Lawrence Berkeley National Laboratory
Recent Work

Title
THE USE OF SUPERCONDUCTING JUNCTIONS IN MAGNETOMETER

Permalink
https://escholarship.org/uc/item/2mh3j821

Author
Clarke, J.

Publication Date
1969-06-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2mh3j82f
https://escholarship.org
http://www.cdlib.org/

Pi"es'ented at the Centre Nationale d'Etudes UCRL-19030
Spatiales, Paris, France, May 20-24, 1969 Preprint

&/7\;’5

i ]

4
#
THE USE OF SUPERCONDUCTING JUNCTIONS IN MAGNETOMETR Y
RALIAC LA O ATORY
JUL 23 1859 J. Clarke
LIBRARY AND
DOCUMENTS SECTION June 1969
AEC Contract No. W-7405-eng-48
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
*‘ which may be borrowed for two weeks.
i For a personal retention copy, call
Tech. Info. Division, Ext. 5545
- J

06¥-TYON

LAWRENCE RADIATION LABORATORY ¢
UNIVERSITY of CALIFORNIA BERKELEY® &



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



*_barrler."

- UCRL-19030

THE USE OF SUPERCONDUCTING JUNCTIONS IN MAGNETOMETRY
BY
~J. CLARKE

Department of Phy51cs, University of Callfornla
‘and :
: Inorganlc ‘Materials Research D1v151on.
- Lawrence ?adlatlon Laboratory, Berkeley, Callfornla 9h720

3INTRODUCTlON |
ThlS naper is d1v1ded 1nto two parts., The flrst descrlbes a. superconduct—
ing dev1ce tthe Slug) Wthh has proved useful in the measurement of electrlcal :

15 v and magnetlc flelds down to

currents down to 30 na, voltages down to lO
10'8 gauss. -In the second part we dlscuss the propertles of - a type of Joseph—

son junctlon in whlch the conventlonal oylde barrler is replaced by a copper

P

I. THE SLUG AS A MAGNETOMETER -

(1) Pr1n01ple of the Magne+ometer._ The pr1nc1ple of the magnetometer is

'extremely imple. Conslder a superconductlng rlng of radlus ‘R and 1nou~tance L.

A superconductlng galvanometer of negllglble 1nductance is. mounted ‘on the rlng

S0 as to measure the current flowlng 1n 1t Let the smallest current whlch can
‘be de tected by the galvanometer be AI We ‘assume for 51mp11c1ty that 1n1t1ally
~the applied fleld is zero so that no fluy is trapped by the supernonductlng ring.

If we now aﬂnly a magnetic fleld at rlght angles to the plane of the rlng, flux -

' quantlzatlon demands that a 01rculat1ng supercurrent be establlshed SO as to
.malntaln the fluxoid at 1ts original value. The magnltude of thls sapercurrent
'mea:ured by the galvanometer will be I = Q/L where d is the magnetlc flux' '

~app11edvto the rrng. The smallest detectable chanae ir flux is clearly glven by

b = L A . ._ 'h.. _ '_"“fth“: L (1)

.Vo.lue that as. we increase the. area of the rlng, and thererore 1ts 1nduc,ance, :

the sen51t1v1ty of the magnetometer to magnetlc flux decreases - On,uhe otherc
hand, the sensitivity of the detector to magnetic field (£lux/area) increases.

The magnetic field resolution is glven by
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A = B LM (e
WR2 WRE' R )
since inductance is roughly proportional to the radius of the ring. Thus the ”

