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Advances in SQUID Magnetometers
John Clarke

Invited Paper

- Abstract -- The operation and noise limitations of dc and rf‘SQUIDs are outlined,
and recent advances in their Sensitivity are‘discussed..'A_mode1 of the dc

SQUID predicts aﬁ energy noise level per Hz referred to the SQUID of approximately
8 kBT L/R a 8 kBT(nLC)%, where L, R, and C are the SQUID inductance and the shunt

resistance and capacitance of each Josephson junction..'Some_éxambles of dc SQUINS

their performance is .
are described to show that /generally in reasonable agreement with the model.

3OJHZ'] for a device with

33

The noise energy ~  has improved from about 2x10~
L=1nH and a tunnel Junction area of 104 pmz to about 2x10° JHz']‘for a device
with L=0.1nH and a microbridge resistance of 40 Q. Further ihprovements are ex-
pected in the near future. The model of the rf SQUID predicts a noise energy

per Hz referred to the SQUID of [(na2¢g/2L)'+' ZwakB'(eff)]/mrf, where o is the

§ (eff)
: . eff
is an effective amplifier noise temperature, and ©,.f is the pump frequency.

intrinsic width of the distribution of fiux transitions,
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With one exception, the performahce of the 7 types of rf SQUID listed is in

reasonable agreement with the model. The noise energy ranges from about.

29 .,.-1 =311

1.5%x10°“°JHz™" for a 20 MHz toroidal SQUID to 3.5x10 ~'JHz ' for 9 GHz re-

entrant toroidal SQUID; a somewhat better sensitivity has been reported
for a 430MHz device, .
~ /apparently  in conflict with the theory. In both dc and rf SQUIDS, 1/f

noise (f is frequency) is likeiy to extend to higher frequencies as the

white noise level is decreased.

Manuscript received March , 1980. This work was supported by the
Division of Materials Sciences, Office of Basic Energy Sciences, U.S. Depart-
ment of Energy. .

The author is with the Department of Physics; University of California
and'Materials and Molecular Research Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720.
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I. INTRODUCTION

During the past two years, the energy sensitivity of dc SQUIDs (Super-
conducting QUantum Interference Devices) [1] has improved by more than 3 or-
ders of magnitude, while that of rf SQUIDs [2,3] has improved by perhaps an

~order of magnitude; The purpose df_this article is to reviéw briefly these
advances, and to make some assessment of possible future trends. .

A few genera]bremarks:on the history of SQUIDs are in ordér; The dc
SQUID, which consists of two Josephson junctions [4] interrupting a super-
conducting loop, appeared in 1964. The critical current (maximum supercur-
rent) of the SQUID oscillates as a function of the flux, ¢, threading the
ring'with a period of one fTux quantum. When the SQUID is biased with a con-
stant current, the time-aVeraged vo]tagé:iS'a1so periodic in ¢, so that the SQUID is

essentially a flux-to-voltage transddéér. The potential of thé device as a
-éensitfve magnetometer and voltmeter was immediately recognized, and several
versions were made and used. Ironically, although the first dc SQUID was
fabricated from thin films [1], the early practical devfceS‘were made from niobium
block, sheet, or wire. Development of fhe dc SQUiD was largely abandoned
around 1970 because of the advent of the ff SQUID, which requirés only a sin-
gle junction to be mounted in the ]oop; The rf SQUID ié‘COUp]ed to the in-
ductor of a resonant LC- circuit, excited at its' resonant frequency. The
rf voltage acroés the tank circuit is also periodic in the f]qx'in the SQUID.
At a time when reproducible, stab]e:jﬁhctfons were re]étive]y dffficu1t to
produce, the rf SQUID had an obvious advantage in simplicity over the dc SQUID.
Subsequently, there was considerab]e activity in the development of rf SQUIDs,
their associated electronics, and the theoryvof their noise limitations. Most
devices invo]vedva niobium point contact, although some thin-fiim microbridge

" versions were also used successfully. -Several companies manufactured rf SQUIDs,



particularly toroidal point contact devices,
and they have become very much more widespread in app]ications than the dc
SQUID. However, in 1974, a cylindrical thin-film tunne]_junction dc SQUID
appeared with a sensitivity sub;tanfia]iy higher than that of available rf de-
vices. It was long-lived , relatively easy to fabricate, and required
quite simple electronics.. A model for the noise predicted that one could
hope to improve dn the sensitivity of the 1974 SQUfD by between 3 and 4 or-
ders of magnitude. These improvements have now been largely realized, and
‘mechanical

the sensitivity of the SQUID is approaching a quantum/limit Thus, although
rf SQUIDs are still by far the more popular, it appears that dc SQUIDs may
well return to favor in the near future.

In this article, I shall discuss fecent deve]opments’in dc and rf SQUIDs,
beginning in eachvcase by discussing_briefiy the principles of their operation,
their noise 1imitation$, and the optimization of their sensitivity. I shall

then describe a number of devices, :;and compare

their sensitivities with the predictions of the modeis. .  The Tist of
devices is not intendedito be exhaustive: It was chosen to illustrate improve-
ments in the Sensitivity of dc SQUIDS over the cyiindrical device, and in

the sensitivty of rf SQUIDS over the tor01da| device. I shall not be con-
cerned with other important con31derations, such as the slewing rate, which

is largely a function of the associated electronics, or the input circuitry
required for voltmeters or'magnetometers. Extensive reférences and details

of eaf]y work, the theory of SQUID operation,.and a discussion of ihput cir-

cuits can be found in earlier reviews [5, 6].



II. DC SQUID .

A. Principles of Operatjon

The dc SQUID consists of two Josebhson junctions in a superconducting

Toop of inductance L [Fig. 1(a)]. We assume that the junctioﬁs are ideal

- tunnel junctions each with a critical current I0 and a self-capacitance C.

is

Each junction is resistively shunted to eliminate hysteresis on the current -
voltage (I-V) characteristic. This'reqUifes (7] BC=2-1TIOCR2/¢O <1, where
9y = h/2e is the flux quantum. Figure1{b) shows the I-V characteristics of

the device with applied fluxes ¢ = ndé_ and (n + %)¢o threading the loop,

0
where n is an integer. The critical current of the SQUID oscillates as a
function of ¢. ' ‘ : The I-V characteristic

is also a periodic function of ¢, so that if one biases the SQUID with a con-

stant current greater than the maximum critical current, the voltage across the device

as indicated in Fig. 1(c). For a flux near (2n + ])¢O/4, the SQUID is thus

a f]ux-tb-vo]tagevtransducer with a transfer function V¢5(3V/a¢)1 . The

equivalent flux sensitivity of the device is determined by dividing the rms

voltage noise across the SQUID by V¢ to obtain the equivalent rms flux noise.

In practice, SQUIDs are almost invariably operated in a flux-locked loop

as indicated in Fig; 2._ An ac flux (typically at 100kHz) with peak-to-peak
amplitude ¢o/2 is applied to the SQUID, and the resultant 100kHz voltage is
amplified by either a cooled LC- resonant circuit [8] or a cooled transformer
[9]. If the averagev. flux in the SQUID.is exéctly e, [Fig. 3(a)], the
voltage acro§s the SQUID is at 200kHz;' If the flux is increased or decreased

from this value, a 100kHz component appears in the’voltage, with a phase that

depends on the sign of the flux change [Fig. 3(b)]. The 100kHz signal is am-

plified and lock-in detected at the modulation frequency, as indicated in Fig.



