
The Impact of High-Temperature 
Superconductivity on SQUID Magnetometers 

DC and RF Superconducting Quantum Interference 
Devices (SQUIDS) fabricated from low transition tem- 
perature ( ~ = j  supekonductors and operated at liquid 4 ~ e  
temveratures are routinelv used as ultrasensitive detectors 

L , 
in many applications, for example, as magnetometers, 
magnetic gradiometers, voltmeters, and motion detec- 
tors. SQUIDs fabricated from high T, superconductors 
such as YBa2Cu3O7 and operated in liquid nitrogen at 77 
K offer a greater convenience in operation at the expense 
of a poorer noise performance, particularly at low fre- 
quencies. The resolution of SQUID-based magnetome- 
ters is compared with that of other types of magnetome- 
ters operating at ambient temperatures. 

W HAT WILL BE THE IMPACT OE HIGH-TEMPERATURF 

superconductivity on Superconducting Quantum Inter- 
ference Devices (1) (SQUIDs)? Besides being the most 

sensitive magnetometer available, the SQUID has been used in 
many other applications, for example as a voltmeter, amplifier, 
motion detector, and susceptometer. SQUIDs have been by far the 
most widely used superconducting device and are likely to be the 
first practical application of the new oxide superconductors. By 
combining the phenomena of fluxoid quantization (2) and Joseph- 
son tunneling (3) ,  SQUIDs convert changes in magnetic field into 
voltages that can be detected by conventional semiconducting 
electronics. Until very recently these devices involved superconduct- 
ing metals such as niobium or lead and their alloys and were almost 
invariably operated at or below the boiling point of liquid 4 ~ e  
under atmospheric pressure, 4.2 K. Thus, in choosing a magneto- 
meter one had to weigh the advantages of a very sensitive device 
operating in liquid 4 ~ e  against those of a less sensitive magnetome- 
ter operating at room temperature. In some applications, such as the 
detection of tiny magnetic signals emanating from the human brain, 
only SQUID-based instruments have the required sensitivity, and 
they are invariably used. In other applications, such as geophysical 
measurements, which are often made in remote areas of the world, 
the inconvenience of using liquid helium often outweighs the 
advantage of very high sensitivity, and alternative instruments, such 
as coil magnetometers, are much more widely used. 

This situation may be about to change dramatically, however, 
with the advent of high-temperature superconductivity (4). Materi- 
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als such as YBa2C~307-6 (YBCO) (5 )  with a superconducting 
transition temperature (T,) of about 95 K and the recently disco;- 
ered compounds involving Bi-Sr-Ca-Cu-0 ( 6 )  and TI-Ca-Ba-Cu-0 
(7) with transition temperatures of 110 K and 125 K, respectively, 
offer the possibility of operating SQUIDs at the boiling point of 
liquid N2, 77 K. Indeed, several groups have already demonstrated 
SQUIDs operating at or close to this temperature. But one pays a 
price for higher temperature operation-the resolution will inevita- 
bly degrade as the temperature is raised. Again one will be forced to 
make choices: Is the loss in performance justified by the greater ease 
of operation in liquid N2? Are SQUIDs at 77 K still more sensitive 
th& competing magnetometers operating at room temperature? 
Not surprisingly, the answers depend on numerous factors, for 
example, the frequency range, whether the magnetometer is in a 
well-equipped facility or in a remote area, the time over which one 
would like to operate the magnetometer unattended and, of course, 
the exact nature of the measurement. In this article we attempt to 
address these issues. 

Superconductivity, Flux Quantization, and 
SQUIDs 

The central feature of both low Tc and high Tc superconductors 
is the formation of Cooper pairs of electrons or holes. Cooper pairs 
can carry a current, namely a supercurrent, without the Joule heating 
generated in a normal conductor. They are also involved in the 
phenomenon of fluxoid quantization (2) : the magnetic flux thread- 
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ing a thick, superconducting ring is equal to nQo, where n is an 
integer and cPo r h/2e = 2 x 10-l~ Wb is the flux quantum (1 
Wb = lo8 gauss-cm2). If one applies a flux of arbitrary value @ to a 
ring of inductance L, flux quantization causes the ring to generate a 
supercurrent J = -@IL, so that the self-generated flux LJ = -@ 
exactly cancels @. A third attribute of Cooper pairs is Josephson 
tunneling (3). A Josephson tunnel junction (Fig. 1, top) consists of 
two superconducting thin films, for example Nb, separated by a thin 
(-2 nrn) insulating layer. When one passes a current I through the 
junction the Cooper pairs tunnel quantum mechanically through the 
barrier, and no voltage V is developed until I exceeds a maximum 
value, the critical current lo. For use in SQUIDs, the junctions are 
usually shunted with a resistance R. This resistance eliminates 
hysteresis in the I-V characteristic provided P, t ~ T ~ I ~ R ~ C I @ ~  d 

