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TRANSITION FROM BULK BEHAVIOR TO JOSEPHSON~JUNCTION
LIKE BEHAVIOR IN SUPERCONDUCTING MICROBRIDGES

Yeong-du Song
Inorganic Materials Research Division, Lawrence Berkéley Laboratory

and Department of Nuclear Engineering, College of Engineering;
University of California, Berkeley, California

AESTRACT

The behavior of sﬁ@ercondueting ﬁiérobridges has been studied as
’a,funétibn of the température, siie and impurity.dependent coherence
léngth & of the evéﬁorated filmfand‘thé bridge length L. When L << & .
near the'ﬁransition temperature Té,_the ac andvdc-supercurrents in.the
Bridge have a JosephsOn—junétionklike.behavion ‘When L >> £, the
bridge Behaves iiké a buik_supercondugtdr., Continuous transitions
from the bulk behavior to a Josephson.junction_like béhaviorkare |
observed as a fuﬁction,of L/& by varying.thé temperature or the mean
free pathf Experimental results of the temperature dependence of .
the critical current are very well explained by tﬁe one—dimensional
model'éf Baratoff et al. : . ‘ -

The finité voltage I-V characterisﬁics aré qualitativelf anaiyzed
by the lumped ciréuit parameterlmodel, 'fhé_microwavé powér depéndéﬁéé{
ofithe héight 6f.the inducéd_current steps is.in-good agreement with
the calculétion in the limit where the b?iage shows Jbsephson_junction

like behavior.
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I. INTRODUCTION

A euperconductor isvinva macroscopic qnantnm'statel which can be
described'by a.single nave function-aseigned tb a macroscopic number of
supercOnducting electrons. This wave function.is representeo by a com-
plex order parameter Y =>/5;' exp (i¢) given by the phenomenologicalv»
theory of'Ginzburg and Landau;g where p is the density of the super—
conductlng electrons and ¢ is the phase of the order parameter. The
phenomenological theory has been derived,lfrom the microscopic theory,
and the derivation has_ehown that‘the order'parameter P (r) ls
proportlonal to the energy gap parameter A (r) Such an order param-
eter has & long range phase coherence within a superconductor, that
is, to flx the value of the phase at one p01nt determlnes its value at
all other points, due to g cooperaﬁive effect'brought»about by the
motion of the electrons from one'part of a superconductor fo another.

'When two pieces of_euperconductor are isolated there is.no
current flowing hetWeen them, and henCe no correlation'between_the

phases'of the order parameter in the two pieces. If these two pieces

are joined by a superconducting wire, the system becomes effectively

one superconductor and phase coherence extends from one_piece'to the

other. The wire can carry a certain critical current before the
phase coherence breaks down and ‘a flnlte voltage develops across it.

Josephson initially predictedh the following effects for tunnel

- Junctions and later extendeds’6 for general weak link systems with a

much smaller critical current than the bulk value. vFirst,'a de

supercurrent flowing at zero voltage, given by
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where (Ié)'ié the éritical cu;rent_density’of:the weak link and ¢
'ié tﬁe gauge invariént phas¢ difference betweep the order'pargmeter
of two biéces of superconductor. At finite bias vdltage v acrosé
the weak:link; there.is an ac supercurrent of freQuency 2eV/h
(483.6 MHz/uV) flowing in addition to the normal current. This
predicﬁion was followed‘by.experimental confirmation of such‘effects
oﬁ superconductor insulator superconductor (S—i—s)‘juncti0n5’7
éuperconducfor nofmal‘superconduétor (S—N—S):junctions;8.point‘
qontactsg.and_supérconducting miCrobridges.lo

In absuperconducting microbridge SYStém, the role of the weak
link is played by a.shdrf (~1u), nérrowv(;l/2u) bridge section
existing betweenvlérge pafches of the film on'eifher side. Since
the.bfidgé section has a non-negligible croés¥sectional aréa of.
| ~1_0—13m?, and consists of a supercqnducting material, the critical
. eurrent carried ﬁy the bridgevat-IOthemperafure (typically order
6f 10mA in éur bridges) can be much largér_than that set fdrth by"
Joéephéon'as the'qriterion for satisfyfng the condition for.wéak
links.viThe criterion is‘that the coupling energy, which_is
proportiqnal to‘the'critical cﬁrrent;‘be less than the Fermi energy.
On the other hand, at high témperatufe, the critical éﬁfrent due
to intrinsic bulk supérconducting properties of:the bridge is expected

to be small and we may anticipate some enhancement of the'critical_

'Y
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current-due to the presence of strong superconductors with much higher
critical current on either side of the bridge. Here "Strong" and
"Weak'" are used in connection with the critical-current-carrying

capacity. Therefore, a superconducting microbridge is expected'to

behave like a bulk supercondﬁctor in the low temperature limit and

like Q'JQSephson junction at high temperatures at the right conditions.
Incidentally, all of the reported observations of ac Josephson effect

on the miérobridgelo’ll’lz

were made in the high temperature limit.
Since the original demonstration by Anderson and Dayemlo that the ‘v
microbridge exhibits ac interference effects, a considerable amount

of effort has been concentrated on applications of the bridge,

" especially as a detector of high frequenéy electfom&gneticrfields.

This trend of interests and some difficulties associated with the

preparation of standard samples of ~IU size has precluded any

‘systematic study of the physical parameters which characterize the

behavibr of the bridge. The aim of our study is to ﬁndertéke'this
inVeStigétion'by varying the physical paramétérs of the bridge.

In section Ii, we will diécuss the éxperiﬁental techniques used
in our experiments.

In section III, the tempérgturé'depéndences of the critical
currents of microbridges will.be discussed in relation to the coherence

length E(T) of\the strong superconductor on either side of the bridge.

Coherence length was varied with temperature, with the thickness of

the film, and with the impurity of the»fiim.' Also, the critical

current of a single bridgé and of a double bridge as a function of a

perPendicular magnetic field will be discussed.



In section IV, the curreht—voltage characteristics in fhévabéence,
and in.the presence of an 8.8GHz microwave field will be discussed
using the lumped circuit parameter model.

In all cases,'%he4detailed discussions will be done in_tﬁo

s

‘limiting cases; that is, when the micrbbridge behaveé liké‘é bulk
supefconductor and when it behaves like’a‘Josephson Junction. Con-
tinuéﬁs transitions of QhafacteristicsAfrom one limit to the cher
ﬁere-aiways reélized‘in‘the actua} experimen%s‘aé:we changed fhé'
physiéal parameters oflthe bridge continuously.

Sectién \ inéludes the summary and conclusions drawn ffoﬁ our

experiments.
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II. EXPERIMENTAL

A. Sample Preparation.

The Sn and Sn-In alléy bridges uséd in our exﬁeriments were pre-
pared by vacuum deposition of ﬁhin films onto ordiﬁary microscope
cover.glassés and, fhen, by scratching these'filmsAmechanicélly with
a8 specially designed micromanipulator outside the wvacuum. The Sn was
chosen as a primary material because Qf the widé range of”T/Tc readily
attéinable in a standard 1iquid—heliﬁm cryostat and the durable
éhemical and mechanical properties of the 8n £ilm. Usually three
longitudinal strips of L4oop width were deposifed on one glass substrate.
Film thickﬁess varied froﬁ 5004 ﬁo‘BOOOA,.evapératioh pressure from
lrtQ 8 x 1077 Torr, depositiqn rate frbm.5 to 56 A/sec and substrate

temperature from LN, temperature up to room temperature. Substrates

2
were cleaned uitrasonically in soap and Water'fof115—20 minutes,

then rinsed with fhe distilled water, aceﬁone and ethyl alcohol in
that ordef and finally were stored in ethyl alcohol. Occasional
ultrasonic cléaning in the ethyl alcohql was sufficient to keep the
substrates clean for months.

Discontinuity and surface roﬁghness resultihg from Sn
agglomeratingﬂérouhd clustefing centers randomly distributed on the
glassvsubstrate was the maiﬁ pfoblem encountered in preparing ﬁniform
films. .

Cooling the.subsffate at liquidfnitrogen temperaﬁure during thé
evaporation and . subsequent rapid warming up to room temperature pre-

vented this non-uniformity. A cold substrate makes it difficult for’
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atoms to migrafe to their fé#orite clusteriné centers. Rapid warming

. up of fhe;substrate was necessary, because the gradually warmed up

_films acquired a white,Amilky and n§n—metallic appearance. For films
thinngr fhan about 800A, it was impossible ‘to obtain electrical'
cdntinﬁityrwith evaporation to a rbom temperature substrate. The oﬁly
other Way'to circumvent this problem was to use uncleaned substrates
(freshvfrom the.supplier'é box), thus introduciﬁg uniférmlj distributed
5

cluster centers, and to evaporate at high pressure (~1 x 10° .Torr)
and ét-high deposition rates (~50A/sec).v We used the cooling method
exclusivély in preparing samples thinner than ébout 1000A. The |
substrates wére bohded with Apiézon N vacuum greasé'to a cbpper'block
-which_was chilled by the liquid nitrogen.

