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1. INTRODUCTION 

Superconducting QUantum Interference Devices (SQUIDs) are the most 

sensitive detectors of magnetic flux available. A SQUID is, in essence, a flux-to

voltage transducer, providing an output voltage that is periodic in the applied 

flux with a period of one flux quantum, <1>0 = h/2e::::: 2.07 x 10-15 Wb. One is 

generally able to detect an output signal corresponding to a flux change of much 

less than <1>0. SQUIDs are amazingly versatile, being able to measure any 

physical quantity that can be converted to a flux, for example, magnetic field, 

magnetic field gradient, current, voltage, displacement, and magnetic 

susceptibility. As a result, their applications are wide ranging, from the 

detection of tiny magnetic fields produced by the human brain and the 

measurement of fluctuating magnetic fields in remote areas to the detection of 

gravity waves and the observation of spin noise in an ensemble of magnetic 

nuclei. 

SQUIDs combine two physical phenomena, flux quantization-- the fact 

that the flux <I> in a closed superconducting loop is quantized 1 in units of <1>0 --

and Josephson tunneling 2• There are two kinds of SQUIDs. The first3
, the de 

SQUID, consists of two Josephson junctions connected in parallel on a 

superconducting loop, and is so named because it operates with a steady current 

bias. Relatively crude devices were developed in the second half of the 1960's, 

and used successfully by low temperature physicists to measure a variety of 

phenomena occurring at liquid helium temperatures. At the end of the decade, 

the rf SQUID 4.5 appeared. This device involves a single Josephson junction 

interrupting the current flow around a superconducting loop, and is operated 

with a radiofrequency flux bias. 

4 



·•· 

... 

Because it required only a single junction, at the time the rf SQUID was 

simpler to manufacture and quickly became commercially available. It has 

remained the more widely used device ever since. However, in the mid-1970's, it 

was shown that the de SQUID was the more sensitive device, and there has been 

an ongoing development of thin-ftlm de SQUIDs and instruments based on them 

since then. By contrast, there has been little development of the rf SQUID in the 

last decade. 

In this chapter I give an overview of the current state of the SQUID art; I 

cannot hope to describe all of the SQUIDs that have been made or, even less, all 

of the applications in which they have been successfully used. I begin, in Section 

2, with a brief review of the resistively shunted Josephson junction, with 

particular emphasis on the effects of noise. Section 3 contains a description of the 

de SQUID-- how these devices are made and operated, and the limitations 

imposed by noise. Section 4 contains a similar description of the properties of rf 

SQUIDs, but because there has been little development of these devices in the 

1980's I shall keep this section relatively brief. In Section 5, I describe a 

selection of instruments based on SQUIDs and mention some of their 

applications. Section 6 is a discussion of the impact of high temperature 

superconductivity on SQUIDs, and of future prospects in this area, and Section 7 

contains a few concluding remarks . 

2. Tiffi RESISTIVELY SHUNTED JUNCTION 

The Josephson junction2 consists of two superconductors separated by a 

thin insulating barrier. Cooper pairs of electrons (or holes) are able to tunnel 

through the barrier, maintaining phase coherence in the process. The applied 
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current, I, controls the difference 8 = <j> 1 - <j>2 between the phases of the two 

superconductors according to the current-phase relation 

(2.1) 

where I0 is the critical current, that is, the maximum supercurrent the junction 

can sustain. When the current is increased from zero, initially there is no 

voltage across the junction, but for I > Io a voltage V appears and 8 evolves with 

time according to the voltage frequency relation 

8 = 2e V /ti = 2rcV /c1>0• (2.2) 

A high quality Josephson tunnel junction has a hysteretic current -voltage 

(I-V) characteristic. As the current is increased from zero, the voltage switches 

abruptly to a nonzero value when I approaches Io, but returns to zero only when I 

is reduced to a value much less than I0• This hysteresis must be eliminated for 

SQUIDs operated in the conventional manner, and one does so by shunting the 

junction with an external shunt resistance. The "resistively shunted junction" 

(RSJ) model 6•
7 is shown in Fig.l(a). The junction has a critical current Io and is 

in parallel with its self-capacitance C and the shunt resistance R, which has a 

current noise source IN (t) associated with it. The equation of motior;t is 

cV + Io sin 8 + V !R =I+ IN (t). (2.3) 

Neglecting the1 noise term for the moment and setting V = 118 /2e, we obtain 

tiC ·· ti . . 2e au 
2e 8 + 2eR6 =I- 1o sm 8 =- fi a8, (2.4) 
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where 

cl>o 
U = -21t (IO+Io cos 8). (2.5) 

One obtains considerable insight into the dynamics of the junction by 

realizing that Eq. (2.4) also describes the motion of a ball moving on the "tilted 

washboard" potential U. The term involving C represents the mass of the 

particle and 1/R the damping of the motion; the average "tilt" of the washboard is 

proportional to -I. For values of 1<10, the particle is confined to one of the 

potential wells [Fig. l(b)], where it oscillates back and forth at the plasma 

frequency 1 roP = ( 21tlofcl>0C) 112 
[ 1- (1/Ioil 114

; in this state < 8 > and hence the 

average voltage across the junction are zero ( < > represents a time average). 

When the current is increased to Io, the tilt increases so that the particle rolls 

down the washboard; in this state <O> is nonzero and a voltage appears across the 

junction [Fig. l(c)]. As the current is increased further,< 8> increases, as does 

V. For the nonhysteretic case, as soon as I is reduced below 10 the particle 

becomes trapped in one of the wells, and V returns to zero. In this, the 

overdamped case, we require6•
7 

~c = (27tloR/cl>o)RC = ro1RC ~ 1; (2.6) 

ro1 I 21t is the Josephson frequency corresponding to the voltage 10 R. 

We introduce the effects of noise by restoring the noise term to Eq. (2.4) 

to obtain the Langevin equation 
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(2.7) 

In the thermal noise limit, the spectral density of IN(t) is given by the Nyquist 

formula 

S1 (v) = 4k8 T I R, (2.8) 

where vis the frequency. It is evident that IN(t) causes the tilt in the washboard 

to fluctuate with time. This fluctuation has two effects on the junction. First, 

when I is less than 10 , from time to time fluctuations cause the total current I + 

IN(t) to exceed 10 , enabling the particle to roll out of one potential minimum into 

the next. For the underdamped junction, this process produces a series of voltage 

pulses randomly spaced in time. Thus, the time average of the voltage is nonzero 

even though I < 10, and the I - V characteristic is "noise-rounded" at low 

voltages. 8 Because this thermal activation process reduces the observed value of 

the critical current, there is a minimum value of 10 for which the two sides of the 

junction remain coupled together. This condition may be written as 

Io<I»o/21t ~ 5ks T, (2.9) 

where ~4»0 I 21t is the coupling energy of the junction2 and the factor of 5 is the 

result of a computer simulation9. ForT = 4.2K, we fmd Io ~ 0.9J.LA. 

The second consequence of thermal fluctuations is voltage noise. In the 

limit ~c << 1 and for I >10, the spectral density of this noise at a measurement 

frequency Vm that we assume to be much less than the Josephson frequency V1 is 

given by10
•
11 

8 
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(2.10) 

The first term on the right-hand side of Eq. (2.10) represents the Nyquist noise 

current generated at the measurement frequency Vm flowing through the dynamic 

resistance Rt = dV ldl to produce a voltage noise. The second term, (112)(lo I I)~ 

(4ks T/R) R~. repres~nts Nyquist noise generated at frequencies V1±Vm mixed 

down to the measurement frequency by the Josephson oscillations and the 

inherent nonlinearity of the junction. The factor (112)(lo IIi is the mixing 

coefficient, and it vanishes for sufficiently large bias currents. The mixing 

coefficients for the Nyquist noise generated near harmonics of the Josephson 

frequencies, 2v1 , 3v1 , ---,are negligible in the limit Vm I VJ << 1. 

At sufficiently high bias current the Josephson frequency Vr exceeds 

ksT/h, and quantum correctionsl2 to Eq. (2.10) become important provided the 

term (1!2)(lo I 1)2 is not too small. It turns out that the requirement for 

observing· significant quantum corrections is elo R I ks T > > 1. The spectral 

density of the voltage noise becomes 

[
4ksT 2 e V (!oY (eV )~ 2 

Sv(vm) = ~ + R ll) coth kaT U Rd' { 

~c << 1 } 
I > lo 

Vm << VJ 

(2.11) 

where we have assumed that hvm I ks T << 1 so that the first term on the right

hand side of Eq. (2.11) remains in the thermal limit. In the limit T ~ 0, the 

second term, (2e V /R) (Io I D2 R~, represents noise mixed down from zero point 

fluctuations near the Josephson frequency. 
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This concludes our review of the RSJ, and we now tum our attention to the 

de SQUID. 

3. TI-lE DC SQUID 

3.1 Theory of Operation 

The essence of the de SQUID3 is shown in Fig. 2(a). Two Josephson 

junctions are connected in parallel on a superconducting loop of inductance L. 

