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SUMMARY AND CONCLUSIONS '
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Department of Physics, University of California, Berkelsy, and
Materials and Molecular Rasearch Division,
Lawrence Berkeley Laboratory, Berkeley, California, USA 94720

: 4

Looking back over this, the third IC SQUID conference, and trylng
to compare the state of our field now with the way it was at the
time of the second conferance in 1980, I realize that while there
has been tremendous progress in some areas, in others there have
been considerable disappolintments and setdacks. In attempting to
assess the many things that we have heard in the last four days,

I will give some {dea of :helstétus of the various subdivisions of
the field.

Let me begin with the basic building block qr our technology, the
tunnel junction. During the last five years there has been enor-
mous progress (n our understanding of the nonidealities that af-
flict junctions, for example, localized states in bdarriers, non-
stoichiometric barriers, resonant tunneling, proximity layers be- .
tween barrier and electrode(s), the diffusion of metallic overlay-
ers into electrode grain boundaries, surface segregation, and the
chemistry of Ddarrier and counter-gleé:rodes. Much of this progress
has been achleved with the aid of some rather powaerful tools of
surface sclence, for example, ellipsometry, XPS, AES, RHEED and
LEED. ASs a result of a great deal of hard work, we now have bdar-
riers that can be formed reproducibly to create Josephson junc-
tions that are very stable and long lived, using, for example,
amorphous S8i, A1203 or Mg0. One particularly {mpressive technology
that we heard adout was the all-NbON junction with a 1‘c of around
15K, fadbricataed with the SNIP process. Junctions of this kind with
Mg0 barriers have rather lmpressive characteristics: V8 -« 5,10V,
I,Ry = 3.2mV and Vy = 69aV. An array of 1000 2.5 = 2.5 pa? junc-
tions with a native oxide bdarrlier showsed a spread of only 1.6% in
critical current, due, |t was thought, to variations in the area of



the junctions. Furthermore, these junctions could be bolled In
water with no adverse effects!

I will turn next to some comments on research in basic physics, an
dbea tn which we have also seen a great deal of progress and ax-
citement, One area of consiaerable activity is the atudy of non-
iinear dynamics and chaos, where one takes advantage of the non-~
linear current-phase relation of the Josephson junction. We heard

several talks concerned with the rf driven junctionr, which Is ana- i

logous to the sinusoidally driven pendulum and which has been
studied in great detail both theoretically and in simulations.
Although it is generally not possible to make an absolute one-to-
one correspondence between observations on real junctions and a
caleulation or simulation with a particular set of parameters,
nevertheless it appears that one can account for the observed fsa-
tures in a very satisfactory way. Furthermore, the lnsight that
has been galned enabdles one to avolid raeglons of parameter 3space
giving rise to chaos in the design of devices that are supposed to
have very low notise.

Another fundamental area of consi{derable activity (s macroscopic
quantum tunneling (MQT) and associated phenomena. One type of ex-
periment consists of measurements of the lifetime of the zero volt-
age state of a current-diased Josephson Junction in the limtet Hup
> n,r. where np/2! is the plasma frequency; the decay of the meta-
stadble state {3 via tunneling through the potential darrier separ-
ating it froa the free ruaning regine. The odservation of MQT im-
plies that the macroscople varladle &, the phase difference detwesn
two large reservoirs of Cooper pairs, obeys Qquantua mechantics. A
Arolatnd experiaent {involves a superconduc:lngbrlng {nterruptsd by a
Josephson junction. In this case, the systses tunnels from one sta-
tionary state to arnother; the macroscopic variable is the magnetic
flux threading the lo0p. As we heard, there is an enormous array
ef theory for MQT, including the effects of damping and nonzero
temperature, Now that experiments have Ddeon performed on current-
dbiased junctions in which all the relevant parameters were measursd
classically, the existence of MQT seeas to de unequivocably estad-
lished. The results of an experiment on a loop containing an over-
damped JJnctton exhidited the fz dependence predicted for the ex-
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ponent. of the tunneling rate but a substantlal disagreement with

