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Abstract

High Transition—Temperature SQUID Magnetometers and Practical Applications
by

Eugene Dantsker

Doctor of Philosophy in Physics

University of California at Berkeley

Professor John Clarke, Chair

The design, fabrication and performance of SQUID magnetometers based on thin
films of the high-transition temperature superconductor YBasCu3zO7_x (YBCQ) are de-
scribed. Essential to achieving high magnetic field resolution at low frequencies is the
elimination of 1/f flux noise due to thermally activated hopping of flux vortices between
pinning sites in the superconducting films. Through improvements in processing, 1/f noise
in single layer YBCO thin films and YBCO-SrTiO3-YBCO trilayers was systematically
reduced to allow fabrication of sensitive SQUID magnetometers. Both single-layer directly
coupled SQUID magnetometers and multilayer magnetometers were fabricated, based on
the dc SQUID with bicrystal grain boundary Josephson junctions. Multilayer magnetome-
ters had a lower magnetic field noise for a given physical size due to greater effective sensing
areas. A magnetometer consisting of a SQUID inductively coupled to the multiturn input
coil of a flux transformer in a flip—chip arrangement had a field noise of 27 fT Hz'/2 at 1 Hz
and 8.5 fT Hz~%/2 at 1 kHz. A multiloop multilayer SQUID magnetometer had a field noise
of 37 fT Hz~1/2 at 1 Hz and 18 fT Hz 1/2 at 1 kHz. A three—axis SQUID magnetometer
for geophysical applications was constructed and operated in the field in the presence of
60 Hz and radiofrequency noise. Clinical quality magnetocardiograms were measured using
multilayer SQUID magnetometers in a magnetically shielded room. The spectral density
Sa(f) of the low frequency flux noise of SQUIDs with solid square washers scaled linearly
with the cooling field Bg. By contrast, SQUIDs with narrow linewidths underwent no noise

increase for cooling fields up to a threshold, that increased with decreasing linewidth. Sim-

ilarly, SQUIDs whose washers are interpenetrated by an array of slots or holes so that the




remaining YBCO is in the form of narrow lines 4 um wide exhibited no excess 1/f noise for

cooling fields as high as 100 pT. Furthermore, the mutual inductance between these devices
and a multiturn input coil was at least 85% of that for a solid SQUID with the same outer
dimensions. Finally, a planar gradiometer is introduced, consisting of a directly coupled
SQUID magnetometer inductively coupled to the smaller loop of an asymmetric, two-loop
flux transformer. The baseline is 48 mm and the balance is about 1 part in 3000 with
respect to fields perpendicular to the plane. The presence of the flux transformer reduces

the field sensitivity of the magnetometer by only 5%.

Professor John Clarke ]
Dissertation Committee Chair
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Chapter 1

Introduction

From a functional point of view, a Superconducting QUantum Interfererence De-
vice (SQUID) is a detector of magnetic flux and a transducer of flux into voltage. As a
sensor of flux, the SQUID surpasses the resolution of any other available sensor. This fact
makes the SQUID an attractive device for a range of applications where one measures small
physical quantities that can be readily converted into flux, for example, current, voltage,
displacement, magnetic field and magnetic field gradient. As with any other sensor or am-
plifier, the functionality of a SQUID is limited by its intrinsic noise, by one’s ability to
efficiently couple a signal into it, and by one’s ability to read out the response.

Since its invention in 1964[1), the SQUID has undergone extensive theoretical
and experimental investigation both to understand its complex non-linear nature and to
improve it for greater semsitivity and more functionality in various applications. These
efforts led to extensive theoretical descriptions of the signal and noise theory of the SQUID
in various frequency ranges, which in turn led to optimized, more useful devices, surpassing
the sensitivity of competing voltmeters, low-noise amplifiers and magnetometers. The fact
remains, however, that the SQUID has faced a share of problems in entering the mainstream
of sensors and amplifiers. Perhaps the main impediment was the need to operate the SQUID
at cryogenic temperatures, namely in liquid helium, whereas most conventional sensors and
amplifiers operate at room temperature. The need for cryogenics has placed the SQUID into
the hands of a limited research community, mainly low-temperature physicists. Over the
years, improvements in SQUID technology allowed large numbers of sensitive, reproducible
devices to be fabricated and become commercially available, for example, for multichannel

array systems in biomagnetic sensors[2, 3, 4]. The applications, however, largely remained




limited to research at a relatively small number of institutions capable of supporting a
cryogenic infrastructure.

In 1986, the community was shaken up by the discovery of superconductivity in
the ceramic LaBaCuO by Bednorz and Miiller[5], followed shortly after by the synthesis
of YBagCu3O7_x(YBCO)[6] with a transition temperature (T.) of 92 K, above the boiling
point of liquid nitrogen (77 K). While promises of levitating trains and lossless power cables
circulated in the media, numerous researchers worldwide turned to fabricating thin films of
the new high—transition temperature (high-T.) superconductors intrigued by the possibility
of SQUIDs and other superconducting electronics that can operate in liquid nitrogen. The
result of the worldwide effort over the past 10 years has been an extraordinary amount of
progress — from the early granular YBCO thin films to a complete high—quality multilayer
technology based on the new materials.

This thesis represents a portion of that effort. I will describe the design, fabri-
cation and performance of high-T. SQUID magnetometers sufficiently practical to be used
in applications. A magnetometer is perhaps one of the more obvious configurations of
a SQUID; examples of applications of sensitive magnetometers include biomagnetic diag-
nostics — magnetocardiography and magnetoencephalography, geophysical surveying and
prospecting techniques such as magnetotellurics, and non—destructive evaluation (NDE),
for example, of subsurface cracks in airplane frames. All of these applications have already
been demonstrated with low-T. SQUID magnetometers with the sensor cooled in liquid he-
lium. The term “practical” carries several underlying requirements. In the very least, the
SQUID magnetometer must be sensitive enough to detect the signal being measured, which
places an upper limit on its noise. The SQUID must also be able to operate under con-
ditions that are commensurate with the application, for example, in a magnetically—noisy
hospital, an airplane hangar or just in the magnetic field of the Earth. In some applications,
biomagnetics, for example, one wishes to have an array of as many as 256 closely—spaced
magnetometers suspended above the patient’s heart or surrounding the head. In that case,
small sensor size becomes an important requirement.

Figure 1.1 shows schematically the required magnetic sensitivity levels and fre-
quency ranges for the applications listed above. The advantage of a SQUID-based magne-
tometer over competing magnetic sensors such as induction coils, Hall probes and flux-gates

lies in its unique combination of extremely high sensitivity, broad bandwidth (up to 10’s

of GHz) and small size. The emergence of high-T. SQUID magnetometers removes the ne-
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Figure 1.1: Magnetic field sensitivity levels required for different applications. The lengths
of the lines represent the approximate frequency range of interest.




cessity for liquid helium, substituting it with liquid nitrogen which is less expensive, easier
to handle and store, and evaporates much more slowly. The objective of this project was,
therefore, to develop a technology for high-T. SQUID magnetometers that could compete
with their low-T; counterparts. It will become clear that this was not a straightforward
task. The main reason had to do with the low—frequency measurements required by these
applications. As with many other physical systems, the noise of a SQUID at low frequencies
f scales as 1/f, and in the early high-T. devices the level of the 1/f noise was extremely
high. This noise limited their field sensitivity, rendering them useless in many applications.
A significant part of this project became a systematic effort to understand and reduce this
excess noise. '

In the remainder of this chapter, I will present an introduction to SQUID theory,
operation, and optimization with respect to noise and sensitivity, and then extend the
discussion into the realm of high—T. superconductors, focusing on the requirements for the
new technology and the issues involved with operating SQUIDs at 77 K. In Chapter 2, I
give a description of the fabrication and measurement equipment used to carry out the work
presented in the remainder of this thesis. In Chapters 3 and 4, I describe the fabrication
of both single layer and multilayer SQUID magnetometers and outline optimization of the
process to reduce the low—frequency 1/f noise. Chapters 5-8 present four different types
of magnetometers that were fabricated, focusing on their design and overall sensitivity. I
turn to applications carried out with these magnetometers in Chapters 9 and 10. Finally
in Chapters 11-13, I discuss the issues involved with operating SQUID magnetometers in
a magnetically unshielded environment. I draw conclusions and discuss future directions in

Chapter 14.

1.1 The dc SQUID

The magnetometers described in this work are based on the dc SQUID! shown
schematically in Figure 1.2(a). The SQUID consists of two Josephson junctions[8] connected
in paraliel in a superconducting loop of inductance L. Each junction has a critical current
Iy, a shunt resistance R, and a capacitance C. In the limit of low capacitance the current—

voltage (I-V) characteristic of each junction is well described by the resistively-shunted

'For a more comprehensive introduction to SQUIDs, see, for example, ref. [7).




N -~

vV 0 - 1
dD/Dg

Figure 1.2: (a) Schematic representation of a de SQUID. (b) Current—voltage characteristic.
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junction (RSJ) model [9, 10] which predicts V=0 for I < I and

V=5LRV(I/h)*-1 (1.1)

for I > Ip. If the absence of an applied flux, the I-V characteristic of the SQUID, shown in
the upper plot of Figure 1.2(b), resembles that of a single junction (Eq. 1.1) with critical
current 2Ig and resistance R/2. As the flux is increased, the critical current of the SQUID is
reduced, reaching a minimum whenever the flux ® = (n+ 1/2)®p, where the flux quantum
®p = h/2 = 2.07 x 107Wb and n is an integer. Correspondingly, the critical current
becomes a maximum when ® = n®q. In practice, one applies a static current Ig > Iy to the
SQUID and measures the voltage which oscillates as a function of the applied flux with a
period of &g as shown in Figure 1.2(c). The SQUID then can be used as a lux—to—voltage
transducer with transfer function Vg defined as the slope dV/9® of the voltage-flux (V-
®) characteristic at the steepest point. Normally one biases the SQUID at the value of I
where Vg is a maximum. Computer simulations of Tesche and Clarke [11] show that for the |
reduced inductance 8 = 2IgL/®o = 1, Vg = R/L. Although this result must be modified
for SQUIDs operating at 77 K (see Section 1.5), the basic message still applies: to increase

the transfer function one strives to reduce L and increase R.

1.2 SQUID Operation and Readout

As seen in Figure 1.2(c), the SQUID response is very nonlinear, and for normal
operation the SQUID must be biased with a static flux at the steepest part of the V-®
curve. In the simplest mode of operation, one simply reads the voltage across the SQUID
which, of course, limits its operation to signals ® < ®g. To extend the linearity range we
operate the SQUID in a feedback mode called the flux-locked loop, shown schematically
in Figure 1.3. One flux biases the SQUID at either n®p or (n + 1/2)®p and applies a
modulating flux in the form of a square wave with a peak—to-peak amplitude $¢/2 at a
frequency usually between 100 kHz and 1 MHz. The SQUID then acts as a mixer between
the high—frequency modulating flux and the applied quasistatic flux. The mixed signal, in
the form of an alternating voltage across the SQUID, is then stepped up by the transformer,

amplified, and demodulated by the lock—in detector referenced to the modulation frequency.
The output of the lock-in is integrated and fed back to the SQUID via the resistor Ry and
the feedback/modulation coil coupled to the SQUID with mutual inductance Mg.
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Figure 1.3: Flux—locked loop.



To illustrate the function of the flux—locked loop, consider a flux ®(f) applied to
the SQUID, where f is much less than the modulation frequency. The flux-locked loop
then generates a feedback flux ®(f) related to ®(f) by ®r(f) = G(f)[®(f) — Dr(f)], where
G(f) = VeGrGaGiRr/Mr is the open-loop gain and Gt, G4, and Gy are the individual
gains of the transformer, amplifier and integrator, respectively. If G(f) >> 1, the feedback
flux equals the applied flux and the voltage measured across Ry is given by (Mg /Rg)®(f).

The flux modulation used in this technique eliminates the effects of 1/f noise and
drift in the bias current and the amplifier. The use of feedback extends the linearity range
of the SQUID response over many flux quanta since the net flux actually present in the
SQUID is ®(f)/G(f).

1.3 Flux Resolution and Noise

The smallest amount of flux that a SQUID can detect is limited by its intrinsic
noise. This is not to be confused with the environmental or ertrinsic noise which simply
obscures the signal being measured. At high frequencies the noise of a SQUID is frequency—
independent (or “white”), and arises from the Nyquist voltage fluctuations across the re-
sistive shunts. Computer simulations[11] show that for a SQUID with 8 = 1 operated
near T=4.2 K the spectral density of the voltage noise is approximately 16kgTR and the
corresponding flux noise is

16kgTR _ 16ksTR
Vi  (R/L)

Se(f) = (1.2)

where, again, the form of the transfer function strictly only applies to low-T. SQUIDs.
However, the underlying message, that higher temperatures and lower transfer functions
increase the SQUID noise, is still valid. This thermal noise represents the lowest limit to
the SQUID’s ability to resolve flux. For practical SQUIDs, flux resolutions of (1 — 10) x
10~8®¢ Hz~1/2 are readily achieved.

At lower frequencies, the flux noise of a SQUID scales as approximately 1/f and
becomes much higher than the thermal noise. The exact frequency onset of this noise usually
depends on the materials nature of the SQUID and the operating temperature. There are
two known sources of the 1/f noise. The first arises from fluctuations in the critical current

Ip of the junctions. It can be related to trapping and releasing of charge carriers by defects

in the barrier which raise and lower the barrier potential with a characteristic time and
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amplitude. Fortunately, this noise source can be substantially reduced with a suitable
modulation technique. Since there are two junctions in parallel undergoing Iy fluctuations,
the overall critical current fluctuation of the SQUID can be thought of as consisting of
two modes. One is an “in-phase” mode in which the critical current of both junctions
fluctuates with the same polarity. This mode produces voltage fluctuations across the
SQUID and effectively shifts the V — & characteristic along the voltage axis. The ac flux
modulation scheme described in the previous section eliminates this noise source since the

readout is insensitive to the dc level of the V — @, provided that the modulation frequency

is much greater than the frequency of the fluctuations. The second, “out—of-phase” mode,

in which the junctions fluctuate antisymmetrically, generates current around the SQUID
loop thereby creating flux fluctuations in the SQUID which shift the V — & characteristic
along the ® axis. This noise is not reduced by the standard flux-locked loop, but can be
reduced by the so—called bias reversal scheme [12]. In our implementation of this scheme,
the SQUID is operated in the usual flux-locked loop, flux—modulated at 100 kHz with
a peak-to-peak amplitude ®y/2. Synchronously with this modulation the bias current I
through the SQUID is reversed at 2 kHz, a frequency less than the modulation frequency
but greater than the onset frequency of the 1/f noise. This flips the V — ® curve about
the V=0 axis. Simultaneously with the bias current reversal, the flux though the SQUID is
shifted by ®¢/2 to recover the phase of the original V — & curve. Now, if an external flux
is applied to the SQUID, the SQUID responds with a directional shift in the V — & curve
along the ®-axis regardless of the sign of the bias current. On the other hand, the flux
generated by an out—-of-phase current fluctuation changes sign every time the bias current
is reversed. Provided that the bias reversal frequency is much higher than the fluctuation
frequency, the time average of the flux produced by the fluctuation is zero. This scheme
has been found to reduce the 1/f noise in both high- and low-T, SQUIDs by several orders
of magnitude in power, to the level of the white noise at frequencies down to 1 Hz or less.

The second source of 1/f noise in SQUIDs arises from thermally activated hopping
of flux vortices among the pinning sites in the superconducting films. Because it couples
to the SQUID as an externally—applied flux signal, this noise cannot be eliminated by the
modulation and bias reversal schemes described above. One can only hope to reduce it
through improvements in fabrication or possibly design. This noise source is particularly
significant in high-T. SQUIDs where pinning energies are low and operating temperatures

are high. Much more will be said about this source of 1/f noise in the remainder of this
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work.

1.4 Designing a SQUID Magnetometer

The capability of a SQUID to resolve small magnetic fields is limited by the mag-
netic field noise or field resolution Sg(f) given by

S. 1 16kgTR |
Se0) = oy = AT RILP -

where Ag is the effective sensing area of the SQUID. To minimize Sp(f), one must increase
Ag but to reduce the fluz noise Sg(f), one must keep the inductance and thus the SQUID
size small. The most common way to reconcile these conflicting requirements is to couple
the SQUID to a flur transformer as illustrated schematically in Figure 1.4(a). A flux
transformer is a closed loop of superconductor consisting of a large—area pickup loop and
a (usually) multiturn input coil coupled to the SQUID via the mutual inductance M;. A
magnetic field B applied to the pickup loop generates a superconducting screening current
Jr = BA,/(Lp + L;) where A, and L, are the area and inductance of the pickup loop,
respectively, and L; is the inductance of the input coil. The current couples a flux JTM;
into the SQUID. Thus the total effective area of the magnetometer defined as flux in the
SQUID per unit applied field is

M; avIiL
Acsr = As+ Ap——m = A, + Ap—22 (1.4)
T R+ L T PL+ L

where « is the coupling coefficient between the input coil and the SQUID inductance and
A is the effective area of the bare SQUID. It is straightforward to show that A.g is a

maximum when L; = Ly, yielding

1 L
Aeff = -2-aAp z;, (15)
where we neglect Ag which is usually small.
Equation 1.5 stresses the need to couple the input coil inductively to the SQUID
with very high coupling efficiency. The most common way to achieve tight coupling is by
fabricating the input coil of the flux transformer as a planar spiral in a film directly over a

SQUID, in a square washer configuration [13]. Figures 1.4(b) and 1.4(c) show the geometry

of the square washer SQUID and the planar flux transformer with a multiturn input coil,
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(a) input coil Ly
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Figure 1.4: (a) Schematic representation of coupling a SQUID to a flux transformer. (b)
A planar square washer SQUID. (¢) A flux transformer with a multiturn input coil tightly
coupled to a planar washer SQUID.
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respectively. Ketchen and Jaycox[13, 14] showed that for a washer SQUID with inner and
outer dimensions d and D, L =~ 1.25u0d in the limit d < D/3. They gave the following

expressions in the “tight-coupling” limit where a ~ 1
L;= n2L + L, (16)

where n is the number of turns in the input coil and Ls is the stripline inductance of the
coil. By combining Equations 1.4, 1.6, and 1.7, one can show that A.s; is a maximum for
n = \/Lp/L, provided L; = L,. The effective area is then given by

-1 [ L
Aeff=As+§Ap f; (1.8)

Conventionally one defines the gain of the flux transformer as Aefs/As.

For low-T. SQUIDs, one integrates the flux transformer and the SQUID on the
same chip, separated by a thin insulating layer. With high-T. SQUID magnetometers it
also became popular to fabricate each device on a separate chip and align them face—to—face

in a“flip-chip” arrangement.

1.5 High-T. Implementation

1.5.1 SQUIDs at 77 K

Before we explore the materials and the fabrication requirements needed to pro-
duce sensitive high-T, SQUID magnetometers, let us briefly consider the implications for a
SQUID operating at 77 K as opposed to 4.2 K. One immediately suspects that for a temper-
ature almost 20 times higher, thermal fluctuations become much more important. Indeed,
even in low-T, SQUIDs, thermal fluctuations tend to “noise round” the I-V characteristics
of the junctions by generating some dissipation below the critical current Iy [15] which de-
couples the two sides of the junction. Thus, the thermal energy must be considerably less
than the Josephson coupling energy; this condition may be written as

In®o

>
5 ~ okBT (1.9)

where the factor of 5 is a result of computer simulation [16]. For T=77 K, we find the

constraint Ig = 16pA.




14

- Furthermore, the transfer function Vg at 77 K is not well described by the ex-
pression R/L obtained for low-T. SQUIDs[11]. For a series of high-T. SQUIDs Koelle et
al.[17] found exprimentally that Vg scaled closer to 1/L2. Taking into account the effects of

thermal noise, Enpuku et al.[18] obtained an analytical expression for the transfer function

4IR L

where Lt = ®3/4rkpgT. At T=4.2 K, Lt = 6nH and for practical SQUID inductances
Ve reduces to ~®R/L for § = 1, but at 77 K, Ly=321 pH and the transfer function is
significantly reduced for inductances above about 100 pH, placing an addtional constraint on
the SQUID parameters. Reinhold Kleiner[19] did extensive numerical simulations to explore
the dependence of the SQUID transfer function and energy resolution on both temperature
and inductance, finding Equation 1.10 to agree with the simulations for 0.08 < L/Lt < 0.4

but underestimate Vg outside this range.

1.5.2 High-T. Technology

We now turn to the technological requirements for fabricating a high-T. SQUID
magnetometer of the type shown in Figure 1.4(c), involving a planar SQUID coupled to a
flux transformer with a multiturn input coil. The basic ingredient for this technology is a
high—quality thin film of a high-T. superconductor. Mostly for historical reasons, YBCO
is the standard material, partly because of the enormous effort already invested into its
development. Because of the anisotropy of the electrical transport properties in YBCO,
films must be grown with the c-axis oriented normal to the surface to allow high critical
currents in the plane. Oxygen plays a key role in determining the superconductivity of
YBCO. Therefore films must be grown either in the presence of oxygen (in situ) or the
growth must be followed by a subsequent annealing step (ez situ). The most common in
situ techniques for growing YBCO thin films are pulsed-laser deposition (PLD), magnetron
sputtering and co—evaporation. PLD is the method used in this work as described in Chapter
2. An appropriate substrate also must be chosen, ideally one with the same a and b lattice
constants as YBCO. Other perovskites such as SrTiO3 (STO), LaAlO3, NdGaOg3 as well as
MgO, sapphire and yttrium-stabilized zirconia (YSZ) have all been used. Of these, STO
has the best lattice match to YBCO; the remaining substrates often require a buffer layer

to facilitate good growth. In general, one would like the YBCO film to have T, above 77 K,
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ideally as high as 92 K, comparable to the bulk material. For good electrical transport,
the critical current density (J;) should be as high as possible. The latter requires that the
film be free of defects, grain boundaries (except for twin boundaries), and that it grows
epitaxially, with the c—axis perpendicular to the substrate.

One also requires a method for making Josephson junctions or weak links in the
YBCO films. The junctions should be reproducible, have a IR product above 100 1V and,
in particular, have a high voltage-state resistance R, of say a few ohms, for the SQUID to
have a useful transfer function. Until recently, the most common junctions used in high-T,
SQUIDs involved a grain boundary across a narrow bridge patterned in the film. In fact,
the first high-T. junctions were fabricated in granular films by patterning a bridge across
the naturally-occurring grains [20]. Since then, film quality improved as did the methods for
producing an intentional grain boundary. The most straightforward type of grain boundary
junction is made on a bicrystal substrate which contains a prefabricated grain boundary that
propagates into the YBCO film grown on the bicrystal. Narrow bridges patterned in the
YBCO, crossing the boundary, exhibit RSJ I-V characteristics. In another method called
the step—edge junction, one ion mills a vertical step in a region of the substrate. A YBCO
film grown over the step contains grain boundaries where the film crosses the upper and
the lower corners of the step. Todate, the most successful high-T, SQUID maénetometers
were made with junctions using one of these two methods. Other junction technologies are
described in ref [7] and [21]} and some of them are making their way into high-T. devices.

The third requirement for high-T. SQUID magnetometers is a multilayer inter-
connect technology. It is clear from Figure 1.4(c) that the strip connecting the inner turn
of the multiturn input coil to the pickup loop must be made in a separate layer to prevent
it from shorting the rest of the turns. One must use a compatible insulating film to isolate
the two superconducting layers except where intentional connections, or vias, are required.
Figure 1.5 shows the two essential circuit components of an interconnect technology: a
crossover, where two films of superconductor are separated by an insulating layer, and a
via, where two films are connected through a window in the insulator. The basic component
of this structure is a YBCO/insulator/YBCO trilayer. All three films of this trilayer must
maintain epitaxy to avoid grain boundaries and attain good transport in both supercon-
ducting films. The insulating material must be free of pinholes and be both chemically and

structurally compatible with YBCO. Usually a substrate material such as STO is a good

choice. In addition to the insulator, the critical parts of a crossover are the edges, where
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Figure 1.5: Top and cross—sectional views of components of an interconnect technology: (a)
crossover, (b) via.
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grain boundaries can form in the insulator and propagate through the upper YBCO. For a
via contact, the ability to achieve a high critical current density is an obvious requirement.

The final criterion for SQUID magnetometers made from YBCO is the need for a
technology that does not create excess noise in the device. I mentioned in Section 1.4 that
1/f noise in a SQUID can originate from flux vortices that hop under thermal activation
between pinning cites in the SQUID body. A multilayer flux transformer, as we shall
see, is even more susceptible to this vortex motion. Weak pinning sites can form in both
superconducting layers, especially in regions that underwent processing, such as crossovers,
vias and surfaces exposed to chemical etchants or photoresist. Vortex—antivortex pairs are
created in the superconducting films when the device is cooled through T, even in nominally
zero field. While some of these pairs annihilate during cooling, a number of the vortices are
weakly pinned so that thermal activation at 77 K results in random hopping between sites,
coupling flux noise into the SQUID. This problem is even more evident when the SQUID
magnetometer is cooled in a finite static magnetic field, such as that of the Earth, in which

case there is an excess of vortices that can generate noise.




Chapter 2

Equipment

In the following sections, I will describe and discuss the equipment and some of
the standard procedures that were used to carry out this work. The equipment falls into

two categories, fabrication and measurement.

2.1 Fabrication

2.1.1 Pulsed Laser Deposition System

There are several available techniques for fabricating in situ thin films of YBCO
and other perovskites. Arguably the most common one is pulsed laser deposition (PLD),
although off-axis sputtering and co—evaporation[22] have also been used with acceptable
results. Our PLD system was built by Fred Wellstood and Jack Kingston; details of its
original construction can be found in ref. [23]. Over the years it underwent upgrades; the
most recent was the replacement of the laser. I will give a brief description of its current
state and operating procedure.

The PLD system consists of a laser, an optical imaging system, and a vacuum
chamber with target and sample holders. We use a Lambda Physik Compex 200 excimer
laser, mounted on a rigid table and reinforced for safety. It uses a gas mixture of F», Kr, and
Ne which must be replaced after approximately 3 weeks of normal use. The laser operates at
a wavelength of 248 nm and can generate up to 10 pulses/ éecond with a maximum energy of
about 700 mJ/pulse. By regulating the energy internally and using a circular aperture 7.9

mm in diameter, we produce a uniform beam with a typical energy of about 75 mJ/pulse.
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We use an external energy meter to measure and set the beam energy prior to each film
deposition.

