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- THE JOSEPHSON EFFECT AND e/h"
John Clarke
Department of Physics, University of California and
Inorganic Materials Research Division, Lawrence Radiation Laboratory,

Berkeley, California 9&720

ABSTRACT.

‘A Josephson Junction, consisting of two superconduetors
ﬁeakly eoupled together, is an example of a very simple
maeroscopie Quantum‘Systen; When there is a voltage‘V across
theejunction,-the supercurrents flowing through it oscillate
at»a:frequency'given'very precisely'by the relation v=2eV/h.
'The”generai validity of this formula has'been‘used'reeently'
‘by Parker, Langenbergg DenenStein; and Taylor as.tne'basis
for”e new determination of the fundamenfalvconstant ratio
e/h.'“Thevnew value is’ 38%10 ppm smaller than fhe nrevionsly '

| aceepted-Value; ,This result has far;reaching'impiioetions
eoncerning tne‘velues of the fundamental‘éonsﬁantsbend
_quanfum'eleétrodynamiCS.
" This article begins with a simple derivation of the
Josephson voltage-frequency relation. Theory suggests that
: fhere should bé no significant corrections to this'equation;
'a'resnlﬁ which is'well—confirmed‘by experiment. Various
types of Junction are then described, together with their
appllcations to the measurement of e/h. The impect of this
" measurement upon the fundamental constants and quantum electro-
-dynamics is briefly discussed. »It seems likely that Josephson
'junctions will have an impOrtent application in comparing and

‘maintaining standards of electromotive force.
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‘ABSTRACT

- A Josephson Junction, consisting of two superconductofs

‘weakly éoupled together, is an example df a very simple

macroscopic quantum system. When there is a voltage V adcross

the Jjunction, the supércurrents flowing through it oscillate.

at a-frequenéy given very precisely by the relafion v=2eV/h.

The general\validity of this formula has been used reéently

by.Pafker, Langenberg, Denenstein, and Taylor as the basis

 for & new determination of the fundamental cgﬁstént ratio

e/li. The new value is 3810 ppm smaller than the previously

accépted value. This result has far-reaching implications

- concerning the values of the fundamental constants and

| quantum electrodynamics. -

This article begins with a'éimple derivation of the
Josephson voltage-frequency relation. Theory suggests that
s 2 .

o | .
there should be no significant corrections to thi% equation,

b

‘a result which is well-confirmed by experimenf; Various

typés of junction are then described, together wiﬁh their.

fapﬁlications to the measurement of e/h. The impactxpf,this

measurement upon the fundamental constants and quantum electro-:

dynamics is briefly discuéégd. It seems likely that Josephson

\

Junctions will have an important application in comﬁaring and ;i

. maintaining standards of electromotive force. . .



I. INTRODUCTION
At first sight,_it may séém rémérkable'that a supérconduét@r
containing pérhaps‘iO?' electrons per cm3 may be used in a high -
précisioh measﬁrémént'of a fundamental'constant involving the charge
‘on-a sihglé eléctroh.' That fhis méaéurément is; in‘féct, possible is
aidiréctlgonsequénCe'of-thé macroscopic'quantum state which exists
"in a supérconductof;v
| The concept 6f'§_highiy correlated.condenéed state in e.suferconductor
Vas first suggested by Londonl and is central'to the modern théory
_of superconductivity devéldped by Bardeen, Cooper, and Schieffer.2 A
Striking iilustration of this quantum state is the quantization of the
flux 1’3’h contalned in a superconduotlnc ring into unlts of hc/2e, the
flux quantum (h is Plank's constant, c the veloc1ty of light and e the
glectronic charge.) Agother importantvexample is the junction composed
of tVo Supeibondﬁctors ﬁhich are weakly conne?ted'togéthen This system
wasﬁfirsf.étﬁdiéd theoretically by Josephson.s Joéephsbn_junétions
have éubséquently been used in a number of devicés,6 for exa@pleg tﬁe

7

measurement of very 'tiﬁy maénetic fields and voltage_s,8 the detection9

and generationlo of microwave and submillimeter radiation and the
: 11
determlnatlon of e/h

 One of Josephson's several predictions5 was that if a steady
popehtial‘difference V was maintained across two weakly coupled ::_ L
' supcrconductors, a supercurrent which oscillated at a frequency
.. v=2eV/h would flow between them. The presence of this alﬁernating :
"Supercurrent>has been amply verified by experiment. It is clear that

the -simultaneous measurement of the voltage V and the corresponding | :



= preciéion experiments'from which they deduced a value of 2e/h. Thisf

“new e/h measurements and to discuss.their'implications. In Section II
we outlihéfﬁheftheoretical basis of the Josephson effect and show how

it 'rélates the fundamental quantities e and h. Section II is also concerned
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frequency v will enablé the quaﬁtity 2e/h to be determined. Parker,

Langenberg, Denensteih, and Taylorllvhave performed a series of high-

value was 38 * 10 ppm smaller than that calculated from the fundamental

constants‘given by Cohen and Du Monkil2 in their 1963 least squares
adjustment.

The purpose of this article is to review the‘preseht.status of the

L

with types of - Josephson junctions, simple experiments upon them, and

»poSsible’methods of using the effect to determine e/hf Section IIT describes

the measUrements of e/h which have been made and gives the numefical

results. In Section IV we are concerned with the absolute accuraéy of
the Josephson relatioh, v = 2eV/h; We discuss a number of eXperimeﬁts
whichlsuggegt that the equation is valid to a high level of accuracy'

and also mention various theoretical considerations which indicate

" that there are no known deviations from the equation. Sections V and

VI describe the applications and implicationé Qf_the new'measuremenﬁ,

. The prcposed use of Joséphson junctions as a tool for maintaining and .

. comparing standards of electromotive force is described in V. Section VI briefly

2 \ .
outlines the role of the e/h measurement in the determination of

fundamental constants. Since the Josephsbn value of e/h is believed .

.to contain no quantum electrodynamic corrections, it is useful to

compare'the'values.df quantities derived-from it (for example, o, the

finé-strucfﬁre constant) with values deduced from methods which rely
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" Section

partly or wholly on quantum electrodynamics. /VI also contains the results

of this comparison. Séction VII suﬁmarizes‘the ﬁonclusions.

Thé reédér does not requiré a detailed knowledgé of the fhéofy
of supercoﬁdﬁctivity. ‘For an amplificafion of tHé conééﬁ#s méntioﬁed
very briefly at thé béginning of 1II, hé.is referreavfo any'of thé
several texts availablé.l3 Excellent, comprehénsi?e revievws of the
Jqsephsoh‘efféct ha&e-béen giveh by Joséphsonlh and\Andersori.l5
1. THE JOSEPHSON.EFFECT |

| IT1.1 Theory

[

When a metal becomes superconducting at low temperatures, some of

sl

the free electrons become paired together. The electron-electron

attraction producing this pairing arises from the electron-phonon

interactidn)which is requiréd to be greater than the Coulomb repulsidn

between the-électrons in order for the metal to become superconducting.
i This’électfon~phonon interaction is of short range, on the order of an
atomic sﬁacing. On the other hand, the spatial extent of the paired

i

'electrohs”is'much lﬁrger; on the ordéf of a coherenée length, £, ,
typicaily lO_Scm. A sphere of diametef 13 contains roqghly 1Q6 - 107
pairs. In order for the pairs to take the best advaﬁtagé of the
atfractive eléctron—phonoﬁ interaction, they all must.

5&?é_iden£ical center-of-mass momenta. More generally,Aif we assign

a phase'fabior té'ﬁhe wavé function describing.each pair, all of.the
phases of the pairs mﬁst be the same. If we gonsider a large number of
qverlapping épheréggin each of which the phases of the.pairs are

fhé‘Same, we can see that this basic phase ébherqug_will extend

throughout the whole superdonductof. Thus if we fix the phase at any

i
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one point‘ih'a bulk7supéfCondugtor, the‘rélative.phase at all other -
points will be éstabliéhéa in spacé énd'timé} _Aé is'usual'wigh‘a_*
T quantuméméchanical wavé fﬁncfion; we éan add an'arbitrary uniform
‘phasé‘factor‘to tﬁe wholé supérconductor without prdducing any néw
.pﬁysiéal effécts._ | | .

| The idéa of pairéd electrons was first proposed by Coopér16 and
SubSéquently devélopéd by Bardeen, Cooper, and Schrieffer2 into the
.microscopic.theory of superconduétivity. ‘Thé idea of phase co?erencé
is céntial.to thé whole théory and is ultimately responsible fo; the.
rééisﬁanééléss currént flow.,l7 Méissnérl8 effécp)and flux quantizatioﬁl
whibh.typify supérconductors. Tﬂé sﬁpéréonducting state with'paifed 
-eiéctfoné is lower in énérgy than thé corresponding ﬁormal stéte by
an amount known as the "condensation enérgy." This energy is.tihy, »

S 18 and it , '
perhaps 10~ eV per atom,/yet/i; sufficient to enforce the long-
rangé phase cohérenée‘of the superconductor. The pairs are in a
'dondenséd state which may be described by & single macroscopic wave
funcfion. ‘It is for this-reason that we can study onjg macroscoéic ,
scaie'qQantum effects which have their origins in micrbséogic quantuﬁ
proééssgs. |

iﬁ ﬁheir phenomenological description of superconductivitx;whiéh

19

‘preéeeded the microscopic theory, Ginzburg and Landau ™~ introduced a
N . : i6(r,t) . SR
complex order parameter P(r,t) = |P(r,t)|e’" % as the wave function
of the condensed state. The density of pairs in the superconductor is

given by lW(r,t)lg-and the phase of the condensate by ¢(r,t). Ve

emphésize that the whole condensate is.tgqbe described by this Single

. wave function W(r,t); ¢(r,t) is not the phase of a single electron or
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pair of.electron; but.rather that ofvall thé pairs. The phase.is
consequénfly a physical oﬁservablé.

Lét us turn row to the.baéic idéas of thé Jqséphspn éffect. It
wé-havé two”supérconductors éomplétely isolatéd from one énofher; it
is.clearly'pbssible to vary thé phasé ¢ of éach Supércohdﬁctor separately;lh
On thé éthér hand, as wé havé Just séén, thé phase in avsingle supercon-
ductor is determinéd éverywhere apart from an arbitrary phase factor.
 Now considér'thé system consisting of two superbonductors separated
byvén insulating barrier (Seé Fig. 1). As thé barriéfvthickgéss_is
' reducéd to zéro; the proPéftiés of thé system change continuously |
from those of two isolated éﬁpércondﬁctors to thosé of a single
sﬁpércondﬁctor. Thé coupling enérgy of.thé two éides‘thus:increésesi

(that ié; bécomés moré negativé) as Wévreduce the thickhéss.of the
barrier épq)oncé this énérgy exceeds the thermal flucituation energy
of thé éystem, thé two supéfconduetors becomé phase—lockéd. When
this ioéking‘is finite but very Qeak, the effects first described
‘By Jqéépbsbn may occur. For example, it i; now possible féf.Cooper>:
‘pairs tovtunhel through the barrier from one superconductor to the;'
other -and thus to consﬁituté a supercurrent.

_ Jésephsonlh SHOWed_that in the limit of.weak coupling the bafriér

coupling energy per unit area, Ec, is given by -
E (Ad) = — =~ 3. cos Ad | e
c 2e Y1 o
and the supercurrent per unit area by

: 3S(A¢).= jl sin 7d. ) | (2.2)
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Heré,jl is the maximumvsupércurrent-wﬁich the bérriér‘ban sustain and its value
depends updn thé'prOPértiesgf'thé'bafrier. A¢.= ¢2—¢l is the difference
béﬁweén thé'phaseé of the two sﬁpérconaﬁctorsrand is detérmined by the

current J which iS'passed through thé‘jﬁnction. As § is increaséd froﬁ

zéro; Ad increasés and thé coﬁpling énérgy, Ec’ i; wegkenéd. For values

of j'<'jl5‘thé curréht'flows as a.dirébt supércurréhﬁ and no‘voltagev

appéafs across thé junction. This is thé de Josephson effect. When

J = jl’ the'coupling énérgy has béen réducéd to zero and the juhctioé

can no longer sustain a supercurrent. The maximum dec supercurrent

which the Junction can sustain is known as the critical current. As j

is increased beyond jl, a finite voltage appears across the junction
and the supercurrent oscillates with time as jS = jl sin wt. Part of

the current is now carried by single electrons which tunnel through the

barrier. In this, the ac Josephson effect, the alternating supercurrénts

méy be fegarded as being due to the virtual tunneling of Cobper pairé

| through'ﬁhe'barrier, together with the emission or absorption of a

photon;hFnge Fig. 2). Now if there is a finite electrochémical

potential difference Ay between the two superconductors, the Cooper

- pairs onvopposite sides of the barrier differ in energy by an amount

2Au =vééV. Thus the photon frequency_(v) will be givén by the Joéephson

voltage-frequency relation,
hy = 28u. . (2.3)

A voltage difference of 1uV gives a frequency of roughly 500 MHz. By

measurihg‘the'chemical'potential difference Au; which corresponds to a

frequency v, we can use Eq. (2.3) to determihe 2 e/h. Clearly, the
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accuracy of Eg. (2.3) is of parémount importance in these measurements
and we shall now investigate the origins of the Josephson equations in o

- some detail.

