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Measurements of critical-current diffraction patterns in annular Josephson junctions
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We report systematic measurements of the critical current versus magnetic-field patterns of annular Joseph-
son junctions in a wide magnetic-field range. A modulation of the envelope of the pattern, which depends on
the junction width, is observed. The data are compared with theory and good agreement is found.

Large area Josephson junctions are intriguing objects foferent inner radir; ranging from 30 to 47um, see the sec-
performing experiments on nonlinear electrodynamics. Irpnd and third column of Table I. Hence the width=r
particular, the propagation of solitons, also called Josephsonri of the junctions is ranging from 3 to 2&m. The junc-
vortices or fluxons, has attracted a lot of attention and hagon geometry is shown in Fig. 1. All junctions have been
been studied in detailRecently large area Josephson junc-prepared on the same chip using Hypres Inc. techndlogy
tions have been proposed to be used as efficient radiation angth a nominal critical-current density af,=100 Alcnft.
particle detectoré:? In such junctions, the spatial depen- Accordingly, the Josephson length is approximately 3t
dence of the phase difference between the superconductirag 4.2 K.
electrodes is an important characteristic that determines the In Fig. 2 the critical-current diffraction patterns of the two
junction properties. junctionsB and D, being representative for the set of mea-

In an annular Josephson junction, magnetic-flux quantgured samples, are shown. Obviously, a strong dependence
threading one superconducting loop but not the other, ar€f the pattern on the junction width is observed. As expected,
trapped and stored in the junction due to the fluxoidthe critical current of the junction at zero field scales with the
quantizatior?. This property of the system offers the unique junction size as.=j.2m(rz—rf). Measuring the diffraction
possibility to study fluxon dynamics in the absence of colli-Patterns in a wide range of magnetic field, two characteristic
sions with boundarieIn the annular junctions propostti modulation scales of the critical current are observed. At

for radiation and particle detection, trapped vortices are usd@rge fields, the modulation of the critical current is nearly

ful to suppress the critical current of the junction in order toPeriodic in the field’ The pattern having a small magnetic-

allow for a stable bias point in the subgap region of thefi€ld periodAH has an envelope of the larger periddi’

junction current-voltage characteristic. tr}atsdze(g)eggz (sg)r]ongly on the width of the junctjaompare
In this paper, we present systematic measurements of tHE}gTHe observed.critical—current diffraction patterns can be
critical current of annular Josephson junctions in dependenc P

on the externally anolied in-olane maanetic field. The critical ualitatively understood in the following way. The modula-
X y applied in-p gnetic hield. Calion of the periodAH is due to the penetration of magnetic

currentl; of a junction without trapped fluxons is at maxi- g,y in the direction perpendicular to the external magnetic
mum when no magnetic fields are present. In the presence gLy This period is inversely proportional to the diameter of
a magnetic field this maximum superconducting current ighe junction:AH=1/(2r,). This is analogous to the standard
reduced. Magnetic fields can be due to the bias current aRsase where\H is proportional to the reciprocal junctions
plied to the junction(self-fields, due to flux trapped in the |ength in the direction perpendicular to the magnetic ffeld.
junction itself or its lead¢Josephson or Abrikosov vortices, The minima of the modulation of the periaiH’ occur,
respectively, or they can be applied externally. The modu-when the magnetic flux penetrates the junction strongly also
lation of the critical current with the external field is often ajong thewidth of the junction. Therefore, the periaddH’ of
called a critical-current diffraction pattern. We investigatethe second modulation is proportional tavlBy calculating
these patterns for annular junctions of various dimensions ifhe ratio
a wide range of magnetic fields.

We present experimental data on five annular Josephson AH" 2r X
junctions with the same external radiys=50 um but dif- AH  w’ @

TABLE |. Geometrical parameters and fitted values of the measured annular Josephson junctions.

Junction # ri [um] S5=r,Iry AH'/AH 2re/w B Ar [m] Ho [Oe] Ho/Ho A [nm]

A 47 0.94 0.96 0.5 0.319 0.65 208
B 45 0.9 22.9 20.0 0.92 0.5 0.346 0.703 193
C 42 0.84 13.2 12.5 0.88 1.0 0.321 0.646 210
D 35 0.7 6.5 6.7 0.72 0.6 0.405 0.821 165
E 30 0.6 4.8 5.0 0.62 0.5 0.376 0.765 177
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FIG. 1. Schematic of the annular Josephson junction biased i
the Lyngby geometryRef. 5 (a) and its dimensiongb).

for the different junctions, this simple prediction can be

quantitatively compared with experiment. As can be seen

from the forth and fifth column of Table I, Edq1) is quite
accurately fulfilled for our junction¥

The described effect can be illustrated by plotting the su
percurrent density at different magnetic fields versus the
junction coordinates. At the magnetic field=3.25 Oe

<AH’', approximately two and a half flux quanta have pen-

etrated into the junction cross section,2 as shown in the
insetl of Fig. 2b). At the larger fieldH=12.2 Oe>AH’,

more than one flux quantum threads the width cross sectior

of the junction[see insetl of Fig. 2(b)]. Thus, after each
period AH', one additional flux quantum is threading the

width of the junction. We note here, that the spatial distribu- __ 0.2

tion of the supercurrent density could also be measured i
the experiment?

