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Abstraci:

The High Temperature Superconductor YBayCu3O7_;5 : Symmetry of the Order

Parameter, and Gradiometers for Biomagnetic Applications
by

- Konstantin Alexander Kouznetsov

Doctor of Philosophy in Physics

University of California at Berkeley

Professor John Clarke, Chair

The cuprate YBapsCu3Oy7_s is the material that drives the majority of the tech-
nological applications of high transition temperature (TC) superconductors, particularly in
the area of superconducting electronics. Despite the widespread use of high-T,. supercon-
ducting materials in a variety of applications, the nature of the superconducting state in
these materials remains unknown since their discovery mofe than a decade ago. Many
properties of the high-T, superconductors are determined by their order parameter, which
is a wavefunction describing the superconducting condensate. The symmetry of the order
parameter in cuprates has been the subject of intensive investigation, leading to conflicting
sets of results. Some experiments supported conventional, s-wave symmetry of the order
parameter, while others indicated an unconventional, d-wave symmetry.

The first part of this thesis is an experimental study of the symmetry of the
order parameter in YBézCu307_5. A new class of phase sensitive experiments is described
that involve Josephson tunneling along the c-axis of twinned crystals of YBayCuszOr_;.
These experiments showed that an s-wave component must reverse sign across the twin
boundary, providing direct evidence for a mixed, s+d symmetry of the order parameter
in YBayCu3O7_5, and thereby reconciling two conflicting sets of previous‘ﬁndings and
establishing the dominant d-wave pairing symmetry.

» The second part of the thesis focuses on practical applications of YBa;CuzO7_; in
superconducting electronics. We introduce a novel Superconducting QUantum Interference

Device (SQUID) gradiometer. The principle of operation of these long baseline high-T,



SQUID gradiometers is based on the inductive coupling of the input coil of a planar flux
transformer to the pickup up loop of a directly coupled magnetometer. The long baseline
~ of the gradiometer, 48 mm, and the intrinsic balance of better than 1 part in 100 make
it an ideal candidate for operation in biomagnetic systems in an unshielded environment.
We demonstrate a practical multichannel SQUID system for MagnetoCardioGraphy. Using
this system, we are able to detect magnetic signals from the human heart in an unshielded
environment, thereby demonstrating the applicability of our technology to practical appli-
cations. Our gradiometers are readily manufacturable devices that could be used in clinical |

applications in the near future.
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Preface

My thesis consists of two parts that have the high-temperature superconductor
(HTS) YBayCu3zO7_;5 as a common denominator. This material was discovered more than
a decade ago, and provided a broad basis for both fundamental and applied research in
solid state physics.

The first part of the thesis concerns a fundamental study of the symmetry of the
‘order parafneter in YBayCu3gO7_s5. A brief .introduction to the fundamentals of supercon-
ductivity and the Josephson effect is given in Chapter 1, and an introduction to high-
temperature sﬁperconductivity as well as a historical overview of previous experiments oh
HTS can be found in Chapter 2. The concept of our experiment is described in Chapter
3 and the experiment itself in Chapter 4. A detailed discussion of various experimental
issues fhat support the main conclusion of the mixed symmetry of the order parameter in
YBayCu3zO7_g is given in Chapter 5.

I find it important for any novel material to be practically useful as opposed to
being only the testing ground for funddmental research. The second part of the thesis
describes one of the practical applications of YBayCu3zO7_s, a gradiometer for biomagnetic
applications. High-T. superconductors find themselves used in a variety of applications,
which include Superconducting QUantum Tnterference Devices (SQUIDs). An introduction
to SQUID principles and HTS SQUID gr@diometers can be found in Chapters 6 and 7,
respectively. Practical HTS SQUIDs developed in our group for unshielded applications
are described in Chapter 8. Chapters 9 and 10 describe the I;rinciple'and realization of
long baseline HTS gradiometers that are particularly suitable for unshielded biomagnetic
applications such as MagnetoCardioGraphy (MCG). The design and implementation of a
multichannel system for MCG is described in Chapter 11. Measurements of magnetic signals -
from the human heart in an ﬁnshielded environment are presented in Chapter 12. Cﬁapter

13 contains conclusions and describes future directions.



Part 1

Direct Evidence for a Mixed

Symmetry of the Order Parameter
| in YBayCu3Oq_;



Chapter 1

Background

In this chapter, I will provide background information necessary for understanding
the content of the rest of the thesis. We will review the fundamentals of superconductiv-
ity followed by a discussion of quasiparticle and Josephson tunneling in superconductors.
Tunneling effects form the basis for understanding of the experiments described in part
I as well as the principles of Superconducting QUantum Interference Devices (SQUIDs),
which we will consider in part II of this thesis. Introductory material of this chapter follows
standard texts on these topics. For a detailed introduction to superconductivity, one can
consult references [7, 8]. Superconducting tunneling phenomena are considered in detail in
[2, 9, 10]. References [9, 10] also contain extensive literafure on quasiparticle and Josephson

tunneling in conventional superconductors.

1.1 Superconductivity

Superconductivity was discovered in 1911 by Kamerling Onnes. He observed a
disappearance of electrical resistance in various metals when metals were cobled below
a certain critical temperature 7,. In 1933, Meissner and Ochsenfeld discovered that a
supercohductor is also a perfect diamagnetic, i.e. a superconductor expels magnetic flux
when cooled below T,. However, it was not until 1957 that Bardeen, Cooper and Schrieffer
fofmula,ted a microscopic theory of superconductivity, known as the BCS theory. They
showed that a weak attractive 1nteract10n between electrons mediated by the electron-
phonon interaction causes an mstablhty with respect to the formation of bound pairs of

electrons, so-called Cooper pairs. The process of electron pairing is illustrated in Fig. 1.1



Pb-1-Mg
V) 24=268 meV -
7=0.33°K

Figure 1.1: (a) Pairing of superconducting electrons via the exchange of a phonon. (b) In
the superconducting ground state, the magnitude of the order parameter A(k) is constant
along any direction on the Fermi surface. (c) The density of states of Pb determined from
tunneling experiments showing the absence of states below the superconducting energy gap;

from (1]



(a) where two electrons occupying states with eciual and opposite momentum and spin (
~ solid arrows ) are attracted via the emission and absorption of a phonon (. dashed line ). In

~a superconductor, Cooper pairs reside at the Fermi level forming a macroscopic quantum

condensate. The condensate can be described by a macroscopic wave function implying a

long-range phase coherence of all superconducting electrons in the ground state. The local

density of the superconducting electrons is given by

ns = |9(r)|?, ' (L.1)

where

$(r) = [(x) [0 )

is a macroscopic wave function describing the condensate, and ¢(r) is a macroscopic phase.

As shown in fhe BCS theory, a minimum energy E;, = 2A(T) is required to
break a Cooper pair to create two quasiparticle excitations from the ground state. The
quantity A is the energy gap around the Fermi level in a quasiparticle density of states. In
a BCS superconductor, A is constant and isotropic in k-space, as shown schematically in
Fig. 1.1 (b). It was shown by Gorkov that A is the order parameter in a superconductor,
which is a wave function that describes the paired electrons, and the phenomenological
macroscopic wave function 9 in (1.1) is proportional to A. At low temperatures T' < T,

A(T') approaches its limiting value Ay which is related to the critical temperature T, by
27 = 3.528kT,. (1.3)

The most direct way of prbbing the quasiparticle density of states is tunneling spectroscopy,
which will be described in detail below. The quasiparticle density of states of Pb obtained
from tunneling measurements is shown in Fig. 1.1 (c). It exhibits a lack of states below the
energy gap A and a sharp peak at the gap energy eV = A. Fine structure at energies above
the gap seen in Fig. 1.1 (c) arises from strong electron-phonon interactions in Pb. These
strong-coupling effects serve as direct evidence for the phonon mediated pairing mechanism
underlying the BCS theory. All of the low-temperature superconductors, with a possible
exception of heavy-fermion materials, exhibit the BCS pairing state,i.e. they are described

by the order parameter A(k) = Ag that is very nearly isotropic in k-space.



(a) ()

(c)

2A/e v

Figure 1.2: Schematic diagrams illustrating tunneling processes in a superconductor-
insulator-superconductor (S — I — S) tunnel junction. (a) The bias voltage is zero, V =0,
and only Cooper pairs can tunnel between the two superconductors. (b) For V > 2A/e,
quasiparticles can tunnel from filled states below Er — A in one superconductor into empty
states above Er + A in the other. (c) Resulting I — V' characteristic for current-biased
junction showir'g a supercurrent at zero voltage bias. For I > I, the junction switches to
the quasiparticle branch; from [2]. V > 2A/e. '



1.2 Quasiparticle tunneling and Josephson effect

The superconductor-insulator-superconductor tunnel junction is formed when two
superconductors are separated by a thin insulating barrier. The energy diagram for T = 0K
is shown in Fig. 1.2 (a). All energy levels are filled up to Er — A. At zero voltage,
quasiparticles cannot tunnel across the barrier because all allowed quasiparticle states on
the other side of the barrier are filled. For bias voltages V' < 2A/e, there is still no
quasiparticle current flowing across the junction because filled states below the gap in one
superconductor have no access to empty states in the other. At V = 2A/e, Fig. 1.2 (b),
there is an abrupt increase in current because electrons filling a large number of states
just below the gap on the vleft can tunnel into empty states on the right. For higher bias
voltages, the current increases and asymptotically approaches the normal state tunnelin’g.
characteristic. ’

Electrons occupying states within A of the Fermi level in a normal state form
Cooper pairs in the superconducting state; the Cooper pair energy is at the Fermi level. At
V = 0, Cooper pairs can tunnel between two superconductors resulting in a nonzero current
at zero voltage. The tunneling of Cooper pairs is called the Josephson effect after B. D.
Josephson who predicted its existence in 1962. One can describe the Josephson tunneling
via an overlap of the wave function of the condensaf:e in one material with the wave function
of the condensate in another, leading to a nonzero probability of Cooper pair tunneling. In .

this case, the Josephson current is given by

I = Lsin(Ag), | (1.4)

where A¢ is the difference between the macroscopic phases of the two condensates, and I
is the maximum supercurrent that can flow between the two superconductors. The value
of I, is a fundamental quantity determined by the pairing state. For two identical BCS
superconductors separated by an insulating barrier, using microscopic theory Ambegaokar

and Barat_off showed that

rA(T) A(T) |
Ic = ?e—é—n—tanh (m‘) s ' (15)

where A(T) is the BCS energy gap, R, is the normal state resistance of the junction, and e
“is the electron charge. In a current-biased junction, the current switches from a Josephson
branch at V' = 0 to a quasiparticle branch as soon as the applied current exceeds I.; this

results in the I-V characteristic schematically shown in Fig. 1.2 (c).



In discussing Josephson effects, one needs to consider the influence of electric and
magnetic fields on the phase difference across the junction. If there is only an electric
field applied to the junction, the phase difference A¢ becomes time dependent quantity. It

evolves in time according to
d(A@)/dt = 2eV/h, (1.6)

where V is a voltage difference maintained across the junction. This is called the ac Joseph-
son effect as opposed to the dc Josephson effect described by Eq. (1.4). If a magnetic field
is applied to a Josephson junction, the magnetic flux threading the junction area will spa-

- tially modulate the phase difference A¢. For an extended junction penetrated by a flux @
the local value of the Josephson current oscillates with position along the junction length
depending on the amount of magnetic flux in the junction. This leads to a magnetic field
interference pattern of the form

sin(n®/®q)

L(®) = b\ = 573y)

: (1.7)

where &y = hc/2e = 2.07 x 10~ 15T m? is the single quantum of magnetié flux. In the general
case of both electric and magnetic fields applied to a junction, the electrodynamics of a
Josephson junction are governed by a time dependént Sine-Gordon equation. A discussion
of the Sine-Gordon equations is beyond the scope of this introduction; introductory material

and a detailed discussion can be found in [7] and [10], respectively.



Chapter 2

High Temperature

Superconductors

The high-temperature superconductors were discovered by Bednofz and Mueller
in 1986 [11] in a cuprate oxide LaBaCuO, and immediately attracted much attention not
only from condensed matter physicists but also from researchers in other fields of physics
and fechnolog‘y. Immediately after their original discovery, it became evident that these ma-
terials do not behave as conventional BCS superconductors. Discoveries of other cuprates
with transition temperatures as high as 134 K (HgBayCazCusOgs) soon followed. The
observed high transition temperatures in cuprates cannot be explained by the conventional .
electron-phonon pairing mechanism. Numerous transport, thermodynamic and optical mea-
surements indicate the existence of low energy excitations inside an apparent gap structure.
The existence of energy states inside the superconducting gap is contradictory to the conven-
tional BCS model. Growing experimental evidence for an unconventional pairing instigated
intense research efforts, both theoretical and experimental, to determine the nature of the
pairing mechanism in high-T,. materials. A number of unconventional pairing scenarios
have been proposed, each leading to different predictions for the symmetry of the order
parameter; for reviews see [12, 13]. Finding the nature of the pairing symmetry in cuprates
became a key problem in high temperature superconductivity. Much of the experimental
and theoretical research efforts in high-T. superconductivity in tile early 1990’s was focused
on providing evidence for one pairing scenario or another.

The cuprate oxides are layered materials in which layers of CuQO, oriented in the
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Figure 2.1: Unit cell of YBayCuzO7_s.
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a-b plané are weakly coupled along the c-direction via Josephson tunneling. A unit cell
of YBayCu3zO7_;s is shown schematically in Fig. 2.1. In the undoped case, § = 0, the
Cu*? ions have a magnetic moment which results in antiferromagnetic ordering below the
Neel temperature, and the system becomes an insulating antiferromagnet. As the CuO;
layers become doped with holes the system becomes metallic and superconducting. In
YBasCuzO7_g, the highest transition temperature 92.5 K, occurs in the optimally doped
case, 0 = 0.05.

In classifying the possible symmetry representations of the order parameter [3],
one assumes that superconducting electrons form a singlet pairing state confined to a sin-
gle CuOé plane with a square lattice structure. The two-dimensional square lattice has a
| symmetry group Cg, with four even parity irreducible representations that transform un-
der symmetry operations as the identity, zy(2% — y?), 22 — y? and zy. These four basis
states are shown in Fig. 2.2 and are labeled as sy, s_, d;2_,2 and dgy, respectively. Two
leading candidates for the pairing symmetry are a conventional s* state, in which the order

parameter is constant for any lattice direction
A(k) = A, (21)
and a dg2_,2 state described by |
| A(k) = Ag(coskza — coskya). (2.2)

Other possible s-wave symmetries include the extended s-wave, which also transforms as an

st state, and has the form
Ak) = Ao(cosl;:xa + coskya), (2.3)
and an anisotropic s-state [14] described by |
A(k) =-A1(coskza — coskya)* + A,. (2.4)
Complex mixed st;atés_ such as s + idg2_,2 state {15] described by
A(k) = Agle +4(1 — é)(c_oskza — coskya)] (2.5)
and an anyon state dz2_y2 + idyy [16, 17} described by

A(k) = Ao[(1 — €)(coskza — coskya) + ie(2sinkzasinkya)] (2.6)
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Figure 2.2: Four basis states of the order parameter in a two-dimensional tetragonal lattice;
from (3].
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have been proposed as well. Here, ¢ is the fraction of the s or dgy component mixed
in with a dominant dz2_,2 state. States of mixed symmetry in the tetragonal lattice are
possible in principle, but imply the existence of an additional second-order phase transition,
which has not been observed experimentally. Furthermore, symmetry states with a complex
order parameter such as s + idg2_,2 and d2_,2 + idzy break time-reversal symmetry. At
present, the effects of time-reversal symmetry breaking in the bulk have not been observed
experimentally in high-T, materials.

In most cuprates, the CuO; planes are not tetragonal but have an orthorhombic
structure. This is due to a slight difference in the a- and b-lattice directions. However, in
the case of YBCO a substantial ahisotropy results from the presence of chains in the b-
direction. The significant anisotropy of the penetration depth [18], ~ 50%, in the a-b plane
shows that the orthorhombicity cannot be neglected. The point group of YBCO is Cg,; the
a- and b- axes become inequivalent, but each remain a twofold axis and a mirror plane. As
a result, states with a mirror symmetry along the a- and b- axes are allowed to mix, e.g. sy

can mix with d;2_,2 and s_ can mix with d;y. These considerations are fundamental for

—y
understanding the concepts of phase sensitive expériments described in this thesis. We will

| develop these ideas further in chapter 3, when we discuss the concepts of our expériments.
Experiments probing the symmetry of the order parametef can be divided into two

main categories: those measuring the anisotropy of the magnitude of the order parameter,
and those sensitive to the relative phase of the order parameter for different directions in

the crystal. Next, I will give a brief overview of the first class of experiments.