112, where C is the self-capacitance of the junction (8, 9).  Figure 1, 
bottom, shows a different kind of "weak link," the Anderson-Dayem 
bridge (10). The bridge is intrinsically superconducting, with a 
sufficiently small cross section that it can sustain only a very small 
supercurrent. The bridge exhibits Josephson-like behavior provided 

Fig. 2. (a) Schematic representation of dc SQUID; (b) I- V characteristics 
for @ = nQo and (n + 112)Do; (c) V versus @ for constant current bias; (d) 
schematic representation of rf SQUID; (e) peak amplitudes of Vd versus b 
for @ = nQo and (n + 1/2)@,; (f) peak amplitude of V, versus for fixed Id. 

its length is no greater than the coherence length 6, which is, 
roughly speaking, the spatial extent of a Cooper pair. In materials 
such as Nb or Pb, 5 .= 100 nm, a dimension that can be readily 
achieved with today's lithographic techniques. 

Although the technology for making junctions from low T, 
superconductors, such as niobium, is extremely well developed, 
there is not yet a comparable process for making tunnel junctions 
from high T, superconductors, which invariably require high- 
temperature processing. YBCO has been formed into structures 
similar to that in Fig. 1, bottom, but the length of bridge is much 
greater than 6, which is estimated to be rather less than (somewhat 
greater than) 1 nm for directions perpendicular to (parallel to) the 
crystalline planes. The critical current is determined by one or more 
grain boundaries crossing the bridge (1 1, 12) so that the behavior is 
probably closer to that of a Josephson junction than that of an 
Anderson-Dayem bridge. 

DC SQUIDs 
The two types of SQUIDs are shown schematically in Fig. 2. The 

dc SQUID (13) consists of two Josephson junctions interrupting a 
superconducting ring of inductance L. The pretix "dc" implies that 
the device is biased with a direct current. The total critical current of 
the two junctions is periodic in the external flux passing through the 
ring, with a period cDo. This behavior is similar to the fringe pattern 
observed when two coherent beams of light interfere-hence the 
name ccSuperconducting Quantum Interference Device." As we see 
in Fig. 2b, the voltage across the SQUID depends on both the bias 
current and the applied magnetic flux. Because the devices are 
normally operated by fixing the bias current at a constant value and 
measuring the change in voltage that occurs for a small change in 
applied flux (Fig. 2c), the SQUID is a flux-to-voltage converter. 

Although the periodic behavior is an elegant manifestation of the 
quantum nature of superconductivity, in practice one usually re- 
quires the output voltage to be proportional to the input flux even 
when the applied flux is much greater than Qo. This linear response 
is obtained by means of a feedback circuit in which the SQUID acts 
as a null-flux. detector. A flux change ti@ produces a voltage across 
the SQUID that is amplified by room-temperature electronics and 
converted into a current through a coil coupled to the SQUID, 
thereby generating a flux -S@. l% this way, we cannot only detect a 
flux 6@ much less than Qo, but also measure an applied flux 
corresponding to many (Do. To minimize drift and low-frequency 
noise, in practice one applies an alternating flux to the SQUID, and 
amplifies the resulting alternating voltage. A typical system (14) has 
a dynamic range of t 2  x lo7 for signal frequencies below 6 
kHz, a frequency response (+3  dB) from 0 to 70 kHz, and a 
maximum slew rate (at 6 kHz) of 3 x lo6 Do s-'. 

