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The events leading to the discovery 
of tunnelling supercurrents took place 
while I was working as a research 
student at the Royal Society Mond 
Laboratory, Cambridge, under the su 
pervision of Professor Brian Pippard. 
During my second year as a research 
student, in 1961-2, we were fortunate 
to have as a visitor to the laboratory 
Professor Phil Anderson, who has 
made numerous contributions to the 
subject of tunnelling supercurrents, 
including a number of unpublished 
results derived independently of my
self. His lecture course in Cambridge
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the first term being the kinetic energy 
and the second term the interaction 
energy. In this equation skx, sky and skz 
are the three components of the kth

S k  = 2 (* k _ p ) z  +  2 2 Vkk> s Wl (2)
k * k '

where z is a unit vector in the z 
direction and _L indicates the com
ponent of the pseudospin in the xy 
plane.

One possible configuration of pseu 
dospins consistent with (2) is shown 
in Fig. 1(a). All the pseudospins lie 
in the positive or negative z direction, 
and the direction reverses as one 
goes through the Fermi surface since 
£k-|i changes sign there. If the inter
action is attractive, however (corres
ponding to negative Vkk,) a configu
ration of lower energy exists, in which 
the pseudospins are tilted out of the 
negative direction into a plane con
taining the z axis, and the pseudospin 
direction changes continuously as one 
goes through the Fermi surface, as 
in Fig. 1(b).

The ground state of Fig. 1(b) breaks 
the symmetry of the pseudospin Ha
miltonian (1) with respect to rotation

introduced the new concept of ‘broken 
symmetry’ in superconductors!1), which 
was already inherent in his 1958 pseu 
dospin formulation of superconducti
vity theory®, which I shall now de 
scribe.

As discussed by Cooper in his 
Nobel lecture last year®, according 
to the Bardeen - Cooper - Schrieffer 
theory there is a strong positive cor
relation in a superconductor between 
the occupation of two electron states 
of equal and opposite momentum and 
spin. Anderson showed that in the 
idealized case where the correlation

pseudospin, ε|; is the single-particle 
kinetic energy, μ  the chemical poten
tial and Vkk, the matrix element for 
the scattering of a pair .of electrons

about the z axis, which is itself a 
consequence of conservation of num
ber of electrons in the original Hamil
tonian. Because of this symmetry a 
degenerate set of ground states 
exists, in which the pseudospins can 
lie in any plane through the z axis. 
The angle Φ which this plane makes 
with the Oxz plane will play an im
portant role in what follows. Anderson 
made the observation that with a sui
table interpretation of the Gor’kov 
theory <4>, Φ is also the phase of the 
complex quantity F which occurs in 
that theory.

I was fascinated by the idea of 
broken symmetry, and wondered 
whether there could be any way of 
observing it experimentally. The 
existence of the original symmetry 
implies that the absolute phase angle 
Φ would be unobservable, but the 
possibility of observing phase diffe-

is perfect the system can be repre 
sented by a set of interacting ‘pseu 
dospins’, with one pseudospin for 
each pair of electron states. The si
tuation in which both states are un
occupied is represented by a pseudo- 
spin in the positive z direction, while 
occupation of both states is repre 
sented by a pseudospin in the nega 
tive z direction ; other pseudospin 
orientations correspond to a superpo 
sition of the two possibilities.

The effective Hamiltonian for the 
system is given by

of equal and opposite momentum and 
spin. The kth pseudospin sees an 
effective field

rences betweeen the F functions in 
two separate superconductors was 
not ruled out. However, consideration 
of the number-phase uncertainty re
lation suggested that the phase dif
ference Δ  Φ could be observed only 
if the two superconductors were able 
to exchange electrons. When I learnt 
of observations suggesting that a 
supercurrent could flow through a 
sufficiently thin normal region bet-
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Fig. 1
Pseudospin configurations in (a) a normal metal (b) a superconductor. kf is the Fermi momentum.

ween two superconductors (5'6>, I rea
lized that such a supercurrent should 
be a function of Δ Φ. | could see 
in principle how to calculate the su
percurrent, but considered the calcu 
lation to be too difficult to be worth 
attempting.