Thus, the output from the lock-in is zero at ne s ﬁositive (say) for

¢ = (n+6)¢0, and negative for ¢ = (n-6)¢°, where §<<1. After further ampli-
fication, the voltage is connected across a resistor in series with the mod-
ulation/feedback coil coupled to the SQUID; Thus, if a flux 6¢§ is applied
to the SQUID, the feedback current produces an opposing flux that cancels
6¢°, the output voltage V; being proportional to 6¢0;

To measure the intrinsic equivalent flux noise of the SQUID, the device
is enclosed in a superconducting shield to exclude f1ucfuations in the exter-
nal ﬁagnetic field. The spgctra1 density of the noise in the output is meas-
ured; and can be converted readily into an equivalent flux noise provided the
feedback resistance, Re, and the mutual induétance between the feedbaék cdil'
and the SQUID are known. | R '

B. Noise and Optimization

Tesche and Clarke [10] have performed a computer simulation of the dc
SQUID to find the optimum parameters, assuming that the only source of noise
is Nyquist noise in the reéistive shunts. They computed the I-V characteristics and
noise with zero junction capacitance. To'compare their hode] with é real SQUID
with non-zero capacitance they used the maximum value of resistance for non-
nysteric behavior, R = (¢o/2nIOC)]/2; (The presence of capacitance undoubfedly
affects both V¢ and the level of the voltage noise, but it is believed that |

the error introduced into the computed energy noise is at most a factor

of 2. o ’ The simulation con-
firmed the long-held belief that the SQUID is optimized when g = 2LIO/¢§ = 1.
Most of the c0mputationsvwere performed for a SQUID operating in the liquid
‘He4 range with L=1nH and IO=TuA. The choices °f'Io and the temperature T fix
the noise parameter T = Z"kBT/Io ¢o to be about 0.05 at 1.2K. This para-
~ meter determines the noise rounding of the I-V characteristic as well as the
magnitude of the noise, and its' value can drastica]ly affect the value of

) Thus, computations at a given value of T cannot be applied immediately

.
-6-



to devices with very different values of T. There is a peak 1n_v¢ as a func-

tion of bias current, and it is necessary to operate the SQUID at or Cwse to

For L=1nH, Io=1uA, and t= 0.05, o

this peak to obtain optimum performance. |
(2n+1)¢0/4 is

a good approximation the optimum valué of V¢ at ¢

(g!) x R . - | (1)
3¢I .._L .

The spectra1 dens1ty, S , of the voltage no1se across the SQUID at

ch less than 2ZeV/h (but greater than frequencie

S wh1te proport1ona1 to I, and modu]ated somﬁat

‘ ' s at which 1/7 noise
frequencies mu

appears, where f is the frequency) i
~che flux with a period ¢o. For the same values of L, Io’ and r»giyen above, V
or ¢ = (2n+])¢o/4, and at the peak in‘Vé, Sv has the value |

| Sy & 16 kBTR - ’ . (2)
Bearing in mind that the resistance of the SQUID at high bias currents is R/2,
we notice that the spectral density of the'vo]tage noise at the operating point
is roughly 8 times the Nyquist‘value for the shunf resistances. Combihing
. Egs. (1) and (2) we find the e guiva]ent‘f]ux ndiSe: |
| s, # 16 kgT LE/R . B &)
For many practical applications in which the SQUID is coupled to an in-
put circuit to make a voltmeter or magnetometer, it is important'to realize

that a knowledge of S, is not necessarily sufficient to characterize the sen-

¢
sitivity of the device. In addition to the voltage noise across.the SQUID

there is a noise current circulating around_the SQUID loop. For the same values
of L, Io’ r, and ¢ used'ébove, and at the peak 1n,v¢, the computer model pre-
~dicts the spectral density of the current noise to be [12]

| S; 0% 1 kgT/R. o ()
Whether or/not’there is an input circuit coupled to the SQUID, the current
noise gives rise to a component of the voltage noise provided V¢'f 0. The vol-

tage and current noises are therefore partially correlated, and héve a



correlation power spectral density [12]

| Syg R 12 kT (5)
for the above values of L, I, T and ¢. The circulating current noise also in-
duces a real voltage noise in any input circuit coupled to the SQUID that is
detecfed and amplified by_the SQUID to produce an additional voltage noise
at the SQUID output.‘ The optimization of voltmeters and magnetometers tak-
'ing into account these two noise sources is relatively straightforﬁard [13],
and we shall briefly discuss the results for voltmeters with tuned and un- |
tuned input circuits, as indicated in Fig. 4.

For a tuned voltmeter [Fig. 4(a)], when the components have been properly
optimized for a signal frequency w <<R/L, the optimum noise temperature (Egs.
(15) and (16) of ref. [13]) is - -

(opt) o I
T & o (SyS;- Sy : (6)
ZkBV¢ ‘
Notice that TN(Opt) is independent of the coupling coefficient between the in-
put circuit and the SQUID, and ié reduced by the correlations in the two noise

sources. Both S,S; and S5, are proportional to (kgT)?, and
' 7 (opt) w -'$¢ N VBT (7)

N A .

2L R/L

For the untuned Vo]tmeter [Fig. 4(b)], the optimized noise temperature

(Eqs. (17) and (18) of ref. [13]) for w <<R/Lis

(opt) . , 2 - 4208 Y
— o . ] 2
2,2 S L*=S
2kBK V¢L v v

Here « = Mi/(LLi)% is the coupling coefficient between the input coil and the
SQUID, and Mi is the mutual inductance between the SQUID and the input coil

JV°

Y and neglecting the

. of 1nduct;nce Li‘ Setting S¢ = SV



term in square brackets which lies betweenvl and 2, we find

T]Sgpt)x wS o 3 wl o (9)
2kgkL @R/L

Unfortunately, no measurements exist for either SJ or SvJ However, to

the extent that one has faith in the model, it is clear that if one des1gns a

by-maximizing R/L,
SQUID to cpt1m1ze S /2L Rhe noise temperature will also be minimized. A conven-

jent parameter for characterizing SQUIDs is thus the noise energy : per Hz

©/lHz = S, /2L . | | (10)
From Eq. (3), we find |

e/1Hz 3 8kBT/(R/L), , ' (11)
or, setting R = (¢ /2vI C)% and 2L1 =6 _ , |

e/Mz g 8kgT(rLOYT . , (2

It should be empﬁasized thatvthe'numerica1vfactor in Eqs.'(l1) and (12)
is somewhat dependent on'the value ofgrlused in the calcu]ation,'0.0S, and is
likely to be substantially differeht for much-larger or much smaller values of
I'. Nevertheless, the functiohal dependences are Va]id for all situations in
which thermal noise in the shunts is the only, or at least the dominant noise
source. Thus, to optimize the SQUID we must reduce T, L, and C. Since the
capacitance of a tunnel junction changes relatively little as.the critical
currenf is varied over a wide range,: a reduction-in C isveQUivaTent to a reduc-
tion in the junction area. A-reduction in C increases»the bias voltage and hence
the Josephson frequency at which the'SQUID operates, and-is thus analogous to in-
,creasing-the pump. frequency of the rf SQUID. We also point out that Eqs. (11)
and (12) neglect preamplifier noise. It>is relatively straightforward to obtain
a preahp]ifier noiée temperature rather 1essvthan‘]K'so that thié noise contribu-
tion is {nsignificant for a SQUID in the He temperature range. However, if the

temperature were to be lowered into the mK range, one wou]d require a preamplifier



with a lower noise temperature (for example, a second SQUID,) to take advantage of the

reduced intrinsic thermal noise. As a final comment on the noise energy

we note that in most low frequency applications one uses an untuned rather than
a tuned input circuit. The noise energy | is then proportional to 1/K2; o]
that ¢/1Hz ='S¢/2L|<-2 is a,moré appropriate parameter to compare different SQUIDs.
As we shall see, most of the very sensitive devices recently produced have not
been coupled to input circuits, and the value of « obtainable remains an open
question. We shall therefore use Eq. (10) as a measure of the sensitivity,
but one should bear in mind its' limitations. |

Our discussion so far has been for noise in the thermal limit. However,
if one can design and fabricate a‘SQUID such that the bias'voitage at the peak
in V, exceeds kpT/e, quantum effects will become impértant. Calcula-
tions by Koch et al. [14] sugggst fhat in the limit eIoR >> kBT, the sensitivity -
is limited by zero point fluctuations in the shunt resistors. At T=0, for an
optimized tuned input circuit they find e/1Hz x & , and T§°pt)~ m/kB._
These results may be uﬁderstood qua]itatively if one replaces kBT with eIoR in
Eqs. (11) and (7), and 7%E§o= %5 At the time of writing, it seems possible

to operate a dc SQUID in the quantum noise limit.