Several approaches to calculate the critical-current dif-~ 0.0t
fraction patterns of annular Josephson junctions have bee

published earliet?~**Mainly, two different cases have been
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considered: the long annular Josephson junction with a cir-

cumference 2rr_larger than the Josephson lengthand the
small annular Josephson junction wherer2\;,'? where
r=(r;+rg)/2 is the mean radius of the junction.

The most complete theoretical description of the critical-

current diffraction patteri;(H) of small annular junctions
of arbitrary width and number of trapped fluxonsis pre-

FIG. 2. Critical-current diffraction patterns ¢ junctionB and
(b) junctionD at 4.2 K. Dots are experimental data, the solid line is
theory according to Eq(2). For better visibility the low-current
region is also plotted on an enlarged scale. The two-field modula-
tion periodsAH andAH' are indicated in each plot. The inséts
andll of plot (b) display the supercurrent distribution in junctibn
at the magnetic fields indicated by arrows; ligtark regions cor-

sented by Nappi in Ref. 14. The dependence of the criticalespond to current in positiveiegative direction.

currentl . on the magnetic fieldH is given by the formula

N fl H
<525

)

whereJ, is nth Bessel function of integer ordef=r;/r is
the ratio of inner radius; to outer radiug ., andl is the
maximum superconducting current at zero field. The field

Ho=®o /(27T ¢uoA) ©)

is the characteristic magnetic fiel®, is the flux quantum,
Mo is the vacuum permeability, antl is the effective mag-
netic thickness®

Forn=0, the two extreme cases—1 (see Ref. 12and
6—0 (Ref. 9 of Eqg. (2) have been discussed in the litera-

ture. The predictions of Eq2) have also been compared to
experiments in a relatively small magnetic-field rafigé!®
To our knowledge, there has been no systematic comparison
of the theory with experimental data for different junction
width in a large field range. Our intention here is to perform
such a comparison.

In Fig. 2, our experimental data are fitted to E2). In the
fitting procedure the values of bolh, and 6 are determined.
Subsequently, the quantities acquired from the fits are la-

beled by a tilde @y, 3). For the fit, the initial value ob is
calculated from the designed geometry of the junction; the

initial H, is calculated according to Eq3) assuming the
reasonable value of 200 nm for the magnetic thickngss

Then, the best fit is found by iteratively adjustihig and’s.
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FIG. 4. Diffraction pattern of junctioB with one trapped fluxon

FIG. 3. Critical-current diffraction patterns of juncti@at tem- 42 K. D : id lid line is th The i
peratures between 4 K and 8.5 K. Dots are experimental data, sol@i_t 2 K. Dots are experimental data, solid line is theory. The inset

line is theory. In the inset the calculated normalized external junc-_'Spl‘T’lyS_ the supercurrent distribution in the junction at the magnetic
tion radiusr /X is plotted versus temperature. field indicated by the arrow.

_ tally we found, that the critical-current diffraction patterns
The value ofH, predominantly determines the small period for different valuesm are very similar in their qualitative
of the critical-current modulatioA H, whereasd determines  features, but may differ quantitatively. Preliminary experi-
the large modulation scal&H’. This fact is in agreement mental results show that, upon cooling the junction from the
with the qualitative discussion above. As can be seen fronmormal to the superconducting state in a small residual mag-
Fig. 2, excellent agreement between theory and experimemetic field a large number of times and measuring the result-
is found. The paramete?%andﬁo determined from the best in_g crit_ical current versus magnetic field, slightly different
fits to the data of junctiona to E, are quoted in Table . diffraction patterns depending on the value rafare ob-
. ~ . ) served. The relative scatter iy observed for different junc-
Comparing the values of and 6 in Table I, we find that . : .
~ A ] ) ] .. tions is about the same as the scatteHip observed for
6< 6 for all junctions. This small but systematic deviation gitferent measurement runs of a particular junction. In such
can be explained by assuming a symmetric deviafiorof  measurements we have only observed three different diffrac-
the junction radii from their designed dimensiofesg., due {jon patterns, despite repeating the described procedure a
to the photolithographic procedure during the prepartion |arge number of times. This strongly suggests that this effect