Each junction is resistively shunted6
•
7 to eliminate hysteresis on the current

voltage (I-V) characteristics, which are shown in Fig.2(b) for <I>= n<I>0 and (n 

+ 1!2)<f>o; <I> is the external flux applied to the loop and n is an integer. If we bias 

the SQUID with a constant current ( > 2 Io ), the voltage across the SQUID 

oscillates as we steadily increase <I>, as indicated in Fig. 2(c). The period is <I>o. 

The SQUID is generally operated on the steep part of the V- <I> curve where the 

transfer coefficient, v <1> = I cav /o <I> )I I ' is a maximum. Thus, the SQUID 

produces an output voltage in response to a small input flux o<I> (<< <I>o ), and is 

effectively a flux -to-voltage transducer. The resolution can be characterized by 

the equivalent flux noise, <I>N (t), which has a spectral density 

2 
S<t>(O = Sv(f)/ V <t> (3.1) 

at frequency f. Here, Sv(O is the spectral density of the voltage noise across the 

SQUID at fixed current bias. A more useful characterization, however, is in 

terms of the flux noise energy associated with S<t>(f), 

e(f) = S<~>(f) I 2L, (3.2) 

10 
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where L is the inductance of the loop. 

Thermal noise imposes two constraints on the parameters of the SQUID. 

First, the coupling energy, Io<I>o/21t, of each junction must be significantly greater 

,. than k8 T; a computer analysis yields9 . 

... 
Io<I>o/21t ~ 5ks T. (3.3) 

At 4.2K, Eq. (2.3) implies I0 :=::0.9J.LA. Second, the root mean square thermal 

noise flux in the loop, <<l>~>lfl = (k8 TL)lfl, must be significantly less than <1>0; 

the same computer analysis9 leads to 

(3.4) 

This constraint implies L:::: 15nH at 4.2K. 

We now outline the signal and noise properties of the SQUID. Each 

junction in Fig. 2(a) has a critical current I0 , a self-capacitance C and a resistive 

shunt R chosen so that J3c = 21tloR2C/<I>0 ~ 1. The two resistors generate 

statistically independent Nyquist noise currents, IN1(t) and IN2(t), each with a 

spectral density 4k8 T/R at temperature T. The differences in the phase across 

each junction, 01(t) and o2(t), obey the following equations13-
15

: 

(3.5) 

(3.6) 

(3.7) 

and 

11 



(3.8) 

Equation (3~5) relates the voltage to the average rate of change of phase, Eq. 

(3.6) expresses fluxoid quantization, and Eqs. (3.7) and (3.8) are Langevin 

equations coupled via J. These equations have been solved numerically for a 

limited range of values of the noise parameter r = 21tk8 T /I0<1>0, reduced 

inductance f3 = 2 Llo I <1>0 and hysteresis parameter f3c. For typical SQUIDs in 

the 4He temperature range, r = 0.05. One computes the time averaged voltage V 

vs. <I>, and hence fmds V <t, which, for a given value of <I>, peaks smoothly as a 

function of bias current. The transfer function exhibits a shallow maximum 

around (2n + 1) <t>0 I 4. One computes the noise voltage for a given value of <I> as 

a function of I, and fmds that the spectral density is white at frequencies much less 

than the Josephson frequency. For each value of <1>, the noise voltage peaks 

smoothly at the value of I where V <~» is a maximum. From these simulations, one 

finds that the noise energy has a minimum when f3 == 1. For f3 = 1, r = 0.05, <I> = 

(2n + 1) <I>0 I 4 and for the value of I at which V <~» is a maximum, the results can 

be summarized as follows: 

V <~» == R/L, 

Sv(t) == 16ks TR, 
and 

£(f) == 9ks TL/R. 

It is often convenient to eliminate R from Eq. (3.11) using the 

expression R = (f3c <1>
0 
I 21tloC)112. We fmd 

e(t) == 16 k8 T(LCif3c)112. (f3c ::S 1) 

12 
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Equation (3.12) gives a clear prescription for improving the resolution: one 

should reduce T, Land C. A large number of SQUIDs with a wide range of 

parameters have been tested, and found to have noise energies generally in good 

agreement with the predicted values. It is common practice to quote the noise 

energy of SQUIDs in units ofli (= IQ-34J sec= IQ-34JHz-1 ). 

3.2 Practical de SQUIDs 

Modem de SQUIDs are invariably made from thin films, with the aid of 

either photolithography or electron beam lithography. A major concern in the 

design is the need to couple an input coil inductively to the SQUID with rather 

high efficiency. This problem was elegantly solved by Ketchen and Jaycox, 16
•
17 

who introduced the idea of depositing a spiral input coil on a SQUID in a square 

washer configuration. The coil is separated from the SQUID with an insulating 

layer. The version18 of this design made at UC Berkeley is shown in Fig. 3. 

These devices are made in batches of 36 on 50mm diameter oxidized silicon 

wafers in the following way. First, a 30nm thick Au (25 wt% Cu) film is 

deposited and patterned to form the resistive shunts. Next, we sputter a lOOnm 

thick Nb film and etch it to form the SQUID loop and a strip that eventually 

contacts the inner end of the spiral coil. The third film is a 200nm SiO layer with 

2J.Un diameter windows for the junctions, a larger window to give access to the 

CuAu shunt, and a window at each end of the Nb strip to provide connections to 

the spiral coil. The next step is to deposit and lift-off the 300nm thick Nb spiral 

coil, which has 4, 20 or 50 turns. At this point, we usually dice the wafer into 

chips, each with a single SQUID which is completed individually. The device is 

ion-milled to clean the exposed areas of Nb and CuAu. We have two procedures 

for forming the oxide barrier. In one, we oxidize the Nb in a rf discharge in Ar 

13 
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containing 5 vol % 0 2, and deposit the 300nm Pb (5wt % In) counterelectrode 

which completes the junctions and makes contact with the shunts. In the other 

process, we deposit approximately 6nm of Aland form Ah03 by exposing19 it to 

0 2. A photograph of the completed SQUID and a scanning electron micrograph 

of the junctions is shown in Fig. 4. The shunt resistance R is typically 8Q, and the 

estimated capacitance C about 0.5pF. 

Jaycox and Ketchen17 showed that a square washer (with no slit) with inner 

and outer edges d and w has an inductance L (loop)= 1.25J.lod in the limit w >>d. 

They gave the following expressions for the inductances of the SQUID, L, and of 

the spiral coil, Li, and for the mutual inductance, Mi, and coupling coefficient, 

a.2, between the spiral coil and the SQUID: 

L = L (loop)+ Lj, (3.13) 

Li = n2 (L-Lj) + L5, (3.14) 

Mi = n(L-Lj) (3.15) 
and 

a.2 = (l-L1/L)/ [1+L~2(L-Lj)]. (3.16) 

Here, Lj is the parasitic inductance associated with the junctions, n is the number 

of turns on the input coil and L
5 

is the strip line inductance of this coil. For the 

SQUID just described with a 50 tum input coil one measures 4 = 800 nH, Mi = 

16 nH and a.2 = 0.75. These results are in good agreement with the predictions if 

one takes the predicted value L(loop) = 0.31 nH and assumes Lj = 0.09 nH to give 

L = 0.4 nH. The stripline inductance (- 10 nH) is insignificant for a 50 tum coil. 

References 20-25 are a selection of papers describing SQUIDs fabricated 

on the Ketchen-Jaycox design. Some of the devices involve edge junctions, in 
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which the counterelectrode is a strip making a tunneling contact to the base 

electrode only at the edge. This technique enables one to make junctions with a 

small area and thus a small self-capacitance without resorting to electron-beam 

lithography. However, stray capacitances are often critically important. As has 

been emphasized by a number of authors, parasitic capacitance between the 

square washer and the input coil can produce resonances that in tum induce 

structure on the 1-V characteristics and give rise to excess noise. One way to 

reduce these effects is to lower the shunt resistance to increase the damping. An 

alternative approach is to couple the SQUID to the signal via an intermediary 

superconducting transforme~4 , so that the number of turns on the SQUID 

washer and the parasitic capacitance are reduced. Knuutila et al. 25 successfully 

damped the resonances in the input coil by terminating the stripline with a 

matched resistor. An alternative coupling scheme has been adopted by Carelli 

and Fogliette6
, who fabricated thin-film SQUIDs with many loops in parallel. 

The loops are coupled to a thin-film input coil surrounding them. 

3.3 Flux-locked Loop 

In most, although not all, practical applications one uses the SQUID in a 

feedback circuit as a null-detector of magnetic flux27. One applies a modulating 

flux to the SQUID with a peak-to-peak amplitude ct>rl2 and a frequency fm usually 

between 100 and 500kHz, as indicated in Fig. 5. If the quasistatic flux in the 

SQUID is exactly nct>0 the resulting voltage is a rectified version of the input 

signal, that is, it contains only the frequency 2fm [Fig. 5(a)]. If this voltage is sent 

through a lock-in detector referenced to the fundamental frequency fm, the output 

will be zero. On the other hand, if the quasistatic flux is (n + 1!4 )ct>0, the voltage 

across the SQUID is at frequency fm [Fig. 5(b)], and the output from the lock-in 

will be a maximum. Thus, as one increases the flux from nct>0 to (n + I/4 )ct>0, the 
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output from the lock-in will increase steadily; if one reduces the flux from n<I>0 to 

(n- 1/4)<1>0, the output will increase in the negative direction [Fig. 5(c)]. 

