Chapter 2
High-7, SQUIDs

Superconductivity was discovered by Kamerlingh Onnes in 1911 after he succeeded
in liquefying helium [1]. Kamerlingh Onnes discovered that the electrical resistance
of mercury vanished when it was cooled to below 4.2 K. The transition temperature
of a superconductor is known as the critical temperature, 7;, and is a material-specific
property. Zero resistance is one of the characteristic properties of superconductors
and the other defining property is called the Meissner effect, discovered in 1933 [2].
The characteristic of the Meissner effects is that magnetic fields are completely
expelled from inside the bulk of a superconductor when cooled to below 7;.. The
electrons in a superconductor pair up in so-called Cooper pairs [3] due to interaction
with lattice vibrations, known as phonons, that make it possible for electrons to travel
through the material without dissipation.

An important breakthrough in superconducting technology came in 1986 when
Bednorz and Miiller discovered the first high temperature superconductor with a 7. of
35K [4] for which they were awarded the 1987 Nobel prize in physics. Shortly after,
superconductivity in YBa;Cu3O7_s (YBCO) was discovered [5] with 7, = 93K
which made it possible to use liquid nitrogen as the refrigerant. YBCO is one of
the most commonly used high-7,. superconductors today and is the material used
throughout this work.

The discovery of superconductivity and the high-7;. materials opened up the field
for new applications. This chapter describes the development of high-7,. SQUIDs
including theory, considerations, and fabrication of SQUID sensors.

For more details on superconductivity and devices see for example [6-9].

2.1 The Josephson Effect

A Josephson junction consists of two superconductors separated by a thin insulating
barrier. The insulator forms a weak link that Cooper pairs can tunnel through, thus, a
current can flow through the barrier without dissipation. The behavior of such adevice
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Fig.2.1 Anequivalent circuit of a capacitively (C) and resistively (Ry) shunted Josephson junction
with critical current /. and noise current [,

was predicted by Josephson in 1962 [10] and the governing Josephson relations are:
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where [, is the critical current (the maximum supercurrent that can flow in the
junction), ¢ is the phase difference across the junction, ®o = h/2e¢ = 2-10~5 Wbis
the flux quantum and e is the electron charge. These two equations (Egs. 2.1 and 2.2)
are referred to as the dc and ac Josephson effect, respectively.

A common way of modeling a Josephson junction is by capacitively (C) and
resistively (Ry) shunting an ideal junction. This model is called the resistively and
capacitively shunted junction (RCSJ) model and is shown in Fig.2.1 [8, 11, 12].
The current flowing through the model circuit using the Josephson relations can be

described by
1 &g .

1=c2 ¢+R—2—¢+I sing + I, (2.3)

where I, is the noise current from the shunting resistor R. From this model arises
the Stuart-McCumber parameter:

27 I.R2C
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that is used as a condition for hysteresis in the junction’s /V characteristics. For
highly dissipative junctions used for sensors, B, < 1.

In order to retain coupling between the two superconducting electrodes in the
presence of thermal noise, the Josephson coupling energy, I.®g /27, has to be larger
than the thermal noise [8, 13]. This condition is expressed as
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Fig. 2.2 Schematic drawing
of a dc SQUID. Two Joseph-
son junctions (JJ) interrupt
a superconducting ring. An
applied magnetic flux (®)
directed into the plane of the
SQUID induces a screening
current (/) in the ring. The

screening current adds to the c
bias current (/) and alters the
critical current of the junctions
2nkpgT
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where T is the operation temperature of the junction.

2.2 The de SQUID

A superconducting quantum interference device (SQUID) is a flux to voltage trans-
ducer and is one of the most sensitive devices for detecting magnetic fields known to-
day. A dc SQUID is a superconducting ring interrupted by two Josephson junctions in
parallel as illustrated in Fig. 2.2. An important physical effect (in a SQUID) is that the
flux penetrating a superconducting ring is quantized (& = ndg,n =1,2,3... [7].
A typical IV -curve of a SQUID with external magnetic flux is shown in Fig.2.3.
When the SQUID is biased with a current bias I, slightly above the critical current
of the SQUID (21,) the junctions are in the resistive state. Since the critical current
of the junctions is modulated with the applied magnetic flux, the output voltage will
also be a function of magnetic flux as illustrated in Fig.2.3.