2.1 Probes of the magnitude of the order parameter

For all proposed states other than a conventional s-wave state the magnitude of the
order parameter exhibits a modulation with a fourfold rotational symmetry. This results in
a zero magnitude of the order parameter along nodal directions. The anisotropic energy gap
leads to the existence of low lying excitations in the quasiparticle density of states N(w). Ina
clean system with nodes, N (w) varies linearly with w at low energies and the low temperature
quasiparticle properties vary as power laws. In a conventional BCS superconductor with
a constant gap A, the low temperature density of quasiparticles and their contribution to
optical, thermodynamic and transport properties decreases exponentially. For example, the

temperature dependence of the penetration depth A(T) in a BCS superconductor is given
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by

A(T;(:))A(O) ~ /%e—A/T (2.7)

where A is the energy gap and T is the absolute temperature. However, for a clean dz2_y2

material with a density of states given by

Nw) w
No A (2.8)
A(T) varies linearly with temperature as follows
A(T) — A0 T
(T) = M0) _ (2.9)

A0) T Ao
The low-temperature linear variation of the penetration depth down to 2 K was observed
by Hardy et al. [19] on high quality YBCO crystals. These experiments are considered
to be the most sensitive probe of the magnitude of the gap in the low lying excitations in
cuprates, indicating that line nodes are at most 2% of the full magnitude of the gap. Further
investigations of the temperature dependence of A(T) in a variety of high-T, materials,
including crystals doped with impurities, demonstrated a power law behavior of A(T') at
low temperatures as well.

Angle-resolved photoemission spectroscopy allowed local probes of the order pa-
rameter on different parts of the Fermi surface [20]. Measurements of the shift in the leading
edge of the photoemission spectra clearly demonstrated the suppression of the magnitude
of A(k) along nodal directions. Further evidence for gapless excitations have been found in
NMR experiments [21], raman spectroscopy [22], tunneling spectroscopy [23] and specific

heat [24] measurements.

2.2 Phase sensitive experiments in an a-b plane

Experiments probing the anisotropy of the magnitude of the order parameter
‘cannot distinguish between s- or d-wave symmetries, because the density of states of an
anisotropic or an extended s-wave superconductor is also gapless, displaying low energy
excitations. In order to determine whether the symmetry of A(k) is predominantly d- or
s-wave, one has to perform experiments that are sensitive to the relative phase of the or-
der parameter in k-space. The phase of the order parameter does not vary in k-space for

isotropic or anisotropic s-wave superconductors. However, in a d-wave superconductor, the
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phase of the order parameter changes by 7 at the nodal lines along (110) directions. In an
extended s-wave state, the phase changes by 7 along the eight nodal lines, but there is an
overall invariance under rotation by 90°. ‘

Phase sensitive experiments were first suggested by Geshkenbein, Larkin, and
Barone [25] as a test for a p-wave symmetry in the heavy fermion superconductors. Sigrist
and Rice [26] suggested concepts of phase sensitive experiments in the context of the d-wave
pairing in cuprates. |

The original phase sensitive experiments [27] involved two Josephson tunnel junc-
tions on the two orthogonal faces of a single crystal of YBCO. The junctions are con-
nected with a loop of a conventional s-wave superconductor forming a dc Superconducting
QUantum Interference Device (SQUID). The critical current of the SQUID is periodically
modulated by a magnetic flux threading the loop. The observed interference patterns dif-
fer dramatically depending on the relative phase of the order parameter of YBCO at the
locations of the junctions. An improved version of this experiment [4] involved a single
Josephson junction rather than a dc SQUID. The concept of the experiment is shown in
Fig. 2.3 (a). The Josephson junction was fabricated on the corner of YBCO crystal, as
shown in Fig. 2.3 (a). In this geometry, part of the tunneling current flows along the a-axis
and part along the b-axis. For an s-wave superconductor the phase difference across a-c
and b-c faces would be the same. For a magnetic field applied along the c-direction, the
critical éurrent would exibit the conventional, Fraunhofer interference pattern given by
| sin(r® /)

(m®/®y)

where @ is the total flux through the jﬁnction, and ®y = h/2e is a single flux quantum.

I(®)=1 (2.10)

However, in a d-wave superconductor the order parameter has opposite signs along the a and
~ b directions as shown in Fig. 2.3 (a). This results in a cancellation of the net supercurrent
flowing in a symmetric junction in a zero magnetic field. When a magnetic field is applied
parallel to the ¢ axis, the total current would reach its maximum at a non-zero value of the
field, tracing out an intereference pattern given by |

sin?(r®/2®)

L(®) =T | =g 72y)

(2.11)

This interference pattern is plotted in Fig. 2.3 (b) where the current is in units of Iy and the
flux is in units of ®. Interference patterns of the type shown in Fig. 2.3 (b) were actually

observed in the corner junction modulation experiments [4] providing the most convincing
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Figure 2.3: (a) Schematic diagram of the corner SQUID experiment (a), and (b) the mag-
netic interference pattern expected for a d,2_,» superconductor, from Ref. [4], where the
critical current and flux are in units of Iy and &g, respectively. :
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evidence for a sign change of the order pa.rametér in YBCO. Similar results were found
in experiments by Brawner and Ott [28] on a Nb-YBCO dc SQUID with point contact
junctions. Spontaneous currents in a thin film Nb-YBCO SQUID were investigated by
Mathai et al. [29] with a scanning SQUID microscope. The last results not only reinforced
the case for a d-wave symmetry but also provided an upper bound on the amount of breaking
of the time-reversal symmetry in the unconventional pairing state of YBCO.

Very elegant experiments demonstrating the sign change of the order parameter
were performed at IBM in a tricrystal ring geometry {30, 31]. In this experiment a ring of
YBCO was deposited on a SrT103 substrate that contained three regions in which the a and
b axes were successively rotated by 30°. In this geometry, Josephson junctions are formed
at each grain boundary in such a way that in a d-wave superconductor there will be a net
phase shift of m around the closed ring. For a ring with a sufficiently large inductance, the
circulating supercurrent will result in a half-integer flux quantum in the ring. The predicted
half odd-integer flux quanta were experimentally detected at IBM using a scanning SQUID

microscope, providing further evidence for d,2_,2 pairing.

2.3 Phase sensitive experiments along c-axis

In contrast, the observation of Josephson tunneling perpendicular to the CuOq
planes between heavily twinned YBCO and a conventional s-wave superconductor [5, 32,
33, 34, 35] provided vefy strong evidence for an s-wave pairing in YBCO. The results of c-
axis tunneling experiments clearly contradicted the results of phase-sensitive experiments in
the a-b plane, thus creating a heated controversy around a fundamental question regarding
the symmetry of the order parameter in high-T. materials.

The concept of c-axis tunneling experiments is shown in Fig. 2.4. The c-axis
Josephson junction consists of a film of a conventional superconductor, Pb, deposited on
an a-b face of the YBCO single crystal. In this geometry, the tunneling current along the ¢
direction is expected to vanish for a tetragonal YBCO crystal with a pure d;2_,2 symmetry.
In an orthorhombic crystal with mixed s- and d-wave symmétries, the s component is
expected to contribute a nonzero supercurrent along the c-axis. The situation is different
yet again in a heavily twinned sample or a thin film, where the non-dominant s component,
induced by the orthorhombicity, is expected to average to zero over many twin domains,

leading to a pure d;2_,2 order parameter.
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Figure 2.4: (a) Schematic diagram of the c-axis tunneling experiment, and (b) the magnetic
field interference pattern expected in a presence of a substantial s-wave component, where
the critical current and flux are in units of Iy and ®,, respectively, Ref. [5].
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Sun et al. [5] performed extensive measurements of tunneling along the ¢ direction
between Y;_,Pr;BasCusO7_s5 and Pb. At temperatures near 1 K, the junction current-
voltage characteristics exhibited a Josephson supercurrent at zero voltage and a very small
quasiparticle tunneling current for voltages below the Pb gap. When a magnetic field
was applied in the plane of the junction, the supercurrent was modulated according to
the conventional Fraunhofer interference pattern, Fig. 2.4 (b). These results, obtained
on heavily twinned samples of YBCO, provided strong evidence for the dominant s-wave
component. The temperature dependence of the penetration depth-Ag(T) inferred from
these measurements was consistent with results of earlier microwave experiments [19].

A possible explanation for a nonzero Josephson current between YBCO and Pb
came from considerations of higher-order tunneling processes. It was suggested by Tanaka
[36] that for tunneling between pure s- and d-wave superconductors the nonzero Josephson
current may arise from second-order tunneling, i.e. the coherent transport of pairs of
Cooper pairs across the tuhneling barrier. . The current-phase relation of this currént is
given by I = Iysin2d, where Iy is the magnitude of the critical current, and & is the
difference between the phase of the s-wave order pafameter and the phase of the d-wave
order parameter averaged over the azimuthal angle. This current phase relation implies that
applied microwaves of frequency f will induce steps in the junction I — V' characteristics at
voltages (n/2)f®q, where n is an integer and &y = h/2e is a single flux quantum; in BCS
superconductors, the current-phase relation is given by Eq. (1.4) and microwave induced
steps appear at nf®,. Kleiner et al. investigated the microwave response of the c-axis
junctions extensively, aﬁd found no evidence for half-integer steps to the limit of their
experimental resolution. Results of these measuréments reinforced previous findings of a

substantial s-wave component in YBCO samples.
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Chapter 3

Concept of the experiment

Heavily twinned samples of YBCO were used in most of the phase sensitive ex-
periments described in the previous section. A very important question that arises in the
discussion of the observed results is the following: what happens to the order parameter
upon crossing the twin boundary? If we believe that the order parameter in a single twin
is of mixed s- and d-wave symmetry, then one of these s.ymmetries must be dominant. The
dominant component is the one whose phase does not change across the twin boundary,
where the a and b axes rotate by 90°. That component is preserved throughout the sample |
in the heavily twinned limit in which the number of twinned domains tends to infinity and
there is no systematic bias in favor of one orientation.

For the dominant d,2_,2 component, conservation of the sign of the order param-
eter implies that the “+” lobe of the d,2_,2 order parameter is always oriented along the
same direction in the crystal regardless of the orientations of the a- and b- axes, as is the “”
lobe. The a-b plane phase sensitive experiments described in the previous section support
this picture. First of all, the critical current of twinned samples differs only by a small
amount from the critical current of the untwinned samples [4, 27]. If the order parameter
were rotating by 90° at twin boundaries, we would expect the critical current to be reduced
by averaging over the twin regions of opposite polarity. The strongest argument for sigh
preservation yet comes from the observation of the reproducible m-phase shift for tunnel-
ing along two orthogonal directions [4, 27, 28, 29, 30, 31]. Without the sign preservation
assumption, it would very difficult to devise with another physical mechanism underlying
the observed behavior. However, these experimental observations serve only as an indirect

evidence in support of the hypothesis of the constant orientation of the dg2_,2 order param-
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eter across twin boundaries. By the same token, tile results of c-axis tunneling experiments
on heavily twinned samples seemed to rule out the d,2_y2 scenario and to support a pure
s-wave picture.

In order to probe the behavior of the order parameter at the twin boundary di-
rectly, we devised an experiment, whose concept is shown schematically in Fig. 3.1. We
assume that the order parameter in a single twin is of mixed dg2_,2+s symmetry with the
d-wave component dominant. This is represented pictorially as a larger “+” lobe of the
d-wave order parameter oriented along thé b-axis in the twin domain on the left. Across
the twin boundary the crystal axes rotate by 90°, but the d-wave component preserves its
orientation relative to the crystal. The nondominant, s component changes sign across the
twin boundary which can be represented as an enlarged “-” lobe of the order parameter on
the right. Note that the “+” and “-” lobes point in the same direction in both domains,
illustrating the preservation of the sign of the d-wave component.

In the experiment, we form a c-axis Josephson tunnel junction by depositing a thin

film of a conventional superconductor, Pb, over the twin boundary as shown by the hatched
area in Fig. 3.1. Because Pb is an s-wave superconductor, the Pb counterelectrode couples
onfy to the s-wave component of the YBCO order parameter: the net phase difference
with any d-wave component integrates to zero. If our assumption of the sign change of
an s-wave component is correct, than the s-wave order parameter of Pb couples to a +s
component of the YBCO in one domain and to a -5 component in the other. This results
in a m-shift in the relative phase between the s-wave components of Pb and YBCO at the
twin boundary, which, in the absence of a magnetic field, leads to supercurrents flowing in
opposite directions on either side of the boundary. If the junction areas deposited on either
side of the twin boundary are the same, i.e. the junction is symmetric, than the net current
in the c directions will be zero. If we apply a magnetic field parallel to the twin boundary,
contributions from the two domains will no longer cancel each other, resulting in a nonzero
Josephson» supercurrent reaching its maximum value at a nonzero applied field B # 0. For
a symmet'ric‘ junction with an abrupt m-phase shift at the twin boundary, the magnetic field
interference pattern will be given by '
sin?(7®/2®y)
(m®/2®))

This interference pattern is shown schematically in Fig. 3.2 (a).

I(®) = Io (3.1)

A c-axis Josephson junction can be made asymmetric either by deliberately choos-
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Figure 3.1: Schematic diagram of a c-axis tunneling experiment on a Josephson junction
(hatched) grown across a twin boundary (dash d line). For the YBCO order parameter
shown the s-wave component changes sign across the boundary
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ing different junction areas over two twin domainé or by an unintentional difference in the -
thickness of the tunneling barrier on either side of the twin boundary. The junction asym-
metry results in a nonzero supercurrent for zero applied field. If we apply a field parallel to
the twin boundary, the net supercurrent will increase compared to the zero field value, dis-
playing a local minimum at B = 0 and two global maxima on either side of the B = 0 axis.

- However, a magnetic field applied perpendicular to the twin boundary will not influence
the w-phase shift at the twin boundary and the conventional Fraunhofer-like interference
pattern will result. _

Lét us consider what happens if our assumptions regarding the symmetry of the
order parameter and its behavior at the twin boundary are false.' An alternative scenario
would be a dominant s-wave component which remains unchanged upon crossing the twin
boundary. In either the pure s-wave or mixed dominant-s-plus-d cases this will lead to a
maximum net supercurrent at B = 0 The magnetic field interference pattern would exhibit
the conventional Fraunhofer-like behavior regardless of the direction of the magnetic field
in the plane of the junction. The Fraunhofer pattern would be given by '

sin(r®/®)

I(®) = Iy (7o)

(3.2)

which is shown schematically in Fig. 3.2 (b). A Fraunhofer-like pattern with a global
maximum at zero field is also expected for any test junction deposited on a single twin of
the YBCO.

Note that the magnetic field interference patterns shown in Fig. 3.2 are similar to
those observed in phase sensitive measurements in the a-b plane; patterns with the local
minimum at B = 0 occur only in the case of a dominant d;2_,2 symmetry. However,
the mechanisms leading to this behavior are different from those in our experiments. In
the a-b plane experiments, a local minimum at B = 0 arises from the global d2_,2 order
parameter in the crystal and the directional tunneling into two orthogonal lobes of the order
parameter. In our own c-axis experiments, the local minimum is due to the existence of a
nondominant s-wave component that changes sign across the twin boundary in the presence
of a dominant d-wave contribution. In subsequent chapters, I will describe how we carried

out the proposed experiments, and discuss our results.
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Chapter 4
Experiment

The experiments described in chapter b3 were carried out at UC, Berkeley (UCB)
by Beth Chen and myself and at UC, San Diego (UCSD) by Guoping Sun and Andy Katz
[37]. Both groups independently obtained similar experimental results using YBapCu3zO7_s
crystals grown at UCSD and the University of Illinois, respectively. Prior to this work, the
UCB and UCSD groups collaborated on a set of microwave experiments whose purpose was
to investigate the existence of the second-order Josephson tunneling along c-direction in

'YBayCu307_s-Pb junctions.