The alternating voltage across the SQUID is coupled to a low-noise 

preamplifier; ·usually at room temperature, via either a cooled transformer2s or a 

cooled LC series-resonant circui~7• The first presents an impedance N2Rd to the 

preamplifier and the second an impedance Q2~, where ~ is the dynamic 

resistance of the SQUID at the bias point, N is the turns-ratio of the transformer, 

and Q is the quality factor of the tank circuit. The value of N or Q is chosen to 

optimize the n9ise temperature of the preamplifier; with careful design, the noise 

from the amplifier can be appreciably less than that from the SQUID at 4.2K. 

Figure 6 shows a typical flux-locked loop in which the SQUID is coupled 

to the preamplifier via a cooled transformer. An oscillator applies a modulating 

flux to the SQUID. After amplification, the signal from the SQUID is lock-in 

detected and sent through an integrating circuit. The smoothed output is 

connected to the modulation and feedback coil via a large series resistor, Rr. 

Thus, if one applies a flux o<I> to the SQUID, the feedback circuit will generate an 

opposing flux- 0<1>, and a voltage proportional to o<I> appears across Rr. This 

technique enables one to measure changes in flux ranging from much less than a 

single flux quantum to many flux quanta. The use of a modulating flux eliminates 

1/f noise and drift in the bias current and preamplifier. Using a modulation 

frequency of 500kHz, a double transformer between the SQUID and the 

preamplifier, and a two-pole integrator, Wellstood et al. 18 achieved a dynamic 

range of+ 2 x 107 Hzll2 for signal frequencies up to 6kHz, a frequency response 

from 0 to 70kHz (±3dB), and a maximum slew rate of 3 x 106<1>0 sec-1. 

16 
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3.4 Thermal Noise in the de SQUID: Experiment 

One determines the spectral density of the equivalent flux noise in the 

SQUID by connecting a spectrum analyzer to the output of the flux-locked loop. 

A representative power spectrum29 is shown in Fig. 7: above a 1/f noise region, 

the noise is white at frequencies up to the roll-off of the feedback circuit. In this 

particular example, with L = 200pH and R = 8!2, the measured flux noise was S~12 

= (1.9 ± 0.1) x 10-6<I>0Hz-112
, in reasonable agreement with the predictions of Eqs. 

(3.9) and (3.10), 1.3 x I0-6 <I>0Hz-112. The corresponding flux noise energy was 

4 x 1 o-32 JHz = 400 11. Many groups have achieved noise energies that are 

comparable or, with lower values of Lor C, somewhat better. 

Rather recently, Wellstood ~ al.30 have operated SQUIDs in a dilution 

refrigerator at temperatures T below lK, using a second de SQUID as a 

preamplifier. They found that the noise energy scaled rather accurately with T at 

temperatures down to about 150mK, below which the noise energy became 

nearly constant. This saturation was traced to heating in the resistive shunts 

which prevented them from cooling much below 150mK. This heating is actually 

a hot electron effect:31
.3

2 the bottleneck in the cooling process is the rate at which 

the electrons can transfer energy to the phonons which, in tum, transfer energy 

to the substrate. The temperature of the shunts was lowered by connecting each 

of them to a CuAu "cooling fm" of large volume. The hot electrons diffuse into 

the fms where they rapidly transfer energy to other electrons. Since the 

"reaction volume" is now greatly increased, the numbers of electrons and 

phonons interacting are also increased, and the electron gas is cooled more 

effectively. In this way, the effective electron temperature was reduced to about 

50mK when the SQUID was at a bath temperature of 20mK, with a concomitant 

reduction in E to about 511 . Very recently Ketchen et ill. 33 have achieved a noise 

energy of about 311 at 0.3K in a SQUID with L = 100pH and C = 0.14pF. 
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3.5 Vf Noise in de SQUIDs 

The white noise in de SQUIDs is well understood. However, some 

applications of SQUIDs, for example neuromagnetism, require good resolution 

at frequencies down to O.lHz or less and the level of the 1/f or "flicker" noise 

becomes very important. 

There are at least two separate sources of 1/f noise in the de SQUID34
• The 

first arises from 1/f noise in the critical current of the Josephson junctions, and 

the mechanism for this process is reasonably well understood35
• In the process of 

tunneling through the barrier, an electron becomes trapped for a while and is 

subsequently released. While the trap is occupied, there is a local change in the 

height of the tunnel barrier and hence in the critical current density of that 

region. As a result, the presence of a signal trap causes the critical current of the 

junction to switch randomly back and forth between two values, producing a 

random telegraph signal. If the mean time between pulses is 't, the spectral 

density of this process is a Lorentzian, scaling as 't/(1 +(21tf't)2
]. In general, there 

may be several traps in the junction, each with its own characteristic time 'ti. 

Provided the traps are statistically independent, the superposition of these 

Lorentzians yields a 1/f power spectrum36
•
37

• 

The second source of Vf noise in SQUIDs appears to arise from the motion 

of flux lines trapped in the body of the SQUID34
, and is less well understood than 

the critical current noise. This mechanism manifests itself as a flux noise; for all 

practical purposes the noise source behaves as if an external flux noise were 

applied to the SQUID. Thus, the spectral density of the 1/f flux noise scales as v!, 
and, in particular, vanishes at <I>= (n ± 1/2)<1>0 where V <I»= 0. By contrast, 

critical current noise is still present when V <I» = 0, although its magnitude does 

depend on the applied flux. 
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The level of 1/f flux noise appears to depend strongly on the microstructure 

of the thin films. For example, SQUIDs fabricated at Berkeley with Nb loops 

sputtered under a particular set of conditions show 1/f flux noise levels of 

typically34 1 o-10 <I>~ Hz-1 at 1Hz. On the other hand, SQUIDs with Pb loops in 

exactly the same geometry exhibit a 1/f noise level of about 

2x10-12<1>~z- 1 at 1Hz, arising from critical current fluctuations. Tesche et ai.38 

reported a 1/f noise level in Nb-based SQUIDs of about 3x10- 13<1>~Hz- 1 , but did 

not specify the origin of the noise. Foglietti et al.39 found a critical current 1/f 

noise corresponding to 2x10-12<1>~~-I, also in Nb based devices. Thus, we 

conclude that the quality of the Nb films plays a significant role in the level of 1/f 

flux noise. 

There is an important practical difference between the two sources of 

1/f noise: critical current noise can be reduced by a suitable modulation 

scheme whereas flux noise cannot. Several schemes have been devised34
•
39

•
40 

that involve switching both the bias current and the flux bias, and reductions 

in the spectral density of the 1/f noise due to critical current fluctuations of at 

least one order of magnitude have been achieved. 

3.6 Alternative Read-Out Schemes 

Although the flux modulation method described in Sec. 3.3 has been used 

successfully for may years, alternative schemes have recently been developed. 

These efforts have been motivated, at least in part, by the need to simplify the 

electronics required for the multichannel systems used in neuromagnetism (see 

Sec. 5.1). Fujimaki and co-workers41 and Drung and co-workers42 have devised 

schemes in which the output from the SQUID is sensed digitally and fed back as 

an analog signal to the SQUID to flux-lock the loop. Fujimaki et al.41 used 

Josephson digital circuitry to integrate their feedback system on the same chip as 
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the SQUID so that the flux-locked signal was available directly from the cryostat. 

The system of Drung and co-workers, however, is presently the more sensitive 

with a flux resolution of about 10-6<1>0Hz-112 in a 50pH SQUID. These workers 

were also able to reduce the 1/f noise in the system using a modified version of the 

modulation scheme of Foglietti et al.39 Although they need further development, 

cryogenic digital feedback schemes offer several advantages: they are compact, 

produce a digitized output for transmission to room temperature, offer wide 

flux-locked bandwidths, and need not add any noise to the intrinsic noise of the 

SQUID. 

In yet another system, Miick and Heiden43 have operated a de SQUID with 

hysteretic junctions in a relaxation oscillator. The oscillation frequency depends 

on the flux in the SQUID, reaching a maximum at (n+l/2)<1>0 and a minimum at 

n<I>o. A typical frequency modulation is 1 ()()kHz at an operating frequency of 

1 OMHz. This technique produces large voltages across the SQUID so that no 

matching network to the room temperature electronics is required. The room 

temperature electronics is simple and compact, and the resolution is about 

10-5<1>0Hz-112 for a SQUID at 4.2K with an inductance estimated to be about 80pH. 