: v : . o
'Let”us consider first the two isolated superconductors, 1 and 2,
which do not interact with each other. We suppose that the superconductors
contain Nl.pairs and N2 pairs respectively. The ground state Hamiltonian
for the‘syétem, ﬂ;, has eigenfunctions of the form
e Wi e @ o
-WQ =AY (N ) (e
with corresponding energy
L) @)y y |
= . + ’ . . .
| | | E =E (N¥) E (N2) | (2.5)
wo(l) aﬁd:wo(g) are just the wave functions used to describe the conden-
sate of superconductors 1 aﬁd 2 respectively. Keeping the superconductoré
isolaﬁed, suppose that we now transfer n pairs frém 1 to 2, and obtain a
' new wave”fﬁnctioh
(1) (2) S (o€
= - + .
Y = ATy Y T () - (2.8
and a corrésponding‘energy
N C D PR € 2 2 o
‘ = -n) + " +n) + . -
E =E (Nl n) E (N2 n) (2e)” n%/2cC, (2.7)
_ ﬁhéfefC i$ the capacitance between the two superconductors. Eq. (2.7) may ¢

be rewritten as

B, = Eo(l)(Nl) + Eo(g)(N2) + Qen(ql -Hy) # (2§)2 n?/ec, '-(2;8)

where Eo(l)(Nl) and Eb(g)(Nz) a¥e the energies of the neutral supercon-



and injects it into 2. We shall write down the detalls of I
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fductoré,ahd pl and W, the chemical potentials. If we neglect the

capacitive term and assqmé that u, =,ﬁ2 50 fhaf-no wprkvis doné.ih :
trangférfihg a pair from 1 to 2, we Séé‘thatuEh=Eo and that‘the Wn'aré
essenfially dégénérate. As wé bring'thé superconductors together, there
willvévéhtuélly be pﬁasé cphérence bétwéen thémp :The energy associéted»

with this coherence resolves the degeneracy and representsvfhe'coupling

"ehergy of the junction, which we shall calculate shortly.

Let’us consider the two supefconductors with a thin insulating

barrier separating them. We may represent the junction by electfon

pairs in a'thential well in each superconductor with & high potential

barriér'béﬁweén each well. fhe wave function of a pair approaching

thé barrier in supefcondpctor 1 aecéys eiponentially thrbugﬁ the 5é¥fief
and joins onto a proPagating‘wave functipn in supérconductor éf This,;
is‘the téxtbook éxample of tunneling through a square—ﬁérrier in onéi

diménsion, except that we have used pairs rather than single electrons.

'This'tuhneiing pfocess, which has a very low proBability of occurring;

2)

, which removes a pair from”l

(2)

may be represented by a Hamiltonian53A
although
they are not essential to an understandlng_of the over-all argument..

We consider first the tunneling Hamiltonian, H’, of Cohen, Fallcov

“and Phil_lvipsgO which transfers single electrons across the barrler:

+

= z - (¢ ,C + C ) + h.c. (2.9)
k.4 k. ¥ -k #
ﬂ& K k- klk2 k2+ 1 1 Lo
, 12 ‘ ' : , |
‘The Operatorgl,cz 4 creates an electron in -state k2'with spin. +:in super-
conductor 2,and Ck 4 destroys one in state k, with spin % in supercon-

1’ .
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ductor'lfv_We have assumed that ﬂé has time-reversal symmetry so that

T = T _. . ‘= T .
k1 “Xk_¥-k.
klk2 kl k2 kl* k2+

This form of the Hamiltonian assumes that
electrons are transferred instantaneously from one superconductor to

the other and that they do not interact in_the barrier. ﬂ& represents
a single partic1e:interactionjand to obtain pair funneling and resolve

the degeneracy we must go to second order and use the Hemiltonian“c

B s
[0} o ' .

The total Hamiltonian of the system is thus

JC:JC°+JC(2).. - ©(2a)
Thé pérturbaﬁion transfers pzirs one at a time and connecté wg whoée‘
values of n'aiffér by unitj, Ferrell and Prange23.pointed out thdt ;'
this proBlem is analogous to that of a one-dimensional lattice of atoms

~ in thé fight#binding approximation.2h .In tﬁe latter caSe,_the.wn_l‘
répféséntrthérﬁavé function of the electron localized on the ni aton.

, The eigenstates-df #H are of the form

¥, = ge ¥, , (2.12)

7

‘'where a 'plays the role of the wave number k. We shall return to the |
significance of o presently.

The.coupling energy of the junction (assuming the Wa to-ﬁe

appropriately normalized) is

|

v 1@y L in'ay . (2), inay
(_‘PalJC ]qa>‘~£§ (e %n'l;( leln“l_’n%   (2.13)

Now we are concerned only with statesvﬁhose values of n differ by unity.
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This approximation is equivalent to conSidering overlap between nearest

neighbor atoms only in the band theory model. Under these circumstances,

" Eq. (2.13) reduces to

§‘[<Wn+l|3( )'?n > et +_(Wn-1lﬂi )]+n ™) = -2 Meos @ o (2.24)

where M is_fhe matrix element for transfer of pairs and is assumed to

. be real.

We must now identify . Suppose that we change‘the phase of the

pairs in one superconductor relative to the phase in the othef by an

25

190 56 that from Eq. (2.12)

The ¥, will transform to Yo
we see that Wa becomes Wd+a . Therefore o represents the phase

difference across the Junction which we earlier denoted by ‘Ad. Aiso,

it ean be shown by evaluating Eq. (2.14) that‘M=jlh/he. We have there-

- fore’shown that the condensation energy of the barrier is

;(jlh/Qe)veds A, as was given by Eq. (2.1).

fWe hext consider the derivation of the Jesephson current and -
voltage-frequency relations, Egs. (2.2) and (2.3). The operators & and
ro . ' '

A¢,corresponding to the quantitiee n and A¢ which appear in Eq. (2,l2)

(with A¢=a)jare canonically conjugateel.and satisfy the commutation'l.

* relation [n,A¢]= -i. This leads us to make the equivalences -

Rz o (2a9)
3(A3) . B
and.
i ig%n o | - "fﬁ'(éfl6)
~

The time—dcfivatives of & and Ad are given by the Heisenberg'equatipns h
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of motioh?l

2

in 30 - i) = (2.21)
'8(A¢) '
. and
W '
i agAd;) - [#,63) = 1% - (2.18)
-9t en

where'the_right—hand side of each equation was obtained by allowingithe
commutators to operate on some state function. The mean values of Egs.

(2.17) and (2.18) gii}e

and

=

<3(A¢)> <a:zc _ 198
, h on -

where by deflnntlon _55 = 2Au for the transfer of a Cooper palr Thie
reSult is elso contained in Eq. (2.8). If we 1nsert Eq. (2.1

gt for a pair current we obtaln ;

qu (2-;9),ahd.remember that j =
(2.2). tMore important for the present purpose is the result

Eq (2 20) whlch implies that the tlme derlvatlve of A¢ is a functlon

only of! the electrochem1cal potentlal difference across the Junctlon, Au.
The‘question of the validity of Egs. (2.2) and (2.3) now arlses;v

We‘see‘frOm Eg. (2.19) that the current-phase relation depends oe

the coubling energy of the Junction and is therefote critically |

dependent upon the form of the tunnellng Hamiltonian and the details

- of .the palr tunneling mechanlsm For strongly couoled junctions we

would expeet'higher order contributions to the current, of the fornm

<> ( > =flT"a£ (2a9)
25 349 S

Ao, (2.20)

N
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sin'(éAﬁ); f6r’examp1e.v_Howevéf; relaﬁivelyZWeakly_éoupled juhq%ions

ébpéa? to.be_adéquétely déscribed by,théieiétiop"j=jl sin Ad. |
’Onzthé other hand, Eq. (2.20) is completely independéﬁt of,thé.f

form of the tunneling Hamiltonian. The result foliéWs'frdm>the tiﬁg_

dependéncé of the coherent wave functions in the superconductofs but is

‘not affected by the actual form of the wave function. All of the well

known basic ﬁropertiés of sﬁpérconductdrs rely implicitly on the
é#isténce bf phase:cohéréhcé ana therévaréxgood_grouhds,for suppééing
tﬁét.Eq.:(2{20) is an eﬁacf relation. We shall return to a further
discussion of thé“vélidity of thé Josephson voltage—freduency1felatiOn
in Séction IV.

| ‘At this point wé émphasizé ﬁhe impdrﬁénceJOf thé'éppeérance'of'the
electrochemica;”potential}Aﬁ, in Eq. (2.20) ratﬁer‘than’of the electro-

static potential, ev. In general, Au may contain contributions from

" such sources as the Bernoulli effect and temperature and stress gradients,
"~ as well as from the electrostatic potential. quevér,'any "voltmeter"

: which.makes electrical contact with the two sides. of ﬁhe Junction in fact

measufes,Au_rather than eV. Consequedtly; the quantity ﬁeasured by .

8 pdtentiomefer (for example), Au, is the one directly related to the

Joéephson frequency. Since Au may be ultimately related. to the standard
volt,_the Josephson frequency may beiexpressed'in’tefms of the étandafd
volt withoﬁt any corrections being necessary (apart from those aSchiatedv

with‘straylemf's in the poteniometer circuit. itself, which are felatively

* straightforward),

—— -

o Finally, for_completeness, we note that the application of a

.magnetié*field at right éngles'to the direction of qurreht flow through
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the junction will modify Ad. If the field may'be derived from a

vector potential ‘A, the cufrent—phase reléﬁion becomesl
5 =3 sin{de- 22 fA-ds} o | (2.21)
o 1 ) he 70 7272 : )

where the intégral is taken albng a curvé~joining the superéonductors.
This rééult ﬁas béén_confirmed.ﬁy avnumﬁéf'of elégént eiperimentsQévin
which'tﬁe critical currént was measuréd aé.é function ofvmagnetic :iéld.
Hdwévéf;vthérevis no'théorétical'basis or experimental evidencé:fof .
bélievihg thatba magnétic field éffécts-ﬁhe voltége—freduenéy relation,
Eq. (2.3). ‘ |
II;2.“EXperimen£él-josephson Junctibns

Fig. 3'illustféteé éome of‘the,numerous types éf "weak-link" ﬁhich

-havé.béeh studied. The dc JoSéphson effect was first discovered -

27

eipériménfally by Andérson and Rowell ' using tﬁnnel juncﬁions'of o
ivthe typéisﬁOwn in Fig. 3(5): These jqﬁctions are made by first S
evappratihg a strip'of-tin.of leaa on to a glass sﬁbstrate at low
PreSSuréé, The;surfaée of.the strip is_then oxidizéd té éroduce aiﬁ
'lO;EO'A:layef of.oxidé)and lastly a second Stfip_of superconauctor
is:evaﬁ?raféd o?ér thé first and at right angles to it. Tﬁe roon-
-fémpérgfufe resistanée of the Junctions so formed, measured in the -
four—téfminal arréngement'indicatéd, is usually in the range 10_3;.'
- .1Q. |

Fér:the stﬁdy’of -ifs’low~temperature prdperties, the junctionﬁis
imméféed in liquid helium. The temperature of the helium bath may be

varied between about 1°K and 4.2°K by adjusting the pressure above

the.liqdid to the appropriate value with the aid of a mechanical pump.

