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Abstract

Integrated dc SQUID magnetometers made of the high temperature superconductor

YBa2Cu3O7 are experimentally investigated with regard to biomagnetic applications.

Both step-edge as well as bicrystal Josephson junctions are used. The pickup loop is

an essential part for the sensitive coupling of external signals into the SQUID magne-

tometer. Three different ways for the coupling are investigated. The most simple way is

the direct connection of the pickup loop to the SQUID. Although the efficiency of this

method is low, it allows the fabrication of the device from a single superconducting layer.

A magnetic field resolution of
√
SB = 38 fT/

√
Hz is achieved. A significant better field

resolution is obtained with magnetometers from multilayers. Two different multilayer

magnetometers are investigated: the inductively coupled magnetometer with monolith-

ically integrated flux transformer and the multiloop magnetometer. An optimization of

the multiloop layout results in an effective flux capturing area of 2.31 mm2. Noise mea-

surements yield a white noise level of
√
SB = 17 fT/

√
Hz and

√
SB = 60 fT/

√
Hz at 1 Hz.

Biomagnetic measurements demonstrate the practical application. A signal-to-noise ratio

of 28 is obtained in a real-time magnetocardiogram, which is already adequate for many

clinical applications. A great challenge is the operation of magnetometers from high

temperature superconductors in unshielded environment, where magnetic noise signals

have to be suppressed by several orders of magnitude. Methods for the noise rejection are

demonstrated by using electronic first order gradiometer schemes. The investigation of the

low-frequency noise in static magnetic fields yields no higher values for multilayer magne-

tometers compared to conventional single-layer devices. A reduction of the low-frequency

noise of field cooled magnetometers is obtained by reducing the maximum linewidth in

the magnetometer layout. This also enhances the magnetometer linearity. A new type

of magnetic field sensor is introduced. It is based on a serial array of 105 Josephson

junctions on a bicrystal substrate. To increase the sensitivity of the array, it is embedded

in flux focusing areas. The junction parameters exhibit a high homogeneity throughout

the array. A field resolution of
√
SB = 1.2 pT/

√
Hz is obtained.



Inhaltsangabe

Im Hinblick auf biomagnetische Anwendungen werden integrierte dc SQUID Magneto-

meter aus dem Hochtemperatursupraleiter YBa2Cu3O7 experimentell untersucht. Als

Josephson-Kontakte werden sowohl Stufenkontakte als auch Bikristall-Kontakte einge-

setzt. Ein wesentlicher Bestandteil eines SQUID Magnetometers ist die Einkoppelschleife

für eine empfindliche Einkopplung externer Signale in das SQUID. Drei unterschiedliche

Arten einer solchen Einkopplung werden untersucht. Eine sehr einfache Möglichkeit ist

die direkte Verbindung der Einkoppelschleife an das SQUID. Die Effizienz dieser Me-

thode ist gering, sie ermöglicht aber die Herstellung des Bauelements aus einer einzigen

supraleitenden Schicht. Es wird damit eine Feldauflösung von
√
SB = 38 fT/

√
Hz erzielt.

Eine deutlich bessere Feldauflösung läßt sich mit Magnetometern in Mehrlagentechno-

logie erreichen. Zwei unterschiedliche Mehrlagenbauelemente werden untersucht: Das

induktiv gekoppelte Magnetometer mit vollständig integriertem Flußtransformator und

das Mehrschleifen-Magnetometer. Durch eine Optimierung des Mehrschleifen-Layouts

wird eine effektive Aufnehmerfläche von 2.31 mm2 erreicht. Rauschmessungen ergeben

eine Feldauflösung von
√
SB = 17 fT/

√
Hz im weißen Rauschen und

√
SB = 60 fT/

√
Hz

bei 1 Hz. Die praktische Anwendung der Magnetometer wird anhand von biomagneti-

schen Messungen demonstriert. Das erreichte Signal-Rausch Verhältnis von 28 in einem

Echtzeit-Magnetokardiogramm ist bereits für viele klinische Anwendungen ausreichend.

Eine große Herausforderung stellt der Betrieb von Magnetometern aus Hochtempera-

tursupraleitern in unabgeschirmter Umgebung dar. Magnetische Störsignale müssen um

mehrere Größenordnungen unterdrückt werden. Anhand von elektronischen Gradiome-

tern 1. Ordnung werden Methoden zur Störsignalunterdrückung demonstriert. Untersu-

chungen des niederfrequenten Rauschens bei Abkühlung in statischen Magnetfeldern er-

geben keine höheren Werte für die Mehrlagenbauelemente im Vergleich zu herkömmlichen

Einlagen-Magnetometern. Eine Reduktion des niederfrequenten Rauschens von im Feld

gekühlten Magnetometern kann durch eine Verkleinerung der maximalen Strukturbreite

im Layout erreicht werden. Dies verbessert gleichfalls die Linearität des Bauelements. Es

wird ein neuartiger Magnetfeldsensor vorgestellt, der auf einer Serienschaltung von 105

Josephson-Kontakten auf einem Bikristall-Substrat basiert. Um seine Feldauflösung zu

erhöhen, wird dieser mit zusätzlichen flußkonzentrierenden Flächen versehen. Es wird

eine hohe Homogenität der Kontaktparameter innerhalb des Sensors beobachtet. Im Ge-

gensatz zu SQUIDs ermöglicht er auch die Messung von Absolutfeldern. Es wird eine

Feldauflösung von
√
SB = 1.2 pT/

√
Hz erreicht.
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1 Introduction

At present, the superconducting quantum interference device (SQUID) is the most sensi-

tive sensor for magnetic flux. Its operation principle as a flux-to-voltage converter is based

on the Josephson effects and the flux quantization, two unique phenomena of supercon-

ductivity. Almost every physical quantity that can be converted into a magnetic flux can

be very sensitively measured with a SQUID. Currently, SQUIDs are most widely used in

biomagnetic systems measuring the magnetic fields from the human heart or brain. These

systems benefit from the SQUID’s extreme sensitivity over a broad frequency range and its

small size. Today, all biomagnetic systems in clinical use are still based on SQUIDs man-

ufactured from low temperature superconductors requiring expensive refrigeration with

liquid helium. The discovery of the high temperature superconductivity in the copper ox-

ides by Bednorz and Müller [1] in 1986 has started a rush on this new field of research, and

only one year later YBa2Cu3O7 was discovered as the first material being superconducting

at liquid nitrogen temperature [2]. This has been a great step forward, because liquid

nitrogen is much cheaper and easier to handle than liquid helium. Today, YBa2Cu3O7

is still the most widely used and technologically best controlled high temperature super-

conductor. But one has also to cope with difficulties arising from the complex chemical

structure of the high temperature superconductors. Superconductivity in the copper ox-

ides is anisotropic. This requires a high degree of crystalline orientation throughout the

device and complicates the preparation of multilayer structures. Furthermore, it must be

stated that a reliable and cost-effective way for the preparation of Josephson junctions,

the basic elements of SQUIDs, has not been found, yet.

This thesis describes the development of SQUID sensors based on YBa2Cu3O7 for bio-

magnetic applications, in particular for magnetocardiography. Magnetocardiography is

the noninvasive measurement of magnetic signals generated by the electrical activity of

the human heart. The low strength of these signals and the high information content

at low frequencies makes high demands on the sensor’s intrinsic low-frequency noise level

and on the suppression of external noise sources. Magnetic fields are only weakly detected

by a bare SQUID as a mainly flux sensing device. Therefore pickup loop structures are

connected to the SQUID which convert a magnetic field signal into a flux signal for the
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SQUID. Such a combination is called a SQUID magnetometer. Pickup loops for SQUIDs

from the metallic low temperature superconductors are easily fabricated from solid su-

perconducting wires. Various gradiometer configurations are employed, which are only

sensitive to spatial gradients of the magnetic field. Thus, homogeneous contributions of

environmental magnetic noise are highly rejected. On the contrary, there is not yet a

suitable interconnect technology for SQUIDs and wires from high temperature supercon-

ductors. SQUID and pickup loop must be prepared from epitaxial thin-films and both

are either integrated on a single chip or they reside on different substrates tightly pressed

together in a so-called flip-chip configuration. In this thesis, only integrated magnetome-

ters are described, in which pickup loop and SQUID are monolithically integrated on one

substrate, employing single-layer as well as multilayer technology. The discussed magne-

tometers are exclusively based on grain boundary Josephson junctions, which is currently

the most reliable and successful approach for Josephson junctions in high temperature

superconductors.

Chapter 2 introduces the fundamental principles of superconductivity, Josephson junc-

tions and SQUIDs, which are necessary for the understanding of the experimental results.

The different magnetometer concepts treated in this thesis, and the design rules for their

practical layout, are presented in Chapter 3. Chapter 4 briefly describes the fabrica-

tion of the magnetometers and the measurement techniques for their characterization.

The physical properties of the fabricated samples are investigated in the first section

of Chapter 5, which closes with a short summary. Section 5.2 describes a method for

the low-noise direct readout of SQUID magnetometers and its application to one of the

fabricated devices. Some biomagnetic measurements are presented in Section 5.3. The

subsequent sections refer to problems that arise when SQUID magnetometers from high

temperature superconductors are operating in unshielded environment. Section 5.4 treats

methods for the cancellation of environmental magnetic noise, and Section 5.5 describes

noise measurements on devices cooled in static magnetic fields. Chapter 6 introduces a

new magnetometer concept based on a serial array of Josephson junctions combined with

flux focusers. A summary of this thesis is presented in Chapter 7.

Most results of this thesis have already been published or submitted for publication.

Chapters 5 and 6 mainly consist of the reprinted publications [P3], [P4], [P7], [P10] and

[P11], each with a short introduction into the specific theme.

[P1] O. Dössel, B. David, R. Eckart, D. Grundler, S. Krey, High-Tc SQUID Magnetome-

ters for Magnetocardiography, Proceedings of 2nd Workshop on HTS Applications

and New Materials, University of Twente, Enschede, The Netherlands, May 8-10,

1995, Ed. Dave H. A. Blank.
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[P3] D. Drung, E. Dantsker, F. Ludwig, H. Koch, R. Kleiner, J. Clarke, S. Krey, D.

Reimer, B. David and O. Dössel, Low noise Y Ba2Cu3O7−x SQUID magnetometers

operated with additional positive feedback, Appl. Phys. Lett. 68, 1856 (1996).

[P4] M. Schilling, S. Krey, and R. Scharnweber, Biomagnetic measurements with an in-

tegrated Y Ba2Cu3O7 magnetometer in a hand-held cryostat, Appl. Phys. Lett. 69,

2749 (1996).
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[P6] S. Krey, K.-O. Subke, D. Reimer, M. Schilling, R. Scharnweber, and B. David,
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2 Josephson junctions and dc SQUIDS

2.1 Superconductivity

Superconductivity is named after the striking property of many materials showing perfect

dc conductivity below a critical temperature Tc which is specific for the material. The

microscopic origin of this pure quantum mechanical phenomenon is the formation of

pairs of two conduction electrons having opposite momentum and spin (Cooper pairs) [3].

In the classical low-Tc superconductors the pairing is mediated by an electron-phonon

interaction, whereas the pairing mechanism in the high temperature superconductors

(HTS) is still unveiled. The spatial extent of the pair correlation can be several orders

of magnitude larger than the interatomic distance and is characterized by the coherence

length ξ. Due to the quasi-boson character of the Cooper pairs, they are allowed to

condensate into a common ground state, which can be described by a single macroscopic

wave function

ψ(r, t) =
√
nC(r) eiφ(r,t), (2.1)

where nC(r) is the Cooper pair density and φ(r, t) a common phase, both depending on the

position r. The phase φ(r, t) evolves in time at the angular frequency 2EF/~, where EF is

the Fermi energy. A consequence of the long-range phase coherence of the superconducting

state and the requirement that ψ(r, t) be single-valued, is the quantization of magnetic

flux in a closed superconducting ring: The magnetic flux inside a hole surrounded by a

superconductor is quantized in units of the magnetic flux quantum Φ0 = h/(2e). This

flux remains constant until the superconductivity is destroyed in one part of the ring. A

further peculiar property of superconductors is the displacement of magnetic flux, when

the sample is cooled below Tc (Meissner-Ochsenfeld effect). One distinguishes between

two kinds of superconductors: Type I superconductors completely expel the magnetic

flux into the surface regions, thus behave like perfect diamagnets, as long as the applied

field is below a critical value Bc. At Bc there is an abrupt transition to the normal

state. Type II superconductors behave the same way below a critical field Bc1. At

higher fields however, there is no sharp transition, but flux partially penetrates the sample
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(mixed state) in the form of normal conducting flux vortices (Abricosov vortices), each

carrying a single flux quantum. Above an upper critical field Bc2, the entire sample

becomes normal conducting. The distance over which the magnetic field falls to zero

inside a superconductor is called the London penetration depth λL [4]. The type of

superconductor is determined by whether the coherence length is large (Type I) or small

(Type II) compared to λL. Since the upper critical field of Type II superconductors can be

much higher than in Type I superconductors, Type II materials are of much more practical

importance. Most alloys and compounds and also all high temperature superconductors

are of Type II, whereas pure elementary metals are often Type I superconductors. The

binding energy of a Cooper pair is given by the superconducting energy gap 2∆, where

∆ is a function of the temperature [5]. Excitation energies larger than 2∆ will break

the Cooper pair into two single electrons (quasiparticles). At T > 0, there always exists

a normal component of quasiparticles, due to thermal excitations. Since Cooper pairs

carry the charge 2e, they will be accelerated in an electric field. Their maximum kinetic

energy limits the current density in the superconductor to a critical value Jc. Because the

diamagnetic behavior of a superconductor is produced by shielding currents flowing inside

the penetration depth, superconductivity can be destroyed in high magnetic fields, when

the shielding currents exceed the critical value. An intensely discussed peculiarity of HTS

is their unconventional symmetry of the superconducting gap function, which appears to

be predominantly of dx2−y2 type [6].

The high temperature superconductor YBa2Cu3O7

At present, the ceramic compound YBa2Cu3O7−δ is the technologically best controlled and

most widely used HTS. Its transition temperature Tc reaches 93 K, but strongly depends

on the oxygen deficiency δ. The highest Tc values are obtained for YBa2Cu3O7−δ with

δ ≈ 0.1, which is therefore commonly referred to as YBa2Cu3O7. The crystal structure

is orthorhombic with the lattice constants a = 3.82 Å, b = 3.88 Å and c = 11.68 Å [7].

Figure 2.1 displays a schematic view of this structure. It can be considered as three

stacked perovskite cells. Due to this structure, the coherence length ξ and the critical

current density are highly anisotropic. The coherence length in ab-direction is about

ξab = 1.5 nm at T = 0 K, whereas the length ξc along the c-axis is typically an order of

magnitude shorter [8]. The current transport takes mainly place in the copper-oxygen

(CuO) planes along the ab-direction, where the CuO-chains act as charge reservoirs for

the hole-like charge carriers. For this reason, thin-film devices from YBa2Cu3O7 are

usually prepared from epitaxially grown c-axis oriented thin-films, where the c-axis is

perpendicular to the substrate surface. Typical critical current densities in ab-direction
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Figure 2.1: Atomic structure of YBa2Cu3O7. The lattice constants are a = 3.82 Å,
b = 3.88 Å and c = 11.68 Å.

are Jc > 106 A/cm2. The thin-films are deposited at high temperatures of 750 . . . 800◦C

in their tetragonal phase YBa2Cu3O6. The transition into the orthorhombic phase takes

place when the sample is cooled to room temperature in oxygen atmosphere. Above Tc,

the conductivity of YBa2Cu3O7 is metallic like, whereas the tetragonal YBa2Cu3O6 is

semiconducting. The temperature dependent London penetration depth of YBa2Cu3O7

can be described by

λL(T ) = λL(0)/

√
1−

(
T

Tc

)α
, (2.2)

where α = 4 for the empirical two-fluid formula of Gorter and Casimir [5,9]. More recently,

the exponent α = 2 has been found to be more adequate for patterned YBa2Cu3O7

thin-films [10]. Hence, this exponent is used for the calculations in this thesis. The

low-temperature value λL(0) is about 150 nm in ab-direction, but it depends on the film

quality [11–13]. Since λL > ξ, YBa2Cu3O7 is a Type II superconductor.

For the substrate and intermediate layers in multilayer devices, the perovskite SrTiO3 is

used. The lattice constant a = 3.91 Å matches well with the YBa2Cu3O7 structure, which

is a prerequisite for a heteroepitaxial growth with low stress [14]. The thermal expansion

coefficient is also well matched and prevents cracks in the material, caused by the large

difference between the deposition temperature and the operation temperature. A major

drawback of SrTiO3 is its large and temperature dependent dielectric constant of about

εr ≈ 2000 at T = 77 K and the large loss tangent [15–18], which makes it impracticable for

high-frequency devices, e.g. HTS filters or resonators. Due to large parasitic capacitances,
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LC resonances in SQUID devices are found at low frequencies and at voltage values in

the usual range of operation. These LC resonances may severely reduce the performance

of a SQUID.

2.2 The Josephson effects

The basic active element of superconducting electronics is the Josephson junction con-

sisting of two weakly coupled superconducting electrodes [19]. In the classical Josephson

junction the coupling is realized by a thin insulating layer, acting as a tunneling bar-

rier [20]. If the barrier thickness does not significantly exceed the coherence length ξ,

phase coherence evolves between the pair wavefunctions of both electrodes across the

barrier. As a consequence, Cooper pairs will tunnel through the insulation and a nondis-

sipative current will flow across the junction. The time evolution of the superconducting

states at both sides of the barrier is described by the time-dependent Schrödinger equation

for each electrode

i~
∂ψ1

∂t
= U1ψ1 +Kψ2 (2.3)

i~
∂ψ2

∂t
= U2ψ2 +Kψ1, (2.4)

where U1,2 are the potential energies of both states, and K is a measure for the inter-

action energy between them. Starting from this set of equations and the macroscopic

wave function (2.1), the two fundamental Josephson relations are obtained after a short

calculation [21]

J = J0 sin φ (2.5)

∂φ

∂t
=

2e

~
V, (2.6)

where φ = θ1 − θ2 is the phase difference between both wavefunctions, J is the current

density in the junction, J0 the critical current density of the junction, and V the voltage

across the junction. Both equations entirely describe the dynamics of the Josephson

junction. From (2.6) we see that the phase φ will be constant when there is no voltage

across the junction. Then a constant current flows through the junction, according to

(2.5). This is called the dc Josephson effect. Second, if one forces the current to exceed

the critical value J0, a voltage drop V occurs across the junction. In this case, the

Josephson relations can be combined to

J(t) = J0 sin
(2eV

~
t+ φ0

)
, (2.7)
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Figure 2.2: (a) Schematic representation of a symmetric SIS tunnel junction and (b)
its current-voltage characteristic. Rn is the normal state resistance for high voltages
and Isg denotes the subgap current from tunneling quasiparticles.

where φ0 is the integration constant of (2.6). Hence, the supercurrent J oscillates at the

frequency

fJ =
2e

h
V, (2.8)

which is called the ac Josephson effect. The Josephson frequency is fJ = 484 MHz×V/µV,

therefore the Josephson junction can be considered as a microwave device. One may

prove the ac Josephson effect by impressing a rf signal in the microwave range on the

junction. The interaction of the Josephson oscillations with the rf field leads to constant

voltage steps at integer multiples of the signal frequency in the current-voltage character-

istic (Shapiro steps) [22]. A schematic representation of a symmetric superconductor-

insulator-superconductor (SIS) Josephson tunnel-junction is given in Fig. 2.2(a). In gen-

eral, the Josephson frequency by far exceeds the bandwidth of the connections to the

measurement equipment, hence only mean voltages are measured in the quasi-static (dc)

current-voltage characteristic. The typical characteristic of a SIS Josephson junction at

low temperatures is shown in Fig. 2.2(b). For V = 0 a nondissipative current of tunneling

Cooper pairs flows through the junction. However, if the current is raised above the criti-

cal value I0, the Cooper pairs will break and the junction becomes resistive on the branch

of tunneling quasiparticles. A steep current increase on this branch occurs at the gap

voltage V = 2∆/e. For T > 0 there are always quasiparticles whose tunneling current

causes the low conductivity below the gap voltage (subgap current). Hence, there are

two current states below the gap voltage, and the characteristic is hysteretic. Hysteretic

characteristics are typically found for Josephson tunnel junctions from the classical low-Tc

superconductors. Because the hysteresis is unwanted for most practical applications, it
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Figure 2.3: Model of a planar-type Josephson tunnel junction.

is usually suppressed by damping the junction with a parallel resistor. Common high-Tc

Josephson junctions show no hysteresis, because of a high subgap leakage current. Ac-

cording to the intrinsically shunted junction (ISJ) model, this current is caused by a high

density of localized electronic defect states inside the barrier, providing an intrinsic resis-

tive shunt for the quasiparticles. The quasiparticle transport is dominated by resonant

tunneling via the localized states [23–25]. Although the Josephson effects have been first

deduced for a tunneling barrier, they are also present in general weak link junctions. For

instance, the barrier may also consist of a normal conductor. A detailed survey on HTS

Josephson junctions is given in [26].

If a magnetic field B passes through a planar Josephson junction of the type shown in

Fig. 2.3, the phase difference φ and therefore the current density will no longer be spatially

constant along the junction, but modulated perpendicular to the field direction [5]. In

the most simple case of a homogeneous barrier and a junction width w much narrower

than the Josephson penetration depth (w < 4λJ)

λJ =

(
~

2eµ0J0d

) 1
2

, (2.9)

the critical current as a function of the magnetic flux through the junction is given by

I0(Φ) = I0(0)

∣∣∣∣sin(πΦ/Φ0)

πΦ/Φ0

∣∣∣∣, (2.10)

where Φ = Bwd, d = t+ 2λL, and t is the electrode separation. This relation also implies

a sinusoidal current-phase relation. It is known from optics as the intensity distribution of

light from Fraunhofer diffraction by a single slit. The I0 vs B curve is therefore commonly

referred to as the Fraunhofer pattern of a Josephson junction. Figure 2.4 shows a plot

of the Fraunhofer pattern and the current density distributions for different flux states in

the junction. I0(B) may be written as

I0(B) =

∣∣∣∣∫ ∞
−∞

J0(z)eiβzdz

∣∣∣∣ , (2.11)

where β = 2πdB/Φ0 and J0(z) =
∫
J0(y, z) dy. Thus, I0(B) is the magnitude of the com-

plex Fourier transform of the y-integrated critical current density along the z-direction.
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Figure 2.4: (a) Dependence of the critical current on the applied magnetic flux for
a Josephson junction with spatially homogeneous critical current density (Fraunhofer
pattern). (b) Effect of the applied flux on the current distribution in a homogeneous
Josephson junction.

The extent to which the actual dependence fits (2.10) is a measure for the junction’s

lateral homogeneity. However, the critical current density distribution J0(z) cannot be

obtained by the inverse Fourier transformation of I0(B), because of the lack of phase in-

formation. The distance between the minima and the side-lobes of the Fraunhofer pattern

equals Φ0 = BA, from which an effective junction area A may be deduced1. In planar-

type Josephson junctions this is usually larger than the geometrical area wd, due to the

Meissner-Ochsenfeld effect in the adjacent electrodes, which focuses flux into the junction

area [27].

2.3 The RCSJ model of the Josephson junction

As mentioned in Section 2.2, the hysteresis of a Josephson junction is usually damped

for practical reasons, either with an external resistor or intrinsically in the case of HTS.

The dynamics of such a junction can be well described by the resistively and capacitively

shunted junction (RCSJ) model introduced by Stewart and McCumber [28, 29]. Fig-

ure 2.5(a) gives the electrical representation of this model. The cross J symbolizes the

Josephson tunnel junction described by the two Josephson relations (2.5) and (2.6). Rn is

1In a more strict sense, one should speak of an effective flux density in the geometrical junction area.
However, the latter cannot be easily determined, and the concept of an effective flux sensing area is
customary.
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Figure 2.5: (a) Equivalent circuit for a Josephson junction according to the RCSJ
model. (b) Effect of the junction capacitance on the IV characteristic.

the normal conducting shunt and C accounts for displacement currents in the junction’s

capacitance. The differential equation for this circuit and the current source I is

I =
V

Rn
+ I0 sinφ+ C

∂V

∂t
. (2.12)

Introducing the second Josephson relation (2.6), this can be written as

I

I0
= sin φ+

1

ωc

∂φ

∂t
+
βC
ω2
c

∂2φ

∂t2
, (2.13)

with the characteristic frequency ωc = 2eI0Rn/~ and the dimensionless McCumber-

parameter

βC = ωcRnC =
2e

~
I0R

2
nC. (2.14)

βC is the ratio of the resistance Rn and the capacitive reactance 1/ωcC. It determines

the shape of the current-voltage (IV ) characteristic and the damping of the hysteresis.

Usually, (2.13) must be solved numerically with the voltage V = 〈(~/2e) ∂φ/∂t〉 averaged

in time to obtain the IV characteristic. It is found that the junction is overdamped

for βC < 1, so that there is no hysteresis. With increasing βC the IV characteristic

approaches the resistance line I = V/Rn, due to increased shorting of the Josephson os-

cillations. For βC > 1 the characteristic becomes hysteretic. For an example, Fig. 2.5(b)

shows three solutions of the RCSJ model for the values βC = 0, 0.5 and 5. The resistance

line is obtained for βC = ∞. In the most simple case where C = 0, (2.13) can also be

solved analytically, and one obtains
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V = 0 for I < I0, and

V = Rn

√
I2 − I2

0 for I > I0.
(2.15)

In all solutions of the RCSJ model, the IV curve asymptotically approaches the resistance

line for high voltages. However, Josephson junctions from HTS often show an excess cur-

rent Iex, so that the asymptotic line of the IV curve is displaced parallel to the resistance

line by the amount of Iex. Thus, Iex may be expressed as [30]

Iex = lim
V→∞

(
I − V

Rn

)
. (2.16)

The excess current is not included in the simple RCSJ model, and its origin in HTS

Josephson junctions is still unclear. One possible mechanism is the pair-quasiparticle

conversion (Andreev reflection) at the junction interfaces that opens up an additional

conductance channel [30]. Foglietti et al. [31] modelled the excess current by using a

nonsinusoidal current-phase relation instead of the first Josephson relation. They found

that the RSCJ model may still be a relatively good approximation for the experimental

data, when the corrected critical current I ′0 = I0 − Iex is used, and when Iex is small

compared to I0. However, the sinusoidal current-phase relation of (2.5) has been well

confirmed for the step-edge and 24◦ bicrystal Josephson junctions treated in this the-

sis [32–34]. In contrast, a nonsinusoidal current-phase relation has been reported for

symmetrical 45◦ bicrystal Josephson junctions, which is attributed to the dx2−y2 symme-

try of the YBa2Cu3O7 order parameter [35]. A further cause of excess current may be

self-field effects in wide Josephson junctions (w > 4λJ) [36].