In section I1.C we describe a number of practical SQUIDs that.hévelbeen
designed for low noise according to the prestription in thiﬁ.section; A]though‘
there are deviations in detail frqm the equations given for the thermal noise
1imit, these results appear to be‘reasonény accurate, and to pfovide an excei-

lent guideline for the optimization of SQUID parameters.

-10-



C. Practical Thin-film dc SQUIDs

Six types of dc SQUID are described. The essential parameters are sum-

marized in Table I, with values of S, /2L predicted from Eq. (11).

(1) Cylindrical dc_SQUID with L=1nH and 10%um’ junctions The first practical
thin-film tunnel junction SQUID was_the cy]indrfcalldévice [8] shown in Fig. 5.
The various metals are déposited through shadow masks onto a 3mm diameter fused
quartz tube. The Nb strips make metallic Cohtéct with the Pb(10% In) band,
and are therma11y‘oxidized before the two junctions are completed by the evap-
_ oration of the Pb/In tee. Each.junction‘has an estimatéd capacitance of about
4OQpF,:and a critical current of 1 to 2 uA. The Au strip, which is deposited
first, provides a shunt resistance of about 1@ for each junction. Thus, Bc
'is usdal]y-between'l and . 2, but_novhysteresis in the I-V characteristic is
observed . ~ because of noise rouqding. The sensor is covered with a
thin insu]éting layer, and a lead fi]m/ééaporated over the s1it in the band
and_the narrow films. !This'supekcbnducting groundplane substantially reduces
the parasitic inductance. The total SQUID inductance is approximately TnH, |
and 8 varies from 1 to 2. The modulation/feedback coil, typically 2 turns of
50um-diameter niobium_wire, is modnted rigfd]y insfde the_quartz'tube, while
- the signal c611 is wound on a cylindrical former that fits snugly over the

SQUID. The cy]indrical-configuration enab]eé one to‘achie?e excellent magnetic
coupling between the §igna1 coil and the SQUID. A coupling coefficienf,ng of 0.5
to 0;6 is typical. Two leads aré conneéted'to the:SQUID with:pressed In pellets.

' The spectral‘density'of’the flux noise with the SQUID in a flux-locked loop

9.2 51

. - . . Sy 1a72 :
is typically 10 “¢- Hz' at frequencies above about Z X 10 Hz, corresponding to an

energy noise - ‘of about 2x10°30JH2].

0
At lower frequencies 1/f noise dominates.

These devices have been in use for abodt's years, and have proved to be completely
reliable even under the demanding conditions of geophysical field trips.

They are rather insensitive to the exact: values

-11-



of the ac modulation amplitude and bias current, so that one does not usually
neéd to make any adjustments during trips lasting as long as several weeks.
Furthermore, because the critical current is relatively insensitfve to bath
temperature, it is usually not necessary to adjust the bias when the magne-
tometer is.operatéd_at higher altitudes.

(1) Planar dc SQUID with L=1nH and 10%m® junctions To test the effects of

reducing the junction capacitance, Koch et al. [15] have constructed planar
SQUIDs with an inductance of InH and a junction area of-102um2, thereby re-
ducing the capacitance to about 4 pF, The SQUIDs are constructed by first

evaporating two 10um-wide AuCu shunts throﬁgh shadow masks (Fig. 6), and then
sputtering a Nb loop in the configuration shown using‘a pﬁoto]ithographic
1ift-off technique. The surface of the Nb is cleaned by ion-milling and
thermally oxidized before the final Pb/In fiim is deposited through a shadow
‘mask. The modulation/feedback coil is é]ded to the substrate near the SQUID
loop. Above ‘roughly 1Hz, the noise energy of an optimum device
in an openlloop measurement is 2x10°31JH2f1, in good agreement with the ex-
pected value.

(ii11) Planar_dc SQUID with n=1nH and 1um2 junctions Voss et al. [16] have con-

structed an all-Nb planar device with 1um2 junctions that has the expected
performance, and that is particularly durable. The SQUIDs are fabricated on
33um-thick Si wafers using electron beam 1ithography (Fig. 7). The shunt re-
sistors are made by depositing ZQnm of Pd, lifting-off the maék, and annealing
the substrate ét 250°C for 30 min. to form PdZSi.v-The'resisﬁivity of this
material varies fkom-40 to 80 uQ cm. A second resist layer is patterned for
the first Nb'film with a Tum linewidth in the fegions where the junctions are
to be formed. Aftér plasma etching the exposed substrate, a 135nm-thick Nb
fi]m‘is deposited and the mask 1ifted off. A final resist 1éyer is patterned
for the second Nb film to give linewidths at the junctions ofvbetween-O.S and
4um. The éxposed first Nb film is sputter-cleaned and plasma ozidized before
the deposition of a 210nm-thick Nb film. After the final Tift-off, the wafer
-12-



is diced, and Al wires are ultrasonically bonded to the Nb pads. The estimated
inductance of the SQUID is TnH.

Figure 8 shows the I-V characteristics at two temperatures with applied
fluxes of n¢o,and (n+%)¢o.. There is no evidence of resonant structure on the
characteristics. The resistance of the SQUID at high Bias current is 15, cor-
responding to a shunt resistance of 30a for each junction. Figure 9 shows V(¢),

Vg > Vn(rms voltage noise), ¢n(rms flux noise); and e/1dz vs. applied flux. The
bias currenf was adjusted to maximize the change in V(¢) with flux, and the
noise was measuredvat 40kHz. The maxima ofva@) and Vn and the minima of |
%0 and ¢ all occur at the same values of applied flux. At 1.6K, an optimum energy

32 ]was obtained over a variafjon-of applied flux of at

noise  of 1.1x107°¢J HZ
"~ Jeast ¢o/10, and at biés currents of ‘3.7 + 0.2pA. At 4.2K, the energy noise

of 2.5x10°32JHz']was similarly fnsensitive to the bias current, and
achieved over a range of'¢°/1Q or more. Thus;'there should be . no difficulty
in operating the device in a flux-locked loop. This type-of_SQUID appears to
be_virtua]]y indestructible and, coupled efficiently to a suitable input coil,
it would make an exceedingly useful general purpose device. |

(iv) Planar dc'SQUID with L=11.5pH and Toum2 junctiohs.'An a]terﬁative way of

improving the no{se,energy : of -the dc SQUID'is to feduce its' ihductance,
~although this may make 'the device more dffficu]t to couple efficient]y to an ex-
ternal coil. Ketchen and Voss [17].have_con$tructed the SQUID shown in.FiQ. 10
with an inductance of about 11.5pH and a jdhction;aréa of 10um2;. The SQUID ' 
~was fabricated on a superconducting grbundplane-tov10wér the loop 1nductance,
using the standard IBM Pb-ailoy proéess for fabribating computer circuits [18].
In contrast to the all-Nb -SQUID described.above,vthe I-v charactefistic of the
Tow-inductance SQUID showed consfdérab]e strucfure, presumably due to standing-:

wave modes in the device.