Aftér the evaporétion, the films were‘piaced on the micromanipula-
tor. The first sCfatch was made abQut half way‘across the width of
the fiiﬁ'by a ébmmerciall& available fine poiht digmbnd tool. Then
the tool was lifted up and the sample was translated the»desired"
distance by the micrémanipulator. Finally, the tool was lowered to
finish the second'scfatch. The micromanipuiator consisted of an
aluminum block supported by four 1/2 in. aluminum fods and a 5 pounds
per inch strenght coil spring. This pushés against the sluminum
.block, thereby .causing elastic deformation 6f'the supporting rod; on
a micron scale. |

Bridge dimensions were normally measured under éﬁ optical micro—v
scope at X 1000 magnifiéation’with a calibrated filar ﬁicrqmeter

having a resolution of ~0.2u. They were typiéally of l/2ﬁ wide and 1u



long. ~Fifteén out of more.than lOO_Samples teéted were observed under
a séanhing electron micréscopé (TSM-3) at a magﬁificafion between
3,000 and lO,OOO.Y This éonfirmed that the measurements done by the
6ptical microscope were within * 30% of the’actﬁal dimensions, and
reveaiéd the rough surface structure of thé film_deposited onto the
..suﬁstrate at the rooﬁ temperature, as well as the piling up of the Sn
along the scrafched path. This rééulted in about twice the deposited
thickﬁess at the bridge. Therefdre; whenevef'estimating the cross-
sectionél ares of the bridée; twice fhe film thickness was used for
thé bridge.thicknéSS.r Taking the room tempersture resistivity of

8

Sn {11.5 x 10~ - m), residual resistivify ratio (R R R) of 20,

(which waé typical vdlue observed for 2000& thick Sn film) bridge
cross-éectionai area of 10 X 10;1;m2 and length‘of 10—6 m, the calculated
resistance was‘thevright order of magnitude when compared'to the #alue
dedﬁced from actual I-V curves. Resistance of the bridges at 1°K .
‘varied frdm .03 ohm to .5 Ohm depending on the impurity aﬁd bridge °
dimensions. | |

After the bridge was formed in this way, the“sample was‘installgd
on thé sample holder inside the microwave cévity and the electrical
leads ﬁere attached to the film using silver conducting paint.

The thickness of the'film'wés continuousi& monitored‘durihg the
evaporation b& Sloan DTM—3 quartz cfysfal microbalance and the abéolute
.thickness was détermined with a Varian 980-4000 Fizeau interferometer

using the monochromatic light of half wave length 29h5Aﬁfrom sodium

vapor.:
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- Sn and In make solid solutions at almost é,ll»concentrations13 and
up'to'about 3 dt.% of In, the thermodynamic properties of the‘alloy are

nearly same as pure Sn.lh’15

For instance, the}superéonducting tran-
sition temperature is slightly lowered to 3.63°K at 3 at.% In from
3.72°K‘f6r puie Sﬁ, but In providés satisfacﬁéry scattering centers as
mey be seen from the RRR measurements. Above 3 at.%, SneIn.alloy goes

_iﬁto éﬁother phase which has superéonducting transition tempefature
highér than 4.2°K.” Since the melting’points of the two materials differ

by 80°C (for In 156.4°C and for Sn 231.9°C) and Vabor pressures differ

by 2 to 3 orders of magnitude, it is very'difficﬁlt'to predict.thé In'
cbncentration of a f£ilm evapprated frém Sn-In alloy. We simply'used

_ trial énd error until the désired éoncenfration was achieved. To avoid
processeé like distillation by fractuation; rapid'evéporation was
necessary. Alloy films produced by'ihisbﬁethodvrangéd ffpm RRR=20 to
RRR=5 corresponding'to ihe mean free path.varying frqm 20008 ‘down to

‘LoOA. 'sn and In used'in'the experimentsbwere‘99;999% pure;

B. 'Cryogénicsfand Magnetic Shielding

A sketch of the dewar system is shown in Fig. 1.
Experiments were conducted using a'standard glass liquid helium
dewar of 10 cm inner diameter and 120 cm. height.' The temperature was

varied between 0.9°K and 4.2°K with a booster diffusion pump and a

'_large mechahical;pump. Temperature was regulated to within a few_milli; 

degree with an ac wheatstone bridge type temperature régulatér using
low noise operational amplifier'circuits.l6"The’sensing element was &
27 ohm, 1/8 Watt Allen-Bradley BB_serieélcarbon resistor and the heater

current was fed back to 160 Q manganin wire wrapped around the copper



v

‘potentiometer.

can housing’thevmicrowave cavity.

| The ambient mag.net‘;i.c ‘field was shielded with high permesbility
shield mdterial from Perfection Mica Company. The shield was 100 cm
high and 32 cm in diameter, and was wrépped three times around the
liquid nitroéen deﬁar. The magnetic field at the sample positioﬁ was
reduced to less than a few milligauss by this method.

'Temperatures were measured with a germanium thermométer located

at the center of the cavity.tuning plunger. This waé the closest
available proximity to the sample withdut disturbing the microwave

field inside the.cavity. Considering that the'cfitical current and

vmiérowave induced current steps are very sensitive functions of tempera-~

-ture in the superconducting microbridge near Tc and considering that

the microwave power dissipated inside the cavity can be as much as a
few miiliwatts, large amounté of error'could be introduced into the'
experiﬁental results unless the thermqmeﬁer was plééed in‘very close
proximity to the sample.  Two thérmometers, Solitrqn 1761 and Cryocal
988, werevcalibrated_againét the khOWn primary standard of our

17

laboratory”  at more than fifty points between 0.9°K and L.2°K. Their .

resistance values were fitted to the seven term logarithmic poly-

18

nomials”

(2)

where T is the temperature in °K and R is the resistance in ohms.

Voltages were measured to five digits using a Leeds and Northrup K-5

’
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- Root mean équare deviétion of the observedvdgta from the fitted_
cuse was léss than ~2 ﬁdég K and less than ~3 mdeg K,Vrespectively. '
Absoluté temperatures were dalibrafed against thé heliuﬁ Vapor pressure
measuréd.with a mercury manomeﬁer; and the diécrépancies were tyﬁigally
less than 10 millidegrees. Resistaﬁces at helium temperdture weré
430.7 ohms and 572.1 ohms respectively and fhey increased by»abouﬁ an
order of magnitude in going down to 1°K. Tt is estimated thaf these
thermometers were accurate to an abéolute value within * 10 mdeg K.

C. Microwave Cavity and Sample Holder System

The microwave cavity and sample holder system used in our experi-
ménts.were,designed'tqvprbvide the freedom of rotating and translating
the sﬁmples inside the caﬁity, so fhat fhe,bridge could bg"coupled.toA
the microwave field selectivély. Another advantage associated with
the movable sample was that thé sample itself‘acted aé a tﬁner,“thereby
making it possible to enhance the power Coupling.intd thé_cavity after
thevsaﬁple was ihétalled'ahd immersed in the liqﬁid heliuﬁ. AsvSﬁown
in Fig. 1, X-band wave gﬁide comiﬁg down from‘ﬂmedewér flange'was

coupled into a cylindrical TE resonant cavity through a coupling

01l

hole of :28 in diameter located on the end Walls of the wave guide and
the cavity. The couplingbwés through Hff linked betweén the wave
guidé and the cavity; therefore the hoie'was located at the position.

where Hr was meximum in the wave guide and in the cavity, respectively{'

f

The cylindrical TEOll

is azimuthal and parallel to the end walls and Hr

mode‘hés a field distribution such that Erf

N

£ is radial near the

end walls and axial along the side ﬁalls and alongthecentfal axis.

Since there is no rf current flowing acrdss the end wall, the lower
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end wall was made of a movable plungef to tune the cavity into resonance

in‘the frequency range of 8GHz to 10GHz. Another of the advantages

gained with this mdvable plunger is that all the other modes of

resonance which do not have cylindrical symmetry or which require-good
electric contact between the end wall and the side wall are effectively
suppressed.