2.4 Noise in Josephson junctions

Frequency-independent noise

At finite temperature, the lower limit of the junction noise is set by the thermal noise

in the shunt resistance Rn. The statistical motion of the unpaired charge carriers in the

resistor provides an additional current source with a frequency-independent current noise

spectral density [37]

SI =
4kBT

Rn
, (2.17)

where kB is the Boltzmann constant and T the temperature. If the thermal energy is of

the order of the Josephson coupling energy EJ = ~I0/(2e), the noise current temporarily
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Figure 2.6: IV characteristics for differ-
ent values of the noise parameter γ.

disrupts the phase coupling of both junction electrodes, at which the phase slips by 2π

and a voltage drop occurs [38]. The normalized barrier height for this phase slip process

is defined by the ratio of the Josephson coupling energy EJ and the thermal energy kBT

γ =
EJ
kBT

=
I0Φ0

2πkBT
. (2.18)

The nonzero time-averaged voltage leads to a noise-rounded IV characteristic around V =

0, even at bias currents lower than the critical current. The degree of rounding increases

with decreasing γ [39]. IV characteristics for different values of γ are displayed in Fig. 2.6.

At low bias currents, the thermal fluctuations give also rise to an additional temperature

dependent junction resistance which shows up as a characteristic foot-structure at Tc in

the resistance-temperature curve [40]. The voltage noise spectral density at frequencies

much less than the Josephson frequency is given by [41, 42]

SV =

[
1 +

1

2

(I0

I

)2
]

4kBTR
2
d

Rn
, (2.19)

where Rd = (∂V/∂I)I is the dynamic resistance of the noise-rounded IV characteristic at

the bias current I. The term 1
2
(I0/I)2 accounts for noise contributions from around the

Josephson frequency, which are mixed down into the low-frequency regime by the inherent

nonlinearity of the Josephson junction [43].

1/f noise

Noise measurements on Josephson junctions generally reveal much higher noise values

than expected from thermal noise. This excess noise is frequency dependent and its

spectral density typically increases towards low frequencies as 1/f . A typical voltage
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Figure 2.7: (a) Voltage noise of a 6µm wide step-edge Josephson junction at a bias
current of 50µA. (b) Low-frequency noise at 10 Hz of the same junction depending on
the bias current.

noise spectrum of a 6µm wide step-edge Josephson junction from a YBa2Cu3O7 thin-

film is depicted in Fig. 2.7(a). A clear 1/f behavior is found. Figure 2.7(b) shows the

low-frequency noise at 10 Hz as a function of the applied bias current [44]. One finds

a sharp noise maximum near I0, which is attributed to critical current fluctuations δI0.

After a minimum, the noise quadratically increases with I, where resistance fluctuations

δRn dominate. For the voltage noise spectral density one finds [45]

SV = (V −RdI)2

∣∣∣∣δI0

I0

∣∣∣∣2 + V 2

∣∣∣∣δRn

Rn

∣∣∣∣2 + 2C(0) (V −RdI)V

∣∣∣∣δI0

I0

∣∣∣∣ ∣∣∣∣δRn

Rn

∣∣∣∣ , (2.20)

with the normalized critical current fluctuations |δI0/I0|2 = (SI(f)/I2
0)I'I0, the normal-

ized resistance fluctuations |δRn/Rn|2 = (SR(f)/R2
n)I�I0, and C(0) the cross-correlation

coefficient between δI0 and δRn. Uncorrelated fluctuations yield C(0) = 0, whereas it

is C(0) = 1 and C(0) = −1 for fully in-phase and anti-phase correlation, respectively.

Correlation measurements of the voltage noise in HTS grain boundary junctions near I0

and for I � I0 have revealed that both fluctuations are anti-correlated [44, 46]. This

is explained within the framework of the ISJ model. Unpaired electrons can cross the

barrier via the localized electronic defect states, and fluctuations in SV are caused by

the trapping and release at these states [47, 48]. A trapped electron increases the barrier

height, which increases the normal state resistance and decreases the junction’s critical

current. Hence, fluctuations in Ic and Rn are expected to be fully anti-correlated [49,50].

Typical values of |δI0/I0| at 1 Hz and T = 77 K are (0.5 . . . 3)× 104/
√

Hz [51–56].
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An additional source of 1/f noise may be the trapping and release of flux quanta in

the Josephson junction, but this can be distinguished from the above source by the much

larger noise amplitude [57].

2.5 Grain boundary Josephson junctions from YBa2Cu3O7

All devices described in this thesis, except for the IMPUC magnetometer in publica-

tion [P4] of Section 5.3, are based on artificial grain boundary Josephson junctions from

YBa2Cu3O7 thin-films, either created by a steep step in the substrate (step-edge junction)

or on a bicrystalline substrate (bicrystal junction). A third type, not treated in this work,

is the biepitaxial grain boundary junction, where one junction electrode is grown on top

of a template layer, usually yielding an asymmetric 45◦ (001) tilt grain boundary.

A grain boundary can be regarded as the junction of two tilted parts or grains in a crys-

tal. Recent studies gave evidence that YBa2Cu3O7 grain boundaries consist of a spatially

inhomogeneous but continuous insulating barrier containing a high density of localized

defect states [25, 45, 58]. Grain boundaries in HTS materials exhibit pronounced Joseph-

son effects, due to the fact that the superconducting coherence length ξ approximately

equals the natural width of the boundary of about 1–2 nm. The microscopic origin for the

weak link character is still unclear. A reduced oxygen content, a high degree of oxygen

disorder, or stress effects may be possible reasons. According to the ISJ model, a suppres-

sion of the local energy gap function within a distance of about 0.4 nm at the junction

interfaces must be considered, which is due to pair weakening by Coulomb repulsion at

the localized sites [23, 59]. The main transport mechanisms across the barrier are direct

tunneling and resonant tunneling via the defect states. The ISJ model predicts the scal-

ing relation J0ρn ∝ J
1/2
0 for the critical current density J0 and the specific normal state

resistance ρn of the Josephson junction. It is found that most types of grain boundary

junctions fit into this relation [25]. An alternative junction model has been proposed by

Moeckly et al. [60], where the junction consists of a network of superconducting filaments

partially shunting the normal conducting barrier. Although this model also predicts the

the scaling behavior of J0 and ρn, it fails to explain the correlation between critical current

and resistance fluctuations.

A different approach for HTS Josephson junctions are artificial barriers from thin in-

sulating, normal conducting or semiconducting materials between the superconducting

electrodes. Usually, the ramp-edge geometry is employed to take advantage of the larger

coherence length in ab-direction. In contrast to the step-edge or bicrystal grain boundary

junction, a more demanding two-level preparation process must be used [61]. In a first

step, a bottom superconducting layer and an insulating layer are deposited. After the
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patterning of the bottom electrode from these layers, the barrier and the superconductor

for the top electrode are in situ deposited, forming a ramp over the bottom electrode.

Varying the ramp angle and the barrier thickness allows the adjustment of the junction

parameters. However, their reproducibility depends strongly on the homogeneity of the

barrier, its epitaxial quality, and the transparency of the interfaces. The IMPUC device

in Section 5.3 is based on ramp-edge junctions employing an artificial barrier of semicon-

ducting PrBa2Cu3O7.

Step-edge grain boundary junctions

Figure 2.8 depicts the growth of a c-axis oriented YBa2Cu3O7 thin-film over a step-edge in

a SrTiO3 substrate for two different step angles α. Depending on α, structurally different

grain boundaries are obtained [62–64]. For α sufficiently larger than 45◦, YBa2Cu3O7

grows with a 90◦ tilt c-axis orientation at the edge, and two symmetrical grain boundaries

of (103) orientation, inclined roughly 45◦ to the film surface, are formed at the top and

at the bottom of the edge. Both have approximately similar critical current densities

of about 104 to 105 A/cm2. More shallow steps with α < 40◦ . . . 45◦ do not produce

any grain boundaries, and microbridges exhibit no Josephson effects. At steep steps

with α & 70◦, again a 90◦ tilt grain is found. However, this grain is thinner than for

the more shallow step, and the bottom grain boundary is dominated by a basal-plane-

faced (010)(001) type with a significant lower critical current than for the (103) type.

Because of the presence of at least two grain boundaries, whose transport properties

strongly depend on the step profile and its microstructure, one usually finds a large

spread of the Josephson junction parameters. For practical applications steep steps are

preferred, because of the single dominating grain boundary and its lower critical current

[63]. The transport properties can be adjusted in a limited range by the step angle

α, and by the ratio of the step height and the film thickness. The weaker coupling of

the bottom grain boundary is compatible with the experimental observation that the

(a) (b)
α > 70°α > 45°

(103)

(010)(001)
& (103)

(103)
c

c

c

c

c

c

Figure 2.8: The growth of a YBa2Cu3O7 thin-film over step-edges with different
step-angles α.
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Figure 2.9: I0 versus B dependence of
a 6µm wide step-edge Josephson.

junction’s transport properties strongly depend on the microstructure at the bottom edge

of the step. Structural irregularities, due to the complicated growth mechanism and

introduced by the fabrication process are found from the nm- up to the µm-range [25,

62, 65]. These inhomogeneities often result in strongly irregular Fraunhofer patterns.

Figure 2.9 shows a typical example of an I0(B) dependence for a 6µm wide step-edge

Josephson junction. Although a predominant center lobe is measured, deviations from

the ideal pattern (refer to Fig. 2.4) are clearly visible. The pattern is neither symmetric

nor periodic and indicates a spatially nonuniform critical current density. The effective

junction area, calculated from the distances of the first minima to the center lobe, is

about 48µm2. This is roughly 10 times the estimated geometrical area. The increase is

due to the flux-focusing effect of the electrodes enhancing the local magnetic field at the

grain boundary [27]. In this measurement, the magnetic field was applied perpendicular

to the substrate surface. For a different direction, a smaller effective area is expected,

because of the predominant (010)(001) grain boundary [63]. Another striking feature of

this Fraunhofer pattern is the reduced modulation depth. There is a residual level of

excess current of about 38% of the maximum critical current that is not influenced by

the magnetic field. Excess currents are often observed with step-edge Josephson junctions

[63, 64]. The microscopic origin is not yet clear, but it is presumably also related to the

irregular microstructure of the step-edge.

It must be noted, that the above mentioned angle dependence of the step-edge mi-

crostructure only applies to step-edge junctions on SrTiO3 substrates. On MgO sub-

strates, Josephson junctions are already obtained with step angles considerably less than

45◦ [66].
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Bicrystal grain boundary junctions

Devices employing bicrystal Josephson junctions have to be prepared on bicrystal sub-

strates. These are manufactured from two halves of a single-crystal which are fused

together with a certain misorientation angle to form a bicrystal. A schematic sketch of

a HTS thin-film on a symmetric (001) tilt bicrystal substrate is given in Fig. 2.10. The

misorientation angle θ can be arbitrarily chosen. When an epitaxial YBa2Cu3O7 thin-film

grows on top of the bicrystal substrate, the misorientation angle is transferred into the

film and thus forms a grain boundary. A Josephson junction is simply fabricated from

this film by patterning a microbridge across the grain boundary line. Several groups

have experimentally investigated the transport characteristics in dependence on the angle

θ [67–69]. They found that the critical current density decreases about exponentially with

increasing θ, most likely caused by an increase of the thickness of the disordered region

around the grain boundary [26]. Therefore, the critical current of bicrystal Josephson

junctions can be varied over several orders of magnitude by changing θ.

Typical current-voltage characteristics of narrow bicrystal Josephson junctions are close

to those calculated according to the RCSJ model. In particular, excess currents are much

lower than in step-edge junctions. The magnetic field dependence of the critical current is

mostly found to be very similar to the ideal Fraunhofer pattern of a spatially homogeneous

Josephson junction. However, there are still deviations that indicate a certain degree of

spatial inhomogeneity. A typical example of an I0(B) characteristic for a 4µm wide

bicrystal Josephson junction is shown in Fig. 2.11(a). The similarity to the ideal pattern

Substrate

Superconductor

Disordered Region

Grain Boundary

[100]1

[010]1

[100]2

[010]2

θ

Figure 2.10: Schematic sketch of a HTS thin-film on a symmetric bicrystalline sub-
strate with misorientation angle θ. The grain boundary is indicated by the vertical
dashed line.
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Figure 2.11: (a) Fraunhofer pattern of a 4µm wide bicrystal Josephson junction at
77 K. The dotted line is a fit obtained with the critical current density profile shown
in (b).

in Fig. 2.4 is obvious, however the first side lobes have an elevated height, which points to

the fact that the critical current density is increased at the junction edges. Figure 2.11(b)

shows an estimated current density profile, which yields a good agreement between the

calculated Fraunhofer pattern and the measured one. Increased critical current densities

at the edges of HTS Josephson junctions are often observed, which is most likely caused

by a better oxygen loading of the edges. By using Low Temperature Scanning Electron

Microscopy (LTSEM), Gerdemann et al. [65] investigated the spatial variation of the

critical current distribution in different types of HTS grain boundary Josephson junctions.

The results clearly demonstrate that bicrystal Josephson junctions by far show the best

homogeneity compared to step-edge and biepitaxial junctions. The two major drawbacks

of using bicrystal substrates are their high price2 due to the complicated fabrication

process, and the fact that the placement of the junctions is restricted to the grain boundary

line.

Josephson junctions based on large-angle grain boundaries, in particular asymmetric

junctions with a misorientation angle of θ = 45◦, show I0(B) characteristics which are

very different from the Fraunhofer pattern. The maxima of the symmetric I0(B) patterns

occur at fields far aside of B = 0. This anomalous magnetic field dependence is attributed

to the predominant dx2−y2 symmetry component of the YBa2Cu3O7 order parameter and

2At present, the price of a SrTiO3 bicrystal substrate is about ten times the price of a single-crystal
substrate.
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the facetted microstructure of the grain boundary [70, 71]. Both may lead to a local π

phase shift between the two wave functions at the boundary, and thus to a sign reversal

of the local Josephson current. This effect is strongest for a 45◦ misorientation angle.

2.6 The dc SQUID

A dc SQUID is essentially a superconducting ring, disrupted by two nonhysteretic Joseph-

son junctions. Figure 2.12(a) displays the equivalent circuit for a dc SQUID according

to the RCSJ model [42]. The operation of the dc SQUID is based on the Josephson

effects and the long-range phase coherence in the SQUID loop inductance L. The term

interference in the acronym SQUID essentially describes the interference between the two

branch currents i1 and i2, due to the phase coupling. For the dc SQUID, the coupling is

described by

2π
Φ

Φ0

− δ1 + δ2 = 2πn, n = 0, 1, 2 . . . , (2.21)

where δ1,2 are the phase differences across the junctions and Φ is the total magnetic flux in

the SQUID inductance L. The total current through the SQUID is the sum of the currents

i1 and i2. Their difference gives rise to a circulating current icirc in the ring. Therefore,

the total flux in the SQUID loop consists of the external flux Φext and a self-induced

component Licirc. These relations and (2.5) lead to a dependence of the SQUID’s critical

current on the external magnetic flux that is depicted in Fig. 2.12(b). The maximum

critical current 2I0 is obtained for integer flux quanta Φext = nΦ0, and minimal values

are found for Φext = (n + 1
2
)Φ0. Consequently, the average voltage across the SQUID

will also modulate with the period Φ0, when a bias current Ib slightly larger than 2I0 is

I

V
icirc

i2i1

V

I

Ib

Φ = nΦ0

Φ = (n+  )Φ0

V

1 20 Φ/Φ0
(a) (b) (c)

1
2

Figure 2.12: (a) Equivalent circuit of a dc SQUID according to the RCSJ model.
(b) IV characteristic of a dc SQUID. Both extremal curves for Φ = nΦ0 and Φ =
(n + 1

2
)Φ0 are depicted, including noise rounding. (c) Voltage modulation of the

SQUID as a function of the applied magnetic flux at constant bias current Ib > 2I0.
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applied. As depicted in Fig. 2.12(c), the voltage modulation is typically sinusoidal for HTS

SQUIDs, due to noise rounding. Deviations from the sinusoidal shape can originate from

the interaction of the Josephson oscillations with parasitic ac impedances, in particular

with the input structures of SQUID magnetometers. These effects will be described in the

following sections in more detail. To obtain the complete dynamics of the dc SQUID, one

must numerically solve a set of four coupled differential equations, one for each branch

current using (2.12), one for the phase coupling condition (2.21), and one for the voltage

across the SQUID using the second Josephson relation (2.6). The influence of noise can

be taken into account with two independent current noise sources in parallel with the

Josephson junctions [72].

Although one can measure magnetic flux with a SQUID by counting flux quanta, the

maximum field resolution and linearity is obtained, if the SQUID is operated in a small

range of the flux-voltage characteristic, where the transfer function

VΦ =
(∂V
∂Φ

)
I

(2.22)

is maximal. This is usually realized with a feedback control by a so-called flux-locked loop

(FLL) circuit, as is described in Section 4.3 in more detail. In this case, the SQUID can be

considered as a linear flux-to-voltage converter with the transfer function VΦ. For a sinu-

soidal peak-to-peak voltage modulation ∆V the transfer function is VΦ = π∆V/Φ0. The

maximum modulation of the critical current, hence the maximum voltage modulation,

strongly depends on the SQUID inductance L. For small inductances, the current modu-

lation can nearly be 2I0. With larger inductances, however, the modulation is limited by

screening through the self-induced flux Licirc. One defines the modulation parameter

βL =
2LI0

Φ0
(2.23)

as the ratio of the maximal screenable flux LI0 and the largest self-induced flux Φ0/2 [73].

For minor noise rounding, the voltage modulation may be estimated with [72, 74, 75]

∆V ' I0Rd

1 + βL
, (2.24)

where Rd is the dynamic resistance of each Josephson junction. This relation is well

confirmed for dc SQUIDs from low-Tc superconductors. However, HTS dc SQUIDs exhibit

a much stronger decrease of modulation with increasing inductance, which is attributed

to the influence of thermal noise [76–78]. The typical operation temperature for SQUIDs

from the classic metallic superconductors is the boiling temperature 4.2 K of helium, which

is about 45% of the critical temperature of niobium devices (9.2 K). In contrast, devices

from YBa2Cu3O7 are usually operated in liquid nitrogen (T = 77 K) at about 88% of their
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transfer function on the SQUID inductance
L for the operation temperatures 4.2 K and
77 K. The critical currents are chosen to ob-
tain the same noise parameter γ.

critical temperature. Hence, much more thermal fluctuations are present, which affect the

phase coherence in the SQUID loop. Enpuku et al. found that the thermal noise degrades

the transfer function mainly through the noise flux inside the SQUID inductance [77,79].

The total thermal flux noise integrated over all frequencies ΦN = 〈δΦ2
n〉

1
2 =
√
kBTL should

be significantly less than the flux quantum Φ0. This condition limits the inductance of

HTS devices at 77 K to about 200 pH where ΦN = 0.22 Φ0. From numerical simulations,

the following relation has been obtained [77]

VΦ = 4
I0Rn

Φ0 (1 + βL)
exp
(−3.5 π2 Φ2

N

Φ2
0

)
. (2.25)

This dependence of VΦ on the SQUID inductance is shown in Fig. 2.13 for the temperatures

4.2 K and 77 K. The critical currents were chosen to obtain the same noise parameter

γ ' 6.

Transfer functions predicted by (2.25) represent an upper limit. The experimental data

for HTS SQUIDs are well below this limit, though they follow (2.25) qualitatively [80].

Several reasons are discussed to explain this observation: The transfer function may

be reduced, due to asymmetric Josephson junctions. However, quite large asymmetries

must be present for a significant reduction, especially for larger βL [72]. The SQUID

inductance is often calculated from the SQUID geometry, therefore errors may occur in

the estimation of L. In particular, its kinetic part can be underestimated, for it strongly

depends on the quality of the superconducting thin-film [13]. A more likely reason are

microwave resonances in the SQUID loop, which cause a distortion of the current-voltage

characteristic. An example of this effect is given in Section 5.1.1. A further source of

error can be the estimation of the critical current, if the IV characteristic is strongly

noise-rounded [81], or if there is a large amount of excess current [30].
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2.7 Noise in dc SQUIDs

The magnetic field resolution of a SQUID is limited by noise from environmental elec-

tromagnetic sources and by noise sources in the SQUID itself, in particular the junction

noise discussed in Section 2.4 and the flux noise from the motion of Abricosov vortices in

the superconducting film. The total noise is measured as voltage noise across the SQUID,

which is expressed by its spectral density SV (f) in units V2/Hz. Since the SQUID is

basically a magnetic flux sensor, the voltage noise is usually converted into the equivalent

flux noise with the spectral density

SΦ(f) =
SV (f)

V 2
Φ

. (2.26)

An additional figure of merit, mainly used for SQUID optimization calculations, is the

energy resolution ε = SΦ/(2L), which accounts for both the flux noise and the flux

input coupling through the SQUID inductance L. However, low values with ε near the

quantum limit are only found for very small values of L. Since real world signals are

flux densities, larger sensors, and which is therefore inevitable, larger inductances must

be used. Extensive numerical calculations on the thermal noise in SQUIDs at 4.2 K were

taken out by Tesche and Clarke [72], employing the RCSJ model. They found an optimum

noise performance for the SQUID parameter βL ≈ 1, and a normal state resistance Rn

as large as possible. These results still apply to SQUIDs from HTS [80]. The noise-

rounding parameter γ should exceed 5, which is equivalent to a minimal critical current

of I0 = 16µA per junction at 77 K [42]. An optimum set of parameters for SQUIDs at

77 K is given by I0 = 20µA and L = 50 pH. For HTS SQUIDs, the McCumber-parameter

βC may be slightly larger than one, where the junction’s hysteresis is still suppressed by

the thermal fluctuations and the LC resonance causes a larger voltage modulation [82–84].

Usually, one distinguishes between two different parts of a SQUID noise spectrum:

The frequency-independent (“white”) noise at higher frequencies, and the low-frequency

(“1/f”) noise, which typically scales as 1/fα with the frequency f and some exponent α.

Frequency-independent noise

The lower limit of the frequency-independent SQUID noise is set by the phase-slip process

due to the thermal noise current in the junction resistance Rn. An estimation for the

voltage noise spectral density across a SQUID is obtained from a simple model [72],

where the total noise current in the SQUID is divided into two independent parts. One

flows through both resistors in parallel (R = Rn/2), yielding a voltage noise spectral

density SIR
2
d across the SQUID’s dynamic resistance Rd. The second circulates over
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both resistors (R = 2Rn) and generates flux noise with the spectral density SIL
2 in the

SQUID inductance L. It is converted into voltage noise by the transfer function VΦ. Using

SI = η 4kBT/R, where η = 1 + 1
2
(I0/I)2 is the mixing factor described in Section 2.4 one

obtains

SV = ηR2
d

4kBT

Rn/2
+ ηL2V 2

Φ

4kBT

2Rn
. (2.27)

An estimation using typical HTS SQUID parameters and the reduced transfer function

(2.25) shows that the flux noise term is about one order of magnitude smaller than the

first term and can thus be neglected. Using (2.26) and (2.27) one obtains

Sφ = 8η
kBT

Rn

R2
d

V 2
Φ

(2.28)

for the flux noise spectral density. Hence, for a low-noise SQUID a large transfer function

is needed, which requires a low inductance.

Low-frequency noise

Most applications are not limited by the white noise level of the SQUID sensor but

affected by its 1/f noise. Magnetocardiography and also some geophysical experiments

require a maximum field resolution in the frequency range 1 . . . 200 Hz, hence the 1/f

corner frequency should be at the lower end of this range. The predominant sources of

low-frequency noise in SQUIDs are the current noise in the Josephson junctions and the

thermally activated motion of Abricosov vortices [85]. Both the occupation of a localized

defect state in the junction barrier and the trapping of a vortex at a pinning center,

can in general be described by a two-level fluctuator (TLF) model. The TLF generates

a random train of voltage pulses (random telegraph signal) with amplitude δV , where

the pulse lengths are given by the average lifetimes τo and τu for the occupied and the

unoccupied state, respectively. The lifetimes strongly depend on the temperature

τi = τi0 exp
( Ea
kBT

)
, i = o, u, (2.29)

where 1/τi0 is an attempt frequency and Ea the activation energy. This type of noise

signal produces a Lorentzian voltage noise spectrum [54,86]

SV (f) = δV 2 τ 2
eff

(τo + τu)2

τeff

1 + (2πf τeff)2
, (2.30)

which is nearly frequency-independent below the corner frequency 1/τeff = 1/τo + 1/τu

and proportional to 1/f 2, above. The superposition of many statistically independent

TLFs with a flat distribution of energy barriers yields a spectrum SV ∝ 1/f . A stronger
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frequency dependence SV ∝ 1/fα with exponents α > 1 is mainly found for ambient

noise.

The amount of 1/f noise from vortex motion strongly depends on the residual field

B0 in which the SQUID is cooled through its transition temperature, and also on the

crystallographic quality of the involved superconducting thin-films [87–89]. Since the

number of vortices in the superconducting film is proportional to B0, SΦ is expected to

scale linearly with B0, presuming an uncorrelated vortex motion. Noise measurements on

field cooled SQUID magnetometers will be discussed in Section 5.5 in detail.

In the well-shielded and zero-field-cooled case, the noise generated by vortex motion

in SQUIDs from state-of-the-art c-axis oriented YBa2Cu3O7 thin-films can be usually ne-

glected. In this case, the dominating 1/f noise source is the current noise from randomly

trapped charge carriers in the junction barrier. An estimation for the noise level is ob-

tained with a similar model as the one describing the white noise [90]. The current noise

is divided into two independent parts, where the first one describes in-phase fluctuations

of the critical currents of both junctions. They produce fluctuations of the mean volt-

age across the current biased SQUID. The second part describes anti-phase fluctuations,

which generate flux noise in the SQUID loop. The common current bias is I ' I0, where

the maximum transfer function is obtained. Hence, the resistance fluctuations can be

neglected. Using the RCSJ model, one obtains [91]

SV (f) =
1

2
[(V − RdI)2 + (LI0VΦ)2]

SI(f)

I2
0

, (2.31)

where SI(f) is the spectral density of the critical current fluctuations. The first term

is given by the in-phase fluctuations and the second one by the anti-phase fluctuations.