The optical imaging system consists of two planar mirrors and a planoconcave lens.
The optical elements are mounted on standard light tracks. The beam follows a zigzag path
that almost doubles back on itself, emerging from the laser, reflecting from one mirror close
to the vacuum chamber, reflecting from another mirror close to the laser, and finally passing
through the lens into the chamber. The length of the optical path is adjusted for optimal
fluence on the target of 2.25 J cm~2 and an optimal spot size 2.5 mm? on target.

The stainless steel vacuum chamber is evacuated by a diffusion pump backed by a
mechanical roughing pump. Both pumps use liquid nitrogen cold traps. The base pressure
is usually 1 X 1076 Torr. The walls of the chamber contain electrical feedthroughs for the
substrate heater, pressure sensors and a thermocouple. There are two quartz windows, one
that admits the laser beam into the chamber and another that allows us to observe the
plume.

The chamber contains the substrate heater block, a holder for six targets and a
shutter. The heater block is made from Hanes alloy with an embedded resistive cartridge
heater. Except for the front face where the substrate is mounted, the heater block is
surrounded by a stainless steel radiation shield. Normally we remove the heater block to
mount the substrate. We place a sheet of Ag foil, slightly larger than the substrate, on
the heater block, apply a layer of Ag paste onto roughly the inner 2/3 of the foil area,
mount the substrate on top and clamp it down with a Hanes alloy clip that resembles a
rectangular loop. This ensures good thermal contact and allows us to remove the substrate
after depositioﬁ without breaking it. After mounting the heater block into the chamber, we
attach current leads to the heater and insert the tip of a thermocouple into a hole drilled in
the block. We regulate the temperature of the heater block using a programmable Omega
temperature controller which uses the thermocouple as a temperature sensor. We make
the final temperature adjustments by reading the temperature of the heater block with
an infrared pyrometer, which looks through a window in the lid of the vacuum chamber
into another hole in the heater block. The pyrometer provides a more reliable reading of
temperature than the thermocouple, especially in low ambient pressures where the thermal
contact between the thermocouple and the heater block can be poor. We regulate the

ambient Oy pressure by throttling the gate valve and bleeding O3 into the chamber through

a needle valve.
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The six-target system allows us to change targets using a rotary feedthrough
without breaking vacuum; this is essential for in situ multilayers. Each pressed—powder
target is a disk 25 mm in diameter and 7 mm thick. Prior to deposition, we remove and
polish the targets, in order to remove the laser markings from the previous deposition. We
use 400 grit sand paper for a rough polish, followed by 600 grit for a finer polish. Finally,
we wipe the target surface on a latex glove and gently blow off any remnant particles
with compressed No gas parallel to the surface, before remounting the target. For each
deposition, the target is moved into position in front of the laser beam and held in contact
with a rotating disk, which rotates the target about its center at about 1 revolution per
second. The laser beam strikes the target about 2 mm from the edge, thereby ablating
material at a different spot with each strike. This ensures more uniform target wear and
prevents boulders in our thin films. In front of the target is a water—cooled Cu sheet with
a rectangular opening 10 x 20 mm? which allows the beam to strike the target and the
plume of the ablated material to emerge. The plume extends toward the heated substrate,
thereby depositing material with each pulse of the laser. A shutter in front of the heater
block allows us to ablate material off the target without depositing it onto the substrate.
Just before each deposition, we close the shutter and clean the target by ablating material
at 10 Hz for 1-2 minutes.

2.1.2 Thermal Evaporation

We deposit metallic thin films by thermal evaporation, using a Varian Model
3118 Evaporator. Their most common use is to form contacts between YBCO SQUIDs
or magnetometers and external wiring. Typically we evaporate 50-100 nm of Ag through
a shadow mask onto freshly deposited YBCO films, covering the area of the film where
contact pads will be patterned. We usually attain very low contact resistances between the

Ag and the YBCO, on the order of uf)’s. We do not post—anneal the Ag.

2.1.3 Patterning

We pattern our devices by photolithography at the Berkeley Microfabrication Lab,
which is a Class 100 clean room. We begin by spinning Shipley 1400-31 (more recently
S1818) photoresist onto the chip at 6000 rpm. We then bake the photoresist, to harden it,

on a hot plate at 70°C for 6 minutes. Our masks are laid out using a CAD program and
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transfered to emulsion or chrome plates. We use a Cannon 4X Projection Mask Aligner
to transfer the mask pattern to the resist. We develop the resist in a 1:1 solution of
Microdeposit Developer Concentrate and DI water. This procedure and equipment generally

allow us to pattern structures as small as 1 um.

2.1.4 JIon Mill and Acid Etch

We transfer a pattern from the resist onto the underlying YBCO by exposing the
surface to a beam of high—energy Ar ions, which bombard and thereby remove the material
not covered by the resist. Our ion mill system consists of a vacuum system, an ion source,
a neutralizer and a cooled sample stage. The vacuum system consists of a commercial
stainless steel vacuum chamber which is evacuated by a cryopump. The base pressure is
about 1 X 10~7 Torr. The chamber has two windows that allow us to observe the progress
of the milling. It also has electrical feedthroughs for the ion source, the neutralizer and the
Faraday cup used to measure the beam current.

To generate the beam of Ar ions, we use a Nordiko 5 cn RF Ion Source mounted
on a Conflat flange that fits onto the chamber. The advantage of the RF ion mill is that
it does not use a filament which would radiate heat onto our sample. We operate the ion
source at an accelarating voltage of about 500 V to generate a beam current of 120-180 pA
cm~2. We also use a Nordiko rf neutralizer mounted inside the chamber to supply a beam
of electrons at about 70° to the ion beam in order to prevent the ions from charging up the
dielectric substrate.

The sample is clamped to a copper stage connected to a shaft that extends through
a copper block. The shaft is rotated from outside the chamber using a feedthrough and a
system of gears, thereby allowing continuous rotation of the sample during the ion milling.
The copper block contains a U-shaped copper tube, whose ends extend outside the chamber
for flowing either chilled water or liquid nitrogen to cool the block. The sample stage is in
thermal contact with the copper block through heat-conducting vacuum grease, which also
allows free rotation of the stage. The entire assembly is mounted on a Conflat flange which
fits into a mating hole in the lid of the chamber and can be rotated with respect to the ion
beam so that films can be milled at any angle to the substrate.

The ion mill is a convenient, universal dry etching technique used for YBCO,

SrTiO3, Ag, or any other material we pattern. Its main advantage lies in one’s ability to
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mill at an arbitrary angle to the surface, which is important if one must make either very
vertical, well-defined edges or, alternatively, edges sloped at a shallow angle to facilitate
good epitaxial growth of subsequent layers. Several chemical wet etching techniques are
also available. YBCO and PBCO can be etched in a weak solution of HNO3, which we used
until the ion mill came online. Wet etching has the advantage of speed — 2 to 3 minutes for
150 nm of YBCO - and it is the only technique available to us for etching large wafers (50
mm and up). Unlike the ion mill, however, it is nondirectional and it is difficult to control
the final size of very small features, on the order of 1-2 um. In general, we now only use
wet etching when ion milling is impractical; for example, for YBCO on large wafers (see
Chapters 5 and 13).

2.2 Measurement

Most of the experiments discussed in this work involved measuring the flux noise of
high-T. SQUIDs or magnetometers in liquid nitrogen at 77 K. The cryostat was a 5 liter su-
perinsulated fiberglass dewar surrounded by three concentric high—-permeability (mu-metal)
shields. A number of probes were used, although I made most of the later measurements
using one in particular, which I had modified over the years for best performance, as the
measurements became more demanding. In its latest incarnation, the “noise probe” consists
of a 1.2 m—long, 12.5 mm-diameter stainless steel rod with an O-ring Quick—Connect seal
that allows it to slide down to various levels into the dewar. The probe can be used to
measure up to five SQUIDs at the same time. At the bottom end of the probe are five sets
of cold electronics each consisting of a transformer, to couple the signal from the SQUID to
the room—temperature preamplifier, and several resistors in series with the bias currents.
Each hand-wound transformer has a 3 turn primary and a 90 turn secondary coil wound
about a ferrite core[24]. The transformer has a voltage gain of 30 up to at least 100 kHz;
the gain drops to 6 at 500 kHz.

For mounting the SQUID chip, I used one of two “probe é,ttachments”. On the
“horizontal attachment” the SQUID chip is mounted with its plane parallel to the axis
of the dewar and shields. The “vertical attachment” mounts the SQUID with its plane
perpendicular to the axis of the dewar. The SQUID chip is glued to a custom—made printed
circuit board with Cu contact pads that are attached to the leads of the SQUIDs with 25

pm Al wire bonds. Cu wires connect the pads to the cold electronics. Modulation and
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feedback signals are supplied by one of several coils mounted on the probe attachment. The
horizontal attachment also has a 20x30 mm? field coil for measuring the effective area of a
SQUID or magnetometer. With the vertical attachment, I measure the effective area using
a long solenoid (See Chapter 11).
All copper wires in the probe are in twisted pairs. All wires that carry a high—
frequency signal, namely the modulation signal and the output of the transformer secondary,
are surrounded by grounded CuNi tubes to prevent crosstalk and for external rf shielding.
At the top end of the probe is an aluminum box containing connections for each of the 5
SQUID channels as well as ones for the modulation/feedback coils and a Pt thermometer.
In addition to the mu—metal shields surrounding the dewar, I used either a cold
Co-netic or Cryoperm shield placed around the SQUID mount or, more recently, a su-
perconducting shield that consists of a 125 mm-long YSZ tube covered on both surfaces
by a 1 um-thick layer of YBCO. For additional rf shielding, all noise measurements were
conducted is a Cu—mesh shielded room in the second basement of Birge Hall. |
The SQUID control electronics were inherited from former group members with 1
only minor modifications. It allowed the SQUID to operate in a flux—locked loop with 100 |
kHz flux modulation. The 2 kHz bias reversal electronics were designed and built by Andy

Miklich. Noise spectra were read on a spectrum analyzer, connected to the output of the

flux-locked loop, and downloaded into a personal computer.
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Fabrication

24



25

In this part, I give a semi-historical overview of the fabrication and processing
technology used to make our thin-film YBCO devices. As with any new technology, the
processing underwent a significant evolution over the course of this research and, in fact,
became a major part of it. The requirements for the technology were discussed in Section
1.5, but the evolution was largely driven by the final criterion, the need for YBCO thin films
and YBCO/insulator/YBCO multilayers that are not plagued by 1/f noise, which limited
the performance of earlier devices. This noise is generated by the thermally-activated
hopping of flux vortices between pinning sites in the superconducting films. In Chapter 3, I
will focus on single thin films of YBCO and highlight innovations in the fabrication relevant
for SQUIDs and magnetometers with low 1/f noise. In Chapter 4, I will turn to multilayer
devices, namely flux transformers, which require both a suitable interconnect technology as
well as low noise in all superconducting layers. I will énd each chapter by outlining the final
“standard” process now used to fabricate each type of device. In the course of these two
chapters, I will show plots of the flux noise for some model SQUIDs and magnetometers to
point out various fabrication improvements that led to lower noise; however, I will postpone
a detailed discussion of the final design and magnetic field sensitivity of the best SQUID
magnetometers until Part III.

To set the scene, by 1991 an immense amount of effort in the development of a
high-T. fabrication technology was expended by my predecessors! in the Clarke Group,
not the least of which was the construction of the pulsed laser deposition (PLD) system
described in Chapter 2. They developed deposition parameters to grow epitaxial in situ
YBCO thin films, with transition temperatures as high as 88 K, on SrTiOs—buffered MgO
substrates. They developed an interconnect technology based on YBCO-SrTiO3-YBCO
multilayers with patterning initially done with shadow masks, but subsequently replaced
by photolithography and wet etching or ion milling. Finally, they applied the interconnect
technology to fabricate flux transformers which operated at temperatures above 77 K. They
coupled the flux transformers to both high- and low-T. SQUIDs in a flip—chip arrangement
and measured gains in effective area as high as 83. A full description of the interconnect
technology prior to 1992 can be found in refs. [25] and [23].

Although, what I will now call the “early” process, was generating functional

flux transformers, it had several shortcomings which still had to be resolved. First, the

! Jack Kingston, Fred Wellstood and Rasmus Kromann.
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vield of devices that operated above 77 K, with all vias carrying a supercurrent and all
crossovers insulating, was about 1 in 2. Second, the transport properties, even of devices
that functioned at 77 K, were only marginally acceptable; as an example, for a typical
functional flux transformer with a 10—turn input coil and two vias, the T. was about 83 K
and the J. about 5 x 102Acm=2 at 77 K, considerably below the reported values for bare
YBCO thin films. Finally, as I shall describe in detail in Chapter 4, these flux transformers
were plagued by excessive amounts of low—frequency 1/f noise generated by the motion of
flux vorices in the superconducting films. The development of the “early” process was driven
by a need for high—quality YBCO thin films and a high-T interconnect technology, which it
largely fulfilled. Its benchmarks were mostly transport and epitaxial properties of the thin
films as characterized by electrical measurements and X-ray diffractometry, respectively.
The new processes, which I will presently describe, developed by the next generation?, can
be regarded as successive refinements of the “early” process with particular focus on the

flux noise, in addition to transport and epitaxy.

2Myself along with Frank Ludwig, David Nemeth, Dieter Koelle, Andy Miklich, and John Clarke.
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Chapter 3

Single Layer YBCO Thin Films

and Devices

3.1 A New Process for YBCO Thin Films

It is now well established that the 1 /£ noise of YBCO thin films decreases sub-
stantially as their crystalline quality is improved. These findings were initially reported by
Ferrari et al.[26] who used a low-T. SQUID at 4.2 K to measure the flux noise of YBCO
films at temperatures around 77 K. As a result, we made systematic efforts to optimize
the quality of our YBCO thin films. The properties of the film are controlled by a set of
fabrication parameters that include: choice of substrate, deposition rate, laser energy, sub-
strate temperature and ambient Qo pressure. In what we can call a high—quality film, these
properties include a high degree of epitaxy, high T. and J., and low levels of flux noise,
associated with the hopping of vortices. A change in a single parameter, often requires a
change in another parameter; for example, YBCO films with highest T, are grown at 770°C
on SrTiOz—buffered MgO substrates but at 810°C on SrTiO3 substrates. In the remainder
of this section, I will highlight the main features of our new process for YBCO thin films

developed between 1992 and 1993, pointing out major changes from the earlier process.

3.1.1 Choice of Substrate

In the “early” process, we deposited YBCO thin films on MgO subtrates buffered

with about 40 nm of SrTiOs. The buffering helped reduce the lattice mismatch and allowed
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patterning of the YBCO by acid etch, since MgO also etches in HNO3 whereas SrTiO3 does
not. The main advantage of MgO was that the substrates were relatively inexpensive (about
$5 for 12.5mm x 12.5mm X lmm); they are also easy to cleave and to polish. The main
disadvantage was lattice-mismatch to YBCO, which generated 45° angle grain boundaries
and depressed the T, to 88 K. It also created stress-induced defects in the YBCO which
likely led to the elevated levels of 1/f flux noise. In the course of optimizing the “new”
process, we experimented with MgO, as well as YSZ and SrTiO3 substrates for growing
YBCO thin films. Tim Shaw periodically measured the noise of our YBCO thin films using
a low-T. SQUID and these measurements pointed to SrTiO3 as the substrate of choice for
YBCO films with lowest noise. The lattice constant of the cubic structure of SrTiOg3 is 3.91
A, within a few percent of the orthorombic YBCO (a= 3.834A, b=3.89A), and considerably
closer than either MgO (a=b=4.21A4) or YSZ (a=b=5.15A). It is therefore likely that the
improved lattice match to YBCO improved the quality of our films with respect to flux
noise. SrTiOs, however, carries two important disadvantages. The first is cost, about $140
for 12.5mm x 12.5mm X 1mm, the most expensive of all substrates now used to grow YBCO
films. The second is a very large dielectric constant, about 10%, which perhaps is not a
very important factor for low—frequency applications such as magnetocardiography, but
may limit certain high—frequency applications like NQR. Nonetheless, we now use SrTiOg

almost exclusively for all of our YBCO films and devices.

3.1.2 Deposition Parameters

In addition to switching substrates, we also made substantial improvements in the
film quality by altering parameters associated with the actual deposition of the film. These
parameters include: laser energy, aperture size, beam fluence, laser spot size on the targét,
plume size and shape, distance between the target and the substrate, substrate temperature
and ambient Os pressure. Once again, all of these parameters are interrelated and were
optimized by making a large number of samples which were all thoroughly characterized,
discussed and catalogued. I will confine the present discussion to final results [27].

We reduced the deposition rate from 0.2 nm/pulse to 0.07 nm/pulse. This was
done through a combination of reducing the area of the aperture at the output of the laser
from 84 mm? to 49 mm?, readjusting the position of the optics to focus a spot about 2.5

2

mm? onto the target (a spot 6 mm? was previously used), and reducing the laser power.
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This resulted in a beam fluence of about 2.25 J cm™2 on target. We moved the substrate
closer to the target (within 5 cm) and readjusted the plume so that only its tip touched the
substrate during deposition. We re-optimized the YBCO deposition temperature and Os
pressure to 810°C and 210 mT, respectively. We also found that thicker films tend to have
poorer quality, possibly due to a breakdown in crystallinity in the upper regions. Most of
our single layer YBCO films are, therefore, now less than 200 nm thick, whereas in the past
they were 300—400 nm.

This optimization was driven by feedback supplied by measurements of T, and J.
by electric transport, film epitaxy and content of c—axis growth by X-ray diffractometry,
and flux noise measurements with a low-T, SQUID. For single YBCO films, 100-200 nm
thick, deposited with our optimized process, we measured T. = 91 — 92 K and J. =
(3 — 10) x 10°Acm—2. Measurements of X-ray diffraction spectra indicated a negligible
amount of a—axis growth and no 45° grain boundaries, suggestive of excellent epitaxy. Flux
noise measured at 77 K with a low-T, SQUID was limited by the intrinsic noise of the
SQUID itself, about 13u®,Hz~1/2 at 1 Hz in, in contrast with the “early” process which
yielded YBCO films with noise levels at 1 Hz not lower than 250u®oHz~1/2 at 40 K [26].
It was gratifying that the new process yielded YBCO films with low noise as well as good
epitaxy and transport, all essential parameters for a complete high—T electronics technology
and an important first step in the development of low—noise YBCO SQUIDs and SQUID

magnetometers.

3.2 Bicrystal dc SQUIDs

Until early 1992, all high-T. SQUIDs made in our group were based on biepitaxial
junctions [28] which suffered from several significant shortcomings. First, they often did not
function at 77 K. Second, their low IpR products limited the SQUID transfer coefficient Vs
to a few 1V/®q which resulted in high white noise. Third, the SQUIDs were plagued by
excess 1/f noise at low frequencies, which was not entirely due to critical current fluctuations
and therefore could not be removed by bias reversal. By the spring of 1992, SrTiO3 bicrystal
substrates were commercially available and we began fabricating bicrystal SQUIDs. In the
bicrystal process, one starts with a boule of single—crystal SrTiOg and cuts a wedge out of it

at a specified angle. The remaining pieces are then re-fused and the resulting bicrystal boule

is sectioned into (100)-oriented wafers with a grain boundary down the middle creating an
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in—plane misorientation between the two halves at an angle typically 24° or 36°. A YBCO
film grown on the bicrystal substrate replicates the grain boundary and narrow bridges
patterned across the boundary exhibit RSJ behavior [29, 30].

Since bicrystal SQUIDs require only a single layer of YBCO, they were very well
suited to our new process described in Section 3.1. In our first devices, we deposited about
200 nm of YBCO onto 10 x 10 mm? SrTiOs bicrystals with 24° angles of misorientation and
patterned typically 12 SQUIDs with 2-3 ym-wide junctions in each film using conventional
photolithography. In the early bicrystals the grain boundary was very visible and one could
easily align to it the microbridges that formed the junctions. We wet etched the YBCO
in a 0.05% aqueous solution of HNQO3 and allowed the etchant to slightly undercut the
bridges, thereby controlling their final widths!. Andy Miklich characterized the SQUIDs
and found them all functional at 77 K with current—voltage characteristics resembling the
RSJ model with IpR products ranging from 100 to 200 uV and voltage—flux characteristics
with modulation depths around 15 gV for SQUIDs with L ~ 40pH. Details of these
measurements can be found in refs. [31] and [32]). Furthermore, he measured the flux noise
in some of these SQUIDs by operating each in a flux—locked loop both with a static bias
and with bias reversal. With static bias, the power spectrum scaled approximately as 1/f
between 0.1 Hz and 1 kHz and became white above 5 kHz. However, with bias reversal
the 1/f noise was dramatically reduced, by about two orders of magnitude in power at
1 Hz, suggesting that it largely originated from critical current fluctuations. With bias
reversal the noise was white down to about 10 Hz, increasing to 17 u®g Hz"1/? at 1 Hz.
The noise at 1 Hz in this SQUID was of the order of that in an unpatterned YBCO thin
film (13 u®o Hz"Y/2), as measured with a low-T. SQUID (see Section 3.1.2), suggestive of

a certain consistency in our new process; the slightly elevated noise of the SQUID may

have been due to the effects of patterning and the presence of edges. In short, the noise in

bicrystal SQUIDs operated with bias reversal appears to be limited by thermal noise, and
is white down to very low frequencies. The white noise normally depends on the SQUID
inductance L as well as the IgR product but is typically around (5 — 15) u®o Hz~1/2, and,
in more recent bicrystal SQUIDs, extends to below 1 Hz.

We have been fabricating exclusively bicrystal SQUIDs since that initial success.

Figure 3.1 shows a scanning electron micrograph of a recent (1996) bicrystal SQUID. The

*Jon milling later proved to be a better technique for this.
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Figure 3.1: Scanning electron miscroscopy (SEM) image of a recent YBCO bicrystal SQUID.
Dashed line indicates grain boundary.
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YBCO film was 150 nm thick. The grain boundary, indicated by the dashed line, intersects
the two bridges, 2 um wide and 4 ym long, to form the junctions. The width of the bridges
was determined by the critical current density of the YBCO film across the bicrystal line,
usually 104-10° A cm™2. The length of the junctions is kept short so that they contribute
only minimally to the overall inductance L of the SQUID. For this particular SQUID the
parameters were: L=40 pH, Iy = 120pA, R = 1.1Q, Vg = 32uV/®p. In general, bicrystal
SQUIDs proved sufficiently reliable in my experience. They are relatively simple to fabricate,
requiring only one deposition step followed by one patterning step. On a given chip, the
yvield of devices that operate above 77 K is nearly always 100 percent and their IgR products
are usually between 100 and 200 xV. They suffer from a few disadvantages, however. One is
that the SQUIDs must be confined to a line along the grain boundary and cannot be placed
at arbitrary locations on the substrate. For a magnetometer, that requires only one SQUID,
this is not a significant concern. Another disadvantage is cost; a 10mm X 10mm x 0.5mm
SrTiO3 bicrystal costs $350-8400. The final, and what I believe is the main disadvantage
of bicrystals, is that it is not a well-controlled technology. Critical current density across
the grain boundary, sometimes drifts from one batch of substrates to another (even for
nominally identical angles) and the researcher does not have exclusive control over the
properties of the junctions; some of that control is in the hands of the bicrystal supplier.
In 1992, bicrystals offered the most reliable high-T. junction technology available. The
main drawback of other junction technologies such as biepitaxy [28], noble-metal SNS [33],
step—edge [34] and ramp—edge [35] was low voltage—state resistance R. By now, the latter
two have largely caught up to bicrystals with resistances reported in the range of a few
ohms and IR products of 100-200 nV at 77 K. Several groups have used them in SQUIDs

and magnetometers with great success (see for example refs. [36, 37, 38, 39]).

3.3 Standard Fabrication of Bicrystal SQUIDs

I will now outline the process that I use to fabricate bicrystal de SQUIDs for most
devices discussed in this thesis. The process underwent some refinement since our first
devices and I will simply give the latest version which has been “standard” since about
1994. 1 divided the process into several steps as shown below. I refer the reader to Chapter
2 for equipment—specific details.

(1) Cleaning 1: To remove any residual wax and dirt, I agitate the Sr'TiQO3 bicrystal
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Figure 3.2: Surface of a SrTiOj3 bicrystal near the edge after a HF etch through a photomask.
The grain boundary is clearly visible in the etched region.
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in a beaker of trichloroethane for 3-4 minutes in an ultrasonic bath, followed by identical
cleanings in isopropyl alcohol and methanol. I then rinse it with methanol and blow it
dry with compressed Na gas. I inspect the surface under an optical microscope for any
unremoved contaminants or solvent residue and repeat the cleaning steps as necessary.

(2) HF etch: Due to improvements in the quality of the bicrystals, we can no
longer see the grain boundary under the microscope of the mask aligner. We must therefore
define it artificially in order to later align it to the junctions. I spin photoresist onto the
surface of the clean substrate and pattern a photomask which covers the entire surface
except for two windows, about 0.5 x 0.5 mm?, at the outer edges of the grain boundary.
I then immerse the substrate into a 9% aqueous solution of hydrofluoric acid (HF) which
etches the exposed SrTiOs surfaces with preferential etching along the grain boundary. I
etch for about 15 seconds with slight agitation. Figure 3.2 shows the HF etched surface of

a bicrystal with the grain boundary clearly visible. The grain boundary has an apperant

width of about 1 um and remains visible even when YBCO is deposited onto the bicrystal.

(3) Cleaning 2: I remove the photoresist by spraying the surface with acetone
followed by ultrasonic agitation in a beaker of acetone. I then repeat the steps of (1)
beginning with isopropyl alcohol.

(4) Preparing the PLD Chamber: I remove and polish the YBCO target that
will be used, as described in Chapter 2, to remove the laser markings from the previous
deposition. At this time, I also thoroughly clean the vacuum chamber with methanol to
remove any YBCO from the previous deposition that may cover the chamber walls or
fixtures. Usually there is significant covering of the fixtures closest to the plume. I found
that if one does not clean the chamber every time, there is a marked degradation in the
quality of the deposited films(lower T,, to begin with, followed by increased 1/f noise),
likely due to contamination from the amorphous YBCO in the chamber that may resputter
onto the substrate.

* NOTE: Even with this regular cleaning procedure, after approximately every
100 depositions I notice a slight degradation in film quality, and then I usually remove parts
from the chamber and clean them, along with the chambt‘iar itself, with 10% HNOs in DI
water followed by methanol. |

(5) Mounting the substrate: I mount the bicrystal onto the Hanes alloy heater
block using the procedure described in Chapter 2. The Hanes alloy clip is in the form of

a rectangular loop which grips two parallel sides of the substrate by about 0.5 mm and I
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orient the grain boundary parallel to those sides, so that all of it, including the HF-etched
edges, will be covered by YBCO. I then place the heater block into the chamber and attach
the current leads and the thermocouple.