»The cavity diameter was 4o mm‘and thé height-of'the plunger was

34 mm when it was resonatihg at 8.8 GHz, where the maximum power

coupling was achieved. Usually the resonance frequency shifted to a
slightly lower value upon the introduction of liquid helium into the
cafity, dﬁe to a'slight difference between the dielectric constants of
liquid helium and that of vacuum. |

‘The sample holdéf'wés introduced through a 3.2 mm diameter hole
on the top énd wall located at 0.48 X (radius)_of the cavify from the
centér, where Erf wasvmaximum.' Thé”sample holder was made of a high
W, low loss plasticbmaterial (Eccostock) from the Emerson and Cummihgs
Co.,-and was designed.to hdld a 11 mm X 20 mm miéfoscope cover glass,
and was extended to the outside of the cavity where it joined a 3.2 mm
diameter stainless steel sample control rod. Both the samplé holder’
and the_funing plunger were controlled from 6utside the dewar.

The Q of the éavity and power reflection coefficieﬁt were
measured Simultaneouély on an oscilloscope display of thé detecfor
(1N23B) output with the voltage sweeping the klystron (Varian X-12)
frequehcy. Detector output.was calibréted againg a General Microwave

460 thermoelectric power meter and the sweep voltage was marked with

pips generated by a reaction type frequency meter. The loaded Q of the
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cavity, QL, is given by the relation

f

. _ . o

Q= &iF ’ o (3) %
where fo is the resonant fregquency of thevcavity and Af is the fre- ' M
quency band width such that at the frequency ft = fo * %;, the pbwer

coupléd into the résOnator'drops to 1/2 of its value at resonance. The
cOupling coefficient Bvis givén by the vbltagé standing wave ratio at

resonance with the relation

8
B

(VSWR) resonance if overdoupled o

1/(VSWR) resonance if undercoupled
VSWR is related to the power reflection coefficient Ip]
» 2 | |
+ ' : :
vewr = & . (W)
- el® |
The Qé of this cavity (which was overcoupled) was calcdated to be 1730
from the measured value of QL =~ 300 and the power reflection coef-
ficient'of‘ﬁ 0.5. Compared'to‘the theoretically predicted value of

19

Qo > lOu for a brass cavity having this geometryé there was a con-
siderable degradationvof Q value;‘howeter, it was hérdly unacceptable
consiaering that.é large portion 6f the cavity volume with.strong Erf
was odcupied by the sample, the Wires attached to it, and.samﬁle |
holder. vFrom the known field distribution and'Qo, the absolute value
of the field strength éan be calculated using the relation.

= Energy stored in the cavity _ o) (5)

d

O
|

(o] Power dissipated in the cavity P



13-

Pd’ the péwer dissipated in the cavityvis the difféfence between the
power delivered to the cavity and the power reflected from it neglecting
the attenuation along.the wavéguides. ”

The energy stored is simply the ﬁolume integral of the electro-

maghetic energy density in the cavity. Maximum magnetic'ahd electric

fields were calculated for Q

]

1730, and they'were

. N ‘ _.3
IHrflmax (0e) = 1.01 x 10 APd uw
(6)
lErf,ma.x (WV/um) = 3.4 x 10 /B (uw)

. The major source of errof which cQuld‘come in this estimate was
.the determinétion of the power reflection coefficient. Any kind of
discontinuities aldng the wave guide can set up the reflection of the
: waﬁe ﬁhich ehtefs the detectof. Care was taken to cancel out thése
unwanted reflections whenever the Q measurements were made by setting
up & counter reflection with the tuner. | |

A simplified schematié diagram of the microwave and meaéuring'
eléctronic circuit system is shown in Fig. 2. 'Microwaves génerated by
the Varian X-12 klystronvwere passed through the buffer aftenuator and>
Hewlett Paqkard X382A precision attenuatof and transmitted to the
cavity.‘lPower tran$mit£ed and power reflected were measured With;
1N23B érystals mounted at the end of 20dB duai directional couple?s.‘
Relative input power was always measured by reading the setting of a

precision attenuator.
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-~ The I-V characteristics of the microbridge were measured with a
constant current'biasing circuit. The output of the Wavetek function
generator was passed through a lowipass filter, followed by a current

limiting resistor, R, which varied from 100 ! to 1 Meg {! depending on

I
the magnitude of the current needed. The cbnst&nt_cuirent bias
condition was still satisfied even at RI = 100  since tﬁe bridgg
resistance was typically 50m . The voltage drop across a 0.1%
precision current measuring resistor in serieé with.the bridge was
bfed into the Y inpuf of the display system. Bridge-vo;taée was.first
amplified with a Hewlett Paékard 7785 differenﬁial amplifier and was
fed into the X input of the display system.

‘Two different sets of coils were used to provide the static
magnetic field up to ~10G at the sample. One set was simply wrapped
around.the‘cylindripal cavity and used with the microwave éxperiment,'
while the other set was two pairs of Helmholtz'coils'which were used
in the critical current modulation expefimént. In the first case, the
20

field strength was taken from a table. Both seté of coils were

housed inside the liquid helium dewar.
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TII. SUPERCURR_‘ENTS. AT ZERO VOLTAGE

One of the basic propeftieé common to varioﬁs systems of.weakly ’
coupled supercondﬁctors is that fhere exists a well défined critical
curfeht on the order of milliamperes,vabove which the phase coherence
vbetweén the two superéondﬁctors breaks down and a finite voltage
develoﬁs between them.5 'This critical currentvis a ﬁeasuré of the
.coupling energy between the two sﬁpercdnducfors, ahd provides ~2 eV
of cbupling energy per.l mA of criticél current. Ih the superconductor
insulator superconductor (8-I-S) junétions, the supercurrent flows by

b,21 In the

tunneling as described.by the tunneling Hamiltoﬁian.
superconductor normal superconductor (S-N-S) junctions supercurrent
flows.by‘the proximity éffect322 due to“fhe overlép of the supercon-
ductiﬁg wave functions inside the normél metal which tail exponentially

from from the adjacent superconductors. The Supercurrent flow

mechanism in the superconducting microbridge is simpler i.e. super-

'cufrent flows inside thé sqperconduC£br. The relevant equations
describing these phenomena are given by Ginéburg énd Landau,2 and it is
necessary to look for the solutions of the Ginzburg-Landau (G - L)
equatidns in the microbridges to show why they exhibif weak link
behavior.. |

AL Solutions of the G - L Equations in theimicrbbridges

Analyﬁic solutions of the G~L equations for the one-dimensional
model of short superconducting weak links have been obtained by
’Baratoff,'Blackburn, and.Schwartz.23 Similar solutions have alSo been

obtaihed for a slightly differént model'by Christiansen, Hansen, and
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SsztrESm.eh " The main.differencé is thet the former 301ved thé equétibns
for the entirg region.of the weakly qéupléd superconductdrs,'ﬁamély,‘
the weak link with a bulk superconductor on ‘either side, while the
latter cdhsidered the'solution in the wéak link region only. We will : y
follow the model df-Baratoff ét al. which %isualizes fhé continuous
change.of'the order parameter across the links more clegrly than that
of Christianser et al. |

Figuré 3a is a sketch of a physical real microbridge of width W
and length L, while_Fig} 3b is the correspondingvone-dimensional model.
The bfidge has a lower pritiéal—current-carryiné éapacity'than the
‘SupercqnduCtors on either side; But is aésUmed to'have the same
thermodynémic‘prbperties such as trahsition temperature Tc’ gquilibfium
energy. gap AO, and bulk critical field Hc; On conformélly transforming
to the geometry of the one-dimensional mddél,’the bridge,region (SB)
is eniérged to the samé cross—sectional afea as thé superconductors
on either side (SA)vand hence a smaller. critical current denéity,..

which in turn imples a shorter mean free path in the S, region. Let

B

the origin of the one-dimensional co;ordinate x be at the middle of

Sg- The region Sy (|x] < L/2) has a shorter mean free‘path QB than

in the region SA (|x|-> i/2) and hence a longer penetration depth

1/2 and a shorter coherence lehgth EB = EA Yl/2. Here

25

Ay = A,/Y e
Y = )(B/)(A and X is Gor'kov's”” universal function of the impurity
parameter, EO/Q, which can be approximated by X 2'(1 + EO/Z)_l»Within

26 '

an accuracy of about 20% . &O,is the BCS coherence distance.. A

uniform current is assumed to flow in the x direction and the effect
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27

of the se1f field geherated by the currents is considered negligible,

_ Because the transverse dimension of‘the real bridge region is small
compared to both fhe penetration depth ahd the coherenée léngth at
tempefatures near to Tc where the G—L equationS arg strictly valid.