-13-



The resistance per shunt was about 22. The transfer function V¢ has

two peaks of about 4mvb¢>51 that are separated by about 0.6¢o, while the
noise voltage has two small peaks corresponding to the two large peaks in

V¢b , and a third large peak corresponding to a small peak in V¢ . The

values of ¢n and ¢ show correspondingly sharp minima. The optimum value of
O- 33 7

e/1Hz is about 3x1 J HE] or about 5h. When the SQUID was cooled to 1.8K, both

V¢ and Vn increased, but the optimum value of ¢ remained,at 5h over an even
shorter range in ¢, about ¢°/200° It appears that the high sensitivity was
obtafned at a bias current where the dynamic resistance was extréme1y high.
Because V¢ is cldse to zero at this bias current for most values of applied

flux, and because the peaks in V_ are not separated by exactly ¢0/2, it

¢
may .. be difficult to flux-modulate and operate this SQUID in a flux-

Tocked Toop in the usual way. The fact that ¢ did not improve when the SQUID

was cooled i§ somewhat puzzling, since the sensitivity.st111 appears to be well

above the quantum limit. NevertheTess, it is noteworthy that the SQUID showed

such impressive sensitivity despite the rather pathological dependence on

flux, since it implies that a high degree of symmetry in V vs. ¢ is not eSsential‘for

high sensitivity [10].

(v} Planar dc SQUID with L=0.2nH and 3um2 junctions with Ge-Sn barriers Hu

t al. [19] have described a technique for fabricating Pb-GeSr-Sn junctions.

The GeSn barrier is typically 50nm-thick, and has a sufficiently low capaci-

2'or higher have non-

tance that junctions with current densities of 103A cm
hysteretic I-V characteristics without the need for‘externa1 shunise These
junctions have beén incorporated into a planar SQUID with L a 0.2nH, and
R n 40Q per junction. At 2K, the measured energy sensitivity was about

107370 3! at frequencies above the 1/f region. It appears that the sensitivity

-14-



was limited by amplifier noise rather than intrinsic SQUID noise, since no

cooled matching circuit was used: The value of V %-3oouv-¢'1 together with

¢
an amplifier noise of ~ 1nVHz1 wou]d yield the measured f]ux sensitivity of
3x10 6¢ Hz;i Thus, there is every reason to believe that substantial improve-

ment in performance would result from proper 1mpedance matching. However,
th1s rather promising techn1que for Junct1on fabr1cat1on appears not to have
been pursued.

(vi) Microbridge dc SQUID with L=100pH Until very recently, it has not been

possible to fabricate microbridges.with a sufficiently high resistance to use
them in SQUIDs with high sensitivity. However, Laibowitz et al. [20] have
successfu11y fabricated Nb microbriddeS'of extremely small dimensions, and :
these have been incorporated into SQUIDs [2T7].. The loop area is several umz,
and the inductance is about 100pH. Each bridge is typically 30nm-thick, 50nm
wide, and 300 to 1000nm 1ong,_with a resistance'of_about-409 and a critical
current of typically 30uA at 4.2K. The energy sensitivity per Hz measured
in an open loop configuration is typically-~3h at 4.2K, the highest.sensitiv-
ity yet reported. Unfortunate]y,'the critical current of these junctions in-
creases as the temperature is lowered, and the I-v character1st1cs tend to
become hysteret1c so that the temperature dependence of- the noise cannot be

. e/1Hz -33, -1

measured. From Eq;(11), we predict / a 1.2x1077°J Hz » 1.8h, somewhat less

than the measured value. However, it should be notedfthatethe onset of
hysteresis when the cr1t1ca1/$gr:§25eased by cooling the device suggests that
self-heating in these microbriges may be severe,"and that'their actual temper-
‘ature may be above the .bath temperature.

To my know1edge, this is the first time that microbridges have been used
to-obtain very high sensitivity SQUIDs.' Although the reﬂiabi]ity of these de-

vices has yet to be established, the §trong temperature dependence of the
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critical current may be a problem in certain applications, and the smail 1oop;
area and possibly high kinetic inductance of the bridges may make coupling of
external coils to the SQUID rather inefficient, nevertheless, the intrinsic
performance is obvioﬁsly very impressive.‘ It is to be hoped that there will be
considerable further work along these Tines in the near future.

D. Discussion on DC SQUIDs

It appears from Table I that Eq. (11) tends to consistently underestimate
the noise energy by a factor of 2 or 3. This discrepancy may be due to
’thé neglect of the junction capacitance in the noise computation. In .-
pfactice, one sometimes finds the measured values of Sv and V¢ are substantially
higher than\predicted, particularly in régfons of high dynamic resistance, for
"example, near a self-resonant step. waevér, since both Sv and Vi tend té'sca]e
with the square of the dynamic resistance, their ratio may not be too far from the

‘predicted value. v _
The use of thin films (as opposed to point contacts) now seems firmly es-

tablished, and has clearly demonstrated the enormous benefits to be gained from
photof and electronlithography. However, it should be emphasized that none of

the more sensitive devices has been operated in a flux-locked Toop, an.éssentia1
requirement for most applicatioﬁs’since_the dynamic range usually exbeeds'¢0. In-
degd, some of the SQUIDs, fo} example (iv), may well be rather less sensitive if
flux-modulated in the usual way because the range of flux over which the best per-
formance is obtained is so small. ;}g§$fr¥§g§%%ly, 1ittle attention has been paid

to the prob]em'of efficient coupling of planar SQUIDS to fnput coils.

The importance of coupling SQUIDs properly to the input circuit cannot be
overestimated if optimum performance is to be obtéfned (13]. First, consider
the relatively low frequency applicatiohs (up to a‘few hundred Hz) for which
most SQUIDs are currently used. Because of the enormous physical size of the
capacitors required and the inconvenience of a frequency-dependent response,
the use of untuned circuits will probably continue. Since Ty = EZ [Eq. (9)],

one needs a reasonable value of «, say 0.5. To match efficiently to mostﬂvo'l°

tage sources or magnetometer pick-up loops at low frequencies one requires
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input coils with inductances of 1uH or sometimes considerably more [13]: Good
coupling to niobium wire coils of this size is straightforward with cylindrical
SQUIDs, but notoriously difficult with planar geometries. One solution to this
problem, of course, is to fabricate cylindrical SQUIDs with (say) 1um2 junctions.
However, th1s geometry is very inconvenient for 11thograph1c process1ng
and Jaycocks

Recently, Ketcnen/LZZJ have fabricated a planar SQUID w1th an inductance of
about 0.7TnH coupled to a 10-turn thin-film coil. The coil exactly overlays
the SQUID loop, but is separated from it by a thin insulating film. This
configuration gives very efficient coupling: 1In preliminary measurements,

and Jaycocks ' '
Ketchen/reported « = 0.6 for a 12nH input coi],v:It is reasonable to expect
that this technique can be extended to achieve relatively efficient coupling
to coils with much higher inductances, possibly using a thin-film flux
~transformer. These developments are crucial if one is to take advantage of

the great 1mprovements in sensitivity of the’ dev1ces

themselves. Furthermore, the modification of the characteristics of the SQUID,
and the effect of the highly non-Tinear SQUID'inductance on the input impedance
v of the coil should be studied in detail.