'magnetometer may be made arbltrarlly sen31t1ve to a unlform magnetlc field by

<o

simply 1ncrea51ng the area of the superconductlng rlng

(i1) Principle_of the Galvanometer. We require a galvanometer which is

'superconducting, has a low self-inductance, and whose current‘sensﬁtivity is as
high es possible. A suitable device has been developed which makes use of the
properties of two Josephsonl Junctions in parallel. v
A Josephson junctlon consists of two superconductors separated by an insu-
lating barrler of 10-20 A in thickness. We may ascribe an order parameter to
. each superconductor of the form Y lee "» Where lll)l2 represents the density of
- condensed pairs. In a.Josephson junctlon,bthe phases of the two superconductors
~are locked together acrosslthe harrier.. If we pass avsufficiently small current
through the junction, Cooper pairs are able to tunnel_through the barrier without
developing a voltege acroSs it. The barrier’is thus"able to sustain a D.C.
* supercurrent but only up to a maximum value known as the eritical current, 1c
For values of current greater than 1c,_the t1me-1ndependent phase coherence is
broken and a finite voltage appears across the Junction. For values of current
less‘than-ié, the current is related to the phase differencevacross the barrier,
Ad, by the relatio.nl ‘
i=i sia(a9). . - (3)
If we have two 1dentlcal Junctions connected in parallel as shown in Fig. 1,
the total crltlcal current is not necessarlly the sum of the two individual
critical currents. Jaklev1c, et a12 demonstrated that a magnetlc field applied
at right angles to the double junctlon ring modulates the critical current
periodiczlly, thelperiod being the_flux quantum,léo, approximately 2 X_lO—T
gauss-cm . A detailed description of the mechanism of this modulation is given_
(for example) elsewhere in this proczedings by R. de Bruyn Ouboter and‘
A. Th. A. M. de Waele. - “ - o \ -
‘ Suppose that we pass a current I along one of the superconductors forming
the double junction, as indicated in Fig. 1. The current wlll'link;magnetic
flux to the circuit and modulate the critical current?' Let Iovbe the current
required to generate Oﬂe flux quantum in the ring, that is, to drive the critical

current through one oscillation. Then the system may be used as a. digital ammeter



Fig- 1: Double junction o
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uith a resolution I However, in practice it is relatively easy to detect a »
change in crltlcal current corresponding. to 0. 17 of one: perlod We may therefore
measure a current change of 10 -3 Io although‘the measurement is. no longer of a
dlglta] nature. : vi _' . ‘ .l |

(iii) A Practical Galvanometer. Junctions have been made by forming a

nellet of tin-lead solder, typlcally 8 mm.vlong,'on a length of niobium wire
' about 10-2 mm. in diameter. The niobium;has an oxide layer on its surface

which nrevents the solder making an intimate metallic contact with the wire.
" Instead the solder forms a tight mechanical contact around the oxide so that the

.~ Junction consists of two.suoerconductors separated by an insulator. A cross-

'section is shoWn in Fig 2. The characterlstwcs of the dev1ce may be measured
by means of the four—termlnal network indicated.

A typlcal junctlon has a reslstance at room’ temperature of about 1 Q.
At liguid helium temperatures, these Junctlons exhlblt some form onJosephson
or weak-link behaviour with a critical current_of the order of 1 mA. A typical
i-V characteristic is shown in Fig. 3. bne would erpect the Junction between
wire and~solder:to be more. or 1es5'continuous; although ot rarying thickness.
Hoﬁever,-it can be.denonstrated by means of the following erperiment that in
fact only a small numher of discrete junctions are formed. Let us measure the
,critica1>current (ic) continuously and at the sane time slowly increase a curreant
I along the nicbium wire.. It 1s found that the crltlcal current ‘is an oscillating
: functlon of 1T w1th a typlcal perlod of 1 mA.
A simple descrlptlon of the modulation.can be given as follows. Suppose
- that we have Just two contacts w1th1n the dev1ce near the ends of the solder,
labelled A and B in Fig. 2. The current I generates -a fleld 2I/r around the wire:
thls field enters the gap between wire and solder and also the penetratlon depths
of both superconductors. We see that there 1s a clear analogy between the
geonmetries of Flgs 1 and 2 We. can calculate the current chanve, AT, requlred
to generate one flux quantum in the enclosed area and thus cause the critical
current to undergo one oseillation. Let ANb and As be. the penetration depths
of niobium and soldsr respectively, £ the length of the specimen 2rd r the radius

of the wire. Then we find
: A @or

If we take r ~ 5 X 1075 cm, & ~ 5 X 107+ cm, A ~ 500 A znd A~ 1,000 A, we

< obtain AT ~ 70O pA. This is in reasorable agreement with the observed period.
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In general, more than two Junctionsfmay be'formed;"Two examples of the .
dependence of i, upon I are shown in Flg. hf In (a), the junction has just two
junctions, whereas in (b), at least three junctlons are present However, the
«important feature for- the present purpose is that a change in the current I .
in the'niObiumvwire'produces a cdrresponding changé in the critical current i,
Since the device is invariably used inva feedback circuit, the detailed structure %
of the osc111at10ns is not 1mportant.
_ The exact detalls of the nature of the Junctions are not known. However,