4. TilE RF SQUID 

4.1 Principles of Operation 

Although the rf SQUID is still the more widely used device because of its 

long-standing commercial availability, it has seen very little development in 

recent years. For this reason I will give a rather brief account of its principles 

and noise limitations, following rather closely descriptions in earlier 

reviews.44,45 
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The rf SQUID4
•
5 shown in Fig.8 consists of a superconducting loop of 

inductance L interrupted by a single Josephson junction with critical current I0 

and a nonhysteretic current-voltage characteristic. Flux quantization 1 imposes 

the constraint 

(4.1) 

on the total flux <I>,. threading the loop. The phase difference B across the 

junction determines the supercurrent 

(4.2) 

flowing in the ring. A quasistatic external flux <I> thus gives rise to a total flux 

<f>.r =<I>- Llo sin (21t<l>/<l>o). (4.3) 

The variation of <I>,. with <I> is sketched in Fig.9(a) for the typical value Llo = 1.25 

<1>0• The regions with positive slope are stable, whereas those with negative slope 

are not. A "linearized" version of Fig.9(a) showing the path traced out by <I> and 

<I>,. is shown in Fig.9(b ). Suppose we slowly increase <I> from zero. The total 

flux <I>,. increases less rapidly than <I> because the response flux -Lis opposes <I>. 

When Is reaches Io, at an. applied flux <l>c and a total flux <f>.rc, the junction 

switches momentarily into a nonzero voltage state and the SQUID jumps from the 

k=O to the k=l quantum state. If we subsequently reduce <I> from a value just 

above <l>c, the SQUID remains in the k=l state until <I>= <1>0-<l>c, at which point Is 

again exceeds the critical current and the SQUID returns to the k=O state. In the 

same way, if we lower <I> to below -<l>c and then increase it, a second hysteresis 

loop will be traced out. We note that this hysteresis occurs provided Llo><l>o/21t; 

most practical SQUIDs are operated in this regime. For Llo::::<l>0, the energy Llli 
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dissipated when one takes the flux around a single hysteresis loop is its area 

divided by L: 

LlE == Io<l>o. (4.4) 

We now consider the radio frequency (rf) operation of the device. The 

SQUID is inductively coupled to the coil of an LC-resonant circuit with a quality 

factor Q= RTICOrtLT via a mutual inductance M=K(LLT)I/2. Here, LT, CT, and RT 

are the inductance, capacitance and (effective) parallel resistance of the tank 

circuit, and COrt/2rc is its resonant frequency, typically 20 or 30 MHz. The tank 

circuit is excited at its resonant frequency by a current Irr sinrorrt which generates 

a current of amplitude h=Qirr in the inductor. The voltage VT across the tank 

circuit is amplified with a preamplifier with a high input impedance. First 

consider the case <1>=0. As we increase Irr from zero, the peak rf flux applied to 

the loop is M{r = QMirr and VT increases linearly with Irr. The peak flux becomes 

equal to <l>c when Ir = <l>c/M or Irr = <l>d MQ, at A in Fig.l 0. The corresponding 

peak rf voltage across the tank circuit is 

y(n)- 1•'-'"L <l>dM T - ""'1'1 T ' (4.5) 

where the superscript (n) indicates <I> = n<l>0, in this case with n=O. At this point 

the SQUID makes a transition to either the k = + 1 state or the k = -1 state. As the 

SQUID traverses the hysteresis loop, energy .6.E is extracted from the tank 

circuit. Because of this loss, the peak flux on the next half cycle is less than <l>c, 

and no transition occurs. The tank circuit takes many cycles to recover sufficient 

energy to induce a further transition, which may be into either the k = + 1 or -1 

states. If we now increase Irr, transitions are induced at the same values of IT and 
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V T but, because energy is supplied at a higher rate, the stored energy builds up 

more rapidly after each energy loss L\E, and transitions occur more frequently. 

In the absence of thermal fluctuations, the "step" AB in Fig.lO is at constant 

voltage. At B, a transition is induced on each positive and negative rf peak, and a 

further increase in Irt produces the "riser" BC. At C, transitions from the k = ±1 

to k = ±2 states occur and a second step begins. As we continue to increase Irt, we 

observe a series of steps and risers. 

H we now apply an external flux <I> = 4>o/2, the hysteresis loops in Fig.9(b) 

are shifted by 4>0/2. Thus, a transition occurs on the positive peak of the rf cycle 

at a flux (ll>c-4>0/2), whereas on the negative peak the required flux is 

-( <l>c+<l>o/2). As a result, as we increase Irt from zero we observe the first step at· 

Din Fig.lO at 

(4.6) 

As we increase Irt from D to F, the SQUID traverses only one hysteresis loop, 

corresponding to the k = 0 to k = + 1 transition at ( <l>c-4><12). A further increase 

in Irt produces the riser FG, and at G transitions at a peak rf flux -(4>c+<l>0/2) 

begin. In this way, we observe a series of steps and risers for <I> = <1>(}1'2, 

interlocking those for <I>= 0 (Fig.lO). As we increase 4> from zero, the voltage at 

which the first step appears will drop to a minimum (D) at 4>(}1'2 and rise to its 

maximum value (A) at <I>= 4>0• The change in VT as we increase <I> from 0 to 

<l>o/2, found by subtracting Eq. (4.6) from Eq.(4.5), 'is ronl,-4>o/2M. Thus, for a 

small change in flux near 4>=<1>o/4 we fmd the transfer function 

(4.7) 
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At first sight, Eq.(4.7) suggests that we can make VcJ> arbitrarily large by 

reducing K sufficiently. However, we obviously cannot make K so small that the 

SQUID has no influence on the tank circuit, and we need to establish a lower 

bound on K. Now to operate the SQUID, we must be able to choose a value of In 

that intercepts the fir~t step for all values of ct> : this requirement is satisfied if the 

point Fin Fig. 10 lies to the right of E, that is if DF exceeds DE. We can calculate 

DF by noting that the power dissipation in the SQUID is zero at D and L\E(COn/21t) 

== Io<l>o<Ortl 21t at F. Thus, (I~ -I~))V~+l/2) /2 = 
Io<l>oeon/ 21t (Irf and V T are peak, rather than rms values). Furthermore, we can 

easily see that Ic;;- I~> = 4>o/2MQ. Assuming Llo == 4>0 and using Eq.( 4.5), we 

-.. fmd that the requirement I(~> I~> can be written in the form 

K2Q~ 1t/4. (4.8) 

If we set K == Q-1
!2, Eq.(4.7) becomes 

(4.9) 

To operate the SQUID, one adjusts In so that the SQUID remains biased on 

the first step (see Fig.lO) for all values of 4>. The rf voltage across the tank 

circuit is amplified and demodulated to produce a signal that is periodic in <1>. A 

modulating flux, typically at 100kHz and with a peak-to-peak amplitude of <l>o/2, 

is also applied to the SQUID, just as in the case of the de SQUID. The voltage 

produced by this modulation is lock-in detected, integrated, and fed-back as a 

current into the modulation coil to flux-lock the SQUID. 
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4.2 Theory of Noise in the rf SQUID 

A detailed theory has been developed for noise in the rf SQUID;46•
54 in 

contrast to the case for the de SQUID, noise contributions from the tank circuit 

and preamplifier are also important. We begin by discussing the intrinsic noise 

in the SQUID. In the previous section we assumed that transitions from the k=O 

to the k=1 state occurred precisely at <I>= <l>c. In fact, thermal activation causes 

the transition to occur stochastically, at lower values of flux. Kurkijarvi46 

calculated the distribution of values of <I> at which the transitions occur; 

experimental results55 are in good agreement with his predictions. When the 

SQUID is driven with an rf flux, the fluctuations in the value of flux at which 

transitions occur have two consequences. First, noise is introduced on the peak 

voltage VT, giving an equivalent intrinsic flux noise spectral density47.5I 

(4.10) 

Second, the noise causes the steps to tilt (Fig.11 ), as we can easily see by 

considering the case <I>= 0. In the presence of thennal fluctuations the transition 

from to k = 0 to the k = 1 state (for example) has a certain probability of 

occurring at any given value of the total flux <I>+ <I>rr. Just to the right of A in 

Fig.1 0, this transition occurs at the peak of the rf flux once in many rf cycles. 

Thus, the probability of the transition occurring in any one cycle is small. On the 

other hand, at B a transition must occur at each positive and negative peak of the 

rf flux, with unity probability. To increase the transition probability, the peak 

value of the rf flux and hence VT must increase as Irr is increased from A to B. 

Jackel and Buhnnan48
, introduced the slope parameter 11 defined in Fig.18, and 

showed that it was related to S: by the relation 
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(4.11) 

provided 11 was not too large. This relation is well-verified experimentally. 

The noise temperature T a of typical rf amplifiers operated at room 

temperature is substantially higher than that of amplifiers operated at a few 

hundred kilohertz, and is·therefore not negligible for rf SQUIDs operated at 

liquid 4He temperatures. Furthermore, part of the coaxial line connecting the 

tank circuit to the preamplifier is at room temperature. Since the capacitances of 

the line and the amplifier are a substantial fraction of the capacitance of the tai}k 

circuit, part of the resistance damping the tank circuit is well above the bath 

temperature. As a result there is an additional contribution to the noise which we 

combine with the preamplifier noise to produce an effective noise temperature 

'taff. The noise energy contributed by these extrinsic sources can be shown to 
,...eff 

tJe48,52 21t11ka 1 a /ron. Combining this contribution with the intrinsic noise, one 

fmds 

1 
E=::-

OOrf 

2 2 
1t11 <I>o eff 

2L + 21t11ka T a (4.12) 

Equation ( 4.12) shows that E scales as 1/ron, but one should bear in mind 

that Ta tends to increase with ron. Nonetheless, improvements in performance 

have been achieved by operating the SQUID at much higher frequencies56
•
57 than 

the usual20 or 30MHz. One can also reduce the 'faffby cooling the 

preamplifier,56
•
58 thereby reducing Ta and reducing the temperature of the tank 

circuit to that of the bath. However, the best noise energies achieved for the rf 
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SQUID are substantially highe~9 than those routinely obtained with thin-fihn de 

SQUIDs, and for this reason workers requiring the highest possible resolution 

ahnost invariably use the latter device. 