4.1 YBayCu3z0O7_s Crystals

Intensive investigations of various techniques for grdwing single crystals as well
as thin films began immediately after the discovery of high-temperature superconductivity.
Experiments focused on the investigation of fundamental physical properties of cuprates
demanded high quality single crystals. The most popular technique for preparing single.
crystals of YBasCu3O7_s is growth in a flux consisting of an excess of CuO and BaCO; or
BaO [38]. '

Here, we outline the procedure used at the University of Illinois [39] for growth of
YBa,Cu;0,_; crystals. Their method of crystal growth is similar to that of Schneemeyer et
al. [38]. It involves mixing of CuO, BaCOg and Y03 with a Y:Ba:Cu molar ratio of 1:4:10.
The mixture is then poured into a crucible of 10.5% yttria-stabilized zirconia. The érucible
is heated in air in a box furnace to 780°C in 4 hours, then to 980°C in another 4 hours,

held at 980°C for 4 hours, and slowly cooled to 830°C over 37.5 hours. The crystal growth
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Figure 4.1: Nemarsky photograph of a heavily twinned YBa,Cu30,_; crystal. Twin do-
mains of opposite orientation are seen as areas of different contrast ( white and gray ).
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occurs during this cooling segment. The temperature is reduced to 780°C in 5 hours, to
470°C in another 5 hours, and to room temperature. This procedure yields single crystals
as large as 2 x 2 x 0.05 mm? with a ¢ axis oriented perpendicularly to the largest face,
and the characteristic orthorhombic structure with a (110) twinning. The temperature of
the superconducting transition is increased by the annealing procedure in the presence of a
continuous flow of oxygen. Typical transition temperatures are near 90 K, exhibiting sharp
superconducting transitions about 1 K wide. Similar techniques [40] were used at UCSD to
grow crystals that were subsequently used in experiments carried out by the UCSD group.

A photograph of a typical twinned YBa,Cu;0,_; crystal taken under polarized
light ( Nemarsky ) microscope is shown in Fig. 4.1. Areas of different contrast correspond
to different twin domains in the crystal. Twin boundaries are located in (110) planes which
are the borders between white and gray areas in the crystal. Individual twin domains
could be as wide as 40 ym in a heavily twinned crystal. Very often we observed wide twin
domains of one orientation separated by thin twin domains of an orthogonal orientation.
The existence of two large size neighboring twins was quite rare. In Fig. 4.1, one can see
distinctly that the twin boundaries are parallel to each other within one twin texture. In
the neighboring twin textures, the direction of twinning rotates by 90°, i.e. twin boundaries
in two neighboring twin textures are perpendicular to each other. We define the boundary
between two textures as a texture boundary as opposed to a twin boundary. In-plane
dimensions of a single texture could be as large as 500 x 500 pm? in a heavily twinned
crystal.

Single crystals of YBa,Cu30,_; used in most of the transport, thermodynamic
and optical experiments have almost invariably been twinned. Our experiments demanded
large area crystals consisting of only two twin domains separated by a single twin boundary.
The method of obtaining crystals that contain only few domains or even a single domain
are based on detwinning of heavily twinned crystals. The detwinning procedure used at the
University of Illinois [41] is based on applying a pressure of 25MPa to a heavily twinned
crystal along the (100) direction while the crystal is kept at 450°C. The temperature of
450°C is chosen to increase the mobility of oxygen atoms, which causes the reorientation of
the domains. However, temperatures in excess of 450°C lead to a rapid loss of oxygen from
the crystal. Figure 4.2 shows a Nemarsky photograph of the single crystal that consists
of two twin domains separated by a single twin boundary. This particular crystal was

used in our experiments described below. The area of the smaller twin domain is about
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Twin Boundary

Figure 4.2: Nemarsky photograph of a single crystal of YBa,Cu30,_; used in the experi-
ment. Note two large area twin domains separated by a single twin boundary.
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200 x 200um?. Such large dimensions of the domains allowed us to fabricate two Josephson
junctions on the same crystal. One of these junctions was positioned across two twin
domains separated by a single twin boundary, whereas the other one was positioned on a

single ( larger) domain and served as a control junction for the experiment.

4.2 Fabrication of Josephson Junctions

Our procedure of junction fabrication is derived from the method used by Valles
et al. [42] for the fabrication of c¢ axis oriented quasiparticle tunnel junctions. Similar
techniques were used by Sun et al. [5] for fabrication of c-axis Josephson junctions between
heavily twinned crystals of Y;_xPryBa,Cu30,_; and Pb.

Figure 4.3 illustrates the steps involved in the fabrication procedure. In the first
step, Fig. 4.3 (a), a crystal is glued to a non-conductive substrate using 5 min epoxy.
We etched the surface of the crystal in a 1% solution of Bry and methanol for 1 minute.
The effect of the etching is to remove the degraded layer of YBCO from the surface of the
crystal. The surface flatness of YBCO crystals was investigated by Sun et al. [34], before
and after etching in Bry solution, using a scanning tunneling microscope. It was shown in
[34] that the etching of high quality YBCO crystals in Bry solution is uniform and does
not introduce etch pits on the surface. Therefore, the flatness of the surface is preserved
during the etching process. However, in certain cases, for crystals with degraded surfaces,
we observed the formation of etch pits on the surface, which was evident from an inspection
of the crystal surface under an optical microscope. Crystals with degraded surfaces were
discarded from the experiment. Next, , we evaporated a 500 pm thick layer of SiO through
the shadow mask as shown in Fig. 4.3 (b) in order to define two opposite edges of the
rectangular junction. The mask width of 240 pm determined the longer dimension of the
junction. Another purpose of the SiO layer is to isolate areas of the crystal containing
multiple residual twins that remained after detwinning.

We formed the counterelectrode by evaporating a 2.5 nm thick layer of Ag through
the shadow mask, and then, without breaking vacuum, by evaporating a 1pm thick film
of Pbg.gs5Ing0s. We used a Pbg g5Ing o5 rather than a Pb source to extend the longevity of
Josephson junctons. If a Pb/YBCO junction is kept in air for about 1 hour, oxygenation
and diffusion of the Pb layer leads to a degradation of the junction. The 5% of In introduced

into the source leads to a formation of a thin In layer film covering the Pb film, protecting
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Figure 4.3: Steps in the fabrication procedure. (a) mounting of the crystal, (b) SiO evap-
oration, (c) evaporation of the Ag/Pbln counterelectrode. (d) shows a crossection of the

junction.
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the Pb film from rapid degradation in air. The thin Ag layer deposited immediately before
the Pbln serves as a diffusion barrier to prevent the diffusion of the Pb counterelectrode
into the YBa,Cu30,_s. The effectiveness of the Ag layer in preventing the diffusion of
Pb indicates that the Ag layer is uniform despite the fact that it is only 2.5 nm thick.
The junction resistance is typically reduced by one or two orders of magnitude by the Ag
layer. The nature of the high quality tunnel junctions is not influenced by the presence
of Ag layer, as demonstrated by the unchanged value of the Pb gap, the hysteretic I-
V characteristics and the sharp Fiske modes. The Ag layer is too thin to introduce a
proximity effect in the Pb counterelectrode, which is evident from the unchanged value
of the Pb gap. The quasiparticle tunneling characteristics displaying low leakage current
below the Pb gap indicate the existence of an intrinsic tunneling barrier formed at the
surface of YBa,CuzO,_;. As shown in Fig. 4.3 (c), the shorter dimension of the junction
is defined by the evaporated Ag/Pbln layer. All junctions fabricated at UCB had a 180 x
240 pm? rectangular geometry which was reproducible to within ~ +10 pm from junction
to junction.

Figure 4.4 (a) is a photograph of junction Bl taken under a Nemarsky optical
microscope. A single YBCO twin boundary runs from top to bottom and is clearly visible
in the photograph. Areas of light and dark contrast on either side of the boundary are
two neighboring twin domains. Each domain is bound on one side by the twin boundary
and on the other side by the SiO layer deposited on the surface. The boundary between
the light twin domain and the SiO layer is clearly visible on the left side of the picture,
whereas the SiO boundary over the darker domain is harder to see because of the similar
contrast of the domain and the SiO layer. The dimension of the junction perpendicular to
the twin boundary is defined by the opening in the SiO layer (L=240um). A white strip
running from left to right is the Ag/Pbln counterelectrode evaporated perpendicularly to
the opening in the SiO layer. The dimension of the junction parallel to the twin boundary is
determined by the width of the Ag/PbIn counterelectrode (W=180 um). The junction area
is outlined by the black square in the middle; one cannot see twin domains in the junction
area because they are covered by the Ag/Pbln layer. Notice that in this particular junction
the twin boundary does not run through the center of the junction, i.e. this junction is
deliberately made asymmetric.

Figure 4.5 is a photograph of junctions B2a and B2b fabricated on the crystal
whose photograph is shown in Fig. 4.2. The SiO layer defines top and bottom dimensions
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* Twin Boundary

W=180 um
Ag/Pbln

< > +—>

SiO < » SiO
L=240 um

Figure 4.4: Nemarsky photograph of junction B1l. The twin boundary runs vertically
through the center of the photograph. The Ag/Pbln strip is the horizontal white region.
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,B1 Twin Boundary

Figure 4.5: Nemarsky photograph of junctions B2a ( right ) and B2b ( left ), fabricated on
the same crystal, whose photograph is shown in Fig. 4.2. The counterelectrodes are the
two vertical white strips. The twin boundary in junction B2a is covered by the Ag/Pbln
film on the right.
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of the junctions in this figure. The two white stfips running from top to bottom are the
two Ag/Pbln counterelectrodes. They define the left and right dimensions of the junctions.
Junction B2a, located on the right, was fabricated symmetrically over a twin boundary. In
this figure, as well as in Fig. 4.2, the boundary runs from top to bottom of the figure. This
boundary cannot be seen in Fig. 4.4 (b) because it is covered by the Ag/Pbln layer on the
right. However, the areas of different contrast on the two sides of junction B2a indicate
two twin domains with orthogonal orientations of crystal axes; the boundary between these
domains lies exactly in the middle of the junction. Junction B2b located on the left side
is a control junction fabricated on a single twin domain on the same crystal as juncﬁon
B2a. The geometric dimensions of junction B2b are the same as those of junction B2a.
Notice that areas of the crysté,l seen on either side of junction B2b are of the same contrast,
illustrating that this is a single domain junction. The geometric areas of the two junctions
are outlined by two black rectangles. The a- and b-crystal axes are shown schematically
in Fig. 4.5. They are oriented at a 45° angle with respect to the twin boundary and

rectangular dimensions of both junctions.

4.3 Measurements

A schematic diagram of the experimenta.i apparatus is shown in Fig. 4.6. Tun-
neling measurements were done at liquid He temperatures. To mitigate the problems of
trapped magnetic flux and external interference, the dewar was surrounded by two p-metal
shields. The Josephson junctions were mounted at the end of a cryogenic probe, and cooled
slowly from about 125K to 4.2K to minimize trapped flux. We measured current-voltage
(I-V) characteristics by current biasing the junction and reading the voltage drop across it
with a room temperature voltage amplifier. The current bias was continuously swept from
positive to negative and back to positive direction at a frequency of about 10 Hz, which al-
lowed us to monitor I-V curves continuously on the oscilloscope. All junctions displayed low
leakage, superconductor-insulator-superconductor tunneling characteristics similar to those
seen in previous work [5, 32, 34, 33, 35] (see inset to Fig. 4.7), including a well-defined Pb
energy gap (=~ 1.4meV) and sharp Fiske modes, indicating a high quality tunneling barrier.
To record magnétic field interference patterns, we applied a uniform field in the plane of
the junction by means of two orthogonally mounted Helmholtz pairs. By varying the ratio

of currents passing through the Helmholtz pairs, we could vary the angle of the magnetic
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field relative to the sample. The angular controllo/f the field direction was accurate to £1°.
The magnitude of the critical current was measured as a function of the applied field using
a sample-and-hold stagé to store the value of the maximum critical current for a given field.
The trigger pulse for the sampling process was derived from the voltage appearing across
the junction when it switched from the Josephson to the quasiparticle tunneling branches.
The current resolution of the sample and hold stage was limited to a few microamps by the
noise at the output of the voltage amplifier.

Results from four samples fabricated at UCB are listed in Table 4.1. We define the
geometric asymmetry of the position of the twin boundary within the junction as vy = A; /A,
where A; is the area of the smaller twin domain and A = A; + A, is the total area of the
junction. Other junction parameters are as follows: L and W are the dimensions of the
junction perpendicular and parallel to the twin boundary, respectively; I? is the zero-field
critical current; I7*%* is the maximum critical current for a field applied parallel to the twin
boundary; Nth = Ig /172 is the ratio expected theoretically for a given asymmetry parame-
ter [see Eq. (4.5) below]; 7 is the ratio I?/I™#* observed in the experiment; and I™?*R), is
the product of I7*** and Ry, where Ry is the resistance of the junction for voltages above
the Pb gap. For comparison, the same parameters for four junctions fabricated at UCSD
are listed in Table 4.2 as they were presented in [37].

All of the junctions listed in Tables 4.1 and 4.2 were in the small junction limit,
L/A; <1, except for junctions SD3 and B1 where L/A; =~ 1.2 and 1.5, respectively. Here,

Ay is the Josephson penétration depth defined by
2 Do

L , 41
T 2o (Map + App + 1) Je (41)

where Ay, and App are the values of the London penetration depth in YBCO and Pb,

respectively, and J. is the critical current density in the junction. As shown in Tables 4.1

Table 4.1: Parameters of junctions fabricated at UCB.

L w oy I IP™ n I7*Ry
(pm) (pm) (pA) (pA) (mV)
Bl 240 180 033 780 1550 0.49 050  0.68
B2a 175 240 040 82 158 0.28 0.52 051
B2b 180 250 0.0 300 300 1.00 100 0.75
B3 160 250 050 10 376 0.0 027 100
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Table 4.2: Parameters of junctions fabricated at UCSD.

L w ooy I] IM™ gy, o IPRy
(pm) (pm) (uA)  (pA) (mV)
SD1 250 445 045 226 396 0.14 057 1.03
SD2 150 330 047 193 815 0.08 024  0.90
SD3 250 280 0.48 300 2010 0.06 0.15 1.03
SD4 250 350 042 O 28 022 0 0.90

and 4.2, the I™®* Ry products lie between 0.5mV and 1mV, even though the values of ™%
and Ry vary by more than an order of magnitude. This result suggests that variations in
IT% and Ry arise from variations in the properties of the tunneling interface and that the

properties of the YBCO crystals do not change substantially from sample to Sample.

4.4 Experimental Results

| The main result of the experiment is an observation of the local minimum at B =0
in the magnetic field interference patterns of all seven twin boundary juﬁctions fabricated at
UCB and UCSD. Figure 4.7 shows I.(B) for junction SD2 with the field parallel to the twin
boundary. In addition to a deep local minimum in I, at B = 0, we observe a high degree
of symmetry under reversal of both field and current, indicating that the junction is free
of signiﬁcantv trapped flux and that self-field effects are negligible. Self-fields are expected
to become important for long junctions in which L/A; > 1, whereas for this junction
L/X; = 0.55. The inset in Fig. 4.7 shows the tunneling I-V characteristic of this juhction
with a very low leakage current below the Pb gap. This I-V characteristic indicates that
the insulating barrier is uniform and the tunneling transport occurs predominantly along
the ¢ direction.