a plaus1ble explanation for the formation of dlscrete Junctlons is that the

wire is mlcroscoplcally very rough 50 that the solder which does not Wet the

surface, makes a contact sufficiently thin to permlt tunnellrng at only a few

points. From the fact that at least 103 oscillations in critical current may be

cbserved without'any discernible diffradtion enve10pe“such as would be caused by

Junctions of‘finite width, we'can deduce that the width of these'contacts must

be at least loh'times_smalier than thevlength of'the solder péllets‘that is,"

| Relatively'little external circuitry is‘required'for the galvancmeter, which

has become known as the SLUG (Superconductlng Low—inductance UnduJatory Galvano-
meter) The crltlcal cu:rent has been measured by the follow;ng technlque. A
sinusoidal current sweep at-atout 20kHz was appliedvto the leads (i) of Fig. 2.
The sweep was confined to a region. around the critical current so that the voltage
Wthh appeared across the Junctlon as a functlon of t1me is a serles of pulses,
the leading edge belng deflned by the p01nt 1n the cycle at whlch the critical
current was exceeded and the trailing edge by the p01nt at which the current
returned to sub—critical,values. These pulseshave a mark-space ratio related to
the fraction of the cycle during which'there‘was zero veltage across the junction.
A After amplification; the pulses are integrated to produceﬁan output voltage

proportional t6 the critical current. By'this technique;ﬂa current change of

1077 A in the niobium wire can be readily detected. McWane et alh have described
an alternative method which'uses a D.C,vtechnique and ZychS' an A.C. method ’ s
which makes use of a lock-in detector. | |

It is not completely clear as to what limitS'thelcurrent resolution of a %ﬂ

Slug. A change in the current flowing in the niobium wire gives rise to a
comparable change in the critical current which (assuming a current source) is
measured as a change in the voltage across the junction. Any noise generated in

~this resistance will of course limit-the resolution; however, the Johnson



" .

e

=T~ - 0> 7 UCRL-19030

noise expected in the junction in & béndwidth of 1 Hz is only about 101 volts.
It appears more likely that noise picked up by the cryostat leads and transmitted

into the iundtion is the limiting factor. By p1a01ng the cryostat in a shielded

"room Goree (prlvate communlcatlon) has found that the resolution of a Slug nay

be improved by at least an order of magnltude. The limit of resolutlon 1s then

usually set by the 1nput n01se of the ampllfler used to measure the voltage:

' -developed across the Slug Rumbo and Wade (prlvate communlcatlon) ‘have effected

further 1mprovements by using a transformer and: 1mpedance match the Slug to the
ampllflPr. A comblnatlon of these technlques would probably enable one to '
achleve a current. resolutlon in the lO 9 A range. ' N

" (iv) Use of the Slug as a Magnetometer.v The Slug may be used as a magneto—

meter by 51mply connectlng together the ends of the niobium w1re S0 as to form
a superconductlng ring. W S. Goree (prlvate communlcatlon) has used this-

system with a. ring diameter. of 1.5 cm to achleve a sen51t1v1ty of 10~ 8 gausss

~with a rme—constant of 1 second The correspondlng-current sen51t1v1ty was

3 x 10-8A

‘In practlce, the magnetometer loop is best used as the- sensor in a feedbacn

'”circult,.as suggested in Flg. 5. The s1gnal from the Slug is sultably ampllfled

;andffed.back into a loop coupled to the superconductlhg ring so as to_Oppose the

change in the appiied field. This system may also be used asva seusitive-magnetic

field stablllzer.-

(v) - Discussion. The Slug used as a'magnetometer‘hasjthe“advantage-of being
an extremely s1mple device. .The electronic circuitry associated:withvit'is'also

simple and with the aid of integrated circuits,emay be_made'very compact. -With

- the ring of about 2 cmz'described ahove ‘the magneticAfield'resolution is at

least an order of magnltude less than that of the Squld develooed by the Ford Group

and that of the. devnce descrlbed by leenoff elsewhere in these proceedlngs.'

-'However as p01nted out in (1) the present system could in pr1nc1p1e be: made

&rblbrdrllj sen51t1ve by an- approprlate 1ncrease in: 4‘he area of the superconduct-

~ing ring.