For higher frequency applications (above say, 1kHz) where one may be interested
in a relativeTy narrow signal bandwidth; there are considerable advantages to be |
gained from tuning the input [13, 23]. TN is independent of K,»ﬂﬂd the neces-
sity for tfght coup1ing can be relaxed, provided one can still satisfy the op-
t1m1zat1on cond1t1ons on the various components [13]. One 1mportant examp]e is
the transducer in gravity wave detectors [24], where one is concerned with a
very narrow bandwidth at an operating frequency of typ1ca}1y TkHz. As one goes
to higher frequencies, the use of a tuned input becomes increasingly attractive.

The use of dc SQUID amplifiers at high frequencies deserves;serious considera-.



tionsince, at its' present level of understanding, the theory predicts near-

ideal performance up to any frequency that is small compared with the Josephson
frequency 2eV/h. Since eventually one might hope to operate a SQUID at a bias voltage
~v 1mV, corresponding to 500 GHz, the upper frequency limit might well approach

100 GHz. Needless to say, it will first be necessary to test the predictions

of the theory very carefg11y. To my knowledge, there has been no experimental
measurement of the circulating current noise in a dc SQUID, nor of its' corre-

lation with the voltage noise. In addition, there remains the considerable

problem of coupling high frequency signals into the SQUiD.

Finaily, a brief discussion of 1/f noise is in order. _A]l of the sensitivities

reporfed are at frequencies above the i/f region. Now the thermai fluctuation

model for 1/f noise in a shunted junction [25] predicts that the spectral

density of the voltage noise is proportional to (dIO/dT)2 (aV/an)§ TZ/Acv,
where A is the junction aréa and_cv is the heat capacity'of'a unit area of
junction with a thickness equail to the sum of the coherence lengths of the
two superconductors.  One can adapt this result to estimate the sbectra]
density of.T/f noise iﬁ a tunnel junction SQUID by dividing it by V 2,

noting that (aV/an)I/v vL, and setting 2LI°=¢°. One finds e]/f/le to be

¢
proportional to (dIO/IodT)ZTg/LAcV. Thus,\at a given temperature, e]/f/1Hz
is proportional to 1/LC, while for the white noise ¢/1Hz is proportiona1 to
(LC)j/z. Evidently, as one reduces L and/or C fb improve the white noise | o
energy, the 1/f noise energy is expected to increase substantia]]y; Pré]imihary
- measurements [26] of the 1/f noise in the low inductance SQUID (iv) indicate

~ that the frequency at which 1/t noiserappears does indeed increase roughly
as predicted. Cleariy, a thorough 1nvestigation of iow frequency noise is
urgently required, both for tunnei jﬁnction devices and for microbridge
devices for which the i/f model may or may not apply. It may well turn'outv

-that for low frequency appiications one must trade off the white noise and

1/f noise contributions to obtain the optimum sensitivity.'

-i8-



ITI. RF SQUID

A. Principles of Operation

The rf SQUID consists of a single Josephson junction in a superconductihg
lloop-of inductance L [Fig. 11(a)]. Thekjunction is usually modg1ed as an ideal
non-hysteretic shunted tunnel junctioh, although the majority of rf SQUIDs use
a point contact. Most SQUIDS are operatéd in the hysteric'modeiwith'I0 chosen
sojthat_LIo %'¢o. The SQUID s inductfve]y coupled to thevinductOr of a reso-
nant LC- circuit [Fig. 11(a)] excited at its' resonant frequency, typically
20 MHz to 10 GHz, by an rf current (at the higher frequencies, the tank cir-
cuit may be replaced with a microwave resonator). When the flux through the SQUID
is né s thgbvrf-Irf characteristic consists of a series of steps and risSers,
as indicated in Fig. -1fi(b) (I and V . are the peak amplitudes of the rf current and
vo]tage.across the tark circuit). when‘the flux is changed each step splits;
the characteristic at (n+_!5)¢o is a]so.shown(in Fig. 11(b). At ah appropriate
value of Irf’ fo oscillates aé a function of ¢ with period-dzo [Fig. 11(c)].

The circuitry used to fiux-lock the SQUID is shown iﬁ ng. 12.. The rf voitage
is amplified and rectified or, iﬁvsome circuits, lock-in detected. Thus, a
'small change in ¢ produces é small change in the voltage at the output of the
detector. A:relatively Tow frequehcy ac flux (say, 50 kHz) with peak-to-peak
amp]itude'¢o/2 is appliéd to the SQUID, and prodUces an ac vo]tagé.at the ouf-

: put‘of the rf detector. This signaT is . Tock=in detected,‘amp1ified, and fed
back to flux-Tock the SQUID. | |

B. Noise and Optimization

‘Kurkijdrvi [27] and-Kurkijérvi\and Webb [28] first calculated the intrin-
sic noise in the rf SQUID. The noise arises from the therma11y-induced uncer-

tainty in the value of flux at which the SQUID makes transitions between
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adjacent quantum states. The spectral density of the intrinsic equivalent

flux noise was found to be

. 2. ~\ 4/3 .

s;‘) = 1.3 (ﬁﬂg)_<2“k3'>' , (13)
Opf Loto

provided the rf frequency,: mrf/ZW, is less than ]07(R/19)Hzn The presence

of the noise aiso tilts the steps in the T - Vs characteristic [Fig. 11(b)].

If one defines a as the ratio of the vo]tage rise along a step to the voltage

)

Separation of successive steps, it can be shown that o is related to S$1

via the relation [29 - 31] v
2 (i), 2
ol = “rfS; ) /r8,° - (18)
Jackel and Buhrman [29] reported that although « may exceed the value predicted

by Eqs. (13) and (14) by as much as a factor of 5, nevertheless if one

)

_ (i
measures a, S;

Eq. (14).

is accurately predicted from the measured value of a by

When the SQUID is coup1edrvia a tank circuit to an amp]ifier, these components
contribute additional noise sources [29,32,33]. The overall noise referred to .
thé 1nput'of‘the amplifier en§b1es one to calculate the equivalent flux noise
of an .isolated SQUID. However, as in the case of the dc¢ SQUID, when an input
circuit is coupled to thevrf SQUID, a more detailed analysis is required to
~ optimize properly the noise temperaturé of the complete system. Ehnholm [30] -
derivedvan équiva]ent circuit of the rf SQUID, coupled to an input circﬁit
and a tank circuit, that consists of a current amplifier with noise sources
at the input and output. This model. contains the important resuit that‘amp1ifier
and tank circuit current noise is coupled through the non-linear inductance
of the SQUID to appear as a voltage noise source in the input circuit. Thus,
the 1npdt voltage noise is dominated by downconverted ampiifiek and tank |

circuit current noise coupled through the reverse transfer coefficient. (This
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coefficient is essentially zero in the dc SQUID, since a noise introduced
in the bias current does not couple to the input circuit, as ieast to first
order [13].) Careful measurements of the revérse transfer coefficient [34,35]
are 'in ekce]1ent agreement with the model. Measurements of the output noise
bby Ahola et al. [36] are also in good agreement with the model. More recently,
Hollenhorst and Giffard [31] have presented an explicit calculation of the
'small-signal and noise parameters; their measurements of the input noise
voltage are in very good accord with their p}edictions. These authofs [35;
show that the optimized noisé température for a tuhed input circuit can bé
written '

1P () = gl s 45 ) 01/2 vl (15)
In £q. (15), Séi) is the spectral density of the voltage noise -induced
across .the taﬁk circuit by thé;intrinsic‘nOise of the SQUID,. wnile SV and SI
are the spectral densities of the amplifier and tank circuit voltage and
current noises, which ‘are assumed to be uncorrelated.