4.3 Practical rf SQUIDs 

Although less sensitive than the de SQUID, the rf SQUID is entirely 

adequate for a wide range of applications. It is therefore more widely used than 

the de SQUID, for the simple reason that reliable, easy-to-operate devices have 

been commercially available since the early 1970's, notably from BTi (formerly 

SHE). We shall therefore confme ourselves to a brief description of the device 

available from this company. 

Figure 12 shows a cut-away drawing of the BTi rf SQUID40
, which has a 

toroidal configuration machined from Nb. One way to understand this geometry 

is to imagine rotating the SQUID in Fig.8 through 360° about a line running 

through the junction from top to bottom of the page. This procedure produces a 

toroidal cavity connected at its center by the junction. If one places a toroidal coil 

in this cavity, a current in the coil produces a flux that is tightly coupled to the 

SQUID. In Fig.l2, there are actually two such cavities, one containing the tank 

circuit-modulation-feedback coil and the other the input coil. This separation 

eliminates cross-talk between the two coils. Leads to the two coils are brought 

out via screw-terminals. The junction is made from thin films of Nb. This 

? device is self-shielding against external magnetic field fluctuations, and has 

proven to be reliable and convenient to use. In particular, the Nb input terminals 

enable one to connect different input circuits in a straightforward way. A typical 

device has a white noise energy of 5x10-29lliz-l, with a Vf noise energy of perhaps 

10-28JHz-1 at O.lHz. 
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5. SQUID-BASED INSTRU:MENTS 

Both de and rf SQUIDs are used as sensors in a far-ranging assortment of 

instruments. I here briefly discuss some of them: my selection is far from 

exhaustive, but does include the more commonly used instruments. 

Each instrument involves a circuit attached to the input coil of the SQUID. 

We should recognize from the outset that, in general, the presence of the input 

circuit influences both the signal and noise properties of the SQUID while the 

SQUID, in tum, reflects a complex impedance into the input. Because the 

SQUID is a nonlinear device a full description of the interactions is complicated, 

and we shall not go into the details here. However, one aspect of this interaction, 

first pointed out by Zimmerman60, is easy to understand. Suppose we connect a 

superconducting pick-up loop of inductance Lp to the input coil of inductance 1-i 

to form a magnetometer, as shown in Fig.13(a). It is easy to show that the 

SQUID inductance L is reduced to the value 

(5.1) 

where a2 is the coupling coefficient between Land 1-i. We have neglected any 

stray inductance in the leads connecting 1-i and Lp, and any stray capacitance. The 

reduction in L tends to increase the transfer coefficient of both the de SQUID 

[Eq.(3.9)] and the rf SQUID [Eq.(4.9)]. In most cases, the reduction of Land the 

change in the noise properties will be detectable but will not have a major input 

on the results presented here. 

5.1 Magnetometers and Gradiometers 

One of the simplest instruments is the magnetometer [Fig.13(a)]. A pick

up loop is connected across the input coil to make a superconducting flux 
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transformer. The SQUID and input coil are generally enclosed in a 

superconducting shield. H one applies a magnetic flux, 8<1> <P>, to the pick -up loop, 

flux quantization requires that 

~ (p) 
u<l> + (Li + Lp)Js = 0, (5.2) 

where Js is the supercurrent induced in the transformer. We have neglected the 

effects of the SQUID on the input circuit. The flux coupled into the SQUID, 

which we assume to be in a flux-locked loop, is 8<1> =Mil Js I= Mi8<1><P> /(~ + Lp). 

We find the minimum detectable value of 8<1> <P> by equating 8<1> with the 

equivalent flux noise of the SQUID. Defming s!> as the spectral density of the 

equivalent flux noise referred to the pick -up loop, we find 

(5.3) 

Introducing the equivalent noise energy referred to the pick -up loop, we obtain 

We observe that Eq.(5.4) has the minimum value 

(p) 

set> - .1@ 
2Lp- a2 

(5.4) 

(5.5) 

when~= Lp. Thus, a fraction a2/4 of the energy in the pick-up loop is 

transferred to the SQUID. In this derivation we have neglected noise currents in 
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the input circuit arising from noise in the SQUID, the fact the the input circuit 

reduces the SQUID inductance, and any possible coupling between the feedback 

coil of the SQUID and the input circuit. Having obtained the flux resolution 

for ~ = Lp, ~e can immediately write down the corresponding magnetic field 

resolution B~> = (sX>) 112
/ rcr~, where rp is the radius of the pick-up loop: 

(5.6) 

Now61 Lp = J,4)rp[ln(8rp/r0)-2], where J..4J = 4rc x 10-7 henries/meter and ro is the 

radius of the wire; for a reasonable range of values of rplr0 we can set Lp:::: 5J.4>fp· 

Thus we obtain B~> ::::2(J.4>e) 112/ar~12. This indicates that one can, in principle, 

improve the magnetic field resolution indefinitely by increasing rp, keeping Li = 
Lp. Of course, in practice, the size of the cryostat will impose an upper limit on 

rp. If we take e = 10-28JHz-1 (a somewhat conservative value for an rf SQUID), a 

= 1, and rp = 25mm, we fmd B~>:::: 5 x 10-15 tesla Hz-112 = 5 x 10-11 gauss Hz-112. 

This is a much higher sensitivity than that achieved by any nonsuperconducting 

magnetometer. 

Magnetometers have usually involved flux transformers made of Nb wire. 

For example, one can make the rf SQUID in Fig.12 into a magnetometer merely 

by connecting a loop of Nb wire to its input terminals. In the case of the thin-film 

de SQUID, one can make an integrated magnetometer by fabricating a Nb loop 

across the spiral input coil. In this way, Wellstood et a1.1s achieved a magnetic 

field white noise of 5 x 10-15 tesla Hz-112 with a pick-up loop a few millimeters 

across. 

Magnetometers with typical sensitivities of 0.01 pTIIz-112 have been used in 

geophysics in a variety of applications,62 for example, magnetotellurics, active 
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electromagnetic sounding, piezomagnetism, tectonomagnetism, and the location 

of hydrofractures. Although SQUID-based magnetometers are substantially 

more sensitive than any other type, the need to replenish the liquid helium in the 

field has restricted the extent of their applications. For this reason, the advent of 

high-temperature superconductors may have considerable impact on this field 

(see Sec.6). 

An important variation of the flux transformer is the gradiometer. Figure 

13(b) shows an axial gradiometer that measures aBJaz. The two pick-up loops 

are wound in opposition and balanced so that a uniform field Bz links zero net 

flux to the transformer. A gradient aBJaz, on the other hand, does induce a net 

flux and thus generates an output from the flux-locked SQUID. Figure 13(c) 

shows a second order gradiometer that measures a2BJaz2; Fig.14(a) is a 

photograph of a practical version. 

Thin-film gradiometers based on de SQUIDs were made as long ago28 as 

1978, and a variety of devices25•63-67 have been reported since then. To my 

knowledge, all of the gradiometers made to date have been planar, and therefore 

measure an off-diagonal gradient, for example, aBJax or a2BJaxay. A 

representative device is shown in Fig.14(b)-(d). 

The most important application of the gradiometer is in 

ne_uromagnetism68
, notably to detect weak magnetic signals emanating from the 

human brain. The gradiometer discriminates strongly against distant noise 

sources, which have a small gradient, in favor of locally generated signals. One 

can thus use a second-order gradiometer in an unshielded environment, although 

the present trend is towards using first-order gradiometers in a shielded room of 

aluminum and mu-metal that greatly attenuates the ambient magnetic noise. In 

this application, axial gradiometers of the type shown in Fig.l3(a) actually sense 

magnetic field, rather than the gradient, because the distance from the signal 
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source to the pick-up loop is less than the baseline of the gradiometer. The 

magnetic field sensitivity referred to one pick-up loop is typically lOITHz-112
• 

Although great progress in this field has been made in recent years it is generally 

agreed that one needs an array of 50 to 100 gradiometers to make a clinically 

viable system. This requirement has greatly spurred the development of 

integrated, thin-film devices. For example, Knuutila69 has reported that a 24-

channel first-derivative array is under construction. 

There are two basic kinds of measurements made on the human brain. In 

the first, one detects spontaneous activity: a classic example is the generation of 

magnetic pulses by subjects suffering from focal epilepsy 70. The second kind 

involves evoked response: for example, Romani et al. 71 detected the magnetic 

signal from the auditory cortex generated by tones of different frequencies. 