(6) Pumpdown and heating: I pump the chamber down to a base pressure of about
3 x 10~° Torr. I then heat the substrate from room temperature to 810°C in 30-40 minutes.
I check the temperature with the infrared pyrometer and inspect the surface of the substrate
through the quartz window to make sure that it glows bright-red, an indication of good
thermal contact.

(7) Preparing the laser: Simultaneously with step (6), I power up the laser and fire
it at 1 Hz onto an external energy meter placed in front of the circular 7.9 mm-diameter
aperture which sits in front of the output mirror. I adjust the internal laser energy so that
the energy through the aperture is 75 mJ per pulse.

(8) Cleaning the target and depositing the film: Next I regulate the ambient O2
pressure in the chamber to 210 mT and readjust the temperature. I then cover the substrate
with the shutter, move the YBCO target into position, start it rotating, and fire the laser
onto the rotating target at 10 Hz for 1-2 minutes to clean the surface. During this time, I
orient the heater block so that the plume will reach the substrate in the center and normal
to the surface. I then close the laser shutter, open the substrate shutter, reset the laser to
fire at 5 Hz, and reopen the laser shutter to begin the YBCO deposition. At our deposition
rate (Section 3.1), a 120-150 nm—thick film is deposited in about 12 minutes.

* NOTE: Until recently, we preceded the YBCO deposition by first depositing a
10 nm~thick buffer layer of STO at 760°C and 150 mT Os. Its function was to smooth out
any surface roughness in the substrate. I since discovered that it can actually add to the
roughness and left that step out.

(9) Annealing: Following the YBCOQO deposition, I reduce the temperature to
780°C, and let in about 400 Torr of O9 over a few minutes. I then cool the substrate
to 450°C in 20 minutes. This is regulated by the temperature controller, which at the end
of the cycle shuts off the heater which then cools to room temperature.

(10) Ag evaporation: Once it cools, I (carefully) remove the bicrystal from the
heater block, attach it to a glass slide with double-sided tape, and cover the length of the
grain boundary by a 4 mm-wide strip of Al foil which serves as a shadow mask. I evaporate

50 nm of Ag onto the substrate to cover the outer parts of the YBCO film which will be

used for contact pads.
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(11) Patterning: I spin photoresist onto the surface and bake it for 6 minutes on
a hot plate at 70°C. I first pattern the bicrystal with the same mask that I used to define
the windows for the HF etch in step (2). This removes the photoresist from the regions
where the grain boundary is visible. I then align the SQUID mask over the bicrystal using
the Canon 4X Mask Aligner. At the outer edges of the mask are alignment marks, a series
of double rectangles separated vertically by 4 pm, the same as the lengths of the junctions,
and spaced horizontally every 20 ym. By aligning the etchéd grain boundary to fall between
these rectangles, I ensure that the grain boundary will intersect the junctions of all SQUIDs
on the mask. The contact pads of the patterned SQUIDs fall onto the Ag—covered YBCO.

(12) Ion milling: Once patterned, I place the substrate into the vacuum chamber
of the Nordiko ion mill, pump to a base pressure of 5 x 10~7 Torr and ion mill the surface at
normal incidence for about 20 minutes or until the YBCO is milled through. I have made
SQUIDs in this manner using both water and liquid nitrogen for cooling the substrate during
milling, and both with and without rotation of the substrate, with comparable results. I
then remove the photoresist with acetone in an ultrasonic bath.

(13) Wirebonding: Typically I make 12-15 SQUIDs on one chip. To test the
SQUIDs, I glue the chip to a standard testing package which has 68 gold contacts for wire
bonds. I make electrical connections between the Ag-covered contact pads of the SQUIDs
and the gold pads of the package by ultrasonic bonding 25 ym diameter Al wires.

(14) Testing: I plug the test package into a mating piece on a cryogenic insert
which has a field coil near the package and 72 banana connections at the top allowing
electrical access to the SQUIDs from outside the cryostat. I lower the insert into a Dewar
of liquid nitrogen surrounded by three concentric mu-metal shields and measure the I-V
and the V-® characteristics of each SQUID in turn. This convenient procedure allows me

to select a SQUID with the most optimal parameters for subsequent experiments.
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Chapter 4

Multilayer Devices

4.1 Introduction

4.1.1 Background

As stated earlier, a flux transformer requires two superconducting layers separated
by an insulating layer. The two superconducting layers must not short together except
where one intentionally connects them through vias in the insulator. These are essential
requirements of a multilayer interconnect technology, a necessary but, as we shall see, not
sufficient condition for a practical SQUID magnetometer based on a flux transformer. Using
the interconnect technology developed in our group prior to 1992, we could successfully
fabricate multiturn flux transformers operating at 77 K [40, 32]. In this process, the first
YBCO film, typically 300 nm thick was deposited on a SrTiOsz-buffered MgO substrate
and patterned by wet etching in a 0.05-0.1% aqueous solution of HNQOs. The resist was
stripped and the sample was immersed for a few seconds in a 1% solution of Br in methanol
to etch the YBCO surface. Then the 400 nm—thick SrTiO3 layer was deposited. Vias in
the SrTiO3z were patterned by photolithography and milled using an older Ag ion mill at
an angle of 60°. After stripping the resist, we deposited a second YBCO film, typically 400
nm thick, and patterned it with an acid~etch.

With this interconnect process, former members of the group fabricated both flip—
chip [40] and integrated [41] SQUID magnetometers. At the time, however, the noise in
biepitaxial SQUIDs that were used in these devices limited the performance of the mag-

netometers. In 1992, we began fabricating the much quieter bicrystal SQUIDs using the
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Figure 4.1: Magnetic field noise Sllg/ 2( f) and flux noise power Sg(f) vs frequency for a
flux transformer, fabricated with the “early” process, coupled to a 40 pH bicrystal SQUID.
Dashed line indicates flux noise power of the bare SQUID.
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process described in Chapter 3. Shortly after measuring the noise of our first bicrystal
SQUID, Andy Miklich coupled it to a flux transformer, made with the “early” process,
in a flip—chip arrangement[32]. The transformer had a 81 mm? pickup loop and a 5-turn
input coil; the SQUID was a 500-pm square washer with an inductance of 40 pH. Figure 4.1
shows the magnetic field sensitivity 5'113/ 2 (f) and the equivalent flux noise power Sg(f) for
this flip—chip magnetometer cooled in liquid nitrogen and measured in a flux-locked loop
with bias reversal. The flux noise of the bare SQUID is indicated by the dashed line. The
flux transformer increased the effective are‘a of the SQUID by a factor of about 60, yielding a
white noise of about 36 fT Hz~1/2. However, at frequencies below a few kHz the noise power
scaled as 1/f, caused by the motion of flux vortices in the YBCO films of the transformer.
The high level of magnetic flux noise at 1 Hz limited the magnetic field resolution to 1.7
pT Hz~1/2 rendering this device about 3 orders of magnitude less sensitive than the best
low-T. SQUID magnetometers and not very useful for most practical applications. These
results stressed the need to improve our interconnect technology to obtain much lower levels

of flux noise in our processed multilayers.

4.1.2 Strategy

The excess 1/f noise of a flux transformer is caused by the thermally—activated
hopping of flux vortices among weak pinning sites in the YBCO films. An obvious strategy
to lower this noise is to reduce the number of those sites by improving the quality of the
films. Figure 4.2(a) shows a photograph of the input coil of a typical flux transformer. An
enlargement of the inner via is shown in Figure 4.2(b). Within these regions one sees both.
single layer YBCO films and trilayers of YBCO-SrTiO3-YBCO, as well as superconducting
crossovers and a via — all are essential components of a multilayer flux transformer and all
are potential regions for weak pinning cites. Therefore, we tackled the problem of reducing
1/f noise in the flux transformers by systematically improving the quality of each component
in turn. We began by optimizing single layer YBCO films for low flux noise as measured
with a low-T. SQUID. These efforts led to the process for low noise YBCO films and,
consequently, low—noise bicrystal SQUIDs, as described in Chapter 3. Next, we turned to
in situ trilayers of YBCO-SrTiO3-YBCO, followed by ex situ trilayers, patterned trilayers -

(crossovers and vias) and, finally, complete flux transformers. Driven by this strategy, we

decided to focus on a flip—chip magnetometer as our near—term goal. We would use a YBCO
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20 um

Figure 4.2: (a) Photograph showing the 16-turn input coil of a flux transformer. The coil,
patterned in the lower YBCO layer is connected to the pickup loop (not shown). The (black)
crossover is in the upper YBCO. (b) Close—up view of the via, connecting the crossover to
the inner turn of the input coil. :
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bicrystal SQUID to both characterize the noise in the components and to form the final

magnetometer.

4.2 In situ YBCO-STO-YBCO Trilayers

To decouple the effects associated with photolithography and other processing
steps on the noise increase, we first examined multilayer films grown in situ, that is, without
breaking vacuum between depositions. We continued using STO as the insulating layer
because of its excellent lattice match to YBCO. We concentrated on YBCO-STO-YBCO
' trilayers, the most fundamental component of a multilayer flux transformer. We made the
trilayers on STO substrates using the same deposition rate and laser beam parameters
developed in the course of our work on single-layer YBCO films (Chapter 3). The key
changes from the “early” multilayer process [25] that yielded substantial improvements in
the quality of the new trilayers were thinner films for all three layers and a lower substrate
temperature for the deposition of the upper YBCO film. In the optimized trilayer process,
we deposited a 10 nm STO buffer onto a STO substrate at a temperature T=760°C and
ambient Oy pressure p=150 mTorr, followed by 120 nm of YBCO (T=810°C, p=210 mTorr),
250 nm of STO (p=760°C, p=150 mTorr), and 250 nm of YBCO (T=790°C, p=210 mTorr).
We typically measured T, = (88 — 89) K and J. = (2 — 3) x 10° for the upper YBCO
film. X-ray diffraction measurements indicated a high degree of crystalline quality: the
full-width at half maximum of the rocking curve of the (005) peak was below 0.3°. To
investigate the flux noise of trilayer films, we coupled them to our YBCO bicrystal SQUID
in a flip—chip arrangement and measured the noise at 77 K. Figure. 4.3 shows that the
presence of the trilayer did not increase the 1/f noise of the SQUID over its rms value of
S<11>/ %(1Hz) = 15u®0 Hz/2. By comparison, the flux noise of the in situ trilayers fabricated
with the “early” process was always above 100u®o Hz~1/2 [27].

4.3 Patterned YBCO-STO-YBCO Trilayers

The noise of our in situ trilayers is in principle low enough to make multiturn
flux transformers which do not couple excess low—frequency flux noise into the SQUID.

However, each film in the multilayer structure must be patterned, which produces edges

over which subsequent layers must grow with a high degree of crystalinity. Furthermore,
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Figure 4.3: Magnetic flux noise power Sg(f) vs frequency for an in situ YBCO-STO-YBCO
trilayer. Dashed line indicates flux noise of bare SQUID.
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Figure 4.4: Interconnect test structure for the YBCO-STO-YBCO trilayer process that
allows independent measurements of the lower YBCO, the upper YBCO, crossover, and
via. Drawing is simplified for clarity; actual structure contained two crossovers and two
vias. ‘
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the patterning exposes each film to photolithographic chemical processing which can affect
the growth of subsequently deposited films. To study the fransport properties of the various
transformer components, we fabricated interconnect test structures (Figure 4.4) to enable
us to make independent electrical measurements of the lower and upper YBCO films, the
crossover where the upper YBCO passes over the edges produced by the lower film, the via
connecting them through the insulating layer, and the insulation itself. To investigate the
flux noise of these processed multilayers we periodically made flux transformers and coupled

them to a SQUID in a flip—chip arrangement.

4.3.1 Edge Effects

In our initial work to improve the multilayer interconnect process we used film
thicknesses and deposition parameters that yvielded the low-noise in situ trilayers, but bor-
rowed some of the patterning techniques from the “early” process developed by our pre-
decessors [42, 25]. Following that process, we wet etched the lower YBCO film in 0.05%
HNO3 and etched it for 5-6 seconds in a 1% solution of Br in methanol. We then deposited
the STO insulating layer and cut vias with the Ar ion mill at a 60° angle of incidence. In
contrast to the former process, the ion milling also removed all of the lower YBCO film in
the window area, leaving only a beveled edge to make contact to the upper YBCO film,
which was also wet etched.

We found that J.(77 K) for the upper YBCO film remained at (2 —3) x 106 Acm 2
even where it crossed the edges of the lower YBCO strip, at least one order of magnitude
improvement over the “early” process which used thicker YBCO and STO films. To investi-
gate this further, we performed® scanning electron microscopy (SEM) of wet-etched YBCO
films of different thicknesses exposed to a Br etch. Figure 4.5 shows SEM images of the
edges of YBCO (a) 300 nm thick without the Br etching and {b) 200 nm thick after a 10 s
Br etch. We see that the edge of a wet—etched YBCO film is nearly perpendicular to the
substrate. The Br etch rounds the upper part of this edge; for thicknesses below 150 nm,
the entire edge tends to become beveled. Thus the Br etch can produce reasonably smooth
edges for thinner films, but steep edges remain for thicker films, which may have introduced
disorder and grain boundaries into the “early” interconnect process resulting in low critical

currents at 77 K. Note, however, that the surfaces in Figure 4.5 have been roughened by

IThanks to Silvia Knappe.
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Figure 4.5: SEM image of (a) 300 nm-thick YBCO film etched in 0.05% HNOgs with no Br
etch and (b) 200 nm-thick YBCO film etched in 0.05% HNO3 with a 10 second etch in 1%
Br in methanol.




the etching process.
For 30um-wide via contacts to a 100 nm—thick lower YBCO film the critical current
I(77 K) was typically 15 mA, corresponding to J. &~ 5 x 10°Acm™2. Although this value is

almost one order of magnitude lower than for single films, it is adequate for flux transformers.
The resistivity of the STO, measured between the upper and the lower YBCO films over
an area of 20 x 100 um?, was typically 108 Qcm or higher, at 77 K [27].

4.3.2 Surface Effects

At this stage, Frank Ludwig, David Nemeth and I used the above interconnect
technology to fabricate a series of flux transformers with iipickup loop areas of either 68 or
81 mm?, and mostly with 16-turn input coils. The input coil and the pickup loop were
patterned in the lower YBCO film, with linewidths of 7 pm and 1 mm, respectively. The
input coil was 500 pum across. QOut of eight flux transformers, seven operated at 77 K,
indicating that the fabrication process was fairly reproducible. Dieter Koelle and Andy
Miklich coupled each transformer in turn to a 500 umfbicrystal SQUID in a flip-chip
arrangement. Figure 4.6 shows 8113/ 2 (f) and Ss(f) vs frequency for the best magnetometer
out of this series, measured with bias reversal. The gain in effective area was 70, yielding
8113/ ?(1kHz)=30 fT Hz~%/2 and 8113/ ?(1Hz)=340 fT Hz"Y 2. The latter value represented a
factor of five improvement over the best flip—chip magnetometer fabricated with the “early”
process. Nevertheless, the rms flux noise at 1 Hz was still a factor of five above that of
the bare SQUID, implying that noise from the flux transformer still dominated at low
frequencies.

To investigate the origin of the low—frequency noise, on some of the flux transformer
chips we patterned single layer, bilayer, and trilayer test regions which underwent the same
processing as the rest of the transformer and which coulci be positioned directly over the
SQUID. We found that the 1/f noise of processed ez situ trilayers was much higher than
in the in situ trilayers described earlier, although we could not rule out the possibility that
the YBCO films at the edges of the via and crossover also contributed to the noise.

To decouple the effects of processing on the surface from those on the edges, we
studied the growth of STO on a YBCO film that had been subjected to the usual processing
but not patterned: Frank Ludwig deposited a 120 nm-thick YBCO film on a STO substrate

buffered with 10 nm of STO, spun on photoresist, developed, and removed it with acetone
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Figure 4.6: Magnetic field noise S}B/ 2( f) and flux noise power Sg(f) vs frequency for a flux
transformer with a 16-turn input coil coupled to a 40 pH bicrystal SQUID. Dashed line
indicates flux noise power of the bare SQUID. Both were measured with bias reversal.
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Figure 4.7: Atomic force microscopy (AFM) image of STO deposited on a YBCO film (a)
without and (b) with an in situ STO cap layer
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and then etched the sample for 5 s in a 1% solution of Br in methanol. He then deposited a
250 nm-thick STO film. The surface of the bilayer imaged with an atomic force microscope?
is shown in Figure 4.7(a). In addition to several large (100-150 nm high) particles, there are
many plate-like particles, typically 200 nm on a side and 20 to 25 nm high, on a relatively
smooth surface with a roughness of a few nm. It is very likely that the poor growth in the
STO film, which obviously determines the structure of the upper YBCO film, is induced by
damage on the lower YBCO film produced by photoresist and Br etching.

We took several measures to reduce the exposure of the lower YBCO film to
chemical processes that could potentially damage the surface. We stopped using Br to
round or bevel the edges of the YBCO. Also we chose not to pattern the YBCO films by
wet etching in HNOg3. Instead, we ion milled the film at a 60° angle of incidence while
rotating the substrate about an axis normal to its surface on a water—cooled stage, to both
pattern and create beveled edges in all directions. Furthermore, like some other groups
[43, 44], we capped the lower YBCO film with a thin in situ STO film before the first
patterning. Figure 4.7(b) shows the surface of a bilayer in which Frank capped the lower
YBCO film with a 15 nm-thick in situ STO film before exposing it to photdresist. As
before, he deposited a 230 nm—thick film of STO after removing the resist. The particles

evident in Figure 4.7(a) are no longer present and the overall surface roughness is 2-3 nm.

4.4 A New Multilayer Interconnect Process

We modified our fabrication process by introducing the capping step as well as
- the other modifications mentioned in the last section. Frank Ludwig was instrumental in
developing the final “standard” version of this process which I will briefly describe [45]. The
thicknesses and deposition parameters for each layer are listed in Table 4.1. The procedures
regarding cleaning the chamber, polishing the targets, mounting the sample, etc., described
in Section 3.3 for a single layer deposition, apply here for each individual layer.

After depositing the lower YBCO film, it is capped by a 15 nm-thick in situ STO
layer. The sample is then cooled to 500°C in 30 minutes and held at that temperature for
an additional 30 minutes to oxygenate the lower YBCO film fully, before cooling it to room
temperature. The capped lower YBCO film is then patterned by standard photolithography.
To bevel the edges of the film, after the photoresist is developed, it is baked for 10 minutes

?Thanks to Ruth Ellen Thomson.
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Deposition Oxygen

Thickness  temperature  pressure  T¢ J.(77 K)
Layer (nm) (°C) (mTorr) (K) (10%° A cm—2
lower YBCO 120-150 810 210 85 1-2
STO cap 15 760 150 - -
STO insulator 230 760 150 - -
upper YBCO 250 790 210 89 3

Table 4.1: Deposition parameters for the new multilayer process.

at 120°C to round the edges of the resist. The structure is then ion milled at a 60° or 45°
angle of incidence while the substrate rotates on a water cooled stage.

After the photoresist is stripped in acetone, thé sample is remounted into the
deposition chamber, heated to 760°C in 250 mT of Oz, and a 230 nm-thick STO insulator
film is deposited. In our prior process a 20 minute cooldown from 780°C to 450°C in 0.8
atm of Q2 was sufficient to oxygenate the lower YBCO film fully after it had been covered
by the 230 nm—thick STO film. However, the high crystalline quality of the STO insulator
with the capping process inhibits oxygen diffusion into the lower YBCO film. Therefore to
re-oxygenate the lower YBCO film a longer anneal is required; the film is cooled to 500°C in
30 minutes in 0.8 atm Og and held at that temperature for 3 hours before cooling to room
temperature. Vias are then patterned in the STO, as before, and ion milled at a 60° angle
of incidence, while the substrate rotates on a water cooled stage, to create beveled edges for
an in—plane contact between the upper and the lower YBCO films. Finally, after stripping
the resist, the substrate is replaced in the chamber, heated in 250 mT of Os to 790°C, and
the upper YBCO film is deposited. The upper YBCO is patterned by photolithography
and ion milling at normal incidence.

The key component of this new multilayer process is the capping of the lower
YBCO film by a 15 nm—thick STO cap which, evidently, is less susceptible to photolitho-
graphic processing than uncapped YBCO. However, the high crystalline quality of both
the cap and the subsequently grown STO insulation layer, make it difficult to keep the
lower YBCO oxygenated. Our first several flux transformers made with this process, but
without special annealing steps, did not work at 77 K; we discovered that the T. of the
lower YBCO was about 40 K. Using the longer anneal times at 500°C, we succeeded in
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improving the T, to 85 K and J.(77 K) to (1 —2) x 10°A cm~2, but we never fully recovered
the parameters that we routinely measured in bare YBCO films, namely T, = 90 — 92 K
and J. = (3 — 10) x 10°Acm™2. On the other hand, crossovers fabricated with this process
typically have T, =89 K and J. = 3 x 106Acm™2.

This process yielded our lowest—-noise multilayers todate and was consequently
used to fabricate flux transformers for flip—chip magnetometers as well as integrated mag-
netometers and multiloop magnetometers. Details of these devices are described in Part
III: Magnetometers — in Chapters 6, 7, and 8, respectively. Grundler et al. [43] have used a
similar technique to protect the surface of their lower YBCO film from chemical processing.

Alternatively, Shen et al. [46] do not cap the lower YBCO, but rather strip the damaged

layer using an Os plasma etch.
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Chapter 5

Single Layer YBCO SQUID

Magnetometers

For reasons outlined in Chapter 4, the development of a magnetometer based on
a SQUID, coupled to a flux transformer, required us to overcome a number of materials
and processing challenges in order to bring down the level of the 1/f noise in our multilayer
structures. On the other hand, our SQUIDs and single layer films made with the process
described in Chapter 3 typically exhibited no 1/f flux noise above 1 Hz. Therefore concur-
rently with our work on improving multilayers, we considered various magnetometer designs
that could be made from single YBCO films. In this chapter I describe some of our more
successful single layer devices. It will become apparent that, although they are ultimately
not as sensitive as multilayer magnetometers of equal size, properly designed single layer
magnetometers can be sufficiently sensitive and useful in a number of applications which

will be described in Chapters 9 and 13.

5.1 Design Considerations

As was discussed in Section 1.4, to convert a flux—sensitive SQUID into a field~
sensitive magnetometer one must increase its effective area while maintaining low SQUID
inductance. We considered several approaches to this, constricted to single layer YBCO
films on a 10 x 10 mm? bicrystal. One method was simply to increase the outer dimension
D of the SQUID washer [47] thereby using flux focusing to enhance the area [48, 17]. The

rather large area of the YBCO, however, limited our ability to use bias reversal due to flux




motion in the film[17].

A more successful approach called a directly coupled magnetometer [49] is illus-

trated in Figure 5.1 and the rest of the chapter will be devoted to this device. It consists
of a square pickup loop of YBCO directly connected to opposite sides of the SQUID body.
A magnetic field applied to the magnetometer induces a superconducting screening current
in the loop which is injected directly into the body of the SQUID. Since the junctions are
biased in the voltage state, the current couples to a fraction ay of the SQUID inductance
L, just below the junctions in Figure 5.1(b). The effective area of this magnetometer is
therefore

A
Acsr = As + ogL=E (5.1)
L,

where A, and L, are the area and inductance of the pickup loop, respectively, and A, is
the effective area of the bare SQUID (negligible in most cases). It is instructive to compare
Equation 5.1 with the equivalent expression for a SQUID of inductance L, inductively
coupled to a flux transformer with a n-turn input coil. We showed in Section 1.4 that the
effective area of an optimized SQUID magnetometer in the tight coupling limit is A.sr =
Ap/2n where n = \/L—p/f. Therefore, for a pickup loop of given size and shape, there is a
factor of n/2 = (/Lp/L)/2 gained in effective area by coupling to the SQUID via an input
coil, whose inductance is matched to that of the pickup loop, over direct coupling.

To maximize A.¢r in Equation 5.1, we must maximize the ratio Ap/L, and use
the largest SQUID inductance L permitted by other constraints. For a square pickup loop
. of outer width D, and inner width d,, A,/L, approaches a maximum of D,/1.25u¢ in
the limit! d, < Dy [14]. If one increases L, one must take account of the corresponding
decrease in the SQUID transfer function Vs and therefore the increase in the flux noise power
Se(f) = Sy(f)/VZ. Thus to estimate the magnetic field noise S}B/ 2( fl= S’é/ 2( )/ Aess we
take Sy (f) =~ 16kgT R and use Equation 1.10 for V3 at 77 K

4IR { L

where 8 = 2LIy/®g. Figure 5.2 shows the calculated values of 8}3/ 2(whvlte) versus the

SQUID inductance L where we assumed Iy = 50uA and R = 2. There is a shallow

In this limit the pickup loop resembles a square washer; therefore as shown by Ketchen and Jaycox [14]
Lp & 1.25p0d;, and Ap = dpDs.




55

(b)

10 um

me

i

-crystal line

SQUID

o,
S
2

o
2

8,

i

Figure 5.1: (a) Configuration of directly coupled magnetometer. (b) SEM image showing
detail of coupling to the bicrystal SQUID. Dashed line indicates grain boundary.




56

35 -1 v I T ‘T T T

1000 ¢r T T T — T - —
°
z

P

o 30 r z -

= g B

o T 1o f

= E b

S N" -

a L & i

S~ 3

=

'~ 25 [y e

I 1] 50 100 150 200 250 300

[ | L (pH)

ql-:_ ]

= |

N

-

o 20 I

o)

15 4LJ J;lgl l '3 l 2 J ' L ' 1

10 20 30 40 50 60 70 80 90 100
L (pH)

Figure 5.2: Calculated magnetic field noise, 8113/ 2 in the thermal noise limit, vs inductance
L for a directly coupled magnetometer with Iy = 50 zA and R=2.002.
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b, R L Ve A SY%(white)  SY2(white)
Device(#) (uA) () (pH) (uV/®) (mm?) (u@oHzY/?) (fTHz /2
1(833) 45 21 145 7.1 0.29 40 290
2(981) 70 3.2 40 93 013 6 105
3(984) 70 23 40 73 0.14 14 210
4(1019) 45 34 2 220 0.086 3.9 93

Table 5.1: Parameters for 4 directly coupled magnetometers. Critical current Ip and resis-
tance R are given per junction.

minimum in the field noise between 20 pH and 90 pH with an absolute minimum near 50
pH.

5.2 Early Directly Coupled Magnetometers

We now turn to the measured performance of various directly coupled magnetome-
ters made by our group. Andy Miklich and Dieter Koelle were primarily responsible for the
pioneering work (1992-1993) described in this section [17]. We fabricated a total of four
devices whose geometry is shown in Figure 5.1 and their various parameters are listed in
Table 5.1. Each magnetometer was patterned in a 200 nm-thick YBCO film, deposited on
a 10x10 mm? STO bicrystal, and etched in an 0.05% aqueous solution of HNOj3 (devices
1-3) or by ion milling (device 4). As shown in Figure 5.1, one set of bias leads was placed
inside the pickup loop. All leads were subsequently covered with 50 nm of Ag through a
shadow mask and repatterned by ion milling.