Since few rf SQUIDS have been analyzed in sufficient detai]vto enable
one to estimate TN(Opt)(m), we aga{n.charactefize the noise energy by e/1Hz
in order to compare différent devices. For the rf SQUID, we'must include
preamplifier noise, which we charactefize by the optimized noise temperatdre
. Ta obtained when the effective source impedancé is equal‘to the ratio of the
(uncorrelated) rms voltage and current noises.i The preampiifier cdntributibn
to the energy sensitivity can be written as [29,33] |
LU N (16)

- B
:’]Hz , “pf



(As emphasized by Ahola et al. [36], an additional contribution arises when a

is very small and/or an input circuit is strongly coupled to the SQUID. We will
not consider this effect.) When the ampiifier is at room temperature, some of the
coaxial line coupling it to the tank circuit is at room témperature, Since the
tapacitance of the coaxial line and fhe amplifier are int]dded in the resonant
circuit, part of the tank circuit resistance is’we11 above the bath temperature; ‘
and ﬁheré will beva'substantia]‘contribution from the tank circuit noise

r (eff), (eff)

that increases the effective noise temperature to Values of Ta
may be as high as 100K or more.

Adding ¢ 1)/1Hz = si‘) /2L to () /1Hz e find

€ 1 Ta ¢ (eff) _ .
- = . 0 + ZﬂakBTa . (l7)
iHz g 2L |

Equation (17) demonstrates that the noise energy scales as l/mrf, How-

ever, it must be borne in mind that‘the preamplifier noise temperature also tends
to increase as Opng increases, so thatvat high frequencies the preamplifier

noise may become domihanﬁ. In general, the‘relatiVe importance of the two

terms depends largely on whether the preampTifier is at room temperature, or is
coojed to the bath temperature. Not only does Ta’tend to decrease when the pre-
amplifier is cooled, but aiso the contribution of the tank circuit beéomes
relatively insignificant. Notice that Eq. (17) actué11y depends on ‘temperature

" because a "is temperature dependent. v

The fo]ldwing section describes a number 6f practical SQUIDS théf

Ta(eff).

and/or decreasing

illustrate how'e/THz'may be reduced by increasing W.f

B. Practical rf SQUIDs

The development of rf SQUIDs has followed a quite different course from

4

the dc SQUIDs. Because the dc SQUID at He temperatures is always dominated by

its' intrinsic noise, efforts have been focused on improving the device itself.
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In the case of rf SQUIDs, there has -been relatively 1ittle development of the
SQUIDs themselves, but a great deal of effort has been expended in improving
the performance of the ampTifiers at highervfrequencies, and in reducing the

tank circuit noise temperature.

(i) 20-30 MHz toroidal point contact SQUID The point contact toroidal rf

'SQUID,[37]' " has been available commercially [38] for é number of years, and
is undoubtedly by far-the most widely used SQUID of any kind. The device is
made from niobium in two sections that form a toroidal cavity when clamped to-
gether [Fig. 13(a)]. A niobium screw that is preset at room temperature forms
thé junction.  The tank circuit inductor_and signal coi1-are.p1aced inside
the toroidal cavity, or, in some designs in Sepafate cavities, the latter con-
figuration giving an extremely low cross-talk between_the»two coi]s. The tor-
oidal design has several notable advantages: It ié-extreﬁe]y rugged; it is
self-shielding against ambient magnetic field fluctuations; and, although its'
inductance is re1ative1y‘1ow, it can be'efficiently'coupled to a signal coil
with an inductance of 1uH or more. This SQUID is usually operated at either
20 or 30 MHz, and»connected via a coaxial line to a room temperature amplifier
with an FET input. ‘Table II lists representative values of the appropriate

parameters. The calculated enepgy sensitivity,‘s¢/2 L, is .in good agreement with the

measured value of about 5x10-22JHz-1. _
(ii) 10 GHz thin film cylindrical SQUID In 1974, Pierce et al. [29] described .

an rf SQUID consisting of a thin film of an InSn a]]dy‘deposited‘cn a 1.6 mm-dia
hollow cylindrical substrate. A cut.is made in the film to 1eave‘a bfidge Tum
-widé ahd 10 um long. The device can bé operated from 2K to 4.2K, and recycled
in and out of liquid helium without degradation. - The 10 GHz pump signéT from
'.a-Gunn oscillator is cbnnected¢to the SQUID via é cooled circulator to reduce

the amount of high temperature thermal noise incident on the device, and the
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reflected signal is coupled out through the circulator. The room temperature
parametric amplifier has a noise temperature of about 200K. Thé measured energy
sensitivity referred to input coils of between 50 and 600 nH is about
2x10"3034z"]

Hz ° at frequencies above about 10 kHz; at lower fregquencies, the spec-

tral density of the noise increases as 1/f. Insufficient data were given‘to

‘allow one to compare the measured performance with the theoreticai sensitivity,

but, in any case, the device was outside the region of validity of the thecry

which would reqUire.R>]O3Q. Although the excessive 1/f noise makes the device some-
unattractive for applications at low frequencies, this SQUID clearly demon-

strated the substantial improvement that could be achieved with the use of
microwave frequencies. However, the improvement is not as great as one might
naively expect: The energy sensitivity is better than that of 20-MHz toroidal

SQUID by a factor of 25, whereas if the sensitivity scaled asil/wrf one would

expect an improvement of a factor of 500. A large part of the noise in. the

10 GHz device is probab]y contributed by the ampiifier.

(ii1) and (iv) Tunnel Junction and Toroidal SQUIDs using cooled GaAs-FET amplifiers

GaAs-FETs work well when immersed in 1iquid helium at.4.2K, although the de-
vices themselves are probably at a rather higher temperature because of resist-
ive heating. Substantial reductions in noise temperature can be achieved,

for example, to around 20K at 300 MHz, and IOQK at 10 GHz. 'Gaerttner t40]
appears to have been the first to use/ganggg$'with an rf SQUID, but unfortu-

nate]y,vhe did not publish any details of his system. Ahola et al. [36] have

-described in detail the use of cooled GaAs-FETs as amplifiers for a thin-film
-SQUID with a Nb-NbOx-Pb tunnel junction at 60 MHz, and a point-contact toroi-
‘dal SQUID at 200-500 MHz. The 60 MHz SQUID is coupled to a tank circuit in

the usual way, while the toroidal SQUID has no tank circuit, but is coupled directly

to the FET via a A/4 transformer made of 20 @ line. In these config-

‘urations,_thé tank circuit or transformer noise is negligible compared with
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the intrinsic and amplifier noise contributions. In Table II, the relevant
parameters for the 60 MHz thin-film device are listed. The noise temperature
of the GaAs-FET is about 30K, including a 12chontributioﬁ from the following
amp1ifiér stage. With the SQUID at 4.2K, the overall vaiue of

29 1

| , ) ) | - |
S¢/2K L is 5x10 ““JHz, When the SQUID is cooled to ~0.1K in a dilution refrig-

erator, the intrinsic noise becomes neg]igibTe compared with the émp]ifier

30

) ) _ v
noise, and S¢/2K L improves to 5x10 JHz.] It should be remarked that « is

rather small, about 0.3: The energy sénsitivities.réferred to the SQUID it-

self are about 5x10'30JHz';nd 5x10'3]JHz'1for the device at 4.2K and 0.1K re-

~ spectively.