The IV -curve and the operation of a SQUID can be understood from the following
description. If the critical currents of the two junctions are equal, as shown in Fig. 2.2,
then the bias current, I, will split equally in the superconducting ring. An applied
magnetic flux (®) induces a circulating current in the ring (with inductance L) given
by Iy = —®/L. The screening current adds to the bias current through the junctions
which means the critical current, as measured, decreases. As the applied flux reaches
® = (/2 the SQUID switches into normal state and lets one flux quantum into
the ring, which means I; changes sign. At this point we are at the minimum critical
current of the SQUID as indicated by the lower I V-curve in Fig.2.3. As the flux
increases to one flux quantum, the screening current decreases and the maximum
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Fig. 2.3 Measured /V-curve
with varied applied flux. The
applied flux reduces the criti-
cal current and consequently, =N
a voltage modulation appears

as a function of the applied I, =
magnetic flux (inset) / Y, 2= (n+1/2)g,
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critical current is restored (upper I V-curve in Fig.2.3). If the SQUID is biased at a
constant current (/ in Fig.2.3), this yields a voltage modulation as illustrated in the
inset of Fig.2.3.

2.2.1 Noise in dc SQUIDs

There are several types of voltage noise in SQUIDs: Nyquist noise of the Josephson
junctions, thermal fluctuations of the critical current and 1/ flicker noise associated
with motion of flux vortices in the superconducting thin film. The contribution of
thermal noise in SQUIDs is more significant in high-7, devices operating at 77K
than the low-T, equivalent operating at liquid helium temperatures (4.2 K). If the
spectral density of the voltage noise across the SQUID is Sy then the flux noise
(typically quoted for SQUIDs) is given by

Sy

So =
O] Vq%

(2.6)

where Vg = 0V /9 is the transfer function of the SQUID. The voltage noise
is generated by Nyquist noise from the dynamic resistance in the SQUID at the
measurement frequency, f;,, but it is also mixed down to the measurement frequency
from fj £ f, (where fj = V/®o = 483.6 MHz/lLV is the Josephson frequency).
The spectral density of the voltage noise (in the limit 8, < 1, I > I. and f;,, < fr)

is given by [14-16]
1 (1.\*| 4ksTR?
Sy =|[14+=(— —c 2.7
14 |:+2([b)} R, 2.7
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where the first term is the Nyquist noise generated in the dynamic resistance, Ry,
and the second term represents the mixed down noise. A second effect of thermal
noise is rounding of the / V-curve at low voltages due to current fluctuations [17].

Thermal noise gives several constraints on the SQUID parameters. The effect of
thermal noise for coupling between the superconducting electrodes in the Josephson
junctions was briefly discussed in Sect.2.1. Computer simulations by Clarke and
Koch [18] suggested an additional factor of 5, thus:

2nkgT
I = <
I. &9 —
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For T = 77K, we obtain I, > 17 wA. For high-T, SQUIDs one should also keep
in mind that the thermally induced flux noise in the SQUID loop, < CIDZZV >1/2=
(kgTL)'/2, should be less than one flux quantum which limits the SQUID
inductance [8].

The noise in the low frequency regime is usually refered to as 1/f noise or flicker
noise. The inverse proportionality to frequency makes reduction of flicker noise
important for applications where signals are measured at low frequencies, e.g. in
MEG. In general, there are two sources of flicker noise. The first one comes from
critical current fluctuations due to electrons getting trapped on defects in the barrier
and subsequently released [19-21]. The motion of electrons as they trap and release
increases the current density locally in the junction and the result is switching of the
critical current randomly back and forth as the electrons are released.