_This is a fair description of the immediate vicinity of the bridge
region where most of the phase change of the supgrconducting order |
pafdmetef oceurs.

The one-dimensional G-I equations can be written as follows:

2 14 ¢t dg2 1| 3. - '
- [T__f(—?ﬁ)]-f+f = 0 (7)
‘ 47 x ) .
2 .2
c H £ :
. c 2 da¢
i = ——fzi:——- f x . . n(8)

where f (x) and ¢ (x) are the amplitude and phase of the reduced gap

parsmeter, A/AO = f(x)e1¢(x), Ao is the equilibrium gap parameter, .

and @o is a flux quantum %%.. In terms of the reduced variables

. . 2 .
X = x/EA and I = 1@0/(ch EA),vwe obta}n

2 : Loy :

Sty -1/, 4 £y - £y 0  for |X] - (9)

dx .

-d—g—.f 2/(ye3) + £ - £.5 =0 for [-X|'><d - (10)
Y5 g1/ B~ Is I ,
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and

'

. _ : v +X : o '
' 2T jd dX'2 + f ¢ ———&_(2‘ | ' (11)
¢ a £ | R \

&
]

where d = L/(2€A). ¢c is the total phase change across the bridge and

Xc is the cut off distance'béyond which negligible phase change occurs.

Equations (9) and (10) should be solved with the appropriate boundary

" conditions at X = 4 and in this case they reduce to the continu%ty of
’ ’

28

" A and the normal component of XVA, i.e.,

£, (d) = fp(d) = £, 5 ¢,(d) = ¢p(a)
' ‘ : (12)
@X d X d dX da dX _d

Solutions for these equétions with boundary conditions o'b'tained,23

and thdse‘for a particular set of parametersvchosenvas an exaﬁple

‘are shown in Fig. L. fhe two different types of solutions can'be

- associated with the two different bhase felations possiBle:for 8 given
current as shown in the current-phase plot of Fig. 5. Full curves
in Fig. 5 correspond to the cutoff distance X, =0, in.Eq; (11)
énd dottéd curves cérrespond to Xc =1, We notice that for g Short
bridge a well-defined single valued, odd, periodic current phase
relati&nship (which implies ideal weak link behavior) is achieved,
while’for a long bridge this relationship is not reélizéble; |

Actually, for the long bridge, the solution near ¢ = T is unstable,
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which can be associated with a saddle point of the G-L free energy
functional, and the corresponding solﬁtion of order parameter shows a
dip of width 28 well localized inside the bridgé.zg

Cfitical currents were obtained by looking for the solutions
corresponding to maximum I whichbcan be.matched at the‘boundary.
Before'pfoceeding to the discussion of the experimental results, let

us briefly review the theory of critical current density in small

superconductors.

- B. Critical Current Density in Superconductors

‘The amount of free energy density increase FI associated with

the current flow in a superconductor can be expressed as3

v

o .
Foo= f 'ws(vs') dvs' , : (13)

(o}

.
where'Ws is the méss current density and vS is the velocity of the
superfluid. When vy is small, the equilibrium density Ws is proportional
to vs; and their ratio is the density Py of the superfluid in

31

the two fluid model. Hence F_ can be written
1 -
= k + -
Fs Fso(A) 2 ps(A) vs 0 . (;h)
where Fslis the free energy in the presence of the current and Fso(A) is

- that in the absence of the current. ps is assumed to be dependent only on

the gap parameter A. Transition to the normal state will occur when
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s —'Fh = 0. Suppose that thevgapvparameter A remains constant up to

the transition; then thg free energy difference Fn - Fsb is simpiy the
) A H ‘ )

condensation energy '5%_ » and a transition occurs when’

1 o _ 1
2 Ps Ve T Bm H

2
c

L  (19)

where v, is the critical velocity. Assuming the temperature dependence

Hc(t) HC(O) (l—tz), n_ (t) = n (O)(l—t ) of the two fluld model

with t

T/'I‘c the reduced temperature, we have for the temperature

dependent critical current density N

T (t) = I (0)(1-¢
eH_(0) R
I, (0) = EEX—TET is the critical current density at T = 0°K, AL (0)
belng the London penetratlon depth at 0°K and c the speed of llght
‘Bardeen has derived the cr1t1calvcurrent density using a free
energy'expression based on the model of Bardeen, Cooper and Schrieffer
and the'superfluid density ps(A) caleulated by Miller in the‘dirty
'limit,33 Such a calcﬁlafion as déne.by Rbger‘s:g)1L is shown as the lower
brokep curve of Figs. 6 and T. A gseful approximation.for this curve

is given by

- 1/2 | o
) = a0 (M) 2y (17)

2)3/2 (144 )1/2 . ' | (16)

32

-
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whefé 0'=_ne22/va is thé nbrmal state_coﬁducfifity of the material;

‘% 5eingvth¢ mean free path and Vp Béing the Fermi Velocify of the
eleétroﬁé;v Compared‘to the middle solid cur?e of Figs.VG‘and T giveh
by Eq; (16), Bardeen's solution always lies lower than that of two
fluid_modelfbecause of thé depression of thé gap parameter due to the
energy assoclated with the currént flow.

Another expression for the critical current density can be

. 2 :
‘obtained from the Ginzburg-Landau theory, which gives the relationBo

£

I(t) = =3 S

- 3/2 (H 20 ) 1/2 8y
-\

Wit

In G-I regime H, and p_ both vary like (1-t), therefore I_(t) = (1-)3/2,
At high temperature these expréssions have almost the same tempera—

ture dependences;(lft)3/2.

'C. Experimental Results and Discussions

1. . Temperature Dependence of the Critical Current

Ca. Experimental results. Temperature dependence of the critical - .

current was measured by Vgrying the propertigs of the bridgeé in thrée
different.ways. | | . | | |

Figure 6 shows how the temperature dependence makes a continuous
transition from that qf thé bulk superconductor (middle curve) toward
that of a weak link when the film thickness‘was Changed"frdm
h90§ to 298OA. The thicker films wére evaporated onto room temperature

substrates and the thinner films ontolﬂégcooled substrates; 'Otherwise,
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all the other experimental conditions were kept neafly'the same. Later

measﬁreméntskon the thick film bridges ( > 2000A) deposited onto LNQZ
coéled substrates showed no diécrepanéies from the temperature
dependehées shown in Fig. 6. Film thicknesses were measured
ihdividuaily even on.different films produced'durihg the éamé‘
.evaporation cycle.v

Figur¢ T shows that Siﬁilér behavior was observed when the In
content of the Sn film was varied,:theréby chénging the mean free
path by impurity rather than size effects. The meximum In céncenfratibn
- was estimated to be lesé than 37; .For the two Short ﬁean free path
cases, the film thicknésses were more than fwice_fhe estimated mean
free path at 4.29°K as listed in the figure.'_RRR were measured on
each bridge sémple, andvthe avergge'value was taken after two or
three cbﬁplete.liquid helium to room temperature cycles. - The RRR fqr
pure Sn £1lms thicker than 20008 (which waé the.cgse wifh sample 90A)
was typically larger than 25. The mean free path for Sn.at T = 300°K.

35

was derived from measurements of the anomalous skin effect and was

taken to be &, = oUA.

300
The temperature dependence curves in Fig. 6 and Fig, T are; from

bottom to top respgctively:‘ Rogers"calculatiqn?’Ll based on the miéro—

scopic theory of BCS; the.resulfs of the‘simple two fluidvﬁsdel;'and

the tempefature dependence‘of the critical current of an ideal Joséphson

36

tunnel junction. In order to clarify Fig. 6 and Fig. 7, the data were
normalized at the lowest temperature to the value given by two fluid -

model.

