temperaturg;,=4.2 K, the critical
current density was (T¢,) =3050 Alcnt and the Joseph-
son length was\ ;(Tsi,) =6.9 um. From this, andy given
earlier, we infer thaty~3.8 um andry~0.17 ps. This then
gives C7g%£,~0.08 3" in good agreement with the ex-
perimental value ob, given the fact that we only expect
agreement in overall normalization to somewhat better than
an order of magnitude level. At this level, such a result is
immune to systematic error in one or the other of the mea-
surement processes. After the probleigiscussed beloyof

0.05 1 o the experiments discussed (Refs. 7-9 to find (reliable
- - - defects at expected densities, if at all, our experiment shows
0:1 i 1'0 that the ZK estimate remains sensible.
7. (sec) Similar measurements have been carried out for saBiple
Q Although not in contradiction with Eq.1), the results were

affected by a data scattering even larger than that found for
fluxon versus the quenching timeg,. The solid line is the best sampleA (shown in Fig. 8. This is due to a much smaller

fitting curve found assuming a power-law dependence as suggest@cﬁ)rmalized Iength _that, according to Hg), translates _in an
by Eq. (1). To a good degree of approximation, the fit is in agree-€XPected probability?;, for a givenrq, about four times

ment with a fourth root square dependence as expected for symmeimaller (since CT% “1¢0~0.02 8" for this samplg far too

FIG. 6. Log-log plot of the measured probabil®y to trap one

ric annular Josephson tunnel junctions. small to get statistically significant data in reasonable times
considering that these measurements are both very time and
where, from Eq(3), 0=0.25. LHe consuming. In order to have data comparable with those

Figure 6 shows on a log-log plot the measured probabilitypf sampleA, sampleB would have required a quenching
P, of a single fluxon trapping obtained by quenching thetimes 4* times larger. However, the roughly measured prob-
sampleA 300 times for each value of the quenching timg  apility P, of 1 fluxon every 50—100 attempts is in fairly
changed by varying the exchange gas pressure and by usiggod agreement with the expected value. This shows that our

both the fast and slow quenching techniques. We observyxons are not spurious by-products of the measurement
that the points are quite scattered, meaning that the data aggechanism.

statistically poor. Further, for the reasons given earlier, there
is a gap between fast and slow quenches. Nonetheless, we
have clear evjdgnce thé@ the trappin.g. ofa fluxon occurs on IX. COMMENTS, FUTURE EXPERIMENTS,
a purely statistical basis, the conditions being identical for AND CONCLUSIONS
each thermal cycle an(@) the probability to trap one fluxon
is larger when the transition is performed at a faster speed We consider this experiment to give a strong confirmation
(smaller quenching timen a qualitative accordance with the of the Zurek-Kibble predictions. We said in the introductory
causality principle. More precisely, we can distinguish thesection of this paper that condensed-matter experiments to
point to the lower right of the graph corresponding to thetest the ZK predictions had given mixed results, and it is
slow cycle process that gives in the average a probability tinteresting to put this experiment in that context.
spontaneously trap a fluxon once every 14 attempts, and the Prior to our experiment, seven other experiments had
cloud of data to the upper left corresponding to the impulsivebeen performed to test E@l), five with fixed rQ,S‘g two
junction heating and giving an average probability of onewith variable 7o.*%" [In addition, the experiment cited
successful event every about six attempts. This suggests thearliet® on JTJ's by two of ugR.M. and J.M) was compat-
possible temperature gradients induced by the SMR are nditle with Eqg. (3), although it had not been performed with a
an important source of systematic error, since such gradientssst of Eq.(3) in mind. It was this that motivated the experi-
with their slowly moving profiles, have a tendencyremluce  ment described here.
defect productior’ Of those experiments with fixedry, two were
Regardless of the data spread, as suggested if(Bg. experiment$® on superfluid®He-B, which rely on the fact
holds true, we attempted to fit the data with an allometricthat when it is bombarded with slow neutrons energy is re-
function P1=ar(3b with a and b being free fitting param- leased, which leads to a hot spot, with temperalur€l ., in
eters. We found that the best-fitting curve, shown by the solidhe superfluid that then cools beldw . This leaves behind a
line in Fig. 6, has a slopb=0.27+0.05. Such a value df, = tangle of vortices, the topological defects in this system,
although affected by a 20% uncertainty, is in good agreemenwhose density can be measured. Singgis fixed by the
with the fourth root square dependence expected for a symmuclear process, it is not possible to confirm the predicted
metric junction. value o= 1/4. However, with only a single data point con-
For the coefficienta we found the best-fitting value of flating both normalization ana both experiments are highly
0.1+10% (¢ in seconds This is to be compared with the compatible with Eq(1).