thes predicted prefactor. More work is needed on the effects of

damping. In a rather different kind of experiment, {t was shown
that the energy levels {n a current-blased Junction were .quantized, -
a further confirmation of the macroscopic nature of §. There was
much theoretical discussion of macroscopic coherence (MQC), which,
{f observed, would demonstrate the superposition of two or more
macroscopic wave functions. One candidate for MQC is the junctlion-
in-a-loop, in which the system tunnels coherently back and forth
betwaen two stationary states. Another is a single junction {n .
which, under appropriate conditions, the superposltioh of many
states {corresponding to adjacent minima of the potential) may oc-
cur., If this latter sltuation can be'observad. it would also have
implications for standards, since {t (3 predicted that in the
presence of microwaves of frequency { one should observe 3teps in
the current at intervals of precilsely 2ef. The experimental
conditions necessary for the observation of MQC are very difficult
to achleve, bdut one might expect tOo see some a&fforts in this area
in the next few years,

Some interssting bhyslcs was reported in arrays of juactions. Two-
dimensional arrays9s in zZero magnetic fleld have been used to demon-
strate the Kostarlitz-Thouless transition. In the presence of an
applied magnetlic fleld, the flux lattice transition has been ob~-

.served., One~dimensional arrays of junctions have been used to in-
_vestligate nonequilidbrium superconductivity: for example, two close-~

ly-spaced microbridges each contalaning -a phase-slip center can in-
teract via the charge imbalance generated by the phaae 3lip pro-

cess.

The final. very spectacular pilece of dasic physics that ['d like to
menti{on ls the observatlion of flux gquantization, that s, of the
Aharonov~-Boha effect, in normal metal rings. These observations

‘invoived the fabrication of extremely small gold rings, one with an

average diameter Of adbout 0.25 um. The resistance was measured
bstween two oppoa(to points on a given ring as a function of the
magnetic flux threading the ring. The resistance showed oscilla-
tions that were clearly periodic superimposed on a slowly varying
background. The Fourier speé:run of these oscillaticns showaed a



large peak corresponding to a borlod h/a and a smaller peak corre~
sponding to a period h/2e, both superimposed on background struc-
ture. As yet, it is not clear whether the h/2e peak represents a.
harmonic of the h/e oscillations or whether {t arises from weak
localization effaects. This observation 13 most exciting, and much
remains %o be done both experimentally and theoretically.

Let me turn now toc a brief review of the more applied aspects of
the conference, beginning with SQUIDs. Work is veéry much focdaaed
on planar, thin~film dc SQUIDs, with design criteria that have
changed little since IC SQUID 80. These devices are fabricated
using photolithography, and have small area junctions made with an
overlap, window or edge technology. The rather low level of white
noise that (s now houtlholy achieved in these davices, typlcally a
noise energy per hertz of a few hundred M, has emphasized the need
to understand and reduce the 1/f noise that dominates at low fre-
quencies. It has been found that a large variety of d¢ SQUIDs with
quite different configurations exhi{dit 1/f noise with a spectral
density S.(f) - (10°'°/f)0§/ﬂz° Furthermore, at least for many of

these devices, the 1/f nolse arises not from 1/f noise i{n the cri-

tical current of the junctions dul rather from an unidentified
"flux noise”., However, some devices fabricated recently at IBM ex-
hidited sudstantially lover f/f noise, for reasons that are not yet
¢lear. Although the junctions in these devices may have deen of
exceptionally high Qquality with very low 1/f nolse {in the critical
gurrent, this does not in (tselfl explain the reduced 1/f nolse in
‘the SQUID since the higher 1/f nolse of many other devices did not
arise from critical current fluctustions. It may de that the
SQUIDs with low 1/f nolse possess some other, matarials-related
property that {s responsidble. It should de emphasized that al-
though one should certainly use Jjunction technologies that produce
low 1/f nolss in the ¢ritical current (this requirsment may. 6x-
clude, for example, amorphous S{ as a bdbarrier), this Lls a neces-
sary bdut not sufficient requirement for low 1/f anolse (n SQUIDs.