Table II lists parameters for the toroidal SQUID at 200 and 400 MHz. The

best performance achieved with the SQUID at 4.2K was about 5x107300Hz1 refer-

red to the input coil, in excellent agreement with the predicted value.

(v) and (vi) "430 MHz 2-hole point contact SQUID with cooled GaAs-FET and

 GaAs- Varactor diode amplifiers Long, Clark , Prance, and_Richards [41]

have described a 430 MHz SQUID that also uses a cocled GaAs-FET preamplifier.
The SQUID is the two-hole version [2] shown in Fig..]3(b)._

In contrast to Ahola et al. [3€], these workérsv _

used a matched 50-Q line to couple the tankﬂcircuit to the FET”input. Thé
parameters and_perférmance of this system are shown in Table II. Subsequentiy,
Long, Ciark, and Prance [42] described an improved amplifier wfth:a GaAs |
varactor diode that Towered fhe claimed noise ‘temperature by more than a.

factor of 2. They do not quote a measured value of a: The value 1istedvi

in Table II is that quoted in.their ear]ier.referehce [41]. On that.assumgtion,

their measured energy sensitivity is a factor of about.zo better than predicted.
| -25-



We. note that thé theory probabiy remains valid at 430 MHz: One requires
RR509, a restriction that is likeiy to be éatisfied by a point contact with a
critical current of (say) 4uA. Since the eariier device (v) was a1ready‘
limited by intrinsic noise, it js a little difficult to understand how a

reduction in the ampiifier noise temperature can produce such a large improvement

in the overall sensitivity. Even if one negiects the amplifier
o ' o . <noise, one would require a=0.]

to produce the measured sensitivity, a value that seems to be appreciably less
than values qudted in the literature. Thus, although the quoted sensitivity
is excellent, the best obtained for rf SQUIDs, we must await ciarification of the

discrepancies between the measured performance and that expected theoretically.

(vii) 9 GHz point contact SQUID Hollenhorst and Giffard [44] have described

a novel point contact rf SQUID operated at 9 GHz.l The device, shown in Fig. 14,
"~ consists of a toroidal re-entrant structure machined_from niobium with an axi-

- ally mounted point-contact. A multiturn input coi1 is inserted in the toroidal
cavity, and a modulation and feedback coil is mounted in a groové along one
side of this- cavity. Microwave signa]s‘are introduced from a 50 @ line into

a 22 @ A/4 matching section. vThe narrow annular gap bétween the point contact
and the toroidal cavity has an electrical length of A/2 and an impedance of
0.25 @ to minimiie coupling at 9 GHz.

The 9 GHz signal is fed into thé SQUID via a cooled circulatqr to mini- =
mize the féve] of noise power coupled to the devfce, The ref]ected'signa1 is
coupled via the circulator to a 9 GHz synchronous receiver with a noise temp-
erature of about 500K.. The SQUID can then be incorporated into a feedback

circuit in the usual way. The best energy‘éensitivity achieved was
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31 1

§¢/2K2L = 7x1077'JHz ' at 2.7K. Since the theory is certainly invalid at 10GHz,
no comparison of the sensitivity with the predictions
of Eq. (17) can be made. However, the authors estimate that about 1/3 of the
measured ndise power was contributed by the_amp]ifier. "Thus, one would make
only a relatively limited improvement by using a cooled amplifier with a Tow-

er noise temperature.

€. Discussion on rf SQUIDs

"It is clear from Table II that by USing higher pumplffequencies and/or
cooled amptifiers one can. improve appreciably on the energy sensitivity of the
20 MHz toroidal SQUID coupled to a room temperatufe amp]ifier (i).' Thus, woer
ing at 200 or 400 MHz and using a coo]ed GaAsfFET_preamplifiér, Ahola et al. (iv)

2L by an order of magnitude, and achieved good agreement with

improved'5¢/2K
the sensitivity expected from thelneasured‘parameters of the device. Long g;_gl,
(v, vi) achieved even better performance , but theré appear to be substantial
discrepancies between their measured sensitivity . and that predicted from the
measured parameters: Particularly in the case of the system with thé varactor

diode, it would be very useful to know the measured value of a; and how the re-
quired low value (0.1 ) is achieved. A system operating aﬁ'around 400 MHz with
a cooled amp}ifier is not too expgnsive, and appears to be vefy practical for
most applications. ’ i

When the frequency is increased to about 10 GHz, the signal available from

the SQUID grows proportionate]y,,but the sensitivity does not improve as much
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as one might expect; Thus, Pierce et gl. (i) achieved a sensifivity of
2X10’30JH2°1, comparable with the values achieved at 400 Mhz with cooied pre-
amplifiers, whiie Hollenhorst and Giffard (vii) achieved a sensitivity'of |
7X1O'3]JHz']. There seems to be relatively Tittle chance of improving the
sensitivity at X-band frequencies, and, in addition, these systems are expensive.
However,it is possible that one may be able to improve the performance by working at
somewhat lower frequencies. | "~ For example, if the toroi-

- dal device of Ahola et al. (iv) at 4.2K retained 2=0.3 at 4 Ghz, and if one used
a cooled amplifier with a noise temperature of 30K, one should be able to
achieve a device limited largely by intrinsic noise with S¢/2x2LN6XT0-32JHZ—} .

Another possible but somewhat restrictive approach is to cool the SQUID, there-
by reducing o«. For example, Ahola et al.[35] point out that if their  SQUID

(iv) were cooled to ~0.1K, one might hope to achieve a sensitivity of close to
TO-32JHZ'1. Further investiéation of tha frequency- and temperature-dependence
. of the sensitivity is ciearly warranted.
Virtuai]y "??Eﬁ!“%een said about 1/f noise in this section. For a given
device, as the pump frequency is faised, one expects the intrinsic 1/f noise
to remain cohstant. Thus, if the white noise level is reduced, 1/f nofse wili
become significant out to higher frequencies. Very little seems to be known
about 1OW'frequency noise in point cohtact junctions or microbridges so that it
is'imhossib1e to predict the effect of raising the junction resistance (to
increase the allowed rf frequency) on the i/f noise. 1If one uses a smail area

- tunnel junction to - operate at higher frequencies, it will contribute the same

1/f noise as it does for the dc SQUID.
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IV. CONCLUDING REMARKS

~ The sensitivity of the dc SQUID has improved dramatically over the past

3031271 for the cylindrical tunnel junction SQUID (i)

year or so, from ~2x10™ 7" JHz™
to a2x10°B3Hz"! for the planar microbridge SQUID (both values are refer-
red to the SQUID itself). The performance of the devices is generally in good
accord with theoretical predictions. It seems likely that a device operating
at the quantﬁm 1fmit (¢/1Hza b ) will emerge soon.However, it must be empha-
_ it is essential ton :
sized that for practical appiications /couple -these recently developed p]anar
devices efficiently to an input coil, and that the low inductance of some of
them may make this a difficult problem. Poor coupling will result in substantial
degradation of the sénsitivity referred to the ihput coil. - Furthermore, the
most sensitive devices have not yet been operated in a f1ux-Tocked loop, and
for most app1ications this is an essential requirement. Thus; problems of ex-
cess noise fed back from the.room temperature circuitry may yet have to be tack-
led. It should also not be overlooked that the three most sensitive devices [(ii1),
(iv) and (vi)j have been produced in a 1aboratory with considerable resources, and
relied on fabrication techniqués'that are not-widelyvavailab1e at present.
Neverthe1es§, the re]ativg ease of reaching intrinsic sensitivfties in the
10-3]-'10-32JHZ_]range make the dc,SQUIb.veny attractive, and one might expect
considerable effort'to expjoit them in practical circuits in the near future.
The sensitivity of the rf SQUID has also improved mafked]y over the past
several years, by two orders'df magnitude compared with the 20 MHz toroidal
. SQUID, but only by at most a factor of 5 compared with the 1974- 10 GHz SQUID
of Pierce'et al. [39]. These 1mprovements have come about part]y by us1ng
cooled preamp11f1ers, and part]y by going to higher frequenc1es Further im-