The most sensitive dc SQUIDs involve thin films patterned with 
photo or electron-beam lithography. A successful &d widely used 
design is that of Ketchen and ~aycox (15), one version of which is 
shown in Fig. 3, top left. Following a normal film that forms the 
resistive shunt for each junction, one deposits a square "washer" of 
Nb containing a slit to form most of the SQUID loop, and then 
patterns an insulating layer (usually SiO). Two tunnel barriers are 
kormed on the Nb exposed through the two windows defining the 
junctions (Fig. 3, bottom) either by growing an insulating layer of 
native oxide or by oxidizing a deposited film of Al (16). The SQUID - - 

is completed with the deposition of a superconducting counterelec- 
trode that connects the junctions. An input coil, consisting of a 
spiral of Nb film, is deposited over the washer to provide tight 
magnetic coupling to the SQUID. The pads at the ends of the spiral 
coil provide connection to an appropriate circuit, for example, the 

SCIENCE, VOL. 242 



Flg. 3. (Top Mt) Planar dc SQUID made with niobium technology. A four- 
turn spiral coil overlays the SQUID. The region shown in the image is 1.3 
mrn wide and 1 mm high. (Top rlgM) Widow junctions in the device 
before deposition of counter electrode. The region shown is 34 wide and 
26 pm high. (Bottom) Toroidal r f  SQUID. The SQUID is 4 an long. 

magnetometer to be discussed below. 
The sensitivity of a SQUID is determined by the voltage noise it 

generates in the absence of a signal. This voltage noise can be 
expressed as an equivalent magnetic-flux noise with a power spectral 
density (mean square flux per unit bandwidth) S&) at frequencyf. 
Typically, S&) is white or frequency independent down to low 
frequencies where it scales approximately as llf. There is a well- 
established theory (17) for the white noise, which originates from 
the Nyquist noise in the resistive shunts. A d figure of merit for 
comparing different SQUIDs is the flux noise energy per unit 
bandwidth E(J) = So(J)12L. For an optimized SQUID, with 
f! = 2LIdQo = 1, the white noise energy is found to be 

For a SQUID involving tunnel junctions, setting f!, = 112 we find 

Equation 2 indicates that E increases with T and with L and C. A 
large variety of SQUIDS have noise energies in good agreement 
with Eq. 2. In particular, SQUIDS like that in Fig. 3, top left, with 
inductances of 100 to 500 pH have typical noise energies of (1 to 
5) x J/Hz = lOM to 5006; a typical value is shown in Fig. 
4. We note in passing that when L, C, and Tare reduced su6aent.y 
the noise energy is predicted to be limited by quantum mechanical 
dfects to a value of order 6; for this reason, noise energies are often 
quoted in units of 6 (18). 

The 11 fnoise is much less ~redictable and arises from at least two 
mech-ms. The first is fluaktions in the critical current, I& of the 
Josephson junctions. Electrons captured or released from trapping 
sites in the insulating barrier cause local fluctuations (19) in the 
tunnel barrier potenual energy and hence in the exact value of 10. 
Each trap has an associated trapping time 7 and produces a 
Lorentzian power spectnun of the form [l + (2wf T)~]-'. The sum 
of a number of Lorentzian spectra with a distribution of 9s yields a 
power specaum scaling as-llf (20). Poor quality junctions with 
many traps tend to have high levels of llf noise, whereas high- 
quality junctions having relatively few traps have correspondingly 
low noise levels and sometimes the individual Lorenaim are clearlv 
visible. The trapping and detrapping processes are generally ther- 
mally activated (except, perhaps, at very low temperatures) so that 

the level of 11 f noise increases rapidly with temperature. Fortunate- 
ly, the magnitude of the critical current noise can be considerably 
r e d u d  by techniques involving double modulation of the SQUID 
(21-23). 

The second source of llf noise is less well understood, manifest- 
ing itself as an apparent flux noise (22). It is believed that the noise is 
produced by flux quanta that are thermally activated from one 
pinning site to another in the body of the SQUID. The magnitude 
of this noise varies considerably with the cornpition and micro- 
structure of the film forming the SQUID body. In typical Nb-based 
devices the spectral density of the noise is about lo-'' @$Hz, at 1 
Hz (Fig. 4) but other SQUIDs have exhibited substantially lower 
values (23-25). The lowest reported value (23) of llf noise power, 
10-lo @$Hz, at Hz was obtained with high-quality Nb films 
with the aid of a double modulation scheme to reduce the 11 f noise 
caused by critical current fluctuations. It is important to realize that 
11 f flux noise cannot be reduced by any known modulation scheme. 