II. JUNCTIONS WITH NORMAL METAL BARRIERS

(i) The Prox1m14y Effect In a superconductor the eiectrons ‘are’ bound :

»togeuher in Cooper pairs by a weakly attractlve 1nteractlon. The palr wave- .

Iunctlon v, cannot be made to change abruptly in space but only over dlstancesv

» of the ordor of the Glnzburg-Landau coherence length E (T) where



-8- : . UCRL-19030

a.c.
S Sweep
| Superconducting L—o—o—
: ring |

|

—

Lo cuc;-lé—l;* o
N ’Ampllfier niegrator

Feedba¢k
- ring

'Fig. 5: Feedback magnetometer

o:&'_



-9- | UCRL-19030 -

' E (T) ( ) (1- t)—l/a and E (0) ﬁ Vo /kT . vf is the Ferm1 veloc1ty, T the
trans1t10n temperature of the superconductor and t T/T . A typ1ca1 value for
(O) is 500 A, . coe r

Consider a superconductor (S) and'a normal metal (N) which are in intimate

_electrical contact  Some of .the palred electrons then diffuse 1nto the normal
metal while there is a correspondlng depre331on of the amplltude of the super—

| _conduct1ng order, parameter near the 1nterface. Thls phenomenon known as the

prOlelty e1fect"6 is = d1rect consequence ‘of the finite coherence length

_E, of the pair wave function: the functlon cannot fall abruptly to zero at the
.,1nterface but must change relatlvely slowly,‘over a dlstance of the order of &.

" There is, therefore, & finite condensat;on.amplrtude in the normal metal nearr
' the interface.. However,fit is most important to realize that this wave function

:1s evanescent, that 1s, it cannot propagate. To understand the 51gn1f1cance of

this remark let us pass an electrlcal current across the interface of an NS.

systen, assumlng for s1mp11c1ty that 1t is at T = 0 We should then flnd that the

, res1stance of the normal metal pers1sts rlght up to the 1nterface at wh1ch p01nt

‘the current becomes re31stanceless.’ Desplte the presence of the flnlte Cooper

pair den51ty, the current flows res1st1vely throughout the normal reglon. "

Upon what scale does the superconductlng wave junctlon penetrate 1nto the’

‘normal metal? Let us suppose that superconductlng palrs are 1njected 1nto the

‘normal metal at- a temperature T. The Fermi energy w1ll be subject to fluctua—

tions of magnitude roughly kT.: The momenta of these electrons are then contalned

in a band

- (;‘;-FT—)PF .

- By the uncertalnty prwnclple, the. palrs will then decay w1th a characterlstlc

length E (T) ~ hv /kT ~ 1p in pure copper.at h°K If the metal is "dlrty",

that is, 2 << EN’ the decay length becomes E /ﬁy_fyﬁﬂkT where 2.is the - =
electronlc mean free path It may be shown that. the decay of the pa1r anplltude
1s approxlmately exponentlal with'a decay lengih EN’ that is wN @ exp(—x/i )

(11) Superconduc+or—Normal Metal- Superconductor Junctions. Con51der now. -

a junctlon conslstlng of a normal metal sandwlched between two superconductors

(sus Junctlon) The pair wave functions induced by the. superconductors will .

decay 1nto +he norma l,metal but (1n pr1n01ple) overlap with some well—deflnedf:

overlap. energy. If this energy eAceeds the thermal fluctuatlons to- whlch the

Junctlon is subjected ( kT, where T may be 300°K if the Junctlon is connected
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by. unfiltered leads to the outslde.WOrldl), then the two superconductors will
be coupled together The barrier is novvablevto sustain a supercurrent and the
»SNS Junction will behave in essentlally the ﬁame way as the oxlde Junctions
mentioned in I(ii). _

o However theéere are several quantltatlve dlfferences between ox1de and normal
: metal junctlons. Whereas the ox1de ‘barrier 1s typlcally 10 A thick, a copper
barrier mlght be 10,000 A or more. A typlcal re51stance for an oxide junction
1s 1Q but for a. copper barrler 10 Q or less. Ir we assume a eritical current
of 1 mA, then the voltages developed when the crltlcal value ig exceeded would
be 10 3V and lO -9

Junctions requlre low-voltage 1nstrumentat10n for thelr study.