I then learnt of the tunnelling ex-

3 * /3 t  =  — 2 μ /* , (3)

while in a two-superconductor system the phase difference obeys the relation

3
-§(-(* Φ) =  2 e V /6 , (4)

where V is the potential difference between the two superconducting regions, so that

A<J> =  2 e V t / h  +  const. (5)

Since nothing changes physically if 
Δ  Φ is changed by a multiple of 2π, 
I was led to expect a periodically 
varying current at a frequency 2eV/h.

The problem of how to calculate 
the barrier current was resolved when 
one day Anderson showed me a pre
print he had just received from Chi
cago!11), in which Cohen, Falicov and 
Phillips calculated the current flowing

I =  I„ (V) +  II’ (V) cos (Δ  Φ) +  Il (V) sin (Δ  Φ). (6)

At finite voltages the linear increase 
with time of Δ  Φ implies that the only 
contribution to the dc current comes 
from the first term, which is the same 
as Giaever’s prediction, thus exten
ding the results of Cohen et al. to the 
two-superconductor case. The second 
term had a form consistent with my 
expectations of a Δ  Φ dependence of 
the current due to tunnelling of quasi
particles. The third term, however, 
was completely unexpected, as the 
coefficient li(V), unlike lo(V) and i i ’(V), 
was an even function of V and would 
not be expected to vanish when V

periments of Giaever<7>, described in 
his Nobel lecture!8). Pippard<9) had 
considered the possibility that a 
Cooper pair could tunnel through an 
insulating barrier such as that which 
Giaever used, but argued that the 
probability of two electrons tunnelling 
simultaneously would be very small,

in a superconductor-barrier-normal 
metal system, confirming Giaever’s 
formula. They introduced a new and 
very simple way to calculate the bar
rier current — they simply used con
servation of change to equate it to 
the time derivative of the amount of 
charge on one side of the barrier. 
They evaluated this time derivative by 
perturbation theory, treating the tun

was put equal to zero. The Δ  Φ de 
pendent current at zero voltage had 
the obvious interpretation of a super- 
current, but in view of the qualitative 
argument mentioned earlier I had not 
expected a contribution to appear of 
the same order of magnitude as the 
quasi-particle current, and it was 
some days before I was able to con
vince myself that I had not made an 
error in the calculation.

Since sin (Δ  Φ) can take any value 
from —1 to +1, the theory predicted 
a value of the critical supercurrent of 
I i (0). At a finite voltage V an ‘ac su 

so that any effects might be unobser
vable. This plausible argument is now 
known not to be valid. However, in 
view of it I turned my attention to a 
different possibility, that the normal 
currents through the barrier might be 
modified by the phase difference. An 
argument in favour of the existence 
of such an effect was the fact that 
matrix elements for processes in a 
superconductor are modified from 
those for the corresponding proces
ses in a normal metal by the so-called 
coherence factors!3), which are in turn 
dependent on Δ Φ (though the uk’s 
and vk’s of the BCS theory). At this 
time there was no theory available 
to calculate the tunnelling current, 
apart from the heuristic formula of Gia- 
ever!7), which was in agreement with 
experiment but could not be derived 
from basic theory. I was able, how
ever, to make a qualitative prediction 
concerning the time dependence of 
the current. Gor’kov!4) had noted that 
the F function in his theory should be 
time-dependent, being proportional to 
e-2 t̂)t>, where μ  is the chemical po
tential as before!10). The phase Φ 
should thus obey the relation

nelling of electrons through the bar
rier as a perturbation on a system 
consisting of two isolated subsystems 
between which tunnelling does not 
take place.