RF SQUIDs 
The rf SQUID (Fig. 2d) consists of a superconducting loop 

interrupted by a single Josephson junction (26). The prefix "rf" 
implies the device is biased with a radio-frequency flux. The loop is 
coupled to the inductance of a tuned tank circuit drivtn with a 
current at its resonant frequency, typically 4 2 1 ~  = 20 MHz. 
Figure 2e shows the peak amplitude of the voltage, Vd, across the 
tank circuit versus the peak amplitude of the current Id. For 
Q, = nQ& the characteristic consists of a set of steps and risers. As Q, 

is increased to (n + 1/2)Qo the steps split. At a suitable value of Id, 
the voltage Vd is periodic in Qo as shown in Fig. 2f. Thus, one can 
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Frequency (Hz) 
Fig. 4. Noise energies of various SQUIDs (solid lines). The white noise 
predicted for dc and r f  SQUIDs (dashed arrows) and the noise in a YBCO 
loop at 77 K and 28 K are also plotted (dashed lines). Lower white- and llf- 
noise levels have both been achieved at 4.2 K with dc SQUIDs (indicated by 
arrows). 



operate the rf SQUID in a flux-locked loop in the same way as the dc 
SQUID. 

Because the dc SQUID is the more sensitive device, there has 
been little development of the rf SQUID for more than a decade. 
The most widely used version has a toroidal body machined from 
Nb and contains a thin-film Nb junction (Fig. 3, bottom) (23). (1. 
dc SQUID is available in a similar configuration.) Flux is coupled to 
the SQUID by means of a toroidal coil of Nb wire. Typically, the 
slew rate and dynamic range are comparable with those of the dc 
SQUID. In one commercially available system (27), one obtains a 
large dynamic range (>~o~/Hz"*) by allowing the feedback system 
to reset each time an additional flux quantum is applied to the 
SQUID: the output signal represents the input flux in the form 
(n + 6n)Qo, where 6n < 1. Despite its lower sensitivity compared 
with its two-junction counterpart, the rf SQUID is adequate for 
many applications, and the absence of any direct electrical connec- 
tion reduces the risk of accidental junction burnout by massive 
extraneous pulses. 

The theory for white noise in the rfSQUID is well developed, but 
complicated by the fact that for 4.2 K operation the contributions of 
the preamplifier and the tank circuit are not negligible as they 
usually are for the dc SQUID. Because the tank-circuit capacitance is 
partly at room temperature, the effective noise temperature of the 
tank circuit is generally much higher than the bath temperature. The 
intrinsic SQUID noise energy for LIo = cPo is predicted to be (28, 
29) 

If we take as reasonable values mrf/2n = 20 MHz and I. = 5 PA, at 
4.2 K we find J/Hz. Measured performance, however, is 
substantially poorer: a typical value is E = 5 x JIHz, imply- 
ing that extrinsic noise sources dominate (see Fig. 4). The 11 f noise 
also ap ears to be higher than for dc SQUIDS, with a typical value 
of lo-' J/Hz at 1 Hz. 

FLUX-LOCKED SQUID 

i II FLUX-LOCKED SQUID 

Fig. 5. Superconducting flux transformers to measure (top) magnetic field, 
B,, and (bottom) magnetic field gradient aB,/az. In each case the transform- 
er consists of a continuous length of niobium wire connected to the input 
coil of a SQUID. The SQUID and its input-coil are surrounded by a 
superconducting shield to exclude magnetic field changes. 

Flux Transformers, Magnetometers, and 
Gradiometers 

SQUIDs themselves are not necessarily highly sensitive detectors 
of magnetic field; indeed, the toroidal configuration of Fig. 3, 
bottom, is impervious to external fields. Virtually all magnetometers 
involve the use of superconducting loops or wires to form a flux 
transformer as shown in Fig. 5, top. When a magnetic field is 
applied to the pick-up loop, fluxoid quantization requires that the 
total flux in the superconducting loop remain fixed. As a result, a 
persistent supercurrent is generated, producing flux in the SQUID. 
A simplified analysis shows that optimum sensitivity is obtained 
when the inductances of the pick-up loop, L,, and input coil, Li, are 
equal. For a single-turn pick-up loop of radius Y,, the noise in the 
SQUID is equivalent to a magnetic field noise (30) 

where a2 is the coupling coefficient between the SQUID and the 
input coil. Since L, is approximately proportional to r,, Eq. 4 
implies that the sensitivity to magnetic field scales as vi3", that is, 
that the sensitivity can in principle be improved indefinitely if one 
makes the pick-up coil large enough. In practice, of course, the 
constraint L, = Li, the size of the cryostat and noise generated 
within the cryostat all impose practical limitations. As an example, 
for geophysical applications a reasonable magnetic field resolution is 
10-l4 TIHZ~ '~  (1 tesla = lo4 gauss = lo9 gamma). This value is not 
hard to achieve: for a toroidal rf SQUID with the somewhat 
conservative parameters E = J/Hz and a2 = 0.5, we find 
r, = 25 rnrn (31). With the higher resolution of the dc SQUID, the 
loop can be correspondingly smaller: Wellstood et al. (25) made a 
thin-film SQUID with an integrated thin-film pick-up loop a few 
millimeters across and achieved a white noise of 5 x 10-l5 T I H ~ " ~ .  