The fluctuations of the critical current in the two junctions can be in-phase or
out-of-phase. The in-phase component appears as voltage noise in the V ®-curve
shifting the curve in voltage whereas the out-of-phase component gives flux noise
and thus a phase shift in the V ®-curve. By using an appropriate bias scheme, both
the in-phase and the out-of-phase component can be reduced substantially [22].

The other type of flicker noise arises from trapped flux that hops between different
pinning sites in the superconducting film. Flux gets trapped in the superconducting
film when cooled through the transition temperature in the presence of an external
magnetic field and the effect is enhanced if the magnetic field is increased. Flux
hopping can be reduced by pattering holes in the superconducting film preventing
the flux from hopping between pinning sites [23].

2.2.2 SQUID Readout

The SQUID is operated in a flux-locked loop (FLL). The signal from the SQUID
is amplified and returned to a feedback coil inductively coupled to the SQUID as
shown in Fig.2.4. The feedback coil generates a flux in the SQUID which opposes
the external flux in the SQUID loop. The SQUID is flux locked where the voltage
to flux modulation is the steepest in order to achieve highest sensitivity. The signal
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Fig. 2.4 Basic drawing of the FLL SQUID readout. The signal from the SQUID is amplified,
integrated and sent back to a feedback coil inductively coupled to the SQUID. The feedback coil
cancels the flux in the SQUID. Cold parts are indicated by the dashed box

Fig. 2.5 A schematic cir- L
cuit of a directly coupled P
magnetometer indicating the
inductances of the pick-up
coil (L), the SQUID slit
(Lg), and the junction bridge A
(Lp). The effective area of the
SQUID and the pick-up loop
are Ay and A, respectively.
The Josephson junctions are L
indicated by crosses sl

fed back to the feedback coil also passes through a feedback resistor (R ) in order
to read out the signal (V7).

The critical current fluctuations giving in-phase and out-of-phase fluctuations are
effectively canceled by using a flux-modulated bias-reversal scheme. Bias reversal
switches the polarity of the V ®-characteristics which effectively cancels the in- and
out-of-phase fluctuations while remaining sensitive to changes in the V ®-curve due
to applied magnetic flux [22].

2.2.3 SQUID Considerations

Optimization of a SQUID concerns noise, field tolerance and effective area. From

simulations it was concluded that I' = T‘T{B{)T < 02and B = 2LI. /Py =1

[18, 24]. This puts constraints on the critical current and the SQUID inductance,
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I. > 17pA and L < 59 pH. Simulations done by Enpuku et al. show the dependence
of inductance on the noise properties of high-7,. dc SQUIDs [25] and the effect of
thermal noise on the voltage modulation [26]. It was shown that the flux noise (S}D/ 2)
scales with the SQUID inductance for L < 100pH and increases substantially for
higher inductances.

The effective area of a directly coupled SQUID magnetometer is [27]:

AP
Aerr = As +k—L (2.9)
o Lp

where k =~ Lg;/L is a coupling constant, L = Lg; + L;, is the SQUID inductance
where Lg; and Lj are the SQUID slit inductance and the inductance related to the
junction bridge respectively, Ay is the effective area of the bare SQUID, A, and L,
are the effective area and inductance of the pick-up loop respectively (see Fig.2.5).
The effective area of the bare SQUID can be neglected and inserting the coupling
constant gives A.ry o Ap(Lyg /L ). This is also reflected in the noise performance,
using V &~ R/L and Sy = 16kgT R [8] one obtains for the field sensitivity [28]:

12
S L

S =V o —. (2.10)
VoAerf  Lg

In summary, the effective area should be maximized and according to Eq.2.10
one should minimize L/Lg which was more closely investigated in [28]. The junc-
tions should be designed such that the critical current is higher than 17 A and the
inductance of the SQUID should not be too large (<59 H). Lines in the film should
be kept small in order to avoid flux hopping that causes low frequency noise [23].
Finally, the width of the junctions should be kept small enough not to reduce the
critical current modulation due to coupling to magnetic fields. The expression [29]

1.84
@

J

where AB is the maximum magnetic field, and w; is the width of the Josephson
junction can be used to estimate the maximum junction width given the amplitude
of the magnetic field.