Constderadle effort has Ddeen oxpondid to develop schemes that en-
able one to couple Lnput circuits efficiently to planar SQUIDs. OFf
these the m0st widely used 13 a superconducting, spiral input cofl
overlayiag the loop of the 3QUID. Other schemes involve coupling

[
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to a SQUID with multiple loops in parallel, the so-called fraction~- -
al-turn SQUID, or the ugse of a double transformer to couple to a

‘single-l1o0p SQUID, Schemes like these have been used to produce a

variety of SQUID-based instruments. There have been a number of
first=- and sSecond-derivative planar gradiometers, intended for bio-
medtical applications. A high-slew rate magnetometer with a thin-
film pick=-up loop has been operated successfully, and ls intended
?or use in geophyslcallappliéatlons where the ability of the i{a-
strument to track fast transients {s lmportant. A radiofrequency
amplifier based on a dc SQUID nas been developed that has a'very
low noise temperature and can be operated at frequencies up to 306
MHz. A miniature susceptometar has been conatructed that enables
one to measure the susceptibility of micron-sized particles.
Finally, thgré are saeveral efforts aimed at developing multichan-
nal, i{ntegrated instruments for b;omedical applications.

Several applications of SQUIDs were described. A dc SQUID used as

a radiofrequency amplifier has been used to detect pulsed nuclear
quadrupole resonance (NQR) and to detect NQR using thermal noise
with the aplns either in:equtlibrium or in a saturated (T = =)
atato.v In the more usual low frequency range, SQUIDs have been
used to detect flaws {n metals, to measure gravity gradients, to
measure rotation and to detect the Schumann resonance. A single
Junction, rather than a SQUID, has been used to detect electron
spin resonance., However, by far the most widespread application of
SQUIDs discussed at ﬁhls-meetlng was, of course, biomagnetism,

This 13'3 rapldly exp#ndtng fleld with many enthustiastic groups of
workers, although {t appears that bitomagnetic techniques are still

) controversial in medical circles. Untll fatrly recently, the only JRY
_amallable systems consisted of a sf{ngle~channel second-derivative

3radlometor.(3zuz/322). that had to be moved to different parts of
the head (for example) to enabdle one to obtalin sapatial {nformation.
As a result, measurements were slow and tedious., Fortunately, a
System with five second-derivative gradiometaers 13 now available,

with three magnetometers and one flrst-darivative gradloneter for

dynamical balancing, that is, electronic cadcellation of amblent
magnetic nofse. In the future, one would really like to have 30 to
50 channals, so that largd amounts of data could be taken in a
short time. At thls level of complexity, the wire-wound gradi{o-




meters presently used are likely to bDecome rather impractical, and
we heard consldoriblo discussion of planar thin-film gradiometers.
These devices nmeasure off-diagonal derivatives (32Hz/3x2. for ex-
ample), although a scheme has deen proposed that may enable one ef-
fectively to measure the magnetic field, rather than a derivative,

at .a particular location., It {s clear
room for ingenuity in this field. One
is an alternative approach, namely the
shielded room that presumably obviates

that there {8 a good deal of
should not forget that there
use of a magnetically

the necessity of.usiang gra-

diometers. Needleas to say, such rooms are very expensive, and

their use has not been widely adopted.

Incidentally, diomagnetiam

s one application where a reductlon in 1/f nolse (s of cruclal im-
portance, as {3 the design of an electronics package to'produce a
large dynamic range. It ts encouraging to note that there i{s con-
stderadle commercial interest In the biomedical applications of
SQUIDs, and this (s one area.that might just see an explosive

growth Lin the next few ysars.

In concluding this discussion of the applications of SQUIDs, I
should peint out that only & very small fraction of the appllica-

tions of SQUIDs {s represented at this
wide range of experiaents that require

confsrence ~- there (3 a
the sensitivity of a SQUID

that were not discussed at this meeting. Overall, it seems that
the SQUID business 13 {n relatively healthy anabo. However, I am
more than a little surprised that 3 thin=-film dc SQUID with an (n-
tegrated input coll 13 not yet avalladle commerctially, although it
looks as though this situation may change very soon.