L3
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When the:two strips of the junction are superconducting, the current-

N )

' Voltage (i—?) characteristié will appear rather like the one shown in

Fig. h(a); ‘The continuous curve at finite voltéges repfésents'the_

29 Notice that the

current due to the tunneling of §i§§lé electrons.
single-particle fuﬁnéling cﬁrrént is #ery small at low VQltéges (the '
sharp rise'oéCurs‘at a VOltagé céfréspondihg to the sum of the energy
gaps of the two supérconductors ). Suppose, firSt'Of all; that‘we.
trace Quﬁ thevi—v characteristic using a currénf source, that is,va .
soufce whoéé‘impedance is much greaﬁef than the junction impedance.

As we increase the current from zero, no voltage appears urntil the

critical current is exceeded,at which point there is a discontinuous

- voltage jump to the single—partiéle curve. As we further increaée'thé

cﬁrreht, the voltage follows this curve. If we reduée»the current to

zero; th¢ voltagé may follow the single-particle characteristic all

.the wayvdown tb zero current or it may Jump back to zero at some

current below the critical value.

o Onfthe other hand, if we supply the current>from a voltage source

" "wWhose impedance is much less than that of the juncﬁion, we shall observe
a‘somewhaf different behavior. As the voltage of the soﬁrce is ihcreased,

.,-the-zero~voitage current flowing through.the junction increases until

the’cfi?ical current is exceeded. Atithis'point a furtﬁer increaéebin '
thg ?oltage'cauées the current to decrease‘as the negative-resistance
region indicated by'the‘dotted line is traced out. 'Once.the currenf
has been reduced to zero, the single-particle curve will be followed“
for.both'increasing and decreasing vbltages; |

- The oxide junction’exhibits true tunneling behavior in the sense
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that there are no propagéting electron—pair states in the berrier; The
'Joéephson current is believed to obey the eqﬁation jejl‘sin Ad .quite
accurately at any point.

A relsasted type of Jjunction is one in which ‘the oxide berrier is

0,3

ES

replaced by a non—sﬁperconductihg metal euch as copper3 l_(see
"Fig. 3(b)). .Typical junc£ion resistances are in the.range 1Vo’6~-‘1o’7 Q.
There are now propagating one—elec&ren states inlthe bafrier and a finite
pair emplitude induced by the proximity of the sﬁperconductors.3o |
However,”theee pairs are not in propagating states unless the Two
'3superconductors are phase—lecked, in which case a dc supercurrent may’
,'flow'%etween them. Consequently, the Junction is still a tunnel junctien
in a sense and'the‘eurrehtfphase‘relation is believed to be still'vaiid.
Another kind of junction'consists ef a suéerconducter of very

32

_ emall erQSS;seetion between two bulk superconducfore. » The'Supercﬁrrent
fioﬁeethrough the weak-link in much the same way ae it flows in a
bulkesuéercohductor and:there is*nohtunneiing procesef ﬁowe&ef,ethese;
‘bridges bave many properties in .common with tunﬁel Junctionsi inv.
perticular,_they can sustain sﬁpercurrents of only a few mAland
producete‘finite'veltage af higher currents. A typical iev chareeferistic
is ehown”invfig; 4(b). There is no negative-resistance region and
usﬁaily'ﬁe ﬁysteresis at finite voltages. The current—phese reiatioh

ie probabiy far from sinusoidal but nevertheless af finite volfage$,

the phaee'is‘periodicvin time. Aﬁdersoe32’33 has explained this'behevior
in terme-of a flux-flow model in which,vortices, each containing one
quanfum.ef>flux, flow across the junction at right—anglee to the directioﬁ

of the eﬁrrent._ Each vortex produces a phase chaﬁge of 27 as it .
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crosses the junctidn and thus gives rise to the periodic behavior.
The first flux-flow junction was that investigated by'AnderSon
and Dayém32 who évaporated a thin film of tin in thé.configuratibn of
Fig. 3(c). A related device has been studied by Notarys and Mercereau3 vho

evaporated a strip of normal metal under the constriction (Fig. 3(d)).

The normal metal "depresses" the superconductivity3o in the bridge so

that the critical currents may be kept at a low level. An advantage

'df this structure is that iﬁ may be usedee11 below the transition.

temperatufe (Tc) of the buik supercopductof,'whéreasAfhe Dayém bfidge
can oniy bé used close to T, where the link becomes sufficiently wéék;‘
A further group of junctions have‘barriers whichvére nQ€ very well
defined‘and whose properties may vary between the two extremgs |
mentioned above. Fig; 3(e)vshows a Jjunction made by pressihgbfégethér _

two niobium wirésf35 - The natural oxide layer of the wires forms the

. barrier although tiny metallic bridges may also be present. The point'

contact junction (Fig. 3(f)) is made by pressing a sharpened niobium

35

wire onto a block of indium. The characteristics of this deVice may

‘be widely-varied_by adjusting the pressure on the point from outside the
cryostat. Finally TFig. 3(f) shows the "Slug; which is made by'freézing

a bead of solder (a superconductor belOﬁ about T°K) arouhd'a;lengthiof

|

- . For the junctionsiillustrated in Figs. 3(c) - (d), the current{ 
. . Eq. _ : - o R
phase_relation/(Z.Q) is unlikely to be valid as this result depends criti-
cally on the mechanism for the transfer of pairs across the weakQLink. On

the other hand +he voltage-frequency relation, Eq. (2.3)Jis very general.
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and not dependeﬂt uﬁon the details of thé barrier. Cénéequently, theA‘

rélatiOnéth.= éAﬁ should be universaily Vélid'so that, at least in

principle,.any of these jﬁdétioﬁs could be used in<£he e/h measurement.
| II.3. Methods'of'Measuring é/h ‘

There are basically two methéds by which we can simultaneously
measure.the:frequencyiof thé ac Josepﬁson sﬁpefcurrént and ﬁhe corresbbnding 
voltdgé.' Iﬁ the first,'external microwaves of angular freguency wo are
appliéq to the junction. If the ac supercurrent is at a frequency:nwo,
whére n is‘an integef, the two fields may become locked together to ?roduce
a current step in the i-v chéfacteristic,.as shown in Fig. 5. Shapifd36
was the first to 6bser§e'these effects experimentally. The épplied
microwavesxinduce an acfvoitage across thé junétibn &hich frequencyf;

modulates the ac Josephson currént in the junction, producing_a wholé
;eries of sidebands. The Qonstant-?éltage currént steps are Jjust the

zero frequency or &c sidebands. If we assume that both the dc current and
thé miérowaﬁes have low—impedance sources, we'can'qﬁite_simply ca1culate

the form of tﬁe induced steps.l,4 The total voltdage across the junction is

V=V +V, cosut, : ‘ (gle)
. where Vo is the ac voltage a.nél-V:L the émplitude of‘the.ac voltage -

' o : : , - Eq. ~Eq. -
induced by the microwave field. Inserting/(2.4) into/(2.3), setting

| 'Aﬂ = eV}and integrating, we find
| 2év0 2ev, | - |
Ap(t) = 55—+ + s sin w t + 0, | (2.22)

where o is a constant. Thus from Bq. (2.2),
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' _ 28V0 _ 2eVl L
) = Jl s%n = -t + hwo._-snx wot + o

. @ 28Vl - ",2eVO _ » 3 - :
=dy é;a)Jn hw S%F' éwo TRt toe }" (2.23)

where Jn is the Bessel function of order n. In order to observe dc

effects, the timéfaverage of the supercurrent j(t) nust be non-zero.
When nhwo,: 426V0, j(t) has a non-zero mean value:
n 2eVl' , : g
. . = _\1 L 51 . . .
Jqe = (2070, 9, T, ina. (a2
This result predicts a series of spikes in the direct current at letage

nhwo/Ze'(n=O, + 1, 2 ...). If, as is more usual in practicé,‘théidc

‘current has a high source impedance,current steps rather than spikes
, D b 3Leps

© will be induced with no négative resistance regions (see Fig. 5).  We

see from Eq. {2.24) that Jqo ey be either in the direction of the dc

current'or against iﬁ and power is sccordingly absorbed from or supplied

to ‘the micfQVaVe field. The size of the step is an oscillatory function _

of microwave amplitude.

”In'the‘special case of an oxide Jjunction subharmonic effects at

_ﬁoltages,nhwo/(mZe) are not normally observed. This result foliowé'from

the.simple sin A dépendence.used'in (2.28). Howevef,.in

mostzofher kinds of weak-link .in which the current is a more general
function of A¢,'subharm§nic steps are also observed.. These gdditioﬁal
steﬁs dé nét_interfere in any way with the Xg};ggg_af which the integer-
steps'éppear. A detailgé deécription of the structurevand‘originiof

37

induced~steps has been given by Clarke, Pippard, and Waldram.
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TheAappéarancé of the sf%ps has a‘simple_qﬁantum interpretatiohl‘
based on £he procésé.of virtuél pairutunnéling with emiséion and‘absbrption
of photons déscribéd in II;l; The pairé,can apsorb‘(or:supply)'photgns
ffom (or to) thé micfowavé fiéld wheﬁéver-the énérgy.différence across -
phé barriér‘correspohds>to the photon énérgy, hwo,'of a-ﬁultiple of it. .
Sdbhafmoﬁic effécﬁs occﬁr whén thé absorption of émissiqn'of n photons
by m péifs ié.alléwed.

Tt is evident that thé-microwavé—inducéd stéps provide a very :1
simplé technique (in principle) fof’measurihg 2é/hQ The microwave .
fréqﬁéncy'may bé readily détérmined to 1 part in 108 and one_néedé only
‘to measure the voltagé at Vhich a stép of known order appesrs.

The sécdnd methpa of méasﬁring Qé/h relies on the self—inducéd'
step strﬁéturévfirét observed by‘FiskeBBAin tunnel juﬁctions (see Fig. 6).
Iflthe'fréqﬁéncy of-thé ac‘superéﬁrfent corresponds to é fesonant
freéuéncy of thé junction;'the superéurrent’couples strongly to the.
eléétfoﬁééﬁétic fields of the mode to produce a small véitage-acfoéé
v the junétibn39 énd.sét‘up a standing wave. if_we regard the jﬁnction
as a'parallél plate Lransmission liné, the voltages af which steps
appear are_given by
hu.jk | hic’

Vk = %e T fZerl-

(2.25)
k is an integer, L the length of the junction, and c the propagation

X ‘ ; . ’ ’ ]4 :
velocity of the electromagnetic wave. 0 When the junction is biased
on & self-induced step, it emits radiation at the corresponding frequency
and alsbiat rultiple and subharmonic freguencies. "This method was

b1

used fof thc Pirst direct observation of the ac éffect by Yanson et al.

— ——

~
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Similar effects have been observed by placing a point contact in & .
resonaﬁt'cavity.lo Although»iﬁ principle we ¢ould use this self-
resonant teéhnique to measure e/h by detecting the radiation and

measuring its frequency, there are several drawbvacks. Firsty the

amount of power radiated is small, or the order of picowatts. Secondé

these effects can be obsetved only up to frequencies of perhaps 10 GHz
with a corresponding voltage ofIQOuV,'a voltage too small to'be-meésured
to 1 ppm. Third} the steps. are not truly vertical, being limited .

in this respect by the'Q of the cavity, whereas the microwéve-indﬁcé@

"steps are relatively sharp (but see Section iV). Finally, Langenberg

et'sa.IL)42 have discovered that when higher-order self-induced steps are
- ’ : : : that c
used radiation may be emitted at-a frequency/does .not correspond to

» .. , o L : : o
the correct voltage nhw/2e. Consequently, this second technigue is of

limited applicability and the high-accuraéy neasurements have made

use of fhé microwave—inducéd sﬁeps;
| III. EXPERIMENTS TO MEASURE e/h.
thuthié section we shéli,be mostly cohcerned with the measurements
perfofméd’by'Parker, Langenberg, benensfein} and Taylor.ll ‘fhé»intééested

reader should consult their paperll to gain some idea of the extraordinary

7

_ precautions necessary to perform measurements to a precision of 1 ppm.

At the same time he shcould bear in mind that this experiment is one -

of the simplest available to determine a fundamental constant.