There are several other applications of gradiometers. One kind of 

magnetic monopole detector72 consists of a gradiometer: the passage of a 

monopole would link a flux h/e in the pick-up loop and produce a step-function 

response from the SQUID. Gradiometers have recently been of interest in 

studies of corrosion and in the location of fractures in pipelines and other 

structures. 

5.2 Susceptometers 

In principle, one can easily use the first-derivative gradiometer of 

Fig.13(b) to measure magnetic susceptibility X· One establishes a static field 

along the z-axis and lowers the sample into one of the pick -up loops. Provided X 

is nonzero, the sample introduces an additional flux into the pick-up loop and 

generates an output from the flux-locked SQUID. A very sophisticated 

susceptometer is available commercially73. A room temperature access enables 

one to cycle samples rapidly, and one can measure X ·as a function of temperature 
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between 1.8K and 400K in fields up to 5.5 tesla. The system is capable of 

resolving a change in magnetic moment as small as 10-8emu. 

Novel miniature susceptometers have been developed by Ketchen and co

workers33·74·75. One version is shown schematically in Fig.l5. The SQUID loop 

incorporates two pick -up loops wound in the opposite sense and connected in 

series. The two square pick-up loops, 17.5Jl1Il on a side and with an·inductance of 

about 30pH, are deposited over a hole in the ground plane that minimizes the 

inductance of the rest of the device. The SQUID is flux biased at the maximum of 

V <~>by means of a control current Ic in one of the pick-up loops. One can apply a 

magnetic field to the two loops by means of the current lp; by passing a fraction 

of this current into the center tap lc, one can achieve a high degree of electronic 

balance between the two loops. The sample to be studied is placed over one of the 

loops, and the output from the SQUID when the field is applied is directly 

proportional to the magnetization. At 4.2K, the susceptometer is capable of 

detecting the magnetization due to as few as 3000 electron spins. 

Awschalon and co-workers33,75, have used a miniature susceptometer to perform 

magnetic spectroscopy of semiconductors with picosecond time-resolution. 

5.3 Voltmeters 

Probably the first practical application of a SQUID was to measure tiny, 

quasistatic voltages.76 One simply connects the signal source --for example a low 

resistance through which a current can be passed-- in series with a known 

resistance and the input coil of the SQUID. The output from the flux-locked loop 

is connected across the known resistance to obtain a null-balancing measurement 

of the voltage. The resolution is generally limited by Nyquist noise in the input 

circuit, which at 4.2K varies from about 10-15VHz-1n for a resistance of 10-8.Q to 

about 1 o-10VHzJn for a resistance of 1 OO.Q. 

33 



Applications of these voltmeters range from the measurement of 

thermoelectric voltages and of quasipartiCle charge imbalance in nonequilibrium 

superconductors to noise thermometry and the comparison of the Josephson 

voltage-frequency relation in different superconductors to high precision. 

5.4 The de SQUID as a Radiofrequency Amplifier 

Over recent years, the de SQUID has been developed into a low noise 

amplifier for frequencies up to 1 OOMHz or more 77
. To understand the theory for 

the performance of this amplifier, we need to extend the theory of Sec.3 by 

taking into account the noise in the current J(t) in the SQUID loop. For a bare 

SQUID with p = 1, r = 0.05 and <I> = (2n+ 1 )<l>o/4 one fmds the spectral density of 

the current to be 78 

(5.7) 

Furthermore, the current noise is partially correlated with the voltage noise 

across the SQUID, the cross-spectral density being78 

SvJ(t) == 12k8 T. (5.8) 

The correlation arises, roughly speaking, because the current noise generates a 

flux noise which in tum contributes to the total voltage noise across the junction 

provided V <l> :F. 0. 

One can make a tuned amplifier, for example, by connecting an input 

circuit to the SQUID as shown in Fig.16. In general, the presence of this circuit 

modifies all of the SQUID parameters and the magnitude of the noise spectral 

densities79
• Furthermore, the SQUID reflects an impedance wM;/z into the 

input circuit80
, where Z is the dynamic input impedance of the SQUID. 

Fortunately, however, one can neglect the mutual influence of the SQUID and 
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input circuit provided the coupling coefficient a2 is sufficiently small, as it is 

under certain circumstances. For a signal at frequency f generated by a source 

with resistance Ri one can optimize the noise temperature of the amplifier using 

standard procedures to obtain 

.,.,(opt) _ 1tf (S S ~2 )1/2 
lN - k V V J- IJVJ • 

B <1> . 
(5.9) 

This minimum value actually occurs off-resonance; if one wishes to operate the 

amp lifer ~t the resonant frequency of the input circuit, the noise temperature is 

increased to 

....,(res) _ 1tf (S S )1/2 
J. N - ks V <I> v J • (5.10) 

The corresponding power gain is 

(5.11) 

Equations (5.10) and (5.11) can be shown to imply a2Q == 1, that is, the coupling 

is weak for a high-Q input circuit. We emphasize that the noise temperatures 

quoted in Eqs. (5.9) and (5.10) do not include the Nyquist noise generated in Ri, 

which may well exceed the noise generated by the amplifier. Thus, Eq. (5.9) or 

(5.10) does not necessarily represent the lowest system noise temperature, which 

may well occur under quite different conditions. Nonetheless, these expresions 

are very useful in that they specify the performance at a particular frequency in 

terms of the SQUID parameters only. 
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Hilbert and Clarke 77 made several radio frequency amplifiers with both 

tuned and untuned inputs, flux biasing the SQUID near <I>= (2n+l)<l>0/4. There 

was no flux-locked loop. The measured parameters were in good agreement with 

predictions. For example, for an amplifier with R == 80, L == 0.4nH, Li == 5 .6nH, 

Mi == 1nH and Vc'/) == 3x1010 sec-1 at 4.2K they found G = 18.6±0.5 dB and TN= 

1.7±0.5K at 93 MHz. The predicted values were 17dB and 1.1K, respectively. 

To conclude this discussion, we comment briefly on the quantum limit of 

the de SQUID amplifier. At T = 0, Nyquist noise in the shunt resistors in Eqs. 

(3.7) and (3.8) should be replaced with zero point fluctuations. Koch et al.81 

performed a simulation in this limit and concluded that, within the limits of 

error, the noise temperature of a tuned amplifier in the quantum limit should be 

given by 

TN == hf/ksln2. (5.12) 

This is the result for any quantum limited amplifier. The corresponding value 

forE was approximately li, but it should be emphasized that quantum mechanics 

does not impose any precise lower limit onE 82
• A number of SQUIDs have 

obtained noise energies of 311 or less, but there is no evidence as yet that a 

SQUID has attained quantum limited performance as an amplifier. 

Clarke, Hahn and co-workers83
-
86 have used tuned SQUID amplifiers in a 

series of experiments to observe nuclear magnetic resonance (NMR) and nuclear 

quadruple resonance (NQR) at about 30 MHz. As an example of the high 

sensitivity offered by these techniques, they were able to detect "spin noise" in 

35Cl nuclei in NaC103. In zero magnetic field, this nucleus has two doubly 

degenerate nuclear levels with a splitting of 30.6856MHz and exhibits NQR. An 

rf signal at the NQR frequency equalized the populations of the two nuclear spin 

36 



levels, and was then turned off to leave a zero-spin state. A SQUID amplifier was 

able to detect the photons emitted spontaneously as the upper state decayed, even 

although the lifetime per nucleus against this process was -106 centuries. The 

detected power was about 5x10-21W in a bandwidth of about I .3kHz. 

5.5 Gravity Wave Antennas 

A quite different application of SQUIDs is to detect mii;lute.displacements, 

notably those of Weber bar gravity wave antennas.87,88 Roughly a dozen groups 

worldwide are using these antennas to search for the pulse of gravitational 

radiation that is expected to be emitted when a star collapses. The radiation 

induces longitudinal oscillations in the large, freely suspended bar, but because 

the amplitude is very tiny, one requires the sensitivity of a de SQUID to detect it. 

As an example, we briefly describe the antenna at Stanford University, which 

consists of an aluminum bar 3 meters long and weighing 4800kg suspended in a 

vacuum chamber at 4.2K. The fundamental longitudinal mode is at 

<Oa/27t==842Hz, and the Q is 5x106
• The transducer is shown schematically in 

Fig.l7. A circular niobium diaphragm is clamped at its perimeter to one end of 

the bar, with a flat spiral coil made of niobium wire mounted on each side. The 

two coils are connected in parallel with each other and with the input coil of a 

SQUID; this entire circuit is superconducting. A persistent supercurrent 

circulates in the closed loop formed by the two spiral coils. The associated 

magnetic fields exert a restoring force on the diaphragm so that by adjusting the 

current, one can set the resonant frequency of the diaphragm equal to that of the 

bar. A longitudinal oscillation of the bar induces an oscillation in the position of 

the diaphragm relative to the two coils, thereby modulating their inductances. As 

a result of flux quantization, a fraction of the stored supercurrent is diverted into 

the input coil of the SQUID, which detects it in the usual way. 
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The present Stanford antenna has a root-mean-square strain sensitivity 

<(81 )~112ft of 1 o-IS' where 1 is the length of the bar and 01 its longitudinal 

displacement. This very impressive sensitivity, which is limited by thermal noise 

in the bar, is non,etheless adequate only to detect events in our own galaxy. 
·. ' 

Because such ·events are rare, there is a very strong motivation to make major 

improvements in the sensitivity. 