An important extension of the flux transformer is to the measure- 
ment of magnetic field gradients, notably for neuromagnetism (32), 
a rapidly growing field in which one measures minute magnetic 
signals, as low as T, emanating from the electrical currents in 
neurons in the human brain. These signals must be measured in the 
presence of both man-made and natural magnetic field noise that can 
be as high as lo-' T/HZ"~ at 1 Hz. An elegant way of rejecting the 
ambient interference in favor of the locally generated signal is by 
means of a gradiometer. A magnetometer (Fig. 5 ,  top) measures the 
magnitude of a magnetic field in a given direction, whereas a 
gradiometer measures the spatial derivative of the field. Figure 5, 
bottom, shows a first-derivative gradiometer (dB,/dz) consisting of 
two matched pick-up loops wound in opposition to each other and 
connected in series with the input coil of the SQUID. A uniform 
magnetic field B, generates equal and opposite fluxes in the trans- 
former producing no input to the SQUID, whereas a gradient 
aB,/az links a net flux to the transformer, producing a signal in the 
SQUID. Because gradients from a magnetic dipole fall off as l/v4, 
the gradiometer discriminates against magnetic interference from 
distant sources in favor of locally generated signals. To provide even 
higher noise rejection, second-derivative gradiometers (a2~, /az2)  
are oken used. To reduce magnetic field fluctuations even further, it 
is becoming common practice to place the instrument and patient in 
a shielded room consisting of multiple layers of mu-metal and 
aluminum. With appropriate design of the liquid helium dewar, one 
can bring one end of the gradiometer operating at 4.2 K to within 
10 rnm or less of the subject's scalp. The distance to the brain may be 
comparable with the baseline of the gradiometer, so that the 
instrument largely measures the magnetic field, rather than its 
derivative. Typically sensitivities are about 2 x lopi4 TIHZ"~. 
Under favorable circumstances an array of such devices enables one 
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to locate the source of the magnetic field to within a few millimeters; 
the source might involve the collective firing of typically 10,000 
neurons. 

In recent years, a number ofworkers (33-35) have built integrated 
gradiometers in which thin-film pick-up loops are deposited on the 
same chip as a thin-film SQUID. Because the structure is confined 
to two dimensions, gradiometers of this kind measure off-diagonal 
gradients, for example, a ~ , l a ~  or a2~, laxay .  To obtain improved 
spatial resolution and greater dam acquisition rates in biomagnetic 
measurements, a large array of gradiometers (say 100 or more) 
would be most advantageous and future developments are likely to 
involve thin-film devices. 

High Tc SQUIDs 
We now turn to the impact of high-temperature superconductiv- 

ity on SQUIDs. Although the effect of new materials operating at 
much higher temperatures on the llfnoise is impossible to predict, 
we can make reasonable estimates of the white-noise levels potential- 
ly achievable. 

Thermal noise imposes two constraints on SQUID parameters. 
For quantum effects to be observable, the root-mean-square flux 
noise in the loop, ( k B ~ ~ ) l n ,  should be less than Qd4. Computer 
simulations yield a similar restriction. At 77 K we find L < 1 nH, a 
requirement actually satisfied by most SQUIDs operated at 4.2 K. 
In addition, the coupling energy of each junction, ZoQd2.rr, must be 
much greater than kBT, by a factor of at least 5 according to 
computer simulations; this implies Zo > 16 pA at 77 K. Ifwe take as 
arbitrary but reasonable values of L = 0.2 nH and Zo = 20 pA, we 
obtain 2LZdQo = 4 for the dc SQUID and LZdQo = 2 for the rf 
SQUID. These values of LZo are quite close to optimum, and to a 
first approximation we can use Eqs. 1,2, and 3 to predict the noise 
energies. It is somewhat unrealistic to use Eq. 2 for the dc SQUID, 
because tunnel junctions have not yet been made with high-Tc 
materials. The value of R to be used in Eq. 1 is an open question, 
and we adopt a value of 5 a, which is comparable with that used for 
Nb-based SQUIDs, and not too far removed fiom values achieved 
experimentally for high Tc grain-boundary junctions. With L = 0.2 
nH, T = 77 K and R = 5 Q, Eq. 1 yields a predicted value of 
E = 4 x J/Hz. This noise energy is only one order of 
magnitude higher than that measured in thin-film SQUIDs at 4.2 
K, and actually slightly better than that of commercially available 
toroidal SQUIDs. If one could achieve this performance in a 77 K 
SQUID at frequencies down to 1 Hz or less, it would be adequate 
for the majority of SQUID applications. 