Each magnetometer was characterized in liquid nitrogen in a dewar surrounded
by three mu—metal shields; a cold Conetic shield surrounded the SQUID mount. For noise
measurements, the SQUID was operated in a 100 kHz—modulated flux-locked loop with
a static bias and with bias reversal. Figure 5.3 shows the rms magnetic field resolution,
8113/ 2 (f), and the equivalent flux noise power, Sg(f), for device 4 measured using both biasing
techniques. With static bias the flux noise power scales approximately as 1/f for frequen-
cies below 1 kHz. As was the case with our bare SQUIDs, the ﬁse of bias reversal here
reduces the 1/f noise dramatically, by more than two orders of magnitude in power at 1
Hz. This indicates that the primary source of 1/f noise were critical current fluctuations in

the junctions. Operated with bias reversal, the noise spectrum is white down to a few Hz.
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Figure 5.3: rms magnetic field noise, Slla/ 2(f ), and flux noise power, Sg(f), vs frequency for
directly coupled magnetometer 4 measured with static current bias and bias reversal.
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Figure 5.4: (a) Sg(f), vs frequency for three directly coupled magnetometers measured with
bias reversal. Numbers refer to Table 5.1. (b) rms magnetic field noise, 8113/ 2 (f) vs frequency
for the same devices.
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We now compare the designs and relative performances of the directly coupled
magnetometers listed in Table 5.1. Figure 5.4(a) compares the flux noise power for devices
1, 2, and 4 (device 3 was nominally identical to device 2), all measured with bias reversal.
Figure 5.4(b) compares the measured magnetic field resolution for those devices. Devices
1-3 had pickup loops of outer dimensions 8 x 9 mm? and a linewidth of 1 mm. Of those,
device 1 had a SQUID with an inductance of 145 pH which resulted in a rather small
transfer function Vg of 7.3 uV/® at 77 K, limiting the flux noise S<11>/ ? to 40 pdoHz~V/?
in the white noise region. Reducing the SQUID inductance to 40 pH in devices 2 and 3
increased the transfer function to 93 and 73 uV/®y, respectively, decreasing the flux noise.
Device 4 used a pickup loop with a linewidth of 2 mm and a SQUID with an inductance of
20 pH. The lower inductance helped raise Vg to 220 uV/®¢ thereby reducing the flux noise
to 3.9 u®o Hz~Y/2, while the larger linewidth increased Ap/Lyp, thus raising the effective
area. In general, lowering the SQUID inductance, in all cases, also reduced the effective
area, however, the greater relative reduction in flux noise increased the net magnetic field
resolution [albeit by progressively smaller factors as seen in Figure 5.4(b)].

The best directly coupled magnétometer (device 4) had a magnetic field resolution
of 93 fT Hz~1/2 at frequencies down to below 1 Hz. This resolution appeared adequate for
a number of applications, some of which will be outlined in Part III. By contrast, at that
time our best magnetometer based on a SQUID and a multilayer flux transformer had a
white noise level of 40 fT Hz=Y/2, but the 1 /f noise due to vortex motion in the multilayers
limited the field resolution at 1 Hz to about 340 fT Hz~1/2. The higher sensitivity at low
frequencies and the relative ease of fabrication, requiring only one deposition and patterning
step, made the directly coupled magnetometers somewhat more attractive and precipitated

further work on single layer devices.

5.3 Directly Coupled Magnetometers with Single Layer YBCO

Flux Transformers

To increase further the effective area of a directly coupled SQUID magnetometer
we coupled it to a single-layer flux transformer patterned in a YBCO film on a 50 mm
wafer [50]. The films were fabricated by Ward Ruby and Kookrin Char at Conductus by
laser—depositing 200 nm of YBCO on 50 nm—diameter YSZ substrates buffered with 20 nm
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Figure 5.5: The magnetic field noise Sg % vs frequency for a directly coupled magnetometer
with (lower trace) and without (upper trace) a single-layer flux transformer shown inset.
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of CeOs. I made two of these flux transformers, patterning each using the Kasper Contact
Aligner followed by etching in a 0.05% aqueous solution of HNO3. The transformer (inset
Figure 5.5) consists of a pickup loop of area A, and inductance L, and an input loop of -
area A; and inductance L; which is inductively coupled to the pickup loop of the directly
coupled magnetometer hereafter refered to as the “coupling loop” (area A, inductance L.).
‘We can estimate the effective area of the coupled device by calculating the net flux in the
SQUID per unit of the applied magnetic field to obtain

aglL omvLcLi (Ap F A;)
L. At Lp+L;

where o, is the coupling coefficient between the input loop and the coupling loop. The first

Aeff = (5.3)

term corresponds to the effective area of the directly coupled magnetometer alone and the
second term describes the contribution from the flux tranéformer. The plus/minus refers to
placing the input coil inside/outside the pickup loop. For our dimensions it is easy to show
that placing the input loop inside, as shown in the inset of Figure 5.5, gives the greater
effective area.

Table 5.2 summarizes the parameters of the two magnetometers that were made
using directly coupled magnetometer devices 2 and 4 from Section 5.2. The input loop of
each of the two flux transformers was made to resemble the coupling loop of the correspond-
ing directly coupled magnetometer. Dieter Koelle aligned each pair of devices face—to—face
in a flip chip arrangement. Due to the presence of the wire bonds the separation was at
least 100 pum; nonetheless the estimated coupling coefficients oy, were as high as 0.9, indi-
cating the efficient coupling attained between two planar loops whose vertical separation
is much smaller than their width. We measured the effective area A.g of each combined
magnetometer using a pair of external Helmholtz coils or a calibrated field coil on our noise
probe. The measured effective areas were 0.46 and 0.29 mm? for magnetometers 1 and 2,
respectively, corresponding to a gain of 3.5 and 3.4 over the effective area of the directly
coupled magnetometer alone. From Equation 5.3 we estimate Aeg to be 0.46 and 0.26 mm?2,
in rather good but, given the uncertainties in our estimated parameters, perhaps fortuitous
agreement. The lower trace in Figure 5.5 is the measured magnetic field resolution for the
best device (device 2). The upper trace is the field resolution without the flux transformer.
Both were measured with bias reversal. For the combined magnetometer, the field noise is
31 fTHz"Y/2 down to 5 Hz increasing to 39 fTHz~'/2 at 1 Hz. The less sensitive device
(device 1) had a field noise of 44 and 49 fTHz~'/2 in the white noise limit and at 1 Hz,
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T L. A L L, A, A

Device (pH) ag¢ @H) (mm?) @H an @H (10°m?) (mm?)
1 40 0.9 14 52 13 0.7 85 1.33 0.46
2 20 0.8 11 47 10 0.9 85 1.33 0.29

Table 5.2: Parameters for the two magnetometers made from a directly coupled magne-
tometer coupled to a large area flux transformer.

respectively.

In both devices the flux transformer did not add significantly to the 1/f noise of
the bare directly coupled magnetometer. We can estimate the contribution of the 1/f noise
in the film of the transformer to the noise in the SQUID following the model of Ferrari et
al. [51]. Vortices that move under thermal activation in a direction radial to the YBCO
pickup loop, induce a superconducting screening current in the transformer that couples
a noise flux into the coupling loop of the directly coupled magnetometer resulting in flux
noise in the SQUID. As a vortex moves a distance r, it changes the flux in the transformer
by approximately §r®q/w, where w is the linewidth of the transformer loop, resulting in a
screening current that couples a flux

505 ( e ) ( v ) (w ) br (5.4)

into the SQUID. Given N vortices per unit area in the film, each with a spectral density
for radial motion S.(f), the corresponding flux noise in the SQUID is

Se(f) = NSr(f)/A (855)2 dA (5.5)

where the integral is taken over area A of the YBCO in the pickup loop. Thus the total con-

tribution to the SQUID flux noise by vortex motion in the pickup loop of the magnetometer

N 2 o2L? af%LiLc F4
selr) w028 () 72055 (5) 56)

where £ is the perimeter of the flux transformer loop. If we take L; = L., we can see

is

immediately that the presence of the term L?/(L, + L;)?> makes this noise contribution
rather small. In ref. [51] it is shown that NS, (f)®2 < SY(f), where SY(f) is the spectral
density of the flux noise produced by the unpatterned film of the transformer as measured by
a SQUID placed directly over it. Thus, for device 2 we obtain Ss(f) < 1073SY(f), where

we take £ ~ 132 mm, w=2mm, and the parameters in Table 5.2. Evidently, these large flux
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transformers themselves can have rather high levels of flux noise without degrading the low
frequency performance of the magnetometer. This result will be especially significant when

we consider cooling these devices in ambient magnetic fields (Chapter 11).

5.4 Recent Directly Coupled Magnetometers

Recently, I have made a number of modifications and improvements to our orig-
inal directly coupled magnetometer shown in Figure 5.1. Most of the improvements were
motivated by the optimization discussion in Section 5.1. The latest design is illustrated
in Figure 5.6. First, I increased the linewidth of the pickup loop in order to maximize
Ap/Lp to Dp/1.25u0. The pickup loop now resembles a square washer with inner dimension
dp = 2mm and outer dimension Dy = 9.5to 10mm. Second, I set the SQUID inductance
L to 50 pH which, based on Figure 5.2, is optimal for low magnetic field noise. Third, I
changed the structure of the current bias and voltage leads as shown in Figure 5.6(b). Now
all the leads are outside the pickup loop and wire bonds are not in the way of flip—chip cou- ‘
pled devices like the magnetometer in the previous section and the gradiometer described
in Chapter 13. Having the pads close to the edge of the device also reduces parasitic in-
ductance between the wire bonds and the magnetometer which would otherwise limit our
ability to use bias reversal. Since I now only have access to the side of the SQUID below the
grain boundary, I cannot run a current symmetrically through the SQUID. Therefore I used
three current leads in order to bias the junctions symmetrically as shown in Figure 5.6(b).
Fourth, I made the SQUID linewidth 4 ym to eliminate the excess 1/f noise generated in
the SQUID when it is cooled in an ambient static magnetic field (see Chapters 11 and 12.)
Furthermore, in order to reduce-the noise coupling between the vortices in the pickup loop
and the SQUID, I separated the SQUID on three sides by 120 ym from the nearest YBCO
material.

In the present design the SQUID consists of two parallel 4 ym-wide strips sepa-
rated by a slit 4 ym wide and 45 pm long and the bicrystal junctions are 1 um wide and
4 pm long, giving L = 50 pH (which includes a small contribution from the kinetic induc-
tance). I estimate the inductance of the pickup loop using Ly &~ 1.25udp + Ly where Ly is
the inductance of the 10 ym-wide slit, giving L, ~ 3.2nH+ 1nH =~ 4.2nH. Using Equation
5.1, we obtain A.g ~ 0.28mm? where I took ag = 0.9. To date, I have made three di-

rectly coupled magnetometers with this configuration. The measured effective areas varied
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b

Figure 5.6: (a) Configuration of a recent directly coupled magnetometer (not drawn to
scale). (b) Photograph showing detail of coupling to the bicrystal SQUID. Dashed line
indicates grain boundary.
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between 0.28 and 0.29 mm?, in excellent agreement with the calculation and comparable
to device 1 in Section 5.2 which used a SQUID with an inductance 3 times greater. The
flux noise S}I,/ 2(le) of one device was 14.8 u®o Hz=1/2 corresponding to a field noise of 110
fTHz~1/2. The somewhat high flux noise was due to unusually high critical currents in the
junctions resulting in 8 ~ 5. A factor of 3 reduction in the field noise should be possible
for a SQUID with more typical junction parameters.

Over the past 5 years, several other groups reported SQUID magnetometers, based
on a single layer of YBCO, with impressive performance. Zhang et al. [47] based their
device on a rf SQUID with a 10 x 10 mm? flux-focusing washer and achieved a field noise
at frequencies down to below 1 Hz of 170 fT Hz~1/2. The noise was further reduced to 24
fT Hz~1/2 with the addition of a single layer YBCO flux transformer on a 50 mm wafer [37].
The group at Conductus developed directly coupled magnetometers based on a dec SQUID
with bicrystal junctions, and through improvements in design and junction quality achieved
field noise levels at 1 Hz of 65 fT Hz~/2 for a device on a 10 x 10 mm? bicrystal [52] and 26
fT Hz~/? for one on a 20 x 20 mm? bicrystal [53, 54]. It is interesting to note that since the
first reports on high-T, single layer SQUID magnetometers, the majority of workers have
focused on these devices in lieu of multilayer magnetometers. The attraction lies mainly
in less rigid fabrication requirements, since attaining high—quality low-noise single films
of YBCO appeé,rs to be straightforward whereas the transport and noise properties of a
comparable multilayer device technology are rather more difficult to control. I emphasize
that for a given physical size, a magnetometer based on a SQUID coupled to a multilayer
flux transformer offers a key advantage, in terms of greater effective area, over a directly
coupled magnetometer. The best single layer magnetometers described here, are all about
50 mm across and for applications where few sensor channels are used and sensor size is not
important, they are perfectly adequate. An example of such an application is a three-axis
SQUID magnetometer for geophysical surveying described in Chapter 9. On the other hand,
for an array of a large number of closely-spaced sensors used, for example, in biomedical
applications, a smaller, equally sensitive magnetometer, based on a multilayer technology,

1s essential.
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Chapter 6

Flip—Chip Multiturn

Magnetometers

The larger single layer magnetometers discussed in the last chapter are, in princi-
ple, sensitive enough to be useful, for example, to detect a magnetocardiogram. However,
the large size prevents one from achieving a reasonably dense array of sensors and confines
one to systems with just a few channels. To achieve comparable or better performance
in areas of say 10 x 10mm?, one must couple the SQUID to a flux transformer with a
multiturn, multilayer input coil. Multilayer devices require considerably tighter control of
fabrication parameters and, until recently, their excessive 1/f noise rendered them inferior
to single layer devices at low frequencies. Over the last few years, however, improvements
in processing of YBCO-STO-YBCO multilayers systematically brought down that noise
[27, 45, 55].

The SQUID magnetometers described in this chapter are based on a bicrystal
SQUID coupled to a flux transformer on a separate substrate, in a flip—chip arrangement.
The flux transformers were fabricated using the multilayer process that involved in situ
capping of the lower YBCO film with a thin layer of STO [45] as described in Chapter 4.
This was the process that ultimately’ yielded flux transformers with the lowest 1/f noise. All
measurements described here were performed in liquid nitrogen using the noise probe with
the horizontal attachment. Shielding was provided by three mu-metal shields surrounding
the dewar and either a cold 7-layer shield of Conetic foil or a YBCO shield surrounding the

SQUID mount. To form a magnetometer, a transformer was placed over the SQUID with a
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3 pm mylar foil separating them. The input coil was aligned over the SQUID washer with

a lateral precision of 4-5 pm.

6.1 Design Considerations

To obtain low magnetic field noise 5119/ 2( fl= Sé/ 2 /Aess, one must not only reduce
the flux noise in the films but also maximize the effective area A.g of the magnetometer
through a suitable design of both the flux transformer and the SQUID. Figure 6.1 shows
the configuration of our flux transformer. As shown in Section 1.4, A.g is a maximum for

L; = Ly and is given by Equation 1.5.

1 | L
Aeff = -é-aAp -L—p (61)

where, again, L is the SQUID inductance and « is the coupling coefficient between the
SQUID and the input coil. Assuming that L is an independent parameter, we must maximize
both a and the ratio Ap/ \/f/;. For a pickup loop with outer dimension D, and inner
dimension d,, the area A, is between D,d, and ((Dp + dp)/2)? [48] and the inductance is

186 Dy +dp Dy +dp
L,~ - IJO( 5 ) {lnDp =4, +0.42 (6.2)

In our samples the outer dimension D, is limited by the substrate size to 10 mm. Thus, for

given by [56]

a maximum value of A,/+/L, we obtain the optimum d, between 7 and 8 mm. Therefore
the optimal linewidth of the pickup loop is about 1 mm yielding L, ~ 20nH. This is in
contrast to the directly coupled magnetometer for which the optimal pickup loop resembles
a washer. '

To maximize the coupling coefficient o, we should consider the exact geometry of
the SQUID. Figure 6.2 shows four configurations of SQUIDs that were tested in the course
of these experiments. For most of the SQUIDs we chose L = 40 pH to maintain a sizable
transfer function. In the tight coupling limit, A.fs is maximum for n = \/ZP/_L, where
n is the number of turns in the input coil; therefore we chose n = 16. This exhausts the
predictions we can easily make a priori. To gain further insight into the nature of coupling

between a given SQUID and the input coil of a flux transformer we must turn to experiment.

6.2 Coupling Issues
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16-turn input coil

(L)
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Lp =20 nH
Ap = 81 mm2
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Figure 6.1: A flux transformer. The linewidth of the pickup loop is 1 mm. The input coil
(not drawn to scale) is 16 turns with a linewidth of 7 um spaced 8 pm apart. The overall
size of the input coil is about 500 x 500 pm?.
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SQUID type B C " A/C AJA

L (pH) 40 40 40 80
Ag(mm?) 0.0077 0.0087 0.015 0.024
Aefr(mm?) 0.44 0.54 0.96 -

g 57 62 63 -~
M;(pH) 310 340 550 -
Li(nH) 39 32 28 -

a 0.25 0.30 0.52 -

Table 6.1: Parameters for different flip—chip magnetometers using the same 16—turn flux
transformer.

Table 6.1 summarizes a series of measurements in which we coupled a flux trans-
former with a 16—turn input coil to each of three SQUIDs whose geometries are shown in
Figure 6.2. In all SQUIDs the outer dimension is 500 ym. Type B SQUID was our earliest
configuration in which the junctions are placed inside the washer thereby allowing one to
easily calculate the inductance using L = 1.25u0d [13]. Its effective area Ag, however, is
smaller than that of the other devices because part of the applied flux leaks out through
the two slits. In the type C SQUID, the slits are rotated toward each other by 90° and
the washer must contain a small slit in addition to the square hole in order to define the
junctions. In the type A/C SQUID the hole is replaced by a slit 100 ym lohg and 4 ym wide
still giving L=40 pH; now, however, the junctions are closer to the edge thereby shortening
the two outer slits with the resulting increase in the effective SQUID area. Finally, in the
type A/A SQUID the junctions are placed entirely outside the SQUID which results in the
largest effective SQUID area, but we can no longer maintain an inductance of 40 pH for a
500 pm washer. The estimated inductance for this device is 80 pH.

We measured Ag and A (the effective area of the bare SQUID and the magne-
tometer) using a calibrated field coil. After these measurements, we cut the pickup loop of
the flux transformer and injeéted a current through it to directly measure M;. We calcu-
lated L; from Equation 1.4 using the estimated values L, = 20nH and A, = 81 mm?, and
o using M; = av/L;L. We see that the coupling for the type A/C-SQUID is considerably

more efficient than for the other two devices and the effective area of the magnetometer

Acrs scales with o, as expected from Equation 1.5. Also the coupling efficiency appears
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d A Sy*(1Hz) SY*(1kHz) SY°(1Hz) SY*(1kHz)
# (nm) (mm?) Gain (u®oHz Y?) (u®oHz 1/2) (fT Hz~Y/2) (fT Hz 1/72)
1 100(L) 0.42 29 22 7 108 36
2 100(L) 0.34 24 17 9 105 53
3 120(L) 080 55 28 12 74 31
4 250(U) 053 36 50 8 196 31
5 250(U) 102 70

Table 6.2: Coupling and noise data for five flip—chip magnetometers all made with the same
type A/C SQUID. d is the input coil thickness. (U)/(L) refer to placement of input coil in
upper/lower YBCO film.

to scale with the effective area of the bare SQUID. Although we did not independently
measure « for the type A/A SQUID, one can draw from the data that its large effective
area should contribute to even more efficient coupling than the A/C SQUID resulting in

greater A.ff, although its larger inductance would also increase the flux noise.

6.3 Noise Measurements

Using the multilayer process described Section 4.4, Frank Ludwig fabricated a se-
ries of flux transformers, all with 16—turn input coils, and pickup loops with outer dimension
of 10 mm and a linewidth of 1 mm, as specified in the discussion of Section 6.1. We then
coupled each flux transformer to the same type A/C SQUID with an inductance of 40 pH
and an effective area of 0.014 mm?2. In these measurements we used a cold shield of 7 turns
of Conetic foil. All measurements were made using bias reversal.

Table 6.2 summarizes the effective areas and magnetic flux and field noise levels at
1 Hz and 1 kHz for five different magnetometers. In the first three devices the input coil was
patterned in the lower YBCO layer. In the next two, we reversed the order, patterning the
input coil in the upper YBCO film; the lower film was patterned into a crossunder. Figure
6.3 shows the magnetic field noise Sllg/ 2( f) and flux noise power Sz(f) for magnetometer
3. At 1 Hz, the rms field noise was 74 fT Hz1/2, at the time the lowest value achieved in
a multilayer device. The dashed line represents the flux noise of the bare SQUID. At low
frequencies the increase in the flux noise of the magnetometer over that of the SQUID is

likely due to 1/f noise generated in the transformer. The increase at 1 kHz, at the time, was
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Figure 6.3: Magnetic field noise 5113/ 2( f) and flux noise power Sg(f) of flux transformer 3
coupled to type A/C SQUID shown inset. Dotted curve indicates Sg(f) of bare SQUID.
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unclear, although later we realized that the magnetometer was picking up Nyquist noise
from the Conetic shield (see Chapter 8).

With regard to 1/f flux noise, there are two coupling mechanisms, as identified
by Ferrari et al. [51]. ‘First, direct noise is produced by the motion of vortices in close
proximity to the SQUID, i. e. the input coil and the crossover or crossunder. The SQUID
directly senses changes in flux as the vortices move. The second mechanism, called indirect
noise, arises from the motion of vortices perpendicularly across the linewidth of the flux
transformer. This motion generates a screening current in the closed loop of the transformer
which couples a noise flux into the SQUID via the input coil. Vortices anywhere in the flux
transformer, including the pickup loop, can thus produce indirect noise. On occasion we
tried to identify the main contribution to the 1/f noise by cutting the pickup loop, which
should remove the indirect noise. In some cases the 1/f noise decreased suggesting that the
main contribution to the noise was indirect. At other times the 1/f noise was unchanged,
pointing to direct noise. In the course of three years of measurements, neither one coupling
mechanism can be said to have dominated the 1/f noise in our flip—chip magnetometers.

We can draw two general conclusions from the data in Table 6.2. First, the 1/f
noise seems to be higher when the input coil is patterned in the upper YBCO film. One
simple reason is that upper YBCO must grow on surfaces that underwent photolithographic
processing, as described in Chapter 4, therefore its quality may be less than that of the lower
YBCO. Since the input coil contains considerably more material than the crossover, one
can speculate that this would result in higher direct noise. The fact that the input coil
lines are more narrow than the crossover would also result in an increase in indirect noise.
Second, there is a tendency for the gain to decrease with decreasing film thickness, probably
because of an increase of the self-inductance of the input coil which would lead to greater
mismatch to the inductance of the pickup loop. Thus, modest improvement in performance
might be achieved by patterning the input coil in a film with a thickness of 150-200 nm,
provided that the thicker lower film does not adversely affect the growth of the upper film.

6.4 The Best Magnetometers

To achieve even higher magnetic field resolution, I coupled the flux transformer
3 (Table 6.2) to several new SQUIDs. Twelve SQUIDs, six type A/C and six type A/A,
were patterned in a 250 nm~thick YBCO film deposited at Conductus on a STO bicrystal.
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Figure 6.4: Magnetic field noise Sllg/ 2 (f) of magnetometer with type A/C and A/A SQUIDs.
Dashed line indicates 1/f1/2,
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R L Voo A, Le Ve, Acs
SQUD (@) () V) (@m?) pH) @) (mmd)
A/C 5.8 40 66 0.011 30 90 0.68
A/A 8.6 75 55 0.024 30 108 1.2

Table 6.3: Parameters for two flip—chip magnetometers made with the same 16—turn flux
transformer coupled to a type A/C and a type A/A SQUID.

Each SQUID had an outer dimension of 500 um, a slit width of 4 ym, and junction width
between 1 and 3 pm. The resistance per junction R in these SQUIDs, ranging from 2.4
to 8.6 2, was higher than for the SQUID in the previous section resulting in higher values
of the peak—to—peak voltage modulation Vpp, and hence lower flux noise. I selected the
SQUID of each type that produced the highest value of Vp, listed in Table 6.3 [57, 55].

The magnetic field noise achieved with the transformer coupled to each SQUID
is shown in Figure 6.4, both cases measured inside the YBCO shield. The field noise at
lowest frequencies scales as 1/f1/2 for both magnetometers and at 1 Hz is 27 fT Hz~/2. As
the frequency is increased, the noise spectrum appears Lorenzian suggestive of a random
telegraph signal (RTS) produced by a single vortex hopping between two sites. Above 100
Hz, the noise becomes white with values of 9.5 and 8.5 fTHz~'/2 for the A/C and A/A
devices, respectively. To date, this is the lowest magnetic field noise achieved with a high-T.
SQUID magnetometer of this size.

The fact that the field noise at low frequencies is identical for both magnetometers
suggests that the dominating noise mechanism is indirect noise. We can derive this result
by considering a vortex displacement 67 across a width w of the transformer loop. Following
the model of Ferrari et al. [51], this generates a flux change 6 = ®¢ér/w and a current
around the transformer which couples a flux 6®; = (M;®¢ér)/w(L; + L,) into the SQUID.
For N vortices, each with a spectral density for radial motion Sy (f), the resulting flux noise
in the SQUID is

_ NS(f) s M7 (e_z_i__@) (6.3)

Sel(f) = (Lp+Li)?2 \w; wp
where w;(wp) and £;(£,) are the linewidth and length of the input (pickup) loop, respectively.
Therefore the field noise Sg(f) = S (f) /Agf ¢ is independent of M;.
Figure 6.5(a) shows the magnetic fluz noise power of the type A/A SQUID with

and without the flux transformer. Below about 11 Hz, the flux noise is clearly still dominated
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Figure 6.5: (a)Magnetic field noise Sé/ 2(f) of magnetometer with type A/C and A/A
SQUIDs (shown inset: dotted line indicates grain boundary.) Dashed line indicates 1/f'/2.