Provided that the flux-voltage curve is symmetric, the in-phase part can be completely

suppressed, when the SQUID is operated in the common flux-locked loop (FLL) mode

with flux modulation and lock-in detection. Then, the residual flux noise spectral density

is given by

SΦ(f) =
1

2
(LI0)2 |δI0/I0|2, (2.32)

using |δI0/I0|2 = SI(f)/I2
0 . Thus, measuring the flux noise with flux modulation, one

obtains an estimation for the normalized critical current fluctuations in the Josephson

junctions. A total suppression of the current noise is obtained with additional bias cur-

rent modulation, where the bias current is periodically reversed [90,92]. Since the sign of

the circulating noise current is reversed during one period, the voltage signal averages to

zero after integration in the FLL electronics, provided that the modulation frequency is

considerably higher than the 1/f corner frequency. In a direct readout FLL electronics

without flux modulation, both in-phase and anti-phase fluctuations are not suppressed.
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However, a modulation scheme using bias reversal may also be applied for a total sup-

pression of the critical current fluctuations. This is treated in Section 5.2 in more detail.

Consequently, by applying the bias current reversal method, a residual amount of 1/f

noise can be attributed to ambient noise penetrating the shields or to vortex motion,

provided that the SQUID characteristics have the necessary symmetry and the SQUID

electronics is properly adjusted. A more detailed description of both types of SQUID FLL

electronics is given in Section 4.3.





3 DC SQUID magnetometer design

A bare SQUID is basically a flux-to-voltage converter. As noted in Section 2.6, the SQUID

inductance of a HTS SQUID is limited to a value of about 200 pH or less. Hence, the

SQUID loop itself cannot be made arbitrarily large, so that the magnetic field resolution

of a bare SQUID is insufficient for many applications. For this reason, large area flux

collecting antennas in the form of pickup loops are employed to convert the magnetic flux

density signal B effectively into a magnetic flux signal Φ for the SQUID. This combination

of flux collecting pickup loop and SQUID is called a SQUID magnetometer. The efficiency

of the pickup loop is described by the ratio of the effective flux in the SQUID and the

applied flux density. This characteristic quantity is called the effective area of a SQUID

magnetometer

Aeff =
∂Φ

∂B
(3.1)

Figure 3.1 schematically shows the operation principle of a SQUID magnetometer. It

follows that the field resolution of a SQUID magnetometer is basically determined by

the effective flux collecting area Aeff and the transfer function VΦ of the SQUID. Several

schemes for the input coupling in SQUID magnetometers have been developed, which are

schematically depicted in Fig. 3.2. They will be discussed in the following.

The most simple way of coupling an antenna to a SQUID is the direct signal injection

with a large-area pickup loop galvanically connected parallel to the SQUID loop [76,

93]. Although the efficiency of this solution is comparatively poor due to the substantial

∂Φ

∂B

∂V

∂Φ

Antenna dc SQUID

- - -B
Φ

V

Figure 3.1: Principle of operation of a SQUID magne-
tometer.
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(a) (b)

(c) (d)

Figure 3.2: Coupling schemes of dc SQUID magnetometers: (a) directly coupled
magnetometer, (b) inductively coupled magnetometer, (c) multiloop magnetometer,
(d) magnetometer with integrated multiloop pickup coil (IMPUC).

inductance mismatch, this configuration is widely used for HTS SQUID magnetometers,

because it can be realized with a single superconducting layer.

A more efficient solution is the inductive coupling of the pickup loop to the SQUID loop

via a spiral input coil. Pickup loop and input coil have matched inductances, yielding

a much better coupling between pickup loop and SQUID. Usually, the flux transformer

design of Ketchen and Jaycox [94–96] is employed, where the SQUID loop is shaped like

a square washer with a planar multiturn input coil patterned on top of it. The washer

layout keeps the SQUID inductance low, but provides enough space for the windings of the

input coil. Transformer coupled magnetometers from low temperature superconductors

usually employ a solid wire-wound pickup loop that is galvanically connected to the thin-

film input coil integrated on the SQUID chip. Hence, the pickup loop may be easily

designed in a gradiometer configuration adapted to measure the first or second order

spatial derivative of the magnetic field for a good suppression of homogeneous signals from

distant noise sources. Unfortunately, there is not yet a suitable interconnect technology

for HTS wires and thin-films, so that pickup loop and input coil have to be integrated

on one substrate for inductively coupled HTS magnetometers. However, both can be

separate from the SQUID, which may reside on a different substrate. This flip-chip

arrangement [88, 97, 98] has the advantage that the SQUID can be fabricated in a more

simple single-layer process with higher yield. Good magnetometer properties can be

obtained by choosing the optimum combination of SQUID-chip and antenna-chip. The
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major drawback of this setup is the complicated adjustment of the input coil onto the

SQUID washer. In this work, only monolithically integrated magnetometers are discussed.

A completely different approach is the multiloop magnetometer, which was originally

developed in 1971 by Zimmerman [99] in solid niobium technology. Later, this concept

was redesigned for LTS and HTS thin-film technology by Drung et al. [100, 101]. In the

multiloop magnetometer one cannot distinguish between SQUID and pickup loop, for the

SQUID loop itself is enlarged to be the pickup loop. From inductance considerations it is

clear that this cannot be done with a single loop. But with several pickup loops connected

in parallel, the SQUID inductance can be kept low enough to ensure low-noise operation.

Flux transformer coupled multiloop SQUIDs are described by Carelli et al. [102, 103].

A combination of the multiloop approach with the inductively coupled design is the

magnetometer with an integrated multiloop pickup coil (IMPUC). As in the Ketchen-

Jaycox scheme, a multiturn input coil is employed, but fewer turns are used due to the

lower inductance of the multiloop pickup coil. The IMPUC concept was successfully

introduced with ramp-edge Josephson junctions by Scharnweber et al. [104, 105]. An

IMPUC magnetometer based on bicrystal Josephson junctions is discussed by Subke et

al. [61, 106].

The following sections give the design considerations for the practical layout of directly

and inductively coupled magnetometers, and for the multiloop magnetometer.

3.1 Directly coupled dc SQUID magnetometers

The general design of a directly coupled magnetometer is shown in Fig. 3.3. In this

configuration, the shielding current I generated in the pickup loop by an applied field B

is directly injected into the SQUID inductance L. In the field B the flux inside the pickup

loop of a directly coupled magnetometer is given by

Φp = BAp = (Lp + kL)I, (3.2)

where Ap is the effective flux sensing area of the pickup loop and Lp is the pickup loop

inductance. kL is the fraction of the SQUID inductance in which the shielding current is

injected. The flux in the SQUID loop consists of a part due to the external field and a

second part generated by the shielding current

ΦS = BAS + kLI. (3.3)

Then the effective flux sensing area Aeff = ΦS/B of the magnetometer becomes

Aeff = AS +
kL

Lp + kL
Ap. (3.4)
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Ap
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L

I

Dp

wp

As
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Figure 3.3: Schematic of a directly coupled dc SQUID magnetometer. The large
pickup loop inductance Lp is galvanically connected to the SQUID inductance L. JJ
marks the Josephson junctions.

Typically, it is Lp � L, so that the term kL in the denominator may be neglected. The

large mismatch between both inductances causes a comparatively low field resolution of

the directly coupled magnetometer. A much better efficiency is obtained with multilayer

magnetometers to the disadvantage of a more complicated preparation process. They will

be discussed in the following sections. A good approximation for the inductance of the

square washer pickup loop is given by [101]

Lp = 2
µ0

π
(Dp − wp)

[
ln
(32

π

Dp − wp
wp

)
− 2

]
. (3.5)

This formula is a special case (N = 4) of (3.26) in Section 3.3 for the inductance of

a polygonal pickup loop. Due to the large relative dielectric constant εr of the used

SrTiO3 substrates, the capacitance and inductance of the SQUID loop cannot be treated as

lumped elements, but the loop must be considered as a transmission line with distributed

parameters [17]. The capacitance per unit length of a symmetrical coplanar stripline is

given by [107]

C ′ =
1

2
ε0 (εr + 1)

K(k′)

K(k)
, (3.6)

where K(k) is the complete elliptic integral of first kind, k = s/(s+2w) and k′ =
√

1− k2.

With the phase velocity vp = c
√

2/(εr + 1), the impedance of the coplanar stripline

ZCS = 1/(vpC
′) becomes

ZCS =

√
µ0/ε0√

1
2
(εr + 1)

K(k)

K(k′)
. (3.7)
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Figure 3.4: Layout of the SQUID loop of the directly coupled magnetometer and its
equivalent circuit model.

The constants µ0 and ε0 are the vacuum permeability and vacuum permittivity, respec-

tively, and c = 1/
√
ε0µ0 is the vacuum velocity of light. The SQUID loop is similar to

the so-called hairpin resonator used in HTS microwave filter circuits [108]. It is bounded

by the large impedance change at the Josephson junctions, thus the fundamental mode

corresponds to a half wavelength along the total length of the resonator lr ≈ 2l1 + l2,

yielding a resonance frequency of

f0 =
vp
2 lr

=
c

2lr

√
2

εr + 1
. (3.8)

Distortions of the current-voltage characteristic due to these stripline resonances will be

discussed in Section 5.1.1. The inductance per unit length is L′ = Z/vp, and with (3.7)

one obtains

L1 = µ0 l1
K(k)

K(k′)
(3.9)

for the inductance of a coplanar stripline. The small contribution Lj from the Josephson

junctions may also be calculated in this way. The inductance L2 of the single connecting

part of both legs in the SQUID loop can be calculated with [109]

L2 =
µ0

2π
l2

(
ln

2l2
w + t

+
1

2

)
, (3.10)

where t is the thickness of the thin-film. Thus far, no superconducting properties were

involved in the inductance calculations. However, for structural dimensions of the order

of the London penetration depth, significant contributions from the kinetic inductance

must be considered. The kinetic inductance Lk in a conductor of volume V is defined

by [5]

1

2
LkI

2 =
1

2
µ0λ

2
L

∫
V

J2 dV, (3.11)

where I is the total current and J the local current density in the conductor. The kinetic

inductance is not a superconductivity induced effect, for it is solely caused by the inertia
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of the charge carriers. However, the kinetic inductance of normal conductors is usually

negligible, because of the short mean free path length of the electrons [110]. Consequently,

the contribution from the unpaired electrons in a superconductor can also be neglected.

Because HTS devices are usually operated near Tc, λL and thus the kinetic inductance

can become quite large and may not be neglected. Assuming a spatially constant current

density, the kinetic inductance of a stripline of length l, width w, and thickness t is

obtained from (3.11) as

Lk(T ) = µ0 l
λL(T )2

wt
. (3.12)

In the typical parameter range, the error is negligible compared to more elaborate formulas

taking the actual current distribution into account [111, 112]. Finally, the complete

inductance L of the SQUID loop structure in Fig. 3.4 becomes

L = L1 + L2 + Lj + Lk. (3.13)

The effective area of the square washer pickup loop is approximately given by the geo-

metrical mean of the total area At and the area of the center hole Ah

Ap = a
√
AtAh = aDp (Dp − 2wp), (3.14)

where a is about 1.1 [113]. The effective SQUID loop area may be calculated in the same

way, but due to the narrow linewidths the London penetration depth has to be taken into

account.
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Figure 3.5: Determination of the optimum pickup loop width wp of a directly cou-
pled magnetometer: (a) For a pickup loop size of Dp = 8.3 mm a nearly inductance
independent optimum of wp ' 2.7 mm is found. (b) The optimum ratio of pickup loop
width and pickup loop size is wp/Dp ' 1/3, roughly independent from Dp.
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With the above results an optimum pickup loop linewidth can be calculated if one uses

the ratio L/Aeff as the optimization criterion. Magnetic flux is coupled most efficiently

into the magnetometer where L/Aeff is minimal. Figure 3.5(a) shows the results for

several practical inductances and a pickup loop size of Dp = 8.3 mm. A nearly inductance

independent optimum at wp = 2.7 mm is found. Figure 3.5(b) depicts the ratio L/Aeff

as a function of the ratio of the pickup loop width wp and the pickup loop size Dp. The

optimum is found at about wp = Dp/3, roughly independent from the pickup loop size.

3.2 Inductively coupled magnetometers with integrated

flux transformer

A schematic representation of the inductively coupled magnetometer is shown in Fig. 3.6.

A pickup loop of inductance Lp is connected to a spiral input coil inductance Li prepared

on top of a square washer SQUID for a tight coupling. In this layout, the washer also serves

as a return path for the input coil, saving a third superconducting layer. The inductance

of the square washer SQUID is given by L = Lh + Lsl, where Lh is the contribution from

Ap

Lp

Dp

wp
Li

l

I

ws

d

As, L

b

Figure 3.6: Schematic of an inductively coupled dc SQUID magnetometer. The
pickup loop inductance Lp is connected to the input coil inductance Li prepared on
top of a square washer SQUID. The washer also serves as a return path for the input
coil, saving a third superconducting layer. This requires a via contact near the center
hole. A second via connects the outermost input coil winding to the pickup loop.
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the center hole and Lsl the contribution from the slit. The hole inductance is usually

estimated with [95]

Lh = 1.25µ0 d, (3.15)

where d is the sidelength of the square washer hole. This equation is the result of a

three-dimensional numerical calculation for superconducting thin-films and holds for a

hole size less than the washer linewidth. The slit inductance can be calculated with

the formula (3.9) for a coplanar stripline. In the inductively coupled magnetometer, the

kinetic part of the SQUID inductance has no effect on the coupling efficiency, because

no flux couples to it. This is in contrast to the directly coupled magnetometer, where

the shielding current in the pickup loop is directly injected into the SQUID inductance.

In both cases, however, the kinetic contribution affects the SQUID performance via the

modulation parameter βL. If the SQUID is coupled to a superconducting input circuit

with a pickup loop inductance Lp and an input coil inductance Li, the low-frequency

inductance of the SQUID washer is reduced to an effective inductance

L′ = L
(

1− k2 Li
Lp + Li

)
. (3.16)

This is due to a screening effect of the superconducting load, which acts as a groundplane

for the SQUID loop [95,114]. The coupling constant k is defined by the mutual inductance

M = k
√
LiL between the input coil and the washer inductance. The reduced inductance

usually results in an increased voltage modulation of the screened SQUID, compared to

a bare SQUID washer of the same size. In turn, also the input coil inductance is reduced

by the SQUID washer [75, 115].

In zero field, flux quantization in the input circuit of the transformer-coupled magne-

tometer leads to

Φp = BAp + (Lp + Li)I = 0, (3.17)

where B is the applied magnetic field, Ap is the effective area of the pickup loop, and

I is the shielding current. The comparatively small flux in the area of the input coil is

neglected. The flux signal ΦS coupled to the SQUID washer is determined by the shielding

current I, the mutual inductance M , and the effective area AS of the SQUID washer

ΦS = BAS −MI. (3.18)

Here, the winding direction of the input coil is chosen in such way that the external flux

and the flux due to the shielding current have the same direction. For the effective flux

collecting area Aeff = ΦS/B of the magnetometer one obtains

Aeff = AS +
M

Lp + Li
Ap, (3.19)
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where the areas AS and Ap may be calculated with (3.14).

In the case of strong coupling, a current I in the input coil of n turns will induce a

reverse image current nI into the SQUID washer. Thus, the mutual inductance between

input coil and SQUID is M ' nL. The input coil inductance becomes [94]

Li = LSL + n2L, (3.20)

where LSL is the stripline inductance of the input coil on top of the square washer that acts

as a superconducting groundplane. The second term arises from the image currents in the

washer which couple back to the input coil. There is no simple analytical expression for

the inductance of a superconducting square spiral coil. However, an estimation is given

by the formula for a superconducting stripline on a groundplane [116]

LSL =
µ0l

w

(
h+ λL coth

( t1
λL

)
+ λL coth

( t2
λL

))
for w � h, (3.21)

where w is the width of the stripline, h is its distance away from the groundplane, and

t1, t2 are the thicknesses of both superconducting layers. Here, the mutual inductances

between the windings are neglected. For typical layouts, LSL is much smaller than n2L

and may therefore be neglected.

3.3 Multiloop magnetometers

The basic relations for the design and optimization of thin-film multiloop magnetometers

are discussed in Refs. [101, 117] in detail and will only be summarized in the following.

The common layout of a thin-film multiloop magnetometer is an equilateral polygon

with N sides and N spokes. Figure 3.7 schematically shows this cart-wheel like shape

for N = 8. To obtain a flux state Φ in the multiloop SQUID, this flux must be coupled

to each one of the N loops. Therefore the effective flux collecting area of the multiloop

device is given by Ap/N , where Ap is the area of the polygonal pickup loop. Furthermore,

this area has to be reduced by the parasitic area As of one spoke. Hence,

Aeff =
Ap
N
− As. (3.22)

Again, the pickup loop area Ap is calculated as the geometrical mean from outer dimension

Dp and inner dimension Dp − 2wp, but now for an equilateral polygon:

Ap =
N

4
tan
(π

4

)
Dp (Dp − 2wp). (3.23)

The parasitic area covered by one spoke is given by

As =
1

2
(Dp − wp) ds,eff , (3.24)
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Figure 3.7: Schematic of a multiloop magnetometer with 8 pickup loops. The darker
area is fabricated from the top superconducting layer.

where ds,eff is an effective slitwidth, accounting for flux focusing into the slit and the

London penetration depth [101].

The inductance of a multiloop magnetometer consists of contributions from the induc-

tance Lp of the polygonal pickup loop, the inductance Ls from the spokes and the parasitic

inductance Lj from the leads to the Josephson junctions and the junctions themselves.

The inductance of a single loop is given by Lp/N + Ls. For the complete device with N

loops in parallel one obtains

L =
Lp
N2

+
Ls
N

+ Lj . (3.25)

An estimation for the inductance Lp is obtained from the inductance of a circular con-

ductor loop of radius r

Lp = µ0r
[

ln
(16 r

wp

)
− 2
]

(3.26)

if one replaces its circumference by the mean polygon circumference

2πr = N tan
( π
N

)
(Dp − wp). (3.27)
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The spoke inductance Ls can be calculated with the formula (3.9) for a coplanar stripline.

A good approximation for a spoke slit width ds smaller than the linewidth ws is given

by [101]

Ls = µ0 l
π

2 ln(4Ds/ds)
, (3.28)

where l is the length of the spoke and Ds = 2ws + ds the total spoke width. The flux

contribution in the magnetometer due to the spokes is strongly reduced by the large

mutual inductance between the adjoining loops. A current in one spoke line causes an

oppositely equal flux in both adjoining loops and thus no net flux in the SQUID. Only the

small amount of stray flux in the slit between the spoke lines causes a flux contribution.

Hence, this slit should be made as narrow as possible. Accordingly, the inductance of the

spoke is mainly determined by the spoke slit width. From (3.22) follows that the effective

area of a multiloop magnetometer is roughly given by the area of one loop. Opening

of single loops does not change the effective area of the device, but only increases its

inductance [118].

3.4 Summary

Figure 3.8 summarizes the results of calculations made in accordance to the previous

sections. It shows the attainable effective area for the three investigated magnetometer

layouts depending on the SQUID inductance. The calculations were made for pickup loop

sizes between 4 and 9 mm, suitable for the most common substrate size of 10× 10 mm2.

Obviously, only a comparatively low effective area can be obtained with the directly

coupled magnetometer, which results from the direct signal injection and the large in-

ductance mismatch between pickup loop and SQUID loop. Typical devices show effective

areas considerably less than 1 mm2, i.e. less than 1% of the pickup loop area. The main

advantage of this magnetometer design is the ease of fabrication in a simple single layer

process. According to (3.4), the effective area increases nearly linear with the SQUID

inductance. The calculations have been made for the pickup loop linewidth wp = Dp/3.

With the inductively coupled layout, a larger effective area over a broad inductance

range is obtained as the result of the matched inductances. For an 8 mm device of L =

100 pH an effective area of about 2 mm2 is calculated, which is roughly 4 times the effective

area of a directly coupled magnetometer of the same size and inductance. The curves were

calculated for an optimal inductance matching (Lp = Li) and a coupling constant k = 0.9.

The inductance of a multiloop magnetometer is mainly determined by the number of

the loops. The effective area depends much stronger on the SQUID inductance than in the

other magnetometer types. Practical effective areas, comparable to those of inductively



44 3. DC SQUID magnetometer design

4

3

2

1

0

E
ffe

ct
iv

e 
A

re
a 

A
ef

f  
(m

m
2 )

200150100500

Inductance L  (pH)

8

7

6

5

9

8

7

6

5

4

4

9

 
 Inductively Coupled

 
 Directly Coupled

 
 Multiloop N = 20

 
 Multiloop N = 16

 
 Multiloop N = 12

4

9

4

5

6

7

4

5

6

7

8

9

Figure 3.8: Attainable effective area depending on the SQUID inductance for in-
ductively coupled, directly coupled, and multiloop devices. The numbers indicate the
pickup loop size Dp in mm. The multiloop data are presented for 3 different numbers
of loops.

coupled magnetometers, are only obtained with inductances > 100 pH. Lower inductances

require high loop numbers, so that the fraction of the parasitic spoke area in (3.22) gets

adversely increased. For a HTS multiloop magnetometer, the loop number N = 16 yields

a good compromise between a reasonable effective area and a sufficiently low SQUID

inductance. A pickup loop size of Dp = 7 mm results in an effective area of 1.9 mm2 and

a SQUID inductance of 146 pH. About one half of this inductance is due to the spokes

and one third due to the polygonal pickup loop. For each point in Fig. 3.8, pickup loop

width and spoke width have been adjusted to yield the minimum of the ratio L/Aeff . This

optimization procedure will be treated in more detail in Section 5.1.3.
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This chapter describes the preparation processes used for the fabrication of multilayer

and single-layer magnetometers based on the superconductor YBa2Cu3O7. Since the

work described in this thesis was carried out in two laboratories, different methods were

used for the thin-film deposition. The multilayer devices based on step-edge Josephson

junctions were prepared using rf magnetron sputtering, whereas pulsed laser deposition

was used for the single-layer magnetometers on bicrystal substrates. Both methods are

well established since many years, and the distinction presented here was not driven by any

technological considerations. A more detailed review on the various processes commonly

involved in the preparation of HTS multilayer magnetometers is given by Wellstood et

al. [119]. The chapter closes with a brief description of the measurement techniques used

for measuring the dc characteristics and noise spectra of the devices.

4.1 Preparation of multilayer magnetometers with step-

edge Josephson junctions

The multilayer magnetometers described in this thesis are based on two superconducting

YBa2Cu3O7 layers and an intermediate SrTiO3 layer for their insulation. Both types of

thin-films are deposited by off-axis rf magnetron sputtering. On optimized sputtering

conditions, the transition temperature of unpatterned YBa2Cu3O7 thin-films is 88 K with

a critical current density of about 2 × 106 A/cm2. Usually, the films are smooth and

without outgrows or impurity phases. The fabrication process of a multilayer device

involves four thin-film depositions and four photolithographic steps [120].

First, a layer of about 150 nm YBa2Cu3O7 is in situ deposited together with a thin

cap-layer of 25 nm SrTiO3 on top of it. Usually, the upper YBa2Cu3O7 layer in a multi-

level device is of poorer quality, due to the complex growth mechanism and many involved

preparation steps. This introduces weak pinning centers for flux vortices and thus sources

of low-frequency noise [88, 89]. For this reason, the large superconducting areas of the

pickup loops are prepared from the bottom YBa2Cu3O7 film directly grown on the sub-
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strate. The cap-layer protects this film during the subsequent photolithographic process

and improves the epitaxial growth of the 200 nm SrTiO3 insulating layer deposited on top

of it. The step-edge and the vias to the bottom YBa2Cu3O7 layer are patterned in two

successive photolithographic steps into the insulating layer. The vias come in the second

place, since they are more sensitive to environmental influences than the step. The 3 µm

wide Josephson junctions would degrade during subsequent film depositions. Therefore,

they are patterned from the upper YBa2Cu3O7 film deposited at last. Furthermore, the

input coil of the inductively coupled device and the central interconnection of the pickup

loops in the multiloop magnetometer are patterned from the top superconducting layer.

The patterning of the thin-films is done by conventional photolithography and Ar-

ion beam etching. The ion beam has an energy of 350–400 eV and a current density

of about 3 mA/cm2. To prevent the sample from overheating during the etch process,

it is watercooled and the ion-beam is pulsed. The endpoint detection is done visually

with a microscope, watching the color change of the luminescence sent out by the excited

sputtered material near the substrate surface (YBa2Cu3O7: green, SrTiO3: blue). The

photomasks are designed in a way that a slight overetching does not affect the device

operation. Two different mask steps are necessary to pattern the step-edge and the via

contacts. In order to avoid large-angle grain boundaries at the crossovers and to increase

the geometrical cross-sections along the YBa2Cu3O7 ab-planes for high current densities

in the vias, flat angles are needed at the edges of these structures. This is achieved

by a combination of resist bakeout on a hotplate and etching under flat incidence [120].

On the contrary, the step-edge has to be very steep to form a suitable grain boundary

for a Josephson junction. A fixed vertical incidence of the ion beam leads to a strong

redeposition of the sputtered material at the step-edge, yielding a rough edge and a poor

quality of the Josephson junctions. It was found that the redeposition can be prevented,

when the ion beam is swept by ±20◦ along the step-edge. To obtain low-ohmic contacts,

the contact pads are in situ covered with about 50 nm Ag by dc sputtering through a

shadow mask right after a short cleaning of the surface by Ar-ion beam etching. The

photoresist is removed with a thoroughly cleaning procedure of rinsings in acetone and

propanol in an ultrasonic bath.

The thin-film deposition is done by off-axis rf magnetron sputtering in an Ar/O2 at-

mosphere. The YBa2Cu3O7 films are deposited at the temperature 785◦C and 100 W rf

power. The background pressure is 30 Pa at a partial pressure ratio pAr/pO2 = 2 : 1. The

conditions for the SrTiO3 deposition are: T = 750◦C, p = 10 Pa, pAr/pO2 = 1 : 1 and

Prf = 200 W. After the deposition, the device is cooled with a defined temperature profile

in 500 mbar O2. During the process, the substrate is glued to the heater with silver paste

to obtain a good and reproducible thermal contact.
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Figure 4.1: Scanning Electron Microscope images of multilayer devices: (a) Square
washer of an inductively coupled magnetometer with integrated input coil. (b) Central
part of a multiloop magnetometer including the step-edge Josephson junctions. (c)
Step-edge Josephson junctions of a multiloop magnetometer.
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Figure 4.1 shows Scanning Electron Microscopy (SEM) images of different multilayer

magnetometers. In Fig. 4.1(a), the square washer of an inductively coupled magnetometer

can be seen. Clearly visible is the small via that connects the innermost turn of the input

coil to the washer. The connection of the outermost turn to the input loop is partly shown

in the upper left. Two further vias in the upper middle connect the Josephson junctions

in the top layer with the square washer in the bottom layer. Figure 4.1(b) shows the

central overlap region of a multiloop magnetometer where all loops a connected. One side

of the loops is connected in the bottom layer and the other one in the top layer. For N

loops at least N vias are required, which cannot be seen in the picture. Also visible are

the Josephson junctions and their leads. Figure 4.1(c) shows the two step-edge Josephson

junctions of a multiloop magnetometer. All films are smooth and without outgrows.