For the rf SQUID, with od2w = 20 MHz and T = 77 K, Eq. 3 
yields 3 x J/Hz. This intrinsic noise energy is comparable 
with the overall value obtained experimentally with 4.2 K devices. 
Since the extrinsic or preamplifier noise sources should not increase 
when the SQUID temperature is raised to 77 K, it seems likely that 
the white noise of rf SQUIDs at liquid N2 temperatures will be 
comparable with that at liquid 4He temperatures. 

Although a number of dc and rf SQUIDS have been made fiom 
YBCO, we will briefly describe just one of each type in which the 
noise has been measured. To the best of our knowledge, Koch et al. 
(11) were the first to make a thii-film device with YBCO, a dc 
SQUID. In the early devices, the films were patterned by covering 
the regions of YBCO to remain superconducting with a gold film 
and ion implanting the unprotected regions so that'they became 
insulating at low temperatures. Figure 6, top, shows such a device 
before the protective gold layer has been removed. The inductance is 
estimated to be 80 pH. The two microbridges are much too large to 
exhibit Josephson-like behavior, and the junctions are actually 
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6. (Top) Thc dc SQUID fabricated 
I rhin-film of YRCO ( I  I). The inside 
~nsions of the loop are 40 by 40 Fm. 
1 )  The rf SQUID made from a pellet 
1%CO (40). 

formed by the grain boundaries between randomly oriented grains 
of YBCO. This patterning technique had the disadvantage of 
reducing the transition temperature of the protected regions for the 
relatively poor quality films available at the time. As the quality of 
the films improved, conventional patterning techniques such as lift- 
off (36, 37) and ion etching (38) have become possible without a 
concomitant reduction in the transition temperature or critical 
current of the patterned films. These SQUIDs exhibit hysteresis in 
the voltage when the applied flux is increased and then decreased to 
its original value, and the flux noise power scales approximately as 
llfover the range studied, typically 1 to 1000 Hz. The lowest noise 
energies in these SQUIDS to date (39) are 1.3 x lo-" J/Hz at 1 Hz 
and 41 K and, in a different device, 4 x J/Hz at 1 Hz and 77 
K. These values are plotted in Fig. 4. 

The most sensitive rf SQUID so far was reported by Z i e m a n  
et al. (40). A hole was Wed  along the axis of a cylindrical pellet of 
YBCO, and a slot cut part way along a radius (Fig. 6, left). The 
pellet was glued into an aluminum holder and the assembly im- 
mersed in liquid Nz.  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 magnetic flux resolution was 4.5 X Qo 
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HZ-"~ at 50 Hz, corresponding to a noise energy of 1.6 x 
JIHz for L = 0.25 n H  (Fig. 4). 

Flux Noise in YBCO Films 
It is apparent that the lif noise level in YBCO SQUIDs is 

extremely high. To investigate the source of this noise, Ferrari et al.  
(41) measured the flux noise in YBCO films. Each film, deposited on 
a SrTi03 chip, was patterned into a loop and mounted 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 
ellclosed in a vacuum can immersed in liquid 4 ~ e .  The SQUID was 
maintained at 4.2 K, while the temperature of the YBCO film could 
be varied. Below T,, the flux-generated flux noise had a spectral 
density that scaled as 11 f over the observed range of 1 to lo3 Hz, and 
increased markedly with temperature. Three films were studied, 
with their microstructure progressively improved with respect to the 
fraction of grains oriented with the c-axis perpendicular to the 
substrate. The critical current density correspondingly increased, to 
a value of 2 x lo6 A cm-2 at 4.2 K in the best film. It was found 
that the low-frequency noise decreased dramatically as the quality of 
the films was improved. 