<]
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bIn Fig; 8, data are shown for the bridges‘of minimum and maximum
length near thevtrensition temperature TC. The upper theoretical curve
is for ﬁhe tunnel Junction model,vwhile the lower one is for the two
fluid model. The data on the upper curﬁe were normaliied to the theory
at a beinﬁ near t = 0.96, while thoee_oﬂ the lower curve were normalized
to the two fluid model at the lowestvteﬁperatures{ qu‘temperature data
for the long bridge is net shown because it_ﬁee_too irreguler; probably -
because the transition took place et seﬁerel different sites along the
bridge.

b. Discussion of experimental results. .The,three different experi-

ments shown in Fig. 6, 7, and 8 were done with one common_objective;
namely, to investigate whether there is an enhancement of the super;
current when the two éuperconductors on the either side of the bridge
are brought closer togethef,vi;e. within g characteristic ceherence
leﬁgth. Earlier experiments on very long bridges37 (~5h0p) exhibited
the tempereture dependence'derived'for bulk-like behavior from the two.
fluid model. Our observafions on bridges shorter than 0.5y (which,
incidentally showed vefy pronoﬁhced ac Josephson effect near Tc) always
had a temperature dependence of the.critieal cﬁrfent linear in (Tc -T)
at high temperatures. The-same deﬁeﬁdence.has also been observedvin a
§ruptured' tunnel junctionbexperiment.38 Thebmost interesting fact is
that the large amount of critical current in excess of the value which
the micrebridge would have 1f it behaved according te the bulk dependence
is a prerequisite for a strong ac Josephsoﬁ effecf,- Jos_ephson'6 and

39

Anderson™ have stressed that the existence of the coupling energy, which

is dependent on the phase differences of the two bulk superconductors on

M
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either side of the weak link, is thé most impdrtaht paraméter fbr ac
Josephson interference effects. This phase dependent:coupling_energy
coupleé'thé superconductofs into a coherent sﬁaté, which enables_a -
supércurrént to flow between thém due tovthe canonical'commutation
rel&tién between the number and phasé. In the tﬁnnel junction, the
“tunneling fransition matrix elements are of the ofder.e—sz, where the
Fermi wave vector kF ~ 108 cm-1 and % is_fhe thicknesé of the barrier.
Therefore, when &£ is much larger than a few tehs of an angstfoms the
coupling.is negligible and thermal fluctuations destroy the coherence.
Increaéed coupling vestures the phase coherence so‘fhat théré is a
finifé;supercurfeﬁf flowing wﬁen 2 is reduced. :However,.finite amount
of superéurrent always flowé>through a microbridge (up to the critical
current of the material) no matter how long the bridge is. As’fhe‘
temperature is raised near Tc,.this intrinsic bulk critical current is
»reduced (for instance aﬁ t=0.95 it is 4% of the 16w'temperature value},
wﬁile the effective distance between the two superconductors across the
weak link is reduced because the temperature dependent coherence length
of the outside superconductor increases. Becaﬁse of the presence of a
strong superconductor, wﬁich has a coherence length longer thanAthé
charaéteristic dimensions of the bridge, the sﬁ?ercurrent carrying
capgcity of the bridge is enhanced. The amountrof éﬁhancement of the
supercurrent of the microbridge above its bulk behavior can thus_Be_con— 
sidered to be a measure of the sﬁrength'of the Josephson-junctioﬁ like
' effecf; Furthermpré, the relative ratio of this enhancement over the

bulk value should be large to minimize the bulk like effect, which tends
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to obscure any coherent phase difference set ﬁé inside tﬁe superconductor.
This is the reason why the true Josephson effect can be seeﬁ only near
Tc oh‘the microbridges. —

This qualitative argument can be seen more clearly through the one-
dimensional model discussed in III.A. Before we embark on the
discussion of the .solution of Baratoff et al.; leﬁ us calculate fhe.

éoherence length of the samples shown in'Fig. 6 and 7. The Ginzburg-

Landau coherence length can be written as

T 1/2
0.74 Eo <%7—%_T> pure metal

E(r) =
C-
(19)
, [e 8T 1/2 , |
£E(T) = 0.85 — dirty metal .,
A C :
‘ th :
where BCS coherence distance Eo = 0.18 T - for Sn is 2300A.

' - - "Be : . ,
The mean free path.% is taken to be the film thickness d following

Millstein and Tinkhamho rathef than g%-as éiven in standary.téxtbooks.35
The ﬁppef twﬁ curves in Figs. 6 and T were taken to be pure and fhé' |
lower two dirty. In Taeble 1 we give the value‘of £ at reducéd temperae
ture.t'= 0.9 and O.95._vapical Bridge length as deteriined'by the
electron_microscope waé ~6000A. * Both sampies shown in.Fig. 8 were in
the pure limit. Note that g, = (T - T) wh¢never L'ng, whilech «

(Tc ,—.T)3/2 when L > 2f. Even for the long bridge some enhancement is
expeCtéd very close tq Tc’ but in that situation the critical-gurrent

is becoming too small to'seg the efféct. G-L theory is eXact only wear

T and the calculated £ at t = 0.9 are estimated to be a 1ittle larger

than the actual value.
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'

Let us now cdnsider a semiquantitative éxplanation based on the
model of Barétoff ef al. We will‘examine the two extreme césas:
linear dependence and bulk behavior. Let us go back to Fig. 4. OF

is not possible with

thethO solutions shown, the one labeled by fOl

a constant current biased circuit, because this corresponds to the

region where %%-'< 0 in Fig. 5; the other branch however is physically

realizable. Let us consider a bridge of'iength L < E>so that the
boundary between superconductor and the bridge is’at.the disténcev
d.< 0;5 in Fig. 4. Since the superconducting gap parameter does
not change appreciably within a coherencé length, énd remémbering
that sinéé fhe strong superconductorsaie oh_bbth sides the slope'of
ﬁhé‘gap parameter should be zero at the middle of the bridge, it. is
'feadily seen that the depfession of gapvparameter'in the bridge iS‘_

very small. In this case we can'write_the'current'atvthe boundary X = 4

i.c d¢
+ _'Qo x=d (Tc - T)_dx

r 2(n) e2(r) £2 82 |

We have used the temperature dependence of Hc(T) Q‘(TC—T)'and

-1/2

E(T) « (TC—T) and assumed f=1 at X=d. The critical current is

reached when the total phase change.across the bridge is about %-n-

as shown in Fig. 5. In thevlight of our experimental results the
~distance over which the phase change occurs is held constant in this
high temperature region. Therefore, %%- at the critical currént is

constant.
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Ih the other limit, ﬁulk behgvior, our data‘closely follows the
predictioﬁs of the two fluid model ét low temperature rathef than that
of the miéroscopic\fheory.3o Thié can be explained in the light of
the médel of Baratoff et al. The microscopic theory was based on the
aséumptioﬁ that the transition to a normal state takes piace uniformly
over the total volume considered, but in the real experimental situation |
the dévelopment of a local hot spot of the dimension of the coherence
length‘initiafes'the appearance of a measurable voltage acréés the
'sample. This is the case with our experiment because the center of the
bridge region is nét many cqherence léngths away from the strong
superconductor even at the lowest temperaturé,>(go ~2300A and7bridge
length ~60008). Therefore, marked depression of the order paraméter
does'not occur aﬁ the critical current._ In the iight:of this argument;
oﬁr data.were éll normalized to the two fluid‘modelvat low temperature
as stated in the previous section.

The drop of data points below the linear‘dependence (a) of Fig. 8

_ is due to the noise effect which is dominant near Tc when the coupling

c
2ﬂkB

The decrease was initiated at Jc ~100uA, corresponding to a noise

of the bridge Ec/kB = ¢O is comparable'to the noise temperature.
_tempefaturé somewhat higher than room temperature, but this is not
unreasonable considering that non-thermal noise sources are present
‘which will contribute to the decoupling and will contribute to

the estimation of an effective noise temperature.

ik
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Because of the uncertainties of the shape of the bridée-region,

the estimate of the cross—sectional area‘isvsubject to large error.
Taking the thickness of thevbridge‘to be twice that of the film while
using'the'width measured by'optical microscope, the critical.current_l
~density at the lowest temperature (< l°K) was within the range.of 0.8

7

0.8 ~2x10 ‘A/cmz‘which is in good agreement With previous

37,41

measurements

c. Penetration depth correction. The most significant error

that can be introduced by taking the critical current given in -

Figs,‘é and T as the critical current aensitzharisestfrom ﬁon;unifOrm-
current distribution across the cross'section of the bridge‘area when
the penetration‘depth is comparable to or smaller than the transverse

‘ dimenslon of the bridge. As mentloned in IT.A., the thickness of the
brldge is about twice the fllm thlckness because of the plllng up . of

Sn along the scratch path. The London equation has not been exactly

| solVed’for the two aimensional rectangular'cylinder case. 00§perh2'

has dlscussed the problem qualltatlvely and Marcush3bhas given |
approximate solutlon together with numerlcal results for: the case