The ekperiments were performed upon both tunnel and poiht contact

. Junctions made of a variety of different superconductors. For,thé;work

with microwave-induced steps two frequencies were available, 10GHz and

7QGHz. A few measurements were taken by measuring the frequency of the
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raaiatibn emitted from self-induced stepg but thesé'measureménts
were of a much lowér accﬁracy and do not contribute Significantly tb ﬁhe
final resﬁlts. Thé two méthoas gave thé samé;résult_fo ﬁithin the
éipérimentai'érror.~ We shall déscribé, as an examplé, th¢ measurements
madé on induced steps in tunnél Junctions at 10GHz although the génerél
féChniqué was ccmmnon to point contacts and to the‘highér fréquency.,:
IIi.l,‘ nyoéenic énd Microwave Equipﬁent

A sketch of thé cryostat appéars in Fig. T. Thé outer.dewaf
contains 1iquid nitrogengand thé innér5liquid helium, whosé temperéture
may> R be lowéréd.to'about 1.2°K by pumping on the Vapof'above it.
Thé temperature of thé bath was éstimatéd from the vaﬁor.pressure.of.'_
the ﬂélium.28.vA muQmétai shiéld,around the cryostat reduced the
éarth's field to a low'léVél and minimizéd ihé pick—up of EXternal'rf.
A ﬁeimholtz'fair of coils in the nitrogen bath was availablé to suppiy
mgénetic:fiéids of a few gauss to the junétions; ' The microwaves were
fed'down é waveguide to the'junétidn inserted at.the.lower ena. Thé
'positioh_of thé short circuit plunger below the junction could be
' adjustéd[frém the top of the cryostat to vary the coupling betWeen
Junction and waveguide. Various orientations.of‘the Junction td the
wavéguidé and to the applied field were tried. The copper leéds from
the junctioﬁ were brought through an insulated feedthrough at the to?
of thé crydstat and connected directly to the terminals of the potehtié~‘
meter in order to minimize thermal emfs.

Thevmicrowavé equipment was fairly conventional. The microvaye
oscillatof was stabilized bj phase-locking it to-a quartz-crystal

. . . - ' 8
reference source which had z stabilily of a few parts in 10° over a
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period of an'hour, The oscillator frequency was measured by a'countery'
which'was calibrated against the U.S. frequency standard broadéast by

WWVB in Foft_Col}ins, Colorado. 'Thése teéhni@ues yielded a frequency

f measurement;better than 1 pért in 108, an error two orders of magnitﬁde

iéés than'fhe other errors in the experimént. The power fed to the
junction was estimated by a bolometer. |
I1I.2. Voltage Measurement
The m6st difficult part of the vhole experiment was the determination
of thévabsolute V§1tége at which a given step apﬁeared. However, before

describing the medsurements on the tunnel junctions, we shall make some

pertinent remarks on the status of the absolute volt.

Banks of cells provide the basic reference standard for the_unit
of electromotive force in the varicus standards lahoratories of the
world. These cells are calibrated in terms of the absdluﬁé volt deter-

mined by passing a current of one absolute ampere through a resistance

 of oné absclute ohm. The uncertainty in the absolﬁte volt 1is abbut;

6 ppm.. In addition tb’the uncertainty of the absolﬁte voltage of
the sténdard cells at the time of calibration, further errors may

arise from the tendency of the cells to chenge with time, by as’much

as lvppm per yeaf. The ‘value of 2e/h obtained by Parker et'al.‘was‘

expressed in terms.of the average voltage of a bank of standard celié 
ovefxa’périgd of about one year. There are, therefore, twé types of
uﬁcertéinty in the absolute voltage measurement. _Oﬁe-arises from the
errbrS'assoéiated with the expériment‘itsglf_and.from the calibrgtipn
6f the'célls in terms of the NBS standard.cells. The'second'uncertainty

is in the'knowledge of the NBS volt in terms of the absolute volt.
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HWe'retﬁrn nbw to the detérmination df 2é/h. The lafgest voltages
at which1stéps cduld‘bé indﬁcéd on.the junctions wére on the‘ofder of
imV., A knovledge of these voltages in teimv of the ds—malnt ined NBS
' Volt was reéuired to an accuracy of 1 ppm and it was therefore necessary
to meaéuré 1.mV to at leaSt.si% siéhificant figurés.f |

The ebSQhLlal c§mpon°nts of the voltag .—reasu*nng circuit are
iiiuStrated in Fig. 8. A constant curfent, I, is fed into the slider
of a poténtiométer; P;'across which is connécted a'chain,of'diVidiﬁg 
résiétoré.'.Thesé resistors Wéré immérsed in oil ip a sealed box in
order tq stabilize thé téﬁpérature and minimize sélf—heating‘effectét
I is chosen so that when the poténtioﬁétér slide is at A, a voltage of
' précisély 1V appééfs at A an@ thus across the chain of resistors.
The iattér have been chosen ‘ to provide voltages of O{OOlFV,v
0.01 V, and 0.1 V at the taps. Provided I remains ;onstant, thé
Voltagé éppearing'acroés thé resistbr chainlis linearly pfoportionai
tO»thé.potentiometér sétting.v Wé thus have avpoténtiométer with four
decéde réﬁges;within each of'Vhich the accuracy of the voltage depends
_ oﬁ.fhé.lihéarity:and résoiution of- the potentiometer P. The-potentio;
méter‘was a‘sevén—deéadé Kelvin—Varley divider capable of ylaldlng
seven 31gn1fic@nt.fléufes with a may1mum error of 0.3 ppm. An addltlonal
series resistor S whose value was cﬁosen to give a potentlal erp ofvi
0.1V prodﬁced a fﬁrther terminal at -0.1 V. Thus the —0;1 v and‘l 4
terminals had a rénge of l;l V and could be used to calibrate the
»poteﬁtibmétér against a sfandard cell. In fact six standard Cellg, cali-
bréted*bnyhe N.B.S. in terms of the as—maintainea U.S. legal vélt, vere

used. Thev were kept in a constant temperd*ule air bath to mlnlmlze

drlfts due to temperature fluctudtlon .
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The actual measurement of the voltage across the junctions nmade use of
& conventional null techniqus with - a low-thermal switch and a photocell

amplifier having a resolution of about S/MnV, The:procedure'was &s

" follows. Thé i-v characteristic of the junction was observed on an
oscilloscope and the amplitﬁdé of thé steps.was adjusted by varying
thé amplitude and fréquency of the microwaves, the position.of the
shorf—circuit plﬁngé?,and the valuebof the magnétic field. The microwav
source was stabilized and its frequéncy measuréd. A dc current-waét£hen
passéd through tﬁé‘junction to bias it on thé'nth‘order induced
stép and thebvoltagé éQ dévélopéd measuréd with the potentism;ter. V
- . _ it was v
The junction current was reversed,/adjusted if necessary to keep the
junction cn the step,'and the voltgge;gileasured; bThe volﬁage a@ v'
which thé pth step appeared was then taken as the average of the' tﬁov
readinés. This avéraging procédure éliminated thermoelectfic voltagés
in the cryostat'leads. Sometimes different order steps for ééch
polarity were used and subharmoni.c steps were also measured. All
measurementé ga&é the same value of 2e/h. . Spurious éffeéts due to

-Pettier.emfs,_which revefsé with current, and to the rectificaﬁion of

: thé_micfowaQes or external pickup were shown tb be negligible.

| | Qn‘somé of.ﬁhe induced steps,‘it was fouhd.thatl£he yoltage waé

‘élightiy‘dependent upon the curreht; that ié, that the steps were pét

truly vertical. Undef-these circumstances; the voltaée at the midpéinf
of the step was takén to be thé cofrect one. Ve shall discuss thig

| éffect'fUrfhérvin Section TV. o

| | o IIT.3. Numericﬁl Results

The‘déta from 19 runs on radiation—indubed steps gavé a

mean value of 2e/n = 1483.5978 (+ 0.4 ppm ): Mtz /uV
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(;ee Téble I). The uncerfainty is the random error {one standard aéviation)
of_the réédings_and-the résult is éipréséédvin-terms of the local u. -
laboratory volt. Thé‘two funs in which radiation émission da?a wére
obtainéd yiéi&éd & mean value of u83;5985 (+ 3.4 ppm) MHz/ﬁvL, which

is wéli within one standard déviétion of the valué obtaihed‘from the -
inducedfstép eﬁpériménts. Thé.random errﬁr_of thése measureménts was

largé bécausé of thé rélativély low~yoltage at yhich they were taken

‘(séé 11.3) and they did not in faét” contribﬁtévsignificantly to

the finai_weightéd avéragé value . |

The ﬁean valué pf 2é/h was_thénféxprésséd ih terms of the NBS

.gtandard Qolt as maiﬁtained in 1968. This cgnversion involved év
numberuof»poésible Sjstematic efrors ariéing, for:éiample, frbm the
ﬁgcerféintybih the NBSrcalibration of thé standard cells, the uncertainty

in fhe:éfandardizatién.of‘tﬁe potentiométer and errors due to temperéture
,_drifts in thé dééadé divider. The value obtained in‘terﬁs of the 1968

NBS volt wés 483.5976 (+ 2.4 ppm) MHZ/ﬁVNBS68' quéver,'on January l,»1969j
by iﬁtéfnétional_agreement, :  the various
_ o adjusted _
national laboratories / - their as-maintained voltage standards in
oraer.to bfing them closer to the absoluté voltf The resultant chaﬁge

in the NBS volt produced a value for 2e/h of L483.5935 (* 2.4 ppm)

MHz/uVNBS69.

'If renrains to convert the,NBS volt *o the absolute volt. Unfdr— '_ <
tunateiy, as we have already mentioned, the conversion factor is known toonly
6ppm. Tayler, Parker, and Langenberg have consequently performed a new

leagt—#quares adjustment of the fundamental constants in which the ratio

of the NBS and absolute amperes are regarded as an adjusﬁablelparametér
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/V._ .. We shall briefly outline

- to obtain a more precise value of V. ABS

NBS
this procedure in VI.3. Their value for 2@/h in terms of the absolute
>vol£ is h8ﬁ.59°3 (£>3.6 ppm) ﬂHz/uVABS. This value is 38 * 10 bpm
smaller than that glven by the Cohen and Dqundl 1963 least-square
adJustment of the fundamental constants. We shall discuss the signifi—;
‘cance of this discrepancy in Section VI. |
IIT.4. An Independent Determination of 2e/h

Petley and Morrish3 have repeated the 2e/£ measﬁrement at the
National Physical Laborafory (N.P.L.) in the United Kingdom. Their"
experiments were on the "Slﬁg" type of junction (Fig. 3(f)) made of a
variety of different materials and they used the induced-step technique
at a frequency of 36.8 GHz. Their value of 2e/h was h83,5939”(r2.2 ppm) -

‘refers to the value of the standard volt

| MHz/uV 9> where V

NPL6 NPL69
maintained by the N.P.L. after January 1, 1969.

Since there has been no official-standards comparison fOllowing the
1969 adjustment, a direct cOmparison'with the value found byvfarker 'g§_§1:
is a 1it§le difficult. ‘Perhaps the simplest way is{fo converf the 1969 NPL
volt 5gck to its pre;1969 value and then express itbin:terme'of.the 1968 NWBS
volt Which, if we assume the 1967 standardsvcompafison_to Be Valid,_ﬁas
5.2 ppm lowef than the pre—l969 NPL volt. On these aseumptions, thefvalue
,fore2e/h'found bj Petley and Morris becomes h83.5977v(t 2.2 ppm) MHZ/UVNBS68'
Thls value is 0.2 * 3.3 ppm hlgher than that of Parker et al. A+‘face
value.xthls agreement is of course’ remarkab]y goodJ the error belng much
less fhan one standard deviation. However, it seems likely that fu;ther
minor adjustments are inevitable.m‘l In the first.place, the coﬁvefeion

of the NPL €9 volt to the NBS68 volt which we described is in fact
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unlikely to be accﬁraté to béttér thén pérhaps llppm, Judging “

by préviﬁﬁs drifts-in the és;maintainéduvoltage standards.

Secondly, it seems that’bofﬁ seté of aﬁtﬁérs are considering _
final'adju;tments-to théir‘résqlté’on fhé order of a féw 1/10 ppm.m‘t
'Nevértheléss, it seéms very probablé that'thé.fina1 results, expressed

in terms of a cormmon volt by means of a direct NBS-NPL cowparison, will

- -

‘agrée to within oné standard déviatith The fact that twc inde?endent
déterminations in différént CCuntriés aré iﬁ such good agreement is
most éncduraéing.
IV. 'THE'ACCURACY'OF THE JOSEPESON VOLTAGE;FREQUENCf.RELATION

v How pfécise is the JoSephsop voltage-freyuency relation, hw=2Ap?
We saw in Section II that there were good theoretical groﬁnds for
bélie&ing i@ tO’bé éxaét.. In this éection we chall be concerned with?
thé'expériméntalvévidénéé which,demonstratés thebprecision bf.the.‘
voltagéffrequénCyvrélatioh and indicates that it is a fundamental
constant,vindépéndent of thé conditicns unaer which the experiment ié
pérforméd:v We shall élso discuss séﬁe relevant thedrefigal ideas which'
havé'rééénﬁiy béen'put forward.