4.2 Preparation of single-layer magnetometers with bi-

crystal Josephson junctions

A comprehensive survey on the pulsed laser deposition process and preparation methods

used for the single-layer bicrystal devices is given by Heinsohn et al. [121] and Subke

et al. [61, 122, 123], Therefore, this process is only briefly summarized in the following.

Only one YBa2Cu3O7 deposition step is involved, since only single-layer devices have been

prepared on bicrystal substrates.

The YBa2Cu3O7 thin-film is deposited, using a 248 nm KrF Excimer laser with a pulse

rate of 3 Hz and a pulse energy adjusted to about 1 J. The energy density at the surface of

the YBa2Cu3O7 target is about 2 J/cm2. For the target, a stoichiometric polycrystalline

pellet with a diameter of 20 mm is used. It is prepared from the powdery precursors by a

calcination and sintering process, which is also described in [61] in detail. The substrate

is glued to the heater with silver paste and its temperature of about 815◦C is controlled

contactless using a pyrometer. The deposition takes place in a background pressure of

8 Pa O2. After the deposition, the recipient is flooded with O2 to normal pressure, and the

substrate is kept at a about 500◦C for 120 minutes before it is cooled to room temperature.

Typical values for the critical temperature and critical current density are Tc = 89 K and

Jc > 106 A/cm2, respectively.

The bicrystal line is not visible under a microscope, so it must be marked to allow

the adjustment of the photomask. This is done with 5% hydrofluoric acid (HF) at the

substrate border after covering the rest of the substrate surface with a protective layer

of photoresist. HF preferably etches SrTiO3 at lattice defects and grain boundaries,

therefore the grain boundary line becomes visible. Unfortunately, YBa2Cu3O7 is not
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etched by HF and must be removed with 2.5% diluted nitric acid (HNO3), beforehand.

After this procedure the photoresist mask can be adjusted, so that the microbridges for

the Josephson junctions cross the grain boundary. Finally, the magnetometer device is

patterned by Ar-ion etching in a parallel-plate reactor. In contrast to ion-beam etching,

the etch process in a parallel-plate reactor is highly isotropic, so that steep edges cannot

be obtained. However, this is no disadvantage for the preparation of bicrystal or ramp-

edge Josephson junctions. The Ar-plasma in the parallel-plate reactor cannot be pulsed

and a large amount of heat is transferred to the photoresist, despite a cooled base plate.

In addition, much UV radiation is present during the etch process. Both leads to a strong

cross-polymerization of the photoresist, which prevents its removal by acetone or propanol.

For multilayer devices, it is absolutely necessary that these residues are removed before

depositing the subsequent layer. This is therefore routinely done with a treatment in

an oxygen plasma. Since the plasma treatment has also a beneficial effect on the critical

current density of the YBa2Cu3O7 films, it is performed after each YBa2Cu3O7 deposition.

4.3 Measurement techniques

For optimum temperature stability, almost all measurements are made in liquid nitrogen

at 77 K. Temperature dependent measurements are either made in a helium-flow cryostat

or a heatable can in a liquid-helium dewar. In all cases, the device is shielded against

ambient magnetic fields at least by one double-walled Cryoperm shield.

The dc characteristics of the devices are measured using a standard low-noise opera-

tional amplifier with an input voltage noise of
√
SV = 4 nV/

√
Hz and an amplification of

1000. A bias current up to 10 mA is supplied by a low-noise current source which can be

modulated by a delta generator. For differential measurements with a lock-in amplifier

a sine wave may be added. Noise measurements on single Josephson junctions are made

with a transformer-coupled low-noise amplifier with a white input noise level of about
√
SV = 150 pV/

√
Hz [44]. Magnetic flux in the sample is generated by a small coil, which

is supplied by the same type of current source. The coil has been calibrated against a

Helmholtz coil in the magnetically shielded room of Philips Hamburg. The magnetic flux

density inside the Helmholtz coil was checked with a commercial fluxgate sensor and the

measured value differed by less than 1 % from the calculated value. The calibration was

confirmed by further measurements at the PTB Berlin.

SQUIDs and SQUID magnetometers are usually operated with a so-called flux-locked

loop (FLL) electronics, where the SQUID signal is integrated and fed back to the SQUID

via a resistor Rf and a coil Lf . In this feedback control, the SQUID is used as a null-

detector of magnetic flux, and the sensor’s linearity range is enhanced from fractions of
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a flux quantum up to several hundreds of flux quanta. The voltage across the feedback

resistor Rf is proportional to the signal flux Φsig. Noise spectra are recorded with a Fast

Fourier Transform (FFT) signal analyzer at the output of the FLL electronics. In practice,

there are two main variations of SQUID FLL electronics: The FLL circuit with flux

modulation and lock-in detection, and the directly coupled FLL electronics. In the first

type, the flux in the SQUID is modulated by Φ0/2 between the points of maximum transfer

function in the flux-voltage characteristic. The signal is obtained after demodulation

and integration. Due to the modulation method, a resonant tank circuit or step-up

transformer can be used to increase the voltage signal at the preamplifier input. Thus,

even SQUIDs with a small voltage modulation can be measured with negligible noise

contribution from the preamplifier. The low-frequency properties of the preamplifier’s

input stage like temperature drift, 1/f noise, or offset voltage do not affect the measured

signal, since this is mixed up to higher frequencies. Figure 4.2(a) shows a simplified

schematic of a FLL electronics with flux modulation. The flux modulation scheme is

depicted in Fig. 4.2(b). In the directly coupled FLL electronics (Fig. 4.2(c)), the input

stage is dc coupled to the SQUID. Since no tank circuit or transformer is used, an ultra

low-noise preamplifier with excellent low-frequency properties is necessary [124]. State-of-

the-art components still require SQUIDs with a voltage modulation of more than about

5µV. The main advantages of this electronics are the very large sensor bandwidth, which

may easily reach several MHz [125,126], and the possibility of additional positive feedback

(APF) [100]. With APF, the slope on one side of the V -Φ curve is increased to obtain an

enhanced transfer function. This is done with only two additional passive components, the

resistor Ra and the coil La, across the SQUID. The APF method cannot be applied with

flux modulation, because the modulation between both operation points on opposite sides

of the V -Φ curve would average out the APF effect. The first measurements employing

the APF method with HTS magnetometers are described in Section 5.2. The simplicity

of this electronics enables very compact multichannel systems at low costs. In both types

of electronics an additional bias current modulation scheme can be used to suppress the

1/f noise component from critical current fluctuations in the Josephson junctions [90,92,

127, 128]. A comprehensive survey on the fundamentals of SQUID readout electronics is

given in [129].
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Figure 4.2: (a) Schematic of a flux-locked loop (FLL) circuit with flux modulation
and lock-in detection. (b) Principle of flux modulation. The dashed curve is shifted
by the external signal Φsig. (c) Directly coupled FLL circuit with APF components
Ra and La. (c) Effect of the APF circuit on the flux-voltage characteristic.





5 Integrated dc SQUID magnetometers

This chapter describes the geometrical parameters and electrical characteristics of the fab-

ricated samples of directly coupled, inductively coupled, and multiloop magnetometers.

Due to the less demanding single-layer preparation process for directly coupled magne-

tometers, some statistical information is obtained about their parameter dependencies.

Some attention is paid to microwave resonances in the magnetometer structures, which

may seriously deteriorate the magnetometer performance. Furthermore, the temperature

dependence of the effective area of all three magnetometer types is discussed.

The publication [P3] in Section 5.2 reports the first measurements on HTS SQUID

magnetometers employing the APF method combined with bias current modulation. In

addition, high quality magnetocardiograms are presented. Further biomagnetic measure-

ments have been made with a miniature hand-held cryostat and an IMPUC magnetometer.

They are described in publication [P4] of Section 5.3. In Section 5.4, measurements made

in unshielded environment and methods for ambient noise rejection are reviewed. The

following sections refer to the problem of increased low-frequency noise in field-cooled

HTS magnetometers. The publication [P7] of Section 5.5.1 reports noise measurements

on two multilayer magnetometers in various cooling fields, and Section 5.5.2 describes a

method for enhancing the noise performance and linearity of field-cooled directly coupled

magnetometers.

5.1 Samples

5.1.1 Directly coupled magnetometers

Directly coupled magnetometers have been fabricated from single epitaxial layers of

YBa2Cu3O7. The films are prepared by pulsed laser deposition on symmetrical (100)

SrTiO3 bicrystal substrates with 24◦ misorientation angle. Film thicknesses between

100 nm and 150 nm are used. The substrate size is 10× 10 mm2.

Figure 5.1 shows the magnetometer layout and a photograph of the area around the

SQUID loop. The layout is similar to the one introduced by Lee et al., having a square
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Figure 5.1: (a) Layout of the directly coupled magnetometer. (b) Photograph of the
central part around the SQUID loop.

washer type pickup loop with the outer dimensions 8.6× 8 mm2 and an inner hole size of

3× 3 mm2. The width of the Josephson junctions is nominally 2µm. Three layouts have

been used, which mainly differ in the length of the SQUID loop and thus in the SQUID

inductance. In each layout, two SQUIDs are connected to the pickup loop, which can be

characterized separately. Thus, better device statistics are obtained with less preparation

steps, and one can select the SQUID with better performance after a first characterization.

Table 5.1 shows the SQUID loop lengths and the calculated inductances and effective

areas for the three different layouts. The inductance values include the kinetic contribu-

tion for a film thickness of 120 nm, a critical temperature Tc = 88 K and an operation

temperature of 77 K. Figure 5.2 shows experimental results at 77 K for the effective area of

several directly coupled SQUID magnetometers in dependence on the SQUID inductance.

Although there is a considerable spread among the samples, a good agreement is found

with the theoretical prediction calculated from the formulas in Section 3.1. The spread is

attributed to variations in the photolithographic process and the film quality. The dimen-

sions of the SQUID loop are not much larger than the best attainable linewidth in the

photolithography process (1 µm), thus even a slight error in the exposure has a large effect

on the linewidth of the SQUID loop and its inductance. Although the kinetic inductance
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Table 5.1: SQUID loop length and the calculated values
of inductance and effective area for the three investigated
layouts of directly coupled SQUID magnetometers.

SQUID length Inductance Effective Area
Layout

(µm) (pH) (mm2)

46 57 0.249
DSC1

86 102 0.495

126 146 0.737
DSC2

146 168 0.855

39 49 0.203
DSC3

39 49 0.203

has been taken into account using the individual critical temperatures in formulas (2.2)

and (3.12), this gives only a rough estimation of the actual values.

Voltage modulation values between 5µV and 40.5µV are obtained. As is discussed

in Section 2.6, the voltage modulation strongly depends on the modulation parameter

βL, which is illustrated by Fig. 5.3(a). A strong decrease of the voltage modulation

is found for an increasing modulation parameter. As expected, maximum modulation

is obtained for low values around βL = 1. Figure 5.3(b) shows the reduced voltage

modulation ∆V/(I0Rn) as a function of the SQUID inductance and compared to the

theory by Enpuku et al. [77, 79]. The mean critical current of all investigated samples
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Figure 5.2: Effective area of directly coupled magnetometers as a function of the
SQUID inductance. The straight line is the calculated dependence for a pickup loop
dimension Dp = 8.3 mm. The kinetic contributions of the inductances were estimated,
using the individual Tc values of the magnetometers.
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Figure 5.3: (a) Voltage modulation of directly coupled SQUID magnetometers as
a function of the modulation parameter βL. (b) Reduced voltage modulation as a
function of the SQUID inductance and in comparison to the theory by Enpuku et al.
(lines) [77]. The different symbols denote the quoted critical current ranges.

is 84µA. Since all experimental values of ∆V/(I0Rn) are scattered around the line for

I0 = 80µA, a good overall agreement between theory and experiment is found. Also the

tendency of a higher voltage modulation obtained with lower junction critical currents is

reflected. The mean characteristic voltage of the investigated samples is I0Rn = 175µV

with a standard deviation of 1σ = 45µV. This is in good agreement with data found in

the literature [69, 130]. Higher voltage modulations in the investigated inductance range

are expected for smaller critical currents which, however, depend mainly on the quality

of the bicrystal grain boundary and can only be controlled by the film thickness and

junction width. Since the kinetic inductance contribution becomes adversely large for a

film thickness less than about 100 nm, a reduced junction width is favorable, but limited

by the resolution of the photolithography process. A further, but less controllable, way to

reduce the critical current is the annealing of the device at an elevated temperature in an

oxygen free (e.g. argon) atmosphere. Due to a higher oxygen mobility at grain boundaries,

oxygen will leave the thin-film preferably at the Josephson junctions decreasing their

critical current. This method has been investigated with a device, which already exhibited

a reduced critical current and an increased normal resistance four months after fabrication,

presumably due to an improper handling. In Fig. 5.4, the device parameters are depicted

after three additional annealing steps at 200◦C in Ar atmosphere (10 min. at 200◦C

and 10 min. cool-down). The former tendency was continued with the first annealing

step. Besides the characteristic voltage, also the voltage modulation was significantly
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Figure 5.4: Change of magnetometer characteristics after four months of handling
and after three annealing steps at 200◦C in Ar-atmosphere. (a) Critical current and
normal resistance, (b) characteristic voltage and voltage modulation, (c) low-frequency
and white flux density noise.
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for a directly coupled SQUID magnetometer. (b) Flux-voltage characteristic for the
same device at different bias currents Ib.

increased, yielding a reduced white noise level. However, the second and third annealing

steps reduced I0Rn again, and the low-frequency noise became markedly increased. Hence,

the superconducting film must have been damaged more seriously. Further investigations

on this method should be made to prove, whether the junction characteristics can be

controlled in a predictable way.

In Fig. 5.3 can be seen that the values for the voltage modulation exhibit a remarkable

spread. The most likely source of the observed large variations are resonances of the

current oscillations from the the ac Josephson effect in the SQUID loop. This causes a

distortion of the current-voltage characteristic. Figure 5.5(a) depicts the current-voltage

characteristic of a directly coupled magnetometer without applied flux and with the ap-

plied flux Φ = Φ0/2, where the critical current is maximally reduced. In the latter case,

one observes a broad resonant current increase at around 76 µV, which narrows both

branches and leads to a reduced voltage modulation at bias currents around 42 µA, as is

depicted in Fig 5.5(b). Even a crossing of both branches is possible, which would lead

to zero voltage modulation at this point. For the given device, the total length of the

stripline resonator is lr = 115µm. Assuming a dielectric constant of εr = 2000 for the

SrTiO3 substrate, the fundamental resonance frequency becomes f0 = 41 GHz and the

resonance voltage is V0 = 85µV, which is in reasonable agreement with the experimental

value. The deviation is attributed to the rough estimation of εr and to the influence of

the current leads connecting the SQUID loop with the pickup loop. Similar distortions of

the current-voltage characteristic have been observed in almost all fabricated devices.
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Cp Rp

Lp
LS

Cstr

Ib

Figure 5.6: A simplified circuit model of a directly coupled SQUID magnetometer
taking into account the parasitic capacitances Cp and Cstr. Rp represents the rf loss
of Cp and LS is the SQUID inductance.

A consequence of microwave resonances in the pickup loop are distortions of the flux-

voltage characteristic. Figure 5.6 shows the equivalent circuit of a parallel Lp-Cp-Rp reso-

nant circuit connected to the SQUID inductance LS. Lp is the pickup loop inductance, Cp

the stray capacitance across the pickup loop, and Rp represents the rf loss of the substrate.

It has been shown theoretically and in extensive numerical simulations that resonances

in the input circuit of a SQUID magnetometer can cause a distortion of the flux-voltage

curve, when there are stray capacitances forming additional capacitive current paths from

the input circuit to the current source. The extra currents produce additional magnetic

flux in the SQUID inductance and cause a capacitive feedback [130,131]. In Fig. 5.6, Cstr

schematically indicates such a capacitive current path between pickup loop and current

source. Figure 5.7 depicts the flux-voltage characteristics of two SQUIDs with identical

layout, symmetrically connected to the same pickup loop. It is found that the V -Φ curves

for SQUID S1 are smooth and nearly sinusoidal, whereas the curves for SQUID S2 are

strongly distorted on one side. Since the corresponding parasitic impedances are the same

for both SQUIDs, the strength of the resonances must severely depend on the SQUID pa-

rameters I0 and Rn. These are I0 = 17µA and Rn = 7.5 Ω for S1 and I0 = 26µA and

Rn = 6.2 Ω for S2. It is correspondingly found for all types of integrated SQUID magne-

tometers, that devices with higher critical currents exhibit more pronounced distortions

of their V -Φ curves than comparable devices with lower critical currents, but higher Rn

values. There is not yet a simple model which predicts the amount of distortion from the

magnetometer parameters, thus numerical simulations taking into account the parasitic

parameters have to be done. Numerical simulations by Enpuku et al. [17, 131] confirm

the strong influence of the junction parameters that is found above.
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Figure 5.7: Voltage modulation versus applied magnetic field at 77 K for two SQUIDs
(S1, S2) directly coupled to the same pickup loop. The curves have been recorded at
equidistant bias currents Ib = 34 . . . 51µA for S1 and Ib = 54 . . . 67µA for S2. The
maximum voltage modulations are ∆V = 40.5µV and ∆V = 35.0µV for S1 and
S2, respectively. The modulation curves for S2 exhibit distortions on one side, due to
resonances of the Josephson oscillations in the pickup loop. The resonances are more
damped, when the pickup loop is operated with S1.

An asymmetric flux-voltage characteristic has an adverse effect on noise measurements,

if one uses the flux modulation technique. Because of the reduced transfer coefficients

at one operating point, a smaller SQUID signal is obtained after integration in the FLL

circuit. As a consequence, a higher noise level is measured when compared to a similar

device with symmetric flux-voltage curve. When a resonant curve is present, it is therefore

favorable to use a directly coupled FLL electronics with only a single point of operation

that can be set to the one with maximum transfer coefficient.
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Figure 5.8: Flux density noise spectrum of a directly coupled magnetometer, mea-
sured in a shielded room. The white noise level is

√
SB = 38 fT/

√
Hz at 1 kHz and the

low frequency noise is
√
SB = 80 fT/

√
Hz at 1 Hz. The spectrum has been measured

with bias reversal.

Figure 5.8 shows a flux density noise spectrum for a directly coupled SQUID mag-

netometer. It has been recorded at T = 77 K in zero field in the Berlin Magnetically

Shielded Room (BMSR) at the PTB Berlin, using a directly coupled FLL electronics with

100 kHz bias current reversal. At 1 kHz a white noise level of
√
SB = 38 fT/

√
Hz including

the preamplifier noise is obtained. The low-frequency noise is
√
SB = 80 fT/

√
Hz at 1 Hz,

which already includes a significant amount of ambient noise. The 1/f corner frequency

is 4.5 Hz, and the 3 dB bandwidth about 100 kHz. The device is the same as SQUID S1

of Fig. 5.7(a), having a voltage modulation of ∆V = 40.5µV. The calculated SQUID

inductance is L = 47 pH and the critical current is I0 = 17µA, yielding a nearly optimum

modulation parameter βL = 0.8. Figure 5.9 summarizes the measured white flux noise

values for all fabricated directly coupled SQUID magnetometers as a function of their

inductance. A clear increase in flux noise is found for increasing SQUID inductance,

which could be well fitted with a linear dependence. Typical flux noise values for 50 pH

SQUIDs are below 10µΦ0/
√

Hz. However, they are more than one order of magnitude

higher than the values calculated from (2.25) and (2.28). Furthermore, the values fit less

satisfying to these dependencies than to a linear function of L. As a consequence, no

optimum inductance value can be derived from these data for a lowest flux density noise

level, since both effective area and flux noise depend linearly on L. The large difference

between the calculated noise level and the experimental results has already been noticed

by Enpuku et al. [78] and is comprehensively discussed by Koelle et al. [80]. No systematic

trends have been found as functions of the SQUID parameters. The discrepancies may be
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Figure 5.9: White flux noise of directly coupled magnetometers as a function of the
SQUID inductance. The straight line is a linear fit to the data. The dashed line has
been calculated according to the Eqs. (2.25) and (2.28). It already includes the factor
×10 suggested by Enpuku et al. in Ref. [78].

attributed to imperfect junctions, wrongly estimated parameters, or what is most likely in

the present case, the microwave resonances discussed above. Furthermore, some amount

of excess noise from environmental sources and the FLL electronics cannot be ruled out.

5.1.2 Inductively coupled magnetometers

A schematic representation of an inductively coupled magnetometer has been given in

Fig. 3.6. The actual layout includes two square washers, each with a monolithically

integrated multiturn input coil in the top superconducting layer. Both input coils are

individually shunted and connected to the same pickup loop of nearly substrate size.

Since the shunt acts as a small pickup loop, both SQUIDs can first be characterized at

reduced sensitivity. By measuring the effective area of the shunted magnetometer, one

can find out, whether the input coil functions properly. Then, the SQUID with better

performance is coupled to the full-size pickup loop by scribing the respective shunt. In all

cases, opening the shunt reduced the voltage modulation of the SQUID. This is attributed

to an inductance increase of the SQUID washer according to (3.16) [117].

Figure 5.10 displays a microscope image of the square washer of an inductively coupled

magnetometer with integrated input coil and an intact shunt. The geometrical parameters

of the inductively coupled magnetometer are given in Table 5.2. The pickup loop is not

quadratic, but has two indentations for the SQUIDs and the bond pads. A practical

pickup loop area Ap = 54 mm2 is estimated from the geometrical mean of the outer and
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Figure 5.10: Microscope image of the square
washer of an inductively coupled magnetometer
with a multiturn input coil integrated in the top su-
perconducting layer. The sidelength of the square
washer is 700µm. The upper part of the picture
shows the superconducting shunt.

inner area of the pickup loop, according to (3.14). The calculated inductance of the pickup

loop is Lp = 15 nH. Following the equations in Section 3.2, the inductances Lh = 48 pH

and Lsl = 92 pH are calculated for the washer hole and slit, respectively. Thus, the total

inductance of the bare SQUID washer is L = 140 pH. With (3.20) and (3.21), an input

coil inductance of Li = 17 nH is calculated, yielding a good inductance match between

pickup loop and input coil. A coupling constant k = 0.84 has been derived from the

measurement of the mutual inductance between the input coil and the SQUID washer at

T = 4.2 K [132]. Using this value, a screened SQUID inductance L′ = 88 pH is obtained

with (3.16). The calculation of the effective area with (3.19) yields Aeff = 1.73 mm2.

Table 5.2: Geometrical parameters of the induc-
tively coupled SQUID magnetometer.

Washer sidelength l 700 µm

Washer hole sidelength d 30 µm

Washer slitlength ls 335 µm

Washer slitwidth ws 2.5 µm

Pickup loop width wp 0.6 mm

Pickup loop sidelength Dp 8.8 mm

Number of input coil turns n 101
2

Width of input coil b 16 µm



64 5. Integrated dc SQUID magnetometers

82

87

90

93

96

99

101

104

106

108

0

1.29 nT

∆V = 6.8 µV Ib  (µA)

Figure 5.11: Voltage versus flux curves at different bias currents for an inductively
coupled SQUID magnetometer at T = 77 K. The curves show a pronounced distortion
on the positive slope due to microwave resonances in the input circuit of the device.

Figure 5.11 shows the voltage modulation of an inductively coupled magnetometer with

step-edge Josephson junctions at T = 77 K. A maximum modulation of ∆V = 6.8µV

is obtained at the bias current Ib = 96µA. The junction’s critical current and normal

resistance of this sample are I0 = 42µA and Rn = 2.6 Ω, respectively. It must be noted

that the value for the critical current includes some amount of excess current, as has

been observed for all investigated devices based on step-edge Josephson junctions. After

opening the shunt, the field period B/Φ reduced from 10.7 nT/Φ0, a typical value for

directly coupled magnetometers, to 1.29 nT/Φ0. This yields an effective area Aeff =

Φ/B = 1.60 mm2, which is close to the theoretical value of 1.73 mm2. Details of further

devices with the same layout are discussed in Refs. [51, 117, 132].

The flux-voltage curves in Fig. 5.11 show a pronounced distortion on the positive

slope. This distortion is due to LC resonances in the parallel circuit of SQUID washer

and input coil, which is schematically shown in Fig. 5.12. The resonance frequency is

determined by the input coil inductance Li, the capacitance Ci between input coil and

SQUID washer, and the rf loss Ri of the capacitance Ci. Hilgenkamp [36] calculated the

frequency dependent complex impedance for the actual layout of a similar magnetometer

and found a large number of resonant states between 80 MHz up to 70 GHz, corresponding

to a voltage range of 0.2 . . . 140µV. Therefore, distortions of the flux-voltage curve can be
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Ib
Li Ci Ri Lp

Cstr

Figure 5.12: Simplified circuit model of an inductively coupled SQUID magnetometer
taking into account the parasitic capacitances Ci and Cstr. Ri represents the rf loss of
Ci and Lp is the inductance of the pickup loop.

found in the whole range of operation of HTS SQUIDs. A distortion of the flux-voltage

curve from the input coil resonances can only occur, if the rf voltage produced by the

resonant circuit generates magnetic flux in the input coil. For this, a closed current path

to the current source must be present, which is provided by the connection of the input

coil to the SQUID washer and a parasitic capacitance Cstr between the input coil and

the ground of the SQUID [133, 134]. There are several ways to prevent the distortion

of the flux-voltage curve. One can choose a different material with a smaller dielectric

constant than SrTiO3 for the insulation layer between the washer and input coil. This

will shift the input coil resonances to higher frequencies and out of the range of operation.