2.2.4 Device Layout

Depending on the application and experimental setup a different type of sensor
layout may be needed. In the setup for MIA the SQUID sensor was operated without
magnetic shielding. In order to reduce the influence of far distant sources of noise
one can use a gradiometer layout. Furthermore, for MIA an excitation magnetic
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3 mm

Fig. 2.6 On the left is the layout of GRADI. The two pick-up loops, with width 400 pwm, constitute
a “figure eight”. An homogeneous applied magnetic field will induce circulating currents flowing
in the same direction in the two loops. When the currents meet in the middle they cancel, thus the
SQUID is blind to homogeneous magnetic fields. The baseline is 3 mm as indicated, thus, the design
is optimized for small sample sizes. On the right is the layout of the hairpin SQUID in this device.
The dashed line indicates the grain boundary of the substrate creating the Josephson junctions in
the superconducting ring. The SQUID slit is indicated by the length /; = 30 wm. The width of the
slit and striplines of the SQUID are 3 and 7 pm, respectively

field was applied (see Chap. 3) using a Helmholtz coil that produced a homogeneous
magnetic field in the vicinity of the SQUID. Due to these circumstances, gradiometers
were more appropriate for this application. Gradiometers were also developed for
the ULF-MRI setup, although the results obtained in this thesis on ULF-NMR/MRI
were measured with a shielded SQUID magnetometer.

The layout of one of the fabricated SQUID gradiometers (GRAD1) is shown in
Fig.2.6. Currents induced by homogeneous magnetic fields are cancelled in the center
of the “figure eight” configuration of the gradiometer since the induced currents will
effectively only appear in the perimeter. The SQUID is a so-called hairpin SQUID.
It has a thin SQUID slit as opposed to the typical square washer type [30].

The layout of GRAD2-5 (shown in Fig.2.7) is similar to GRADI1 but the baseline
is increased to 4 mm and the SQUID inductance is higher (60 pH, length of slit, width
of slit, and width of striplines were 50, 3, and 4 m, respectively).

GRADG is a single gradiometer on a 10x 10mm? STO substrate. The layout,
shown in Fig. 2.8 incorporates an array of 20 Josephson junctions with widths of
6 um to serve as flux dams in order to protect the SQUID from the high currents
induced during magnetic pulses (for ULF-NMR/MRI, see Chap. 5), but also to reduce
the risk of trapping magnetic flux in the thin film close to the SQUID. In addition,
the linewidth of the gradiometer was reduced to 200 wm. The area of the pick-up
loops was increased in this design.

For the MEG recordings, we used a magnetometer layout since the measurements
were made inside a magnetically shielded room and we wanted to maximize the
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Fig. 2.7 Layout of GRAD2-
5. In this design, two gra-
diometers are fabricated on
the same chip (GRAD2-3
and GRAD4-5). The base-
line is increased to 4 mm and
the SQUID, which is a hair-
pin type similar to GRADI1
(Fig. 2.6), has length of slit,
width of slit, and width of
striplines of 50, 3, and 4 pm,
respectively. The dashed line
indicates the grain boundary
of the substrate

Fig. 2.8 The layout of
GRADG6 shown at differ-

ent scales. The uppermost
figure shows the overall lay-
out of the gradiometer. The
middle panel shows the flux
dam configuration with the
two SQUIDs. The bottom left
panel shows the 20 Josephson
junctions that constitute the
flux dam on the left side of the
two SQUIDs and the bottom
right panel shows the two re-
dundant hairpin SQUIDs. The
grain boundary is indicated by
the dashed line
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field sensitivity by making the area of the pick-up loop large. The layout of the
magnetometer device is shown in Fig. 2.9. It has a 8x8mm? pick-up loop with
a linewidth of 400 wm. For redundancy and higher yield purposes, two SQUIDs
were included and placed in series. The hairpin SQUIDs had the same design as in
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4 mm

Fig.2.9 Layoutof the SQUID magnetometers. The large pick-up loop is 8 x 8 mm? and incorporates
flux dams shown in the zoomed up panel along with the two redundant hairpin SQUIDs. The dashed
line indicates the grain boundary of the substrate