provements may be poss1b1e by cooling the SQUID to below 1K, although this

severely lTimits the range of applications. Improvements may also still come
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about by carefully choosing new operating frequencies. However, my general

feeling is that it will be difficult and expensive to make substantial further

improvements in sensitivity. ’ : I should 1ike to stress, however,

that the performances of the rf SQUIDS were measured reiative to input coils,

and,mostly, operated in feedback circuits. These important considera;ions

should be borne in mind when comparing rf»SQUiDs with their dc counterparts.
The question of 1/f noise appears to have been largely neglected in

recent work. It is almost inevitable ‘that és the white noise levei df SQUIDs

is reduced, 1/f noise will dominate up to higher frequencies. If the 1/f

.white noise (« area

at

noise in tunnel junctions does scale inversely as the junction area, as is
predicted by the present modei, the spectral density of 1/f noise in both
dc and rf SQUIDS will increase more rapﬁdiy than the spectral density of
1/2_decreases ‘ _

)/. Thus, for optimum low frequency performance, one
may have»to compromise between the two - types of noise. There appear to be
no adequate models for 1/f noise in point contacts and microbridgés. It is

clear that a major eftort to understand the origins of low frequency noise

in SQUIDS is warranted.

Finally, to keep matters in perspective, one should realize that the high-
est possible sensitivity is necessary only for a very few exotic applications,
for example, gravity wave detectors. For virtually all practical applications

3]JHZ-],

frequencies below a few kHz, a device with a sensitivity of (say) 10°
properly coupled to an ihput circuit and operating in a flux-locked Toop, is
likely to be»more than adequate. Questions of dynamic range, slewing rate,

long term re]iabi]ify, straightforward operation, and ease of changing input

coils are then of greater concern than higher sensitivity.
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Representative characteristicé of 6 dc SQUIDS. AN quantities are measured except the calculated S¢/ZL which is

Table I.-
obtained from Eq. (11). With the exception of (i), all values of S¢/2L.are measured open loop. -
. v ‘ Y7 S _ Calculatea
TYPE Marea R L T K Se . | ---Measured S,/2L---- " Se/2L
(um) (@) (W) (K (we3}) oMz M2y (107300Hz™Y) (h) - (107300Hz271)
(i) Cylindrical 4 : _ , . e
tunneE %unction 107, 0.8 1 4.2 1 - 3x10 2 3,020 0.60
- [8 . ' ) :
(ii)  Planar - o, . SR | )
tunne} jﬁnction 10 7 1.2 4.2 7 - 1x10 0.18 - 270 0.08
15
(iii)  Planar : o 4.2 50 3.4x1()'6 0.025 37 0.015
tunnei junction 1 30 1 . ' ‘ 6 .
- [6] ' 1.6 100 2.3x10 0.011 17 0.006
(iv)  Planar | 4.2 4,000 .1.3x1077 0.003 5 0.0027
tunnel junction. 10 - 2 0.0115 N -7 .
{17] ’ ' 1.8 7,000 1.3x10 0.603 5 0.06011
{v) Planar . 6* .
GeSn[?ggrier 40 0.2 2.0 300 3x10” 0.1* 151* 0.0011
{vi) Plahar _ . ' -7
microg;idge 40 - 0.1 4.2 . 7,000 - 3x10 0.002 3 0.0012

*Limited by amplifier noise
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Table II. Representative characteristics of 7 rf SQUIDS. Al quantities are measured except ¢

L] I e g

(1)

s €

» and €, which are

calculated from Eqs. (14}, (16) and (17); S¢/2L is measured in a flux-locked loop for (i), (v), and (vii), and
in an open loop for the remainder. : ' .

e wpLIFER  pel2n L T r{eff) w2 s j2L S, /2¢2L Dz @) o/ 1Mz=S /2L
‘ {MHz)  (nH)  (K) (x) (10'g°JHz°‘) (107300Hz71)  (107309Hz})  (107309Kz™)  (107300MHz™?)
(i) foroidal ‘ : '
point contact RT FET 20 0.8 4.2 60 0.33 0.3 15 50 7 14
- [37] A 21
(11) Cylindrical thin RT = .
film microbridge PARAMETRIC 10,000 2~ 200 2
(391 - 4.2
(11i)  Thin-fim cooled o J025 a2 30 0.2 0.09 4.5 50 3 1.4 4.4
rumaed unetion GaAs-FET 0.25 0.1 30 0.09 05 5 negligible
(iv) Toroidal ;
point contact ngglggr 200 0.4 ] 4.2 0. 0.3 0.25 1.5 6 1.2 0.8 2.0
{36) b 00 0.4 4.2 70 0.3 0.25 1.3 5 0.6 0.7 1.3
(v)  2-hole’ cooled ’
point contact GaAs-FET 430 0.5 4.2 13 0.5 0.16 0.4 3 1.2 0.2 1.4
(41] ‘
{vi) 2-hole cooled _ , . :
point contact GaAs-varactor 430 0.5 4.2 5.5 0.5 0.16 0.07 0.4 1.2 0.1 1.3
(a2} diode ‘ , [43]
(vii) Re-entrant Rf
toroidal heterodyne 9,000 0.3 2.7 500 0.5 0.35 0.7
point contact
(44 -

1
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Figure Captions

Fig. 1. (a) Configuration of dc SQUID;.(b) current-voltage (I-V).characteris-
tic with ¢ = né and (n+%)¢o; (c) V vs. ¢ at constant.bias current.
Fig. 2. DC SQUID in flux-Tocked Toop.
Fig. 3. Voltage across current-biased dc SQUID produced by ac flux modulation
~ with ¢ = n¢, and (n#z)qao. | | | |
Fig. 4. SQUID voltmeter, (a) tuned input, (b) untuned input.

Fig. 5. Cylindrical dc SQUID (i): Junction area & 10%umC.

Fig. 6. Planar dc SQUID (ii): Junction area a 10%um°.

Fig. 7. Photograph of planar dc SQUID (iii): Junction area A 1 umz.v (a) Shows
the ﬁomp]etevdevice, while (b)lshows an enlargement of the junctions; the
upper two.horizonta] strips are the PdZSi shunts.

Fig. 8. 1I-V characteristics of dc SQUID (iii), each with applied flux 6f'd¢&

' (mak. critical current) and (n+&)¢6 (min. critical current). | '

Fig. 9.. V, dV/de, Voo 9. and € vs. applied flux for_dc SQUID (iif) biased

- at 3.7 pA and at a temperatufe of 1.5K. B _ | _
Fig. 10. Planar dc SQUID (iv) with 10 umzjunctiohs,and inducfénce of 11.5 pH.
- Fig. 11. (a) Configuration of rf.SQUID; (b) Vrf.Qs.'Iff characﬁeriétic.of rf

"_SQUID for ¢ = né, and (n+%)¢0; (e) Vv £ Vs. ¢ at constant Irf'

r
Fig. 12. RF SQUID in flux-Tocked loop. _ _
Fig. 13. (a) Toroidal rf SQUID (i and iv); (b).two-hole rf SQUID (v and vi).

Fig. 14. Toroidal re-entrant rf SQUID (vii).
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