Insulating materials, such as MgO, LaAlO3, NdGaO3, CeO2 and others can be used [119],

but due to a larger lattice mismatch, the epitaxial quality of the upper superconducting

layer might get reduced. An increased low-frequency noise would be the result. One can

also introduce a third superconducting layer to provide an insulated return path from

the inner turn of the input coil to the pickup loop. However, at the current state of

technology, this additional layer and the involved processing steps may also lead to a

reduced film quality and a higher noise level. The resonances can also be suppressed with

a damping resistor, either between washer and input coil, or in parallel with the SQUID

inductance. Values about 0.1 Ω must be used, for not to increase the white noise level

by the Johnson noise [36]. However, for the deposition of metallic thin-film resistors on

YBa2Cu3O7, a very clean in situ technology is necessary to provide reliable low-resistance

superconductor-metal contacts. It should be further noted that all investigated inductively

coupled magnetometers exhibited a smooth flux-voltage curve before the superconducting

shunt was opened. Hence, also the pickup loop inductance influences the strength of the

resonances. After opening the shunt, all devices exhibited distortions of their flux-voltage

curve, in particular at temperatures below 77 K. Smooth flux-voltage curves could be

attributed to noise rounding, either at elevated temperatures, but also at 77 K if the

device had a very small critical current [117].
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Figure 5.13: Noise spectra of an inductively coupled magnetometer recorded at
T = 77 K in zero field. The spectra have been recorded both with static bias current
(dc bias) and with bias current reversal (ac bias).

The magnetic flux density noise of the investigated inductively coupled magnetometer

is shown in Fig. 5.13. The spectra have been recorded with a flux-modulation type

FLL electronics, both with static bias current and bias current reversal. Using static

bias, a white noise level of
√
SB = 66 fT/

√
Hz at 1 kHz is measured, which raises to

85 fT/
√

Hz with bias reversal. This effect is attributed to the resonant flux-voltage curve,

which prevents the optimal adjustment of the bias current modulation scheme. Also the

static bias measurements are affected by the asymmetry of the flux voltage curve. A

measurement with a directly coupled FLL electronics with the working point properly

adjusted on the smooth side of the curve would presumably have yielded lower white

noise values. Using bias current modulation, the low-frequency noise at 1 Hz could be

reduced from
√
SB = 300 fT/

√
Hz to 190 fT/

√
Hz, indicating that the static bias value

includes some amount of current noise from the Josephson junctions. There still remains

some frequency-dependent noise that can be either attributed to environmental noise or

to flux motion in the YBa2Cu3O7 films. Although the measurements were performed in

a shielded room with an additional mumetal shield surrounding the magnetometer, many

lines around 25 Hz are present in the spectra. They originate from mechanical vibrations

of the experimental setup in the residual field penetrating the shields. Hence, it is likely

that the remaining frequency-dependent contribution is also caused by ambient noise.

Figure 5.25 in Section 5.4 gives an impression of the amount of ambient noise present

outside of the shields. The low-frequency noise from flux motion of this particular device

cooled in static magnetic fields is studied in detail in publication [P7] in Section 5.5.
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5.1.3 Multiloop magnetometers

Figure 5.14: Microscope image of a multiloop magnetometer of WH3 layout. The
outer diameter of the polygonal pickup loop is 8.5 mm.

Three different layouts for HTS multiloop magnetometers have been investigated. Their

most important design parameters are summarized in Table 5.3. Figure 5.14 shows a

microscope image of a practical multiloop magnetometer of WH3 layout. Magnetometers

of the WH1 layout have also been fabricated by Reimer et al. [135,136], employing ramp-

edge Josephson junctions, and Ludwig et al. [137], employing bicrystal grain boundary

junctions. In the WH2 layout, the width of the pickup loop is enlarged to reduce its

inductance contribution. By this means, the calculated SQUID inductance is reduced by

Table 5.3: Design parameters of multiloop dc SQUID magne-
tometers.

Layout WH1 WH2 WH3

Diameter Dp 7 8.5 8.5 mm

Number of loops N 16 16 16

Pickup loop width wp 400 1350 1094 µm

Spoke width Ds 404 404 278 µm

Spoke slitwidth ds 4 4 4 µm

SQUID inductance L 145 134 146 pH

Effektive area Aeff 1.77 2.03 2.35 mm2

B/Φ = 1/Aeff 1.17 1.02 0.880 nT/Φ0
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Table 5.4: Experimental parameters of the investigated mul-
tiloop devices at T = 77 K.

∆V I0 Rn B/Φ Aeff
Device Layout

(µV) (µA) (Ω) (nT/Φ0) (mm2)

#290 WH1 4.4 20 5.7 1.16 1.78

#291 WH1 5.8 56 2.9 1.16 1.78

#327 WH2 8.5 56 4.8 1.14 1.81

#327a WH2 11.5 20 8.3 1.14 1.81

#366 WH3 6.9 13 5.3 0.897 2.31

#407 WH3 13.5 6.0 12.7 0.895 2.31
aAfter annealing

about 8 %. A detailed study of the transport and noise properties of step-edge multiloop

magnetometers of WH1 and WH2 layout is given in Ref. [117]. Table 5.4 summarizes the

experimental data for the multiloop magnetometers treated in this section. The mean

experimental value for the effective area of WH1 devices is Aeff = 1.78 mm2, which agrees

well with the calculated value in Table 5.3. However, for the WH2 layout, a mean value of

1.85 mm2 is found, which is about 9 % below the predicted value. Figure 3.8 shows, that a

larger effective area can be expected from an optimized combination of pickup loop width

and spoke width. For this reason, the WH3 layout was designed to yield the maximum

effective area for the diameter of the WH2 layout and the inductance of the WH1 layout.
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Figure 5.15: Dependence of the ratio L/Aeff and inductance L on the pickup loop
width wp and the spoke width Ds for a multiloop magnetometer with a diameter of
8.5 mm. The optimum combination of wp and Ds is marked with the circle. To keep
the inductance at 146 pH, the parameters marked with the square were chosen.
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The ratio L/Aeff is used as the optimization criterion in a similar way as is described

in Section 3.1 for the directly coupled magnetometer. Figure 5.15 shows the results of

the calculations. A real optimum of L/Aeff is found for the parameters Ds = 220µm

and wp = 676µm. However, these values yield a very large SQUID inductance of about

166 pH. Therefore, the SQUID inductance was held fixed at L = 146 pH, at which the

lowest value of L/Aeff is found for Ds = 278µm and wp = 1094µm. For these dimensions,

an effective area Aeff = 2.35 mm2 is calculated. Two devices have been prepared with

WH3 layout, both having a measured effective area of Aeff = 2.31 mm2. Thus, a very

good agreement is obtained with the calculated value.

Figure 5.16 shows the flux-voltage and current-voltage characteristics of the WH3-

#407 multiloop magnetometer. The flux-voltage curves are well periodic and a maximum

voltage modulation of 13.5µV is obtained. The large phase shift with respect to the

sign of the bias current is attributed to the magnetic flux from the bias current leads

coupled to the SQUID. The critical current and normal resistance at 77 K are I0 = 6.0µA

and Rn = 12.7 Ω, respectively. This yields a comparatively low characteristic voltage

of I0Rn = 76.2µV. The average value for multilayer magnetometers employing step-

edge junctions is found to be I0Rn = 109µV with a standard deviation of 1σ = 80µV

[117]. This I0Rn value is lower than for the investigated devices with bicrystal junctions,

although the critical currents of the step-edge devices usually include a larger amount of

excess current. Furthermore, the spread is larger for step-edge junctions. This reflects

the more variable microstructure of step-edge junctions compared to bicrystal junctions.

The temperature dependence of the critical current and the voltage modulation of

the multiloop magnetometer WH3-#407 is shown in Fig. 5.17. At lower temperatures,

an approximately linear behavior of I0(T ) is found, which is explained within a SIS-like

junction model with a high density of defect states. According to this model, a quadratic

behavior is expected at temperatures near Tc [51]. The modulation voltage closely follows

the temperature dependence of the critical current. All fabricated devices employing

grain boundary Josephson junctions exhibit a nearly temperature independent normal

resistance.

Despite a slight asymmetry, the flux-voltage curves in Fig. 5.16(a) appear smooth,

because of the low critical current and the accordingly large noise rounding. At lower

temperatures, however, distortions are found, which are similar to the ones described in

the previous sections. Figure 5.18 displays some flux-voltage curves for this device at

different temperatures. Again, the distortion is only found on one side of the flux-voltage

curve. The magnetometer #327 exhibited a comparatively high junction critical current

and a distorted flux-voltage curve already at 77 K. For this reason, the device was treated

with an annealing procedure, similar to the one described in Section 5.1.1, to reduce the



70 5. Integrated dc SQUID magnetometers

-40

-20

0

20

40

C
ur

re
nt

 I 
(µ

A
)

-200 -100 0 100 200

Voltage V (µV)(b)

-60

-40

-20

0

20

40

60

V
ol

ta
ge

 V
 (

µV
)

-4 -2 0 2 4

Flux Density B (nT)

T = 77 K

(a)

Figure 5.16: (a) Flux-voltage curves of the multiloop magnetometer WH3-#407
for different bias currents in the range Ib = −15 . . . 15µA. The maximum voltage
modulation is ∆V = 13.5µV. (b) Current-voltage characteristic at T = 77 K.
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Figure 5.17: Temperature dependence of the (a) critical current and the (b) voltage
modulation of the multiloop magnetometer WH3-#407.

junction’s critical current. The magnetometer was heated for 25 minutes to 200◦C in

10 mbar Ar and was afterwards cooled with N2 at normal pressure to room temperature.

The results are illustrated by Fig. 5.19. The critical current has been reduced from 56µA

to 20µA and the voltage modulation has significantly increased from 8.5µV to 11.5µV,

presumably due to the lower βL parameter. It must be noted that the high I0Rn value

of formerly 269µV has been reduced to 166µV. However, for practical applications it is

more important that the flux-voltage curves have become smooth and nearly sinusoidal

at 77 K. Thus, the new bias point is now obviously out of the range of the microwave

resonances.

Flux density noise spectra of two multiloop magnetometers are depicted in Fig. 5.20.

They have been measured at Philips Hamburg, either using a superconducting shield of the

HTS Bi2Sr2CaCu2O8 (BSCCO 2212) [138], or a double-walled metallic Cryoperm shield

closely surrounding the magnetometer. The BSCCO shield was additionally surrounded

by a single Cryoperm cylinder. Comparing the measurements for both types of shields,

one finds that an increased white noise level is obtained with the metallic shield, which

is attributed to its thermal Johnson noise [139]. A significantly lower white noise level is

found with the BSCCO shield. For the devices WH2-#327 and WH3-#366, the values
√
SB = 17 fT/

√
Hz and 29 fT/

√
Hz in the white noise regime are measured, respectively.

However, a large amount of 1/f noise is found with the BSCCO shield, which is attributed

to the motion of weakly pinned flux lines in the shield. No reduction of this noise could be

achieved, even when the BSCCO shield was surrounded with a further Cryoperm shield,



72 5. Integrated dc SQUID magnetometers

71.9 K 69.8 K

67.8 K 64.8 K

60.5 K 55.5 K

20 µV 20 µV

20 µV 50 µV

50 µV 50 µV

Figure 5.18: Resonance structures in the flux-voltage curves of the multiloop mag-
netometer WH3-#407 at various temperatures.
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Figure 5.20: Flux density noise spectra of two multiloop magnetometers measured
with different shields: A superconducting BSCCO shield and a triple Cryoperm shield.
The superconducting shield induces a large amount of 1/f noise, whereas the metallic
shield increases the frequency-independent noise. All measurements have been made
using bias current modulation.

or when it was cooled inside a shielded room. Since the flux noise from the shield is

detected like an external signal, no noise reduction can be obtained with modulation

schemes. Hence, the low-frequency noise of the magnetometers had to be characterized

with the metallic shield. Using bias current modulation, the values
√
SB = 60 fT/

√
Hz and

81 fT/
√

Hz at 1 Hz are measured for the devices WH2-#327 and WH3-#366, respectively.

These noise values still include the thermal noise component from the shield. All noise

measurements have been made with bias current modulation to suppress the 1/f noise

component from critical current fluctuations in the Josephson junctions.
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The white noise level of magnetometer WH2-#327 is comparable to the one reported by

Ludwig et al. [88] for a multiloop magnetometer employing bicrystal Josephson junctions.

The authors also report an increased noise level when using a metallic shield instead of a

superconducting YBa2Cu3O7 shield. However, their YBa2Cu3O7 shield, based on a thick-

film of YBa2Cu3O7 on yttria stabilized zirconia, exhibited a much better low-frequency

behavior.

5.1.4 Temperature dependence of the effective area

The effective area of HTS magnetometers depends on the temperature as a consequence

of the temperature dependent London penetration depth λL(T ). For example, Fig. 5.21

shows the temperature dependence of the effective area of the WH3-type multiloop mag-

netometer #407. The effective area slightly decreases with increasing temperature. A

reduction of 1.3% is measured between 55 K and 82 K. This is attributed to a pure ge-

ometrical effect of the temperature dependent London penetration depth, which widens

the slits between the pickup loops. Thus, the stray flux into the slits increases and the ef-

fective flux capturing area of the magnetometer gets reduced. Since the effect is small, the

temperature dependence of the effective area may be well fitted with a linear dependence

on the London penetration depth

Aeff(T ) = a + b
λL(T )

λL(0)

= a + b/

√
1−

(
T

Tc

)2

, (5.1)

where a and b are constants. The solid line in Fig. 5.21 shows a fit of this model to

the experimental data. The resulting value for the temperature independent part of the

effective area is a = 2.35 mm2. Thus, an excellent agreement is found, if one compares this

value with the theoretical one in Table 5.3, for which no temperature dependent effects

have been considered. Measurements on devices with the other layouts WH1 and WH2

yield very similar results for the slope b.

Figure 5.22 summarizes results for all magnetometer types treated in this thesis. How-

ever, the data for the directly coupled magnetometer have been taken from a paper by

ter Brake et al. [140]. For a better comparison, the effective area is normalized to the

low-temperature value Aeff(0) = a + b. In all cases, the temperature dependence can be

well fitted with a linear dependence on λL(T ) in the way shown above for the multiloop

magnetometer. The value b is negative for the multiloop and the IMPUC device, since

an increasing temperature results in an increase of the stray flux into the spoke slits,
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Figure 5.21: Temperature dependence of the effective area of a WH3-type multiloop
magnetometer. The solid line is a fit to the data.

which is lost for the pickup loops. In contrast, the effective area of the inductively cou-

pled magnetometer becomes larger with increasing temperature. This is attributed to the

widening of the washer slit and hole increasing the mutual inductance between input coil

and washer. Obviously, this effect is of less importance for the IMPUC device. Therefore

a magnetometer with vanishing coefficient b might be obtained with an optimized layout.

The multiloop magnetometer is the least temperature sensitive device. This is due to

the fact that its sensitivity is mainly determined by the large-area pickup loops, but not

by small structures with dimensions of the order of λL(T ). This also explains the good

reproducibility of the effective area of multiloop magnetometers and the good agreement

with the theoretical values. The effective area of the directly coupled magnetometer shows

the largest variation with the temperature. Here, the SQUID loop is of very small size

and its inductance is therefore strongly affected by the London penetration depth, both

geometrically and by the kinetic inductance contribution. Since the effective area is nearly

proportional to the SQUID loop inductance, it similarly varies with the temperature.

The temperature dependence of the effective area is a serious issue when the magne-

tometer is operating in a magnetic field B0 like the earth’s field of about 50 µT, since

temperature fluctuations will produce an apparent magnetic field noise

√
SB(f) = B0 α(T )

√
ST (f), where (5.2)

α(T ) =
1

Aeff(T )

∂Aeff(T )

∂T
. (5.3)
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√
ST (f) is the spectral density of the temperature fluctuations. The coefficient α(T ) can

be obtained from (5.1)

α(T ) =
b

Aeff(T )

(
1− T 2

T 2
c

)− 3
2 T

T 2
c

. (5.4)

Table 5.5 summarizes the results obtained from the data in Fig. 5.22. It also gives the

maximum allowed peak-to-peak temperature fluctuations δTpp calculated for a static mag-

netic field of B0 = 50µT and an apparent magnetic field noise level of 1 pT peak-to-peak.

It follows that a temperature stability in the µK range is required for the operation at

77 K in the earth’s field. Directly coupled magnetometers require the highest temperature

stability with fluctuations less than 1µK peak-to-peak. The requirement for the multiloop

magnetometer is about 30 times less stringent. The temperature stability may be realized

with a sufficiently large thermal buffer with good thermal contact to the magnetometer,

so that the corner frequency of the thermal fluctuations is reduced below the frequency

range of interest. The requirements on temperature stability are less stringent when the

earth’s magnetic field is compensated.

Table 5.5: Parameters b and α(77 K) that have been obtained
from a fit of the temperature dependent effective area to Eq. (5.1).
The last column gives the peak-to-peak temperature fluctuations
yielding an apparent magnetic field noise of 1 pT peak-to-peak in
a static field of B0 = 50µT at T = 77 K.

b α(77 K) δTpp
Type

(mm2) (10−3 K−1) (µK)

Directly Coupled 0.0411 27.1 0.74

Inductively coupled 0.0981 6.64 3.0

Multiloop −0.0128 −0.861 23

IMPUC −0.0578 −10.0 2.0

5.1.5 Summary

Three different types of integrated YBa2Cu3O7 magnetometers have been investigated:

The directly coupled, the inductively coupled, and the multiloop magnetometer. All

devices have been operating in liquid nitrogen at 77 K.

The directly coupled magnetometers have been fabricated in a comparatively sim-

ple single-layer process on 24◦ bicrystal substrates. Low flux density noise levels of
√
SB(1 kHz) = 38 fT/

√
Hz and

√
SB(1 Hz) = 80 fT/

√
Hz have been obtained. The ef-

fective area is about 0.2 mm2 for a SQUID inductance of about 50 pH and a pickup loop
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size of 8.3 mm. Larger effective areas are linearly obtained with higher SQUID induc-

tances. All parameters of the directly coupled magnetometers show a large spread among

the samples. The large variations in the effective area are attributed to the small linewidth

of the SQUID loop and the large kinetic contribution to its inductance. A smaller spread

is expected for thicker films, which will be used in future devices. Also the amplitude

of voltage modulation shows large variations. As expected from the theory, the largest

voltage modulation is obtained with a modulation parameter βL ≈ 1, requiring junction

critical currents of about 20µA in a SQUID of 50 pH inductance. In contrast, the average

critical current of the investigated samples is 84µA. Even higher values are expected for

thicker films. For this reason, an annealing method has been investigated to reduce the

junction critical currents. With this, the critical currents can be reduced, but the low-

frequency noise of the magnetometer may get affected. Lower critical currents from the

beginning are expected with bicrystals employing 30◦ grain boundaries [69]. This will be

investigated in the future. Using 30◦ bicrystals, Beyer et al. [130] has obtained a white

noise level as low as
√
SB = 24 fT/

√
Hz at 1 kHz due to an extraordinarily large voltage

modulation of 54µV. This noise level is already close to the values obtained with the best

multilayer magnetometers. An even lower value of 14 fT/
√

Hz at 1 kHz has been obtained

by Cantor et al. [141] using a large 19 × 19 mm2 pickup loop on a 2 × 2 cm2 bicrystal.

The general tendency found for the inductance dependency of the voltage modulation

is in good agreement with the theory. However, the measured amplitudes are generally

somewhat lower than the calculated ones. This is mainly attributed to distortions of

the current-voltage characteristic due to microwave resonances in the SQUID loop. A

maximum voltage modulation of ∆V = 40.5µV has been measured.

The fabrication of the inductively coupled and the multiloop magnetometers requires

a more demanding multilevel process. Based on step-edge Josephson junctions, multi-

loop magnetometers have been fabricated that have flux density noise levels of
√
SB =

29 fT/
√

Hz and
√
SB = 17 fT/

√
Hz in the white noise regime, and low-frequency noise

levels of
√
SB(1 Hz) = 81 fT/

√
Hz and

√
SB(1 Hz) = 60 fT/

√
Hz, respectively. A maxi-

mum voltage modulation of 13.5µV has been obtained with a multiloop magnetometer of

146 pH SQUID inductance. The effective area of the multiloop magnetometer has been

increased to Aeff = 2.31 mm2 by means of an optimization of the pickup loop linewidth

and the spoke linewidth. This is the largest effective area reported so far for a HTS

SQUID magnetometer of comparable size [142, 143].

The lowest white noise level in a monolithically integrated HTS multilayer device has

been reported by Drung et al. [81] for an inductively coupled magnetometer based on

bicrystal Josephson junctions. Although this device exhibited a strongly resonant flux-

voltage characteristic, a white noise level of
√
SB = 8.6 fT/

√
Hz could be achieved by
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using a directly coupled FLL electronics and APF. A comparable noise level has been

obtained with a bicrystal multiloop magnetometer fabricated by the Berkeley group [137].

A detailed comparison of this device with the step-edge multiloop magnetometer WH1-

#291 of Section 5.1.3 is given in publication [P3], which is included in the following

Section 5.2.

All integrated SQUID magnetometers can show distorted flux-voltage characteristics,

which are attributed to microwave resonances in the pickup loop and to the adversely large

dielectric constant of the used SrTiO3 substrates. These resonances lead to an increased

noise level, when the magnetometer is operated in a flux-modulation type FLL electronics.

It has been demonstrated that the resonances can be removed by changing the Josephson

junction parameters in an annealing process. In every case, the resonances occur only

on one side of the flux-voltage characteristic. Thus, an operation with a directly coupled

FLL electronics is always possible, without deterioration of the noise level.

The effective area of HTS magnetometers depends on the temperature. This makes

demands on the temperature stabilization when the magnetometer is operated in an am-

bient magnetic field. The temperature dependence is largely different for the various

magnetometer types. The lowest temperature dependence is found for the multiloop mag-

netometer and the largest is found for the directly coupled magnetometer. Furthermore,

the multiloop magnetometer exhibits the best correspondence between the calculated ef-

fective area and the experimental value. This parameter is also very reproducible.

5.2 Low noise operation with additional positive feed-

back (APF)

Many biomagnetic applications require SQUID magnetometers with a low noise level

down to frequencies of 1 Hz or lower. Low-frequency 1/f noise from vortex motion in

the superconducting films is measured like an external signal and can only be reduced by

taking precautions in the magnetometer design and by maintaining a high quality of the

involved thin-films. This topic is discussed in more detail in Section 5.5. In contrast, 1/f

noise from critical current fluctuations can be electronically suppressed by using the bias

reversal scheme described in Section 4.3. The direct readout FLL electronics has been

originally designed for biomagnetic multichannel systems employing low-Tc magnetome-

ters, where current noise is generally not a serious issue. Hence, bias reversal was not

implemented in the early versions of this electronics. The advent of high quality HTS

magnetometers with noise levels suitable for biomagnetic measurements makes multichan-

nel systems of HTS magnetometers now possible. However, due to the high 1/f noise level
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of current HTS Josephson junctions, bias current modulation is inevitably necessary. To

make the direct readout FLL electronics suitable for HTS magnetometers, Drung imple-

mented a bias reversal scheme, which is also compatible with the APF method [127]. The

noise reduction has been successfully demonstrated with a low-Tc magnetometer employ-

ing Nb/SixNy/Nb junctions with a high level of excess noise. The first operation of HTS

magnetometers employing bias reversal and APF is reported in the following publication.

Three magnetometers from YBa2Cu3O7-SrTiO3-YBa2Cu3O7 multilayers have been inves-

tigated: An inductively coupled flip-chip magnetometer and a multiloop magnetometer,

both fabricated on bicrystal substrates by the Berkeley group, and the step-edge multiloop

magnetometer #291 (refer to Section 5.1.3) fabricated at Philips Hamburg. High quality

real-time magnetocardiograms demonstrate their applicability in biomagnetic measure-

ments. Very low white noise levels of
√
SB = 10 fT/

√
Hz and 16.2 fT/

√
Hz have been

obtained with the Berkeley devices. A somewhat higher value of 30 fT/
√

Hz has been

measured with the step-edge magnetometer. This is due to its comparatively low voltage

modulation, which was further reduced by the load of the APF circuit. However, this

magnetometer exhibits the lowest low-frequency noise level of 94 fT/
√

Hz at 1 Hz, includ-

ing an environmental contribution of about 50 fT/
√

Hz. To illustrate the low noise values,

high quality magnetocardiograms have been recorded. One of them is discussed in the

following section.
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Three magnetometers based on dc superconducting quantum interference devices~SQUIDs!
fabricated from YBa2Cu3O72x have been operated in a magnetically shielded room using a
flux-locked loop involving additional positive feedback with bias current reversal. Two of these
devices, integrated multiloop dc SQUIDs with outer diameters of 7 mm, achieved white noise levels
of 10 fT/AHz for bicrystal junctions and 30 fT/AHz for step-edge junctions. The third
magnetometer involved a flux transformer with a 10310 mm2 pickup coil connected to a 16-turn
input coil which was inductively coupled to a bicrystal SQUID. This device achieved a white noise
of 16.2 fT/AHz. High quality magnetocardiograms were obtained without signal averaging.
© 1996 American Institute of Physics.@S0003-6951~96!02013-8#

To operate a dc superconducting quantum interference
device~SQUID! in a flux-locked loop one commonly applies
an oscillating magnetic flux and demodulates the voltage
across it.1 An alternative scheme, additional positive feed-
back ~AFP!,2 involves no such modulation, enabling one to
construct lower cost and more compact multichannel sys-
tems. This scheme has been used successfully in several mul-
tichannel systems involving low-transition temperature (Tc)
SQUIDs. The lack of modulation in the original APF scheme
means that low-frequency critical current or resistance fluc-
tuations in the Josephson junctions3 are not suppressed; how-
ever, in high quality low-Tc junctions the influence of these
fluctuations is often negligible compared with other sources
of low-frequency noise. In contrast, critical current fluctua-
tions are the dominant source of low-frequency noise in
high-Tc dc SQUIDs and one must inevitably use a bias cur-
rent reversal scheme to reduce them.3 Recently, an APF
scheme with bias reversal has been developed and success-
fully tested with low-Tc multiloop SQUIDs.4 In this letter,
we report the use of bias reversal in an APF flux-locked loop
to reduce the low-frequency noise in high-Tc SQUID mag-
netometers, and demonstrate the use of these devices to ob-
tain high quality magnetocardiograms in a magnetically
shielded room.