Table 2.1 A summary of the SQUID devices

Device Baseline (mm)  Substrate(mm> STO) Seed-layer SQUID inductance(pH)
GRADI 3 24°,5x10x1 - 46
GRAD2 4 24°,10x10x 1 - 60
GRAD3 4 24°,10x10x1 - 60
GRAD4 4 24°,10x10x 1 50 nm CeO, 60
GRAD5 4 24°,10x10x 1 50 nm CeO; 60
GRAD6 4 24°,10x10x1 22 nm CeO; 60
MAGI — 24°,10x10x 1 - 60
MAG?2 - 30°, 10x10x0.5 22nm CeO; 60
MAG3 - 30°, 10x10x0.5 22 nm CeO; 60
MAG4 - 24°,10x10x 1 22 nm CeO; 60
MAG5 - 24°,10x10x0.5 22nm CeO; 60

GRAD?2-6. In order to limit the induced supercurrent in the pick-up loop, arrays of
6 wm Josephson junctions were incorporated in the pick-up loop where the thin film
inevitably crosses the grain boundary. Furthermore, this prevents flux hopping in the
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Fig. 2.10 A schematic draw-
ing of a pulsed laser deposition
system. The laser beam is de-
fined by aperture before it is Substrate
focused by a lens and enters
the chamber where it hits a
target. A plume is created by
the ejected material from the
target. The ejected material
is deposited onto the heated
substrate

J] Laser beam

1

Aparture

Vacuum chamber

weak parts on the grain boundary of the thin film, which reduces 1/f noise. A SQUID
magnetometer was also applied for ULF-NMR/MRI (see Chap.5). A summary of
the devices can be found in Table 2.1. The SQUID inductances were extracted from
simulations using the 3D-MLSI software [28, 31].

2.3 Device Fabrication

There are several types of practical high-7, Josephson junctions but in this work
YBCO bicrystal grain boundary type junctions have been used. Grain boundary
Josephson junctions include, apart from bicrystalline junctions, biepitaxial and step-
edge junctions [8, 32]. Examples of other types of junctions are constriction type,
ion irradiation and ramp-edge type junctions [8, 33].

For the devices fabricated within this work, grain boundary bicrystal junctions
have been utilized due to the reproducibility and simplicity to realize junctions. The
bicrystal substrate is made from two SrTiO3 (STO) single crystals bonded together
at a misorientation angle of e.g. 24° or 30°. When an epitaxial thin film is deposited
onto the substrate the grain boundary is transferred to the thin film creating a weak
link with the same misorientation angle. Typical critical current densities (J.) are
on the order of 10°~103 A/cm? for YBCO bicrystal junctions with a misorientation
angle of 24° [32]. In most of the devices, as shown in Table 2.1, a seed-layer of CeO,
was sputtered on the substrate before the YBCO thin film was grown. The seed layer
is used to improve the quality of the YBCO thin film in the vicinity of the grain
boundary of the substrate.

2.3.1 Thin Film Deposition

Deposition of YBCO thin films was made using pulsed laser deposition (PLD) which
is a well established technique for growing high-7,. superconducting thin films. The
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main advantage of PLD compared to other methods is the preservation of the sto-
ichiometry (film composition) which is achieved by the short laser pulses used for
target ablation. A disadvantage is formation of large clusters on the film surface.
A review on PLD for YBCO deposition can be found in [34].

A schematic of a PLD system is shown in Fig. 2.10. A laser beam is defined by an
aperture and focused by a lens before it enters the vacuum chamber. The laser pulses
hit a polycrystalline YBCO target inside the chamber. A plasma plume is created by
the ejected material from the target. The substrate is placed near the plume which
enables the ejected material to be deposited on it.