V for an ox1de and metalllc barrler respectlvely. Thus the SNS

(iii) Experimental Results for Lead- Copper—Lead Junctlons. Junctions were

made by evaporating successively onto a glass slide a'strip of lead, a disk of
copper and a second strlp of lead at rlght angles to the first. The lead strips
were 0.2 mm wide and 1y thick. The: 1—v-characterlst1cs ‘were measured by
passing a current betveen the’leaa'strips and measuring the resultant current
with a null—reading superconducting'voltmeter. The_voltmeter consisted of a
Slug with a resistance of about 10 -7 £ in serles,to give at voltage resolution
of about 10 1h o ' i . o |
A typlcal i-v characterlstlc is shown in Flg 6. At sub-critical currents,

_no voltage appears across the Junction; as the crntlcal current is exceeded, there
~ is a smooth rise in voltage which tends to a linear i-v relatlonshlp. The
'aifferential.resistance, oV/di, is essentially the resistance of the copper; the
.'displacement of this characteristic from a parallelbline through the_origin can
- be explained in terms of a flux flow mocl.e'.'l.."I
A‘magnetic'field applied'in the plane at the junction modifies the critical

current in the way indicated 1n Flg 7 The . linear region at low fields is

" 51mply the Meissner effect whlle the osclllatlng behav1our at hlgher fields is

' essentlally a Fraunhofer dlffractlonvpattern. This behaviour very strongly indi-

cates that these Junctions exhibit the Josephson effect and that equation (3) is

“applicable. - ‘ _
’ It may be shOwn6’7 that the critical current‘of an SNS'junctionlis of the
form: ' ' . |
T Ey(T). | g
(T) A - A2 (T)exp ( -22/Ey). (5)
g(1)

Ais a constant, A the energy gap of the sunerconductor and 2a the barrler

~ thickness. Notlce that because of the exponentlal dependence of 1c ‘upon T

o
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- ‘through EN (m), the eritical current rises rapidly‘as T is lowered. This may be
-contrasted with an insulating barrier'for which ic tends’to a constant as T is
‘lowered. The equation can be: conveniently analysed in three ways:

l)' Near Tc both A (T) ana E (T) vary as (1- t)l/2

essentially constant.» Thus

whereas E (T) is \

[&anN

(T) B (1—t) (6)

forfTif Tcs' ThlS 1s in marked contrast to an ox1de Junction for which
1 (1) =,B' (1-t). , o . |
2) For T <. T /2 both A (T) and E (T) are essentially constant For . -

constant mean free path in the copper, we. therefore find
1, (1) = ¢ exp(—MTl/2), . o

'for T < T /2

) At all temperatures, and for constant n.f.p. in the cOpper,

-1c(T) =D eXp (-Na). o (8)

" Equations (6}, (7), and (8) are in good agreement vithiexperimentT. The
‘behaviour of the junctionsvis_thusurelativelyywell'understood.

{iv) Device Application of SNS Junctions. These junctions have several

features which make them attractiVe-as devices. Firstly,'they may be_fabricated

in an evaporator or sputtering rig with a relativelyvhigh degree of reproducibility,
particularly if alloys are used rather than'pure metals. Further, these junctions
may be thermally cycled between rcom and helium temperatures w1thout undue '

-6

,deterioration. _Their very low re31stance (< 107" Q) means that the Johnson noise
A generated in the barrier-is very small, so ‘that the ultimate sensitivity‘of
the junctions is probably ‘higher than that of other types. As pointed'out in
I(111), external n01se often dominates the junction noise unless adequate shield—
-ing is provided. The low impedance presented by the SNS Jjunction is useful in
thisArespect because the impedance mis-matech to the external circuiting is
"extremely high and consequently_the amount'of_power radiated into. the junction
'very small. _ o

The overwhelming disadvantage of these Junctions in device applications
is obviously the very small'voltages produced when the critical current is
exceededv It is clear that a second superconducting dev1ce is requlred to
detect the changes in- critical current resulting from a 51gna1 applied to the :
SNS Junction. vAlthough the junction:re31stance could be 1ncreased somewhat by

‘making the area smaller, it appears that these junctions_are unlikely to become

(R
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useful as devices except in applications where their advantages jusfify the”
complication of the superconducting. instrumentaticn..
. T : SR )
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