I immediately set to work to extend 
the calculation to a situation in which 
both sides of the barrier were super 
conducting. The expression obtained 
was of the form

percurrent’ of amplitude

l /{ [I i(V )]2 +  [ I i(V )P )

and frequency 2eV/h was expected. 
As mentioned earlier, the only contri
bution to the dc current in this si
tuation (V Φ 0) comes from the lo(V) 
term, so that a two-section current- 
voltage relation of the form indicated 
in Fig. 2 is expected.

I next considered the effect of su 
perimposing an oscillatory voltage at 
frequency -v on to a steady voltage V. 
By assuming the effect of the oscilla 
tory voltage to be to modulate the
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frequency of the ac supercurrent I 
concluded that constant-voltage steps 
would appear at voltages V for which 
the frequency of the unmodulated ac 
supercurrent was an integral multiple 
of V, ¡.e. when V = nhv/2e for some 
integer n.

The embarrassing feature of the 
theory at this point was that the 
effects predicted were too large ! The 
magnitude of the predicted super- 
current was proportional to the nor
mal state conductivity of the barrier, 
and of the same order of magnitude 
as the jump in current occuring as 
the voltage passes through that at 
which production of pairs of quasi
particles becomes possible. Exami
nation of the literature showed that 
possibly dc supercurrents of this ma
gnitude had been observed, for ex
ample in the first published obser
vation of tunnelling between two eva
porated-film superconductors by Ni
col, Shapiro and Smith!12) (Fig. 3). 
Giaever!13) had made a similar obser 
vation, but ascribed the supercurrents 
seen to conduction through metallic 
shorts through the barrier layer. As 
supercurrents were not always seen, 
it seemed that the explanation in 
terms of shorts might be the correct 
one, and the whole theory might have 
been of mathematical interest only 
(as was indeed suggested in the lite
rature soon after).

Then a few days later Phil Ander
son walked in with an explanation for 
the missing supercurrents, which was 
sufficiently convincing for me to de 
cide to go ahead and publish my cal-

Fig. 2.
Predicted two-part current-voltage characteristic 
of a superconducting tunnel junction.

culation!14), although it turned out 
later not to have been the correct 
explanation. He pointed out that my 
relation between the critical super- 
current and the normal state resis 
tivity depended on the assumption of 
time-reversal symmetry, which would 
be violated if a magnetic field were 
present. I was able to calculate the 
magnitude of the effect by using the 
Ginzburg-Landau theory to find the 
effect of the field on the phase of the 
F functions, and concluded that the 
Earth’s field could have a drastic 
effect on the supercurrents.

Brian Pippard then suggested that 
I should try to observe tunnelling su
percurrents myself, by measuring the 
characteristics of a junction in a 
compensated field. The result was 
negative — a current less than a 
thousandth of the predicted critical 
current was sufficient to produce a
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Fig. 3
The first published observation of tunnelling between two evaporated-film superconductors (Nicol, 
Shapiro and Smith, reference 6). A zero-voltage supercurrent is clearly visible. It was not until the 
experiments of Anderson and Rowell (reference 15) that such supercurrents could be definitely 
ascribed to the tunnelling process.
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detectable voltage across the junction. 
This experiment was at one time to 
be written up in a chapter of my the
sis entitled ‘Two Unsuccessful Expe
riments in Electron Tunnelling bet
ween Superconductors’.

Eventually Anderson realized that 
the reason for the non-observation of 
dc supercurrents in some specimens 
was that electrical noise transmitted 
down the measuring leads to the spe 
cimen could be sufficient in high-re
sistance specimens to produce a 
current exceeding the critical current. 
Together with John Rowell he made 
some low resistance specimens and 
soon obtained convincing evidence!15) 
for the existence of tunnelling super
currents, shown particularly by the 
sensitivity to magnetic fields, which 
would not be present in the case of 
conduction through a metallic short. 
In one specimen they found a critical 
current of 0.30 mA in the Earth’s ma
gnetic field. When the field was com
pensated, the critical current in
creased by more than a factor of two, 
to 0.65 mA, while a field of 2mT was 
sufficient to destroy the zero-voltage 
supercurrents completely. Later Ro- 
well(ie> investigated the field depen 
dence of the critical current in detail, 
and obtained results related to the 
diffraction pattern of a single slit, 
a connection first suggested by 
J.C. Phillips (unpublished). This work 
was advanced by Jaklevic, Lambe, 
Silver and Mercereau(17>, who con
nected two junctions in parallel and 
were able to observe the analogue of 
the Young’s slit interference expe
riment. The sensitivity of the critical 
current to applied magnetic field can 
be increased by increasing the area 
enclosed between the two branches 
of the circuit, and Zimmerman and 
Silver!18' were able to achieve a sen 
sitivity of 10'13 T.