Using this assumptionj can be expressed as is due to magnetic flux threading the junction loop perpen-
dicular to the substrate. For a perfectly symmetric junction,

~  TitAr the effect of this flux on the pattern should be negligibly
- re—Ar’ @ small. We believe that screening currents in the junction bias

leads have to be considered in order to understand the ob-

From the fits we find thaAr varies between 0.5and 1.am  served behavior.
(see Table)l This size correction can also be explained as At small fields, we observe a systematic deviation of the
due to a slight overetching of the trilayers during samplecalculated patterns from the experimental ones. In particular,
fabrication, that results in a small reduction of the samplethe first minimum of the critical current appears at larger
size. The obtainedr values agree with the size tolerance field values than predicted by the theory. Moreover, the criti-
quoted by Hypres Iné. cal current at the first minimum does not fall to zero. Both

According to theory, the quantityl, does only depend on facts are to be expected for junctions that are not really small
the outer junction radius, and hence should be identical for in comparison withk ;. Indeed, the dimensions of our junc-
all junctions measured. Instead, we find valuedigffrom  tions are slightly larger thai,. This leads to a inhomoge-
the fits that slightly vary from junction to junction, see Table N€0US penetration of the magnetic field into the junction at

. " % low fields, resulting in an increase of the field valdeat
. Using Eq.(3) the magnetic thicknes& can be calculated which the the first minimum of the pattern is observed. The

from Ho. The values ofA obtained for each junction are 5n410g0us effect is observed in conventional long Josephson

qguoted in the last column of Table I. The average magnet"j’unctions.g'”

thickness isA =191+ 18 nm, which is in good agreement At higher temperatures, the Josephson length

with the value ofA~2\ in the thick film limit, yielding a  increase$and, hence, the effective size of the junction de-

London penetration depth of ~95 nm. This value agrees creases. In the inset of Fig. 3, the calculated normalized ex-

well with measurements of small junctions. ~ ternal junction radiug ./\; is plotted versus temperature,
The scatter observed id (or, equivalently, inA) may taking into account the temperature dependence of both the

be due to a small numben of flux quanta threading the critical-current densityj.(T) and the London penetration

holes of both junction electrodes simultaneously. Experimeneepth\ (T).° At T>7.8K the normalized radius drops be-
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low unity. Therefore, at higher temperatures a better agreehe junction is broken due to the presence of the trapped
ment between experimental data and theory can be expect®drtex. Similar current distributions in the presence of

at low fields. This is illustrated in Fig. 3, where the experi- trapped vortices have also been observed in the
mental critical-current diffraction pattern of junctioB is experiment*

plotted together with a fit for the temperaturés 4.0, 7.0, It is worth while to point out that good agreement be-

. -~ _ tween theory and experiment in the large field range is found
8.5K. The fit is made keeping constant for allT and ad for junctions of a diameter substantially larger than At

justingHo. At elevated temperatures, both the position of theygy fields the theord describes well the experiments with
first minimum and the modulation depth of the critical cur-y_<) ; as confirmed by our measurements at higher tem-
rent at small fields, show better agreement with the theOfefperatures. Thus, the magnetic properties of the junction are
ical prediction. determined rather by the junction radius than by the junction
We have also measured junctions with a single fluxorcircumference, as already pointed out in Ref. 18.
trapped in the junction barriem&1). As an example, the In summary, we have systematically measured the
critical-current diffraction pattern of junctioB for n=1 at  critical-current diffraction patterns of a number of annular
4.2 K is shown in Fig. 4. Taking the same fitting parametergunctions of different width, with and without trapped flux-
as for the case of no trapped fluxon=0), we find a good ons, in a wide magnetic-field range and at different tempera-
agreement between the theory and the experimental data ages. The experimental data show a pronounced width de-
before. The slight differences between the fit and the experipendence that is explained accurately using the existing
mental data are, again, due to the dimensiops-¢ ;) of the  theory. In particular, a modulation of the envelope of the
junction. In the inset of Fig. 4, the supercurrent distributioncritical-current diffraction pattern is observed for junctions
in junctionB atH=4.12 Oe, calculated according to E8g), of large width. The period of this modulation depends very
is shown. Obviously at this field a number of vortex antivor- sensitively on the normalized junction size described by the
tex pairs have penetrated into the junction but the width ofparameters. The method of our data analysis is accurate
the junction is not fully penetratddompare Fig. &), inset  enough to detect a small reduction of the size of the junction
[Il. The symmetry of the current distribution in due to the fabrication process.
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