Figure 4.8 (a) shows I.(B) patterns obtained for junction B2a. When a magnetic
field is applied parallel to the twin boundary, we observe a local minimum at B = 0 and two
global maxima located on either side of the B = 0 axis. For a field applied perpendicular
to the twin boundary, the resulting I.(B) displays a conventional Fraunhofer-like behavior.
The global maximum of I(B) pattern in a perpendicular field occurs at B = 0, and it
coincides exactly with the value of the local minimum in I,(B) in a parallel field. Both

pattérns in Fig. 4.8 (a) are symmetric with respect to the direction of the applied field.
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Figure 4.8 (b) shows I.(B) for a control J:unction B2b grown over a single domain
on the same crystal as junction B2a ( see Fig. 4.5 ). We observed conventional, Fraunhofer-
like behavior, with a global maximum at B = 0, for fields applied parallel, B(0°), and
perpendicular, B(90°), to the junction width; the field directions are illustrated schemati-
cally in Fig. 4.8 (b). The ratio of the periodicities for fields B(0°) and B(90°) for junction
B2b should be W/L = 1.4. The measured ratio of the difference between the first two local
minima at B < 0 for two patterns is approximately 1.5, which is in good agreement with
what we expected from the junction geometry. We applied a magnetic field at different
angles ¢ with respect to the junction width, which is the direction of ¢ = 0; this direction
corresponds to the field applied parallel to the twin boundary in junction B2a. We observed
conventional, Fraunhofer-like behavior, with a global maximum at B = 0, in junction B2b
for all values of ¢. v

As we discussed in chapter 3, YBCO is orthorhombic, and therefore the order
parameter is expected to be of the form d + es within a single domain. The Pb c-axis
junction couples only to the s-wave component, so that a Fraunhofer-like I.,(B) for all
angles'qb, as seen in Fig. 4.8 (b), is expected. The contrast between the data shown in
Fig. 4.8 (b) and the behavior observed in the other seven junctions makes it clear that
the minima at B = 0 in those junctions are due to the presence of the twin boundary.
The results presented in Fig. 4.8 (a) and (b) agree precisely with predicted outcome of this
experiment ( see discussion in chapter 3 ), which was based on the assumption that the
order parameter of YBCO is of mixed d+s symmetry with a d-wave component dominant
and the s-wave component chénging sign across the twin boundary.

The I.(B) pattern of the twin boundary junction is expected to be periodic with
a period of 2@ as opposed to the &y periodicity of a conventional Fraunhofer pattern, as
illustrated in Fig. 3.2. We compare the periodicities of the I.(B) patterns for junctions
B2a and B2b for fields perpendicular to the junction lengths, i.e. B(0°). The geometric
lengths of junctions B2a and B2b are 175 um and 180 pm, respectively; thus, for B(0°), we
expect the periodicity of I.(B) for junction B2a to be larger by a factor of two than that
for junction B2b. Here, we have assumed the same values for the penetration depth in both
junctions, which is a reasonable assumption for junctions fabricated on the same crystal.
The experimentally determined ratio of distances between two adjacent minima for B < 0
for junctions B2a and B2b is approximately 2.05. This factor is in excellent agreement

with the anticipated factor of 2. It shows that not only the existence of the local minimum
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at B = 0 but also the doubling of the periodicit:y in I;(B) occurs in the twin boundary
junctions.

Figure 4.9 shows I.(B) for junction B2a as a function of the angle ¢ between the
twin boundary and B. For ¢ = —90°, we observe a conventional, Fraunhofer-like pattern.
As we increase ¢, two local maxima in critical current develop on either side of the B =0
axis, while the value of I.(B = 0) remains constant. These two peaks have a maximum
height at ¢ = 0°, and decrease again as we increase ¢ to +90°. The behavior shown in Figs.
4.7, 4.8 (a), and 4.9 was observed in all junctions grown across a twin boundary.

The observed, reproducible dependence of the critical curfent on the angle ¢
strongly suggests an interkpretation in terms of a sign reversal of the s-wave component
of the YBCO order parameter across the twin boundary. For an s-wave component which
changes sign across the twin bounda,x;y, and for B making an angle ¢ with respect to the
boundary, we can write the critical current of a small (L < A;), uniform junction with an
asyminetry parameter 7y as
sin(n®;/Bo) |*
1 (m®5/ %)

l 1+ cos? (n®,, /®g) — cos (2yn®,/Bo) — cos [2(y — 1)1,/ Bo]
(m®y/B0)? ’

(27) = I (*2)

where fluxes ®; and ®, are applied parallel and perpendicular to the twin boundary, re-

spectively. They are given by

¢, = B(Agp + App + t)Lcosg (4.3)
and

@y = B(Agp + App + t)Wsing. (4.4)

Here, Iy is the maximum critical current of the junction with no sign reversal, B is the
magnitude of the applied field, \;; and Ap, are the values of the penetration depth in
YBCO and Pb, respectively, and ¢ is the thickness of the tunneling barrier. For a field

applied parallel to the twin boundary of an asymmetric junction, Eq. (4.2) simplifies to

2(®@,7) = (Io®e/n®)? x (4.5)
[1 + cos? (® /) — cos (2ym®/Bg) — cos [2(y — 1)7® /By ] :
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where ® = B(Agp + App + t)L is the magnetic flux penetrating the junction. For v = 0, Eq.

(4.5) yields the Fraunhofer pattern of a purely s-wave junction

sin(7w®/®o)
I =1, | ———L=2] 4.6
¢ T (7 d/B0) (46)
For v = 0.5, we find
sin?(n®/2®) ]
I = —8/28, (4.7)

Equations (4.6) and (4.7) are identical to results for the d-wave corner junction [4] as we
have already discussed in chapters 2 and 3.

In the inset in Fig. 4.9 we plot I.(B) calculated using Eq. (4.2) for v = 0.4 as a
function of the angle ¢. The predicted behavior is similar to our experimental observations:
a continuous variation as a function of ¢ from a local minimum at B = 0 for fields parallel
to the twin boundary to a global maximum at B = 0 for fields perpendicular to the twin
boundary. _

In Tables 4.1 and 4.2, we summarize I.(B) for all eight junctions in terms of the
ratio n = I?/I™3* where I? is the critical current at zero field and I™3* is the largest
critical current in a field applied parallel to thé twin boundary. We also list 7y, the value
of n computed from Eq. (4.5) for measured values of . For a conventional s-wave junction,
or a twin boundary junction in perpendiculér applied fields, we exi)ect the maximum I, to
be at B = 0, hence ny, = 1. For an ideal, symmetric twin boundary junction (y = 0.5) in
parallel applied fields, we expect I.(B =0) = O; hence ny, = 0. For the junction B1, with
v = 0.33, the predicted and measured values of 7 are in good agreement. On the other
~ hand, for the one junction (SD4) for which 7 was measured to be zero, v was 0.42 and
Men = 0.22. For the remaining five junctions with 0.40 < v < 0.50, the measured values of 7
are consistently higher than the predicted values. The difference might be due to self-field
effects, i.e. the junctions might not be small enough compared to A; so that screening can
be neglected. The other possible explanation for this discrepancy is a nonuniform current

density in the junction. We will discuss these and other issues in the next chapter.
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Chapter 5

Discussion and Conclusions

In discussing the results, one must address a number of issues that can impact the
experimental results and their interpretation. Issues of trapped magnetic flux, long junction
effects, states with a broken time reversal symmetry and nonuniform current density in the
junction must be considered in order to determine unambiguously the pairing symmetry of
YBCO. A discussion that follows will reinforce the most natural interpretation of our exper-
iments, which is in terms of the dominant d-wave symmetry of YBCO with a sign reversal
of the orthorombically induced s-wave component of the order parameter. In conclusion, we
will discuss what we currently know and what we don’t know about the pairing symmetry

and the mechanism of superconductivity in cuprates.

5.1 Effects of trapped magnetic flux

Could the large observed minima in I, at B = 0 arise from trapped vortices in a
purely s-wave superconductor? A vortex containing flux ®y trapped within the plane of the
twin boundary, at an angle 0° < 8 < 90° relative to the c-axis, would have the same effect
as a phase shift of 27 sinO at the boundary. For a field applied in the plane of the junction,
the phase shift of 2« sin 8 will distort the magnetic field interference pattern. The largest
distortion of the I.(B) pattern occurs if a vortex couples a total integrated flux of ®¢/2 in
the plane of the junction. We have simulated the effect of such a vortex located at different
places along the junction. The expected I.(B) patterns are asymmetric in B — —~B. Similar
simulations have been performed by Wollman et al. for corner SQUID experiments in the

a-b plane; see Fig. 13 in [43]. Our simulations indicate that a symmetric I.(B) with a local
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minimum at B = 0 occurs only for a point vorte;c trapped in the twin boundary plane in
such a way that the component of the flux perpendicular to the plane of the junction is
exactly ®¢/2. In this case, the angl_e between the vortex and the ¢ axis is § = 30°. A trapped
vortex out of the plane of the twin boundary exhibits the same behavior, except that the
minima in I,(B) occur at magnetic field angles parallel to the direction of the vortex. The
highly reproducible symmetry of the data for any field direction, from sample-to-sample
and from run-to-run on a given sample, indicate that trapped magnetic flux is an extremely

unlikely explanation of the data.

5.2 Self-field effects

Self-field effects occur in junctions that are not small enough compared to A; so
that screening can be neglected. In particular, the measured values of 7 in Tables 4.1 and
4.2 are consistently higher than the predicted values 7,. Self-field effects can potentié,lly
cause this disprepancy, and in the case of a junction with L 3> A; lead to a conventional
Fraunhofer-like pattern due to the formation of a m-vortex in the junction [44]. Kirtley
et al. [45] have carried out a thorough theoretical analysis of this scenario. They showed
that, contrary to the result of [44], the critical current I.(B) of twin boundary junctions
will exibit a local mimimum at B = 0 for a field applied parallel to the boundary even in
the long junction limit, i.e. L > A;. However, the depth of the minimum is expected to be
lower in the presence of self-fields, i.e. 7 is expected to be higher than 7. For L/A; =1
the expected 7y, for a symmetric junctidn (v = 0.5) is no more than 0.12. Most of our
junctions are in the regime L/)X; < 1; at the same time measured values of 7 are higher
than 7, by a factor of two to three. Therefore, self-field effects appear to be too small
to explain the discrepancies in 7. As shown in [45], a symmetric twin boundary junction,
v = 0.5, is expected to contain a spontaneously generated magnetic flux even for L < A;.
This self-generated flux can be probed using a scanning SQUID microscope in a manner
similar to the tricrystal ring experiments [30, 31]. .

Self-field effects in time reversal invariant junctions were investigated by Agterberg
and Sigrist [46] to account for effects of parity symmetry breaking. The parity breaking can
occur if either the junction is not invariant under a parity transformation about its center
or the current from the leads does not enter and leave a rectangular junction through

opposite edges. The former case is refered to as an intrinsic parity breaking, which occurs,
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for example, in an asymmetric junction; whereas ’the latter is an extrinsic parity breaking
due to the geometry of the experiment. In our experiments, the current does not enter and
leave the junction area through opposite parallel edges, but rather through orthognal edges.
This geometry leads to an extrinsic parity- breaking and in this case there are no symmetry
relations enforcing I.(B) = I.(—B) even for a symmetric twin boundary junction. In the
general case of the asymmetric twin boundary junction with an externally broken parity
symmetry, the interplay between a m-shift at the boundary and the geometry of the junction
makes quantitative discussion difficult. Agterberg and Sigrist [46] analyzed the configuration
relevant to our experiments numerically. They solved the Sine-Gordon equation numerically
-in the presense of a w-phase shift and the boundary conditions imposed by the geometry that
breaks the parity symmetry. They found that for fields applied parallel and perpendicular -
to the twin boundary, I.(B) is symmetric with respect to the B = 0 axis. However, for
intermediate angles the I (B) patterns are asymmetric, I.(B) # I.(—B), which is a feature
seen distinctly in the data in Fig. 4.9. We notice that this asymmetry occurs for low field
strengths, i.e. B lies within the first maxima, and maximum is close to the /4 direction.
The asymmetic features of data in Fig. 4.9 were reproduced in model calculations in [46]
that provided an explantion for an observed behavior and supported the scenario of sign

reversal of s-wave component.

5.3 Nonuniform current density distribution

Another possible source of the discrepancy in 7, which would also explain the
observation of non-zero supercurrents in heavily twinned samples [5, 32, 33, 34, 35] is the
nonuniform current density distribution in the junction. The nonuniform current density
can arise from differences in the effective heights of the tunneling barriers between the Pb
film and twin domains that are orthogonally orientated. At this point, we do not have
a physical picture of why this would be the case in our experiment. A spatially varying
barrier height would mean that the value of -y inferred from the relative areas of the domains
might not reflect the actual asymmetry in critical current magnitudes. In order to look into
the possibility of a nonuniform current density, we calculated fc(B) patterns assuming
different tunneling matrix elements on two sides of the twin boundary. We compare the
I.(B) pattern of junction B2a with the expected pattern for a given geometric asymmetry

parameter v = 0.4 and a uniform current density (identical tunneling matrix elements for
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Figure 5.1: I.(B) for junction B2a, solid line in (a) and (b), for a field parallel to the twin
boundary. Simulated I.(B) for a uniform junction with y=0.4, dashed line in (a). Simulated

I.(B) assuming a current density in one domain is three times higher than in the other,
dashed line in (b). '
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two twins) in Fig. 5.1 (a). Here, we plot the critical current vs the total flux in the
junction. The best fit is shown in Fig. 5.1 (a) assuming an effective junctidn thickness
des;=220 nm in converting the field to flux values in the experimental curve. We notice
that the experimentally observed value of I, at B = 0 is substantially higher than the
predicted one, and the periodicity of the experimental curve does not follow the expected
behavior.

If we assume a difference in the tunneling matrix elements on the two sides of
the boundary, we obtain a good fit to the experimental data as shown in Fig. 5.1 (b).
Here, the tunneling matrix element on one side is assumed to be three times higher than
on the other. The periodicities of the two curves agree well for d.;;=340 nm. We note that
the inverse operation of obtaining the current density distribution from the magnetic field
interference pattern is not unique [47], i.e. many different current distributions can lead to
the same I.(B). Postulating a slightly more complicated current density, one can achieve
an almost perfect fit of I.(B) patterns, although those postulates have no physical basis.
The above discussion is intended to make an observation and raise a possible issue in the
experiment, since we find that a very simple picture of tunneling probabilities differing by
a factor of three leads to a very adequate fit to the.experimenta,l data in Fig. 5.1 (b), and

can potentially explain the non-zero current in heavily twinned samples.

5.4 Time reversal symmetry breaking at the twin boundary

Two physical mechanisms that were proposed as an explanatioh for the observa-
tion of non-zero supercurrents in heavily twinned samples are: (1) an additional s-wave
component to the order parameter induced by the presence of the surface [48], and (2) a
localized time-reversal breaking (d + is) state at the twin boundary, due to a continuous
rotation of the relative phase between d and s [26].

Scenario (1) is consistent with our results for a single twin or twin boundary
junction. The s-wave component induced at the surface adds to the orthorombically induced
s-wave contribution. If an orthorombically induced s-wave component has the dominant
effect, which is highly likely because orthorombicity is a bulk phenomenon, then the outcome
of the experiment will be the same whether the s-wave order parameter at the surface
changes its sign or not. The situation becomes different in the heavily twinned limit where

the orthorombic s-wave contribution averages to zero. In this case, tunneling into a surface
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Figure 5.2: Simulated I.(B) patterns for a symmetric junction in which the relative phase
of the s- and d-wave components rotates from 0 to 7 over the length £ on either side of the
boundary. (a), (b) and (c) correspond to £/L=0, 0.05 and 0.5, respectively. Here, L is the
total junction length.
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induced s-wave component may account for the oBserved supercurrent.

We note that the I.(B) data in Fig. 4.7, 4.8 and 4.9 are highly symmetric with
respect to the reversal of both field and current. A small asymmetry in B — —B at
intermediate angles in Fig. 4.9 was explained by the parity breaking in an otherwise time
invariant junction. Does the symmetry of I.(B) mean that our results rule out the time
reversal Symmetry breaking state ? The bulk (d + is) and (s + id) states that evolve
into (d — is) and (—s + id), respectively, in the neighboring twin would be consistent with
our results. However, the existence of these states has been ruled out by phase sensitive
experiments in the a-b plane [4, 43] on detwinned crystals. In these experiments (d + is)
and (s +1d) states would lead to a phase shift other than 7 in I.(B).

The more interesting issue is the local time reversal symmetry breaking at the twin
boundary proposed by Sigrist et al. [49]. The sign reversal of the s-wave component at a
twin boundary can occur via two alternative mechanisms: (1) the magnitude of the s-wave
component decreases to zero at the twin boundary and reappears with an opposite sign in
an adjacent twin domain, or (2) the magnitude bf the s-wave component is constant, but
the relative phase gradually aquires a phase shift‘ of 7 across the twin boundary. In the
latter case, the relative phase of s- and d-wave contributions is equal to 7/2 at the twin
boundary leading to a (d + is) state, which is a state of broken time reversal symmetry.
As suggested in [49], a coherent superposition of supercurrents from (d + is) states at twin
boundaries may lead to a nonzero c-axis supercurrent between Pb and a heavily twinned
crystal of YBCO.