The UHV-PLD system (DCA instruments) used for growing the thin films of
YBCO for our devices consists of a Kr/F excimer laser from Lambda Physik with a
wavelength of 248 nm and pulse duration of 20 ns, and a vacuum chamber containing
aholder for the target and the substrate. The substrate holder can be set to rotate and/or
scan during deposition in order to accomplish thin films on larger substrates (up to2")
with homogeneous thickness. Heating is done via radiation from a SiC element. This
type of heating gives a more homogeneous temperature of the sample compared to
thermal heating where the sample is glued onto a heater. The PLD chamber is one
part of a cluster system with a common transfer and loading system that enables
deposition of oxides and metals in situ.

During thin film growth the substrate is located 51 mm from the target and is
heated to around 810°C. The oxygen pressure during deposition is typically kept
at 0.6-0.7 mbar. Finally, after the growth, the film is annealed in oxygen at 500—
600 °C for up to 120 min before it is cooled with a rate of 10 °C/min. Thin films with
thickness” of 200-350nm and with 7;’s of about 90K were grown for the devices
described. After deposition, the YBCO is protected by a thin layer (~20nm) of Au
sputtered in situ.

The quality of YBCO thin films is of outmost importance for device fabri-
cation [13]. It is desirable to achieve a high superconducting transition temperature
and smooth films, however, they are typically complementary.

Transition Temperature

The transition temperatures of the thin films were determined by measuring the
susceptibility of the superconducting film as a function of temperature. The setup
consists of two coils with a small separation where the sample is placed. The mutual
inductance of the coils is measured as the sample is cooled. At the transition tem-
perature, the susceptibility of the superconductor changes and the mutual inductance
between the two coils is altered due to screening currents in the superconductor.

The shape of the transition provides information about the quality of the thin film.
It is desirable to achieve a high transition temperature with a narrow transition for
optimum operation at 77 K. A representative transition temperature measurement of
a YBCO thin film is shown in Fig.2.11.
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Fig. 2.11 Transition tem-
perature measurement of a
YBCO thin film deposited
with PLD. The system mea-
sures the susceptibility (not
calibrated, hence the arbitrary
units) of the thin film as it is
cooled to below its transition
temperature

Fig. 2.12 A microscope pho-
tograph of a smooth YBCO
thin film with few particles
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The surface morphology of the thin films was investigated using an optical micro-
scope. This method gives an indication of the surface quality in terms of particle
density and smoothness and was sufficient for our purposes. A more thorough inves-
tigation of the surface morphology requires atomic force microscopy (AFM). Two
optical microscope photographs of YBCO thin films on STO substrates are shown
in Figs.2.12 and 2.13. The YBCO thin film in Fig.2.12 is an example of a smooth
film with few particles whereas the thin film in Fig. 2.13 has more particles and is

rougher.
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Fig. 2.13 A microscope _
photograph of a rough YBCO : : kb
thin film with some particles
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2.3.2 Thin Film Processing

Patterning of the YBCO thin film was made with photolithography. A thinlayer of UV
sensitive photoresist (Shipley S1813) was spun onto the thin film. The photoresist
was exposed to UV light (A = 400nm) through a chromium mask followed by
development in MF-319. Argon ion milling was then used to etch the YBCO. The
beam energy during etching was kept between 350 and 500 eV, and the current density
to about 0.1-0.2mA/cm? in order to minimize the damage to the YBCO [13]. Gold
pads were patterned using a lift-off process where windows in a layer of photoresist
(S1813) were opened with photolithography. Under the S1813, a layer of LOR3A
was spun and was used to achieve an undercut in order to facilitate the lift-off done
in acetone and ultra-sound bath. The fabrication process is shown in a step-by-step
manner in Fig. 2.14. A microscope photograph of GRADI is shown in Fig. 2.15.

2.4 SQUID Performance

The SQUID gradiometers were characterized in a shielded environment using a
superconducting shield (Bismuth strontium calcium copper oxide, BSCCO) and
mu-metal shielding but also unshielded which was particularly important for the
immunoassay application. The magnetometers were characterized with a mu-metal
shield and a superconducting shield or in the MEG setup inside a magnetically
shielded room. For characterization of a SQUID it was glued onto a circuit-board
and electrically connected with gold wire-bonds. In this dip-stick configuration, the
SQUID was immersed in liquid nitrogen (77 K) either with a superconducting shield
inserted into a copper tube covering the SQUID or with only the copper.