predicted value OET(l)/4/§O. SampleA had a circumference The remaining experiments with fixeg, were twd® on
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superfluid*He, and ongon high-temperature superconduct- ZK scaling exponent, this time with manifestly nonsymmet-
ors (HTSO). ric AJTJ's. In Ref. 13 and 14 we observed that it should have
In principle, the*He experiment&? which use a pressure been difficult to make JTJ's truly symmetric, as those used
quench with a varying time scale, to implement the tran- here. However, in Ref. 13 and 14 we had not a}ppremated
sition, could have allowed for a more complete test, in this!OW the difference between symmetric and marginally non-
case to confirmr= 1/3 (after renormalization-group rescal- SYmmetric JTJ's is smeared by the proximity effect of Al

ing). Yet again, vortices are the relevant defects. In practiceW"[hln the insulating layer. Significantly nonsymmetric JTJ's

the most reliable published experim&sees no vortices. In !‘equire different fabrication techniques, b.Ut s vallueqof
this context, the vortices seen in an earltete experiment, mferre_d from the same causal argumentsris1/7, which is
at levels compatible with Eq1), were most likely an artifact very different from the value of 1/4 that we tested above. The

of the experimental setup. Further experiments*ete are data from our experiment is incompatible V‘."mh: 1/7. This
underway does suggest that a further experiment, with markedly non-
The fifth experiment, on HTSC, measures total flux syn(;metnc ‘]T‘J S ?h(:]uld bg perfor{netd.d that hing ti
through a surface, i.e., the variance in the topological charge ur experiments have demonstrate at quenching ime
carried in this case by the Abrikosov vortices. The vortexOf the order 61 s gives a rather large probablhty_to trap one
separation of Eq(1) can be converted into a prediction for fluxons on AJTJs having a very large normalized length.

the variance, but no flux is seen in contradiction with thigHowever, very Iong_ Junctions mean very large crl_tlcal cur-
ant densities that, in turn, require Josephson barriers so thin

rediction, despite the phase separation that is a prerequisi . . . T .
?or the result kl)oeing seZn eIsewEé?eThere is no (?bviogs 'Ehat their quality and uniformity is often spoiled; further-

explanation of this null result. An attempt to take gaugemore' !n most cases, applica}tiong require an intermediat.e
fields into account full§® shows that there is an additional length Junct'lon or even small junction. For these reasons, I
mechanism for vortex production in the thermal fluctuations\'.voUId be h|ghly des_lrable to compensate the redu_ce_d junc-
of the magnetic field but, as yet, this seems insufficient tglon length W'th. an increased quenching rate, as Itis sug-
explain the result. Such a mechanism will not apply to theges“"’d by the fmdmgs_for sampi& Therefore, we like o
JTJ's considered in our experiment. conclgde .the paper with some comments on the possible
These early experiments have either provided one datta?Chn'C_al improvements that would _a”OV.V one to test t_he ZK
point for Eq.(1), or have been null for whatever reason. Two predlctlons_ over a broader qu_enchlng time range. Figt,
subsequent experiments have permitted varying quench rat&8n be tr|V|.aIIy heightened by Increasing the Cu biock ther-
and so an estimate for. The most recei? involves the M@l capacitance. On the contrary, in order to lower the
Benard-Marangoni  conduction-convection transition, in quenching time, that is to make th_bS transition faster, it IS
which a homogeneous conduction state is broken into a eeded to resort to new techniques since the maximum
hexagonal array of convection lines on heating. The defect ower that can be dissipated by the surface ’T‘OU”t resistors
here are not associated with the line zeros of an order€ts an c_)bV|ous_Iower threshold g - Ofﬁe possible way to
parameter field, and the viscosity-dependentdoes not reach this _goal Is to perform t_he_Junct|o_n 'Fhermal cycle by
match the ZK prediction, most likely for that reason. TheMeans of light pulses. L|gh_t dissipates inside th_e.supercon-
more relevant experimelitis carried out in a nonlinear op- QUcu_ng electrpdes, but notin the substrate providing a local
tical system, with a complex beam phase, i.e., the order pdl_mctlon heating that will re!ax much faster FO the back-
rameter, satisfying a time-dependent Ginzburg-Landau equ%round temperature. We estimate that,_ by using a properly
tion with drift. There has been much numerical anafsi$ ocused pulsed I'ght beam, the quenching time scale can be
time-dependent Ginzburg-Landau systems, which shov(}educed to the microsecond range.
agreement with the ZK predictions for scaling exponents.
The control parameter ifRef. 1] is not the temperature, but
the light intensity. Increasing it leads to pattern formation The authors thank L. Filippenko for the sample fabrica-
(defects at a critical value. The predicted scaling parametettion and V.P. Koshelets for useful discussions. R.R. thanks
o=1/4 is recovered to good accuracy @s,,=0.25-0.02,  the University of Salerno for hospitality. R.M. thanks the
but agreement with normalization is not stated. Technical University of Denmark for hospitality. This work
Given this relatively poor success rate in confirming Eq.was also supported by the COSLAB program of the Euro-
(1) we are considering a further experiment to measure thpean Science Foundation and the Hartmann Foundation.
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