; ! : IV.l; Type of Junction

jPafker ‘gj;gé:ll usea both oxide tunnel junctions and point
cqntacts in their experiments. These two types of junctions présumably
had différént microscopic mechanisms. for the pair transport proces§
ana‘certéihly.quite different geometries. There was no aifferénée in
the values of 2e/h obtained to within 0.6 poM.
| "IV.Q. Junction Material ana Experimental Paramecters

Parker et al.  examined junctions made of five different supercon-
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ductors which differed in such parameters as the electron-phonon

interaction, Fermi energy, coherence length and so on. Variation of

the ﬁémperature of the junétions over the range’0.3'< T/Tc < 0.9 gave

rise to changes in the energy gap, density of condensed pairs, coherence

length and penetration depth. The data were taken at two different
frequencies_(lO_GHz and TO CHz) and the microwavé’power could be

changed by at least an order of magnitude. The Helmholtz coils (Fig. 7)

. were used to. apply magnetic fields to the junctions of up to 10 G;_ The

“tunnel junctions were placed in the waveguide in differeht orientations

so that the coupling was predominantly by means of either the electric

field or the magnetic field. The value of 2e/h measured with the

difference junctions and under the different experimental conditions

remained constant to within 2 ppm. : o . ' —

The present authorhs has performed a cOmparisonvéxperimént in

which‘he demonstrated that the voltage-frequency relation was the

vsameviﬁ iead, tin, and indium to a precision of 1 part in 108. The
. experiments were perférmed.on I&»CuéPb, Sn~Cu-Sn and InfCurihyjunctions

‘(see Fig3(b)). These very low-resistance junctions were chosen because

the extremely small dynamic_resistance of the induced steps (éee Section IV.5)

.made véry precise vqltage comparisons possible. The basic principlé

o

- of the experiment is indicated in Fig. 8. Two junctions made of - '

different superconductors, say lead and indium, were connected in =
series in a superconducting circuit containing a Slug (Fig. 3(g)) used
as a superconducting galvanometer. The- galvanometer, which had zero

resistance, counld detect a circulating current as low as 0.3 UA. Radia-

tion at about 1 MHz was used to induce steps on the junctions and the
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currents il and ig were adjusted so as to bias each junction on the

miapoint‘ofj.say )thé first order induced step. Now the differénce in
chemical po?ential along éach superconducting lead (including the
galvanométér) was cléarly zéro. Let us Suppose that the-same raﬂiaﬁion
éould induce steps at différent cheﬁicai poténfials_Aﬁl and Aﬁé.on
juncﬁionS'l andVEArespéctively.  Then there would be a net chemiéal
potential différénéé'Aul - Au2 around thé circuit. ‘This would_thgs

induce a circulating current, j, at the rate

s f.A”V‘— Au : : S
dt. el, 7 S . : A .

where L is the cifcuit’inductanCe. At the begihning.of the experimenf
there was hd current flowing around the circuit {j=0). After 30 :

: : ' : a4k
. : s s LT s . ; . I :
minutes,. this current reméinecdgerc to within the resolution of the

galvancmeter (Aj). Taking the values Aj = 0.3 pA and L = 10 ' H,

.:wé find ffoﬁ Eg. (k.1) that-lAuimApél/e < 1.7 x‘10'17 V. Since the |
voltage'éf each induced step at 1 MHz. was about 2nV;'we-can say»tha£ 
lApia—:Aﬂel/UI <.10-8. Tﬂe same fésult vas 6btainedrwhen the-pair§ 

of sﬁperéopdgctors were 1eéd and indium, or tin and indium, and élso'
when'sil&ér was substituted for copper as the barrier in one of the -
_junétiohs;"fn addition,‘the variation of the folloﬁing parameters did
no£;proauce ény observablebdifferencé in the chemical‘potentials across‘
the two junctions: Aﬁemperéture, from 1.2°K to 2.2°K; barrier thickness;
the level of.appliedsz power over a factor of 5; the rf frequency;b
from 100 kHz to 1 MHz (to 1 ﬁart in 107 at 100 kHz); the position §n the

induced step; the ambient magnetic field up to * 1 G; the direction of

the bias current through the'junctiohs.
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.it is apparenﬁ'that‘theﬂchémical'pbtential induced‘on the jﬁnctions -
‘aﬁ a givehbfréquency is indépéndént of fhé Junction matériglvéﬁd.tﬂe-
eiperiméntai'conditions to 1 part in 108. This result is a useful one
'bécausé ifiﬂheré aré no.éiiférénceé in tﬁe gofrectibns betweeﬁ.differeht
matériais ét thé level of l.part in 108, there is a very good chance
that théfe are no éignificant correctioné- - due to material—déﬁeﬁdént
effécts-at the level of 1 DRI, B
IV.3. The Order of Iﬁduced Step
In their original measuremenfé, Pafker g};gé:ll showed that‘tg
within 1 ppm the %aluevof'Qe/h ﬁas iﬁdepgndent of the order {(n) of the
step uﬁon which the méasurement was made for valués'of n between 20vand
70. - Precise compariéons for lower values. of n wére notvPOSSiblé‘because
fhe voltagebinvolVed,wés too small to be measuredvto lhppmf
.Finnegan, Dénénstein, Langenbérg, McMenamin, NovdSeller?'and‘Cﬁéngh7.
' haVé subse@uently cOmpared the value of-2é/h obtaingd'fromva highéorder
step ihduced at about 10 GHz with that Obtained'fromithe‘first—order
steé.induéed by a HCN 1éser at about 900 GHz. Thé experimentél -
érrangéménﬁ is indicatédvin Fig. 10. Two separate_junctiong were uégd
bepause.it was.not pqssible to induce thg higher—freéuency steps iﬁ -
the thip~fflm junction,and'the‘1ower—freéuency éteps iﬁdﬁced in.theA
point_coﬁtact'were of very small amplitude. The pdint.contact wasf N
adjusted to‘give n=1 steps induced by the laser at a current below the
ériticai_current of the thin-film junction}ahd the voltage on thé |
step méagured_with the poténtiometef déscribed’in III,3.  The voltage
waé about 1.84 mV. The point contact waé ieadjusted to have a higher

critical current so that measurements could be made on the tunnel f
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junction."The microwave'frequéncy and the step number were adjusted
so thaf’thé voltagé was again ab;ut 1.8ﬁ'mV(n:9h). The two vaiues éf
'eé/h"obtainéd aiffered by 0.4 = l.5lppm. Since .
this reSuit‘wasvobtained from twovjuncticns of different types and |
differentnmaterialﬁj.' the agreement could éonéeivébly be due to
the canceliétion of a frequency—dependenf effect byba material or
Junction-type effect;'_waever, the préceding two éections show.thét
these two pqssibilities.are“in fact eliminated; Thus we may uée the
présent éxperimeﬁt fo extend the possiblé range of frequency over
which 2e/h may be measured‘by‘an dfder of magnifude and, in particuiar,
to'rémové the possibiliﬁy of & discrepancy between.thé véry iéw-Order
.steps and the higherforderksteps. |

| IV;&.. High—Order funneling Processes:

_Tunneling processés involving thé coherent transfer of,'for example,
fbur_éieétfdns rather than two méy possibly occur,:leading to a voltage-
freéuéﬁéy felation-nhw = hev; If n is eQén, the.step of order n inéuced
byfmiqroWaves for thé four;elgctron process would coincide with theistep
of_ordef n/e for the pair process. If‘n ;s odd; stéps would appearlat'
volfagééréorresponding'to half-integral steps for the pair process.
Hoﬁever, subharmpnics may be present iﬁ any case both for strongly coupled
tﬁnnel junctions (see Section II?l)Eand for point contacts in wﬁich
Flux fiéw occurs. Consequently tﬁezhigher—order propess; which has a
'very low probability of occurfihg,bis almost impossible to identify and
does hét affect the accuracy of the‘Ee/h measurement .

Cnelmay also raisé the possibility of a process in which‘on vfhe

average 2 + § electrons are transferred rather than exactly 2, vhere §
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is a:very small quantity. There_is po‘thcorgpical or experimental,eQidenCe
.for-sugh q conjéctufe. The éxpérimenté'described in TV.3 sﬁggest that &
doés not depend upon thé'propérties of the supérconductof or the experi-
_meﬂtal gonditions at‘the level §f 1 part-in 108. It therefore seems very
unlikely ?hat 8§ is as large as 10-_:6 if indeed it is finite at all.v
| IV.5. Effecﬁs of Noise

Thé‘sin@le theory presented.in 11.3 suggests that the current steps
induced on the i-v characteristic by external monochromatic radiation
should be‘truly resistanceléss. Furthermore, thé‘radiation émittéd from
é Junction biased onva self-induced step should be monochrématic at least .
to within the stability of the bias voltage. (However, sihcevthe slope
of the self-induced current. step is usually non-vertical duve to the finite
- @ of the junction cavity, one wguld expect the frequency to depend upon
tﬁe éctual positiénvon the step.) 1In practice, as noted in III,Q,Ithéi

radiation-induced steps are sometimes noticeably non-vertical and, in

addition, the radiation emitted from junctions has a finite béndwidth.hB’h9>
: : . noise »
These effects are the result of noise, thh/generated in the junction

that _ .
itself and/picked up from external sources. Our present concern is to

examihe its effect upon the accuracy of the‘2é/h determination.
gWesébnsider first the finite linewidth of the emitted'radiatidn.

18,49

We assume that the Josephson current can be written in the form
et ai i) ' v
3 = §; sin {wot + (2e/h) an(T)aT}, | (k.2)}

whezfe'Vn is a noise voltage produced across the junction and wo=2eVO/h.

Vn‘thus produces random fluctuations in the phase of the Josephsor current.
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There aré two contributioﬁs to Vn from the current flowing through the
junction; .Thé'first was calculatéd‘by Scalapﬁﬁqu and ‘arises from
fluctuations in thé normal cﬁyrént. The noise is Jjust thé shot noise
of the’éihglé éléctrons tﬁnneling thrdugh'the barrie¥} The second
férm is due to the shot noisé of thé pairs and was calculéted by
Stéphen}so 'Hé regardéd'thé junction in esséntialiy ﬁhé same way
as a lasérvcavity. -Each ﬁimé a bhoton décays in the cavity, a pair.
tﬁnnéls to réplaeé it so thapgif Qé assumé that thé phofon dissipation
is a random procéss, thg résultant pairAtunneling_current will alsé be
random and will contain shot noise. The origin of the pair contribution
to thé linéwidth in the Joséphson éffect is thus véry similar to
the origén of the linewidth of a-lasér. Howéver, when the pairs
tunnel via-intéraction with the_phoions, thé'chafgg floWing»acrossvthe
capacitéhce producés voltagé fluctuations about the mean value.‘ This
effect gives rise to a freguency modulation of the radiation and
explains Why the iinéwidth of the Josephsbn radiaﬁion, atvbest about 
1 part in 107, is éo much bfoader than that of the laser radiation,
which is perhéps 1 part in 1015. | |
The total linewidth in the limit eV << KT is given by °

he®R_PxTT

w21 e
mh VO .

where-RD is the dynamic resistance of the step, (di/dV)—{ and IT is

the total current, that is, the sum of the quasiparticle and pair currents.
The lineshape is approximately Lorentzian.

A further term might alsc be added for the noise generated.in the
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circuitry external to the cryostat. However, in practice this .contribu-

tion may:be rendered negligibléycompareleith‘Eq.'(M.B?jby the.

“use of high impedance sources and filtered leads.

Dahm, Dénénstein, Langénberg, Parker, Rogbvin, and Scalapinosl
hgve.compared théir eipériménts with Eq. (h.3) and found satisfactory
agreement. Typical linewidths at a ééntral fregquency of lOlO Hz vary
from‘léss.than 1 kHz af low values of témperature and dynamic résistanée.
to 10 MHz néar thé critical température of thé supércondﬁctors.'-It 
appears that the linewidth of the radiétion is now well underétood and
that no‘significant érror is introduced if the central frequency is |
uséd to determine‘2é/h.