’ Local time reversal symmetry breaking at the twin boundary will result in an
asymmetric I.(B) in a junction containing only a single twin boundary, and, hence, could be
in principle observed in our experiments. In order to account for these effects quantitatively,
we assume that at the boundary the relative phase of s and d-Wave components varies

linearly from 0 to 7 over the length 2¢ as

™ T

(5.1)

for |z} < € and §(z) = 0 for £ < |z| < L/2, where z is the coordinate along the junction
length such that the boundary is located at £ = 0, and L is the total length of the junction.
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Using these expressions for the phase behavior, we derive the resulting I, (®) as

1/2
IC(‘I)) =

7 L 5 (5.2)

sinz(g + %%{) N (cos(%%{) — cos(% )2
o T 5% | %

where @ is the total flux in the junction. Here, Iwe assumed a symmetric junétion, and
a magnetic field applied parallel to the twin boundary. We confine our attention to this
particular geometry, because the asymmetry in I.(B) is expected to be a maximum at
¢ = 0° for a symmetric junction in a field parallel to the boundary.

Using Eq. (5.2) we generated a series of I.(B) patterns for different values of £/L.
The time reversal invariant case ( £/L = 0 ) is shown in Fig. 5.2 (a) where I;(B) is perfectly
symmetric with respect to the revesal of the field. For the case ¢/L = 0.05 shown in Fig. 5.2
(b), we obsefve noticable asymmetry for positive and negative fields. In the extreme case
of ¢/L = 0.5, Fig. 5.2 (c), the phase rotates continuously from 0 to 7 throught the total
length of the junction resulting in a conventional Fraunhofer pattern shifted by ®¢/2. We
can use the symmetry of the data to place a limit on the degree of time-reversal breaking at
a éingle boundary. To the limit of our resolution for the data in Fig. 4.7, the maximum peak
height asymmetry ratio is smaller than 1.02. This leads to an upper limit for the length of
the phase rotation of &/L = 0.017. Therefore, we find that the length over which the phase
angle rotates must be less than 4 pm. This upper limit is fairly high since one expects £ to
be of the order of the coherence length in the a-b plane of YBCO, which is ~ 1.6 nm. To
explore the time-reversal symmetry breaking on a shorter lengthscale, one can potentially

use a scanning tunneling microscope.

5.5 Experiments on twinned textures

Having answered the question about what happens at a single twin boundary, we
return to the question of why there is a significant supefcurrent in heavily twinned samples.
Two viable possibilities, namely a surface induced s-wave component and a coherent super-
position of (d + is) states at twin boundaries, have been discussed in the previous section.
Here, we resort to less exotic scenarios by considering what happens in a twin texture. As
we discussed in section 4.1 of chapter 4, multiple twins form twin textures in a heavily
twinned crystal. Within a given twin texture, there. is a preferred direction because all

twin boundaries are parallel to each other. Therefore, a twin texture has an orthorhombic
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symmetry and a global (s + d) rather than a pufe d order parameter is possible; texture
dimensions can be as large as 500 x 500 um?. Therefore, on general symmetry grounds, it is
entirely possible to expect a substantial supercurrent from samples containing several tex-
tures despite the heavy twinning within individual textures. We considered the possibility
of sign reversal of a macroscopic s-wave order parameter across a boundary between two
adjacent twin textures as oppose'd to two adjacent twins. We fabricated c-axis Josephson
tunnel junctions across two texures in a manner identical to that of twin boundary junc-
tions, and investigated I.(B) for fields applied perpendicularly and parallel to the texture
boundary. The resulting two I.(B) patterns from two different crystals are shown in Fig.
5.3. Figure 5.3 (a) shows conventional Fraunhofer patterns for fields applied parallel and
perpendicular to the texture boundary. These data indicate that a global s-wave order
parameter does not reverse its sign across the boundary as opposed to a reproducible sign
reversal in the twin boundary case. Therefore, a heavily twinned crystal can, in principle,
be in a global, orthorhombically induced (s + d) state. However, similar data obtained in
anothef experiment, which is shown in Fig. 5.3 (b), displays a local minimum at B = 0
indicating the sign reversal of an s-wave component across the texture boundary. The data
presented in Fig. 5.3 (a) and (b) point to the existense of global (s + d) domains associated
with twin textures in a heavily twinned sample. This picture is somewhat similar to the
existence of domains of macroscopic magnetisation in a ferromagnet. It ié possible that the
sign of a macroscopic s-wave component is preserved across the texture boundary making .
domains of a given sign larger than texture domains. Details of what occurs at the texture
boundary require further exerimental as well as theoretical investigation. In particular, one
néeds to obtain a better understanding of what drives the sign reversal of the s-component
and why in some cases the s-wave part changes its sign across the texture boundary and in

some cases does not.

5.6 Conclusions

We find that junctions grown across a single twin boundary of YBCO crystals
consistently exhibit a local minimum in I.(B) at zero magnetic field for fields applied in
the plane of the crystal parallel to the twin boundary. As the magnetic field is progres-
sively rotated in the plane of the junction, the value of I.(0) remains constant while the

maxima on either side diminish. The smooth variation of I.(B) with magnetic field direc-
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tion, its symmetry with respect to the reversal of magnetic field and bias current, and the
reproducibility of the results imply that trapped flux is an extremely unlikely source of the
minima. The results are entirely consistent with a predominantly dg2_,2 pairing symmetry
with a sign reversal of the s-wave component across the twin boundary. To our knowledge,
our results provide the first and the only direct evidence for an existence of a (d + s) mixed
symmetry state in cuprates. This resolves the controversy between two conflicting sets of
phase sensitive experiments and establishes that the dominant pairing in YBCO is of d2_,2
symmetry. However, our results as well as the results of previous phase sensitive tests do

not provide information about the microscopic mechnism leading to the dgz_2 pairing. The -
question of what are the elementary exitations leading to the pairing of superconducting

electrons remains open. Future investigations of the physics of high-T. materials have yet

to answer this most fundamental question.
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Chapter 6

Superconducting QUantum
Interference Devices: principles of

operation

A Superconducting QUantum Interference Device (SQUID) is the most sensitive
detector of magnetic flux. Any electrical or magnetic quantity that can be converted into
magnetic Aux can be detected by a SQUID with a sensitivity that is higher than that of
any other sensor. Because of this very important property, SQUIDs are used widely in
a variety of measurement and instrumentation applications that require very high perfor-
mance electronics. Applications of SQUIDs include, but are not limited to, the detection of
magnetic signals from the human brain and heart, measurements of low voltages and cur-
rents in a variety of solid state experiments, detection of gravitatiohal waves and elementary
particles, and studying electric and magnetic fields at the surface of the Earth. Below, I
will briefly review basic principles of operation of SQUIDs and flux-locked electronics. A
detailed discussion can be found in [6]. _

A direct current SQUID (dc-SQUID) is a superconducting ring interrupted by
two Josephson junctions. Magnetic flux threading the ring modulates the superconducting

phase around the ring leading to the modulation of the critical current according to

where I is the critical current of the device, and ® is the applied flux. In most, but not all,

I=1,

applications, SQUIDs are operated in a flux-locked loop. The schematic of a dc-SQUID and
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Figure 6.1: Schematic diagram of the flux-locked electronics used to operate a dc-SQUID.
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D, =(D,/4) cos(mt)

D = (N+1/4)D,

Figure 6.2: Flux modulation scheme for SQUID with (a) ®4 = N®¢ and (b) ®45 =
(N +1/4)®,. .
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the flux-locked electronics used in our group is sho;wvn in Fig. 6.1. The SQUID is biased with
a static current source I at a vélue above its critical current. In this case, any change in
magnetic flux results in a change in the voltage across the device, leading to the voltage vs
flux (V — &) modulation curve shown in Fig. 6.2. In a flux-locked scheme, the flux threading
the SQUID loop is ac-modulated at 100kHz by means of the modulation coil coupled to it
via a mutual inductance M;. The SQUID voltage is sensed by a transformér and coupled
into a tuned preamplifier. In order to achieve optimum noise matching at 100kHz, the
JFET-based first stage of the preamplifier is tuned by a trimming capacitor. The signal
from the SQUID is amplified by a variable gain amplifier and transferred to a mixer that
demodulates the signal. The demodulated signal is integrated, converted to current by a -
resistor Ry, and fed back to the SQUID via the modulation coil. In some applications, one
can use separate coils to perform the modulation and feedback functions.

Here, I will outline the basic principles of flux-locked operation [6]. A V — & curve
follows the periodié behavior of the critical current vs flux dependence given by Eq. (6.1);
a portion of the V' — @ curve is shown in Fig. 6.2 (a). The peak-to-peak amplitude of the
100 kHz modulating flux, ®4.(t), is adjusted to ®¢/2. As shown in Fig. 6.2 (a), when the
quasistatic flux contains an integer number of flux quanta, ®;, = N®, the resulting voltage
is a rectified version of the input signal, i.e. its fundamental frequency is 200 kHz. If this |
signal is referenced to the 100 kHz modulation frequency, the mixer output is zero. If the
quasistatic flux in the SQUID is (N + 1/4)®,, as shown in Fig. 6.2 (b), the SQUID signal
contains the 100 kHz fundamental frequency; at ®4, = (N +1/4)®¢, the magnitude of 100
kHz signal is a maximum. Bsr gradually changing the quasistatic lux from (N — 1/4)®; to
(N +1/4)®p, the mixer output changes from the most negative to the most positive value
with the zero output corresponding to &4 = N®p. The slope of this curve at the origin
is given by the transfer function dV/9® of the SQUID at the flux bias of +®y/4. As a
rule of thumb in practical SQUID designs, we use dV/0® = 7Vp—p/®Po, where V,_p is the
peak-to-peak modulation voltage of the SQUID. When the SQUID is used in a feedback
loop, any change in the applied flux is converted to an error voltage proportional to 9V/9®,
and is cancelled by a feedback current flowing through the feedback/modulation coil. The
feedback resistor Ry is used to convert the error voltage to the feedback current, and the
feedback current is converted into flux through the SQUID by a feedback coil coupled to
it via the mutual inductance M;. In this way, the SQUID and electronics acts as a null

detector of the magnetic flux.
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Chapter 7

SQUID gradiometers for

biomagnetic applications

For decades Superconducting QUantum Interference Devices (SQUIDs) have been
successfully used for detection of magnetic fields produced by biomagnetic sources [50]. The
most notable biomagnetic applications of SQUIDs are measurements of magnetic signals
from the human brain, MagnetoEncephaloGraphy (MEG), and the human heart, Magne-
toCardioGraphy (MCG). In these measurements weak magnetic signals from the localized
sources are detected in the presence of a much higher background noise. In order to suppress
the background noise, one uses either a magnetically shielded room or spatial gradiometers,
or often a combination of both. In the case of low temperature superconducting (LTS)
SQUIDs, both techniques have long been established, and are now used commercially in a
variety of biomagnetic applications [51, 52]. Methods of spatial gradiometry are based on
the fact that a biomagnetic signal is produced by a source that can be localized near one of
the gradiometer coils, whereas the background noise is present in all coils of the gradiometer
and, therefore, can be rejected by signal differencing. To achieve an initial spatial filtering
and noise suppression, first-order hardware gradiometers with baselines of a few cm are
typically used at the front end of LTS biomagnetic systems. These first-derivative devices
in LTS technology are configured either as two loops of niobium wire wound in opposition
[63] or as planar thin film devices [54]. In the former case shown schematically in Fig. 7.1
the gradimeter is sensitive to the axial gradient 0B,/0z, and in the latter it measures an

off-diagonal gradient such as 8B;/8z. In some cases [55], LTS biomagnetic systems utilize
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magnetometers as front-end sensors and gradiome':ter formation is done electronically.

_ The development of practical high temperature superconducting (HTS) SQUIDs
has received much attention since the original discovery of HTS materials more than a
decade ago. It soon became evident that HTS hardware gradiometers cannot utilize the
same principles as their LTS counterparts. The lack of a suitable superconducting wire
precludes the development of HTS axial wirewound gradiometers. A straightforward gener-
alization of LTS planar gradiometers to HTS technology is difficult and expensive because
it requires fabrication of multiple layers of HT'S thin films on large substrates. This is not a
technologically viable option at this time. To overcome these problems, a number of alter- ’
native techniques for gradiometer formation have been demonstrated in HTS technology.
The majority of the first-order order hardware devices [56, 57, 58, 59] involve a .gradiometric
coil patterned from a single layer of YBaCuO film in the form of two loops directly-coupled
‘to the SQUID fabricated on the same chip. A second-order gradiometer based on the same
principle have been demonstrated as well [60]. In an alternative approach [61, 62, 63, 64] a
flux transformer consisting of two pickup loops and a mutiturn input coil are coupled to the
SQUID in a flip-chip arrangement. To achieve low noise, these gradio£neters must be fab-
ricated from high quality YBaCuO films, which can be done only on small area substrates.
However, the substrate size limits the baseline of the gradiometer to less than 1 cm, which
is not sﬁfﬁcient for biomagnetic measurements in an unshielded environment. Gradiometer
baselines have been enhanced by coupling a separate flux transformer fabricated on a larger
substrate to a gradiometer (65, 66, 67]; baselines of up to 2.1 cm have been demonstrated
using this method. '

To achieve longer baselines, of the order of 10 cm, in an axial geometry gradiome-
ters have been formed electronically by subtracting the outputs of two or more fluxed-locked
SQUID magnetometers. A particularly interesting concept is the threé—SQUID gradiometer
[68], which has been demonstrated and implemented in a variety of applications including
underwater mine detection from mobile platforms. Unshielded MCG have been demon-
strated previously with electronic HTS gradiometers utilizing both rf- and dc-SQUIDS
(69, 70, 71, 72, 73, 74, 75, 76]. However, electronic gradiometers are difficult to implement
in a practical system, because they impose severe constraints on dynamic range, slew rate
and linearity of the flux-locked electronics. These limitations ultimately limit the degree to
which one can balance the system and reject background noise. To achieve sufficient balance

levels, the electronic gradiometers were supplemented by mechanical balancing techniques
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Figure 7.1: Schematic diagram of the wire-wound first-order gradiometer; from [6].
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such as cardanic suspénsions (69, 70] or supercond,ucting plates [72, 73]. Mechanical balanc-
Ing is not a viable solution for multichannel systems because of its cbmplexity and limited
reproducibility. |

In our approach, we introduce novel techniques for the construction of long baseline
hardware gradiometers in which a planar flux transformer is inductively coupled to a pickup
loop of a directly coupled magnetometer. A flux transformer is patterned in a single layer of
YBaCuO film deposited on a 10 cm diameter wafer, and can have outer dimensions of up to
9 cm. Both first- [77] and second-order [78] gradiometers have been demonstrated with first-
and second-order baselines of 4.8 cm and 3.1 cm, respectively. In a practical first-derivative
device, the flux transformer and magnetometer substrates were permanently bonded in a
flip-chip arrangement, and balancing in a uniform field was achieved by trimming the pickup
loop [79]. The gradiometer baseline of 48 mm and an intrinsic common mode balance of
better than one part in a few hundred are comparable to those of biomagnetic LTS devices.
Therefore, such HTS sensors can be used in practical systems which fully exploit design
techniques and solutions developed for LTS gradiometers. We report the design and testing
of such a system in which hardware gradiémeters are supplemented b); three orthpgdnally
mounted reference ma.gnetometeré, and higher levels of balance are achieved in software.
The overall system balance with respect to uniform field fluctuations is better than 100 ppm,

enabling us to detect the magnetic signal from a human heart in an unshielded environment.
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Chapter 8

High-T. SQUIDs for unshielded

operation

Reduction of excess 1/f noise in HTS SQUIDs operated in unshielded environment
is essential for biomagnetism. The increase in low-frequency 1/f noise in HTS devices is,
caused by the thermally activated hopping of weakly pinned vorticés which penetrate the
YBaCuO film during cooling in the Earth’s magnetic field. The most effective way of
eliminating the excess noise is to design the superconducting components of magnetometers
so that vortices do not enter. It has been shown [80, 81] that for a thin film of YBaCuO
patterned as a line of width w the threshold field for vortex entry is approximately B, =
n®o/4w?. Based on this argument, magnetometers designed for By, ~ 100 uT have been
demonstrated [82] by patterning all of the supeconducting material into a mesh with a
maximum linewidth of 4 pum. v

A directly coupled magnetometer is a single YBaCuO layer HTS device that has a
sensitivity suitable for practical applications, and at the same time is amenable to fabrication
in large qudntities. It consists of a large-area pickup loop connected in parallel with a small-
area SQUID fabricated on the same chip. For unshielded operation, all superconducting
material in and around the small-area SQUID must be made no wider than 4 pm to avoid
direct noise from vortices trapped in the vicinity of the SQUID. The large area pickup loop
of the directly coupled magnetometer is expected to add negligible noise when cooled in an
external field. As shown in [83], for a square pickup loop of outer and inner dimensions

d; and dz and inductance L,, directly coupled to a SQUID of inductance L, the induced
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screening currents contribute an indirect flux noise given by

S3(f) = 83 (£)oi(L/Lm)*(d1 + d2)/(d1 — da)- (8.1)

Here, SY(f) is the flux noise spectral density of an unpatterned YBaCuO film, which is
typically 10~° ®2/Hz [84] for YBaCuO films cooled iﬁ Bo=>50 pT. Taking typical values
of d;=10mm, dp=2 mm, L,=4 nH, L=50 pH and ay=0.9 we estimate S ~10~!3 &Z/Hz,
which is about 40 times lower than the typical level of white noise in our directly coﬁpled
magnetometers. This large reduction in direct noise is due to the inductance mismatch
between the SQUID and the pickup loop, which enters Eq. 8.1 via the factor L2 JL2, ~
104, The experimentally observed threshold field for our directly coupled magnetometers
is approximately By, ~80 uT [85]. ‘

Our standard HTS fabrication process involves the laser deposition of a 180 nm
thick film of YBaCuO on a 10x10 mm? SrTiOj bicrystal followed by the evaporation of
a 100 nm thick film of Ag over a portion of the YBaCuO film for electrical contacts to
the SQUID. The YBaCuO film is subsequently patterned by photolithography and Ar ion
milling at normal incidence. We use nominal junction widths of 1 pm and 2 pm on bicrystals
with 24° and 30° misorientation angles, respectively.