(b)Coupling the multiturn input coil to a type A/A SQUID. The crossover, shown in light
shading, covers about 90% of the slit.
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by the transformer, although, compared to our earliest flux transformer (Figure 4.1), the
noise has been reduced by nearly three orders of magnitude in power. At 1 kHz the noise
is reduced from 7.3 u®o Hz"1/2 to 4.9 u®y Hz"1/2 by the addition of the transformer. This
reduction results from an increase in the peak—to-peak modulation voltage (Vg in Table
6.3), which, in turn, arises from the lowering of the SQUID inductance by the screening
effect of the crossover in the flux transformer. For the type A/A SQUID the crossover covers
about 90% of the length of the slit in the SQUID washer as illustrated in Figure 6.5(b).
We estimate that the SQUID inductance is reduced from about 70 to 30 pH. It is quite
remarkable that although the inductance of the SQUID is reduced, the coupling is not. In
the course of these measurements, I moved the crossover slightly away from the SQUID
slit and found that the white noise increased but the gain did not decrease appreciably. It
appears as though the reduced SQUID inductance determines the modulation voltage but

the input coil couples to the original inductance.

6.5 Discussion

The flip—chip magnetometers described in this chapter achieved considerébly lower
magnetic field noise than single layer magnetometers of equal size, as expected. Above about
10 Hz, the noise was limited by the thermal noise of the SQUIDs, which, in turn, is limited
by the resistances R of the junctions. Some work on improving the quality and repro-
ducibility of high-T. junctions is still very much in order. At lower frequencies, the noise
was limited by the flux transformer, although the level of the noise was dramatically reduced
with the improved fabrication process. In spite of that, the field noise is now low enough
for these devices to be useful in magnetocardiography (see Figure 1.1). Measurements of
magnetocardiograms are described in Chapter 10.

Forming a magnetometer with the flip—chip method may seem crude compared to a
monolithic device 58, 41, 59, 60, 46]. The method, however, has two important advantages.
The first is that we can fabricate, say, 12 SQUIDs on one bicrystal, find the one with the
highest modulation voltage, and couple the flux transformer to it, thereby circumventing the
reproducibility issue of bicrystal SQUIDs and junctions. An integrated magnetometer, on
the other hand, can be made with only one SQUID on the bicrystal and, given the present
state of bicrystal junction reproducibility, one may have to fabricate 3 or 4 magnetometers

to obtain one with very low noise. Secondly, the flip chip method allows us to reduce the
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SQUID inductance, while maintaining efficient coupling, by covering part of the SQUID
slit with the crossover. Although this can be done in an integrated magnetometer, it would
require a total of three superconducting layers [41].

On the other hand, the coupling efficiency between the SQUID and the input coil
is expected to be higher in an integrated device since the vertical separation between them

is much smaller and their relative lateral positioning can be controlled more precisely. We

address this issue in the following chapter.




Chapter 7

Integrated Multiturn

Magnetometers

A device in which both the SQUID and the flux transformer are fabricated on the
same chip has been the mainstay of low-T. SQUID magnetometers [61]. Integrated high-
T. magnetometers have also been made for some time [58, 41, 59, 60, 46]. Until recently,
however, the excessive 1/f noise in these devices rendered them impractical for sensitive
field measurements. In the course of the development of our low—noise multilayer process,
we focused on flip—chip magnetometers. Once the process was established, we investigated

integrated devices as well.

7.1 Devices

Our integrated magnetometers were fabricated on STO bicrystals using the process
described in Chapter 4. Our intent was to investigate the reproducibility of the fabrication
technique and the coupling efficiency to SQUIDs with different geometries. Therefore our
samples contained 10 magnetometers on a single 10 x 10 mm? STO bicrystal. In each
magnetometer the SQUID was either in the upper or the lower YBCO layer; the SQUID
body served as the crossover or crossunder, so that we required only two superconducting
layers [41]. On each chip we had two SQUIDs of washer types B, C, and A/C, each with an
outer size D of 500 pym and and estimated inductance L of 40 pH coupled to a 16—turn input
coil. We also had two type A/A SQUIDs with D=400 pum and L=80 pH (A/A~80), coupled
to a 12-turn input coil, and two smaller type A/A SQUIDs with D=200 yum and L=40 pH




Figure 7.1: Integrated magnetometers consisting of a flux transformer coupled to a (a) type
B SQUID and (b) type C SQUID. The 16-turn input coils are in the upper YBCO films.
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(A/A-40), coupled to an 8-turn coil. To accommodate 10 magnetometers on a chip, the
pickup loop areas were correspondingly smaller than the usual 10 x 10 mm?2. The pickup
loop inductance and area were estimated to be L,=5 nH and 3.2 mm?, respectively, for the
type B, C, A/C, and A/A-80 SQUIDs, and 2 nH and 1.8 mm? for the A/A-40 device.

Figure 7.1 shows two of the integrated magnetometers with a type B and a type
C SQUID. In both cases the input coil is in the upper YBCO film.

7.2 Results

Out of six integrated magnetometers with the SQUID patterned in the upper
YBCO film, only one exhibited flux modulation at 77 K. Evidently the grain boundary did
not transfer well through the underlying layers. On the other hand, 11 out of 15 devices
with the input coil in the lower YBCO layer functioned at 77 K. Furthermore, the I-V and

the V-® characteristics for most of the integrated devices exhibited pronounced resonances

due to the large dielectric constant of the STO separating the SQUID from the input coil.

The resonances, caused by the stray capacitance between the SQUID and the input coil,
combined with the input coil inductance, have also been observed by other groups [59, 46].
They are often seen in low-T. SQUIDs with integrated input coils.

We measured the flux noise of the two best integrated magnetometers, one with
a type A/A-40 SQUID and one with a type A/A-80 SQUID. Figure 7.2 shows the flux
noise power Sg(f) vs. frequency for the latter device. The flux noise is 19 u®o H 2712
at 1 kHz and 24 u®y Hz"Y2 at 1 Hz, corresponding to a field noise of 250 fT Hz~Y/2 and
320 fT Hz~1/2, respectively. The high field noise was due to the small effective area, 0.15
mm?, about a factor of 10 less than what one might achieve with a 10 x 10 mm? pickup
loop. For the type A/A-40 device, the rms flux noise was 15 u®o H 27%/2 at 1 kHz and 20
u®o Hz~1/2 at 1 Hz, respectively. The rms flux white flux noise of this device was about a
factor of two higher than the value we usually obtained for single layer SQUIDs with the
same inductance. The higher noise was caused by the low values of IgR, about 50 uV, a
factor of about three less than the values typically obtained for bicrystal junctions.

To investigate the coupling between the input coil and the SQUID, we cut open
the pickup loops to inject a current into the input coil and thereby measure the mutual
inductance M; as we did with the flip—chip magnetometers in Section 6.2. The corresponding

results are shown in Table 7.1 for all five SQUID configurations. As with the flip—chip
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Figure 7.2: Flux noise power Sg(f) of small integrated magnetometer with a type A/A-80
SQUID.




SQUID type B C A/C A/A-40 A/A-80
Ag(mm?) 0.0069 0.0065 0.012 0.021 0.0061
Ag(mm?) 0.033 0.037 0.077 0.12 0.06

n | 16 16 16 12 8
M;(pH) 450 375 650 960 310
Li(nH) 50 34 27 25 9

a 0.32 0.32 0.62 0.67 0.52

Table 7.1: Parameters for different integrated magnetometers with multiturn fux
transformers.

magnetometers, the coupling efficiency for the A/C SQUID is clearly higher than for the
type B and C SQUIDs. The inferred values for o for all integrated devices appear to
be slightly higher than for the corresponding flip—chip devices (Table 6.2), but, given the
uncertainties, the improvements may be only marginal. The coupling efficiencies for both
type A/A devices were also clearly higher than for the type B and C SQUIDs. The highest
coupling coefficient obtained was a:=0.67 for the A/A-80 device.

7.3 Discussion

From these resulfcs, it is clear that we gained only a marginal improvement in
coupling efficiency by integrating the input coil with the SQUID as compared to a flip—chip
device. On the other hand, because the IpR product of these junctions is lower than in single
layer bicrystal SQUIDs, the flux noise has increased. The reduction in the IgR product
is likely due to poor oxygen diffusion into the junctions through the upper YBCO and
STO films. In the next chapter I will describe an integrated magnetometer with bicrystal
junctions, made in the lower YBCO film, having much higher IR products. This, however,
only points to a certain lack of control of oxygen in multilayer structures, and in particular
in junctions, through a suitable annealing method.

The presence of resonances in the V-® characteristic can be reduced by using an
insulating layer with a lower dielectric constant, such as CeO2 or NdGaOgs. The resonances

could also be damped with a resistor shunting the two junctions [62], although the noise

may also increase. Alternatively, one could replace the solid washer SQUID with a SQUID




Figure 7.3: A proposed approach for reducing the parasitic capacitance between the SQUID
and the input coil. (a) Using a traditional washer SQUID, the overlap area between the
input coil and SQUID is large leading to a high capacitance. (b) Placing the turns of the
input coil into empty slots that interpenetrate the SQUID washer, to reduce the overlap
area and the parasitic capacitance. Junctions are indicated by crosses.
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interpenetrated by slots [63]. Then the turns of the input coil can be placed inside the slots,
thereby significantly reducing the parasitic capacitance between the SQUID and the input
coil while retaining efficient coupling [63]. This approach, shown in Figure 7.3 may be very
beneficial for low-T. SQUIDs as well.

To date the most sensitive monolithic mégnetometer involving a high-T. SQUID
and a multiturn flux transformer was fabricated on a 10 x 10 mm? bicrystal by Shen et al.
[46]. The device had a magnetic field noise of 9.7 fT Hz~1/2 at 1 kHz and 53 fTHz"1/2 at 1
Hz [64]. The low white noise was due to the high resistances of the bicrystal junctions, about
9 Q. Multilayer magnetometers thus have achieved very low field noise levels, largely due
to a systematic reduction of the 1/f noise in the multilayers. The magnetic field sensitivity
is now largely limited by the thermal noise of the SQUID, which depends significantly on
junction parameters. There is a need to improve the reproducibility and yield of high-T.
junctions before one can attain a high yield of integrated magnetometers with very low field
noise. Until then, the flip—chip approach is probably a more efficient method since the yield
of SQUIDs can be increased by fabricating a large number in one run on a single substrate

and selecting the SQUIDs with optimal parameters.




Chapter 8

Integrated Multiloop

Magnetometers

8.1 Design and Fabrication

The purpose of coupling a flux transformer to a SQUID was to increase the effective

sensing area while keeping the SQUID inductance low. An alternative approach is the
- multiloop magnetometer, or fractional turn SQUID, originally proposed aﬁd demonstrated
by Zimmerman [65] in an rf SQUID machined from bulk niobium. Subsequently, Drung

et al. [66] developed multiloop dc SQUIDs based on niobium thin films and used them in

“multichannel biomagnetic sensors [67]. A simplified layout of the magnetometer is shown
in Figure 8.1. The essential idea is to connect N superconducting loops in parallel to a

pair of junctions thereby reducing the overall SQUID inductance while keeping the effective

area constant. The parallel connection is done at the central hub of this “cartwheel” via

coplanar lines or “spokes”. The effective inductance is given by

L L
and the effective area by
A .
Aeff == Wp - As. (8.2)

Here L, and A, are the inductance and area of the large outer loop, Ls and A, are the

average inductance and area of one spoke, L; is the inductance of the connections from the

pickup loops to the junctions, and N is the number of loops.







89

Static bias Bias reversal

A To R Vyp SY:aHz) SY?(1kHz) SY2(1Hz) SY%(1kHz)
(mm?) (gA) (Q) (uV) (THzY2) (fTHz /%) (fTHzY/2) (fTHz™Y?)

1 1.84 200 0.78 25 610 &0 305 140
2a  1.89 13 10 20 130 23 53 25
2b  1.89 13 10 20 104 17 37 18

‘Table 8.1: Parameters for multiloop magnetometers 1 and 2 at 77 K. For magnetometer 2,
2a refers to the Conetic shield, 2b to the YBCO shield.

A complete design theory for multiloop SQUID magnetometers including some
insight into high-T, implementation was recently outlined by Drung et al. [67]. Constricted
to a physical size of 10 x 10 mm?, niobium multiloop magnetometers typically have 8
parallel pickup loops with a total inductance L.s; of 400-500 pH. Because we need to
achieve a lower inductance for the higher temperature operation [18], we chose 16 loops.

It is clear that the multiloop magnetometer is a multilayer device, requiring at
least two superconducting layers separated by an insulating layer. Using masks designed by
Dietmar Drung and Silvia Knappe, Frank Ludwig fabricated two multiloop magnetometers,
each on a 10 x 10 mm? STO bicrystal, utilizing the same multilayer fabrication process
used to make our integrated magnetometers [68]. A photograph of the complete 16-loop
device is shown in Figure 8.2. The outer diameter of the magnetometer is 7 mm. In the
center of the magnetometer is a patterned YBCO-STO-YBCO trilayer. Each pickup loop,
most of which is patterned in the upper YBCO film, makes contact with the lower YBCO
through one of 16 vias in the STO. The two bicrystal junctions had a nominal width of
2.5 um and were patterned in the lower YBCO film. The films were patterned so that no
narrow lines, other than the junctions, cross the grain boundary. For this magnetometer we
estimated, L, = 12.2nH, A, = 34.5mm?, L; = 1.17nH, A; = 0.39mm?, and L; = 24 pH,

yielding an estimated inductance Leys = 145 pH and an effective area A.pr = 1.77 mm?.

8.2 Measurement

I characterized each magnetometer in liquid nitrogen in a dewar surrounded by a

triple mu—metal shield. The parameters are listed in Table 8.1. The two measured effective
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Photograph of multiloop magnetometer with 16 parallel loops on a 10 x 10

Figure 8.2

mm? STO bicrystal.
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areas are comparable and slightly higher than our estimated value. There is a striking
difference between the values of Iy and of the asymptotic resistance R in the two SQUIDs.
For magnetometer 1, Ij is considerably higher than the value we usually obtain for bicrystal
junctions of the same width and film thickness, and the resistance is correspondingly lower;
the IgR product, however, is at the upper end of what we usually expect, over 200 ©V. The
high critical current yielded 8 = 2IgLcss/®o ~40, a value substantially higher than the
optimum value of approximately unity. The low resistance reduced Vpp to 2.5 V. These
substantial differences between the two devices were, in part, a result of our patterning
process. To pattern the lower YBCO film we normally use a resist mask 1.5 um thick.
However, the 45° ion milling angle likely produced junctions substantially wider than the
nominal 2.5 gm. In the second device, we used a thinner resist, 0.8 ym thick, which resulted
in a noise-rounded critical current of 4.3 pA. Numerical simulations [19] indicate that the
noise—free critical current per junction was about 13 pA, corresponding to 5 = 1.8. The
resistance R was 10 € per junction yielding an IgR product of about 130 V. Although
the use of a thinner resist did result in a lower Iy for device 2, the resist thickness cannot
possibly account for for the factor of 20 difference in Io between the two devices. Oxygen
diffusion in and out of the junctions during annealing steps may have played a significant
role. |

To measure the noise, I initially enclosed each magnetometer in a 7-layer Conetic
shield and immersed it in liquid nitrogen. Each device was flux modulated at 100 kHz
and operated in a flux-locked loop. Table 8.1 lists the magnetic field noise, 5119/ 2( f), at
1 Hz and at 1 kHz for both magnetometers operated with a static bias and with bias
reversal. In the case of the static bias current, device 1, which had a low V,,,, exhibited
a substantially higher white noise than device 2. When I used bias reversal, the 1/f noise
of both magnetometers was reduced. The residual value of S’ll;/ 2(LH z) in magnetometer 1,
however, was much higher than in magnetometer 2. With regard to the white noise, the
level increased markedly in magnetometer 1, from 80 to 140 fT'Hzl/2, when I used bias
reversal. The increase was due to a parasitic mutual inductance of 7-8 pH between the bias
current leads and the magnetometer, which caused a flux change of roughly 4®¢ when the
bias current was reversed. Thus, it was difficult to set up the flux bias condition for the
reversal scheme accurately, which resulted in loss of signal, reducing the effective transfer

coefficient and increasing the white noise.

For magnetometer 2, the bias current was about 10 pA so that the flux generated
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Figure 8.3: Magnetic field noise 5119/ 2( f) obtained with bias reversal in a Conetic shield and
in a YBCO tube.
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by the bias reversal was small, less than 0.1®g. To reduce the parasitic inductance further,
the wire bonds were made to intersect the outer loop radially and halfway between adjacent
spokes. With bias reversal, the noise levels at 1 kHz and 1 Hz were 25 and 53 fT Hz~1/2,
respectively. The corresponding spectrum is plotted in the upper trace of Figure 8.3. The
noise at low frequencies increased more rapidly than 1/f/2, due to drifts in the residual
magnetic field not entirely attenuated by the shields. Drifts of several ®g could be observed
over a period of a few minutes or much more rapidly when metal objects were moved within
5 meters of the experiment, in spite of the magnetic shielding. I subsequently replaced the
Conetic shield with a shield consisting of a YSZ tube with a length of 125 mm and inner
and outer diameters of 25 and 32.5 mm, coated on both sides with a thick film of YBCO!
[69]. The resulting magnetic field noise is plotted in the lower curve of Figure 8.3, and
the values at 1 kHz and 1 Hz appear in Table 8.1. We note first that the white noise has
decreased from 25 to 18 fT Hz~1/2, indicating that a significant level of Nyquist noise was
generated by the Conetic shield?. Second, the power spectrum is less steep, approximately
1/f, at low frequencies, and the noise at 1 Hz with bias reversal has been reduced from 53
to 37 fT Hz /2. Evidently the upturn in the upper trace was produced by drift in the
ambient field and not intrinsic to the device. The superconducting shield greatly stabilized
the drift.

8.3 Discussion

The multiloop magnetometer had a diameter of only 7 mm, yet the measured
effective area was 50% greater than that of our best flip—chip magnetometer of slightly
larger size. The sensitivity achieved with device 2 is adequate for magnetocardiography (see
Chapter 10) and the low field noise at 1 Hz was a further confirmation that our multilayer
process is capable of producing high quality films with low 1/f noise. The noise above a few
Hz was, once again, limited by the thermal noise of the SQUID which was largely influenced
by the SQUID inductance of 145 pH, higher than the usually preferred 40-80 pH.

The yield of these integrated magnetometers critically depends on the correspond-

YCourtesy of Tim Button, ICL

2Qur earlier devices were not sensitive enough to detect this Nyquist noise, with the possible exception
of the directly coupled magnetometer coupled to a single-layer flux transformer (device 2 in Section 5.3.)
That device was nearly as large as the inner diameter of the Conetic shield. Close observation reveals that
addition of the flux transformer reduced the white noise by a smaller factor than the corresponding increase
in effective area, suggesting that part of the net white noise was of external origin.
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' ing yield of junctions with high values of the IgR product. The difference between the
junction parameters of the two nominally identical magnetometers points to a need for
greater control of junction reproducibility to attain higher yield.

A nearly identical multiloop magnetometer, but with step—edge junctions, was
fabricated by Reimer et al. [38] at the University of Hamburg. They attained a field
noise of 31 fT Hz~1/2 and 94 fT Hz~1/2 at 1 kHz and 1 Hz, respectively [70]. An interesting
extension of that work, recently developed by Scharnweber and Schilling [39] was to connect
the multiple pickup loops to a multiturn input coil, inductively coupled to a washer SQUID
with an inductance of 90 pH. This allows one to use a SQUID of lower inductance than the

parallel inductance of the pickup loops.
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Part IV

Applications
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The ultimate goal of our efforts described in the last chapters was to develop
high-T. SQUID~based magnétometers suitable for practical applications. This prescription
_ carries several requirements which lagely depend on the application. In the very least, these
devices must offer a functional and/or financial advantage over competing sensors such as
low-T, SQUIDs, induction coils, Hall probes, etc. In some cases, they may be the only solu-
tion. I will focus on two specific applications, geophysics and magnetocardiography, where 1
had some direct involvement in the course of this work. In Chapter 9, I will describe a proto-
type high-T. three-axis SQUID magnetometer for geophysical applications and in Chapter
10, I will discuss measurements of magnetocardiograms using high-T. SQUID magnetome-
ters. Other noteworthy practical applications of SQUIDs include non—destructive evaluation
and its extension, scanning SQUID microscopy [71, 72| where a SQUID is used as a local
probe of magnetic field on a microscopic scale. The latter is of particlar interest with the
advent on high-T, SQUIDs which operate at considerably higher temperatures than low-
T, devices and can therefore be placed considerably closer to a room-temperature sample

[73, 74).
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Chapter 9

High-T. Three-Axis SQUID
Magnetometer for Geophysical
Applications

9.1 Introduction: Magnetotellurics

Magetotellurics is a geophysical surveying method in which one measures the com-
ponents of the fluctuating electric and magnetic fields at the surface of the Earth to infer the
resistivity of the ground as a function of position and depth. Electric fields are measured
with buried electrodes whereas SQUID magnetometers have been demonstrated as suitable
sensors of the magnetic field in this technique. In the 1970’s and early 1980’s Professor
Clarke’s group carried out magnetotelluric surveys using a pair of three-axis SQUID mag-
netometers positioned at two remote sites, in order to cross—correlate the measurements
and remove bias due to local noise {75, 76]. Each three—axis magnetometer consisted of
three low-T, SQUID magnetometers positioned orthogonally on a cryogenic insert that was
lowered into a dewar of liquid helium. The technique proved successful although the need
to use liquid helium was recognized as an obvious hindrance.

At present, most magnetotelluric surveys are performed using induction coils, typ-
ically 1-2 m long, 60 mm in diameter and weighing about 7 Kg each [77]. They are capable
of very high field resolutions; for example, Model BF-4 from ElectroMagnetic Instruments,

Inc. has a field resolution of better than 100 fT Hz~1/2 in a frequency range between 1 Hz
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and 1 kHz [77]. At low frequencies f, however, the noise power of induction coils scales as
1/f3. The advantage of SQUID magnetometers over induction coils lies in high field sen-
sitivity over a much greater bandwidth, particularly at low frequencies, and in portability
and ease of deployment, since all three SQUIDs can be mounted orthogonally on one fixed
probe. The main disadvanté,ge is the need for cryogenics — until recently — a dewar filled
with liquid helium. Furthermore, many geophysical surveys are carried out at remote loca-
tions for many months and the need to refill the helium presents a serious limitation. The
emergence of high-T, SQUIDs promises to alleviate this limitation, since liquid nitrogen
has a much slower boil-off rate. Therefore, a portable high-T. three—axis SQUID magne-
tometer that weighs about 20 Kg and holds liquid nitrogen for a few months presents itself
as a promising application of the new technology.

By the summer of 1993 we had developed the single-layer directly coupled mag-
netometers described in Section 5.2. The magnetic field noise levels of these devices were
around 100 fT Hz"~1/2 and we felt that they were sufficient to explore the possibility of a
three—axis magnetometer based on them. This was our first multichannel high-T. SQUID
system (and, to my knowledge, the second in the world at the time, after the Superconduct-
ing Sensor Lab’s 16 channel magnetocardiography system [78]). In addition, the system pre-
sented a new challenge: to operate high-T. SQUID magnetometers completely unshielded,
in the presence of power line and radio frequency noise. This required us to consider previ-

ously un-examined issues of dynamic range, slew rate and frequency response.

9.2 Construction

9.2.1 Probe and Sensors

For the high-T. three-axis magnetometer [79] I used one of the original low-T,
three—axis probes [76], having stripped the wiring and re-machined the mount to accom-
modate three planar sensors where originally three cylindrical SQUIDs were used. I used
devices 1, 2 and 3 from section 5.2 for the three orthogonal channels y, z and x with the
z—channel vertical. Their parameters are summarized in Table 5.1. Each magnetometer
was glued to a Si wafer, about 20 mm by 12 mm, along with a printed circuit board with 4
gold-plated copper pads. Electrical contact was made to each SQUID with Al wire bonds.
The SQUIDs were mounted on a G-10 fiberglass stage machined to provide three orthogonal
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surfaces. The modulation/feedback flux was supplied by a 50—-turn coil of 150 um diameter
insulated copper wire set into the G-10 fiberglass surface beneath each SQUID. A photo-
graph of the stage is shown in Figure 9.1(a) displaying the three SQUID magnetometers
and the associated cold electronics. The stage was mounted at the lower end of a cylindrical
fiberglass tube about 0.7 m long and 30 mm in diameter. At the top end of the probe, a 12
mm-thick Al plate served as a cap for the dewar and a mount for the three lux-locked loop
packages. The plate also contained a blow—off valve and a fill line for the liquid nitrogen.

Figure 9.1(b) shows the entire probe.

9.2.2 Electronics

To reduce crosstalk between channels, each SQUID was supplied with three twisted
pairs of wires — one for current bias (manganin), one for modulation/feedback (copper)
and one for output voltage (copper) — each surrounded by a grounded CuNi tube. The
alternating voltage developed across each SQUID was coupled to its preamplifier via a cold,
transformer consisting of a 10-turn primary and a 50-turn secondary Cu coils wound oﬁ
a ferrite core; the inductances were 6.3 and 158 pH, respectively. Each transformer had
a bandwidth of over 500 kHz. The three transformers were isolated from each other by
grounded Cu mesh screens.

We used three sets of flux—locked loop electronics lent to us by Conductus. The
flux-locked loop for each SQUID was housed in a metal box, grounded to the Al plate at the
top of the probe. A single 500 kHz oscillator supplied flux modulation and the reference for
the mixers for all three channels. Two of the three sets of electronics could be operated with

bias reversal at 2 kHz. Each flux—locked loop was operated by a separate remote controller.

9.2.3 Dewars and Shielding

As will be seen in subsequent sections, we operated the three—axis magnetometer
in two separate dewars. To characterize the instrument in the laboratory we used a 5 liter
fiberglass dewar small enough to fit into our mu-metal shields. When deployed in the field,
the magnetometer probe was inserted into a portable 25 liter fiberglass dewar originally
used for magnetotelluric measurements with low-T. SQUIDs [76]. To provide screening
against radio and television stations and other sources of rf interference, the dewar was

completely enclosed in Cu mesh, except for the top, where the screening was completed by
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the Al cap. Thus the electronics, probe wiring and magnetometers were surrounded by a

Faraday cage.