These results demonstrate that YBCO films are intrinsically noisy: 
the noise is believed to arise from the motion of flux quanta trapped 
in the film, possibly at grain boundaries. This mechanism is almost 
certainly the origin of the 11 f noise observed in SQUIDs made from 
YBCO. It is encouraging that the noise can be reduced by improv- 
ing the microstructure of the films: the noise energy in the best film, 
with an estimated inductance of 400 pH, was approximately lo-" 
JIHz at 1 Hz and 77 K, a value an order of ma nitude lower than F that observed in the dc SQUIDs, and 7 x lop2 JMz  at 27 K (see 
Fig. 4). Thus, low-noise SQUIDs will require very high quality or 
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Fig. 7. Performance of various magnetometers. The coils are manufactured 
by Electromagnetic Instruments, Inc.; the noise for the other nonsupercon- 
ducting instruments is intended to be representative. The white noise of the 
4.2 K SQUID magnetometer has been arbitrarily chosen to be 10-l4 
TIHzl'Z; higher sensitivities and lower llf noise have both been achieved 
(indicated by arrows). The predicted performance of the 77 K SQUID as a 
magnetometer (dashed line) assumes an ideal, noise-free flux transformer 
with a 50-mm diameter pick-up loop. 

possibly single-crystal films. Although such films are now becoming 
available, their lack of grain boundaries implies that alternative 
means of making junctions will have to be found, for example, 
normal-metal bridges. Furthermore, the noise induced by an input 
coil or flux transformer coupled to the SQUID may be considerable, 
so that these components should also be of very high quality films. 

High T, Magnetometers 
We now assess the prospects for magnetometers involving high 

T, SQUIDs. This is not an entirely straightforward task, since the 
performance of the SQUIDs is still evolving, and it is clear from the 
experiments on YBCO films that thin-film flux transformers may 
introduce substantial levels of low-frequency noise. Because high T, 
superconducting wire is not yet available, the question of its-noise 
prbperties hardly arises. To make progress we simply use the results 
for the lowest noise reported in a dc SQUID at 77  K and assume it 
can be optimally coupled to a noiseless flux transformer with a pick- 
up loop radius of 25 rnm. The resulting sensitivity is shown in Fig. 
7. We note that although the noise energy at 1 Hz  of a dc SQUID at 
77 K is about five orders of magnitude higher than that of a typical 
dc SQUID at 4.2 K, the magnetic field resolutions shown in Fig. 7 
differ by oi~lp one order of magnitude. This difference arises partly 
because B,(f) scales as E " ~ V )  (see Eq. 4) and partly because we 
have used a bigger pick-up loop for the high T, magnetometer. As 
the quality of films used in high T,  SQUIDs is improved, the 
intrinsic low-frequency noise will undoubtedly be reduced, with a - .  
corresponding improvement in the sensitivity of magnetometers, 
providing the noise contribution of the flux transformer can be 
made negligible. 

Nonsuperconducting Magnetometers 
For comparison with the SQUID-based instruments, we briefly 

review the performance of four magnetometers (42) that operate at 
room temperature. Representative sensitivities are plotted in Fig. 7. 
The noise levels of a variety of fluxgate magnetometers (43) which, 
like SQUID magnetometers, are vector instruments have been 
reviewed by Primdahl (44). The most sensitive instruments have a 
noise level as low as 1 x 10-l2 TIHz"~ at 1 Hz  with a spectral 
density scaling as l l j a t  lower frequencies. The frequency response 
typically extends to about 1 kHz. The proton precession magnetom- 
eter (42) measures the absolute value of the ambient field. The 
resolution of the best instruments is tvpicallv lo-'' T for a l -Hz  ,. , 
sampling rate. Since each sampling process involves only the 
measurement of a frequency, the drift rate is very low. Optically 
pumped magnetometers (42) also measure the total field from the 
shift it induces in the atomic energy levels of an alkali metal vapor or 
4 ~ e .  Under optimum conditions, one can achieve a resolution of 
10-l2 T I H ~ " ~ .  In airborne surveying of local variations in the earth's 
magnetic field, two spatially separated magnetometers can be used 
as a gradiometer. 