In the absence of an appliéd signal the phase of the Josephson

junction fluctuates in the random manner described by Eq. (L4.2). ‘The phase

difference, Ad, thus contains a small noise component, A¢N, which may

be regardéd'as performing a random walk process so that its mean square
value ié'non—zero. It is this fluctuation which produces the linéWidth
bréa&enihg; Theéé phase fluctuations ére analogous. to the Brownian
ﬁotion of a free particle. If we now apply mdnochromatic radiation to
thé Junction to induce current steps, =2 diffefent situation arises.
Provided,that the signal amplitude is larger than 'that.of thé’

nqise'fluctuations, the Josephson oscillator will lock onto it so that

"~ the phase of the junction is determined by the phase of the applied;_

radiation. Under these circumstances the effect of the fluctuations is
véryvmu¢h'sm§llér. The’reason for this éan b@ﬁqualitatively undefsfood
in thé following way. Suppose a sxail fluctﬁation'changes the phase

of thé Sunction by a small amount A¢N. Then‘t3§ applied radiation will

\
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"~ tend to pull.thé'junction’phase'difference back‘to its previouslﬁalue.
Only if the_phasé'fluctuations ére sufficiéntly greét to allow thé' |
Junction to."slip" by a complete period; will the lockiﬁé~on mechani sm
bé.broken and a small reéisﬁance bé int?odﬁced onto the step. The
phase.flucfuations afé now analogous to a Brownian particlg in a tilted
périodic poténtial, wheré Fhé amplitudé of the poténtialvis proportionel
to'thé étréngth of the appliéd radiation. The particle tends to be
tfappéd in_oné §f the poténﬁial minima and a rélatively large fluctuation
is'réquired to enablé it to pass over ﬁhe potential barrier-into the
néxt minimﬁmJ This problém‘has.beén discusséd at some length by
Stéphénse'aﬁd by'Clérke, Pippard; and Waldram.37

Thése‘ideas maybbé uséd to calculate the slope of the induéed :
stéps in the prééenée of ﬁdise.- Uhder the influence of néise the step
has-thé fdrm indicatéd in Fig. 11. The dynamic resistance in the center
- of the step is eitfemely low but it increases foughly exponeﬁtialiyr
towards the-eitremitiés of the step.' The distortion of the stép due to
édise is symmetric about the midpcint so that the use of the midpoiht
voltagé'in the e/h méa;urémeﬂt seems to be Qell jﬁsﬁified. The .
: agreémeﬁi of theory witﬁ experiment is not_weil establiéhed at.thé'x
preséﬁt.fime; It appéars that in most experimeﬁts on fhiﬁ—fiim and .
l point—éontact Junctions the noisé picked up from external sourceé, for

example ldcal'radio stations, dominated that generated in the junctions.

Finnegan et al.h( found that]by placing their entire cryostat in a
shielded room, the steps induced on the characteristics of both

kinds of Junction were vertical to within their experimental resoluticn,

1l nV.
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Thé:ﬁresent aufhor.perfbrﬁed»a simble experiment ‘on fb—Cu—Pb
'junctiqns‘(Fing(b))which_Sﬁggested that the inducéd stéps may in
_fgct bé of extremely low différéntial,;éSistanceth At the timé.of '
thé.eipérimént it was known that thé noise éffects increéSed with>jﬁnction
resiétance so that a jugction in wﬂich thé resistancé was less than
10-6 Q would be'expectéd to have very low‘inherent_noise. In addition,‘ 
thé véry‘low‘fesistancé impliéd ﬁhat noise picked up from extraneous
sources should bé small; simply bécause of the enormous impedancé
mismatch between thé Junction and thé éitérnal circuitry. The basié-
cifcuiﬁ uséd was again that of Fig. 9. Radiation at 1 MHz induded_’

steps on to the i-v characteristics of the Junctions each of which

3

was biased cn the first order 3ay 3induéed step. Thus there was a

b]
voltagé of roughly 2nV bétween‘X and Y,Abut the total dznamié.
resistance of thé circuit was simply thevsum of thé dynamic resistances
of the’fwo induced steps. The circuit was, in a sense; "differeﬁtiélly
_.supérconducting." Thus a magnetic field (§) applied at.fight angles %o
the-cirduit ihduced a circulating supercurrent, Jj, jusﬁ as it would for
a bulk éupefconduqting_ring, rHowever, this was true onlyif |
thé supércurrént was sufficiently small that each junctipn remaiﬁed
biasedigp'ité induced step.

 vAhféstimate of the differential resistance of the>steps wvas'
‘oBtained b& watéhing the decay of the induced current by means of thé :
galvandmétér, In a typical experiment, the inductance (L) of the.
cirduit'was about 10_7 H, the circulatigg currént (j) about O.slmA énd
‘thé'Aécay of thé curfent (A3) was 1éss than the galvanométer resolution,

0.3u4, over a period (T) of 30 minutes. The time-constant (1) of the
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circuit wasfgiven by T ¢ Tj/Aj and was thus greatér than 3 x 106_seé.

. The total circuit resistance (L/tT) was less than 3 x 10 l+ Q,suzgestin

[#iS]

s

that the differential resistance of each induced step was not more than

-1k 17

about 10 Q. This corresponds to a difference of less than 10 7" volts

bétwéén thé top and bottém of the step. I This velue of

‘ resistance;‘of coursé, applies only to.the central part of the stép;—its
valuévcoﬁla have been greater towards the extremities. Stephensg‘has
estimated that for this kind of junction, the.voltége difference would
be 10*1T‘volts at about 97% of the step height. .

The SNS Junctions have demonstraved that in principle the induced
steps may be exceedingly sharp, but they are unlikely to be of ahy éreaf
use ih the 2&/h ﬁeasurements because steps may be_induced only aﬁtlow
voltages. However, there seems to be ﬁo great difficulty in shiélding the
'ekpériménts cn thin—film aﬁd point~§ontact junétions so that thevéieps cn
all:tyges of junction are quite steep enough for ail practiéal pufpdées.

IV.6. Frequency»Pﬁlling Effects |
' Séully ahd Lee53 have proposed that ﬁhe fréquency of radiatién
emitted frdm_a resonant junctioh biased at a voltage Vé may be
-slight}y pulled'from the Josephson value of QGVe/h; ‘A similar shift 

was noted by Stephen.so

The calculation is based on an analogy

- with a laser cavity. Consider an atom which emits radiation at
a freguency w énd which is piaced for a finite time in a cavity whése
resonant frg@uency differs from w. The radiation emitted by the atom in
the.cavity will be slightly.shifted from w by cavity detuning. Scuily
and Lee53 suggest tﬁat because of the finite lifetime of the pairstin-
the superéonductor forming the junction1there wili be a similar_shift in

the frequency of the radiation emitted by the junction. They estimate

{
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: the_gizevdf the.effecﬂ to.bé on the order of 1 part in 108 fof_a  
ty§i¢a1 junétion.‘ | |

- McCumberSh has emphasizedvthat frequéncy4pulling:will gg&_dffecf
the.Josephédn.voitagé—frequency rélaﬁibn, 2Aﬁ£h@, As we remarked in -
_Sectibﬁ I1.1, there may bé:a numbér of confributions to the electrochemical
potential, Aﬂ. The,potentiométér uséd.in the é/h determinationjééﬁects
Ay and hence proﬁideSKa méasure bf thé Egigl_energy required to transfer.
é pair‘ffom one side of the Jjunction to the othér; This total energy may
include a contfibution from the interaction of the'pair_with»tﬁé electro-
maghetic fields in_thé cavity which is résponsible for the frequénéyupuliing.
Thus the voltage—frequéncy relation is unaffécﬁéd by frequency-pulling.
In any'qésé; thé ffequéncy‘pulling calculation is applicable ohiy td-'
émittéd rédiation and got to the'inducéd—stéps used for the high~precision
meésureménts. |

Nevertﬁeless, thé pfésénce of a freQuéncy-pulliné éffect ih a*jﬁnc—

tion is an interesting possibility. The effect may possibly be observed

_by méasuring the eléctrostatic poténtial difference across a rédiating
juﬁgtion.
| Iv.7. Discussion
Itféppears that there iSvgood.éxperimental évidencé for the;invariance’:

of ﬁhe'Joéephson Voltage—frequénéy rélétion uﬁder'all e#pe;imentalICOnditioné 
and thus for believing that’the measuréd quanti@yvis indeed a.fundaﬂentél
chnsfaﬁt; Irn addition, there afé'aﬁbprésent no:theéretical calcﬁlainns
“which sﬁggést that a correction should be applied, at léast at the.ievel of
1 ppm, aithpugh oné should not,.of céursé; aisﬁisé the poséibility'of such a

: . . . S \ '
correction being discovered at some future time. For the present, we are

_forced to asscrt that the freQuency—voitage ratio is exactly 2e/h. ~In



- Zho- - ; UCRL-19165

_ Sections V‘and'VI; we shall discuss the impiications of this assertion
.in relgtiOn tb other areas of phySics.
V. THE AC JOSEPHSON EFFECT AND STANDARDS‘OF ELECTROMOTIVE FORCE
The Vérious_national laboratories of the world maintain the standard
volt by_meang of standard cells. We have alrgady éeen in IIT that this
method raises difficulties because of the tendency of thé voltage of the
cells to drift_withrtime. Another probiem is in thé comparison of the |
as-maintained Voltage standards of different countries. Every three years
or so, various countries cheék their respective standard cells with those
maintaihéd by the Bureau international des Poids et Mesures (BIPM) in |
France. Tﬁese cﬁecké often reveal drifts of'seﬁeralvppm but it is not
cléaf~if these drifts’arise'from_the.BIPM éells,:from the»éelis
 iOthh§ -coﬁntfiés whg'participate, or fr§m both. Iﬁ is Cléér‘thaf a
ﬁethod_fof checking thé:stability'of a’Standard'céilLovér long pefiods-
.of timé'fo an aécuraéy of i ppm or bettér is needed.' Ir different
couﬂtriés could cpmpare their siandard cells with‘the same reference
ﬁithout'havipg to fransport then to»a aistant laboratory, a‘consiiefable
'reducfion in the discrepancy between the national standards would fééult.
Taylor, Parker, Langenbefé, and Deﬁensteiﬁss hgve pointed out that
the ac ;oséphson-effect.?révides a very uséful techniqﬁe for mgiﬁtéining‘
{ and‘combaring standardsrof emf. If we assume the invariance of the
' voltageffrequency ratio, the emf of a giveﬁ cell can Ybe monitbred.>
~ very simply in terms of a frequency which of course ﬁay be measuréd
to an accﬁracy of very much better thap 1 ppm. In addition different
standards 1gboratories would te able to gﬁeck théir ;espective standards

against the same reference in situ. The Josephson junction used as a
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reféféhée has severai édvantages.v it requirés only simple'éxperimental
techniéueé and ié cdﬁsequently quité cheap. A 1aboratbfy stérting
'fro$ sCréfch could set up‘the complete apparatus for perhaps $25,000
and probably for much less if some.basié equipment were on he§,nd.55
The‘fact-ﬁhat the voltage-freguency relation dbes not depend on local
environmental conditio@s, éuch as gravity and ambient magnetic field,
makes the technique ideal for use in different laﬁoratories.
There.remains‘the uncertainty of the calibration of the standard

volt in terms of the absolute volt which at present has an uncertaihty of
about 6fppm. The 2e/h meésﬁrement does not directly reduée'this ‘”
~uncertainty unless one is preparea to define the volt in terms ofCthe-
Josephson frequency, a step which would require a major revisién éf tﬁe
strﬁcture of the:fundaﬁental constants., However, by using the ratiés
of_the'NéS‘ohm to the absolute ohm and the NBS ampere to the abéolﬁte
_ampgre‘in a fundamental cénstants adjustment which included 2e/h'asva
 Sto¢has£ic input datum, Taylor, Parker, and Langehberg56 haﬁe been‘able
to redu¢e this uncertainty to 2.6 ppm (see Sectioﬁ VI).