We used the design introduced in [82] for our slotted-washer SQUID magnetorhe-
ters. A 200x200 pm? square washer of such a device consists of nine 4 pm wide loops
separated by 8 pm wide slots. This geometry leads to an estimated SQUID inductance of
50 pH [86, 87, 88], which includes a contribution of about 10 pH from the kinetic inductance
of the Josephson junctions. The electrical and magnetic characteristics of slotted-washer
SQUIDs are summarized in Table 8.1. For a directly coupled magnetometer the inner and
outer loop dimensions are 2 and 10 mm, respectively. The SQUID washer consists of two
parallel lines, 100 pm long, 4 pm wide and 4 pm apart; this leads to an estimated SQUID
inductance of 50 pH [86, 87, 88]. The electrical and magnetic characteristics of directly
coupled magnetometers are summarized in Table 8.2.

Data presented in Tables 8.1 and 8.2 are representative of devices made in our lab-
oratory for use in prototype gradiometer systems. We have not emphasized minimization of
processing spreads and compliance with manufacturing tolerances, because our immediate
goal was to demonstrate the principles of gradiometer and system designs. The manufac-
turing issues become very important if one attempts to develop multichannel HTS SQUID

systems for commercial applications, in which case the reproducibility of the device speci-



Table 8.1: The electrical and magnetic properties of slotted-
washer SQUIDs on 30° bicrystals.

parameter value units
SQUID critical current 40 uA
SQUID normal resistance 2.0 Q
SQUID inductance, L 50 pH
9V /0® at working point 60 pV/®g
Effective area 0.005 mm?
Flux noise at 1kHz 12 pu®gHz71/2
Flux noise at 1 Hz 18 pd®Hz /2
Threshold field, By, 80 ur

Table 8.2: The electrical and magnetic properties of directly
coupled magnetometers on 24° bicrystals.

parameter value units
SQUID critical current 50 pA
SQUID normal resistance 1.5 0
SQUID inductance, L 50 pH
Pickup loop inductance, L, 4 pH
Pickup loop area, A, 20 mm?
9V /8% at working point 60 pV/®
Effective area 0.3 mm?
Flux noise at 1kHz 16 pu®gHz /2
Flux noise at 1 Hz 24 pdHz /2
Threshold field, By, ~ 100 uT
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Figure 8.1: Noise spectra of slotted-washer SQUID and directly coupled magnetometer
cooled in a zero field in a shielded environment.
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fications should be substantially improved.

Noise spectra of directly coupled and slotted-washer magnetometers, measured in a,
magnetic shield, are presented in Fig. 8.1. Mdgnetic field sensitivities of the slotted-washer
SQUID and the directly coupled magnetometer are 6 pTHz /2 and 100 fTHz /2, respec-
tively, in the white noise region. The sensitivity of a slotted-washer SQUID is sufficient
for an operation of the device in a reference channel of the multichannel system provided
that the intrinsic noise level and balance of the front-end gradiometer are 100 fTHz1/2 and

better than 1 part in 60, respectively.
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Chapter 9

Gradiometers: principles of

operation

9.1 First-_-ordér gradiometer

The principle of the gradiometer evolved from a design by Z_i;nmerman [89] for a
wire-wound, axial gradiometer coupled to a fractional-turn SQUID machined from niobium;
a thin-film version was demonstrated by Matlachov et al. [90]. In the first-derivative gra-
diometer shown schematically in Fig. 9.1 (a), an asymmetric flux transformer is inductively
coupled to a directly coupled magnetometer. The, flux transformer consists of a pickup lodp
of area A, and inductance L, connected in series with an input loop of area A; and induc-
tance L;. The input loop is inductively coupled via a mutual inductance M=a(LmLi)1/ 2 to
the pickup loop of a directly coupled magnetometer which has area A, and inductance Ly,.
The first-order baseline d; is given by the separation of the centers of the input and pickup
loops.

The condition for the gradiometer to be balanced, i.e. for the magnetometer to
produce zero response to the applied uniform field By, is found by conserving magnetic flux

in the pickup loc;p of the magnetometer and in the flux transformer, respectively:
BoApm — Liyndm — MJ; =0, ' (9.1)
Bo(Ap + A;) — Jy(Lp + L) — MJp, = 0. (9.2)

Here, J, and J; are the screening supercurrents in the magnetometer and the flux trans-

former. To achieve the balance condition, J,,=0, the mutual inductance M must satisfy the
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Figure 9.1: Schematic diagrams of first-order gradiometer (a) and flux transformer used in
the practical device (b).
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condition
Mopt = [Am/(Ap + Ai)](Lp + Li)) ' (9'3)

where My, = aopt(LmLi)l/ 2 is the optimal value of M required to reject a uniform fluc-
tuating field. The area and inductance values must be chosen so that the optimal value
of the coupling constant is less than unity, agps < 1. To determine the gradient response,
we assume that a magnetic field § B, is applied to one of the loops of the flux transformer.
This is equivalent to applying a gradient 0B;/0z ~ §B,/d; across the baseline d; of the
flux transformer. The current response of the magnetometer is §Jp, = néByAp /Ly, where
_ A Lm

Am Mopt — (Li + Lp) L/ Mopt

n (9.4)

represents the reduction of the sensitivity to the applied field compared to that of the bare
magnetometer 6 By Am /L. Here, My, is the optimal value of the mutual inductance given
by Eq. (9.3). In most practical cases Myp; is much smaller than the total inductance of the
flux transformer L; + Ly, which leads to n = —A,/(4, + A;). By making A, much larger
“than A;, one achieves |n|-=1, meaning that a gradiometer responds to a small field applied
to one of its loops with the sensitivity of the bare magnetometer. This case is particularly
relevant for biomagnetic measurements in which a magnetic signal is detected by one of the

loops of the gradiometer.

9.2 Second-order gradiometer

The concept of the first-order gradiometer can be extended to the symmetric
second-order design shown schematically in Fig. 9.2 (a). Two pickup loops of areas Ay
and Ap and inductances Lp; and Lyy are connected in series with an input loop of area
A; and inductance L;. The input loop is inductively coupled via a mutual inductance
M=a(L,,L;)'/? to the pickup loop of a directly coupled magnetometer which has area A,
and inductance Ly,.

| We assume that a uniform magnetic ﬁéld B; with a superimposed gradient 0B, /9z
is applied along the baseline such that the magnetic fields at the positions of two outer loops
of the flux transformer are B, —1;0B;/0z and B; + [20B;/0z, respectively. Here, l; and

Iy are the distances from the center of the input loop to the centers of the pickup loops
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Figure 9.2: Schematic diagrams of symmetric second-order gradiometer (a) and practical
transformer coil (b).
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1 and 2. Flux conservation conditions in the picléup loop of the magnetometer and in the |

transformer become

ByAm — LinJm — MJ; = 0,(9.5)
(Bz — llaBz/a.’L')Apl + (Bz + l28BZ/6m)Ap2 + B,A; — Jt(Lpl + Lpz + Li) - MJ, = 0(96)

Here, J,,, and J; are the screening supercurrents in the magnetometer and transformer. The
condition for the rejection of the first-order gradient is evident from Eq. (9.6), where the
current in the flux transformer J; is insensitive to BBz,J /0z provided Iy Ay = loApo. Balance
in a uniform field, J,,, = 0 is achieved by choosing the appropriate value of the mutual

inductance,

Mopt = [Am/(Ap1 + Ap2 + Ai)(Lp1 + Lpa + Li), (9.7)

which is similar to Eq. (9.3) for the first-derivative device. As in the case of Eq. (9.3),
Qopt = Miopt/(Lim L;)/? must be chosen to be less than unity, agp < 1.

A second-order gradiometer can be configured either as symmetric [; = Iy or as
an asymmetric [y # I3 device. For a symmetric ﬁux transformer we set [y = I = [ and
Ap1 = Apz = Ap; the second-order baseline dy is given by the separation of the centers of
the input and one of the pickup loops, do =1 . To assess the sensitivity of the symmetric
device, consider a magnetic field § B, applied to one pickup loop of the flux transformer.
The current induced in the magnetometer loop is 8 Jp, = 9éB;An /Ly, where

_ 4 Inm |
"= A Mopt — (L + 2Lp) Lon/ Mot

(9.8)

represents the reduction in the sensitivity compared with the value §B; Ay, /Ly, for the
bare magnetometer. In the limits Moy < 2L, and A; K 24,, we find 7 ~1/2, indicating
that the sensitivity of the symmetric second-order gradiometer is one-half that of the bare

magnetometer or the first-order gradiometer.

9.3 Practical considerations for gradiometer fabrication

Several nonidealities in the gradiometer designs were neglected in the discussion
above but are important in practical devices. One of them arises from the finite areas and
inductances of the striplines used to connect coils in the flux transformer. The effects of the

stripline area and inductance are to increase the area and inductance of the pickup loop to
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which the stripline is connected. To iﬁclude the effects of finite areas and inductances of
striplines, one can substitute A;, = Ap+Asp and L;, = Ly+ Ly, for the areas and inductances
of the pickup loops A, and Ly, in Egs. (9.1)-(9.8) above. Here, Ap and Ly, are the area and
inductance of the stripline. In our practical designs discussed below, we choose A,, and L,
to be much smaller than A, and L, in order for the striplines not to influence the values of

aopt and 7. If one is not careful with the choice of Ay, and Ly, the modified values of A;’o
“and L;, and the distributed nature of the striplines will lead to an imbalance of the device
and to a decrease in the effective baseline.

Another nonideal behavior is due to an imperfect placement of the input coil
of the flux transformer over the pickup loop of the directly coupled magnetometer. If
the magnetometer and transformer substrates are not perfectly parallel to each other, the
device becomes sensitive to in-plane components of an applied magnetic field which cannot
be rejected by adjusting the value of the mutual inductance. If. the vertical separation:
between the magnetometer and transformer substrates varies by dh over the length w of the
magnetometer chip, the gradiometer will be sensitive to an in-plane field with a coefficient
proportional to 6h/w. For dh/w ~ 10~% and w=1 cm, dh must be of the order of 10 um.
To correct for the residual sensitivity to in-plane fields, we use three orthogonally mounted
magnetometers in our multichannel system described below. |

In the hardware second-order gradiometer, the in-plane misalignment of the centers
of the input coil and the magnetometer by éz results in a residual sensitivity to a first-order
gradient which is proportidna.l to dz/dp. Here, dy is the second-order baseline. We do not ‘
use any additional methods to correct for the residual sensitivity to first-order gradients,
and rely only on the accuracy with which we can assemble the device. If one wishes to
maintain 6z/ds ~ 1073 than the substrates must be aligned to within about 30 gm. This
accuracy is achievable in flipchip devices discussed below with the help of alignment marks

on the flux transformer.
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- Chapter 10

Gradiometers: practical

realizations

Flux transformers were fabricated at Conductus, Inc. from a 260 nm thick YBCO
film coévaporated onto a 100 mm diameter r-plane sapphire wafer buffered with a CeO.,
and patterned by photolithography and etching in a 0.05% aqueous solution of HNOs.
The fabrication procedure for directly coupled magnetometers used in gradiometers was
described in chapter 8. Testing of individual devices was done without magnetic shielding
while the gradiometer was immersed in liquid nitrogen. A gradiometer was mounted bn the
lower end of a fiberglass cryogenic probe with its baseline oriented vertically along the z
axis. The SQUID, flux modulated at 256 kHz, was operated in a flux-locked loop.

To balance a gradiometer in a uniform field, we placed it in the center of a 1.1 m
diameter Helmholtz pair with with the axis of the coils perpendicular to the plane of the
device. To achieve a maximum uniformity of the field in the center of the Helmholtz pair
we used single-turn circular coils. Numerical modeling of the field distribution in the 1.1 m
diameter Helmholtz pair shows that even if the gradiometer was misaligned by as much as
5 mm in any direction, the values of 210B,/B;0z and 120% B,/ B, 82 produced by the coils
were below 10‘5 for [ = 6¢m. Uniformity of the field can also be influenced by the imperfect
fabrication of twisted pairs of wires connected to the coils and by screening currents induced
in nearby metallic objects - effects that are very difficult to model quantitatively. The
relatively crude calibration of the Helmholtz pair with the flux gate magnetometer yielded

a uniformity better than 100 ppm over a 6 cm distance in the center.
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To characterize the balance of the first-order gradiometer with respect to an out-
of-plane B; in the absence of eddy currents, we write the magnetometer response in the

form

RM =cOB, + 3;? z

= (10.1)

where d; is a first-order baseline, and C,E-O) is a common mode coefficient that defines the

balance of the gradiometer with respect to B,. Here, the value of C’a(co) is normalized to

the response to the first-order gradient. In the case of a second-order device, Eq. (10.1).

becomes

8B, , &°B '
B d1,+—éj”-d§ (10.2) -

R® =B, +clV)

. . 1) . .
where ds is a second-order baseline, and g(cz) is a common mode coefficient that defines

) (1)

the balance of the gradiometer with respect to B;/0z. Here, values of C,S," and C;, are
normalized to the response to the second-order gradient. To test our gradiometers and to
determine the common mode coeﬂici_ents experimentally, we applied an alternating current
to the calibrated source of the magnetic field, for example the Helmholtz pair, and measured
the output of the flux-locked SQUID using a lock-in detector with a noise bandwidth of

26 mHz.