9.3 Performance

To assess the performance of the three—axis magnetometer, I first operated it in
the 5 liter dewar surrounded by three concentric mu-metal shields. The dewar was enclosed
in a copper mesh room for additional rf screening. All three SQUIDs were operated in flux—
locked loops using either static bias or bias reversal. Figure 9.2 shows the rms magnetic
field noise S]13/ 2(f) and the equivalent flux noise power Sg(f) for the x—channel SQUID,
operated with bias reversal, while the y and z—channels were also operating. There is a
large spike near 30 Hz due to microphonics caused by the heavy Al plate at the top of
the system. Other spikes are due to 60 Hz and its harmonics. Apart from these spikes,
the noise is approximately white at frequencies above 10 Hz with a magnetic field noise of-
170 fT Hz~%/2, corresponding to a flux noise of 12 u®oHz~1/2, about the same as measured
before [17]. The noise power spectrum was unaffected by the operation of the other two
SQUIDs. The z—channel SQUID, which was of identical design, had a similar performance
with a white noise of 180 fT Hz~/2. The white noise of the y—channel was much higher,
however, 1450 fT Hz~1/ 2| about a factor of 5 greater than measured originally [17]; by then,
this magnetometer was about 2 years old and had probably undergone damage after many
thermal cycles. ‘

We now turn to a discussion of slew rate, dynamic range and frequency response.
When a flux ®(w) is applied to the SQUID at frequency f = w/2m, the flux-locked loop
gives rise to a feedback flux

8 (w) = @(w)l—% 9.1)

where g(w) is the open loop gain. The error flux in the SQUID in the presence of an applied
flux is ®(w) = &(w) — Pf(w) = P5(w)/g(w). Because the system will lose lock if the error
flux exceeds ®¢/4, the maximum slew rate is given by | d®./dt |™**= w®(/4, provided the

feedback amplifier does not saturate. Therefore the maximum flux that can be applied is
" (w) = [1 + g(w)]®o/4 (9.2)

and the maximum slew rate for the applied flux is given by

[d®(w) /dt]™* = (1 + g(w)]w®o/4. (9.3)
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Figure 9.2: rms magnetic field noise, 8113/ 2(f), and flux noise power, Ss(f), vs frequency for
the x~channel SQUID magnetometer operated with bias reversal.




103

I determined the dynamic range and slew rate for each channel from the maximum
sinusoidal flux ®(t) = ®(w)sinwt, that could be applied (via the modulation coil) without
causing the electronics to saturate or the feedback loop to unlock. Figure 9.3(a) shows
the maximum amplitude ®™**(w) vs frequency for the x—channel. At frequencies below
900 Hz, ®™** is limited by the maximum current the electronics can feed back, equivalent
to £19%,. Given the rms flux noise measured with bias reversal, this corresponds to a
dynamic range of £1.6 x 10° Hz!/2 in the white noise region. Above 900 Hz, ®™2%(w) falls
off as 1 /w as expected for a feedback loop with a single-pole integrator. Figure 9.3(b) shows
the slew rate w®™**(w) vs frequency, again for the x—channel. The maximum flux slew rate
is 1.1 x 10° &gs~1/2 at 900 Hz corresponding to a field slew rate of 1.6 mT s~1. Above
900 Hz the slew rate is independent of frequency. I note that the data in Figure 9.3 were
obtained with a static bias current. Figure 9.4 compares ®™** and the slew rate w®™* for
the z—channel measured with a static bias and with bias reversal. Bias reversal lowers the
open—loop gain somewhat, reducing the slew rate by a factor of 1.5.

I determined the small signal frequency response | ®¢(w)/®(w) |= g(w)/[1 + g(w)]
of each channel by applying white hoise over a 100 kHz bandwidth to the magnetometer
and measuring the output of the flux-locked loop. Figure 9.5 shows the response of the z-
channel, operated with static bias, with the other two channels operating with bias reversal.
The large peaks at 2 kHz and its harmonics are the result of these bias reversals. The 3 dB
point in the roll-off in the response is beyond 100 kHz; with bias reversal the 3 dB point is
reduced to about 90 kHz. Unfortunately we did not have a way of adjusting the open loop
gain of the flux-locked loops. Both the slew rate and the frequency response data represent
the best achieved with the gains available.

Another important issue for the three—axis magnetometer is the orthogonality of
the three channels, that is the response of two of the channels when a magnetic field is
applied to the third channel. Orthogonality is obviously limited by the extent to which
one can mount the three magnetometers orthogonally; it is also limited by crosstalk among
the channels, notably among the modulation and feedback coils. To determine the orthog-
onality, I removed the magnetic shields and placed the dewar in the center of pair of a
Helmholtz coils with a diameter of about 1.2 m, mounted with their axis horizontal to the
floor. Since the magnetometer was no longer shielded, I first determined a set of frequencies

where the intrinsic noise was not obscured by signals from power lines and laboratory equip-

ment. I then injected a small alternating current at one of those frequencies into the coils
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Figure 9.3: (a) Maximum amplitude of the sinusoidal flux ®™2* that can be applied to the
x—channel SQUID without causing the feedback electronics to saturate or break the lock vs
frequency. (b) Slew rate w®™* vs frequency for the x—channel.
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Figure 9.5: Measured frequency response of the z—channel SQUID operating in a flux—locked
loop with static bias. The other two SQUID channels were operated with bias reversal.
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and rotated the cryostat until the y—channel response was a minimum, and the x—channel
therefore aligned with the axis of the Helmholtz pair. The responses for all three channels
were measured with a lock—in amplifier for a range of frequencies from 100 to 500 Hz. Sub-
sequently, I rotated the magnetometer so that the x—channel response was a minimum and
repeated the measurements. We concluded that the signals from the two off-axis channels

ranged from 0.5% to 1% of the channel aligned with the Helmholtz pair.

9.4 Field Test

To test the magnetometer outside the laboratory, we operated it in the rf-shielded
25 liter dewar on the Faculty Glade at UC Berkeley about 50 m from the nearest building.
The magnetometer probe was lowered into the liquid nitrogen after the dewar was in place,
and the dewar was not moved during the subsequent measurements. The three sets of elec-
tronics and a portable oscilloscope were powered by lead—acid batteries. Each SQUID was
operated in a flux-locked loop, with bias reversal for the z—channel. The ambient magnetic
field noise was dominated by 60 Hz oscillations from nearby power lines, varying from 20
to 200 nT peak to peak. Their presence made the setting up of the bias reversal somewhat
difficult to monitor. The x and z—channels remained locked for the entire observation time
of 40 min, while the y—channel, for which I used the set of electronics with the lowest loop
gain, lost lock once, after the first 15 min of this period. The largest observed quasiperi-
odic change in magnetic field was in the z direction, with a total excursion of about 6%y,
corresponding to about 100 nT, well within the dynamic range.

Finally, I made an assessment of the liquid nitrogen hold time for the 25 liter dewar
by monitoring the level on the nitrogen over a period of a few days. In the absence of the
magnetometer probe, I found that 1 liter boils off in 4.5 days, corresponding to a total hold
time of 16 weeks; in the presence of the probe the boil off rate increased substantially, to
1 liter in 3 days. Calculating the thermal conduction through the wires, CuNi tubing and

the G-10 fiberglass probe, one can almost exactly account for the loss in hold time.

9.5 Discussion

The prototype three—axis magnetometer fulfilled two anticipated requirements for
a geophysical system based on high-T. SQUIDs. First, the SQUID flux-locked loops re-
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mained locked in the presence of the 60 Hz and rf fields in the unshielded environment,
indicating that the system had sufficient slew rate and frequency response as well as suit-
able rf shielding. Second, the liquid nitrogen hold time of nearly 3 months is considerably
greater than with an equivalent low-T; system. There are, however, a number of improve-
ments one would wish to make in a second generation system. First, it should be possible
to increase the hold time substantially through the use of a properly designed dewar with
particular attention paid to heat leaks through the support structure and wiring. We have
since acquired a commercial liquid nitrogen dewar that weighs about 15 kg, measures 0.4 m
in diameter, and boils off liquid nitrogen at a rate of 0.1 liters per day [80]. With high-T.
SQUIDs, one can also consider using a cryocooler, possibly powered by solar cells. Second,
substantial improvements should, and by now — can, be made to the magnetometers and
the readout electronics. The lowest magnetic field noise in the directly coupled SQUID
magnetometers used in this prototype was 170 fT Hz~1/2. Much more sensitive single- and
multilayer devices are available by now with white noise levels at least an order of magni-
tude less (see, for example, Sections 5.3-5.4 and Chapters 6 and 8). Another crucial issue
concerns the increase in the low—frequency 1/f noise when the high-T. SQUIDs are cooled
in the Earth’s magnetic field [81]. We can now eliminate this excess 1/f noise through
the use of specially-designed SQUIDs and magnetometers described in Chapters 11 and 12
[82, 63]. It would also be prudent to add a heater to the SQUID stage that enables one to
raise and lower the temperature to release trapped flux after the three—axis magnetometer
is moved into position. Finally, to further increase the slew rate, one should use a two-pole
integrator in the flux—locked loop [61].

Today there appears to be a resurgence in magnetotellurics due to the rising cost
of oil. In addition, a technique that involves lowering magnetometers into boreholes for
cross—borehole sounding is another possible application of a compact three—-axis SQUID
system. With the improvements listed above, we may well expect to meet the requirements
of sensitivity, portability and long-term durability for a geophysical system based on high-
T. SQUID magnetometers.
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Chapter 10

Magnetocardiography in a
Magnetically Shielded Room

10.1 Introduction

Biomagnetism is a very promising application of SQUID-based magnetometers,
particularly because no other magnetic sensor of suitable size has the required field reso-
lution to detect magnetic signals generated within the body. In fact, most of the (low-T.)
SQUID systems sold in the last 10 years were multichannel biomagnetic sensors mainly de-
signed to diagnose the brain (magnetoencephalography or MEG) {3, 4, 83] and also used in
heart diagnosis (magnetocardiography or MCG). The use of these systems falls roughly into
two categories. In the first scenario, one measures the magnetic field over an area in front
of the patient’s chest or around the head, using an array of SQUID sensors, and attempts
to reconstruct and localize the éource. This technique has been used with some success, for
example to locate sources of focal epilepsy [84]. In a less ambitious problem, magnetocar-
diography is used as a diagnostic tool to screen for certain heart conditions which have a
distinct signature in the time domain. Whereas the first category is largely a research tool,
the second is more likely to provide one with specific, immediate information.

An obvious question is whether magnetocardiography provides information not
available through other means such as electrocardiography (EKG) or echocardiography.
This question largely remains open because suitable biomagnetic systems, consisting of

50 to 300 SQUID sensors, have not been available until recently. Another reason is that
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simple medical diagnostics have not been the highest priority for researchers involved in
biomagnetism. I am aware of two heart conditions that were shown to have a distinct
magnetic signature. One involves stress-induced reversal of the QRS complex as detected
by MCG whereas only the usual frequency increase is detected by EKG {85]. Another is
arrhythmia, or sudden cardiac death, which causes the deaths of an estimated 300,000 to
400,000 people in the United States each year. Recently a method was developed at the
Benjamin Franklin Hospital in Berlin for identifying and quantifying the risk for sudden
cardiac death using MCG. In this method, the fragmentation of the QRS complex, caused by
the arrhythmia, is converted into a risk index for sudden cardiac death. Although, a larger
sample of patients will be required to establish this method of diagnosis conclusively, it has
the attractiveness of speed and reliability, as well as requiring no placement of electrodes
on the patient. More recently, the group from KFA-Jiilich, in collaboration with Benjamin
Franklin Hospital in Berlin, conducted MCG measurements on arrhythmia patients using a
high-T. SQUID magnetometer vis-a-vis a low-T single channel SQUID system, and found
comparable levels of performance, in terms of identifying risk (see ref. [86] and references
therein). There is now more activity than ever in MCG, specifically in cardiac diagnosis,
and the two findings that I listed are testimonial to this work.

By the summer of 1995 we had developed the multilayer magnetometers described
in Chapters 6, 7, and 8. Their field sensitivities were on par with some of the low-T.
SQUID magnetometers routinely used in magnetocardiography and certainly among the
best of the high-T; devices. I was curious to assess their capability as biomagnetic sensors.
I collaborated with Dietmar Drung at the Phisikalisch-Technische Bundesanstalt Institut
Berlin (PTB) in a project whose main objective was to obtain clinical quality magnetocar-
diograms using high-T. SQUID magnétometers. The other objective was to operate the

magnetometer using an alternate readout scheme called additional positive feedback (APF)

[70].

10.2 The Berlin Magnetically Shielded Room

The measurements described here were performed in the Berlin Magnetically
Shielded Room (BMSR) at the Phisikalisch-Technische Bundesanstalt Institut Berlin (PTB).
The BMSR was build in 1980 by Vacuumschmeltze GMBH Hanau expressly for biomag-

netic measurements in an environment of low background noise. It was designed to provide
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electromagnetic screening at frequencies from dc to GHz. The BMSR is a cube with inner
dimensions 2.25 x 2.25 x 2.25 m® and outer dimensions 4.6 x 4.6 x 4.6 m3. The shielding
is provided by six layers of high-permeability alloy and an eddy current shield of copper
plates. The magnetic screening factor of the room is 10° at frequencies down to 2 Hz and
about 10° at 1 Hz [87].

Work at the BMSR has focused on magnetocardiography and studies of the pe-
ripheral nerve system using a 37 channel SQUID array [88] based on niobium multiloop
magnetometers [66]. An 83 channel system was subsequently developed [89]. High-T.

SQUIDs have rarely been used and only in collaboration with other groups.

10.3 Magnetometers, Electronics, and Noise

For this experiment I used the multiloop magnetometer (device 2, Section 8.2)
and a flip—chip magnetometer consisting of a multiturn flux transformer (device 3, Section
6.3) coupled to a type A/C SQUID. To operate the magnetometers, we used a readout
technique called additional positive feedback (APF) developed by Dietmar Drung [66]. The
circuit is illustrated in Figure 10.1. The most obvious differences between APF and the
flux modulated flux—locked loop (FLL), used in our group, is the absence of a transformer,
an oscillator and a mixer in the former. The function of the transformer is to step up
the SQUID signal above the voltage noise at the input of the preamplifier and one of the
purposes of modulating the flux is to mix the SQUID signal up in frequency, above the 1/f
knee of the preamp. Alternatively, in the APF technique, the voltage across the SQUID
is fed back as an additional flux via the resistor R, and a coil L, with mutual inductance
to the SQUID M,. The effect is to steepen the V-® characteristic at every other working
point thereby increasing the transfer coefficient to Vp = Vs ,/(1 — G,) where V3 ; is the
transfer coefficient without APF and |

_ 0%\ Vo,
Ge = (Ma + 5?) R, (10.1)

is the APF gain. The values of R, and M, must be accurately adjusted so that G, < 1.
Normally we use G, =~ 0.9. An example of a V-® characteristic of a SQUID operating
with APF is shown in Figure 10.2. By effectively increasing the transfer coefficient, one can

now couple the SQUID signal directly to the preamplifier, thereby reducing the preamplifier

noise contribution.
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Figure 10.1: The read—out SQUID electronics using additional positive feedback. (Courtesy
Dietmar Drung.)
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Figure 10.2: Voltage vs flux for the multiloop SQUID magnetometer operating with addi-
tional positive feedback. The scale is 0.25 ®¢/div horizontal and 4 pV/div vertical.
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The second function of the traditional FLL is to remove the “in—phase” component
of the 1/f noise produced by critical current fluctuations. The “out—of-phase” component
is removed by bias reversal. With static bias, the APF scheme does not suppress either
component. However, it was shown that combining APF with a combination of bias current
and flux reversal one can effectively suppress the noise due to critical current fluctuations
[90]. The addition of bias reversal to the APF circuit is indicated in Figure 10.1. Bias
reversal frequencies of either 15 kHz (flip—chip) or 9 kHz (multiloop) were used in these
measurements. |

Each magnetometer was mounted on a probe and inserted into a low-noise bio-
magnetic dewar filled with liquid nitrogen. The plane of the magnetometer chip was parallel
with the bottom of the dewar and the separation between the magnetometer and the outer
bottom wall of the dewar was about 13 mm. Once the dewar was moved into the BMSR,
the magnetometer was warmed above T, to release trapped flux and cooled again. All
measurements were done with the BMSR, door closed. Figure 10.3 shows the magnetic field
noise vs frequency for the flip—chip magnetometer measured both with a static bias and
with bias reversal. The background noise of the BMSR, as measured by a low-T, SQUID
system at the same location, is indicated. The use of bias reversal suppressed the 1/f noise
substantially, but there was still residual non—thermal noise at frequencies below about 10
Hz. The measured noise in this device was 16 fT Hz~'/2 and 135 fT Hz~*/? at 1 kHz and 1
Hz, respectively. The field noise of the multiloop magnetometer was 13 fT Hz—1/2 at 1 kHz,
a value somewhat below the one that I recorded at Berkeley (18 fT Hz/2) using a YBCO
shield [68] (Chapter 8), suggesting that the shield contributed nonnegligible noise. At 1 Hz,
the noise was 110 fT Hz~1/2, about a factor of 3 higher than the previously recorded value
of 37 fT Hz~1/2. Tt is likely that a defect had developed in this multilayer device during the

8 months of storage since original testing.

10.4 Magnetocardiograms

Figure 10.4 shows magnetocardiograms recorded using the flip—chip magnetometer
from two healthy adult male volunteers. In each measurement, the dewar was placed into
a mobile gantry inside the BMSR and the subject lay on his back below the dewar. Once
the dewar was positioned over the subject, the magnetocardiograms were recorded in real

time in a 200 Hz bandwidth. In addition to the large QRS complex one can clearly see the
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Figure 10.3: Magnetic field sensitivity 8113/ 2 (f) vs frequency for the flip—chip magnetometer
measured with APF using either a static bias or bias reversal in the BMSR.
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Figure 10.4: Real-time traces of magnetocardiograms of two adult males measured using

the flip—chip magnetometer inside the BMSR. The measurement bandwidth is 0.016-200
Hz. The two traces are offset for clarity.
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P-wave, just in front, and the T—wave that follows. The noise level was about 2 pT in a 200
Hz bandwidth. Some of the noise was due to 50 Hz powerline signals not entirely screened
by the BMSR, suggesting that a gradiometer might still be beneficial.

The quality of these real-time magnetocardiograms is sufficient for clinical appli-
cations. In fact, on the scale of Figure 10.4, we could barely distiguish this MCG from one
measured from the same subject using a low-T. SQUID system. This demonstrates that
high-T. SQUID magnetometers have reached a noise level adequate for magnetocardiogra-
phy. Two improvements, however, are still desired (in my opinion) that would make high-T,
SQUID magnetometers sufficiently attractive to replace their low-T. counterparts. One is
a multichannel sensor array of, say, 50 channels. That would certainly require a greater
vield of sensitive high-T. SQUID magnetometers and the ability to move their fabrication
closer to mass production. The other is the ability to operate these magnetometers with
less — or even no — magnetic shielding. Possible solutions to this problem are addressed in

the remainder of this thesis.




118

Part V

SQUIDs in Magnetically

Unshielded Environments
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Chapter 11

SQUIDs Cooled in Static Magnetic
Fields

11.1 Introduction

Chapters 5-8 described the extensive improvements in magnetic flux and field
noise as well as in compactness of our high-T. SQUID magnetometers. Two important
applications of these devices were illustrated in Chapters 9 and 10 and several others were
referenced. One more issue, however, must be resolved before the word “Practical” can
be justified in the title of this thesis. All measurements described in Part III were per-
formed with the SQUID magnetometer cooled and operated inside magnetic shields which
attenuated the ambient static and time-varying magnetic fields by factors as high as 10%.
The magnetocardiograms described in Chapter 10 were obtained in the Berlin Magneti-
cally Shielded Room (BMSR) which attenuates external fields by as much as 10°[87]. It
is, however, essential for some applications that the SQUID be cooled and operated in the
ambient environment, without magnetic shielding. For example, one of the envisioned in-
struments for nondestructive evaluation (NDE) is a hand-held scanner that can analyze a
sample as large as an airplane wing[91]; it is impractical to shield an object of this size.
For geophysical applications such as magnetotellurics, one measures fluctuating magnetic
fields at the surface of the earth, and has no option other than to operate the magnetometer
unshielded. For biomagnetic measurements the issue may relate more to cost than neces-

sity. Magnetically—shielded rooms (MSR’s) large enough to enclose a patient and multiple
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SQUID sensors are commercially available and have been widely used with LTS SQUIDs.
The cost of an MSR is substantial — typically around $1M — and unless the MSR can
be eliminated, the financial savings offered by the transition from liquid helium to liquid
nitrogen—cooled SQUID systems are difficult to justify.

A SQUID exposed to the ambient environment is adversely affected by a variety
of sources. They can be categorized into extrinsic sources — arising directly from the en-
vironment — and sources intrinsic to the-SQUID. Examples of extrinsic or environmental
noise sources include power lines (typical amplitudes 20-200 nT at 50 or 60 Hz), computer
displays (40 to 80 Hz), lasers, elevators and automobiles. These external magnetic sources
as well as their harmonics and intermodulations obscure the signal of interest such as a
magnetocardiogram. These effects are not exclusive to high-T. SQUIDs — they affect any
magnetometer and their reduction requires a gradiometer or a system of active cancellation
which will be discussed in Chap’cer 13.

In this and the next chapter we focus on the effect of unshielded cooling and
operation on the intrinsic properties of the SQUID [82, 92]|. In particular we discuss the
implications of cooling a high-T. SQUID in the static magnetic field of the Earth — about

50 uT at our location. The most noticeable effects are the reduction of the critical current

resulting in a consequent reduction of the transfer function increasing the white noise, and

the increase in the low-frequency flux noise.

11.2 Background

Ferrari et al. [26] used a low-T dc SQUID to measure the flux noise in YBCO films
cooled to 77 K in static magnetic fields Bg and found that at low frequencies the spectral
density Sa(f) scaled as 1/f for cooling fields above a few pT. Furthermore Sg(f) increased
linearly with Bg. The excess noise was attributed to the thermally—activated hopping of
weakly—pinned flux vortices frozen into the film during cooling. Given that the hopping of
each vortex is an uncorrelated event with a characteristic duration, the resulting ensemble
of random-telegraph signals produces a 1/f spectrum, consistent with the measurements.
The observed linear increase of Sg(f) with By is also consistent with uncorrelated vortex
motion since Sg(f) is expected to be proportional to the number of vortices and hence to
Bo. Even in the quietest YBCO film, the noise at 1 Hz measured in a By of 50 4T was

an order of magnitude higher than the corresponding value obtained in zero field. These
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findings were expected to have serious implications for SQUIDs made from these films.
The earliest investigations of the effects of cooling a high-T. SQUID and a directly
coupled magnetometer in static magnetic fields By were conducted by Miklich et al. [81].
They found that the critical current of their 3um—wide bicrystal junctions decreased by a
factor of nearly 2, when they were cooled in a 100 4T field, due to flux penetration into
the junctions enhanced by the flux—focusing of the SQUID washer. More importantly they
found that the 1/f flux noise at low frequencies increased substantially when the devices
were cooled in fields comparable to that of the Earth and the spectral density Sg(f) scaled
linearly with By. For example, in one 250 x 250" um? square-washer SQUID the noise at
1 Hz increased from 20 p@on‘l/ 2 in nominally zero field to 200 u®oHz~1/2 when cooled
at Bg = 50 uT. Even if coupled to the best flux transformer desribed in Chapter 6, this
excess noise would limit the magnetic field resolution to about 400 fT Hz~1/2, an order of
magnitude higher than the most sensitive devices in zero field. Comparable increases in
1/f noise with magnetic field were reported by Glyantsev et al. [93]. Recently Schmidt et
al. [94] reported the operation of high-T. dc SQUID magnetometers in the Earth’s field
without a substantial increase in low—frequency noise but gave no details of the design.
Faley et al. [95] presented data showing little increase in the flux noise at 1 Hz, more than
50 p®oHz /2, at fields up to 100 T, and ascribed this behavior to the geometry of their

ramp-type junctions.

11.3 Measurement in Static Magnetic Fields

To investigate the effects of cooling a SQUID or a SQUID magnetometer in a
static magnetic field while excluding the influence of other noise sources I used the vertical
attachment to the noise probe as illustrated in Figure 11.1. The SQUID chip was mounted
on top of the G-10 fiberglass block in the center a solenoid of about 1500 turns of Cu wire
wrapped in a single layer about a plastic tube. The solenoid provided a static magnetic
field (perpendicular to the chip) at 16.4 uT/mA supplied by a lead-acid battery. To screen
against the earth’s magnetic field and its fluctuations the solenoid was placed in a cryoperm
shield with one endcap and the dewar was surrounded by a triple mu-metal shield. In
our earlier measurements we used a cylindrical shield of YBCO on a YSZ tube [69] placed
inside the solenoid and cooled with the SQUID to stabilize the field against drift. We later

discarded the shield having found that it can actually generate excess noise (particularly in




Solenoid

tube (optional)

Figure 11.1: Cross-sectional view of the wire-wound copper solenoid used to produce static
magnetic fields perpendicular to the plane of the SQUID.
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fields above 50 pT) and that the field can be kept from drifting if the battery is first allowed
to partially discharge.

In a typical measurement we supplied a current to the solenoid and then lowered
the entire assembly into liquid nitrogen. After characterizing the SQUID, we re-adjusted the
current to the next value, lifted the probe above the level of the nitrogen and lowered it again,
thereby cooling the SQUID in the new field. (More recently Saburo Tanaka hermetically-
sealed the SQUID chip in a package equipped with a heater which now allows us to raise
and lower the temperature in about 5 minutes — this proved to be a convenient technique
for removing trapped flux.) Since a complete characterization of the field dependence of
Sa(f) of a SQUID usually took about one week, we typically wired up to three SQUIDs on
the chip simultaneously and measured each in turn before changing Bg. The SQUID was
operated in the 100 kHz flux-locked loop. Since we were specifically interested in examining
the excess 1/f flur noise, all SQUIDs described here were operated with the 2 kHz bias
reversal scheme. In contrast with the work by Miklich et al. [81] we observed no change in
the critical current for cooling fields up to 60 uT, likely because most of the junctions were

1 pm wide and therefore had a smaller flux capture area.

11.4 Large—Area Washer SQUIDs

As described in Parts I and III, a magnetometer consisting of a square—washer
SQUID inductively coupled to a flux transformer in either a flip-chip [45] or integrated [64]
arrangement combines high magnetic field sensitivity with small sensor size. The outer
dimension of the SQUID washer is usually made large, say 500 pum, to facilitate efficient
coupling to the multiturn input coil. Consequently we first re-examined the dependence of
the flux noise on the ambient static field for these large—area SQUIDs. Two years prior to
this, Andy Miklich measured the field dependence of one of our 250 x 250 um? washer
SQUIDs and found that the flux noise power increased linearly with the cooling field,
reaching a value of 200 u®q/Hz'/? for Bo=50 uT. [81] We were interested in seeing the
field dependence of the flux noise for our more recent SQUID designs (types A/A and A/C

— see Figure 6.2) and, in particular, whether the recent processing improvements reduced

the noise at Bo=50 uT. Table 11.1 summarizes the dimensions and noise performance at
three values of By for three A/A SQUIDs and two A/C SQUIDs. Spectral density Ss(f)
vs. frequency for device 1 is plotted in Figure 11.2 for the three cooling fields. All SQUID
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Figure 11.2: Sg(f) for the A/A SQUID (device 1) shown inset cooled in three magnetic
fields
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Device D ¢ L SY2(1Hz) (u®oHz~1/2)

No. (um) (um) (pH) OuT 24 uT 61 uT
1 500 950 80 31 220 330
2 500 250 80 24 240 380
3 500 250 80 16 250 400
4 500 100 40 33 120

5 500 100 40 5 130 180
5+ 30 100 40 8 11 170

Table 11.1: Flux noise of six SQUIDs measured at 1 Hz for three values of magnetic field.
D is the outer width of the SQUID washer, £ the length of the slit, and L the estimated
inductance.

washers had an outer dimension D of 500 ym and an inner slit of length ¢ and width 4 pym.
The junction widths were 1 ym and 2 um for the A/A and A/C SQUIDs respectively.