~nduction coils, which are widely used for magnetotellurics and 
controlled-source electromagnetic sounding, produce a voltage in 
response to a tirne-varying magnetic flux. Coils can be used at 
frequencies as high as lo5 Hz and as low as Hz, the frequency 
range covered depending on the number of turns, which can vary 
from a few thousand to 25,000 or more. The output of the coil is 
connected to an amplifier that at low frequencies inevitably exhibits 
11 f noise. Because the voltage response of the coil falls off as,( the 
spectral density of the magnetic field noise scales as l / f3  at low 
frequencies. The noise above 1 Hz  can be remarkably low, however, 
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typically 3 x lo-" T H ~ " ~ .  In coils specifically designed for higher 
frequency operation, the noise can be less than 1 x 10-l4 T I H ~ " ~  at 
frequencies extending from a few hundred hertz to tens of kilohertz 
(45). 

Looking at Fig. 7, we see that liquid-4He SQUID magnetometers 
are more sensitive than any other magnetometer, particularly at 
frequencies below - 1 Hz, with the possible exception of coils above 
about 100 Hz. One should bear in mind, of course, that one could 
improve the sensitivity of the SQUID magnetometers by increasing 
the size of the pick-up loop. The predicted noise in the high Tc 
SQUID magnetometer, which assumes a noiseless flux transformer, 
is below that of the fluxgate, proton precession, and optically 
pumped magnetometers, but higher than that of coils at least from 
about 0.1 H z  to 10 Hz. We emphasize that a high Tc magnetometer 
with this sensitivity has not yet been built. Thus, for the near future, 
coils are likely to remain the instruments of choice for geophysical 
applications such as magnetotellurics and electromagnetic sounding. 

Concluding Remarks 
Considering the short time that has elapsed since the discovery of 

high Tc superconductors, SQUIDs based on these materials have 
made remarkable progress. However, they have not yet developed to 
the point where they are likely to have a major impact as measuring 
instruments. For most applications, the increase in the white noisk 
in the dc SQUID as the temperature is increased from 4.2 K to 77  K 
is not too significant. In the case of the rf SQUID, the white noise 
should be relatively unaffected as the temperature is increased from 
4.2 K to 77 K. On the other hand, because most applications of 
SQUIDs are at low frequencies, the high levels of lifnoise at 77  K 
are very serious, and must be greatly reduced if a useful instrument is 
to be produced. One may reasonably hope that in the foreseeable 
future the lifnoise will be reduced sufficiently to enable one to use 
SQUIDs in such applications as geophysics, where the required 
sensitivity is not too high. In this case, the use of liquid N2, which 
has a latent heat of vaporization about 60  times higher than liquid 
4He, would enable one to operate a cryostat unattended in the field 
for long periods-up to about a year. Operation of SQUIDs in 
liquid Ne with a boiling point of about 28 K and a latent heat 
roughly 40 times that of 4He might offer a significantly improved 
noise performance over that at 77  K, with onlv a small reduction in 
the running time. Alternatively, one might consider rather small, 
easily portable cryostats filled with liquid N2 or Ne that could be 
used in remote areas for several week; without replenishment. 

The situation is different, however, for the more demanding 
applications such as neuromagnetism. Here, one needs very high 
sensitivity, but is not particularly concerned with the cost of liquid 
4 ~ e  or the need to replenish it at frequent intervals. Furthermore, 
low-noise, closed-cycle refrigerators are just becoming available that 
obviate the need to supply liquid cryogens in environments where 
electrical power is available. Thus the development of instruments 
for neuromagnetism is unlikely to be influenced by high Tc 
SQUIDs unless there is a major breakthrough in performance. 

Two key problems must be solved before high T, SQUIDs are 
likely to be technologically important. The first concerns the 
development of a reproducible and reliable Josephson junction. A 
junction with an insulating barrier like that in Fig. 1, top, would 
represent an enormous technological breakthrough, but the high- 
temperature processing necessary for these ceramic materials makes 
this a formidable problem. Perhaps superconductor-normal metal- 
superconductor junctions or bridges offer greater hope. An Ander- 
son-Dayem bridge is another alternative, hut the extremely small 
dimensions required make the fabrication extremely difficult. The 

second problem is concerned with the reduction of magnetic field 
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 how to produce films in which the concentration of flux 
lines is greatly reduced or the flux is much more strongly pinned. 
Possibly materials other than YBCO will be better in this regard. 

Thus, the development of high Tc SQUIDs into useful devices 
will involve considerable progress in materials science. Given the 
world-wide effort on the new superconductors, there is every reason 
to be optimistic about the future of SQUIDs and other high Tc 
devices, and to expect they will play a significant role in future 
electronics. 
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