10.1 Mechanical first-order gradiometer

In order to test the concept of the first-order gradiometer, we fabricated the flux
transformer as shown in Fig. 9.1 (b). The baseline, given by the separation of the centers of
the input and pickup loops, is approximately d;=48 mm. We estimate the inductance and
the area of the pickup loop to be 4, ~411 mm? and L, ~ 50nH, and of the input loop to be
A; ~36 mm? and L; ~ 9 nH. For the directly coupled magnetometer described in chapter
8, we estimate A,,=20 mm? and L,,=4 nH. From Eq. (9.3), these parameters lead to the
optimum values of the mutual inductance M,y and coupling constant oy of 2.4 nH and
0.43, respectively. From Eq. (9.4), we find 7=0.95, indicating that the presence of the flux
transformer reduces the intrinsic sensitivity of the magnetometer by only 5%. If we account
for the finite area and inductance of the stripline, we obtain ap;=0.47 and 5 =0.96, where

we used Agp =70 mm? and L, ~14 nH for the stripline area and inductance, respéctively.
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We mounted the magnetometer and the ﬂux transformer face to face, separated by
a 2.5 pm thick mylar sheet. Two substrates were planarized with respect to each other using
BeCu springs that maintained their elasticity‘ at 77 K. The flux transformer was attached
to a fiberglass mount, the position of which we could adjust in z direction from outside the
dewar by means of a differential screw. The positioning accuracy of the differential screw
was about 0.5 pum allowing us to vary the mutual inductance in situ to obtain the balance
condition of Eq. (9.3). _

The response of the magnetometer to a fixed 100 Hz magnetic field is plotted in
Fig. 10.1 as a function of the relative separation between the centers of the input loop of the
flux transformer and the pickup loop of the magnetometer. Using the lock-in technique, we -
observe both the in-phase and quadrature components in the magnetometer signal. As we
slide the flux transformer towards the center hole of the magnetometer, the in-phase output
progressively decreases and drops sharply to 0.85 pT, Which corresponds to a rejection of
the applied field of 100 nT, shown as a dashed line in Fig. 10.1 (a), by more than a factor
of 10%. As we continue to move the flux transformer, the in-phase signal changes sign and
_increases in magnitude. The change of sign is clearly evident from the data plotted on the
linear scale in Fig. 10.1 (b). The magnitude of the quadrature component in an unbalanced |
gradiometer is about 100 times lower than the in-phase signal, and it can be minimized
by an additional factor of about 100 by adjusting the position of the flux transformer.
However, the maximum suppression of the quadrature signal, also accomﬁanied by the sign
change, occurs at a different separation than that corresponding to the in-phase signal.
This result suggests that the quadrature signal is caused by higher-order gradients that are
partly canceled by choosing a different value of the mutual inductance. At the zero crossing
point in Fig. 10.1 (b), the quadrature component varies nonlinearly with the separation,
implying that it has higher order gradient components. On the other hand, the in-phase
component varies linearly with separation near the optimum balance point, with the slope
of 50 pT/um; thus, the observed cancellation corresponds to an error of about 0.05 pm in
the separation. However, we emphasize that such a degree of cancellation is impossible to
achieve in a controllable manner, and it is also unstable with time even for a stationary
gradiometer. A more typical value that we can obtain routinely lies somewhere between 50
and 100 ppm. The maximum balance level determined for an in-phase component represents
the intrinsic common mode balance of the device with respect to the out-of-plane fields, i.e.
the coefficient C¥) in Eq. (10.1).
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Figure 10.1: Calibration of first-order gradiometer in a uniform field; (a) magnitude of the
signal ||S|| and (b) signal S from the magnetometer vs the relative horizontal separation
of the centers of the magnetometer pickup loop and the input loop of the flux transformer

(arbitrary zero). Dashed line in (a) is the magnitude of a 100 Hz perpendicular magnetic

field.
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The rejection of the uniform field appliéd in the plane of the gradiometer is an
important criterion needed to characterize the device fully. To evaluate the response in the
y direction, we first rotated the unbalanced gradiometer by approximately 90° to locate the
precise angle 6,, at which the minimum response to the applied field occurred. We restored
the gradiometer to its original position, such that the field is perpendicular to the plane of
the device, and balanced the device for a maximum rejection of the in-phase signal. Then,
we rotated the device back to 8,, and recorded the magnitude of the in-phase signal. This
procedure yielded a rejection of the field in the y direction by a factor of 1400. This value
represents the intrinsic common mode balance in the y direction, and is due to an iniperfect
planarity of magnetométer and flux transformer substrates.

We measured the response of the balanced gradiomter to a gradient field 0B,/0z
produced by a pair of long parallel wires placed vertically below the dewar in the plane of
the gradiometer. This arrangement takes advantage of the stray field produced by a return
path of the current compared to measurements with a single wire. We passed a 100 Hz
current through one wire and back through the other to produce a gradient 0B, /0z that
falls off as 1/23, where z is the distance between the centerline of the two wires and the
centerline of the gradiometer. As we progressively change the distance z from 0.09 m to
1.1 m the response of the gradiometer, shown in Fig. 10.2, decreases by three orders of
magnitude. The least-squares fit of the data on a log-log plot in Fig. 10.2 yields a slope
of -2.9764:0.028, which is very close to the expected value of -3. The calculated response
of an ideal gradiometer with a slope of —3 is shown as the solid line in Fig. 10.2, which
clearly crosses all the data points. This measurement proves that our gradiometer is a first-
derivative device with a very low common mode with respect to out-of-plane fields. We note
that the limited range over which we can vary z prevents us from making precise estimates
of the common mode response from this data. As an illustration of the estimate of the upper
limit, we plot the lower portion of the data in Fig. 10.2 along with the calculated response

(0)20.01, shown as the dashed line, in the inset

from a gradiometer with the common mode C
of Fig. 10.2. The dashed line lies above the measured data indicating that only common

modes of 0.01 or higher would have been distinctly noticeable in these measurements.
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Figure 10.2: Signal from the magnetometer vs separation from two parallel wires ( circles ).
The solid line is the response expected from the ideal first-order gradiometer. The dashed
line in inset is the gradiometer response with ngo) = 0.01.
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10.2 Mechanical second-order gradiometer

We have fabricated and tested a symmetric second-order gradiometer as shown
| schematically in Fig. 9.2. The separation of the centers of the two pickup loops is 62 mm:;
thus the baseline of the second-order gradiometer is 31 mm. We chose Ay = Apy =
218 mm?, Lyy = Lpy =~ 31 nH, A; ~ 49 mm?, and L; ~ 9 nH. These parameters lead
to estimated values of the mutual inductance Mop; ~2.9 nH and the coupling constant
oopt ~0.49. The sensitivity to a small field applied to one of the outer loops is‘77 = 0.46.
" If we account for finite areas and inductances of striplines, we obtain aep = 0.48 and
n = 0.47, where we used Agp1 = Asp2 =~ 52.5 mm? and Lgp1 = Lgpa =7 nH for the areas and
inductances of the striplines connected to Ay and Ay , respectively.

We mounted the gradiometer on a probe that allowed us to change the vertical sep-
aration between the magnetometer and flux transformer by means of a wedge that we could
adjust from outside the dewar. This arrangement enabled us to vary the mutual inductance
while maintaining the symmetry required to reject the first-order gradient. The positioning
accuracy along the x axis of 0.5 ym was the same as for the first-order gradiometer with
horizontal translation along the z axis.

Figure 10.3 (a) shows the magnitude ||S|| of the in-phase and quadrature rms sig-
nals versus the relative separation of the magnetométer and flux transformer in response to
an applied 100 Hz field from the Helmholtz pair. The magnitude of the field is constant,
and is shown in Fig. 10.3 (a) as a dashed line. At the separation corresponding to an
optimum value of the mutual inductance given by Eq. (9.7) the in-phase signal is reduced
by a factor of 105. The quadrature signal exhibits a minimum at a different separation than
~ the in-phase signal, with a reduction of only about 400. We notice the remarkable simi-
larity between the in-phase balancing curves for the first-order gradiometer with horizontal
adjustment, in Fig. 10.1 (a) and (b), and for thé second-order gradiometer wi\th vertical
adjustment, in Fig. 10.3 (a) and (b). This is an indication that different methods of adjust-
ing the mutual inductance lead to the same behavior in rejecting of the applied field; the
only effect that matters is achieving the optimal value of the mutual inductance. However,
the quadrature signals for the first- and second-order gradiometers behave quite differently.
First of all, the minimum in the quadrature signal in Fig. 10.3 (a) occurs on the other side
of the minimum in the in-phase signal compared to, the data for the first-order gradiometer

in Fig. 10.1 (b). The other noticeable feature is that the quadrature curve in Fig. 10.3 (b)
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Figure 10.3: Calibration of the second-order gradiometer in a uniform field; (a) magnitude
of the signal ||.S|| and (b) the signal S from the magnetometer vs the vertical separation
between the magnetometer and the flux transformer (arbitrary zero). Dashed line in (a) is
the magnitude of a 100 Hz perpendicular magnetic field.



82

starts at a lower value when the flux transformer is far away from the magnetometer ( zero
relative separation ), and behaves more nonlinearly than the quadrature curve in Fig. 10.1
(b). The observed behavior is consistent with a model in which the quadrature component
is caused by eddy currents that couple differently to the gradiometer coils [52] causing a
gradient-like signal. The quadrature responses of the first- and second-order gradiometers
differ because the second-order device rejects the first-derivative signal by its symmetry,
and therefore, the second-derivative signal becomes the highest order gradient which has to
be partly canceled by adjusting a. The highest rejection of the in-phase component is close
to a factor of 10°. However, as in the case of the first-order gradiometer, a more typical
value for the common mode along the x axis is about 50 ppm. |

To determine the accuracy with which our gradiometer responds only to 2B, /922,
we performed calibration experiments with two parallel wires as described in section 10.1.
A second-order gradient from two parallel wires 92B,/0z? is expected to fall off as 1 /24,
where z is the distance between the centerline of the two wires and the centerline of the
gradiometer. Figure 10.4 shows the output of the flux-locked loop vs. 2. A least squares
fit yields a slope of —3.900 + 0.028, compared with the expected value of —4. The sys-
tematic deviation arises from a common mode response to either B; or 0B,/0z, or bothv.
Imposing a response to 82B;/8z% in Eq. (10.2) that scales as 1/z%, we can fit the data
in Fig. 10.4 with ;0) = 1.7 x 1073, assuming the deviation is due solely to By, or with
cY =14 x 1072, aséuming the deviation is due solely to 0B;/8z. Since the common
mode C’g(co) measured in the Helmholtz pair was no more than 5 x 1073, we conclude that
the deviation from 1/2* arises from a common mode in the first-gradient. This response
implies that the flux transformer was misaligned relative to the magnetometer by as fnuch
as 0.5 mm. Given our technique of mechanically moving the SQUID while maintaining
an alignment with respect to the flux transformer, a misalignment of 0.5 mm is entirely
possible. Another drawback of mechanically adjilsting the second-order gradiometer is that
the magnetometer and transformer substrates were not in direct contact at-the position of
the optimum balance; thus, the planarity of the magnetometer and transformer substrates
was determined by the accuracy of the motion mechanism as well. We measured the re-
sponse to the in-plane field in a manner similar to the first-order gradiometer and found an
in-plane common mode with respect to the uniform field of 1.6 x 10~2. We note that given
the precision of our mechanical assembly such a low value of the common mode is rather

fortuitous. In order to achieve low values of in-plane common mode reproducibly, one has
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to make specific arrangements for planarizing the two substrates with respect to each other.

10.3 First-order flipchip gradiometer

Although the techniques of mechanical balancing described above sufficed to demon-
strate the gradiométer principles, they are not viable options for practica,l biomagnetic sys-
tems where any mechanical balancing, even if made stable and reproducible, prohibitively
increases the system complexity. To demonstrate the applicability of our gradiometers to
practical biomagnetic applications, we introduced a first-order device [79] in which a planar
flux transformer was permanently bonded to a directly-coupled magnetometer in a flipchip
arrangement. A photograph of the assembled flipchip gradiometer is shown in Fig. 10.5.

Prior to fabrication of these flipchip devices, we tested our predictions for the op-
timum mutual inductance and coupling constant by mechanically balancing the first-order
gradiometer in a uniform field. In this experiment the centers of a magnetometer and an
input loop were aligned and the vertical separation between the substrates was varied to -
achieve balance. The results are shown in Fig. 10.6 where the in-phase response of the
gradiometer to a 12 Hz, 75.5 nT rms field is reduced to 15 pT rms, resulting in a balance
of 1 part in 5000. For the values of inductances aqd areas chosen, this level of balance oc-
curs when the separation between the two substrates is 716um. In a separate experiment,
we measured the coupling constant a between an input coil of the flux transformer and a
directly coupled magnetometer by-passing a 12 Hz ac current through the planar YBaCuO
coil, which was identical to the input loop of the flux transformer. By varying the ver-
tical separation between the coil and the magnetometer and recording the magnetometer
response, we determined the values of «, which are also shown in Fig. 10.6. The value
of a at the point of optimal balance is 0.46, which is in good agreement with cps =0.43
estimated from device parameters.

Having determined the dependence of the balance and o on the separation, we
fabricated and tested a permanently assembled flipchip gradiometer. We used the same
parameter values for areas and inductances as those of the mechanical first-order gradiome-
ter described in section 10.1. Prior to bonding, both substrates were coated with a 1 pym
thick varnish layer to allow for the possibility of disassembling the device by soaking it
in acetone. Using alignment marks on both substrates, we positioned the magnetometer

relative to the flux transformer to an accuracy of approximately 20 pm with the aid of an
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Figure 10.5: Photograph of first-order flipchip gradiometer showing details of the trimming
grid.
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optical microscope. The two substrates were bonded together with the rear side of the mag-
netometer against the film of the flux transformer, using epoxy approximately 10 pm thick.
The separation between the two YBaCuO films is 500 gm, which is mostly determined by
the thickness of the magnetometer substrate. According to the data in Fig. 10.1 for 500
pm separation, the mutual inductance M is higher than the optimal value M,,; given by
Eq. (9.3) for the chosen device parameters. In order for us to be able to increase the value
of M,y to match the value of M, which was fixed by bonding, we patterned a trimming
grid around the edge of the pickup loop as shown in Fig. 10.5. The effect of trimming is
to decrease the linewidfh of the pickup loop, which results predominately in an increase in
the value of the pickup loop inductance L, leading to an increase in Myp; according to Eq.
(9.3).

We balanced the gradiometer by applying a 12 Hz magnetic field perpendicular
to the plane of the device. A 1.14 m diameter Helmholtz pair was used as a source of the
field, which was uniform to better than 100 ppm over the 5 cm baseline. After determining
the degree of imbalance, we brought the gradiometer back to room temperature and etched
away one line along the left and right edges of the pickup loop. Then we cooled the device
back to 77 K and recorded new level of balance. Knowing the correspondence between the
improvemenf in balance and the length of the line trimmed away, we repeated the trimming
procedure iteratively, typically two or three times, to achieve a balance with respect to
‘out-of-plane fields of 1 part in a few hundred. We determined the in-plane balance in the
y direction by turning the gradiometer through 90° and in the z direction by means of a
second Helmoltz pair. The observed values of the in-plane balance were better than one
part in a hundred, and we made no further attempts to improve them in hardware.

The reduction in the ambient noise achieved with an intrinsic balance of better
than one part in a hundred in any direction is shown in Fig. 10.7. The upper (gray) trace
shows the magnetic field noise in our laboratory measured by a slotted-washer SQUID
magnetometer: the 60 Hz spike is approximately 10 nT rms, and the noise at 2 Hz is about
50 pTHz"Y/2. The lower (black) trace is the noise measured by an unshielded flipchip
gradiometer, and shows that the 60 Hz spike and the noise at 2 Hz have been reduced by
two orders of magnitude. Above 60 Hz, the background noise in the gradiometer is close to
that measured in a superconducting shield for the same directly coupled magnetometer, as
shown in Fig. 10.7.

A gradiometer becomes sensitive to eddy currents if a conducting object is located



—t
o
ITI"'_

(a)

LIRULALRLLL |

S1* (nT/Hz")
O-

1 10 100
frequency (Hz)

Figure 10.7: Noise spectra of (a) unshielded magnetometer (gray) and gradiometer (black),

and (b) shielded directly coupled magnetometer used in gradiometer.
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Figure 10.8: Magnitude (a) and phase (b) of the frequency response of the flip-chip gra-
diometer to a uniform field measured in a styrofoam flask (circles) and in a biomagnetic
dewar (squares).
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in the vicinity of the gradiometer in such a way tﬁat an induced screening current couples
_ different amount of magnetic flux to the gradiometer loops. These effects result in an
imbalance of the gradiometer and produce a Quadrature component in the response to an
‘applied field [52]. When gradiometers are operated in a multichannel system, phase shifts
produced by the quadrature response limit the degree to which one can balance gradiometers
electronically using reference magnetometers. We minimized the eddy current responses in
our system by moving all conducting objects away from the gradiometef. Unfortunately, our
biomagnetic dewar manufactured by BTi Inc. also contained metallic parts that served as
a source of eddy currents. The effects of eddy currents are clearly evident in the frequency
response of the gradiometer to a uniform field presented in Fig. 10.8, where the squares
correspond to data taken in the BTi dewar. Eddy currents produce an increase in the
magnitude of the signal at frequencies above 1000 Hz and a phase change above 100 Hz of
as much as 70°. For comparison, the frequency response measured in a styrofoam flask is
shown as circles in Fig. 10.8 where the magnitude and phase variations at high frequencies
are considerably less pronounced. From the frequency dependence measured in the BTi
dewar, Fig. 10.8, we estimate phase shifts of 1° and 5° at 10 Hz and 100 Hz, respectively.
If the suppression of the uniform field is 1 part in 1000, as shown in Fig. 10.8 (a), and
further improvements in ba}ance are achieved electfonically, phase shifts at 10 Hz and 100
Hz limit the minimum achievable common mode in the magnetic field to 18 ppm, and 87
ppm, respectively.