Let me move on to high frequency applications. The preeainent de-
vice here (s the SIS quasiparticls mixer, which {s surely one of '

the success stories of supersonducting

ealectronics. A mixer has

been operated at 36 GHz with a nolse temperature of 3.7 £ 0.8XK, a
value within a factor of z_of the quantuam liamit. A sertas array of
N devices has been shown to have a noise temperature independent of
N, and a dynamie range proportional to Nz. theredy enabdling one to
expand the dynamic range without sacrificing senstitivity. Mixers
nave deen operated at frequencies up to 466 GCHz, and have nolse
teaperatures at least several times Detter than competing semi-

conductor devices. Under appropriate conditions the aixers
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exhibit converalon gain, thereby implying that they are operating
in the quantum, rather than classical regime. Several groups are
currently using SIS junctions on radio telescopes, and it seems
that these devices will become the mixer of choice for all millime-
ter and submillimeter applications requiring the highest poss{ible
sensitivity. We also heard about the Josephson mixer, where the
version with the {nternal local osclliator may still have some
applications in the 600 to 2,000 GHz range, and the Josephson
parametric amplifier, where the noise rise assoclated with the
single-junction device has been aeliminated dy means of a i{nductive
shunt with a resulting noise temperature of 6K at 10 GHz.

Interest in fluxon devices nés grown rapidly in the last few yaars.
These devices consist of a Josephson Jjunction large enough to con-
tain at least several flux vortices. In the flux~-flow regime, a
fluxon can be used as an oscillator {in the 100-500 GHz range with a
narrow lineuidih and as much as 1 uW of power at an {mpedance level
of 1 .to 2 Q, chh oscillations have gonstderable promise as loecal
oscillators for mixers or parametric amplifiers. Another applica-
tion of the fluxon i3 as an amplifier, where a gatin of up to 200
has been demonstrated: such devices may bde important in digital ap-
plicattions. Finally, we were treated to some beautiful plctures of
vortices taken on the cold stage of a scanning electron afcrcscope.

Ih my summary of IC SQUID 80, I sald, "... one might hope to see
e.., Dy 1990, a [Josephson] malnframa computer 10 to 100 times
fastar than the IBM 3030. Needless to say, the [junction] techno-
logy will also continue to advance ..." Well, the technology has
certainly advanced a great deal, for example, with the advent of
NBN junctions and Al,05 and Mg0 darrlers, but, of course, the very
large effort at IBM to develop a computsr was ocancelled. [t would
be unrealistic to say that this has not been a major dlow t0 the
fleld of superconducting electronics. Nevertheless, as we heard,
there {s still a very impressive Japanese effort, It was projected
that we would see 5,000 gates on a single chip with a cycle time of
700 pas in the near future. There {s a considerable effort to
develop alternative memory cells, for example, a vortex memory with
non-destructive readout. Much of the effort in this field,
however, {s aimed at developling an alternative three-tarminal



davice. [deally, such a device should have voltage and current
gain, high speed, input-output Lsolation, low power dissipation, a
suitable impedarce, and, above all, bde manufacturable on a large
scale. 1In essence, such a device would de a superior version of
the semiconducting FET or Ddipolar transistor. Various devices

have been proposed and tested, tér example, the tunabdle weak link
device, superconducting transistor, Qquiteron, magneto~-electric
device, single-fluxon qgvtcd and the Josephson FET, dbut none of
these deéieos looks terridbly proaising. Thus, although one should
by no means rules out the possidility of a supercanducting computer,
particularly {(n view of the very flne Japanese effort, the time-
scale required to develop such a machine now appears to de amuch
longer than previously bdelieved, Needless tco say, the (semicon-
ducting) competition will not stand still while a superconducting
computer (3 developed and, as always, one must keep a wary eye on
alternative technologies. One should not forget, however, that
small scale superconducting electroanics, for example A-tao-D conver-
ters, adders and saaplers, may still have an important role to
play.

A Qquite different aapoct of our fleld that coatinues to bBe success-
ful 13 standards. The most important application here i3 still the
use of alicrovave-irradiated Josephson junctions to maintain the
standard volt., Just recently, 2 series array of adout 1,000 junc-
tions was used to produce a standard of adout ! volt, and {t is ex-~
pected that (% will De possidle to compare this with other voltage
standards to a precision of 1 part in 109. Nolse thermoaetry i{s of
considerabdle {nterest. The Nyquist noise current generated dy a
resistor and measured dy a rf or dc SQUID {s a very useful second-
ary :nornca@:or. The linewidth of the Josephson osclilllations gan-
~erated Dy a reslstively shunted junction has been Investigated in
great detall and forms the basis of a primary thermometer, How-~
ovor} this thermometer 1s rather 3low -~ one (s required to acqufro
data for adout 1 day to achiave 1/10% accuracy at the 30 lavel.
Very recently, a resistive do SQUID has bdesn proposed as a noise
thermcmeter. The proposal to use amacroscopic quantum effeqts to
relate current and freguendy through the relatton I « 2ef would Dde
of conaideradle {nterest (f such effects are obsoﬁvablo. 8y com-
biaing this equation with the Jossphson voltage-Cfrequency relation
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V » hf/2e and the quantized Hall effect relation V = hI/eZ. one

would be able to check the consistancy of the voltage, frequency

and current standards.