If the bar could be cooled sufficiently, the strain resolution would be 

limited only by the bar's zero-point motion and would have a value of about 

3x10-21
• At first sight one might expect that the bar would have to be cooled to 

and absurdly low temperature to achieve this quantum limit, because a frequency 

of 842 Hz corresponds to a temperature n00afk8 of about 40nK. However, it turns 

out that one can make the effective noise temperature Teff of the antenna much 

lower than the temperature T of the bar. If a gravitational signal in the form of a 

pulse of length 'ts interacts with an antenna that has a decay time Q/roa, then the 

effective noise temperature is given approximately by the product of the bar 

temperature and the pulse length divided by the decay time: Tecc == 'tsroaT/Q. 

Thus one can make the effective noise temperature much less than the 

temperature of the bar by increasing the bar's resonant quality factor 

sufficiently. To achieve the quantum limit, in which the bar energy nroa is 

greater than the effective thermal energy k8 Tecr, one would have to lower the 

temperature T below Qll/k8'ts, which is about 40 mK for a quality factor Q of 

5x 106 and a pulse length 'ts of 1 msec. One can cool the antenna to this 

temperature with the aid of a large dilution refrigerator. 

Needless to say, to detect the motion of a quantum-limited antenna one 

needs a quantum limited transducer, a requirement that has been the major 

driving force in the development of ultra-low-noise de SQUIDs. As we have 

seen, however, existing de SQUIDs at low temperatures are now within striking 
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distance of the quantum limit, and there is every reason to believe that one will be 

able to operate an antenna quite close to the quantum limit within a few years. 

5.6 Gravity Gradiometers 

The gravity gradiometer, which also makes use of a transducer to detect 

minute displacements, has been pioneered by Paik89 and Mapoles90. The 

gradiometer consists of two niobium proof masses each constrained by springs to 

move along a common axis (Fig.18). A single-layer spiral coil of niobium wire 

is attached to the surface of one of the masses so that the surface of the wire is 

very close to the opposing surface of the other mass. Thus, the inductance of the 

coil depends on the separation of the two proof masses, which in tum depends on 

the gravity gradient. The coil is connected to a second superconducting coil 

which is coupled to a SQUID via a superconducting transformer. A persistent 

supercurrent, I, maintains a constant flux in the detector circuit. Thus, a change 

in the inductance of the pick-up coil produces a change in I and hence a flux in the 

SQUID that is related to the gravity gradient. More sophisticated versions of this 

design enable one to balance the restoring forces of the two springs 

electronically,90 thereby eliminating the response to an acceleration (as opposed 

to an acceleration gradient). Sensitivities of a few Eotvos Hz-Ifl have been 

achieved at frequencies above 2Hz. 

Instruments of this kind could be used to map the earth's gravity gradient, 

and have potential in tests of the inverse square law and in inertial navigation. 

6. TilE IMPACT OF HIGH TEMPERATURE SUPERCONDUCITVITY 

The advent of th~ high transition temperature (T c) superconductors91 has 

stimulated great interest in the prospects for superconducting devices operating 
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at liquid (LN) temperatures (77K). Indeed, a number of groups have already 

successfully operated SQUIDs. In this section I shall give a brief overview of 

this work. 

6.1 Predictions for White Noise 

In designing a SQUID for operation at LN temperatures one must bear in 

mind the constraints imposed by thermal noise on the critical current and 

inductance, Io ~ 1 01tk8 T /<1>0 and L ~ <I>&f5k8 T. ForT = 77K, we find Io ~ l6JlA 

and L .~ 0.8nH. If we take as arbitrary but reasonable values L = 0.2nH and Io = 
20JlA, we obtain 2LiofC1>0 = 4 for the de SQUID and Llo/<1>0 = 2 for the rf SQUID. 

These values are not too far removed from optimum, and to a first 

approximation we can use the equations for the noise energy given in Sees. 3 

and4. 

For the case of the de SQUID, the noise energy is predicted by either 

Eq.(3.11) or Eq.(3.12). However, since nobody has yet made a Josephson tunnel 

junction with high-T c materials, it is somewhat unrealistic to use Eq.(3.12), 

which involves the junction capacitance, and instead we use Eq.(3.11). The value 

of R is an open question, and we rather arbitrarily adopt 5!1, which is not too 

different from values achieved experimentally for high-T c grain boundary 

junctions.92 With L = 0.2nH, T = 77K and R = 5!1, Eq.(3.11) predicts£:::: 

4x10-31JHz-1
• This value is only about one order of magnitude higher that that 

found at 4.2K for typical Nb-based, thin film de SQUIDs, and actually somewhat 

better than that found in commercially available toroidal SQUIDs. These 

various values are summarized in Fig.l9. If one could actually achieve the 

predicted resolution in a SQUID at 77K at frequencies down to 1Hz or less, it 

would be adequate for most of the applications discussed in Sec. 5. 
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For the rf SQUID, Eq.(4.10) predicts an intrinsic noise energy of about 

6xl0-29JHz-I for Io = 20Jl.A, Llo = 2<1>0, OOrt/21t = 20MHz and T = 77K. This value 

is comparable with the overall value obtained experimentally with 4.2K devices 

where the effective noise temperature T ~ff of the preamplifier and tank circuit is 

much higher than ,the bath temperature when the preamplifier is at room 

temperature (see Sec.4.2). However, when one operates a SQUID at 77K, there is 

no reason for T ~ff to increase and the system noise energy should be comparable 

with that at 4.2K. 

With regard to 1/f noise, in general one might expect both critical current 

noise and flux noise to contribute. However, it seems impractical to make any £! 

priori predictions of the magnitude of these contributions. 

6.2 Practical Devices 

Although a number of de and rf SQUIDs have been made from YBCO, I 

shall describe just one of each type. It appears that the first de SQUID was made 

by Koch et al. 92 In their first devices, they patterned the films by covering the 

regions of YBCO to remain superconducting with a gold film, and ion implanted 

the unprotected regions so that they became insulators at low temperatures. The 

configuration is shown in Fig.20; the estimated inductance is 80pH. The two 

microbridges exhibited Josephson-like behavior, which actually arose from 

junctions formed by grain boundaries between randomly oriented grains of 

YBCO. As the quality of the films has improved, conventional patterning 

techniques such as lift off and ion etching have become possible. The I-V 

characteristics of these devices are modulated by an applied flux, although the V

<I> curves are often hysteretic and nonperiodic, probably because of flux trapped 

in the YBCO films. The noise energy scaled approximately as 1/f over the 
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frequency range investigated, usually 1 to 103Hz. The lowest noise energies 

achieved to date at 1Hz are 4x10-27JHz-1 at 41K and, in a different device, 

2x10-26J/Hz at 77K. These values are plotted in Fig.19. 

The best characterized rf SQUID reported so far is that of Zimmerman et 

al.93 They drilled a hole along the axis of a cylindrical pellet of YBCO, and cut a 

slot part way along a radius (Fig.21 ). The pellet was glued into an aluminum 

holder, also with a slot, and the assembly immersed in LN. A taper pin forced 

into the slot in the mount caused the YBCO to break in the region of the cut; when 

the pin was withdrawn slightly, the YBCO surfaces on the two sides of the crack 

were brought together, forming a "break junction". The rf SQUID so formed 

was coupled to a resonant circuit and operated in the usual way. The best flux 

resolution was 4.5xl04 <I>0Hz-112 at 50Hz, corresponding to a noise energy of 

1.6x10-27JHz-1 for L = 0.25nH (see Fig.19). 

6.3 Flux Noise in YBCO Films 

It is evident that the 1/f noise level in YBCO SQUIDs is very high 

compared with that in Nb or Pb devices at 4.2K. Ferrari et a1.94 have investigated 

the source of this noise by measuring the flux noise in YBCO films. Each film, 

deposited on a SrTi03 chip, was patterned into a loop and mounted parallel and 

very close to a Nb-based SQUID (with no input coil) so that any flux noise in the 

YBCO loop could be detected by the SQUID. The assembly was enclosed in a 

vacuum can immersed in liquid helium. The SQUID was maintained at 4.2K, 

while the temperature of the YBCO film could be increased by means of a 

resistive heater. Below T c , the spectral density of the flux noise scaled as 1/f over 

the frequency range 1 to 103Hz, and increased markedly with temperature. 

Three films were studied, with microstructure improving progressively with 

respect to the fraction of grains oriented with the c-axis perpendicular to the 
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substrate. The critical current density correspondingly increased, to a value of 

2x 106 Acm-2 at 4.2K in the best film. The spectral density of the noise measured 

at 1Hz is shown vs. temperature in Fig.22. We see that in each case the noise 

increases rapidly as the temperature approaches T c, and that, at a given 

temperature, the noise decreases dramatically as the quality of the films is 

improved. The noise energy estimated at 28K and 77K with an assumed 

inductance of 400pH is shown in Fig.l9. 