-.when one side is 10 times longer than the other side. We have made

the rather crude assumptionbthat our bridge can be approximated by
transforming it into a c1rcular cylinder ‘of the same area as the remtan—
gle, which lets us use the known.exact solutlons. vThe-penetratlon depth
for Sn is taken from Mlller.33 The mean free path in the brldge reglon
is taken to be the radius of the cyllnder rather ‘than the dlameter, as’

transformed from thevrectangle on the equal area basis. Then the formula

by which the measured critical current should be multiplied to get a
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. (R/A)

true critical current density is'giVen by o T—T§7X7-, where R is
: 1

the fadius and A is the penetration depth and‘IO, Il‘are.the modified
Beséel fﬁnctiéns, and is shown in Fig. 9. This corrécfion is as large
as 50% for 2000 thick films at low temperatﬁre_and is even laréer for
3000A thick films, but is less than 5% for 500& fhick film at all |
temperaﬁures. At high temperature (t > .9), the correction is:less
tﬁan 10% even for the thickest films. As the correction is sméll, we
mey safely neglect fhe-error due to the cylindrical trgnsformation.
The above correction ié ywuch ovérestimated. First, our fiims have
usﬁally rough surface structure which gives shorter mean free path,
hence longer penetration depth. Longer penetration'depth was- actually
observedlon the rough Sn filﬁls.hh

Secondly, considering that the.correcfion formula predicts a big

difference between 20008 thick films and 3000A thick films, while

the experimental data have almost the same temperature dependences,

the actual ﬁenetration depth is estimated to be much longer than the

. theoretical value. In view of these arguments the correction formula

given above may be considered as an upper limit for the penetratibn

depth corrections. '

2. Magnetic Field Dependence of the Critical Currents

a. Criticél.currént of single bridge. .In all caSes, magnetic
fields on the order of a féw gauss parallel to-the film plane had no
effects on the I-V characteristic. of the bridge. The bridge was,

however, vefy sensitive to the perpendicular field, becauée the thin

Superconducting film in the perpendicular field behéves like a type II
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superconductor. VHcl associated with the film is very.small because
of'the demagnetization factor of the film geometry. ln fact, in
measuring the critical current, care must be taken to eliminate the
asymmetry.in the I-V characteristics. Critical current was easily
modulated within 5% of the total value in a rather irregular fashion,
and this effect was pronounced at low temperature& It was 1ndeed
difficult to make a perfectly symmetric bridge with scratching technlques.
If the-flux is trapped inside the bridge (which has geometrical
asyﬁmetry),'it is quite probable that this will interfere with the bias
current in an asymmetrical way, adding in one direction and subracting'
in the other direction. Figure lO shows the two experiments done with
the pertendicular field. The upper data show that the cr1t1cal current
‘has two humps, which can be associated with fluxoid moving in and out of
the_bridge'as we ‘increase the field. On the‘larger scale, however it
slowlyvdecreases uhtil it.comes to a point'where the l—V characteristic,
as shown in the'insert, makes & smooth, rounded transitioh from the..'h
zero voltage line. We associate this point with the startrof.the‘fluxiod
movement in the large patches of‘film on either side of the bridge. Up
to this field,vthe I-V curve shows a sharp transition i.e., it departs.
from.zero voltage with a finite slope. The sharp break.in the_curve is
‘still'seen‘at finite voltage which is an indication‘of the sudden‘woltage
development across the bridge,

The lower data taken at higher temperature:show'essentially the
same results except for the absence of the irregular bumps. The

physical explanation is as follows: At this temperature the minimum
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size of the fluxoid is too 5ig to fit in the bridge.

\‘If &é assume a fluxoid conﬁaining one singie flux quentum,'the
condition-that the circuieting assoeiated with this current flux line
sheuld net exceed the critical current imposes a lower limit on the
diameter thatuthé'fluxoid_can have which this is'inverSely proportional
to Ic' The critical current for the upper data Was 0.5 mA and that

for the loﬁer data was 0.1 mA.

b. Critical current modulation of double bridge.. To’éomplete
: the-investigation of the quantum inferference effects of the microbridge,
we have done a critical current modulation experimenfa on tﬁe double
‘bridge as-schematically shown in the insert of Fig; 11. Theoretical
analysee of the double bridge inxthe ﬁost general case can be found
‘elsewhere,h6 and elegant experiments have been done by Fulton and DyneshT
Our bridge was made by double—ecratching the film. The critical
current was measured en an oscilioscope while manually varying the
applied magnetic field. The data shown in Fig. 11 were the best in the
nafrow_sense that they conform to the ﬁheoreticall& predicted curve.
Measurements were done at rather lower temperafure to facilitete the
observation on the oscilloscope. The»medulation depth of ~200uA ﬁas
very large compared to the typieal value of 1UA observed on the double
bridge using other kind of weak links; The loop inductance_ﬁas-

6

calculated for the typical geometry used in our experiment, 10 ~m

wide, 2.5 x 1073

m long, with the current distribution given by
Edwards and NewhousehS,and was about ~2 X'lo_ll henry, which agrees

will with the modulation depth observed.
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One ihfrinsic problem with this interferometer wasuthaf the

' magnetlc field must be applled perpendicular to the film plane, uhereby
1nduc1ng a type II behavior in the fllm Irrever51b111ty and
irregularities associated with the most of these experiments.most
probably arise from the trapped flux in the filmé. This behavior is
_qﬁite co@plex as it depends upon the history‘of the applied magnetic

field and is not generally reproducible in any way.
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IV. CURRENT VOLTAGE CHARACTERISTICS AT FINITE VOLTAGE

We will separate our discussion into the two different experi-~

mental cases at finite voltage: Undriven mode is the case without any

external synchronizing signal applied to the bridge and driven mode is

the case when external high frequency ac signal is applied to the bridge,
thereby producing an ac interference effect.

A.  Undriven Mode’

. - ) \
The lumped circuit parameter model for the superconducting weak

link as proposed by McCuI_n.be‘rh9

and Stewaft,so.and recently studied ex-
pefimentally by Hansma et al.Sl is a powerful tool with which fo étu&y
the finite‘voltage region of the wesk link in the absence of an
adgquate microscopic model. Ablumped ciréuit parameter model is
shown in Fig. 12(a). It is a current biased circuit and is different
from the model of McCumber and of'Steﬁart in that.it haé ah inducﬁance

L in series with the microbridge. Distributed capacitance and dis-
tributed ¢onductance were lumped as a.shunt capacitance C and shunt
conductance G. The inductanée L may be best illustrated.'by considering
thelenefgy E associated with éﬁ electric current cafried bj particles of

52

mass m and number density h.
E=f1/2‘pH?dr+fi/2mv2d£ h o (20)

For a homogeneous conductor of uniform cross section and uniform

current distribution, Eq. (20) can be written
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=1/2 LMI2 +1/2 [(m/ne2)-(£/d)]12 o (=2)

where L is the usual magnetlc 1nductance,,and L (m/ne )E (l/c) is

the kinetlc 1nductance, % and © belng the length anicross—sectional

area of the bridge, respectively. The second term becomes 1mportant
when 2/0 is large as it is in our bridge. For a typlcal bridge 10 6
=13 2 : -13 :
long and 10 m area, Lk ~10 Henry while LM is about half of Lk'
For a voltage of 0.1 mv across the bridgé, the Josephson freguency

ELLAPY 5 % 10lo Hz and the inductive impedahce associated with this

h
ffequéncy'is abbut.0.03‘9, vhich is comparable to the actual resistance
~ of thelbridgé. Such an inductance is imertaht in bur’lohg,.harrow
supefcénducting strips, and has been measured experimentally,hu553

o The'totél current Idc(é)'is the sum of the current C Q%%El flowing
vthrbugh the capacitance, the current GvV(t) through thevconductanée‘and
the paif currehﬁlic sin $(t) through the combinatibn-of the inductance
L aﬁd'the iaeal bare bridge which has an idéal,Josephson current-phase
relatidnéhip. L is put in direct series with the Josephson junction
because fhe effect of.L is important.only at high frequencies correspdnd—
ing to the Josephson currept.v | | o

Thé equdtion describing the ciréuit of Fig. lé(a)»caﬁ.be writfénv
av -

I..(t) = ¢ EE'* GV + I sin ¢ . o (22)

Using the Josephson frequency—voltage relation

w
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e . 2e¥l . - (23)

where:VF is the voltage across the bare JésephsOn Junction, and the
voltage drop across. L is —LIc(cos ®)d , we can rewrite Eq. (22) in terms

of reduced variables,

2

= 4 GL _i
a(6) = B. 36 (de ¢ - B, =g cos ¢
a G4L, _9_ -
+ (a§'¢ B o cos o) ) + sin ¢ , o (2&)
1usingiabnormalized current a(8) = Idc (t)/Ic, a dimensionless time

variable 6 = 2eIct/h G;'and'a dimensionless admittance ratid

Bc = 2eIcC/hG2. This‘highly non-linear equation will be discussed for
two cases in conjunction with our experiments.

| vFigures 13 and lﬁ show the currénf.voltageﬂcharécteristics of
microbridges af different temperatures. These two figs.vfepresent the
two extreme cases of the microbridges tested in our experiments.