At Bpo=0uT the noise for all five SQUIDs was white at frequencies down to 1 Hz
as illustrated in the example of Figure 11.2. For higher fields, however, the spectral density
Se(f) at low frequencies increased significantly, scaling as 1/f. In all cases Ss(1 Hz) scaled
linearly with B, as in the observations of Miklich et al. [81], suggesting that the excess noise
arises from uncorrelated motion of flux vortices. It is interesting to note the reproducibility
of Sy/*(1 Hz) at Bg=24 uT and Bo=61 1T seen in Table 11.1 for all devices of a given type.
Also at a given By, S<11>/ 2(1 Hz) is about a factor of 2 lower for the A/C SQUIDs than for
the A/A SQUIDs. Although the first observation indicates the reproducibility of our film
fabrication process, we have no immediate explanation for the systematic dependence of
the 1/f noise on these SQUID geometries. It might be interesting to analyze more samples
and to image vortex distributions in both types of washer using, for instance, a scanning
SQUID microscope [96].

‘We were more concerned, however, with the alarmingly high levels of flux noise in
both types of SQUID cooled in magnetic fields comparable to the Earth’s. Magnetometers
based on these SQUIDs simply would not have enough field resolution for most practical
applications in the ambient static field. To reduce this noise we first set out to make higher
quality YBCO films. By that time, we systematically had transition temperatures (T.)
of 92 K and critical current densities (J.) as high as 107 A/cm? at 77 K, but a remaining

quality factor was the roughnéss of the film. I examined the SQUID washers with an atomic
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force microscope and found that the films contained a large number of “stalagmites” about
1000 A high and spaced every 1-2 um. I could subsequently reduce this surface roughness
to about 10 A by leaving out the STO buffer layer and by not using the Hanes alloy clip
to press the substrate to the heater block; the quality of the films (T, J.) was otherwise
unchanged. The removal of surface roughness in the YBCO had no effect on the SQUID
noise in zero field nor, unfortunately, on the excess 1/f noise when the SQUIDs were cooled
in higher fields.

11.5 Narrow Linewidth SQUIDs

Because of the 1/f scaling and linearity with Bo we concluded that the cause of
the excess 1/f noise, described in the previous section, was thermally—driven hopping of flux
vortices that enter the SQUID washer when it goes through the superconducting transition
in a magnetic field. To eliminate this noise, the vortices must be either kept from moving
or from entering the film in the first place. If one reduces the size of the SQUID washer
there will be fewer vortices. On the other hand, as one reduces the washer linewidth w,
each remaining vortex might couple more flux into the SQUID per hop. One can also
argue that reducing w to a value smaller than the vortex—vortex separation, approximately
(®0/Bo)/?, would make it energetically unfavorable for vortices to penetrate the film. The
latter argument is consistent with John Clem’s theoretical treatment of flux penetrating a
strip of width w going through a superconducting transition in a magnetic field By [97]. He
showed that for fields below the vortex exclusion field

Br = 7®g/4w? (11.1)

vortices should not enter the strip.. Above this field, vortices are expected to penetrate the
film.

To test these arguments I repatterned device 5, as shown in the inset of Figure
11.3, to remove the material outside the dotted lines, reducing the outer dimension D from
500 pum to 30 um and thereby reducing the linewidth w to 13 pm. As we see in Figure
11.3 and Table 11.1 (device 5%), the noise measured in Bg=24 uT is dramatically reduced,
by more than two orders of magnitude in power. The noise spectrum of the repatterned
device is approximately white at frequencies down to 10 Hz and increases slowly at lower

frequencies. At 61 uT, however, the noise at 1 Hz is not significantly different from that in
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Figure 11.3: S}{,/ 2(1 Hz) for the SQUID shown inset cooled in a field of 24 4T upper trace

for D = 500 pum (device 5), lower trace after washer has been repatterned to width D =
30 pm indicated by dotted lines (device 5*). Inset is not to scale. Slit length is 100 um.
Dashed line indicates grain boundary. Spikes on traces are due to 60 Hz and its harmonics
as well as other nearby electronic instruments and microphonic noise.
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Device D w 4 Io R L Bt
No. (pm) (pm) (pm) (uA) @ (pH) (wT)
6 20 8 48 65 18 40 26
7 30 13 55 88 1.1 40 20
8 30 13 55 74 1.4 40 19
9 20 8 24 130 1.2 20 N/A
10 30 13 55 62 1.8 40 20
11 12 4 40 54 2.0 40 33
12 12 4 40 45 2.2 40 33

Table 11.2: Parameters for seven narrow-linewidth SQUIDs. Critical current Iy and resis-
tance R are per junction. Devices 6-9 are bare SQUIDs. Devices 10-12 are directly coupled
magnetometers. Bt is the threshold cooling field at which the noise at 1 Hz begins to
increase.

the original device. This reduction in 1/f noise is a graphic illustration of the role of SQUID
geometry and, in particular, supports the assertion that sufficiently narrow linewidths in a
SQUID washer exclude vortices. ’

To investigate further the effect of SQUID configuration on the flux noise, I fab-
ricated a series of SQUIDs with values of D ranging from 12 to 30 ym and linewidths w
correspondingly ranging from 4 to 13 um. (See inset to Figure 11.4). The length £ of the
4 pm-wide slit was adjusted to keep the estimated inductance L of each SQUID loop at
either 20 or 40 pH. Figure 11.4 shows the behavior of three of these devices, fabricated in
the same film. Additional parameters are summarized in Table 11.2. For devices 7 and
8 (D=30 pym, w=13 pm), Sé/ 2(1 Hz) is constant up to By = 20uT above which the noise
increases rapidly with field. We interpret the magnetic field at which the noise abruptly
increases as the threshold field Bt for vortex entry when the SQUID is cooled. For device
6 (D=20 pm, w=8 um) Bt is somewhat greater, about 26 uT, as one might expect for the
SQUID the smaller linewidth. The threshold values of By estimated from Equation 11.1
are 10 and 25 uT, respectively, the latter in rather good agreement with the measurement.

Figure 11.5 shows noise spectra for device 8 cooled in three magnetic fields. At
Bo = 19.5 4T the noise below about 5 Hz has increased slightly above the zero—field level.
The onset of vortex entry must occur at a cooling field just below this value. At By =
23.4 4T, Sé,/ 2(1 Hz) has increased by about a factor of 3 over the zero—field value. The

power spectrum below about 200 Hz scales approximately as 1/f%%; this slope is more
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Figure 11.4: Scll,/ 2(1 Hz) vs cooling field By for three narrow-linewidth SQUIDs. Geometry
is shown in the inset. Dashed line indicates grain boundary.
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Figure 11.5: S};/ 2 (f) vs frequency for device 8 cooled in three magnetic fields.
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shallow than what we usually observe for large-area SQUIDs (see for example Figures 11.2
and 11.3).

Of the 9 narrow-linewidth SQUIDs that we investigated on this bicrystal, 7 showed
the behavior displayed in Figure 11.4. The other two exhibited a rather different behavior
shown in Figure 11.6 for device 9, in which Sg(1 Hz) increased linearly with Bg. Clearly
vortices are not excluded from these SQUIDs even for very small cooling fields. It is likely
that variation in film quality, particularly at the edges, contribute to this effect. More will
be said about edges at the end of this chapter.

On a separate bicrystal I fabricated 10 small directly coupled magnetometers con-
sisting of a SQUID, whose outer dimension D ranged from 12 to 30 um, coupled to a
pickup loop 1.8 mm by 3.8 mm and 4 pm wide. The effective areas of these magnetometers
were comparable to those of the large-washer A/C and A/A SQUIDs. Figure 11.7 shows
Sé,/ 2(1 Hz) vs. By for three of these devices. For D=30 pm (w=13 pm), the noise increases
at about 20 4T as before, while for the two devices with D=12 pym (w=4 pm), the threshold
is about 33 pT. For this linewidth Equation 11.1 predicts a threshold field of Bt =~ 100u.T.
This discrepancy may be a further illustration of film quality variation at the edges. The
increase of Sé/ 2(1 Hz) with Bg above the threshold is indicative of increasing numbers of
vortices penetrating the SQUID loop. In that case, however, one expects the noise power
Se(1 Hz) to scale as Bg. The quadratic scaling seen here is, as yet, difficult to explain but
we may be seeing just the onset of vortex penetration which may depend of the geometry.
It may be interesting to measure the noise in these devices at greater cooling fields and also
to re-examine the vortex distribution using an imaging technique such as scanning SQUID

microscope.

11.6 Implications for Directly Coupled SQUID Magnetome-
ters

From the foregoing discussion it is clear that SQUIDs with narrow linewidths are
immune to ambient field—cooling up to a threshold field whereas large-area SQUIDs generate
excess 1/f noise for cooling fields as low as a few uT. Even though they are small in size

and effective area, the new SQUIDs are ideally suited for directly coupled magnetometers

that must operate in the unshielded environment. We therefore turn to a discussion of the
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Figure 11.6: Scll,/ 2(1 Hz) vs cooling field for device 9 with geometry shown in Figure 11.4.
One other device showed similar behavior.
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implications of these results for directly coupled magnetometers to complement the design
discussion of Chapter 5.

Consider a directly coupled dc SQUID magnetometer, optimized for maximum
field sensitivity, shown in Figure 5.6. The pickup loop is square with inner and outer
dimension dp and D, and inductance L,. We also define the linewidth of the pickup loop
wp = (Dp —dp)/2. As shown in section 5.4, the design that yields the highest effective area
A.g for a magnetometer on a 1 cm? substrate uses a washer pickup loop with wp > 3mm.
This means that even in relatively low cooling ﬁeldé, a large number of vortices penetrates
the loop. We can estimate the contribution of these vortices to the 1/f noise using the model
of Ferrari et al. [51], originally devised to estimate noise in flux transformers, modified
for directly coupled magnetdmeters. In simple terms, vortex motion in the pickup loop
generates screening currents which, in turn, couple flux noise into a fraction a4 of the SQUID
inductance L. Consider a vortex displacement ér across the pickup loop. This results in an
applied flux change 6@ ~ ®o6r/wp and a screening current J ~ —Pbr/wpL, which couples
flux 6®g ~ agLJ ~ —(®oagl)dr/(wyLy) into the SQUID. For N uncorrelated vortices
per unit area in the YBCO film, each with a spectral density for radial motion S,.(f), the
spectral density of the flux noise in the SQUID is given by

Se(1) = N5:(7) [ (%3%)2 a4 (11.2)

where the integral is taken over area A of the YBCO in the pickup loop. Thus for the directly

coupled magnetometer the total contribution to the SQUID flux noise by the vortex motion

in the pickup loop is

. 2r2,.2
S = s () P00 (P ) (113)

where (in) indicates that the noise is .indirect, coupled into the SQUID via a screening
current.

We can now make an order—of-magnitude estimate for this noise. In ref. [51] it
is shown that 4NS,(f)®3 ~ SY(f), where SY(f) is the spectral density of the flux noise
produced by an unpatterned film as measured by a low-T. SQUID of given dimensions placed
directly over it. Tim Shaw has measured the flux noise of a number of our laser—depositted
YBCO films, cooled to 77 K in various magnetic fields, using an appropriate low-T, SQUID
held at 4.2 K and typically found for Bo=50uT, SY(1Hz) < 107%®2H="1 [81, 26]. We
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take typical parameters for a directly coupled magnetometer from the design in Section 5.4:
aqg ~ 0.9, L = 50pH, L, ~ 4nH, d;, = 2mm and D, = 10mm. Inserting these values into
Equation 11.3 we find Se(1Hz) = 107*SY(1Hz) ~ 10713 ®2 Hz1. This spectral density
corresponds to rms flux noise of S}I)/ 2(1H z) =~ 0.3 u®oH2z'/2, considerably lower than the
intrinsic noise measured for any of our SQUIDs in any field (or indeed for any SQUID
reported in the literature.) We can thus conclude that the 1/f noise contribution of the
pickup loop is entirely negligible, even though the film is penetrated by vortices. The noise
of a directly coupled magnetometer cooled in a static magnetic field may still be dominated
by the direct flux noise of the SQUID and of the film in the pickup loop in close proximity to
the SQUID. The SQUID flux noise can be eliminated by using a narrow-linewidth SQUID
and the remaining direct noise can be reduced by keeping the SQUID sufficiently distant,
say 100 ym, from any wide films (See Figure 5.6).

It is interesting to note that if one makes the pickup loop larger, the contribution
of the 1/f noise in the loop to the magnetic field noise becomes even smaller. Recall that

the effective area of the magnetometer is given by

Aeff = adLﬁ. (11.4)
Ly
We keep the linewidth w,, fixed and increase the size of the loop. To convert Equation 11.3

into magnetic field noise we divide it by the Agf ¢ and find

1/2
SY3(f) = —fmip (Dpw—:dp) (S)2 () (11.5)

meaning that 5113/ ? scales as Dy 3/2 (since Ap ~ D2). This rather remarkable result indicates
that the signal-to—noise ratio of a SQUID magnetometer scales as r3/2 where 7 is the size
of the pickup loop, and that the 1/f noise contribution from the pickup loop structure of

any magnetometer is negligible provided the loop is sufficiently large.

11.7 Discussion

In this chapter I have shown that the 1/f flux noise of dc SQUIDs cooled in a
magnetic field can be dramatically lowered by reducing the linewidth of the device. Vortices

are excluded from the film for cooling fields By below a threshold, which increases with

decreasing linewidth. The measured threshold fields, however, were not in full agreement
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with the prediction By = 7®/4w? [97]. In particular, the measured threshold field of 33 T
for the devices with the 4 um linewidths was below the Earth’s magnetic field of 50 T
whereas Equation 11.1 predicts By = 100 4T'. It would be highly desirable to increase this
threshold field by at least a factor of 2. Furthermore in two devices, the 1/f noise increased
linearly with magnetic field. At this stage in our work, we suspected variations in the
quality of the films, particularly at the edges, to be responsible for these sample-to-sample
variations and disagreement with theory (a suspicion proved to be correct). I note that
Sun et al. [98] in their work on magnetic hysteresis found that the applied magnetic field
at which vortices entered the film depended critically on the quality of the edges and that
improved edge quality significantly increased the threshold field for flux entry.

These narrow linewidth SQUIDs are, in principle, very useful elements for any
SQUID-based instrument that must operate in the Earth’s magnetic field. Examples in-
clude a voltmeter [99] and a scanning SQUID microscope (73, 74]. As far as sensitive
magnetometers are concerned, in the case of a single-layer directly coupled SQUID magne-
tometer it is straightforward to make the SQUID with narrow linewidths (shown in Figure
5.6); the 1/f noise in the pickup loop is expected to be negligible as was shown in the
previous section!. The best directly coupled magnetometers on a 10 x 10 mm? substrate
have a field resolution of about 50 fT Hz~/2 down to 1 Hz [53], adequate for most geo-
physical applications. For higher field sensitivity one would need to use a multilayer flux

transformer but the limited coupling efficiency of the narrow linewidth SQUID would make

this approach impractical. The solution to all of these problems is addressed in the next

chapter.

1 have made a number of directly coupled magnetometers on 10 x 10 mm? bicrystal substrates shown
in Figure 5.6. At this time we have used these devices in the gradiometer described in Chapter 13 but we
have not yet measured their field noise.
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Chapter 12

SQUIDs with Slots or Holes for
Low Noise and Tight Coupling

12.1 Motivation

The narrow linewidth SQUIDs introduced in the last chapter exhibit no excess 1/f
noise when cooled in a static magnetic field By up to a threshold field Br. These devices
are ideally suited for directly coupled magnetometers and we showed that the 1/f noise
contribution from the pickup loop is negligible. However, we also showed in Part III that
for a pickup loop of a given size, the highest field sensitivity can be achieved by means
of a superconducting flux transformer with a multiturn input coil inductively coupled to
the SQUID!. There appears to be a trade-off: as we reduce the linewidth of the SQUID
washer, we also reduce its coupling efficiency to the input coil. In this chapter, I introduce a
new type of SQUID design which combines the narrow—linewidth principles, resulting in no
excess 1/f noise in static magnetic fields, with the tight coupling efficiency of a traditional
square-washer SQUID [63].

Another issue addressed in this chapter is the fact that although in Chapter 11 Bt
increased with decreasing values of the linewidth w, its value was not in full agreement with
the prediction of Equation 11.1. In particular, we did not break the “50 yT barrier” for
w = 4 um, whereas the prediction was for Bt =~ 100 uT. It was suggested that rough edges

in the films were responsible for this discrepancy. I will presently show that improvement

1 Another viable alternative is the multiloop SQUID magnetometer introduced in Chapter 8, since all
linewidths can, in principle, be made narrow.
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in edge quality does indeed increase the threshold field to the predicted value.

12.2 Design and Fabrication

The desired requirements for our new SQUIDs are: (1) no excess 1/f flux noise
in ambient magnetic fields and (2) efficient coupling to a planar multiturn input coil. The
traditional square—-washer SQUID shown in Figure 12.1(a) fulfills the second requirement
but not the first as shown in the last chapter. Figures 12.1(b) and (c) illustrate designs that
fulfill both. The guiding principle in these designs is to maintain narrow linewidths for the
YBCO films: I chose a value of 4 um, for which the predicted vortex entry field is 100 pT
[97]. In Figure 12.1(b) the washer contains 8 slots, each 8 um wide, that separate 9 YBCO
strips, each 4 pm wide. One can alternatively regard this structure as 8 pickup loops of
a directly coupled magnetometer connected in parallel to a single SQUID. Figure 12.1(c)
shows our second design in which 248 holes, each 8 x 8 yum? divide the square washer into
a grid of 4 pum-wide lines. In Figures 12.1(d) and (e) I have reduced the number of slots
to 5 and the number of holes to 125, respectively, leaving a superconducting band 40 um
wide around three sides of the devices. This was done to determine whether vortices a given
distance from the SQUID slit couple significant amounts of 1/f noise. All five devices have
outer dimensions of 186 x 204 um?. The innermost slit is 4 um wide and 100 um long,

I estimate the inductance of the solid washer SQUID [Figure 12.1(a)] to be 40 pH
(including contributions from the junctions and kinetic inductance). The inductance of the
devices containing holes [Figure 12.1(c) and (e)] is likely to be comparable. The inductances
of the devices with slots [Figure 12.1(b) and (d)] are more difficult to calculate; I estimate
the inductance of the innermost loop to be 90 pH, a value that is reduced by the parallel
inductances of the remaining loops.

While fabricating these devices I was continually concerned with the question of
rough edges raised in the last chapter. I re-examined those SQUIDs using both scanning
electron and optical microscopy and found that the edges on one side of the SQUID slits
were indeed more rough than on the other. Using the mask for the new devices, I first made
several test exposures and developments of the photoresist on Si wafers and saw lateral edge
roughness (a series of submicron meanders along the edge line) in the photomask itself. I

attributed this to insufficiently optimized exposure and development parameters? and re-

2Shortly prior to this, the Microlab switched photoresists from Shipley 1400-31 to S1818.
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Figure 12.1: Photographs of the photomasks for (a) a solid, thin—film SQUID, and for a
SQUID penetrated by (b) 8 slots (¢) 248 holes (d) 5 slots and (e) 125 holes. The outer
dimensions of each device are 186 x 204 pum. (f) shows a 7—turn input coil that was coupled
to the designs (a)—(c) in a flip—chip arrangement.
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SQUID Ip R Ag M;
(uA) (9) (10~%mm~?) (pH)
1 solid (a) 19 38 5.01 143
2 8 slots(b) 40 2.0 5.45 125
3 8 slots(b) 35 2.0 5.58 -
4 248 holes(c) 18 2.6 5.95 129
5 5 slots(d) 21 2.0 6.81 -
6 125 holes(e) 12 3.4 6.18 -
7 125 holes(e) 60 2.2 6.67 -

Table 12.1: Critical current Iy and resistance R per junction for SQUIDs with configurations
of Figure 12.1; A.g is the effective area and M; the mutual inductance to a 7-turn input
coil. In the first column, letters in parentheses refer to Figure 12.1.

tuned the parameters® until the edges looked very smooth (as seen under a high-power
optical microscope). I patterned the SQUIDs in a 150 nm-thick film of YBCO on a 10 X
10 mm? STO bicrystal using photolithography and argon ion milling at normal incidence
without substrate rotation. The edges of the patterned YBCO films looked more smooth
than in the devices in Chapter 11. 1 suspect that the observed roughness was reduced when
both the photomask and subsequently the YBCO edges were very close to vertical. I made
12 SQUIDs on the bicrystal, 2 to 3 of each type illustrated in Figures 12.1(a)—(e). The
bridges across the bicrystal boundary forming the junctions were approximately 1 pm wide.
The critical current and resistance per junction are listed in Table 12.1 for each of the 7
SQUIDs that were investigated.

12.3 Measurement

12.3.1 Noise

Sabu Tanaka and I measured the flux noise of these SQUIDs using the apparatus
and procedure described in section 11.3. Figure 12.2 shows the rms flux noise S(lp/ 2 (f) for
SQUIDs with (a) 8 slots [Figure 12.1(b)] and (b) 248 holes [Figure 12.1{c)], each cooled in
four different magnetic fields. In Figure 12.2(a) there is no increase in the noise for cooling
fields up to 60 uT. At 130 pT, however, the noise at 1 Hz has increased by a factor of 2,
indicating that flux entered the YBCO film at a value between 60 and 130 uT. In Figure
12.2(b), the low-frequency noise is unchanged for cooling fields up to 80 xT. At 100 T, the

5No point in listing them. I am sure they drifted by now.
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Figure 12.2: Flux noise S<11>/ 2(f) vs. frequency for (a) 8slot SQUID (2) and (b) 248-hole
SQUID (4) each cooled in four values of magnetic field. The spike at approximately 4.5 Hz
was due to an external source of unknown origin.
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noise below about 50 Hz increased substantially, by a factor of about 5 at 1 Hz, and S<11>/ 2(f )
scales approximately as 1/f1/2 in this frequency range. Flux vortices must have entered the
YBCO film at a value between 80 and 100 uT. I note that in both cases the white noise
remains constant for all values of magnetic field, an observation consistent with the fact
that the critical currents of the SQUIDs did not vary systematically with the field.

Figure 12.3 shows the flux noise at 1 Hz, Sé,/ 2(1 Hz), vs. cooling field By for all
seven SQUIDs. For the solid SQUID, S(II,/ 2(1 Hz) increases rapidly with Bg to a value of
230 pu®oHz~Y/2 at 20 uT, a value similar to that for large-washer SQUIDs described in
Chapter 11. For the device with 5 slots and one of the devices with 125 holes, the noise
increase is similar to that of the solid SQUID although the actual values of the noise are
somewhat less. Evidently flux vortices enter the outer band of YBCO and couple significant
amounts of excess 1/f noise. The second device with 125 holes, however, is markedly less
noisy, although S}I,/ 2 (1 Hz) increases linearly with Bg. This different behavior between two
nominally identical devices implies that variation in edge quality still remains a factor. For
the devices with 8 slots and 248‘h01es the noise is virtually independent of the cooling field
By up to a threshold. The best SQUID, one with 8 slots, exhibits no significant increase in
S5/%(1 Hz) for values of By up to above 100 uT. At 130 4T, the noise has increased slightly,
by less than a factor of 2 above the zero field value, suggesting that vortex entry ocurred
somewhat below this cooling field. The threshold field appears to be a little above the
predicted value of 100 uT. For the second SQUID with 8 slots, there is a small increase in
the noise at 80 uT. Again the difference in threshold field between two nominally identical
devices suggests a materials variation. For the SQUID with 248 holes, vortex entry ocurrs
between 80 and 100 yT. The value of B is lower than that of the better of the two devices
with slots: this may be a materials issue, but I note that the result is consistent with the fact
that the largest linewidth of the YBCO film, at each intersection of two lines, is 4+/2 pm.
For the SQUID with slots, on the other hand, there is only a small number of such wider
regions.

In short, SQUIDs completely interpenetrated with slots or holes showed no sig-
nificant increase in the 1/f flux noise when cooled in magnetic fields up to a threshold,
consistent with the theory that narrow linewidths exclude vortices. Improvements in edge
quality raised the threshold field for flux entry to the value predicted by Equation 11.1

for w=4 pum. The solid square-washer SQUID behaved as one might expect for a washer
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Figure 12.3: Flux noise S<11>/ 2(1 Hz) vs. cooling field By for the seven devices listed in Table
12.1
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penetrated by vortices even at relatively low cooling fields, exhibiting a 1/f noise spectrum.
The intermediate cases, SQUIDs with 5 slots or 125 holes, had less noise in a given field
than the solid SQUID, presumably because there were fewer vortices, but the presence of
the vortices in the outer band was sufficient to couple significant amounts of excess 1/f noise
into the SQUID.

12.3.2 A.s and Coupling

Another important issue was the question of how well these new SQUIDs couple
to the input coil of a flux transformer. In the case of the solid SQUID, the washer acts as
a superconducting ground plane for the input coil resulting in high coupling efficiency [14].
What happens if there are holes in the ground plane?

We first measured the effective area A.g of each SQUID by using our solenoid
to determine the amount of magnetic field required to produce one flux quantum. The
results are summarized in Table 12.1. In all cases the presence of slots or holes increased
A over the value for the solid washer. This result is quite interesting and at first sight
rather ama,zing’. Some insight can be gained if one considers the simple scenario of say
the SQUID with slots having only the outer and the inner 4 um-wide loops. Now it is
a simple directly coupled magnetometer and we can calculate A ¢ using Equation 5.1 to
yield 5.0 x 10~3mm?, the same as the value measured for the solid washer SQUID. It is not
unreasonable to expect additional loops to add to the effective area. I note, however, that a
more precise calculation of both area and inductance, for the SQUIDs with slots and holes,
is required to fully understand this increase in area.