The results demonstrate that YBCO films are intrinsically noisy. The 

noise presumably arises from the motion of flux quanta trapped in the films, 

possibly at grain boundaries. This mechanism is almost certainly the origin of 

the Vf noise observed in YBCO SQUIDs, and, in general terms, is similar to the 

origin of Vf noise in Nb SQUIDs. It is encouraging that the noise is reduced as 

the microstructure of the films is improved, and it should be emphasized that 

there is no reason to believe the lowest noise measured so far represents a lower 

bound. The implications are that SQUIDs and flux transformers coupled to them 

should be made of very high quality films. 

6.4 Future Prospects for High-Tc SQUIDs 

One potential application of a high-Tc SQUID is as a geophysical 

magnetometer (see Sec.5.1). At the moment, however, it is not entirely 

straightforward to predict the performance, since the devices are still evolving 

and it is evident from the noise measurements on YBCO films that thin-film flux 

transformers may introduce considerable levels of low frequency noise. To 

make some kind of estimate, we assume that we can optimally couple the 77K de 

SQUID with the noise energy shown in Fig.19 to a noiseless flux transformer 

with a thin-film loop pick-up loop with a diameter of 50mm. The estimated loop 

inductance is about 150nH. Using Eq.(5.6), we fmd a magnetic field resolution 
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of roughly O.lpTHz-112 at 1 Hz, improving to O.OlpTHz-112 at 100Hz. Although 

this performance is quite good, one should realize that commercially available 

coils operated at room temperature offer a resolution of about 0.03pTHz-112 over 

this frequency range. Furthermore, our assumption of a noise-free flux 

transformer is rather optimistic. Nonetheless, given the short time over which 

the high-T c materials have been available one should be rather encouraged: a 

relatively modest reduction in the Vf noise that might be gained from improving 

the quality of YBCO films or even from using alternative materials might well 

yield a rather useful geophysical device. 

One might note here that the real advantage in using liquid nitrogen as 

opposed to liquid helium for field applications is not really the reduction in cost, 

a savings which is negligible compared with the cost of mounting a field 

operation, but rather the very much slower boil-off rate of liquid nitrogen. The 

latent heat of vaporization of liquid N2 is about 60 times that of liquid 4He, so that 

one should be able to design cryostats of modest size with hold-times of up to a 

year. It is also noteworthy that liquid Ne, which boils at 27K, has a latent heat 

roughly 40 times that of liquid He, and its use would also greatly extend the 

running time over that of liquid He, for roughly the same cost per day. We see 

from Fig.22 that the Vf noise in YBCO films can be considerably lower at 27K 

than at 77K, so that the lower temperature operation could be a considerable 

advantage. 

The likely impact of high-T c SQUIDs on the more demanding applications 

such as neuromagnetism is much smaller, however, at least for the near future. 

Here, one needs very high sensitivity at frequencies down to O.lHz or less, but is 

not particularly concerned with the cost of liquid 4He or the need to replenish it 

every day or two. Furthermore, low-noise, closed-cycle refrigerators are just 

becoming available that obviate the need to supply liquid cryogens in 
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environments where electrical power is available. Thus, it is difficult to imagine 

that high-Tc SQUIDs will have a significant impact in this area unless there is a 

major reduction in the 1/f noise. 

In concluding this section, we note that two key problems must be solved 

before high-T c SQUIDs are likely to become technologically important. The 

first is the development of a reproducible and reliable Josephson junction. 

Although great progress has been made with grain boundary junctions, it is not 

clear that one can base a technology on this technique. Shiota et ai.95 have 

reported YBCO-insulator-YBCO junctions formed by fluorination of the base 

electrode, but the I-V characteristics revealed that one of the surfaces was 

normal. Hopefully, it will be possible to produce all-YBCO junctions exhibiting .: 

Josephson tunneling in the near future. An alternative might be a 

superconductor-normal metal metal-superconductor junction.96 The second 

problem is concerned with the reduction of hysteresis and noise in thin films of 

high-Tc material. The motion of magnetic flux in the films is responsible for 

both effects, and one has to learn to produce films with lower densities of flux 

lines or higher pinning energies. Given the world-wide effort on the new 

superconductors, there is every reason to be optimistic about the long-term 

future of SQUIDs based on these materials. 

7. CONCLUDING REMARKS 

In this chapter I have tried to give an ovetview of the current status of de 

and rf SQUIDs. I make no pretence that this account is comprehensive. There 

are many SQUID designs and applications that I have not mentioned, but I hope 

that I have given some flavor of the amazing versatility of these devices. For 

example, I fmd it remarkable that a de SQUID is the basis of both the most 
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sensitive magnetometer available· at 10-4Hz and the quietest radio frequency 

amplifier at 108Hz. 

The rf SQUID remains more widely used than the de SQUID, simply 

because it is produced commercially and is thus available to people who are 

interested in using SQUIDs rather than in making them. One should also realize 

that although the.kind of rf SQUID routinely used is much less sensitive than 

state-of-the-art thin-film de SQUIDs, it is nonetheless entirely adequate for many 

applications. The fact that thin-film, integrated de SQUIDs are not available 

commercially is presumably because the cost of establishing a facility to produce 

them is high while the perceived market is small. However, I suspect that this 

situation is about to change. After all, one needs only a single major application 

to make reasonably-priced SQUIDs available for any number of applications, and 

there now seem to be two such major products on the horizon. The first is in 

neuromagnetism: if this application is to become a clinical reality one will need 

systems with as many as 100 channels, and the need for 100 channels will 

inevitably lead to the production of thin-film SQUIDs on a reasonable scale. The 

second is the advent of high-Tc thin-film SQUIDs. If these devices attain 

sufficient sensitivity and reliability for geophysical applications, not to mention 

laboratory-based applications such as voltmeters, they will be in sufficient 

demand to justify production on a commercial basis. 
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Figure captions 

Fig. l(a) The resistively shunted Josephson junction; (b) and (c) 

show the tilted washboard model for I<Io and I>Io. 

Fig. 2(a) The de SQUID; (b) I-V characteristics; (c) V vs. <1>/<I>o at 

constant bias current Ia. 

Fig.3(a) Configuration of planar de SQUID with overlaid spiral 

input coil; (b) expanded view of junctions and shunts. 

Fig.4(a) Photograph of planar de SQUID made at UC Berkeley, 

with 50-tum input coil; the square washer is about 1 mm across. 

(b) Electron micrograph of junctions prior to deposition of 

counterelectrode; each junction is about 3 Jliil across. 

Fig. 5 Flux modulation scheme showing voltage across the SQUID 

for (a) <I>= n<I>o and (b) <I>= (n+ 1/4)<1>0• The output VL from the 

lock-in detector vs. <I> is shown in (c). 

Fig. 6 Modulation and feedback circuit for the de SQUID. 

Fig.7 Spectral density of equivalent flux noise for de SQUID with 

a Pb body : L = 0.2nH, R = 80, and T = 4.2K. (Courtesy F.C. 

Wellstood). 

Fig.8 The rf SQUID inductively coupled to a resonant tank circuit. 

Fig.9 The rf SQUID: (a) total flux <f>.r vs. <I> for LI0 = 1.25 <I>o; (b) 

values of <f>.r as <I> is quasistatically increased and then decreased. 

Fig. I 0 V T vs. Irf in the absence of thermal noise for <I> = n<I>o, 

(n+ l/2)<I>o. 
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Fig.ll V T vs. Irr showing the effects of thermal noise. 

Fig.l2 Cut-away drawing of toroidal SQUID (courtesy BTi, 

inc.). 

Fig.13 Superconducting flux transformers:(a) magnetometer, (b) 

first-derivative gradiometer, (c) second-derivative gradiometer. 

Fig.l4 (a) Photograph of wire-wound second-derivative 

gradiometer for biomedical applications (courtesy BTi, inc.); 

thin-film first-derivative gradiometer: (b) pick-up loops, (c) two

hole SQUID with spiral input coils, and (d) expanded view of the 

dotted circle in (c) showing junctions and resistive shunts (from 

ref. 66). 

Fig.15 Thin-film miniature susceptometer (from ref. 74). 

Fig.16 Tuned radiofrequency amplifier based on de SQUID 

(from ref.77). 

Fig.l7 Transducer for gravity wave antenna (courtesy P.F. 

Michelson). 

Fig.18 Gravity gradiometer showing two proof masses (M) on 

either side of a planar spiral coil (from ref. 90). 

Fig.19 Noise energy e(f) vs. frequency for several SQUIDs and for 

a YBCO film. 

Fig.20 Planar thin-film de SQUID fabricated from YBCO (re

drawn from ref. 92). 

Fig. 21 Break-junction rf SQUID (from ref. 93). 

Fig.22 Spectral density of flux noise at 1Hz vs. temperature for 

three YBCO films: polycrystalline (squares), mixed a- and c-axis 

(triangles) and >90% c-axis (circles). Solid symbols indicate the 
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noise is 1/f at 1Hz, open that it is white or nearly white (from ref. 

94). 
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