Indirect evidence for the ac super
currents came soon after. Shapiro!19) 
shone microwaves on to a junction 
and observed the predicted appea 
rance of steps in the current-voltage 
characteristics. The voltages at which 
the steps occurred changed as the 
frequency of the microwaves was 
changed, in the manner expected. In 
1966, Langenberg, Parker and Tay
lor!20) measured the ratio of voltage 
to frequency to 60 parts per million 
and found agreement with the value 
of h/2e then accepted. Later they in
creased their accuracy sufficiently to 
be able to discover errors in the pre
viously accepted values of the fun
damental constants and derive more 
accurate estimates!21· 22>, thus carrying 
out to fruition an early suggestion of

Pippard (unpublished). The ac super- 
current is now used to compare vol
tages in different standards labora
tories without the necessity for the 
interchange of banks of standard 
cells. If two laboratories irradiate spe 
cimens with radiation of the same 
frequency, constant-voltage steps ap 
pear at identical voltages. The Inter- 
comparison of frequencies can be 
carried out in a straightforward man
ner by transmission of radio signals.

At the end of 1963, the evidence 
for the existence of the ac super- 
current was only indirect. John Ad
kins and I tried to observe the effect 
by coupling together two junctions 
by a short (~  0.2 mm) thin-film trans 
mission line. The idea was that ra
diation emitted by one junction would 
modify the charecteristics of the other. 
The experiment, planned to form the 
second part of the thesis chapter re
ferred to above, was unsuccessful, for 
reasons which are still unclear. Later, 
Glaever!23) was able to observe the 
ac supercurrent by a similar method 
to the one we had considered, and 
then Yanson, Svistunov and Dmit- 
renko<24> succeeded in observing ra
diation emitted by the ac supercurrent 
with a conventional detector.

Finally, I should like to describe the 
SLUG<25), developed in the Royal So
ciety Mond Laboratory by John Clarke 
while he was a research student. 
John was attempting to make a high- 
sensitivity galvanometer using the 
previously described magnetic inter
ferometers with two junctions con
nected in parallel. One day Paul 
Wraight, who shared a room with 
John, observed that the fact that one 
cannot solder niobium using ordinary 
solder must mean that if one allows 
a molten blob of solder to solidify in 
contact with niobium there must be 
an intermediate layer of oxide, which 
might have a suitable thickness to act 
as a tunnelling barrier. This proved to 
be the case. However, in John’s speci
mens, in which a niobium wire was 
completely surrounded by a blob of 
solder, the critical current through 
the barrier proved to be completely 
insensitive to externally applied ma
gnetic fields. It was, however, found 
to be sensitive to the magnetic field 
produced by passing a current 
through the central wire. This fact led 
to the development of a galvano
meter with sensitivity of 10~14 volts at 
a time constant of 1 sec.

There have been many other de 
velopments which I have not had time 
to describe here. I should like to con
clude by saying how fascinating it 
has been for me to watch over the

years the many developments in labo
ratories over the world, which followed 
from asking one simple question, na
mely what is the physical significance 
of broken symmetry in superconduc 
tors ?
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The  U n iversity  o f  Z am b ia

A. H. Ward, L usaka

As reply to the letter by F. Janouch, 
Prague concerning « Unemployed 
physicists to assist developing coun
tries ? « we received the article given 
below.