For this study, we used two integrated multiloop magne-
tometers and one flip-chip magnetometer. The multiloop
magnetometers have an outer diameter of 7 mm and consist
of 16 pickup loops connected in parallel across two junctions
to form a SQUID with an inductanceL of about 145 pH.5,6

One of these devices was fabricated at Philips Hamburg us-
ing a YBa2Cu3O72x–SrTiO3–YBa2Cu3O72x ~YBCO–STO–

YBCO! multilayer process with step-edge junctions.7 The
other multiloop device and the flip-chip magnetometer were
fabricated at the University of California, Berkeley and
Lawrence Berkeley National Laboratory using a YBCO–
STO–YBCO multilayer process with bicrystal junctions.8

The flip-chip magnetometer consists of a flux transformer
with a 10310 mm2 pickup loop connected to a 16-turn input
coil that is inductively coupled to a 500mm square washer
SQUID with bicrystal junctions.8,9 The flux transformer and
SQUID are pressed together with a 3-mm-thick mylar foil
between them. The crossover was aligned to cover about
75% of the length of the slit in the SQUID washer~type A/C
in Ref. 9!, thus providing a ground plane to reduce the self-
inductance of the SQUID to about 30 pH. The parameters of
the magnetometers are listed in Table I.

The APF circuit consists of a resistorRa and a coilLa in
series, connected in parallel with the SQUID~Fig. 1!. A
constant bias currentI b maintains a voltageV across the
SQUID which is equal to the bias voltageVb if the SQUID is
at its working point. A small increase in the magnetic fluxF
in the SQUID produces a small change inV. The resulting
current change in the APF circuit induces an additional flux
in the SQUID via the mutual inductanceMa between the
APF coil and the SQUID, thereby increasing the flux-to-
voltage transfer function toVF5]V/]F5VF,i /(12Ga),
where VF,i is the intrinsic transfer function without APF
~i.e., withRa→`) and

Ga5~Ma1]F/]I !VF,i /Ra&1 ~1!

is the APF gain.10 Note that with APF the bias current must
be increased byDI b5Vb /Ra compared to the case without
APF in order to have identical working points. The spectral
density of the total flux noise with APF at frequencyf is
given by10a!On leave from the University of California, Berkeley, CA.

1856 Appl. Phys. Lett. 68 (13), 25 March 1996 0003-6951/96/68(13)/1856/3/$10.00 © 1996 American Institute of Physics



82 5. Integrated dc SQUID magnetometers

SF~ f !5SF,i~ f !14kBTRa~Ga /VF,i !
21SV,amp~ f !/VF

2

1SI ,amp~ f !~]F/]I !2. ~2!

Here,SF,i( f ) is the intrinsic flux noise spectral density of the
SQUID without APF, 4kBTRa is the Nyquist voltage noise
of the APF resistor,SV,amp( f ) andSI ,amp( f ) are spectral den-
sities of the voltage and current noise of the preamplifier,
2]F/]I5Rdyn/VF is the current sensitivity11 ~i.e., current-
to-flux transfer function at constant SQUID voltage!, and
Rdyn5]V/]I is the dynamic resistance of the SQUID. Equa-
tion ~2! shows that APF reduces the effects of the preamp-
lifier voltage noise by increasingVF , whereas the effect of
the current noise remains unchanged since2]F/]I is not
affected by APF.11 The bandwidth of the enhanced transfer
function, given by the bandwidth of the APF circuitf a
5Ra/2pLa divided by VF /VF,i , is (12Ga)Ra/2pLa .
Typically, we chooseGa.0.9 as a good compromise be-
tween low noise and high bandwidth.

The SQUID was connected directly to the preamplifier
~Analog Devices AD797!, which has white voltage and cur-

rent noise levels of 1 nV/AHz and 2 pA/AHz with 1/f noise
corner frequencies of about 7 and 270 Hz, respectively. For
all the magnetometers we used a 7-turn APF coil (La
.3 mH) and a single-turn feedback coil of 0.05 mm diam,
varnish-insulated Cu wire. The metal film APF resistor was
selected for each SQUID to makeGa.0.9. The current
noise of the preamplifier is sufficiently low so that it was not
necessary to reduce2]F/]I by bias current feedback
~BCF!.11 To minimize the number of wires between 77 K
and room temperature we measured the SQUID voltage in a
two-terminal configuration. The bias voltageVb was gener-
ated by passing a bias currentI b through a cooled metal film
resistorRV . The deviation between the SQUID and bias
voltages was amplified, integrated, and fed back as a current
into the feedback coil. For the magnetometers used here, the
feedback range was between660 and690 nT, and the 3 dB
bandwidth of the flux-locked loop was between 40 and 200
kHz. The feedback electronics are described in detail
elsewhere.4

The SQUID probe was inserted into a low-noise bio-
magnetic dewar filled with liquid nitrogen, with a separation
of about 13 mm between the magnetometer and the outer end
of the dewar. The system was operated in the Berlin mag-
netically shielded room~BMSR!.12 The sensitivityB/F ~B is
the flux density! was measured using a calibrated 20-cm-
diam Helmholtz coil. TheV-F characteristics of the flip-
chip and step-edge multiloop magnetometers are shown inset
in Fig. 2, along with their magnetic flux density noise mea-
sured with both static bias current and bias reversal at 15
kHz ~flip-chip! or 9 kHz ~multiloop!. The basic parameters
of theV-F characteristics~voltage swing 2dV and transfer
function VF) and the noise at selected frequencies are also
listed in Table I. With static bias the APF scheme does not
suppress critical current fluctuations of the two junctions that
are in phase, so that the low-frequency noise is higher than
with the flux modulation scheme,3 which does suppress these
fluctuations. With bias reversal, both in-phase and out-of-
phase fluctuations are suppressed,4 and the low-frequency
noise is strongly reduced, as is evident in Fig. 2 for frequen-
cies below a few kHz. We see that at 1 Hz the noise contains
a noticeable contribution from the ambient magnetic field
noise inside the shielded room. With bias reversal the white
noise of the flip-chip, bicrystal multiloop, and step-edge mul-
tiloop magnetometers was 16.2, 10, and 30 fT/AHz, respec-
tively; in each case with a static bias the white noise was
slightly lower. From Eqs.~1! and ~2!, we estimated that the
intrinsic white SQUID noise levelsASB,i are typically 14%
lower than the total white noise levelsASB mainly due to the
Nyquist noise of the APF resistor~Table I!.

At frequencies between a few Hz and about 1 kHz the
noise of the bicrystal multiloop magnetometer was seriously
degraded by a random telegraph signal~RTS! with an ampli-
tude of about 931023 F0 ~F0 is the flux quantum! which
could not be removed by repeated thermal cycling. We be-
lieve this RTS was caused by a defect that developed in the
eight months of storage since the original testing of the
device.6 To determine the noise in the absence of the RTS
we measured a noise spectrum from pulse-free time traces
using the ‘‘manual preview’’ averaging mode of our HP

TABLE I. Parameters and performance of high-Tc magnetometers with ad-
ditional positive feedback operated inside a magnetically shielded room.
The noise was measured with bias reversal~values in parentheses with static
bias!.

Magnetometer type Flip-chip Multiloop Multiloop

Junction technology bicrystal bicrystal step-edge
Pickup coil shape square circular circular
Pickup coil sizeDp 10 7 7 mm
SensitivityB/F 2.7 1.24 1.23 nT/F0

SQUID inductanceL .30 .145 .145 pH
Mutual inductanceMa 330 840 1050 pH
APF resistanceRa 12 34 8.7 V
Junction resistanceR 1.8 13 3 V
Bias currentI b 186 11 111 mA
Bias voltageVb 32 24 .30 mV
Voltage swing 2dV 21.5 17.5 4.7 mV
VF5]V/]F .900 .700 .125 mV/F0

2]F/]I5Rdyn /VF .0.03 ••• 0.12 F0 /mA
ASB,i~white! a 14.4 ~13! 8.8 ~7.7! 26 ~22.5! fT/AHz
ASB(white!a 16.2 ~15! 10 ~9! 30 ~27! fT/AHz
ASB(1 kHz! 16.3 ~35! 13 (22)b 31 ~32! fT/AHz
ASB(100 Hz) 17.8 ~91! 53 (74)b 34.6 ~57! fT/AHz
ASB(1 Hz! c 135 ~850! 110 ~280! 94 ~800! fT/AHz

aMeasured with bias reversal at 5 kHz~with static bias at 20 kHz!.
bDeteriorated due to a random telegraph signal.
cIncludes environmental noise contribution of.50 fT/AHz.

FIG. 1. APF flux-locked loop. The Josephson junctions are indicated by
crosses on the SQUID loop.

1857Appl. Phys. Lett., Vol. 68, No. 13, 25 March 1996 Drung et al.
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35665A spectrum analyzer. This selective averaging reduced
the noise with bias reversal by a factor of 5 to 10.5
fT/AHz at 100 Hz.

To illustrate the low noise achievable with these high-
Tc magnetometers operated with APF, in Fig. 3 we show two
magnetocardiograms recorded from a healthy male volunteer
with the flip-chip magnetometer~a! and step-edge multiloop
magnetometer~b!. The low noise levels~about 2 and 3 pT
peak-to-peak in a 200 Hz bandwidth for the flip-chip and
multiloop devices! demonstrate an excellent signal-to-noise
ratio in a single-shot cardiogram. The quality of these bio-
magnetic measurement data demonstrates that high-Tc mag-
netometers have now reached a noise level that would be
adequate for many clinical applications.

In summary, we have used APF to operate high-Tc
SQUID magnetometers with low noise and a bandwidth of
up to 200 kHz. Two of these magnetometers were used to
obtain high quality magnetocardiograms in a magnetically
shielded room.
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FIG. 2. Noise spectra~a! of the flip-chip magnetometer and~b! of the
step-edge multiloop magnetometer measured in the magnetically shielded
room. The background noise in the shielded room~curves ‘‘BMSR’’! was
measured with a low-Tc system at the corresponding positions. The lines in
the spectrum are due to mechanical vibrations, power line interference, and
bias reversal operation. The insets show theV-F characteristics with a
horizontal scale of 0.25F0 /div and a vertical scale of~a! 4 mV/div and ~b!
1 mV/div.

FIG. 3. Real-time trace of a magnetocardiogram measured in the magneti-
cally shielded room without power line filters with~a! the flip-chip magne-
tometer and~b! the step-edge multiloop magnetometer. The measurement
bandwidth is 0.016–200 Hz.
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5.3 Biomagnetic measurements

Biomagnetism refers to the measurement of magnetic signals produced by biological sys-

tems, mainly the human body. The source of these signals are either magnetic materials

in the body, e.g. magnetized lung contaminants, or ionic currents in nerve and muscle

cells. Because of the weak signal strength and the substantial information content at

low frequencies, SQUIDs were employed for the measurements already very shortly after

their invention [144,145]. Today, all practical and commercial systems for clinical use are

still based on low-Tc SQUIDs with expensive helium cooling. However, the best magne-

tometers from HTS have almost reached the noise level of the commercial low-Tc sensors

and are therefore adequate for clinical magnetocardiography [81,128]. Since heart disease

is the most frequent cause of death in the industrial countries, a major interest lies in

magnetocardiography systems employing HTS magnetometers. From the cheaper liquid

nitrogen cooling and the easier handling, reduced costs for the system and its maintenance

are expected. Because of the smaller cold-to-warm distance in liquid nitrogen cryostats, a

larger signal can be measured with HTS magnetometers, which may roughly compensate

for a higher noise level.

The magnetic equivalent to the more familiar electrocardiogram (ECG) is the magneto-

cardiogram (MCG) showing the magnetic signal from the heart. A typical real-time MCG

recorded with the step-edge multiloop magnetometer WH1-#291 (refer to Section 5.1.3)

inside the Berlin Magnetically Shielded Room at the PTB Berlin is shown in Fig. 5.23.
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Figure 5.23: Real-time magnetocardiogram measured with a multiloop magnetome-
ter at 77 K inside a magnetically shielded room. The measuring bandwidth was 200 Hz
and no additional filtering was applied.
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Figure 5.24: (a) MCG signal measured through the back of the subject. (b) Magnetic
signal from the eye muscle when the eyeball is moved left and right.

It is the same magnetocardiogram as is shown in Fig. 3(b) of publication [P3] included

in the previous section. The predominant QRS complex reflects a rapid activation phase,

where a wavefront of depolarization caused by ion movement propagates through the car-

diac tissue. The T-wave reflects the recovery, i.e. the repolarization [146]. The R-peak

has a typical amplitude of roughly 100 pT in a distance of about 2 cm above the chest.

Physicians are often more interested in the fine structure of the QRS complex, where

the signal has an amplitude of some picotesla. To resolve this, the magnetic field noise

of a magnetocardiography system should not exceed
√
SB = 35 fT/

√
Hz in a measuring

bandwidth of 200 Hz, or about 50 fT/
√

Hz, where a smaller bandwidth of 100 Hz is ac-

ceptable. The peak-to-peak field noise level in Fig. 5.23 is about 3 pT, which has been

obtained with a magnetometer noise level of
√
SB(1 kHz) = 31 fT/

√
Hz in a 200 Hz mea-

suring bandwidth. This yields an excellent signal-to-noise ratio of 28 for the QRS peak

in the magnetocardiogram. The quality of the magnetocardiogram underlines that the

noise level of the magnetometer is already adequate for many clinical applications.

Using liquid nitrogen for cooling, the cryostat size can be substantially reduced, which

allows for small hand-held SQUID systems. The following publication [P4] describes
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biomagnetic measurements made with an IMPUC magnetometer mounted in a miniature

cryostat with a content of only 100 cm3 liquid nitrogen. The MCG measurements were

either made with the hand-held cryostat or with the cryostat mounted in a stand. They are

compared to measurements with the same magnetometer mounted in a several times larger

commercial cryostat. The main difference is a larger pick-up of power-line interference at

50 Hz with the small system. Additional biomagnetic measurements made with the same

setup are shown in Fig. 5.24. Figure 5.24(a) depicts the heart signal measured through

the back of the subject, and Fig. 5.24(b) shows the magnetic signal from the eye muscle,

when the eye is moved from right to left and back again.

Further examples of biomagnetic applications of SQUID magnetometers are the fetal

magnetocardiography for the noninvasive observation of the fetal heart [147] and the liver

iron susceptometry, i.e. the in vivo quantification of the liver iron concentration [148].

Using a HTS SQUID microscope, Lee et al. investigated the motion of magnetotactic

bacteria, which contain magnetic particles [149]. A comprehensive survey on magnetism

in medicine is given by Andrä and Nowak [150].
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Biomagnetic measurements with an integrated YBa 2Cu3O7 magnetometer
in a hand-held cryostat
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With low-noise magnetometers made from high-temperature superconductors, mobile applications
of superconducting quantum interference device~SQUID! magnetometry become possible. Due to
the high volume heat of evaporation of liquid nitrogen, a SQUID magnetometer can be operated in
a small size cryostat for some hours. For the first time biomagnetic measurements are presented
using an integrated YBa2Cu3O7 magnetometer mounted in a hand-held cryostat with a content of
100 cm3 of liquid nitrogen. These measurements and the noise properties are compared to those
made in a conventional cryostat. The low-noise magnetometer consists of a multiloop pick-up coil
coupled inductively to a dc SQUID based on ramp-type Josephson junctions with PrBa2Cu3O7

barriers. ©1996 American Institute of Physics.@S0003-6951~96!03544-9#

Biomagnetism is one of the most promising applications
of magnetometers using superconducting quantum interfer-
ence devices~SQUIDs!. Aside from the well established use
of low-temperature superconductors,1 SQUIDs based on
high-temperature superconductors~HTS! operating at 77 K
are also used and biomagnetic measurements for magneto-
cardiography have already been demonstrated.2–4Relying on
grain boundaries of bicrystal substrates as Josephson junc-
tions, the HTS SQUIDs achieve very low magnetic flux den-
sity noise2 down to below 10 fT/AHz, and the use of ramp-
type Josephson junctions with PrBa2Cu3O7 barriers in low-
noise integrated magnetometers recently has also been
demonstrated.5 Biomagnetic measurements are commonly
made in magnetically shielded rooms in order to reduce the
electromagnetic noise of the environment. Many new appli-
cations arise for SQUID operation in mobile, battery pow-
ered magnetometer systems, and mobile operation in an un-
shielded environment is desirable to simplify the handling
and to reduce the costs. Sufficient reduction of external noise
by electronic6,7 or integrated8 gradiometer arrangements has
been demonstrated. When liquid nitrogen with its high vol-
ume heat of evaporation is used, the size of a cryostat for
hand-held systems can be reduced significantly compared to
liquid helium cooled ones for same operation time. We
present biomagnetic measurements at 77 K with an inte-
grated YBa2Cu3O7 magnetometer mounted inside a hand-
held cryostat. For comparison, these measurements were also
performed in a conventional biomagnetic setup with the
same magnetometer and flux-locked loop~FLL! electronics
in a magnetically shielded environment.

In order to demonstrate the operation of HTS SQUIDs in
a hand-held liquid nitrogen magnetometer system, we built a
miniature cryostat that fits, together with batteries and the
SQUID electronics, into a small hand-held case. The com-
plete system is shown in Fig. 1. At the left-hand side, the
SQUID electronics with its two 9 V batteries is shown. In the
background a Dewar of 1000 cm3 content to refill the cry-
ostat, which suffices for 8h operation can be seen. The cry-

ostat consists of two containers thermally insulated by
vacuum and six layers of superinsulation foil in between.
The magnetometer chip is mounted inside the vacuum avoid-
ing contact to moisture. The inner part of the cryostat con-
taining the liquid nitrogen is made of stainless steel which
provides much better durability in mobile applications than
glass-fiber epoxy. Because metal usually contributes to the
SQUID noise by Johnson noise9 and externally induced eddy
currents, the chip is mounted on a ceramic cold finger 1 cm
in distance from any massive metal part of the stainless steel
container. For the same reason, the outer, room-temperature
container is made from glass-fiber epoxy. Filled with 100
cm3 liquid nitrogen, the magnetometer is cooled down to a
temperature of 77 K. For about 1 h the temperature stays
within 650 mK if the cryostat is not moved.10 Moving re-
duces stability of both the temperature and operation time.

As a magnetometer chip we use an integrated multiloop
pick-up coil ~IMPUC! magnetometer that was recently dem-
onstrated to operate at 77 K with low noise.5 In this concept,
a multiloop pick-up coil is inductively coupled to a dc
SQUID of a small inductance resulting in a high output sig-
nal together with a good sensitivity for magnetic fields. The
dc SQUID of the IMPUC magnetometer used here has an

a!Electronic mail: scharnweber@physnet.uni-hamburg.de

FIG. 1. Hand-held SQUID magnetometer system used for biomagnetic mea-
surements. The cryostat can be seen in an additional front part shown in the
middle. The complete system is depicted at the right side.

2749Appl. Phys. Lett. 69 (18), 28 October 1996 0003-6951/96/69(18)/2749/3/$10.00 © 1996 American Institute of Physics
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inductance of 90 pH, a critical current of 20mA and a nor-
mal state resistance of 2.5V, and a maximum flux-to-voltage
modulation of 2.8mV. The effective area of the complete
IMPUC magnetometer is 1.4 mm2. The preparation relies on
a multilayer process using KrF-excimer laser deposition of
YBa2Cu3O7, PrBa2Cu3O7, and SrTiO3 films that are all pat-
terned by conventional photolithography and argon-ion
etching.11 The Josephson junctions of the dc SQUIDs are
realized in ramp-type geometry with PrBa2Cu3O7 barriers.

12

For electrical insulation in the crossovers, epitaxial SrTiO3

films are employed.13

The noise properties of the IMPUC magnetometer were
characterized at 77 K in an optimally shielded environment.5

Operated in a FLL mode, we used a ceramic, superconduct-
ing Bi2Sr2CaCu2O8 ~BSCCO! cylinder for the static bias
current mode~dc bias! and a double cryoperm shield for
additional bias current modulation~ac bias!.14 Both ac- and
dc-bias measurements were made inside a magnetically
shielded room in a large commercial liquid nitrogen tank at
77 K. The two flux density noise spectra are depicted in Figs.
2~a! and 2~b!, respectively. Here, values ofASB(1Hz)
5100 fT/AHz and ASB(1kHz)544 fT/AHz in the white
noise region are found. We assume these values to be the
intrinsic noise level of the magnetometer.

For comparison, we mounted the same magnetometer
chip No. R384 inside the portable cryostat and operated it
attached to a stand in a fixed position. It should be noted that
even refilling of liquid nitrogen does not affect the stable
FLL operation of the IMPUC magnetometer. Magnetic flux
density noise spectra measured in ac- and dc-bias modes are
shown in Figs. 2~c! and 2~d!, respectively. For operation in
the same magnetically shielded room without further mag-
netic shielding by cryoperm or HTS ceramics, we find in the
white noise regime a flux density noise ofASB(77 K, 1 kHz!
5150 fT/AHz measured in dc-bias mode. At low frequen-
cies, a strong increase of the flux density noise is observed.
This noise was only partly suppressed by operation in the
ac-bias mode where a value ofASB(1Hz)53.1 pT/AHz was
obtained. Furthermore, discrete peaks in the noise spectra
were observed especially in this low-frequency region. These

peaks were found to be time dependent and are most prob-
ably caused by external disturbances penetrating the cham-
ber.

Using the IMPUC magnetometer, we performed
biomagnetic measurements in a large conventional glass-
fiber epoxy cryostat at 77 K. The magnetic human heart sig-
nals were recorded in ac-bias mode. An unfiltered and unav-
eraged trace measured is shown in Fig. 3~a!. The maximum
R-peak intensity is about 100 pT while the peak-to-peak
noise level of about 8 pT for a measuring bandwidth of 200
Hz is dominated by the 50 Hz signal from the power line.
This gives a signal-to-noise ratio of 12.5. The human heart
signal of the same person was recorded using the portable
SQUID magnetometer system, as depicted in Fig. 3~b!. Here,
the maximum intensity of theR peak is about 120 pT due to
a smaller distance of the magnetometer to the heart. The
peak-to-peak noise level for the same measuring bandwidth
was determined to about 13 pT resulting in a signal-to-noise
ratio of 9.2 which is smaller compared to the conventional
cryostat. The performance is somehow degraded, but we be-
lieve that the main noise contribution is the again the 50 Hz
signal of the power line. Finally, in Figs. 3~c! a real-time
trace of the heart signal is depicted where the portable cry-
ostat system was freely handheld over the chest of the person
investigated. The FLL operation was observed to be stable
but the movement of the cryostat in residual magnetic fields
leads to a drift of the zero signal in the same order of mag-
nitude as the intensity of theR peak. The use of two mag-
netometers in the same cryostat system as the electronic gra-
diometer is being worked on and it should reduce this drift.

In conclusion we have performed biomagnetic measure-
ments with a low-noise IMPUC magnetometer prepared
from YBa2Cu3O7 with ramp-type Josephson junctions con-
taining PrBa2Cu3O7 barriers. Using a hand-held cryostat for

FIG. 2. FLL spectra of flux-density noise in an optimumly shielded envi-
ronment measured in ac-bias~a! and dc-bias modes~b!. Flux-density noise
of the same magnetometer in the portable cryostat inside a magnetically
shielded room measured in FLL mode in ac-~c! and dc-bias modes~d!.

FIG. 3. Biomagnetic measurements of the human heart beat using the
IMPUC magnetometer in ac-bias mode at liquid nitrogen temperature.~a!
Measured in a conventional setup using a large conventional glass-fiber
epoxy cryostat.~b! Measured with the portable SQUID magnetometer sys-
tem mounted in a stand.~c! Hand-held measurement with the portable
SQUID magnetometer system.

2750 Appl. Phys. Lett., Vol. 69, No. 18, 28 October 1996 Schilling, Krey, and Scharnweber
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recording human heart traces, we have successfully demon-
strated SQUID magnetometer operation in a very small and
mobile liquid nitrogen system. This clears the way for new
future applications. A further crucial task, operation in a
magnetically unshielded environment, is under investigation.

The authors thank the Philips GmbH Forschungslabora-
torien, Abteilung Technische Systeme, Hamburg, for the op-
portunity to perform measurements in their magnetically
shielded room. This work was supported by the Bundesmin-
isterium für Bildung, Wissenschaft, Forschung und Tech-
nologie, Germany, under Contract No. 13N6734-0.
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5.4 Unshielded measurements

The level of environmental magnetic noise signals is usually several orders of magnitude

higher than the biomagnetic signals to be measured. Therefore most biomagnetic systems

are operated in heavily shielded rooms with several layers of high-permeability material

and shielding factors of up to 10000, depending on the frequency. Since the cost for a

shielded room can easily take up the major part in the total system cost, biomagnetic

SQUID systems will become significantly cheaper, when the operation in unshielded en-

vironment is possible. Figure 5.25 shows the magnetic field noise in a laboratory environ-

ment compared to the typical magnetic field resolution of HTS SQUID magnetometers.

In the low-frequency regime, more than three orders of magnitude lie between the sen-

sor’s intrinsic noise level and the ambient noise. The difference to the 50 Hz power line

interference and its harmonics is even larger. To overcome this large difference, active

noise cancellation methods [151, 152] as well as gradiometer arrangements are employed.

Gradiometers for background noise cancellation can be built in various configurations,

as is shown in Fig. 5.26. For low-Tc systems, gradiometric pickup coils are easily fabricated

from superconducting wire in many different ways, so that they measure the first spatial

derivative of the magnetic field or higher order gradients [145]. For example, a first-order
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Figure 5.25: (a) Ambient magnetic noise in a typical laboratory environment, mea-
sured with an unshielded multiloop SQUID magnetometer in comparison with the (b)
typical intrinsic noise level of HTS SQUID magnetometers.
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Figure 5.26: (a) First order axial gradiometer with wire-wound pickup coil. (b)
Single-layer planar gradiometer. (c) First order electronic gradiometer. (d) Three
Sensor Gradiometer.

gradiometer consists of two equal coils with opposite winding directions connected in

series with the input coil of a SQUID (Fig. 5.26(a)). A homogeneous field will generate

opposite shielding currents in both coils which cancel in the input coil. Since the sources of

environmental noise are usually located in a much greater distance than the subject under

study, the noise signal is largely homogeneous and can be thus rejected to a certain extent.

In the case of HTS, integrated planar gradiometers [153–155] or electronic gradiometers

must be used, due to the lack of a suitable interconnect technology for HTS wires. The

baseline of the integrated planar gradiometer (Fig. 5.26(b)) is limited by the substrate

size, which is usually not larger than 1 × 1 cm2. The sensitivity for deeper sources is

accordingly low. An electronic or software gradiometer (Fig. 5.26(c)) consists of two

independent SQUID magnetometers with separate FLL electronics, whose output signals

are either subtracted electronically or by software after digitization. A big disadvantage of

this scheme is that both magnetometers sense the full amplitude of the environmental noise

signal, which makes high demands on the slew-rate and linearity of the FLL electronics.