,VI._ THE AC JOSEPHSON EFFECT, FUNDAMENTAL CONSTANTS AND -
QUANTUM ELECTRODYNAMICS

'Tﬁé iﬁplications of the 2e/h measurements for ‘ -quantum
’électrodynémics aﬁd_the determination of fundamental constanﬁg are so
intimately.related that it is perhapé simpler to discusé them togethérfl
These sﬁbjecfs are immensely coﬁplicated and, without gping into'detéils,
we canﬁof hope to do_more than indicaté the impact of the new measure-
ments upon them. We shall theréforel ﬁot give any refe?ences to .the

enormous number of elegant and often very complicated experiments which
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yield véiues of f@ﬁdamental constantsé'nor to‘thé experiments whése
interpretaﬁion.involves quantum electfodynamicé.' For a very complete
discussion and cdmpréhensiVe list of referencgs; the reader ié referred
to the' review by Taylor, Parker, and Langeﬁberg.56 Hughes57 has also
recently given a review of the present.status_of some of the quantum-
eleétfodynamic experiments. For a discussion cn the techniques of
quantum electrodynamics, the reader should consult one of the standard
texts.sB Numerous descriptions of the methods of determining fundamental
' constants are also availablejsg | |

VI.1l. The Importancé and Structure of the Fundamental Constants .

There is much more to thé importance of the éccuracy of the:funda—
mentél_constants than "just another significant figure." The many and
divérse fields of physicsbproduce &élues of various constants ana a.
preéiée_compérisdn of these quantitiéévcan yield vital information
';bou£ thevCOnsisteﬁcy'aﬁd accuracy of different Baéig physical tﬁEOfies.
"fThﬁsta #éry accurate‘measurément of a physiéal constant in one fiéld_may
eveﬁtuallyvlead tb the disCovery of removal of.an inconsistency in
anoﬁher."”’ |

'The.many experiments capable of produciﬁg high—accuracy data often
give Sefefai different methods of calculating é.éiven fundameﬁtalvl_
constént. For example, as we shall see in the nexﬁ section, there are
a number of methods of estimating d, the fine structure constant. The
usual procedure in this situation is to perform a least-squares analysis
to find the best value of the constant. The data used in this analysis
-are divided info two groups: agxiliary constants, and stochastic input

~data. The anuxiliary constants are known with sufficient accuracy, better
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tﬁan 1 ppm, that they are considered as'gxéct quantities; examples-

are the velocity of light and the Rydberg constant. The stochastiﬁL
_input aat%]for example, the‘Fafaday (7 ppm) and.thé gyromagnetic ratib
of the proton in water (4 ppm) are léss accurately known. The léaSt—
sdﬁares analysis 'is actually performed upoﬁ a further set of constaﬁts
in terms of which each stochastic input datummay be expressed, .
- with the aid of-auxiliary'constants ifvnecessafy. Thesé.constants
.afe known aé the adjustable éonstants and their chqice is somewhét
arbitrary; examples are Avogadro's number and the electrqnic charge.

On¢¢ all the stochastic iﬁput déta havglbeen assembled,‘é critical’

search is made for discrepant data. It is clearly incorrect to inclﬁde
“two ér'more values for.a given qﬁéntity which are‘inconsistent andvé
"de¢{sidhyhas_to be made as tc which value to retain.'.To put it énéﬁher
'f,wa§;»it.is'meaningléss to take an average value of tﬁo Valﬁes which
1ﬁ&ifférAby séveral times their standard deviation as at least one value

,‘must;containia relatively large systematic efror. Opextries to find
.the caugé fof the discrepancy in a.particular_datum,.for example,_in K
the ph&sical method of measurement used, in the data réduqtionIOf in
ﬁhé COrréctness of the theoretical interprétation. This may pé 3 :
vdiffi;uit or ihpossible undertéking and oﬁe soﬁetimes resort; to ép‘
énalysis of variance.12 Values of the adjustable consﬁénts arefcpmpﬁted ‘ 
ﬁsing-various subgroups of the input data in a preliminaiy least-édﬁafeé
‘anélysié to see which subgroup is ﬁost compatiblg. Upbn this basis, one
can,fhén select the most relisble daﬁa;

Oﬂe.éhus finally arrives at a list of stochastic input détavwhich

are considered reliable and a final least-squares analysis is performed
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ubon the adjustable constaﬂté. A final table of fundamentzl constants
is produéed vhich contains thé values of the auxiliafy constants and
"best" valueé for the congtants used. as inpﬁtmdata and adjustable
constants. Since new e#periménts and theories are constantly being
deviSed and old ones‘refinéd, it is desifable to revise the §alues of
the fundaménﬁal conétanﬁs é?gry.few years.v
VI.2. Quantum Eléﬁtrodynamics and the Fine Structuré'Constant ‘
Quantuﬁ.electrodynamics (QED) describes the interéctioné befween

charged'pértfclés aﬁd‘electromégnetic radiation.58‘ Thé theoryAhas its
roots deep in the fundemental axioms of physics-and consequentiy its
ability to describe:experimental results to high‘accuracy is én impgr—
tant tést of modern_éoncepts._ The‘following list, by no means
exhaustive, gives ekamples.of the application of QED:

"(i) fine structure: :The fine structures éf hydrpgen; deuterium
and ionized heliuﬁ (He+) have been a principal source of information
on QED},}For.example; in the n=2 sfate of hy@rogen_the energy leﬁslé

, and 2P ére split in zero magnetic field (see Fig. 11).

2P1/2’. ?31/2 3/2

The splitting of the 2P “and 2P levels is the fine;structure

A 1/2 3/2
interval'(AE) and is on the order of aeRy, about 10,969 MHz , where Ry
is thé'Rydberg constant for infinite mass. The fine-structure splitting
is due largely to spin-orbit coupling,‘which may be calculated fromf
the Dirac t?eory, but there are QED corrections for the anomalous f>
magnetic moment of the electron and radiative effects of the order of
0.1% and 1 ppm respectively. The separation of the 28 and 2P. ,.

: . : '1/2 : 1/2

' levels is‘the Lamb shift (S) and is of-order G3Ry, about 1058 MHz.

The Lamb_shift_is completely derived from QED as the Dirac theory does

~

~
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not.rESOive the ZS]/2 and 2Pl/ levels. The theoreticél vaiue is given'

 'By the prddubt of a3Ry with a power series in a, £Ogether'with small.

2

éorrectidn$ for the size and mass ofvthe.Proton.”

(ii)’ Anomalous'magnetic momeﬁts;‘ According to the Dirac theory,
the germagnétic'ratio (g) of—the‘electfon, positron, and muons
(ﬁ+ and ﬁ—).should be exactly 2. Quantgm»eléct;édynamic calcﬁlations

predict -a radiative correction known as the magnetic moment anomaly,

1

a, defined as a=(g4é)/2. The corrections are expressed as a power:
series in o and are on the‘order of 0.1%. |
‘ (iii) GroﬁndFStaté Hyperfine Spliﬁtingﬁ Thé'interactiop betWeeﬁ

the magnetic moment of thelnucleus and that of the electrons‘causeévthe
enefgy levels of an atom to split, evén in the absence of an applied
:magnétic field. This effect, knowﬁ as the hyperfine-strgcture»splitting,
v has been extehsively studiea,'for example, ih the ground;sfates of
atomi; hydrogen and muonium.  The value in hydrogen is approximately -
'l.hQVGHz. The frequency of the hyperfine splitting is known experi;
i ﬁentally to extraordinary éccﬁracy, about l éart in 1012. The QED .
”cdrrections arise from vacuum polarizations and again involve a.. The
correctiOn’ié on.the érder of 0.01% (in addition to the g factdr_’
cbrrééfién for the.freevelectron)w |

| FVAllvof these QED calculations involve o as an expansiéﬁ paraméﬁef..
Cleérly, an accurate value is essential for comparing QEb prgdictibnsb'
with gxberimental'fesults. In the 1963 least—sqﬁares adjustmentglé
»théfe_were é number of measurements availablie for determining a.lehe
final Qalue of the adjusfment relied largely upon the fine;étruéture

. splitting in deuterium, measured = = . by adding the value of the
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‘Lamb. shift (S) to fhatzof.theVESl/z -'2P3/2 splipting,(AE-é); Twov
other valﬁés of o, from tﬁe muonium hyperfine splitting and from the
g;fac@or er the free eleciron, were of lower.acéuracy,'bﬁt ¢ssentiélly
_ in.agreement;- A féurth.value obtained ffém the hyperfine sfructure'
.intgrval'in the ground state of atomic hydrogén diéagreed with tﬁe other
velues. The value of the hyperfine splitiing was known experimentally
"to incredible accuracy but there were QED corrections of.about GO‘ppm.
.Thesé inciﬁded corrections arising.from the effécts of the finite éass,
size, and interval structure of the prétbn which were theoretically.
rather uncertain at ﬁhe time. Cohen ﬁnd'DuMondlgxconsequently rejected
the hyberfine.vélue in favor of the'fineﬂstructuré‘valug, which waé
supported by the muonium and g—factdr valueé.

"The 1963 value for d thus contained a QED cqntributiéngvof the
“order of40.l%; which itsélf involves a knowledge of a. This fact makes
the compafison of QED theory with experiments relying upon QED fofv
their interpretation somewhat unreliablé since u‘has, tb some exfent,
been derifed by means of this comparison. In aadifioh,:it should bé
pointéd out that tﬁe‘fine—;tructure experiments required the linewiéth'
tQ befrésolyed to about 1 part in lO3 so that the final value depeﬁded
critiéélly‘upon tﬁé understanding of the lineshape. |

Tﬁe ac Josephson effect measurement is important becausé‘the vélue
of 2e/ﬁ‘may be combined with other accurately;knoﬁn quantities which
do not rely on QED to obtain a value ofva which (as far as is known)'
contains no QED corfections whatsoever. These "non-QED" values of o
may then be fed'into the QED eqguations to enable a proper comparison

with experiments to be made. We shall return to the revised value of
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]-_q and:a comparieon of QED with'expefiﬁentsnpreeentiy.
fv&;g, The 1969.Adjustﬁent of fhe Fundamentai Constents .
Sioce the 1963 édjustment was made, oew data heve become a&ailable.so
: Seﬁetai of the experiments are relatea to the value of dland, 15 addition;v
. new theoretical Vork hae been}performed.o% the hyperfine structure splitting
of hydfogen and oh the Lamb shift.k Finall&; the new value of 2e/h-
from fhe ac Josephson effecﬁ has become available. Since this value
is 38 * 10 ppm smaller than that given by the earlier adjustment, oﬁe
'mighf ekpect its influence on the Values'of some of the‘constanfs
in the new adjustment to-be considerable. |
Taylor, Parker, and Langenbergsé have undertaken a'new adjustﬁent

of the Qalues of the fundamental constants. VTheir proceaure was
 similar to that used in the previoué adjustments, aithough they used
S a different selection_of auxiliary constants andvstochastic input data.
A‘POinf-of ﬁote was their use of electrical conversion factofs; the”
ratioiof fhe NES ohm to fhe absolute ohm es an auxiliery eonstent end
 the fatio.of-the ebsolute ampere to the NBS empere as a'stochastio{;
inpﬁt aetum. As a conseQuence; they were eble to derive. a &alue’for-the
ratio‘of the NBS volt to the ebsolute volt wifh an uncertainty of.'
2.6 ppﬁ ffom the'least—oquares adjustment. This newrvelue has,been
uSed_to express 2e/h in terms of the ebsolute volt in ITI.3. andviﬁ
.Table I. | | |

;Ae has Been‘reoarked earlier, the value of 2e/h may be combinedo
With other-stochastic input date and auxiliary coﬁstants to prodﬁoe

: -1 . . o .
values of o = which do not contain any known QED corrections. Three

56

- ways of oblaining indirect non-QED values for a—l are



-8~ ' : \ -~ UCKRL-19165

-1 1 2e\l/2
o J(?f'ﬁ’ J (6.2)
P
v \1/2
1o [f2e e
o~ = C2<4\P R 5 ) (6.2)
P
and a—l =.C_A -1/2 : .(6 3)
CA, T .