Figure 13 corresponds to the'case of iow condﬁctance, long bridge, i.e.,
bridge length L longér than the coherence length £(T) at all temperatﬁres.
For this category of'bridges, the ac Josephson effect was alwéys minimal
and the'temperéture depeﬁdenée of the éritical'curreht waévfittedvverj
well be the bulk formula. Figﬁfe lh'Shows'thé caégvof a high conductahce,
short bridge, wheré L~E (T)lat low temperature and L << & (T) at high

temperature. For this kind of bridge, a pronounced ac Josephson effect
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| was observed and the temperature dependence'of.the critical'cﬁrréﬁt
fo_l-léwgd the linear (T -T) law at high temperature.

Figure 13(a) shows the low temperafufe data. Because of the low
conducténce and high criticel current éf'this_sémple, the‘voltage Jump
at the tranéition is aboﬁt 6mV,‘which is.rather higﬁ gompared to the
usual vAiue, ahdvthe ﬁpward curvature of the I-V cﬁaracteristié'showé’
ﬁhe importanqe of thévinduétiVe ferm_:in this region. The ac current
across the ihductahcencohtfiﬁutes a finite dc'voltage here due to the
non-ﬁnifbrm time—variation of the phase ih'current biaséd.bridges.sy
As.thé_éﬁrrentvis reduced,.thevvoitage and therefore thevJoseﬁhsdn
frequéncy'are decreaséd. The contribution frémvthe inductive term
thén gradually diminishés until the bias poinfumbves down to the
'hump' and a transitién is»mﬁde to a different regime; shown as a
broken convex curve, whigh we shall call the cépgditive'région. In
Fig. 13(b), the critical cﬁrrent has decreased, as has the'§oltége
assbciaﬁed With the tréﬁsitidn, mpving the inductive fegion toward
larger ﬁalues_of normalized vo1tage: hére, where thé feduqed teﬁperature
t ~ Of9,'the'charaCtéristic is_pfimarily éaﬁacti?e for all GV/Ic <1,
and amount of hysteresis is reduced to about half of the low temperature
value. In Fig. 13(c), wheré t %'0.95, the hyétéresis is goné and the
transition is reversible. _In Fig.'l3(d), ohly'30 millidegrees from

the transition, the finite'voltage'region Joins smoothly to the

‘critical.current because the coupling energy of the bridge is comparable

to the egquivalent noise energy.




-37-

In Fig. 1k(a), the volfaée at transition is about 1 mV and fhe
inductancé is smaller thén that of Fig. 13 because of the shorter length-
of ﬁhe bridge. The characteristics are all'capaéitive for GV/Ic <1.

In Fié 14 (v), where t ~ 0.84, the temperature has been raised and the
critical cgrrent reduced; the hysteresis Becomes smaller and the finite
voltage region tends more of less to a straight.line. In Fig. 14(c)
where t ~ 0.97, we observe two quité distinct regions. The initial
transitioﬁvis very sherp (with finite slope) and the finite voltaée
fegion has a higher conductance of a given V than at the lower temperature.
As the current is increased above l.l‘ld, the bridge goes reﬁersiblyv
intqia‘region"exhibiting the low temperaturé.cbnductancé; In Fig. 14(d),
the finite véltage region shows abéut.the same conductance as the low
current conductance in.(c). The physical reasoning is that in (c¢),
where t ~ 0.97, the effective length of the 5ridgé is shorter at the
transition than it“wa$ at'lowef temperature beCausé of ‘the increﬁéed
coherehcé length.of tﬁe strong éuperconductofs outside. A slight
increase above‘the critiéal cﬁrrent,disturbs this situation and restores
the lehgth to its original low temperature value. The fact that, (1)

the transition is very sharp, and (2) the coupling energy corresponds

to a noiée temperature of ~lo,h °K, show that this phenqmenon is not due’
to noise. The féct that the initial conductance of (c) is exhibited‘
by (d) implies there is minimum‘finitebeffective lepgfh ofvthe bridge
no mattef how strong thé-enhancement of coherence Yength is; This is
preciéely the assﬁmption wé uéed iﬁvdiscussing thevlinear temperature

dépendence of the critical current in the previous section.
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'There were some'difficulties in»détermining the asymptotic slope

of ﬁhe I-V curve because of the transition té inductive behaVior at’

high current (high voltage)j we took the average slope between t ~ 0.25

v ahd t ‘:0.7 (where there is_litfie vgriation_with the temperature) to
be the'correct Value.:

Since the effect of ifiduétari_ce is usually not important when V50,
it is_reiefaﬁt to éoﬁpare the deﬁendence of the hyS£erésis on the‘
admittance ratio to McCumber's model. This model predicts that the
_hysteresis is dependent on both the capacitanée and the critical curfent.
In effect, the gnefgy 1/2'CV2 associated with the capacitance C at
_ finite voitagé is a measuré of‘the étiffneSSvkéeéing the'bfidge at

‘ . P
finite voltage, while the_coupling energy ¢ - is & measure of the

o 2m
pull into the zero voltage region. The ratio of these two energies is
given by the admittance ratio B.' Figure 15 shows the dépendenée of
the hystere31s,.acutoff, on B for the two samples whose I-V curves
~ were discussed in Fig. 13 and 14. The data were normalized at the
point which gave best fit for the overall range of temperature.
Capacitances as estimated from the fitting were 5 pf and 57 pf for
sample 71 B and 22 C respectively.

There was one discrepancy between the theory of McCumber and that of

Stewaft; whether the transition from a finite voltage to the zero

voltage is. continuous or not. In our experimental situation the transi- .

tion was always discontinuous; However, assuming that a discontinuous
transiﬁion’occurs when the.nbise‘énergy an Just equals the electrostatic
energy 1/2 CV2, we obtain a reaéonable noise temperature of 600°K for

our’éystem.



B. Driven Mode
The most effective way of studying ac Josephson effects is to apply
an external ac signal to the Jjunction to produce the synchronization'
» effect first suggested by Josephson6 and later applied by Shapiro to

55.

tunnel junctions. 7 This produces singularities in the I~V

characteristic at voltages defined by the relation

nhw = m (2eV)

where n and m are integers,‘V is the de voltage.across the Josephson
junction, and w is the angular ffequency of the applied signal. In the.
case of the current-biased junction, these singularities appear as
current steps at constant voltage. Figure 16 shows such an I-V
characteristic. Good agreement between experimental data and the
theoretical Bessel function dependence of the induced current step
heights on.applied field have been achieved for tunnel junctions.56
This ac Josephson effect has beenvobserved'in many other types of
weak links, such as-S—N—S,‘point contact and.Dayem bridges, but the
field dependence of the induced current step height is usually not in

5T

good agreement with the Bessel function behavior. ’Our microbridges_
were also used to study the field dependence ofethe current step heights;
- as well asvthe orientation dependence of the bridge response to the
applied field.

A strong ac Josephson effect,'as shoun in Fig. 16, was observed>
whenever L << £(T), vhere L‘is the bridge length and E(T)»is the
coherence length. The explanation of why the enhancement of the

ceritical current over its bulk value is neceSsary for the ac Josephson

effect to occur was given in III.
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The experimental evidence,of this critgrion;bL << E(T), was dis-

'cuésedvih III énd Iv, aﬁd was iﬁdicated by a.linear temperaturevdependence
of thg.gritical current and'the IfV charactéristic§ as shown in (c) and
(a) of.Fié. 1k, .The microwavé electric field was always parallel to the
bridge in this case, as a éiight‘deviation'frdm.parallel field‘redﬁged
the.effect'markedly. Dependence of the current step_héights on the field
iszshéwﬁ.in Fig.'iS,‘and will bé_discussedblafer.

‘The tjpe of résponse shown in Fig. 17 occurred in'many different
situations where the criterion L < £(T) was nof fulfilled (gs in the
lohg bridgevat high temperatﬁre or the short bridge at very.ldw
temperafure) when a godd coupling.of microwavéifield to the bridge.was

58

'.achieved; We associate this regime:with §ynchronized'flux flow sincé
the éXperimental datavSHOWn in Figs. 16 and‘l8 are.in very good agree-
menﬁ with‘junction-like behgvidrvbased on Josephéon’s'current—phaée
relationship, while Fig. 17 is not.