For example, the magnetic 50 Hz signal from the power lines may easily be as high as

100 nT peak-to-peak. For a 1 pT resolution in a magnetocardiogram, a difference of 1 part

in 105 has to be measured. Hence, 100 dB of common-mode rejection and linearity range

are required, which is at the limit of conventional electronics. Further prerequisites are an

equal time delay of both FLL electronics [156] and the stable long-term operation of each

sensor in the flux-locked mode. The latter has been exemplarily demonstrated above with

the multiloop magnetometer. The measurement of the spectrum in Fig. 5.25 took about

one hour without unlocking of the FLL electronics. Measurements employing a planar

electronic gradiometer are discussed below. To overcome the drawbacks of the simple
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Figure 5.27: A multichannel HTS SQUID magnetometer system for unshielded mag-
netocardiography measurements. The liquid nitrogen cryostat is mounted in a non-
magnetic wooden stand. The stand is surrounded by a single wire-wound coil for noise
and earth field compensation. A second coil is used as an inductive field sensor for the
noise rejection scheme. It surrounds the bottom of the cryostat.

electronic gradiometer, Koch et al. [157, 158] proposed the Three Sensor Gradiometer

(Fig. 5.26(d)) employing a third sensor. This reference sensor measures the ambient field

and compensates it via a global feedback loop for all three sensors. The reference sensor

may have a reduced field resolution, since its noise signal is coupled equally to both

sensor SQUIDs and is thus cancelled for the most part by the differential amplifier. If

the reference sensor is sensitive to the absolute magnetic field, like a fluxgate sensor or

the Josephson junction array magnetometer described in Chapter 6, the earth’s field is

simultaneously compensated. A variation of this global feedback scheme employing only

two SQUID magnetometers is described by Yokosawa and Kuriki [159].

Different noise compensation methods have been investigated with a prototype of a

HTS multichannel system for magnetocardiography in unshielded environment, developed

at Philips Hamburg [160]. Figure 5.27 shows a photograph of this system. The liquid

nitrogen cryostat is designed for up to 19 magnetometer channels in a planar hexagonal

arrangement. The cryostat is mounted in a nonmagnetic wooden stand above the sub-
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Figure 5.28: Noise spectra measured in unshielded environment with different com-
pensation schemes: (a) without compensation, (b) using a sensor coil for the reference,
(c) with common-mode rejection.

ject’s bed. A new noise suppression method, called planar digital gradiometer, has been

proposed, in which the noise field, measured simultaneously by all sensors, is approxi-

mated by a Taylor expansion and subtracted from the individual magnetometer signal.

First results obtained with this system, including MCG measurements in unshielded en-

vironment, are reported by David et al. [161]. Since the system was only equipped with

9 sensors, and because of alignment problems of their cardanic suspensions, the digital

gradiometer technique could not be applied, but two other methods for the noise reduc-

tion have been used. The first one is based on an inductive sensor coil wound around the

cryostat at the height of the SQUID magnetometers. It measures a mean noise signal,

which is integrated and fed back into a compensation coil for noise rejection. Since the

sensor coil is only sensitive at higher frequencies, an additional common-mode rejection

has been employed, where the mean signal of all SQUIDs is fed into the compensation

coil. These compensation schemes are equivalent to the function of a zero order Taylor

expansion spatially across the sensor coil, or a first order gradiometer. The employed

magnetometers are directly coupled magnetometers of the type discussed in Section 5.1.1,

however step-edge Josephson junctions are used. Figure 5.28 displays noise spectra for

the magnetometer channel #2 without noise compensation and for both compensation

modes. One finds that the noise reduction by the sensor coil is effective above 3 Hz.
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Figure 5.29: Noise spectra (a) and magnetic field amplitude (b) for a single sensor
(B2) and for the electronic gradiometer output (B2−B4) in unshielded environment.

However, a much better noise reduction is obtained with the common-mode compensa-

tion. Above 100 Hz, both compensation schemes become similar effective. At 10 Hz, a

noise reduction of roughly one order of magnitude is obtained with the common-mode

compensation. A slightly better performance with a noise reduction by the factor 40 at

10 Hz could be achieved by selecting only the 7 sensors with lowest 1/f noise for the

common-mode compensation. Additional measurements have been performed with an

electronic gradiometer, employing two sensors (#2 and #4) in a distance ∆x = 7.5 cm,

whose output signals were electronically subtracted by a differential amplifier. Thus, one

measures spatial magnetic field gradients of the form ∆Bz/∆x. Even though the effective

baselength of this gradiometer is much smaller than in the schemes above, no better noise

reduction could be achieved. Figure 5.29 depicts the signal from a single sensor and the

difference signal of both channels. In both cases, the main signal component is the stray

field at 50 Hz from the power lines. Employing the gradiometer, a noise reduction by

roughly a factor 20 is obtained. Thus, higher order field gradients must be present on a

length scale ∆x, which cannot be compensated with the global first order gradiometer

schemes described above. Similar results have been obtained by Ludwig et al. with a

planar gradiometer of 28 mm baselength [162]. All measurements described above have

been made without earth field compensation in a harsh industrial environment, which is

comparable to an application in a clinic without further precautions for the shielding. It

may be concluded that at least a second order gradiometer arrangement is required for

unshielded magnetocardiography systems in such an environment.
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5.5 Noise characterization in static magnetic fields

A severe obstacle for many practical applications of SQUID magnetometers from HTS is

often the increase of low-frequency noise that arises, when the magnetometer is operated

in an ambient magnetic field, such as the earth’s field. According to Section 2.7, this excess

noise is caused by the thermally activated random hopping of Abricosov vortices between

their pinning sites. Magnetic flux vortices are either created when the magnetometer

is cooled below its critical temperature in an ambient field, or they are introduced into

the film by the Lorentz force from shielding currents [163]. Large shielding currents may

be induced in the pickup loop of a magnetometer when an ambient magnetic field is

changed or when the magnetometer is moved in a static field like the earth’s field. The

shielding current is of such direction as to induce flux vortices at the edges of the pickup

loop. For this reason Koch et al. [164, 165] introduced the concept of a flux dam which

prevents the shielding current from exceeding a certain level. A flux dam is a weak link of

reduced critical current density in the pickup loop. When the shielding current exceeds

the critical current of the link, it becomes dissipative and allows flux to enter the loop.

Directly coupled magnetometers on bicrystal substrates usually contain a flux dam if the

pickup loop crosses the grain boundary. Also the multiloop magnetometer includes an

inherent flux dam, since the shielding currents in the loops are forced to flow across the

Josephson junctions.

A magnetic flux noise signal from vortex motion may be generated in the SQUID either

by directly sensing the flux line motion or by changes in the shielding currents from the

displacement of vortices [166]. The pinning energies of the vortices highly depend on the

degree of orientation in the superconducting thin-films. Since vortices move along the ab-

plane comparatively freely, a high degree of c-axis orientation is required throughout the

whole device [85]. This particularly makes high demands on the preparation of multilayer

devices, where the c-axis orientation must be maintained in every layer. Additionally,

all edges in the bottom layer must be shallow to avoid large-angle grain boundaries at

crossovers.

The publication [P7] in the following Section 5.5.1 compares noise measurements on

two different multilayer magnetometers and investigates their low-frequency noise as a

function of the applied magnetic flux density. Similar measurements on single-layer devices

have been reported for bare dc SQUIDs [167, 168], directly coupled magnetometers [164,

165, 167, 169, 170], and rf SQUIDs [171, 172]. Dantsker et al. obtained remarkable low

noise values in fields up to about B0 = 100µT by reducing the linewidth of the SQUID

body [173, 174]. This method has been applied to the pickup loop of a practical directly

coupled magnetometer of the type described in Section 5.1.1 [175]. The results of field
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dependent noise and linearity measurements on this device are given in Section 5.5.2,

which mainly consists of the publication [P11].

In the measurements described below, all devices behaved very stable, even when they

were operated in high fields. In particular, no spontaneous flux entry into the Josephson

junctions in the form of Josephson vortices, as is reported by Vaupel et al. [57] for narrow

junctions (w < 1µm), has been observed. Usually, this effect leads to a largely reduced

junction critical current and to a large voltage signal when the device is current biased.

5.5.1 Low-frequency noise of multilayer YBa2Cu3O7 magnetometers

in static magnetic fields

The following publication reports the first noise measurements on field-cooled multilayer

magnetometers. Two different types of integrated multilayer magnetometers have been

investigated in fields up to 110µT: the inductively coupled magnetometer described in

Section 5.1.2 and the WH3 type multiloop magnetometer #366 of Section 5.1.3. The

noise measurements on the field-cooled devices were performed either after switching off

the magnetic field or in the permanent field. Both devices show only a moderate increase

of the low-frequency noise as a function of the applied field, which is attributed to a

high quality of the involved thin-films. The flux density noise level of the multiloop

magnetometer increases from
√

SB(5 Hz) = 92 fT/
√

Hz at B0 = 0µT to 308 fT/
√

Hz

at 110µT, and for the inductively coupled device the values 161 fT/
√

Hz at 0µT and

600 fT/
√

Hz at 110µT are obtained. This increase is comparable to the results obtained

with single-layer devices of solid geometry and comparable linewidths [164,165]. A further

noise reduction is expected from reduced linewidths in the magnetometer body. However,

this has still to be proven for multilayer devices. The subsequent section will show the

effect of small linewidths on the low-frequency noise of a single-layer magnetometer.
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The noise of two integrated YBa2Cu3O7-SrTiO3-YBa2Cu3O7 multilayer magnetometers in static
magnetic fields up to 110mT is investigated: An inductively coupled magnetometer with integrated
flux transformer and a multiloop magnetometer. In both samples, only a moderate increase of the
low frequency flux noise is found in high fields, due to the high epitaxial quality of the involved
multilayer films. So for moderately shielded or unshielded applications in the earth’s magnetic field,
high-quality integrated YBa2Cu3O7 magnetometers can be operated with low excess noise.
© 1998 American Institute of Physics.@S0003-6951~98!01924-X#

The most sensitive superconducting quantum interfer-
ence devices~SQUIDs! from high transition temperature
(Tc) superconductors are integrated magnetometers from
YBa2Cu3O7 ~YBCO! multilayers. Today, the noise level of
these devices has reached a level close to that achieved with
commercial low-Tc systems.1,2 However, this sensitivity was
obtained in heavily shielded settings which often cannot be
used for economical or practical reasons. So, for many ap-
plications SQUID magnetometers have to be operated in
moderately shielded or unshielded environment, where they
are influenced by the earth’s magnetic field of about 50mT.
The performance of high-Tc devices usually suffers from
increased flux noise, if they are cooled throughTc in a mag-
netic fieldB0 . This causes flux vortices to be trapped in the
superconducting thin films, and excess noise is generated by
the thermally activated random hopping of the vortices be-
tween their pinning sites.3 The spectral densitySF of the
excess flux noise typically scales with 1/f as a function of
the frequencyf and therefore adversely affects low fre-
quency applications such as biomagnetism or geophysical
measurements. The number of vortices is proportional to the
applied field, and one expectsSF( f ) to scale linearly withB0

if the vortex motion is uncorrelated.
At present, only measurements on single layer devices in

a magnetic field have been reported. Miklichet al.4 investi-
gated the performance of a bare SQUID and a directly
coupled magnetometer in static magnetic fields. They found
an increase of the 1/f noise at 1 Hz by an order of magnitude
for B0550mT. Similar measurements were made by Faley
et al.5 and Schmidtet al.,6 but they did not observe any sig-
nificant increase of flux noise up to 100mT. Recently,
Dantskeret al.7 examined the influence of the device geom-
etry on the excess noise. For washer SQUIDs, they found a

large increase of the flux noise of more than one order of
magnitude, if the devices were cooled in fields up to 60mT.
By reducing the washer’s linewidth, they could keep the flux
noise low up to a threshold field of 33mT, but at higher
fields the noise rapidly increased. In Ref. 8 they further
showed that this threshold field can be shifted towards higher
values, if the SQUID washer is provided with slots or holes,
giving sufficiently small structure widths to prevent vortex
penetration.

Here we present the first noise measurements on two
integrated multilayer devices operated in static magnetic
fields: An inductively coupled magnetometer with integrated
flux transformer and a multiloop magnetometer. Each device
is patterned on 10310 mm2 SrTiO3 ~STO! substrate and in-
corporates YBCO step-edge junctions. The YBCO-STO-
YBCO multilayer fabrication process is described in detail
elsewhere.9 We deposit the YBCO films and the intermediate
STO insulation layer by high oxygen pressure off-axis rf
magnetron sputtering and pattern them by standard photoli-
thography and Ar-ion beam etching. The magnitude of the
low frequency flux noise in YBCO thin films strongly de-
pends on their epitaxial quality and degree ofc-axis
orientation,10 usually leading to a higher excess noise level in
a multilayer device, if the upper film contains areas of lower
quality.11,12 This in mind, we generally pattern the large su-
perconducting areas from the lower YBCO film, directly
grown on the substrate. The steep step required for the junc-
tions is milled under normal incidence into the insulation
layer and the Josephson junctions are patterned from the up-
per YBCO film.

The inductively coupled magnetometer is described in
detail in Ref. 13. The 1012 turn input coil is placed on a
7003700mm2 square washer and connected to a pickup
loop with 8.8 mm outer diameter and a pickup area ofAp

554 mm2. The estimated SQUID inductance isLS

585 pH. The multiloop layout used in this study is an im-a!Electronic mail: krey@physnet.uni-hamburg.de
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proved version of the WH1 layout described in Ref. 14. We
enlarged the outer diameter to a value of 8.5 mm and ad-
justed the pickup coil widthwp and total spoke widthDs to
give the maximum effective area while keeping the SQUID
inductance constant atLS5145pH. With wp51095mm and
Ds5280mm, we obtain a measured effective area ofAeff

52.31 mm2 in good agreement with the calculated value of
2.35 mm2. This is, as far as we know, the largest effective
area reported yet for a high-Tc SQUID magnetometer on a
131 cm2 substrate. The transport properties of both magne-
tometers are listed in Table I.

All noise measurements were performed inside a mag-
netically shielded room, where the magnetometers were in-
stalled in a low noise cryostat for biomagnetic measure-
ments, filled with liquid nitrogen. The intrinsic noise
characteristic of both devices was measured with an addi-
tional Cryoperm shield, using the standard flux locked loop
~FLL! technique. For the multiloop magnetometer we found
ASB(1 kHz)539 fT/AHz in the white noise regime and
ASB(5 Hz)592 fT/AHz for the low frequency noise. No fur-
ther noise reduction with bias current reversal~ac bias! could
be achieved at 5 Hz, due to residual ambient noise. Despite a
comparable voltage swingDV, the inductively coupled mag-
netometer showed a higher white noise level of
ASB(1 kHz)566 fT/AHz, which raised to 85 fT/AHz with
bias current reversal. We attribute this to the resonant flux
voltage characteristic of this device, which is often observed
for magnetometers with integrated flux transformers.1 It pre-
vents the optimal adjustment of the flux-modulation scheme,
especially with bias reversal. However, with ac bias the low
frequency noise was reduced fromASB(5 Hz)5188 to
161 fT/AHz, indicating that the former value includes a con-
tribution from critical current fluctuations in the junctions.

For the measurements in static fields, we removed the
additional shield. Instead, we centered the magnetometer
within a copper coil, fed by a high capacity lead-acid accu-
mulator in series with an appropriate resistor for the fieldB0 .
For B050 but without the extra shield, we found a higher
low frequency noise level that increased faster than 1/f with
approximatelySB} f 22.4 and a corner frequency of about 18
Hz, due to ambient noise penetrating the shielded room. The
magnetometers were enclosed in capsules of glasfiber epoxy
together with two heating resistors in close contact to the
substrate. With a heating power of 0.7 W, we were able to
rise the magnetometer’s temperature aboveTc in about 2
min. With the magnetometer in normal conducting state, we
applied the magnetic fieldB0 and subsequently switched off
the heating current. In two different experiments we mea-
sured the noise of the field cooled magnetometers either after

switching off the magnetic field or in the permanent field. In
the first case, both magnetometers presented here should be-
have differently. In a changing magnetic field a shielding
current is generated in the pickup loop of the device that can
induce vortices into the film by the Lorentz force. The mul-
tiloop magnetometer contains anintrinsic flux dam,15 limit-
ing the shielding currents in the loops, because they are
forced across the Josephson junctions, whereas the current
within the flux transformer of the inductively coupled device
can become much larger.

Figure 1~a! shows the measured flux density noise
ASB( f ) of the multiloop magnetometer as a function of the
cooling field B0 . For both experiments, a continuous in-
crease in low frequency noise with nearly the same noise
levels is found, indicating that our current source for the coil
does not contribute significantly to the noise. Also the de-
vice’s critical currents were not markedly reduced in the
field. The inset of Fig. 1~a! depicts three noise spectra re-
corded in zero field with the field cooled multiloop magne-
tometer forB050, 53, and 110mT. In the permanent field
B05110mT we measuredASB(5 Hz)5340 fT/AHz, which
includes an environmental contribution of about
ASB,env(5 Hz)5144 fT/AHz, yielding a net increase of
@SB(B0)2SB,env#

1/25308 fT/AHz at 5 Hz. This is about a
factor 3.3 above the value taken with the additional shield-
ing. In zero field, this excess noise could always be removed
by the heating procedure. For the inductively coupled device,
we found a much stronger increase of the low frequency
noise in low fields, if we switched off the field prior the
measurements. We measured a random telegraph signal
~RTS! that was probably caused by the switching
transients.16 Interestingly, for larger field changes than 40mT
this RTS was not observed anymore and the device stayed
much quieter. We presume, that the stronger Lorentz force
due to the larger shielding currents prevents the vortices
from escaping from their metastable pinning sites.

Figures 2~a! and 2~b! show the spectral density of the
excess flux noiseSF,exc(B0)5SF(B0)2SF,env as a function
of B0 in the permanent field, not including the environmental
contribution. For both magnetometers we find an overall lin-
ear increase ofSF,exc with B0 . No threshold field for flux

TABLE I. Transport properties of the investigated inductively coupled and
the multiloop magnetometer measured at the temperatureT577 K.

Device
Inductively

coupled Multiloop

Voltage swing DV 6.8 6.9 mV
Critical currenta I 0 42 13 mA
Normal resistancea Rn 2.6 5.3 V
Sensitivity B/F 1.290 0.897 nT/F0

Effective area Aeff5F/B 1.60 2.31 mm2

aValues given per junction.

FIG. 1. ~a! Flux density noise of the multiloop and~b! the inductively
coupled magnetometer as a function of the cooling fieldB0 . Filled symbols
indicate measurements in the permanent field, open symbols mark measure-
ments with the field switched off. The inductively coupled device shows a
random telegraph signal~RTS! for B0,40mT, induced by the switching
transients. The inset of~a! depicts three noise spectra recorded in zero field
with the field cooled multiloop magnetometer forB050, 53, and 110mT.
The spikes are due to microphonic pickup and power line interference.
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entry is observed, probably due to the large linewidths of the
magnetometers. The slope at 5 Hz is about twice as large for
the inductively coupled device, what may suggest that the
latter is more sensitive to flux entry if we assume the same
mechanism for flux noise as in Ref. 4. The main candidate
for flux penetration may be the input coil of the flux trans-
former which is patterned from the upper YBCO layer and
which is the most crucial part of the inductively coupled
device, due to its many edges and narrow crossovers. More-
over, flux lines moving there couple very effectively into the
SQUID. However, both devices show a performance that is
not seriously affected by fields up to 110mT. The induced
low frequency flux noise is of the same order as the ambient
noise penetrating the shielded room.

In summary, we have measured the noise levels of a
multiloop magnetometer and an inductively coupled magne-
tometer from YBCO-STO-YBCO multilayers in static mag-
netic fields up to 110mT. Both devices show only a moder-
ate increase of the low frequency flux noise that underlines
the high quality of the involved thin-films. The good perfor-
mance of both devices in high fields, together with their large

effective area at a small chip size makes multilayer devices
attractive for future multichannel applications in moderately
shielded or unshielded environment.

This work was supported by the Bundesministerium fu¨r
Bildung, Wissenschaft, Forschung und Technologie, Federal
Republic of Germany under Contract No. 13N6736.
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5.5.2 Low-frequency noise and linearity of a directly coupled mag-

netometer with small linewidths in static magnetic fields

In Refs. [173, 174], Dantsker et al. have made several suggestions for the design of HTS

SQUID devices in order to reduce the amount of trapped flux. They are based on the

reduction of the linewidth of the SQUID body, so that it becomes energetically unfavorable

for flux to enter the film. An estimation for the threshold field of flux entry is given by

BT =
πΦ0

4w2
, (5.5)

where w is the linewidth of the film. As reported in Ref. [174], bare SQUIDs with slots or

holes and linewidths of 4 µm showed no excess noise in cooling fields up to about 100µT.

For this reason, Cho et al. [170] repatterned the pickup loop of a complete directly coupled

magnetometer to obtain a mesh of 4µm wide lines. However, the authors found a major

noise contribution from the tapered outer edges of their magnetometers. After the removal

of these edges, the low-frequency noise remained constant again in cooling fields below

100µT and no further effect from the mesh pattern was observed. This is attributed to

the narrow linewidth of their SQUID loop and the large inductance mismatch between

pickup loop and SQUID.

5.2 µm
8.6 µm

4 µm

(a)

(b)

Figure 5.30: (a) Micrograph of the magnetometer part around the SQUID loop after
it was completely patterned with holes. (b) Dimensions.
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Table 5.6: Transport properties of the directly cou-
pled magnetometer at T = 77 K in zero magnetic field,
before and after the patterning of the holes.

Before After

Voltage swing ∆V 26 27 µV

Critical current I0 107 76.5 µA

Normal resistance Rn 2.1 2.8 Ω

Effective area Aeff 0.225 0.230 mm2

B/Φ = 1/Aeff 9.203 8.980 nT/Φ0

In the following, noise measurements on a similar directly coupled magnetometer are

presented, both before and after it was patterned with holes to reduce the maximum

structural width of the pickup loop. The effects of the patterning are directly compared for

the same device, since the comparison of different devices may be misleading, because of

a variable microstructural or epitaxial quality of the involved superconducting thin-films.

When considering the unshielded operation of a HTS magnetometer system, the linearity

of the system becomes a further important issue, since small signals have to be resolved

at a high level of ambient noise. To characterize the magnetometer linearity, the total

harmonic distortion (THD) has been measured in different cooling fields. Furthermore,

the dependence of the effective flux sensing area on the cooling field is discussed.

After the first characterization of the magnetometer with solid pickup loop, it was

patterned a second time using a net-like photomask. A linewidth of about 5.2µm and

circular holes with a diameter of about 4µm across the whole pickup loop has been

obtained. Figure 5.30 depicts a micrograph of the region around the SQUID loop after

the patterning. All measurements have been performed in liquid nitrogen inside of a

triple mumetal shield. The magnetic field B0 is applied with a Helmholtz coil that is

supplied by a large capacity lead-acid battery and an appropriate resistor. The flux

density noise, resulting from the current noise in the coil, is less than 85 fT/
√

Hz at 3 Hz

and B0 = 100µT, and does not significantly contribute to the measured noise values.

The experimental setup is schematically shown in Fig. 5.31. The noise measurements

have been made in flux-locked loop mode with bias current reversal to reject the low-

frequency noise from critical current fluctuations in the junctions. In all field dependent

measurements, the magnetic field is applied while the magnetometer is heated above

Tc, and it remains on during the cooling and the measurements. Hence, no shielding

currents are generated as in a switching process. The magnetometer properties in the

zero field cooled case, before and after the second patterning step for the holes, are listed

in Table 5.6. After the treatment, I0 and Rn were somewhat changed, presumably due to



102 5. Integrated dc SQUID magnetometers
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Figure 5.31: Experimental setup for the characterization of SQUID magnetometers
in static magnetic fields.

a slight oxygen loss in the junctions, since no second oxygen plasma oxidation was carried

out to preserve the silver contact pads. The patterning had only a minor effect on the

sensitivity of the device. The effective area increased by about 2%, although the character

of input coupling completely changed. With the solid pickup loop, flux is focused to some

extent into the loop by the Meissner-Ochsenfeld effect. In the patterned device however,

this effect is replaced by the flux quantization, which keeps the flux in the holes constant at

integer flux quanta. Thus, flux changes must be partly focused into the pickup loop again.

One flux quantum in a hole corresponds to an external field of about 125µT, considering

a London penetration depth of about 300 nm for YBa2Cu3O7 at 77 K. Obviously, there is

no significant quantitative difference between both effects in zero field. Somewhat larger

differences have been found for magnetometers with several narrow pickup loops connected

in parallel, as is described by DiIorio et al. [176]. However, a qualitative difference

between the solid and the patterned layout is found in field dependent measurements of

the effective area, whose results are depicted in Fig. 5.32. For the solid device, the effective

area increases with B0 above roughly B0 = 100µT, whereas it decreases with nearly the
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Figure 5.32: Effective area as a function of the cooling field for the unpatterned
(solid) and the patterned (holes) magnetometer. The jump at B0 = 80µT in the
data of the patterned device is attributed to an accidental position change of the
magnetometer in the Helmholtz coil.

same variation for the patterned device. Hence, the sensor’s calibration is affected by

larger cooling fields. This is an important issue for the design of multichannel biomagnetic

systems intended for unshielded operation, since their signal processing demands an exact

knowledge of each sensor’s effective area, but this is usually measured inside a shield.

The effect is small for the earth’s magnetic field, but it might be larger for a different

magnetometer layout. The reason for the dependence of the effective area on the cooling

field is not yet clear and is under further investigation. A detailed investigation of the

influence of slots in washer SQUIDs on their effective area and inductance has been made

by Jansman et al. [177,178], but unfortunately no field dependent calculations are shown.

Figure 5.33 depicts several flux density noise spectra for the unpatterned magnetometer

in different cooling fields B0. An increasing low-frequency noise is found as a function of

B0, due to the growing number of trapped vortices in the film. The spectra for B0 = 41µT

and 198µT include additional Lorentzian contributions caused by the random telegraph

signal from a predominant two-level fluctuator. Figure 5.34(a) shows the noise values at

the frequency 3 Hz as a function of B0, before and after the holes were patterned into the

pickup loop. In the unpatterned case, the low-frequency noise increases with B0 even for

the lowest cooling fields, whereas it remains approximately constant below a threshold

field BT ' 35µT in the patterned case. Moreover, it is found that for all values of B0, the

magnetometer with holes remains markedly less noisy than with solid pickup loop. In the

unpatterned case, the noise below BT presumably results from the motion of vortices near
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Figure 5.33: Flux density noise spectra of the unpatterned magnetometer for differ-
ent cooling fields B0.

the SQUID loop, which is directly coupled into the SQUID, since the indirect component

from noise currents in the pickup loop is strongly suppressed by the poor coupling between

the inductances of pickup loop and the SQUID. In both cases, a significant increase of

noise above BT is observed. This is attributed to the flux entry into the SQUID loop,

although a somewhat larger threshold field of 42 µT for the measured width w = 6.2µm

is expected from (5.5). Particularly in the unpatterned case, the noise values above the

threshold field remain nearly constant up to B0 ' 80µT. This noise is caused by the

dominating RTS from a single fluctuator and therefore does not scale with B0. For higher

values of B0, it is covered by the noise of the remaining vortices.