The final topic I'd like to menttonvls cryocoolers., It has been
long recongized that the advedt of a Eelatlvely cheap, éasy-:c-use
cryocooler would make superconducting electronics avallable to a
much wider rangé of users. Unhapplly, since IC SQUID 80 we have
seen "basically disappointing progress", The requirements for a
cryocooier are rather stringent: {t should be qxiremely quiet both
magnetically and mechanically, Lt should be very reliable with a
long lifetime, it should be capable of continuous operation by
unakillaed personnel, it should be portable, it should preferably
operate at 4.2K, and, of course, it should cost very little! In
fact, existing machines still seem td be rather far removed from
most of these requirements. The Stirling cycle machine reported
five years ago reached -~ T7X, anq nas low enocugh noise for magneto-
cardiology, but probably not for magnetocencephalography. Existing
models appear to have problems assoctated with contamination of the
helium gas. A recent advance that may be very {mportant, however,
is the development of a sealed, ceramic compressor that has bdeen
operated for over 6,500 hours with no signs of contaminatfion.
Development of several Joule-Thomson machines continues: a four-~
stage refrigerator. {3 nearing completion, while the minfature cryo-
cooler consisting of mlbrochanﬁela etched {n a S{ chip has raecently
achieved -~ 19K, The latter device continues to look promising but
very low levels of contaninanion are neceasary to prevent clogging
of the channels. It is not clear that a cryocooler meeting all or
even most of the requirements {s about to become available, dbut the
importance of this technology cannot be overémphaslzed.

In closing this summary, ! would remark that our fileld, at least as
tar as the applications are concerned, is {n many ways at a turning
point. Although Japanese {ndustry appears to bde willing to make a
long-ﬁerm committment to superconducting electronics, it is by no
means clear that American and European industries share ﬁhe same
view. Relatively large sums of amoney are currently being lnvested
in the U.S. to develop 5lonagnetlc sensors and Josephson samplers
for the marketplace {n the relatively near future. If these pro-




Jects prove to bde coammercially successful the whole fleld will )
bdbenefit and expand. This could well habpen i1, for example, blo~-
magnetic measurements become clinically acceptadble. On the other
hand, {f these projects are conﬁercial fallures, the {nvestors will
cut their losses and pull out. As a result, I suspect funding in
any area of cryoelectronics will be increasingly hard to come dy,
and the field will lose its impetus and vitality. Now there are a
couple of ways, &t least, in which I belisve a group such as this
one can help. Firat, we 3hould direct our efforts towards improv-
ing existing devices or developing new devices that meet specific
needs, and, needless to say, compete successfully with other
technolosldé. Second, it (s {n many ways up to u3s to use our
:eéhnology in new applications, 80 that new markets can be opened
‘up. Unless there 13 a viable commercial future for any product,
eventually 1t will disappear from the ﬁarketplace. and there {3
certainly no reason to belleve that superconducting technology will
prove to de an exception to this rule. '

Fimally, I should like %o express the thanks of all us to the ar=~
ganizers of this IC SQUID conference. We are gratseful to the local
committee and their willing assi{istants for the usual superd organi-
zatlion that we have come to expect with regard to all the detalls
that are necessary to ensure the smooth runaning of confarence ==
from the sending out of timely announcements to the organization of
socae 120 papers into oral and poster sessions and the arraangement
el the reception and the oxcurstdn. However, as always, our waram-
et apprectation should go to Professor Hahldoha who once again
carriaed the oOverall rcaponaibllt:y for the 3uccess of the confar-~
ence. Thank you very much.

This work was supported by the Director, Qffice of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the
U.S. Department of Energy under Contract Number DE-AC03-76SF00098.
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