Table 12.1 also shows the mutual inductance M; between three SQUIDs and a
7-turn input coil shown in Figure 12.1(f). The coil was fabricated on a glass substrate
from thin films of Cu-Au separated by a layer of SiO and involved two vias and a crossover.
The coil was coupled to each SQUID in a flip-chip arrangement with a 3 pm-thick mylar
foil separating the two chips. The mutual inductance was measured by passing a small
current through the coil. As seen in Table 12.1, the presence of slots or holes reduces M;
only modestly compared with the solid SQUID, by about 16% and 13% respectively. This
important result suggests that a flux transformer would couple to a SQUID with slots or

holes nearly as efficiently as to a solid SQUID of equal size.
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12.4 Implications for Flux Transformers

We now analyze the total noise contribution of a flux transformer with a multiturn
input coil coupled to one of these SQUIDs with slots or holes to form a magnetometer. Once
again, there are two sources of such noise [51]: “direct noise”, in which the motion of vortices
in the input coil couples flux noise directly into the SQUID, and “indirect noise”, in which
vortex motion in both the input coil and the pickup loop generates a noise current in the
flux transformer and thus a noise flux in the SQUID. The direct noise can be eliminated by
making the linewidth of the input coil sufficiently narrow, say 4 pm or less, thereby excluding
vortices from the film. However, it is desirable to increase the width of the pickup loop to
1 mm or more in order to keep its inductance low and thereby increase the sensitivity of
the magnetometer. The pickup loop would then be interpenetrated by vortices but we can,
once again, show that the contribution of these vortices to the 1/f noise in the SQUID is
rather small.

Consider a flux transformer with a pickup loop of width wy, perimeter £, and
inductance Ly, and an n—turn input coil with inductance L; inductively coupled to the
SQUID inductance L via mutual inductance M;. We assume L, = L; and ideal coupling
between the SQUID and the input coil so that L; = n?L and M; = nL [14]. Following the
steps in Section 11.6, it is straightforward to show that the spectral density of the flux noise

coupled into the SQUID due to flux motion in the pickup loop is

sor) = S8 (2) (152 (121)

Wp
where Sg (f) is the spectral density of an unpatterned film. Taking as typical values
SY(1Hz) S 107%®3H =71 [81, 26], £, = 40mm, w, = Ilmm and n = 16, we find Se(1Hz) <
10_11<I>%H z~1. This corresponds to a flux noise of about 3 u®o Hz~1/2) smaller than the
lowest noise we have observed in our washer SQUIDs. We thus conclude that vortices in
the flux transformer should not add significantly to the noise of the magnetometer cooled

in a static magnetic field.

12.5 Discussion and Future Directions

In this chapter I have shown that holes or slots of appropriate configuration elim-

inate excess 1/f noise in large-area SQUIDs cooled in an ambient magnetic field. Although
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it appears that the quality of the YBCO films, most likely at the edges, still plays a role
in determining the properties of these devices, improvements in the edge quality have in-
creased the threshold field for flux entry in all three SQUIDs uniformly penetrated by slots
or holes to a value above 50 yT. In two of these devices, the threshold field is consistent
with the prediction By = w®q/4w? [97]. The key factor in the design of these SQUIDs
is the narrow linewidths of the YBCO films; the size of the slots or holes is unimportant
provided the remaining YBCO is sufficiently narrow. The effective area of various devices
with slots or holes is always greater than’that of the solid device, indicating that they are
more efficient in directing flux into the SQUID. It was particularly gratifying to observe
that the coupling efficiency of a spiral input coil to the devices with 8 slots and 248 holes
was not greatly reduced compared with the solid SQUID.

The results of this chapter imply that it should be possible to operate a sensitive
magnetometer, based on a flux transformer with a multiturn input coil tightly coupled to
a large-washer SQUID containing slots or holes, in the Earth’s magnetic field without a
significant increase in the 1/f noise. I showed that vortices in the relatively wide pickup
loop should not couple significant amounts of 1/f noise into the SQUID while direct noise
contribution of the input coil can be eliminated by making the linewidths sufficiently narrow.

The fact that a flux transformer contains multilayers with potentially rough edges may still

add some excess 1/f noise to the magnetometer above the level of the SQUID, as it did in

Chapter 6, although in that case, the magnetic field sensitivity was still quite adequate for
magnetocardiography. Investigation and improvement of edge quality in multilayers may
be in order.

To conclude this chapter, our original goal was to develop high-T. SQUID magne-
tometers into practical devices. In Parts IIT and IV, I showed that our devices have sufficient
magnetic field resolution for many desired applications in the shielded environment. Now
it appears that we can attain the same sensitivity in ambient magnetic fields. Certainly, we
have eliminated the adverse influence of unshielded cooling and operation on the intrinsic
noise properties of the SQUID. Methods to eliminate the influence of extrinsic noise sources

are addressed next.
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Chapter 13

A High-T. Planar Gradiometer
with an Asymmetric Flux

Transformer

13.1 Introduction

In the last two chapters I addressed the effects on the intrinsic noise properties of a
high-T. SQUID cooled in a static magnetic field comparable to the Earth’s. However, even
with a sensor free of excess intrinsic noise, in many applications one would like to detect weak
signals against a background of ezternal magnetic noise that is many orders of magnitude
higher. In urban environments, the dominant source of noise is the 50 or 60 Hz signals,
plus a large number of harmonics, from power lines. Other electrical instruments such as
computers, automobiles, and elevators also generate magnetic noise. For this reason, most
sensitive magnetic measurements, particularly of biomagnetic signals, are currently made
in magnetically shielded rooms (MSRs). However, even the best MSRs [87] do not reduce
the 50 or 60 Hz noise sufficiently and they often produce low frequency noise. Therefore
one requires a gradiometer to discriminate against the external noise in favor of the signal.

Until recently, the traditional low-T, gradiometer was wound from niobium wire:
two pickup loops wound in opposition and mounted on a common axis with a baseline

(separation) typically 0.1 m are connected in series with an input coil, inductively coupled

to the SQUID. If the loops are identical and parallel, then the gradiometer is balanced and
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a uniform magnetic field B, links zero net flux into the loop. A field gradient dB,/dz, on
the other hand, links a net flux into the loop and generates an output from the SQUID.
Typically one of the loops is placed in close proximity to the source while the other serves as
a reference to subtract away the noise from remote sources whose signals are uniform over
the length of the baseline. Thus the output of the SQUID is ideally that of a magnetometer,
placed at the location of the first loop, minus the environmental noise. In order to measure
a magnetocardiogram completely unshielded, one is required to balance the gradiometer to
about 1 part in 10° (i. e. to reject six orders of magnitude of common mode signal.) This is
often impossible to achieve with a first-order gradiometer and requires the use of a second—
or third-order device. [100].

The lack of suitable wire eliminates the option of a high-T. wire—wound gradiome-
ter. Two approaches have been adopted so far with high-T. SQUIDs. One is an electronic
gradiometer made by subtracting the signals from two magnetometers [101, 102]. This ap-
proach is also used with some low-T, SQUID systems [88, 89]. Although one can easily
select any baseline, the balance of an electronic gradiometer is limited by the linearity of
the readout electronics and the common—mode rejection ratio of the subtraction system.
Furthermore, in a multichannel system, one must use at least two SQUIDs per gradiometric
sensor element. The second approach is to make a planar thin film version of the niobium
wire wound gradiometer that measures 0B,/0z; this either involves a gradiometric flux
transformer with two pickup loops connected to a multiturn input coil coupled to a SQUID
[103] or employs two loops in parallel with a SQUID galvanometer measuring the current
induced along the common line [104, 105, 106]. The main disadvantage of these high-T,
devices is a very short baseline, limited by the size of the substrate to typically 5-20 mm,
and thus unacceptable for many biomagnetic measurements.

In this chapter, I describe 2 new type of planar high-T, gradiometer with a baseline
of 48 mm and a balance in the z—direction of about 1 part in 3000, both quite suitable for

using this device as a biomagnetic sensor.

13.2 Concept

The asymmetric planar gradiometer is shown schematically in Figure 13.1(a). The
gradiometer evolved from a design by Zimmerman [107] for a wire—wound, axial gradiometer

coupled to a fractional-turn SQUID machined from niobium. It consists of a directly coupled
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30 mm - _

17.5
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2 mm

Figure 13.1: Asymmetric planar gradiometer consisting of a flux transformer and a di-
rectly coupled magnetometer. (a) Conceptual schematic showing key parameters. Note
the coordinate axes. (b) Physical realization showing dimensions. The directly coupled
magnetometer is shown in light shading.
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magnetometer with a pickup loop of inductance Ly, and area A, and a superconducting
flux transformer with an input loop of inductance L; and area A; connected to a pickup
loop of inductance L, and area A,. The mutual inductance between the input loop and the
magnetometer is M; = a(LyL;)1/2.

We first find the condition for the gradiometer to be balanced, that is, for the
directly coupled magnetometer to produce zero response to a uniform magnetic field B,

(Figure 13.1(a)). Using flux conservation we find

and .
B, (Ap + A;) = (Lp + Li)Jy — MyJm =0, (13.2)

where J,, and J; are the screening supercurrents in the magnetometer loop and the trans-
former, respectively. To achieve the balance condition J,, = 0, we solve Equations 13.1 and

13.2 to find

o= ——_——
Obviously one must choose the parameters on the right-hand side of this equation so that

(13.3)

balance is achieved for o < 1.
We now consider the response to a gradient 9B, /0z. We apply a field §B, to the

magnetometer and input loop only, and again using flux conservation find

(6B2)Am — (8Jm) Ly — (§J1)M; =0 (13.4)
and
(5BZ)A1' — (5Jt)(Lp + Ll) — (6Jm)Mi =0. (13.5)
By solving Equations 13.4 and 13.5 we obtain the current induced in the magnetometer
loop :
6Jm = 6B, I /Lt 1-a? = 6B, Lmn (13.6)

where the term 6B, A,,/Ly, is the usual current response of the magnetometer loop to a
field 6B, and 7 represents the screening effect of the flux transformer. As we shall see,
with appropriate design, 7 is only slightly less than unity, so that the sensitivity of the

magnetometer itself is not significantly reduced by the presence of the flux transformer.
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13.3 Design and Fabrication

Figure 13.1(b) illustrates the asymmetric planar gradiometer, showing the directly
coupled SQUID magnetometer and a single-layer flux transformer. In this concept, through
appropriate design, one selects suitable inductances and areas for the pickup and input loops
of the transformer and for the magnetometer loop, and achieves final balance (Equation
13.3) by sliding the transformer over the magnetometer thereby varying «. The SQUID
magnetometer is shown in Figure 5.6 and follows the design specifications outlined in that
section. The outer and inner dimensions of the magnetometer loop are 10 mm and 2mm,
respectively, yielding an estimated inductance L, of 4nH and an estimated area A of
20mm?. Due to uncertainties involved with calculating accurate inductances of the trans-
former loops, it was necessary to carefully select the dimensions of the loops so that the
right-hand side of Equation 13.3 is, say, between 0.4 and 0.8, a range of coupling coefficients
that can be realistically achieved. After measuring the coupling between the magnetometer
and a variety of input coils, we chose to use a square input coil with an outer and inner
dimensions of 7mm and 5mm, respectively, yielding L; ~ 10nH and A; ~ 36 mm?2. This
somewhat simplifies the balance condition given by Equation 13.3, by introducing additional

constraints L; = 2.5Ly, and A; =~ 1.8An,, resulting in

L,/(16L) + 1.6
o~ . 13.
N T A A, + 18 (13.7)

Finally I chose the dimensions of the pickup loop as shown in Figure 13.1(b). I estimate
L, ~ 5045 nH, which included a 13 nH contribution from the stripline, and A, ~ 411 mm?.
From Equation 13.3, these estimated values lead to a &~ 0.43 + 0.04, required for balance,
and from Equation 13.6 to n =~ 0.95; thus the presence of the flux transformer reduces
the intrinsic sensitivity of the magnetometer by only 5%. The separation between the
midpoints of the input and pickup loop, which we take as the baseline of the gradiometer,
is approximately 48 mm?.

The magnetometer was patterned by photolithography and Ar ion milling at nor-
mal incidence in a 150 nm-thick film of YBCO on a 10 x 10 mm? STO bicrystal. The
linewidth of the SQUID loop' was 4 pym. The junctions were approximately 1.3 um wide.
The critical current and resistance per junction were 200 pA and 1.2 €, respectively, and

the transfer coefficient was about 41 pV/®p. The flux transformer was patterned using

A better definition of the baseline is given by measuring a known field gradient.
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the Quintel Contact Aligner in a YBCO film co-evaporated on a 100 mm YSZ wafer by Z.
Lu, V. Matijasevic and K. Char at Conductus. It was then wet etched in a 0.05% aqueous
solution of HNQOjg.

13.4 Results

For this experiment we used a probe which allowed us to slide the transformer
parallel to the magnetometer using a linear motion mechanism that could be adjusted
from outside the cryostat. The magnetometer was spring-loaded against the surface of
the transformer. The transformer was held on a kinetic mount made from delrin; it was
pushed forward in the x—direction by means of a screw; when the screw was released,
it was pulled back by a set of return springs. In this way, we could vary a in situ to
obtain the balance condition of Equation 13.3; the position of the flux transformer could be
adjusted to about 2.5 pym. After some experimentation, I mounted the magnetometer and
the flux transformer face—to—face separated by four layers of 50 um-—thick teflon tape. The
gradiometer was immersed in liquid nitrogen with the x—axis vertical and the magnetometer
at the lower end. There was no magnetic or rf shielding. I flux modulated the SQUID at
100 kHz and operated it in a a flux-locked loop without bias reversal. To assess the balance
of the gradiometer I placed it at the center of a 1.2 m—diameter Helmholtz pair, with the
axis of the coils perpendicular to the plane of the gradiometer (the z—-axis). I injected an
alternating current into the coils and averaged the output from the flux-locked loop 200 to
400 times, using a spectrum analyzer.

Figure 13.2 shows a plot of the output of the magnetometer for a 100 Hz magnetic
field vs. the position of the flux transformer; at x=0 the position of the input loop of
the transformer is entirely outside the central hole of the magnetometer loop, and the
coupling between them is small. As I slide the input loop toward the magnetometer loop,
the output of the flux—locked loop progressively decreases, dipping sharply near x=4.3 mm,
and then increases again. Observations on an oscilloscope show that the phase of the 100 Hz
output signal relative to the driving field changed sign across the minimum. The minimum
represents the optimum balance point of the gradiometer, and corresponds to a reduction
in the response to the uniformly applied magnetic field of approximately 2,930. This value
may or may not represent the intrinsic balance limit; it is entirely possiBle that gradients

introduced into the 100 Hz magnetic field by nearby steel objects were the limiting factor.
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Figure 13.2: (a) Signal from the flux—locked loop (FLL) for a uniform 100 Hz magnetic
field applied perpendicular to the plane of the gradiometer vs. position x of the input loop
relative to the magnetometer. Right-hand ordinate is balance factor. (b) Expanded view
about the position of optimal balance
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The latter is consistent with the observation that uniformly applied magnetic fields at higher
frequencies (1 kHz and up) were only reduced by a factor of a few hundred and that removal
of metal objects from the room resulted in increased field rejection by the gradiometer.

An important criterion for a useful gradiometer is that the response to fields ap-
plied in the plane of the gradiometer should be low. To evaluate the response to fields in

the y—direction, I applied a 100 Hz current to the Helmholtz coils. With the gradiometer
unbalanced, I then rotated the dewar by approximately 90° to locate the precise angle 6,
at which the response to the 100 Hz signal is a minimum - this represented the direction
perpendicular to the axis of the coils. I then restored the dewar to its original position,
balanced the gradiometer using the uniform 100 Hz field as reference, and rotated it back
to 0. I repeated this procedure several times and concluded that the signal measured by
the balanced gradiometer at 8, was on average 1,400 times less than the signal measured by
the magnetometer with its plane perpendicular to the axis of the Helmholtz pair. Therefore
the rejection in the y—direction was about 1 part in 1,400. Once again, either this residual
response was intrinsic to the gradiometer, for example caused by the flux transformer not
mounted exactly parallel to the magnetometer, or it was caused by the nonuniformity of
the 100 Hz field.

As a demonstration of the reduction in ambient noise, Figure 13.3 shows the output
of the magnetometer for the unbalanced (x=0) and the optimally balanced cases, with the
signal from the Helmholtz pair switched off. The 60 Hz peak is reduced by a factor of 1,600.
It is possible that the residual signal is due to a gradient in the 60 Hz field.

Finally, I measured the response of the balanced gradiometer to a gradient field by
passing a 100 Hz current through a long wire in the y—direction placed below the gradiometer
and parallel to its plane. The gradient produced by a long wire is given by (uol)/(2772). I
varied the distance of the wire from the midpoint of the baseline from r=0.5m to r=0.75m,
distances substantially greater than the baseline. The gradiometer response vs. distance is
plotted in Figure 13.4. The least-squares fitted slope on this log-log plot is -1.92 +0.04,
close to the expected value of -2. Distortions is the applied gradient due to nearby metal
objects, and, particularly, a slight residual response to a uniform magnetic field, will cause

deviations from the ideal 1/r? behavior.
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Figure 13.3: Output of the flux—locked loop for unshielded gradiometer unbalanced (upper
trace) and at optimal balance (lower trace), showing reduction of the ambient noise.
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Figure 13.4: Signal from the flux—locked loop for balanced gradiometer vs. the distance r
of a wire carrying a 100 Hz current below the centerline of the gradiometer.
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13.5 Discussion

This approach to planar gradiometers has several advantages. The flux transformer
involves only a single layer of YBCO, and its length could be readily extended to, say,
100 mm thereby increasing its baseline. Furthermore, it should not be necessary to use
particularly high—quality films; I showed in Chapter 5 that vortex motion in the pickup
loop of a flux transformer with relatively large area and inductance does not contribute
significantly to the 1/f noise in the SQUID [50]. Thus, it may be possible to use sintered
YBCO films on inexpensive polycrystalline substrates, like the YBCO tube that was used as
a magnetic shield in some of the experiments mentioned in Part III [69]. The fact that the
intrinsic sensitivity of the magnetometer is only reduced by a few percent by the presence
of the flux transformer is particularly appealing. Needless to say, one could use high-T.
SQUID magnetometers that are more sensitive than the directly coupled magnetometer
used in this experiment, for example, a magnetometer with a multiturn flux transformer
(Chapters 6 and 7) or the multiloop magnetometer (Chapter 8).

This asymmetric first order gradiometer has a baseline of 48 mm and a measured
balance of about 1 part in 3000 with respect to magnetic field perpendicular to its plane.
Direct measurements and the observed reduction in the 60 Hz noise indicate an in—plane
rejection of better than 1 part in 1000. This combination of balance and relatively long base-
line, together with the minimal reduction of the sensitivity of the magnetometer, make this
gradiometer eminently suitable for multichannel biomagnetic measurements. This device
has further advantages'of using only one SQUID per gradiometric sensor element, carrying
over three orders of magnitude of ambient noise rejection. One could subtract signals among
the gradiometers of an array to achieve higher order gradients, further reducing ambient
noise pick-up. In combination with a magnetometer using a SQUID with slots or holes [63],

this approach may well lead to a SQUID system that operates with high field sensitivity,

completely unshielded.
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Chapter 14

Conclusions and Future Directions

The objective of this work was to develop high-T. SQUID magnetometers suitable
for practical applications. Through improvements in fabrication of YBCO thin films and
YBCO-STO-YBCO multilayers, we systematically reduced the low frequency 1/f flux noise
that limited the performance of early devices. Thereby, we increased the magnetic field
resolution of YBCO magnetometers to levels where clinical quality magnetocardiograms
are attainable in a magnetically shielded room. Qur best device (currently the best in the
world) was a flip~chip magnetometer with a field resolution of 27 fT Hz~1/2 at 1 Hz and
8.5 fT Hz~1/2 at 1 kHz, representing a reduction of about 5 orders of magnitude in noise
power at 1 Hz with respect to YBCO SQUID magnetometers made six years ago. The next
challenge was to retain this level of performance in YBCO SQUIDs when they are cooled
and operated in ambient magnetic fields. By redesigning the SQUID washer, we were able
to eliminate the intrinsic excess 1/f flux noise, due to thermally activated hopping of flux
vortices, in YBCO SQUIDs when they are cooled in static fnagnetic fields. New devices
whose washers are interpenetrated by an array of empty slots or holes exclude flux vortices
in fields of up to 100 uT. We have also introduced a new type of high-T, gradiometer, based
on a SQUID magnetometer coupled to a flux transformer, that combines a balance of about
1 part in 3,000 with a baseline of 48 mm and retains 95% of the field resolution of the bare
magnetometer.

The progress made during the last six years represents a transition of high-T.
SQUID magnetometers from demonstrated working devices into the realm of useful ultra—
sensitive magnetic field detectors that are beginning to operate in the ambient environment.

I believe, however, that there is a number of improvements that must be made before this
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technology draws substantial interest from outside of the community that developed it. I
shall provide a list of challenges that lie ahead, based on my personal observations and
opinions.

(1) Josephson junction technology: All of the SQUID magnetonieters reported in
this thesis were based on bicrystal grain boundary junctions in SrTiOs. The critical currents
and resistances of these junctions, however, vary by as much as a factor of two on each chip
and by as much as an order of magnitude from chip to chip. I suspect that the variability of
junction parameters is partly due to variation in the process used to fuse the bicrystal, partly
to microstructural variation along a given grain boundary, and partly to lack of control of
oxygen interdiffusion into the completed YBCO junction. Whatever the cause may be,
the result is limited yield of high-T. SQUID magnetometers, which raises their production
cost. Although, there is considerable work being done to understand the microstructure
and transport in grain boundary junctions, to my knowledge, there is nothing that suggests
~ an improvement over the present lack of control. Other junction technologies, such as step—
edge or ramp-edge, may turn out to be more promising but they face a similar lack of
reproducibility, particularly in the range of interest for SQUIDs namely, IgR 2 200 4V and
R~ 109 at T=77 K. The present low yield of SQUIDs with optimal junction parameters
might be circumvented by making magnetometers in the flip—chip arrangement, although it
would be preferable to increase the yield of junctions to the level of present day Nb—Al,O3-—
Nb junctions, which may involve a new junction technology or simply greater control of one
of the existing processes.

(2) High-T. multilayers: The earliest challenge in high-T. multilayers with re-
spect to SQUID magnetometers was to develop an interconnect technology suitable for flux
transformers. The next challenge, largely undertaken in the course of this work, was to
reduce the excessive 1/f flux noise in these multilayers. We have demonstrated that we can
fabricate low—noise flux transformers; however, the process takes a certain amount of skill
and may include some unnecessary steps. It would be desirable to streamline the process in
order to move it closer to mass production, necessary for multichannel SQUID systems. In
that vein, one would like to work with larger substrates, say 50 to 100 mm-diameter wafers

to make large numbers of flux transformers or integrated magnetometers in one run. Only

then could one possibly compete with the production costs of low-T. devices.
(3) White noise of high-T, SQUIDs: An unresolved mystery in high-T. SQUIDs is

that their white noise is as much as an order of magnitude higher than the value predicted by
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16k5TR [11]. Not only is this fact puzzling from a fundamental point of view, it naturally
limits the sensitivity of a SQUID or magnetometer in the white noise regime. This is of
particular importance now that the 1/f noise in YBCO structures has been suppressed.
The answer may be found by examining higher frequency (2 1 MHz) dynamics in high-T
SQUIDs; one can speculate, for example, that the “white noise” that we measure around
1 kHz, is actually the low—frequency plateau of a Lorenzian spectrum generated by one or
more random telegraph signals at higher frequencies.

(4) Fluz trapping in YBCO thin film structures: Even in YBCO SQUIDs and
magnetometers nominally free of 1/f noise, one can still trap flux vortices with little effort, in
contrast with low-T. SQUIDs. The weakly pinned vortices move under thermal activation,
generating random telegraph signals, raising the flux noise of the SQUID. Normally one
can remove these effects by raising the temperature of the SQUID above T, and gradually
lowering it again. For a system with a small number of channels, incorporation of a heater

onto each SQUID chip is essential but ultimately may not be sufficient for a truly practical

system. It would be highly desirable to eliminate vortex trapping. One can speculate that

cleaner edges may be conducive to vortex exclusion, as already demonstrated by Sun et
al. [98] and by ourselves [63]. Further work, possibly involving high resolution SQUID
microscopy [96], may be required to identify vortex trapping sites.

(5) Low magnetic field noise in ambient environments: The next exciting step to
be taken with the material presented in this thesis is to produce a high-T; SQUID magne-
tometer system that is capable of detecting a clinical quality magnetocardiogram completely
unshielded. The system that we envision consists of two or three asymmetric gradiometers
(Chapter 13), each involving a single layer flux transformer coupled to a sensitive SQUID
magnetometer. Each asymmetric gradiometer provides 3 orders of magnitude of ambient
uniform field cancellation; the remaining cancellation would be done by electronically sub-
tracting the outputs from two separate gradiometers to form a second derivative or among
three gradiometers to form a third derivative. For maximum field sensitivity, each magne-
tometer would consist of a flux transformer with a multiturn input coil coupled to a square
washer SQUID interpenetrated by an array of slots or holes, thereby also eliminating the
intrinsic noise due to cooling the device in the Earth’s static field (Chapter 12).

Although there are still challenges facing high-T. SQUID magnetometers, I am
inclined to believe (and history has shown) that issues involving materials, design, process-

ing, operating in a field, and developing multichannel systems are wholly solvable through
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good engineering. High-T. SQUID magnetometers in all likelihood will reach the level of
performance of their low-T, counterparts. There is, in my opinion, a greater challenge fac-
ing all of these devices. We must refocus our attention on applications. Until now, the most
common application of low-T, SQUID magnetometers has been magnetoencephalography
for the purposes of pure research, trying to understand the dynamics of the brain. This
was hardly a tool for diagnosis used by the mainstream medical community. The same can
be said for cardiography, NDE, and geophysics — there are other techniques used in these
applications, and SQUID-based magnetometry, although likely to offer complementary in-
formation, will only be accepted when it is conclusively shown to do so. As an example,
there is evidence that risk assessment for sudden cardiac death can be done through mag-
netocardiography [108]. One must, however, assess a large number of patients (~ 1000)
and demonstrate that the technique offers advantages of speed, cost and/or reliability over
competing methods before the medical community is likely to accept it. The next stage in
the development of SQUID magnetometers (high or low-T,) will likely involve intimate ties
with other industries — biomedical, aeronautical, geophysical. Already high-T; SQUIDs are
marketed by companies including Conductus, Oxford Instruments, NKT, and Sumitomo
Electric. The interesting question is: Will SQUID magnetometers remain a tool for pure

research or will they enter the mainstream and be used to prospect for minerals, diagnose

disease, save lives?
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