Nonlinear behavior of a SQUID magnetometer can result from the inelastic motion of

vortices in the magnetometer body [179]. Thus, the degree of nonlinearity is expected to

depend on the number of vortices and on the cooling field. To measure the magnetometer

linearity, a sinusoidal magnetic test signal with a peak-to-peak amplitude of 20 nT and

the frequency f = 518 Hz was applied. The output voltages from the signal source and

the FLL electronics were electronically subtracted to obtain a maximum suppression of

the harmonics of the test signal. The residual signal has been measured with a FFT

signal analyzer. A schematic of the THD measuring system is given in Fig. 5.34(c).

Figure 5.34(b) shows the amount of THD of the patterned magnetometer as a function of

the cooling field. The THD values show a very similar dependence on B0 as is found in

the noise measurements. The THD remains nearly constant for fields below a threshold

and increases for cooling fields beyond this value. The observed threshold field agrees well

with the value found in the noise measurements.
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6 Josephson junction serial array

magnetometers

In the previous chapters only dc SQUIDs have been discussed for magnetometer appli-

cations. But also a single Josephson junction can be used as a magnetometer if one

takes advantage of the Fraunhofer pattern of the junction’s critical current. Although the

underlying field period of this pattern is in general much larger than a typical SQUID

modulation period due to the small effective junction area, a large sensitivity enhancement

can be obtained with additional flux concentrating structures. Here, bicrystal junctions

a favorable, because flux can easily penetrate the junction area, and the junction’s elec-

trodes cause additional flux focusing [27, 180]. To obtain a maximum critical current

modulation, the junction must have a large critical current with a low amount of excess

current. In contrast to SQUID devices, the response of a magnetometer based on the

Fraunhofer pattern is nonperiodic, thus it can be used where the measurement of absolute

magnetic fields is necessary. One possible application is the active shielding of SQUID sys-

tems from the earth’s magnetic field, where this field is measured and compensated by an

Josephson junction
serial array

Grain boundary
line

Flux focuser

(a)

(b)

100 µm

Figure 6.1: (a) Microscope image of a 21-junction subarray of bicrystal Josephson
junctions embedded in flux focusers. The arrows indicate the grain boundary line. (b)
Schematic sketch of the Josephson junction serial array magnetometer.
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Figure 6.2: (a) Fraunhofer pattern of a
single bicrystal junction of 20µm width
without flux focusing and (b) Fraunhofer
pattern of the serial array magnetometer of
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appropriate current in a coil around the SQUID system. Similarly, it may be used for the

reference magnetometer in the Three Sensor Gradiometer described in Section 5.4. Due

to the same preparation process, also an on-chip integration with HTS SQUID devices is

easily possible.

Like in the case of SQUIDs, the appropriate figure of merit for a magnetometer based on

the junction’s Fraunhofer pattern is the amplitude of the voltage modulation depending

on the applied field for the current biased device. Hence, the transfer function (∂V/∂B)I

must be large. It can be increased with several junctions in series, since the modulation

amplitude scales linearly with the number of junctions N , when all junctions have similar

quality. The voltage noise will only scale with
√
N if the noise sources are uncorrelated.

Thus, the signal-to-noise ratio should increase with the number of junctions. For this

reason, a magnetometer with 105 junctions, equally divided in 5 subarrays of 21 junctions,

has been prepared. To obtain a high field sensitivity, 20µm wide Josephson junctions are

used. The subarrays can be measured independently to reveal the scaling behavior of the

magnetometer properties. To further increase the sensitivity, the flux is concentrated at

the place of the junctions by the Meissner-Ochsenfeld effect of two large superconducting

areas at both sides of the junction array. A photograph and a schematic sketch of this

sensor can be seen in Fig. 6.1. It is prepared from a single YBa2Cu3O7 thin-film on a 24◦

bicrystal substrate [181].

In order to investigate the degree of flux concentration from the flux focusers, the critical

current has been measured as a function of the applied magnetic field, both for a single

20µm wide junction without flux focuser and for the whole array of equivalent junctions

embedded between the superconducting areas. The resulting Fraunhofer patterns are

depicted in Fig. 6.2. The triangular shape and the shallow minima of curve (a) indicate
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Figure 6.3: Dynamic resistance of a serial array from 42 bicrystal Josephson junctions
measured at T = 4.2 K. The arrows indicate the positions of the dynamic resistance
peaks at the individual critical currents. The inset shows a histogram of the peak
positions and the calculated Gaussian distribution.

that the junctions are in the wide limit, i.e. the geometrical junction width is comparable

or larger than the Josephson penetration depth λJ . An estimation of λJ according to

(2.9) yields 2.4µm. The effective area of the bare junction is about 350µm2, i.e. 25

times larger than the geometrical area, due to the flux focusing effect of the junction

electrodes. For the junction array embedded between the flux focusers, the sensitivity is

further increased by a factor 4.2, as is illustrated by curve 6.2(b). The regular shape of this

Fraunhofer pattern, up to the higher order side lobes, emphasizes the high homogeneity

of the involved bicrystal Josephson junctions throughout the whole array. At T = 77 K,

a maximum field sensitivity of about ∂I0/∂B = 130 A/T is obtained. The excess current

for the whole 105-junction array is about 6% of the critical current, as is estimated from

the base level of the Fraunhofer pattern.

Additional dynamic resistance measurements have been performed at T = 4.2 K to

reveal the distribution of the individual critical currents in the array. The critical currents

are hereby identified by the characteristic peaks in ∂V/∂I just above I0. Figure 6.3 depicts

the dynamic resistance of two subarrays with 42 junctions in series and a mean critical

current of 2.73 mA. 25 distinct peaks are found, which presumably cover the remaining.

The mean square deviation of the revealed critical currents is σ = 0.62 mA, i.e. 23% of

the mean value, which is in good agreement with data published by Gerdemann et al. [65].

Noise measurements on the array have been made at fixed bias current, either with

static magnetic flux or with 2 kHz flux modulation. The modulation method is similar to
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Figure 6.4: (a) Schematic of the noise measurement setup. J denotes the Josephson
junction array and I is the bias current source. The bias flux is adjusted with Φ. The
flux in L and J is modulated with a square-wave oscillator (Osc.) at the frequency f .
The voltage signal of the array is amplified and lock-in detected. Similar to SQUID
electronics, a flux-locked-loop feedback control can be used with the parts indicated
by dashed lines. (b) shows the measurement principle. An external magnetic flux Φext

will horizontally shift the Fraunhofer pattern and lead to a signal at the frequency f .
Critical current fluctuations will just displace the pattern vertically and are not mixed
up to f .

the one used in SQUID electronics. However, common SQUID electronics are designed

for low-ohmic sources and cannot be used, due to the high impedance of the array. A

schematic of the used electronics is given in Fig. 6.4. The amplitude and offset of the

square-wave current for the flux modulation is adjusted to switch between the operating

points of maximum transfer function on both sides of the central lobe of the Fraunhofer

pattern. The preamplifier output is lock-in detected. Thus, no output is generated in

zero field and voltage noise due to critical current fluctuations is suppressed. Every

magnetic signal will displace the Fraunhofer pattern and leads to a 2 kHz component at

the preamplifier output and therefore to an output signal. In the same way as in SQUID

FLL electronics, a feedback control may be used to linearize the detector output. This

addition is shown with dashed lines in Fig. 6.4. A more detailed description of the scaling

behavior of the array parameters and of the noise characteristics is given in the following

publication. From the amount of excess low-frequency noise measured with dc flux, the

critical current fluctuations are estimated to |∂I0/I0| = 6.0 × 10−5/
√

Hz referred to a

single junction [182], which is in good agreement with data found in the literature (refer

to Section 2.4).
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Highly sensitive magnetometers based on YBa 2Cu3O7 Josephson
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The dependence of the critical current of a Josephson junction on the magnetic flux in the junction
area can be used for the sensitive detection of external magnetic fields. In contrast to
superconducting quantum interference devices, also the measurement of absolute magnetic fields is
possible. To increase the transfer function]V/]B, we use serial arrays of up to 105 Josephson
junctions between flux-concentrating areas on 24° SrTiO3 bicrystal substrates. We investigate the
scaling properties of the critical currentI c , the normal state resistanceRn and the flux density noise
ASB in dependence on the number of Josephson junctions in the serial array. By the use of a
magnetic field modulation scheme, the 1/f noise from critical current fluctuations in the junctions
can be suppressed. At 77 K, we achieve a white noise level ofASB51.2 pT/AHz for a 105-junction
array. © 1999 American Institute of Physics.@S0003-6951~99!03902-9#

Currently, the most successful approach in Josephson
junction technology for devices from high-temperature su-
perconductors~HTS! is the grain-boundary junction on bic-
rystal substrates. For magnetic sensors, these junctions are
typically used in magnetometers based on superconducting
quantum interference devices~SQUIDs!, which achieve a
field resolutionASB of about 30 fT/AHz in simple single-
layer layouts on 131 cm2 substrates.1,2 Due to the depen-
dence of the critical current on external magnetic flux, even a
single Josephson junction can be used for sensing magnetic
fields. In contrast to SQUID magnetometers, the flux–
voltage characteristic is nonperiodic, hence, in principle ab-
solute magnetic flux densities can be determined. In bicrystal
junctions a high sensitivity is observed, due to the flux fo-
cusing effect of the electrodes directly adjoining the grain
boundary. Rosenthalet al.3 found a clear 1/w2 dependence
for the Fraunhofer field period of biepitaxial grain-boundary
junctions of widthw, instead of the classical 1/w relation.
This behavior is attributed to corner effects on the current
distribution in the electrodes. Martinet al.4 further enhanced
the sensitivity of a single 24° bicrystal junction by an addi-
tional flux concentrator. With a junction width of 10mm they
achieved a sensitivity]I c /]B5176 A/T and a flux density
noise level ofASB53.7 pT/AHz. Also, a reduction of low-
frequency noise from critical current fluctuations by field
modulation was demonstrated.5 With several junctions in se-
ries, the signal-to-noise ratio can be further enhanced since
the voltage signal linearly scales with the numberN of junc-
tions, whereas the voltage noise scales withAN if the noise
sources are uncorrelated. Leeet al.6 used a similar approach
for a serial array HTS SQUID magnetometer. Here, we
present a magnetometer from a serial array of 105 bicrystal
Josephson junctions with additional flux focusing areas.
Voltage noise due to critical current fluctuations in the junc-
tions is already suppressed by a simple field modulation

scheme. This is in contrast to SQUID-based magnetometers,
where the out-of-phase current fluctuations of both junctions
have to be suppressed by additional bias current modulation.
Due to the high output voltage of the serial array, the de-
mands on the electronics are much lower.

The serial array magnetometers are prepared in a single-
layer technology on~100! SrTiO3 bicrystals with 24° grain
boundaries which are supplied by CrysTec GmbH, Berlin.
For the YBa2Cu3O7 thin-film deposition we employ our KrF-
excimer laser deposition process that is described elsewhere
in detail.7 We typically use a film of about 120 nm thickness.
The large number of wide Josephson junctions makes high
demands on the large scale quality of the grain boundary and
the superconducting film deposited on it. Highly reproduc-
ible Josephson junction properties are achieved, since we
have no droplets on our films and the outgrowth density is
well below 104 cm22. After the patterning with conventional
photolithography and argon plasma etching, the arrays are
treated in an oxygen plasma. To reduce the contact resistance
for low noise measurements, the contact pads are covered
with 100 nm silver. In Fig. 1, an optical micrograph of a
21-junction subarray is depicted. For the whole 105-junction
array, five of these subarrays are connected in series. Each
Josephson junction has a width of 20mm to achieve a high
sensitivity to external magnetic fields. For a further increase
of its sensitivity the array is embedded in flux focusing su-
perconducting areas which cover almost the whole substrate

a!Electronic mail: krey@physnet.uni-hamberg.de

FIG. 1. Optical micrograph of a 21-junction subarray. The figure displays an
area of 5703170 mm2. The position of the bicrystal line is indicated by the
arrows.
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of 131 cm2. The gaps between these areas and the junctions
are 4mm wide.

The arrays are characterized by electrical transport and
noise measurements. In Fig. 2~b! we show the scaling prop-
erties for both, critical currentI c and normal state resistance
Rn in dependence on the numberN of junctions in the array.
The values forI c andRn were deduced from the resistively
shunted junction-like current–voltage characteristics of the
subarrays which are depicted in Fig. 2~a!. We find an almost
linear increase ofRn and a constant critical current indepen-
dent fromN within 5%, resulting in a linear increase of the
I cRn product withN, up to 7.9 mV for 105 junctions. The
effective flux collecting area for a single 20mm wide junc-
tion, as calculated from the spacing of the minima in the
measured Fraunhofer pattern, is about 350mm2, i.e., 25
times larger than the geometrical area. This is attributed to
the flux focusing effect of the junction’s electrodes.8 For the
105-junction array embedded in the flux focusers we find a
further increase of the effective area by a factor 4.2. The
maximum field sensitivity obtained for this array is]I c /]B
5130 A/T at 77 K. In Fig. 3~a! the voltage across the current
biased subarrays is shown versus the external magnetic flux
density. In each case the bias currents were adjusted to ob-
tain the maximum transfer function. Because theI cRn prod-
uct scales linearly withN, we also find a linear increase of
the voltage modulation as well as the maximum transfer
function]V/]B with N. The latter is illustrated by Fig. 3~b!.
For the largest array of 105 junctions we measure a voltage
modulation of about 7.5 mV that corresponds well with the
I cRn product, due to low excess currents. The transfer func-
tion of 7500 V/T is comparable to directly coupled SQUID
magnetometers from HTS single layers. They typically show

a sensitivity]B/]F of about 10 nT/F0, resulting in]V/]B
56300 V/T for an assumed sinusoidally voltage modulation
of 20 mV. The high transfer function of SQUID magnetome-
ters is achieved by their very large effective areaAeff

5]F/]B of about 0.2 mm2 in conjunction with a much
smaller voltage modulation. For the junction array we have a
very large voltage modulation, but a small effective area.

In the theory of the resistively shunted tunnel junction
the voltage noise spectral density of a single junction due to
thermal fluctuations is predicted by9

SV5F11
1

2S I c

I
D 2G4kBTRD

2

Rn

,

whereRD denotes the dynamic resistance at the bias current
I . Using typical parameters for our bicrystal junctions, a volt-
age noise level of aboutASV5120 pV/AHz is calculated. If
we assume that the noise sources in the junctions are uncor-
related, the noise of the array should increase asAN and a
level of about 1.2 nV/AHz for 105 junctions is expected.
However, a small signal measurement at 2 kHz yielded a
total voltage noise of about 9 nV/AHz that is well above the
input voltage noise of the used preamplifier of 4 nV/AHz.
The measurements were made at 77 K at a fixed bias current
of 169 mA and a fixed bias flux of 0.75mT, which yield the
maximum transfer function. The deviation from the theoret-
ical prediction is not yet clear, but it is also observed in
SQUIDs from HTS Josephson junctions.10 Flux density noise

FIG. 2. ~a! Current–voltage characteristics for subarrays of a different num-
ber of junctionsN. ~b! Critical current and normal state resistance for the
subarrays vsN.

FIG. 3. ~a! Voltage across the current biased subarrays vs the external
magnetic flux density.~b! Maximum transfer function]V/]B in dependence
on the number of junctions in the array.
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spectra for two junction arrays at 77 K are depicted in Fig. 4.
They were obtained by dividing the voltage noise spectra by
the corresponding transfer function. Figure 4~a! shows two
spectra of a 21-junction subarray. They were measured with
fixed bias current either with static flux or with 2 kHz flux
modulation. The modulation method is similar to that one
commonly used in SQUID electronics.11 The amplitude and
offset of the square current for the flux signal is adjusted to
switch between the points of maximum sensitivity, so that
the ac flux signal is symmetric with respect to the maximum
of the Fraunhofer pattern. The preamplifier output signal is
lock-in detected. Hence, no signal is measured in zero field
and voltage noise due to critical current fluctuations is sup-
pressed. Every external magnetic signal will lead to a 2 kHz
component at the preamplifier output and to a lock-in signal.
For comparison, in SQUIDs the out-of-phase critical current
fluctuations generate flux noise in the SQUID loop that has
to be suppressed with additional bias current modulation. As
in SQUID systems, a flux locked loop~FLL! circuit can be
employed to enhance the linear working range of the array
magnetometer.5 In the static case a frequency-dependent
1/f -noise component with a corner frequency of about 200
Hz was measured. However, this excess noise could be well
suppressed to the white noise level ofASB54 pT/AHz us-
ing the flux modulation method. Second, the flux density
noise spectra for the whole 105-junction array are shown in
Fig. 4~b!. Here, a white noise level of aboutASB(5 kHz)
51.2 pT/AHz is obtained, however, the apparent 1/f noise
was not suppressible. We attribute this excess noise to flux
noise from vortex motion in the large flux focusers. A reduc-
tion of this flux noise is expected, if the flux focusing areas
are provided with slots or holes that prevent the vortex pen-
etration. This was recently demonstrated by Dantskeret al.12

for washer SQUIDs. In Fig. 5 the white flux density noise of
the arrays at 2 kHz is shown in dependence onN. We find a
decrease of the noise with an increasing number of junctions

N because the transfer function scales linearly withN while
the voltage noise only increases withAN. The dashed line in
Fig. 5 illustrates the expected decrease withAN.

In summary, we have fabricated and characterized serial
arrays of up to 105 bicrystal Josephson junctions from
YBa2Cu3O7 thin films. The measured scaling properties of
the critical currentI c and the normal state resistanceRn at 77
K demonstrate the high homogeneity throughout the whole
array. The serial arrays can be used as highly sensitive mag-
netometers with a noise level sufficient for many applica-
tions. However, highly reproducible Josephson junctions
with high I cRn products are necessary for the low noise op-
eration of such magnetometers. The noise values can be fur-
ther improved by the use of more Josephson junctions in the
array and by enhancing the flux focusing into the junctions.
The latter can be achieved by a reduced slit width between
the array and the flux focusing areas, by an additional flip-
chip flux focuser or with multilayer technology.

This work was supported by the Bundesministerium fu¨r
Bildung, Wissenschaft, Forschung und Technologie, Federal
Republic of Germany under Contract No. 13N6734-0.
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FIG. 4. Noise spectra of the Josephson junction array magnetometers with
~a! 21 junctions and~b! 105 junctions. The spectra were measured at 77 K
with static bias current either with static~dc! flux or with 2 kHz flux modu-
lation ~ac flux, dashed line!. The cutoff at 100 Hz in the ac spectra is due to
the limited bandwidth of the used lock-in amplifier.

FIG. 5. Flux density noise at 2 kHz of the Josephson junction array mag-
netometers vs the number of Josephson junctions integrated in the array.
The dashed line indicates a 1/AN dependence.
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7 Summary and conclusions

Three different types of integrated YBa2Cu3O7 SQUID magnetometers incorporating step-

edge and bicrystal Josephson junctions have been fabricated and characterized. All devices

have been successfully operated at 77 K in liquid nitrogen. From the critical current

dependence on the applied magnetic field, it is concluded that the critical current density

in bicrystal Josephson junctions is far more homogeneous on a micrometer scale than in

step-edge Josephson junctions. This is in agreement with the literature.

Directly coupled magnetometers can be prepared with comparatively low effort from

single-layers of YBa2Cu3O7. The SQUID inductance and effective area of this layout

is very sensitive to variations in the thin-film quality and the photolithographic pro-

cess. Resonances of the Josephson oscillations in the SQUID loop have been identified

as a possible reason for a reduced voltage modulation. A substrate material having a

smaller dielectric constant than SrTiO3 would be helpful to reduce the resonances. The

mean characteristic voltage of I0Rn = 175µV for 24◦ bicrystal Josephson junctions is

in good agreement with data reported in the literature. The observed mean critical

current of 84µA is larger than desirable for SQUID magnetometers operating at 77 K.

It has been shown that the device performance can be improved in a limited way by

reducing the critical currents through an annealing procedure. However, this may in-

crease the low-frequency noise of the magnetometer. Lower critical currents are expected

from symmetrical 30◦ bicrystals, which are currently under investigation. A maximum

voltage modulation of ∆V = 40.5µV has been measured for a device with a calculated

SQUID inductance of about L = 47 pH. Noise measurements on this device have yielded
√
SB(1 kHz) = 38 fT/

√
Hz and

√
SB(1 Hz) = 80 fT/

√
Hz for the white noise and the

low-frequency noise, respectively. These results meet the current state of technology.

The inductively coupled magnetometer and the multilayer magnetometers have been

prepared in a YBa2Cu3O7-SrTiO3-YBa2Cu3O7 multilevel process employing step-edge

Josephson junctions. Three different multiloop layouts have been investigated. An ef-

fective flux capturing area Aeff = 2.31 mm2 at a SQUID inductance L = 146 pH has

been obtained by means of an optimization of the pickup loop width and spoke width.

This is the largest value reported so far for a HTS SQUID magnetometer on a 1× 1 cm2
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substrate. Furthermore, a very good agreement between the theoretical prediction and

the experimental values has been obtained. This results from the direct coupling scheme

without inductance mismatch or intermediate flux transformer. Flux density noise values

of
√
SB = 17 fT/

√
Hz in the white noise regime and

√
SB = 60 fT/

√
Hz at 1 Hz have been

measured for a multiloop magnetometer exhibiting a voltage modulation of ∆V = 11.5µV.

The noise measurements with the multiloop magnetometers have revealed the limits of

the used magnetic shields. The superconducting BSCCO shield generates a large amount

of 1/f noise, whereas the metallic shield is a source of Johnson noise.

All investigated types of SQUID magnetometers can show distorted flux-voltage charac-

teristics due to the interaction of the Josephson oscillations with parasitic ac impedances

in the pickup loop structures. The distortions will deteriorate the noise performance of

the magnetometer when it is operated with a flux modulation type FLL electronics. The

strength of the distortion severely depends on the parameters of the Josephson junc-

tions. It has been exemplarily shown that the resonances may be removed by a change of

the junction parameters with an annealing procedure. Once more, a different substrate

material with lower dielectric constant would be helpful.

The effective area of HTS SQUID magnetometers depends on the temperature and the

dependence is different for each layout. In every case, the temperature dependence can be

well fitted with a linear dependence on the London penetration depth. The weakest vari-

ation with temperature has been found for the multiloop magnetometer and the strongest

one for the directly coupled magnetometer. The temperature dependence of the effective

area makes demands on the temperature stability when the magnetometer is operating in

an ambient magnetic field.

A step-edge multiloop magnetometer has been operated with a direct readout elec-

tronics employing the APF method combined with bias current modulation. The noise

performance of this device has been compared with multilayer devices employing bicrys-

tal Josephson junctions. Regarding the low voltage modulation of the step-edge de-

vice, very competitive noise values of
√
SB = 30 fT/

√
Hz in the white noise regime and

√
SB(1 Hz) = 94 fT/

√
Hz at low frequencies have been obtained. A real-time magneto-

cardiogram with a signal-to-noise ratio of 28 has been recorded, which further illustrates

the low noise level and demonstrates that it is adequate for clinical applications.

A demonstration of a practical application and of the advantages of liquid nitrogen

refrigeration has been given with biomagnetic measurements performed with a miniature

hand-held cryostat.

The unshielded operation in environmental magnetic fields has been successfully de-

monstrated with a multiloop magnetometer and a prototype multichannel magnetometer

system employing single-layer magnetometers. The difference between the magnetic noise
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level in an industrial environment and the intrinsic SQUID magnetometer noise is about

3 orders of magnitude and even larger at frequencies of the power line interference. The

investigation of several first order gradiometer schemes has yielded a maximum noise

reduction by factors of 10. . . 40. Similar results are reported in the literature. It is

concluded, that spatial field noise gradients must be present on centimeter lengthscales,

which cannot be compensated to a larger extent with the described first order gradiometer

schemes.

Detailed investigations have been made on the low-frequency noise of field cooled HTS

SQUID magnetometers. The low-frequency noise is generated by the thermally assisted

hopping of weakly pinned Abricosov vortices which are introduced into the device when it

is cooled in a static magnetic field. The flux noise increases with increasing cooling fields

due to the growing number of vortices. The noise levels of a multiloop magnetometer

and an inductively coupled magnetometer have been compared for cooling fields up to

110µT. Both devices show only a moderate increase of noise with the applied cooling field

indicating a high quality of the involved thin-films. The noise increase is about twice as

strong for the inductively coupled device. This is attributed to noise sources in the input

coil, which is the most crucial part of the inductively coupled magnetometer due to the

narrow linewidth and its fabrication from the top superconducting layer. These are the

only field dependent noise measurements that have been reported so far for HTS multilayer

magnetometers. The amount of trapped flux in field cooled devices can be reduced by a

reduction of the linewidths in the magnetometer. This has been successfully demonstrated

by a direct comparison of the noise figures of a directly coupled magnetometer before

and after it was completely patterned with holes. Also the linearity of the magnetometer

benefits from the patterning. It has been found, that the effective area of a directly coupled

magnetometer depends on the cooling field, and that this dependence is different for the

solid and the patterned device. The reason for this behavior is still unclear. Further

investigations are needed on this topic, since this effect may impair the calibration of

multichannel systems in unshielded environment.

A new kind of magnetic field sensor has been introduced. It is based on a serial array

of bicrystal Josephson junctions embedded between flux focusers. Detailed investigations

of the distribution of the critical currents at low temperatures and the scaling behavior of

the electrical characteristics have revealed a high homogeneity of the junction parameters

throughout the array. Noise measurements on this magnetometer have yielded a white

noise level of
√
SB(5 kHz) = 1.2 pT/

√
Hz. In contrast to SQUID magnetometers, this

sensor detects the absolute magnitude of the magnetic field. A possible application may

be the earth field compensation in unshielded SQUID systems, or it may be used for the

reference sensor in the Three Sensor Gradiometer.
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Insbesondere danke ich

Dr. Bernd David für die freundschaftliche Zusammenarbeit und seine Unterstützung
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