Cl’ C2, and. C3'are combinations of auxiliary constants and may be

considered exact. X is.the gyromagnetic ratioc of‘the proton, F is the
' is . ’

Faréday copstant, up/unﬂfhe ?zgnétic moment of the protdn in terms.of

the nuclesr magneton and Xg/the Compton wavelength,

Taylor 33_21}56 performed a‘least—sQuares analysis on a set of
adjustaﬁle constants which included fhe exéressions for a"l. The iist
~of fundaméntal constants thus produced coes not depend oleED and.‘ o
includes a non-QED value of o1 which is 20 ppm sﬁéller than that éiven
vby the 1963 adjustmeht; This‘value'of d—l'may thén be.compared with
.those"ob%ainéd from the various QED experiments.b The basic»finding
isrthétvthere is fair agfeement With values which.are weékly-QED ‘

that 1is, :
‘contain QED corrections) but poor agreement with:

depeﬁdenf ( /
valueé Whiéh are‘totally QED in origin. Thus, the-hydrogen hypérfine_
spiitting.is in excellent agreement. vThis is a very high—precisioﬁf
meaSurgmenL and any uncertainties involve mostly the tﬁeéry'of proton
polarizability which is, in any case, a minor correction. The hyperfine
splittingsrin muonium aqd positrdnium are also in agreement but tﬁése
measuréﬁents have mgch higher experimental uncertainties. The fine-

' ‘strggturévsplitting in hydrogen and deuterium (2P3/2 5'2P1/2) bas been

.,
A
|
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meésufedvdirectly and a]so by coumbining the 2F splitting 

3/2 7 #5172

w1th thc Lamb ohlft (RS )} The agreement of the direct

e = e |
measurement is good. _Although therelis _ aaspread‘of the ihdifecﬁ
, values,jthé agreement is generally aéceptable,,

' We'turn pow tovthe quantities which arise totally‘from QED. The
mégnetié’moment‘anbﬁalies have relatively high'experiméntal uncertaiﬁties:
for example the best kndwn one, for fhe electron @;) 3 has an assigned“
 error of 26 ppn. . The vaiue of afl obtained fron a; is 77 ppm higher
than the»hon—QED Value,‘a discrepancy of some threé standard deviations.
On the other hend, the Lamb shift values_of d—l from both h&drogeﬁ and
deuterium afe significant1y>§9§llgf_thanvthe non-QED value, by as
‘much as 280 * 66 ppm and 400 * T4 ppm réspeétivély. 

>T§jlor, Parker, and Léngenberg56 next critically eXamine thesé
QED ?alﬁes for a*l to see which should be included as daua in the final
adjustménf.' There are fhreé'preliminafy considerations in the seléction.
-firsf ‘5 the_QED value'must‘be within two of three standérd.deviations
of the ﬁon—QED value.  Second ', the value must have a’sufficiently‘
small error that it contributes a significant weight in the»finélv..

. adjustment; in practice‘this implies an uncertéinty of not mofe than 6 ppﬁ.
Third. ,'any value must be in rea°onable agreement with other vaiﬁéé‘
obtaihéd by thevsgme method. The anomalous magnetic moment ahd"LamB

éhift values were thus eliminated at once. The hydrdgén hypéffiﬁe
splitting'was retained but the other hyperfinevvalués were eliminated

- as their experimental errors were too high. The fine—étfuctpre vélges

(AE) were also finally réjectgd on the:grounds‘that the experimental

errors nssigned to some of these may have been underestimated. This
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laSt omission did not, in fact,'change.the final value of a—l_by a very
great amduﬁt. Thus, the only values of a—l included in the final adjust-
ment were tﬁe non-QLD value and hydfogen'hjperfine—s£ructure value. -

The impact of‘the néw value of a_l on the othér:fﬁﬁdamental
constants can'be”seen from Table IT in wvhich we list the 1963 and'l§69
values of five constants. We see that the change in the value of éach
constant'is considerable, in all céses several standard de?iations.

| Vi.k. Discussion |

The agréement 5etween the Joéephson and hydrogen hyperfine-
splitting vélues of a—l is excellent. .Both of these measureﬁenté
are of high precision

_ 9 _

C;;iszagreement between tﬁo totally different
types'of‘experiments is very convinéing and provides the best
independent verification of the accufacy of the ac Josephson voltage-
frequency,relatiqn. The fine structure valge (from the 2P3/2 ——2Pl/2
.transition).in hydrogen and deuterium is less accurate but in acceptgble
'agreéméﬁt'with the other two;bthis value has only small.QEﬁ corrections.
Qn the:othér hand, the'gffactor anomalies and Lamb shift, which'depend
‘c;ﬁpietely on QEﬁ, do seem to be in significant disagreement.‘ of the
.magnefic moment anomalies, only thatbfor the electrbn is_badly.inﬁerror,
.but in an& case there is only one high precision value available at-
‘éresentL:fMore ekperimental data are reguired before_onercanbdraw_anj
reél‘cénclusiOns. There are several Lamb shift,ﬁeasurements available,
all disaéreeing with the théory’in the same directién and by comparable
amounts;‘.Thus either there is an unsuspedfed systematic error in:fhe

experiments, or there 1s something wrong with the theory. There is
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‘considerable activityvin-both theory and experiment at presgnt_and one
méy Hdpefthﬁt.the_sifuatidn will becbmé clarified‘in the reasonably near
future. . :
VII. CONCLUSIONS
~ The eiperimentSvperformed by Parker,.Langenbefg, Denenstein,lénd

Taylbrll on the ac Josephson effect have yielded a value of 2e/h which

is 38 + 10 pfm smaller than that given by the 1963 least-squares
adjustment.l2 Anbindependent measurement by Petley and Morris 3.h'as
confirméd this result.l There are excellent theoretical grounds féf
believing the Josephson voltage-frequency relatibn fo Be.exact, at
least at the levél of 1 ppm and probably at a much higher level. Thé
invariance of the value of'Qe/h under all experimental conditions *
stroﬁgl& suggests that the expgriments do indeed measure a.fundameﬁtal
physical.quantity.

The‘impact of the measuremént has been three-fold. Firét, the
Jésephson'junction seems likely to provide the most conVénieﬁt and :
éatisfactory means of comparing and maintaining sténdards of electfoj

55

- Second, it has played a prominent role in a new

56

“adjustment of the fundamental constants.

_'ﬁotive fqrce.
The new values of some of
the constants differ markedly from those of the §revipus adjuétménﬁ..
Third, the.measuremeﬂt of 2e/h has provided for the first‘time é method
6f;6btaining a high-precision value of the fine—strucfure constang _
ﬁi£hout invoking the.aid of quéntum.electrodynamics.56 This.yalue:of

o is iﬁfbonvincing agreement with that obtained froﬁ the hydrogen ;,
-hyperfinévsplitting experiments. Good agreement has also been.obtained

with the fine-structure splittings in hydrogen and deuterium which
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involve only émall quantum electrodynamic Co:rectionsw Oﬁ th¢ other-
-hand, the_Lamb‘shift and.magnétic momeﬁf anoﬁalies, which are totally
quantum-electrodynamic in origin, yiela valﬁésqéf u whi¢h differ
significéntly from the Josephéoh éffegt value. It appears at preseﬁf
that either something is amiss in the theofy or; alternati?ely, that
~there is a systematic errér in the experimentévon Lamb shift and
magnetic.moment anomalies;v More work is.requifed to_clarify this
situation. .
Finally, the experiments on Josephson junctions are a véry éffiking
‘illustration of the macroscoplc quantum phése coherence in superconduc-

tors. The invariance of the frequency-voltage ratio convincingly

demonstrates that the junction is a very simple quantum system while
the sharpness of the induced steps indicates that the phase difference

between the two superconductors is an extremely well defined quantity.

o
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Parker et al:

Weiéhted average of 19.rﬁns.fqr inducea'stéps in terms of lbcal’vblt
Weighted éVefage-of.é rﬁns_for raaiation-emiésioﬁ'in'térmsrof'local»volt'
Weighted aver=zge for all cdata in terms of local volt

Final valué after conversion to NBS68 voit

FPinal value after conversion tb NBS69 volt

Final value in terms of ebsolute volt {see text)

Petley and Morris:

Final value for induced steps in terms of NPL69O volt

. : . . TR
Final value for induced steps after conversion to NBS68 volt (see text)

i

1483.5085(+3. hppm)MHZ /v,

4835977 (2. 2ppm ) MKz /uV

483.5978(+0. bppm)MHz/uV,

h83.5973(to.hppm)MHz/ﬁVL;

NBS68

_ v NBS69
483.5933(3.6ppm)MHz /UV, oo

183.5976(2 , hppm )MHz/ Y

483.5935(22. hppm)MHz /v

483.5939 (+2. 205 MH2 /Wy o5

NBS68

TABLE_I Values thained for Qe/hAfrom Josephson Junctions

~6G-

G9T6T1~140N



Change

Quantity Symbol Units 1963 Error 1969 Error
S : Adjustment |. ppm Ad justment poMm DM
Inverse of the ;l S _ L
fine structure constant o 137.0388 L4 137.03602 - - 1.5 -20
- \ ! . j ,

. v_ Q ! ) ' . . .
Electronic charge e 107 1.60210 | 12 1.6021917 bk +57
Plank's Constant h lf-3hJ.' sec 6.62559. 24 £.626106 7.6 +01
Electronic Mass m ’10'—3lkg 9.10908 1k 9.109558 6.0 +52
Avogadro's number N 1026kvmole‘ 6.02252 15 £.022169 6.6 ~58

"TABLE IT "A comparison of the values of five constants resulting. from .
the 1969 adjustment with those

ment (Tsble taken from Taylor et

al.).

resulting from the 1963 adjust-

._09_
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FIGURE CAPTIONS

- Fig. 1(a)- In a bulk éuperconductor, in the absence of applied'fields

énd éurrents, thé-phaso‘of the wavefunction, ¢, is constant;
\(b).‘ For tﬁq isolated superconductors, the phase of one may o
[ .
be:varigd relative to the other ih an érbitrary way; . !
(é)f For twe weakly coupled supercogductofs, thé phase of one
is reiated to the phése of the other. | |
_Fig. 2. Schematic representation of dc andvad Josephson tunneling.
(a)’ In the dc effect, pairs ére transferred across the barrief T
between superconductors at the same chemical potential. .(b) -In
the ac effect, ﬁhere is a chenical pbtential difference betwes=r the
two superconductors and the tunneling is aécbmpanied by the emission
(in this case) of a photon of energy hQ:2Aﬁ.
Fig. 3: Types of juﬁction. (&) Thin film juncfion with bxidé’ﬁarrier;
(b) Thin film junction with ﬁetallic barrier; (c) Dayen bridge;
(d) Notarys-Mercereau bridge; (e)‘ Crosséd-wiré weak-link;.{(f)
Pbintfcontaqt junéﬁion;k (g) "Slug."

Fig. 4. Current-voltage characteristics. (a) Oxide junctions {(Fig. 3(a)),
T

in ﬁhis case Sﬁ—SnO—Sn'at l.é?K. The'continﬁqus line at finité

voitage represents the single—pafticle tunﬁeiing cﬁr&e. For

avconstant_current source the characteristic jgmps discontiﬁuously

(=~-=j) from the critiéal current to the single—particle curfe

ﬁhereas for a vbltage,source a negative resistance region is;pbserved

(;,..). (b) Weak link, in this césé, a "Slug" (Fig. 3(g))} 
Fig.15,  Consténtevoltage curfeﬁt stéps inducéd on Sn—énogsn.junction

by 4 GHz radiation. The step spacinrg is abbut 8.5uV. The temperature



-voltage spacing was about 2 X 10

Fig.

Fig.
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was 3.0L°K and the eambient field 1.16.
6. Self-induced steps on Sn-Sn0-Sn- junction at 2.08°K. The
width of the junction in which the standing waves were s&t up was
about 0.16 mm and velocity in the barrier corresponding to the oy
9 21 o _
cm sec ~ ., A field of 2G was
applied (in the plane of the junction and at right angles to

the direction of the standing wave) to maximize the . step amplitude.

" Note the nysteresis and that some of the steps are non-vertical.

T. Cross section through a typical cryostat for measuring 2e/h

(Basea on a:drawing of Parker et §lﬁll)

8. Simplified diagrar of volisge measuring circuit (based on

diagram of Parker et al.ll).

9. 'Circuit for comparing the Josephscn voltage-frequency relation
in junctions made of different materials and for measuring the

dynamicvreSistaﬁée of induced steps - in Pb-Cu-Pb. junctions.

10. Diagram showing comparison of voltage of n=1 step induced

by laser with that of .the n=94 step induced at ‘microvave frequencies.

The heuavy line indicates superconducting connecticns (based on:

Ny,

diagram of Finnegan et al,

'11. Sketch of microwave-induced step on current-voltage. characteris-

tic of weak link. The dotted line indicates the rounding dueiﬁo -
noise.
12. Energy leveis of hydrogen for n=2 in zero field. The

-, —2P. litti is th i S > -2P.,
281/2 ?Pl/2 SPll_uWHg is the Lamb shift (8) and the 211/2. 3/2

splitting is the fine structure internal (AR).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of '
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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