Introduction

The University of Zambia was 
established in 1965, following the 
Report of an Anglo-American team 
headed by Sir John Lockwood, which 
visited the country in 1963. The Uni
versity is dedicated to the task of 
responding to the real needs of 
Zambia. At the same time, as a mem
ber of the Association of Common
wealth Universities, it is determined 
to earn the 'respect and proper recog
nition of the international university 
community.

The University campus is situated 
on the outskirts of Lusaka. The 
Physics Building, which was occupied 
in 1968, presently houses Physics, 
Mathematics, the Computer and Data 
Processing Centre, the office of the 
Dean of the School of Natural 
Sciences, and small machine-tool and 
electronics workshops. As further 
buildings come to operation Physics 
will take over more of the Physics 
Building - there is ample room for 
expansion for many years to come.

Degree /C ourses

Entrance to the University Is at GCE 
‘0 ’ Level, and the duration of the 
degree course for the B.Sc. degree 
or the B.Sc. (ed.) is four years. 
Degrees are offered in Physical 
sciences and in Physics with mathe
matics ; it is hoped to offer a degree 
in Physics in the future. One year of 
Physics is also taken by students 
studying engineering, medicine, agri
culture, or the biological sciences. 
The major part of the teaching effort 
in Physics is therefore at introductory 
level ; the main 1st-year course for 
280 students is being developed on a 
self-paced modular basis, and we 
would particularly welcome colleagues 
with experience in ‘Kel'ler-plan’ or 
similar mastery-1 earning introductory 
courses. Limited opportunities also 
exist for teaching courses in geo 
physics and materials science, to both 
engineers and scientists, and for 
developing and teaching ‘Applied 
Physics’ courses.

Teaching and Research

The University Council regards 
twelve formal contact hours a week 
(32 weeks p.a.j as a fair teaching load. 
This leaves adequate time for staff

members to pursue their own research 
work. Financial provision for research 
has been very generous, by African 
standards, and the laboratories are 
well equipped. In addition to physics 
equipment, the University possesses 
an IBM 1130 computer, electron micro
scope and electron diffraction camera, 
a range of materials-science and 
metal-physics and geophysics research 
equipment, and houses nmr and 
Packard Tricarb-Autogamma spectro 
meters and a 400-channel Laben 
spectroscope.

In physics, metal-physics research 
developed well in 1967-1968 and a 
request to the RCM (RST) group of 
mining companies in 1968 for sub 
stantial support was successful. An 
RCM Research Fellow was appointed 
in 1969, and further equipment pur
chased. The three small research 
laboratories now house an Instron 
TM tensile testing machine, Philips 
X-ray generator with powder cameras 
and Universal flat-plate camera, 
micro-densitometer, Servomet spark 
machiner, 4” electromagnet, Pye 
precision decade potentiometer, Hi’lle 
rolling mill, Zeiss metallurgical micro
scope, and a range of furnaces, 
polishing, and ancillary equipment. In 
addition, RCM provides technical

support in its own ‘Copperbelt’ labo
ratories, e.g. with metal working and 
analysis. Investigations include the 
recrystallisation of wirebar copper, an 
assessment of the spring-elongation 
test currently used in copper quality 
control, work on the theories of 
recrystallisation and of the annealing 
behaviour of the point defects in 
metals; two important research papers 
have been published.

This successful metal-physics work 
is being expanded with a 2nd Research 
Fellow and with further backing from 
industry and mines to a broader 
‘materials-science’ research effort, 
including ceramics and refractories ; 
new colleagues with relevant interest 
would be particularly welcome.

The geophysics research team 
started in 1970 and has support from 
NCCM (AAC) and RCM groups of 
mining companies and from other 
outside firms and departments. It has 
made a strong start in four fields - 
seismic and seismic-refraction, geo 
thermal, gravitational and geoelectrical 
research. It Is working in close co 
operation with professional colleagues 
in Government departments and the 
mining companies. There are two 
small research labs, the seismological 
observatory, and a geophysics Land-

University of Zambia, Lusaka - Second year student, A. Muneka on electronic equipment.
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