One of the fabricated gradiometers (GRADI, Fig.2.15) is presented in Paper 1.
The baseline of the gradiometer was 3 mm and the SQUID inductance was 46 pH. The
SQUID on this 5x 10 mm? large STO chip with a 24° misorientation angle had 3 jLm
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- YBCO LOR3A in-situ Au

B ss13 Au

Fig.2.14 A step-by-step description of the fabrication procedure (the figure is not to scale). a First,
a YBCO thin film with thickness 200-350 nm is deposited onto a STO bicrystal substrate with an
in-situ cap layer of Au (~20nm). b A layer of photoresist (S1813) is spun onto the sample followed
by baking on a hot plate (100°C for 1 min). ¢ The photoresist is exposed by UV light through a
chromium mask and developed in MF-319 followed by O, plasma etching. d Ar ion milling for
about 120 min is used to etch the YBCO. e The next step is to fabricate gold pads which is done with
alift-off process. First, a layer of LOR3A is spun onto the sample followed by baking. Subsequently,
a layer of photoresist (S1813) is applied to the sample. After exposure, the photoresist is developed
in MF-319 followed by O, ashing. f Due to different development time of S1813 and LOR3A an
undercut is achieved. g-h Sputtering of gold is followed by lift-off in acetone and ultra-sound bath.
i Finally, the in-situ gold is removed with a few minutes of Ar ion milling

(a)

junctions with normal resistance, R, /2 = 1.3 Q2 and critical current 2/, = 125 pA
giving IR, = 170wV at 77K. The flux noise of GRADI is shown in Fig.2.16
measured inside the superconducting shield with two different bias modes (dc and
bias reversal). The flux noise at the white level was 4.6 w®/./Hz and is comparable
with the best achieved flux noise levels for high-7, SQUIDs [36—40]. The well-
balanced gradiometric configuration made operation in unshielded environments
stable.

Two other gradiometers (GRAD2-3) had slightly larger baselines (4 mm) and the
SQUID inductance was higher (60 pH). Flux modulated 7V -curves of GRAD3 are
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3 mm

!
Fig. 2.15 Microscope photograph of GRADI1 and a close up of the hairpin SQUID. Adapted
from [35]

Fig. 2.16 Flux noise of T T i il
GRADI measured with 107+ : Bias reversal |. 4
shielding using bias rever- — dc-bias
sal and dc bias. As can be
seen, the low frequency noise
is clearly suppressed by us-
ing bias reversal. Adapted
from [35]

10' 10° 10° 10*

Frequency (Hz)
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Fig. 2.17 Flux modulated 100
1V curves of GRAD3. The %0l |
critical current at 77K of
35 A is similar to GRAD2 80 1
on the same substrate. The 00 k |
the normal resistance is 12, 2
giving I. R, = 35uV. The = 60 E
maximum voltage modulation z
. = 50r b
is 10V @
5 4o0p 1
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shown in Fig. 2.17. These two SQUIDs were fabricated on the same chip (10x 10 mm?
large STO chip with a 24° misorientation angle) and their properties were similar. The
flux noise of GRAD3 measured in shielded and unshielded environments is shown
in Fig.2.18. Gradiometers 4-5 (GRAD4-5) were fabricated on a STO bicrystal (24°
misorientation angle) substrate with a 50nm CeO, seed-layer. The flux noise of the
GRAD4 is shown in Fig.2.19 measured with and without shielding with dc-bias and
bias reversal. The critical current of this SQUID was 220w A with I. R, = 176 1V,
and the voltage modulation was 22wV at 77 K.