.Ih‘determining the‘microwa#e poﬁer dépéndence'of the step heights,
wé_must decide whether fhe applied field‘éan bé considered as a current
source or a voltage ébufcé. Waldram et al.sh_éhbwed fhat an ideal -

tunnel.Junction sees an effective Qoltage‘source beéause éf its_high
shunt éapacifance, while other weak 1iﬁksv(with léw'éapacitance) see
. an effective currént source. . A'siﬁplerBessel.functioh dependence is
expectgd dnly for a vdltage source. Oﬁr micrébridges see an effective
'séurcé,‘sinde thei£ iﬁpe§anée is lOOﬁ:Q at most, and their shunt
capacitahce is ~10 pF, while thevcharacteristic”impedance of’the X-bénd

wave guide used in our experiment is ~500 {.
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'-Calbulations based on the lumped circuit parameter deei as shown

in Fig. 12(b) using an ac current source and Josephson's relations

have fecently been'published.59’6o The equation for the circuit is
v o= & 4o
Idc(t) + Irf.cos wt = %e dtv+ I, s;n o) (24)

Figure 18 shows the fifting of our data to the solution given by

29 for the parameter & = E%%- = 0.1. Our experimental & was 0.12.
- o : :

The microwave power was normslized at the first zero of the n=0 step,

Russer

and the step height was nbrmalized to give the best‘fit to the linearly
decfeasing portion of the n=0 curﬁe Just belov the fifst zero; Because
of this.good égreement with the theoretical value, we conclude that
Josephson's junction-like relation is correétvfbr the microbridge in
this'regime heai T=T, -

The initial increase of the n=0vétep with'powér is thebso—called

11,61

Dayem effect which is not clearly understood. It was proposed

re_cently2h that this eﬁhancement_is due to the restoration of the

 critical current to its maximﬁm value from the reduced one -as the fluc~

tuatiohs of the phase difference across the bridge. are suppressed by the rf 
signal. In Fig. 18, we show anbn=b enhahcement of about lOOuA; which

is a typical vélue observed.during our experiﬁents. This value,
cofresbonding to noise températu?e of‘3000°K, is rather larger than

that;cén ﬁe associated with room temperature noise, and somewhat'v

larger than thé effective noisebtémperatures éstimatgd ffpm’dther

behavior in the previous sections. .
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V. SUMMARY AND CONCLUSIONS
The most important result of ‘our experiment’is the determination
that the ratio of the coherence length E(T) to the actual length of the
brldge L is the parameter governlng whether the brldge behaves like a
bulk superconductor or like a Josephson junctlon._'We have shown that
Josephson—Junctlon llke behav1or can be observed only near T R where
the enhancement of critical current ‘due to thé increased coherence
length of the strong superconductor on either side of the bridge
exceeds the_intrinsic.critical current of the bulk. When I << g(r),
and‘near'Tc, the bridges had a llnear temperature dependence.of the.
critical current' I « (l-t), and exhlblted strong ac interference
effects. The experimental data on induced step heights versus applled
“microwave dield were in excellent agreement with theory, based on the
lumped:circuit parameter model of Fig. 12(b) and.Josephson's sinusoidal
,eurrent;phase.relationship (andghis‘voltage—frequency'reletionship).
In this limit, wevconclude the hridge behaves as a proper Josephson .
Junction following the usual Josephson:relation. ‘
When L >> E(T), the temperature dependence:of the critical.current

2)3/2 2)1/2

is given by bulk formula, I« (1-% (1+t , of the two fluid

model, and thé bridge showed rather complicated ac interference effects

atihigh temperature. We associate’this_limit with bulk behavior. The

continuous transitions from bulk behavior to Josephsonéjunction,like

behavior seen in the temperature dependencebof,the critical current were’

achieved by continuously verying the size and impurity dependent

coherence length from § < L to,g >> L. Baratoff et a.l.'s23 cne-

dimensional model of a weak link adequately explains.the experimental
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results for thé critical current, and provideé a théoretical justifica-
tion for assuming a sinusoidal current—thSe relationship in.short
bridges. o

.Wé have also experimentally‘demdnstrated that there is a temperé—
ture above which the diameter_of the fluxoid'contgining one flux
quahtum is too big to fit inside the bridge. Our observation of
microwave induced steps above this temperature shows that flux flow
can not be the sole physical mechanism underlying the finite voltage
béha#ior of microbridges near Tc' |

vThevcurrent—voltage.characteristics and hysteresis parameters,
when analyzed by a slightly modified version .of the lumpedvcircuit

k9

model of McCumber and Stewart,so were in Satisfactory agreement with
the theory, especially at high temperature where the bridges were in

the junction-like regime.
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Table I. High Temperature Coherenée~Léngth.(Fig. 6)

Sample . Thickness (4) R 2 (0.9)(4) £ (0.95) (X)
34B - 2980 _ 5382 | 7611
o2Cc . 1900 | 5382 . 7611
55C - s0 %5 5154

T1B R 490 . 2853 - 03k

 Table II. High Temperature Coherence Length (Fig. 7)

- Mean fgee o ’ S
Sample  path (4) - £(0.9)(a) £ (0.95) (a)
ooa - . - o | . 5382 - 7611
858 "2190 R 5382 7611
874 S 68 3306 4675

93 . koS o esoh 3668

 Footnote:. - Typical bridge length was ~6000A.
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FIGURE CAPTIONS

Fig. 1. »Schematié of the microwave dewar system.
Fig. 2. Block diagram'bf.electronics and miéfowave-éystem.
Fig. 3. .Sketch of bridge and corresponding one-dimensional modelf

Fig. 4. ‘Sample solution of one-dimensional model”for'd = l.O,'Y = 0.6,

2
01 02

Fig. 5. Current-phase relationship of a superconducting microbridge for

/

end £,% = 0.9850; £,% = 0.9761, and £_,° = 0.0451. (From Ref. 23)
various values of-d, as calculated by Baratoff et al. (Private
Coﬁmuniéatibn) |

Fig. 6.. Témperature dépendence-of the'crifical.cﬁrrent for various’
'fiiﬁlﬁhickneSS; Upper brokeﬁ cﬁrfe is éhe theoretical,calculation
of the criticdl currenf densif& for évtﬁhnel juncinn‘by
Ambegackar and Baratoff; the middlé solid curve is the critical
Curreht density-of a bulk superconductor célculatéd by’thé tﬁo fluid
model; the lower broken cur?e ié_the BCS model.

Fig. 7. Témperature dependence of.the criticai’current of thé‘_
microbridges fof_varioﬁs iﬁéurity co;tent of the film; Curves
.are the same as in Fig. 6. .

Fig.'8.__Temperature.dependence'of the critical current atbhigh‘

B temﬁeratures for’twé bridges'of different”lengths. The upper
éurvé is the caiculation for é tunnel jungtion an&lthe idwervﬂ
curve is that'fdr a bulk superconductor by twd fluid modél és_in'

. Fig. 6.
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Fig. 9. Correction factor in converting cripical current to critical ‘
current dénsity iﬁ a.cylindrical microbridge.

Fig. ld. Critical current versus perpendiculéf‘magnetiéﬂfield; upper
daté'correspond to when s flﬁxoid caﬁ fit in the bridge, lower
déta correspond to when a fluxbid is too big-to fit in the bridge.

Fig. 11. Critical current‘modulation of a double bridge by perpendicular

| ‘magnetic fiéld.

Fig. 12. Lumped circuit parameter model of a micrdbridge used for
a) undriven mode. b) driven mode; |

Fig. 13. I-V charactez."i's‘tibcs' of & bridge, whose length L is long

v compared to the coherence 1ehgth é at'gll témperature. _A bridge

of this kind behaves like a bulk supercbnductof. Abscissae and

.ordinates are in terms of the normaiized voltages and currents.

Fig. 14, I~V characteristics of a bridge, whose length L is shoft
compéréd to the coherence length at high température. A Dbridge
of this kind shows a Josephson junction liké behavior st high
teémperature. Abscissae and ordinates are in terms of the normalized
voltages and currents.

Fig. 15. Amount of.hysteresis o, versus circuit admittance ratio B

utoff
for both a long bridge and a short bridge.
Fig. 16. Typical driven I-V characteristic for a bridge which shows
‘.a pronounced ac Josephson effect. |
Fig. iT;. Low temperature driven I~V characteristic of & bridge.which had
shown é pronounced ac Josephson effect at high temperature.

The vertical arrows indicate the every tenth step.
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Fig. 18. Field dependence of the microwave induced step height. The

hwG

solid line is P. Russer's calculation for £ = el
. C c

= 0.1, close to

our experimental & = 0.12.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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