Lastly, GRAD6 was a single gradiometer on a 10x 10 mm? large STO chip with a
24° misorientation angle. The width of the junctions of the two redundant SQUIDs
was 2 wm and it had flux dams in the design (see Fig. 2.8). The noise of GRADG6L (the
left SQUID) is shown in Fig.2.20 measured in a shielded environment (mu-metal
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Fig. 2.19 Flux noise of ‘
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and superconducting shield). The 1/f-knee is at 0.5 Hz with bias reversal. This is
among the best results reported for high-7. SQUIDs. The low 1/f-knee with bias
reversal shows the absence of trapped fluxes close to the SQUID body, and may be
due to the small linewidths close to the SQUID and the presence of flux dams [41].

The most important feature of the magnetometers (MAG1-4, in Table 2.2) used
for MEG is that they have low noise at low frequencies (1-20 Hz). The experiments
conducted with the magnetometers were performed inside a magnetically shielded
room (2 layers of mu-metal and one layer of copper coated aluminum). The SQUIDs
were, for MEG recordings, operated with bias-reversal in order to reduce the 1/f-
noise as much as possible. The flux noise of the magnetometer devices was typically
5-8 P/ +/Hz with the 1/f-knee below 10 Hz with bias reversal. In order to convert
the flux noise to the equivalent magnetic field noise, a magnetic field calibration of the
effective area was performed (A.rr = ®o/B). A 40 cm diameter Helmholtz coil was
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Fig. 2.21 The spectral density of equivalent magnetic field noise of MAG3R measured inside a
magnetically shielded room in as the only shielding. The noise above 40Hz is 25 and 43 {T/,/Hz
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Fig. 2.22 The spectral density of equivalent magnetic field noise of MAG4L measured inside a
magnetically shielded room in the MEG setup. The noise at I0Hz is less than 50{T/,/Hz

placed such that the magnetic field lines were perpendicular to the magnetometer.
It is important that the size of the coil is much larger than the sensor area to ensure
a homogeneous field. The coil was well calibrated beforehand using a Hall probe
magnetometer. The amplitude of the applied field was varied and the output of the
SQUID (in FLL-mode) was noted. Finally, the output flux measured by the SQUID
magnetometer was plotted against the applied field and with a straight line fit a
conversion of 5.3nT/®y was obtained. Using the conversion, the magnetic field
equivalent noise of two devices is shown in Figs.2.21 and 2.22 (MAG3R and MAG4L
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Table 2.2 A summary of properties of the SQUIDs measured at 77 K

Sample L (pH) 2Lc(uA) B Je(A/em?®) Ru/2(R) LRa(WV) AV(YV) S (1®o//Hz)
GRADI 46 125 29 104 1.3 170 41 4.6
GRAD2 60 35 1.0 4x103 1.1 39 11 10
GRAD3 60 35 1.0 4x10° 1.0 35 10 15
GRAD4 60 220 6.4 13x10* 0.8 176 22 10
GRAD5 60 205 60 12x10* 1.0 205 25 9
GRADG6L 60 83 24 7x10° 1.7 141 23 7.8
GRADG6R 60 105 3.0 88x10° - - 17 75
MAGIL 60 7 02 43x102 8.0 56 30 6.1
MAGIR 60 15 0.04 92 14 21 21 80
MAG2L 60 40 12 25x10° 2.0 80 30 8.3
MAG2R 60 80 24 5x10° 1.6 128 32 -
MAG3L 60 54 0.15 3x10? 10 50 33 5.7°
MAG3R 60 54 0.15 3x10? 9.2 46 50 4.7b
MAG4L 60 80 23 44x10° 2.0 160 28 8.2
MAG4R 60 50 1.5 2.8x103 22 110 32 73
MAGSL 60 180 52 104 - - 15 12.5
MAG5R 60 80 23 44x10° 1.0 80 16 12.5

The notation R and L indicates different SQUIDs on the same chip. The flux noise indicated was at
above 1kHz

4Typical operation temperature below 77 K with critical current around 30 p A

bMeasured at ~74K

respectively) measured in the MEG setup. In both devices, the 1/ f-noise was reduced
substantially with bias reversal. At 10 Hz the noise was about 50fT/,/Hz or less. In
MAG?3R, it reached down to 25fT/,/Hz above 40 Hz.

The characteristics of the SQUIDs are summarized in Table 2.2.
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