Finally, we consider whether an intrinsic common mode of C(® = 0.1%, for all
three directions of the magnetic field, and C,(; ~ 0.1%, for the second-derivative device,
could be realized in the manufacturing process without trimming. The data in Fig. 10.1
and in Fig. 10.3 imply that a balance of 1 part in a 1000 with respect to out-of-plane fields
requires a positioning accuracy in all three directions of about 5 pm. The in-plane common
mode of 0.1% requires that the separation between substrates be controlled to within 10
pm to insure the two substrates are parallel to each other. In a hardware second-derivative
device, a first-order gradient balance of 0.1% requires that a flux transformer be placed
over a magnetometer with an accuracy of 30 um. Therefore, one achieves C(® ~ 0.1%
and Cg) ~ 0.1% if a bonding accuracy can be reproducibly controlled within 5 pm in all
three directions. This acéuracy is achievable with commercial flipchip bonders [91], where

specifications for the alignment and separation accuracy are typically 1 pm.
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Chapter 11

Multichannel system for

Magne‘toCardioGraphy

11.1 System description

We built and tested a multichannel system in which two first-order gradiometers
were supplemented with three orthogonally mounted reference magnetometers. A schematic
diagram of the system and a photograph of the cryogenic part of the probe are shown in
Fig. 11.1 (a) and (b), respectively. The gradiometers are mounted véi‘ticaliy one above the
other. We could vary the distance between the two gradiometers thereby changing the value
of the second-order baseline d3. We used d; = 7.5 cm in all of the experiments discussed
below,'although Fig. 11.1 (b) shows d; = 5 cm. The center of the input loop of the lower
gradiométer, which detected the MCG signals, is located approximately 15 mm from the
outside of our biomagnetic dewar. The distance from the center of the baseline of the lower
gradiometer to the z-axis reference magnetometer is 2dz + dy.y = 36.5 cm.

All parts of the probe were machined out of fiberglass in order to eliminate metallic
components as much as possible. We used thin wall CuNi tubes for shielding the wires
connecting the SQUIDs to flux-locked electronics. Measurements were carried out in a
biomagnetic dewar manufactured by BTi, Inc.. The dewar was supported by a wooden
structure which supported a circular 1.14 m diameter and a square 1.13 m Helmholtz pair
used to calibrate the system. The system was located in the basement of our building where

the levels of rf interference are low, allowing us to avoid using an rf shield around the system.
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Figure 11.1: Schematic diagram (a) and a photograph (b) of the five channel system.
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Both gradiometers and the three magnetometers /were encapsulated in hermetically sealed
capsules containing heaters made from manganin wire. We could raise the temperature of
each device above T, and slowly cool it to 77 K in the static magnetic field of the Earth.
The purpose of this thermocycling procedure is to eliminate flux vortices trapped in and
around SQUID washers and Josephson junctions.

The five-channel probe was immersed in liquid nitrogen. The SQUIDs were op-
erated using flux-locked electronics manufactured by Conductus, Inc. with a 256 kHz flux
modulation and a bias reversal at 2 kHz. The real time control of the SQUID electron-
ics as well as the data acquisition and analysis were done in software using an IBM PC
compatible computer. The data from the five SQUID channels were acquired using a 16
bit, 20 ksamples/s analog-to-digital converter with a sampling frequency of 4 ksamples/s
per channel. To prevent aliasing we used a single pole anti-aliasing filter in each channel
with a corner frequency f_z4p = 300 Hz. To minimize phase shifts in the process of data
acquisition we adjusted f_sgp to 300 Hz individually in each channel. However, residual
phase shifts and discretization errors associated with the digital gain control limited the
. accuracy of balancing in software to 1 part in 250.

The noise of the slotted-washer SQUIDs used in the reference channels must not
dominate the system noise when the signals from the reference magnetometers are sub-
tracted from the gradiometer signals. Knowing the intrinsic noise and the field common
mode of the hardware gradiometers we determined the minimum sensitivity required for
the reference magnetometer. If a gradiometer is balanced to.1 part in 100 in hardware,
then to completely cancel the noise signal, which is present in both the gradiometer and
reference channels, one subtracts the signal of the reference magnetometer attenuated by
the same factor of 100 from the gradiometer signal. During the subtraction process, uncor-
related noise power from the reference magnetometer is scaled down by the square of the
attenuation factor, 10% in this example, and added to the noise power of the gradiometer.
Therefore, the intrinsic noise of the reference magnetomer must be not more than 100 times
higher than the gradiometer noise to avoid dominating the noise. The sensitivity of our

directly coupled magnetometers in the white noise region is in the range of 100 fTHz /2

thus, the intrinsic noise of the reference magnetometers must be lower than 10 pTHz /2,
The sensitivities of slotted-washer SQUIDs, which are typically 5-6 pTHz1/2 in the white

noise region as shown in Fig. 8.1, satisfied our requirements for use in the reference channels.
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11.2 System calibration énd performance

To assess the performance of a gradiometer system of the order n, one defines a set
of common mode and eddy current vectors [52], which characterize the residual sensitivity of
the device to a uniform field and gradients of order lower than n. In order to fully describe
the common mode and eddy current response of the first-derivative system, we extend Eq.

(10.1) to the three dimensional case as follows:

B | 95 dy, (11.1)

P
where d; is the baseline, 8B, /0z is the first-order gradient applied along the baseline, and

R =CcOB+E

C) and E are the field common mode and eddy currents vectors, respectively.

The three components of co), éo), CZSO) and Cﬁo) are the inverses of the values
of the balance measured during calibration in a uniform field applied along the z, y and
z axes, respectively. For two gradiometers incorporated in our multichannel system, we
found C’,(BO) = 3.1 >< 1073, C’!SO) = 3.1 x 1073 and C,.S") =5 x 1072 for one gradiometer and
) =13 %1073, C{¥ =3.8 x 1073 and C{” = 6.6 x 103 for the other.

‘One can improve the common mode response by subtracting the outputs of the
orthogonal reference magnetometers appropriately weighted by the components of the com-
mon mode vector from the gradiometer signal. For the improved response of the gradiometer
balanced with references R,(,B, we can write
aB o8,
dt’ 0z

where b is the magnetic field vector measured by the three orthogonally mounted magne-

RY =COB_-cb+E dy (11.2)
bal

tometers and c is the vector of the balancing coefficients ¢, ¢, and ¢;. In an ideal case
¢z = Cp, cy = Cy and ¢, = C, and the common mode response due to magnetic field is
completely eliminated by balancing the system with reference magnetometers.

However, the eddy current response is proportional to dB/dt, and cannot be elimi-
' nated using references because it is phase shifted by 90° relative to the applied signal. Phase
shifts in the flux-locked electronics or in the data acquisition channels also appear as eddy
current terms thereby contributing to the residual imbalance. The degree of the residual
imbalance in a balanced gradiometer can be characterized via the balanced common mode
vector Cz(fz% as follows:

0B,
0z

RY = cOB + Z=4,. (11.3)
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To assess the degree to which we can ixﬁprove the balanced common mode ng),,
we applied a 6 Hz, 1 4T peak-to-peak signal perpendicularly to the plane of the éradiometer :
as shown in Fig. 11.2 where we plot the signé,l of the x-axis reference magnetometer. This
signal is reduced in a hardware gradiometer by a factor of about 700. By subtracting the
signals of the x-axis reference and hardware gradiometer, the balanced output has been
reduced to a peak-to-peak value of 20 pT, corresponding to an attenuation of the applied
magnetic field to 20 ppm. This degree of cancellation is consistent with measurements of
the phase shifts in the gradiometer shown in Fig. 10.8, Wheré we estimated the minimum
achievable common mode to be 18 ppm at 10 Hz.

A suppression of an applied field to 100 ppm or better using references results
in a suppression of the ambient noise. Figure 11.3 demonstrates the cancellation of the
low frequency interference produced by the motion of the elevator in our building. In
Fig. 11.3 one observes a clear correlation between signals in the gradiometer and in the
z-axis reference magnetometer; the highest common mode in this gradiometer was measured
along the z-axis, £°) = 6.6 x 1073, When the reference output was subtracted from the
gradiometer output, the interfering signal was suppressed down to the noise level of the
gradiometer, correspbnding to an attenuation of better than 100 ppm. We emphasize that
this method of noise suppression applies only to correlated signals simultaneously present in
the gradiometer and reference channels. An uncorrelated noise, such as a random telegraph
signal observed only in the gradiometer channel, in Fig. 11.3, cannot be eliminated by
balancing with references. . |

The balancing coefficients c;, ¢y and c, can be chosen adaptively to fulfill a certain
criterion for system performance. For example, adaptive balancing is used frequently in real
time MCG measurements where the coefficients are chosen to maximize the signal to noise
ratio of the cardiac signal. Another example involves the adaptive choice fdr the coeflicients
if one is trying to cancel a correlated interfering signal produced by a known source. This
approach is typically used to balance the system for a maximum suppression of the 60
Hz peak. To test the adaptive algorithm in our system, we applied a uniform field of 1
uT peak-to-peak amplitude along the x axis and varied the frequency from 1 to 50 Haz.
Figure 11.4 shows the results of the experiment where the hardware gradiometer signal is
sﬁppressed by a factor of about 1200 compared to the signal from the x-axis reference. The

applied signal is observed in all reference channels due to the imperfect orthogonality of the



97

balanced gradiometer (x 100)

gradiometer
(x 100)

magnetic field (nT)
o

Z reference

A
o
T

time ()

Figure 11.3: Cancellation of low frequency signal produced by the motion of the elevator.
Uncorrelated random telegraph signal in the gradiometer channel cannot be eliminated
using references.
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reference magnetometers. To form a balanced graaiometer, the balancing coefficients were
chosen using an adaptive algorithm for the maximum cancellation of an applied signal. The
data in Fig. 11.4 for the balanced gradiometer show a complete cancellation of the sweep
signal down to the noise level of the ma,gnetometef. This degree of cancellation corresponds

to a balance of better than 50 ppm at any frequency between 1 and 50 Hz, which is also

" consistent with measurements of the phase shifts in Fig. 10.8.

Ambient noise signals contain components proportional to the first- and higher-
order gradients. These components become dominant when a gradiometer is highly balanced
with respect to uniform fields using reference magnetometers. To reject gradient signals,
one has to resort to the formation of higher-order gradiometers. In our system, we formed
a second-order gradiometer by subtracting the outputs of two first-order gradiometers in
software. To demonstrate the. operation of the second-derivative device, we performed
calibration measurements with the two parallel wires as described in the section 10.1 for
the mechanical first-order gradiometer. The results of the calibration procedure for two first-
order gradiometers are shown in Fig. 11.5 (a). The signal from the lower gradiometer decays
with a slope of —3.00740.005. The observed distance dependence is in good agreement with
the expected response of the gradiometer with a common mode signal of —3 x 10~3, which.
was obtained during the calibration in a uniform field. Similarly, the upper gradiometer
signal has a slope of —3.019 + 0.009, which is also in good agreement with the expected
common mode signal of —1.6 x 1073, The expected dependences for the upper and lower
gradiometers with CS)) ~ —1.6 x 1073 and C'g(co) ~ —3 x 1073, respectively, are plotted as
solid lines in Fig. 11.5 (a).

For the second-derivative device formed in software, we obtained an exponent of
—4.348 + 0.041. We expect the exponent value of —4.256 + 0.044 for the ideal second-
order gradiometer formed by subtraction of two first-order gradiometers with baselines of
4.8 cm separated by 15 cm. The common mode signal of the second-order gradiometer is
the difference of the common mode signals of the two first-derivative devices, and is equal
to CfY ~ —1.4 x 1073, Knowing the value of C{”), we fit the data in Fig. 11.5 with

,.,(,0) ~ —1.4 x 1073 and a common mode coefficient in the first-order gradient of about
(W 1.13 x 1072, as shown by the solid line in Fig. 11.5 (b) The limited range over
which we were able to arrange the wires relative to the gradiometer prevents us from making
more precise estimate for Cﬁ,). However, we emphasize that this calibration procedure is

important in establishing that our multichannel gradiometer is indeed a second-order system
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Figure 11.5: Calibration of the software second-order gradiometer with two parallel wires.
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in the simulated response of first-order gradiometers. Squares in (b) correspond to the

second-order gradiometer formed in software. The line in (b) assumes Y~ -14x103
and C,(,-i) ~ 1.13 x 1072 for the second derivative device.
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with an upper limit on the first-order common mede coefficient C.g) ~1.13 x 102.
Noise spectra for the balanced first- and second-order gradiometers are shown in
Fig. 11.6 as gray and black traces, respectively. Common mode corrections with references
were formed in software in both cases. We notice that all peaks in the noise spectrum of the
second-order gradiometer are reduced eompared to those of the first-order device, indicating
that a first-order gradient is present in all correlated noise signals. The magnitude of the
first-order gradients in the ambient noise, which are suppressed by the action of the second-
order gradiometer, depends on the noise environment at the location of the system. For
example, the magnitude of fhe 60 Hz spike is reduced by a factor of about 5 in Fig. 11.6. We
compare the heights of the 60 and 180 Hz spikes in the noise spectra of the x-axie reference
(gray trace in Fig. 10.7) to those of the balanced second-order gradiometer ( black trace in
Fig. 11.6). We observe that the power line interference at 60 and 180 Hz is suppressed by
factors of 500 and 200, respectively. These results can be contrasted with the recent data
of [76], where the second-order axial gradiometer was adaptively balanced for a maximum
suppression of the 50 Hz power line fundamental. In [76], first and third harmonics of 50
Hz were suppressed by factors of 2000 and 22, respectively. Notice that the additional
suppression of the fundamental by a factor of 4 results in an increased response of the third
harmonic by a factor of about 10. The most important drawback of adaptive balancing with
respect to suppressing power line signals is the temporal instability of the external noise.
As demonstrated in [52], the environmental noise is constantly changing, and, therefore
adaptively chosen coefficients must be readjusted once every few minutes to account for
changes in the environment. The approach widely adopted in commercial LTS systems is
“to balance the system for a minimum common mode response using coefficients obtained
by calibrating with known sources. In a system with a small number of channels, such as
our own system, one can use adaptive control of the coeflicients during data acquisition in
software to achieve a maximum signal-to-noise ratio of the cardiac signal. Additionally, we
use filtering techniques in the data processing software to suppress noise at the power line

frequency and its harmonics.
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Chapter 12

MagnetoCardioGraphy in an

unshielded environment

To assess the suitability of gradiometers for MCG measurerhents, we compare the
signal-to-noise ratio of our second-order system to that of the hardware second-order device
described in section 10.2. We assume that the cardiac ‘éignal is produced by a current flowing
along the y direction in the plane of the gradiometer. The vertical distances between the
current path and the centers of the baselines of the lower and upper gradiometers are rl.
and r{; for the hardware second-order gradiometer this distance is rp. The ratio of the

signal-to-noise of the hardware gradiometer to that of the software second-order system is

given by
2
§wire = (/N g g = 22d%/ S V2 (12.1)
2) . (p2 __ 2 : :
) (S/N)go?ftware dl /7‘1 dl/rl

where d; and d, are first- and second-order baselines of hardware devices, and the factor
of v/2 is due to the quadratic sum of noise powers when the signals of two first-order
gradiometers are subtracted. The baselines of our devices are d; = 4.8 cm and dz = 3.1
cm, and we assume 7, = 8 cm, 7| = 23 cm, and 72 = 9 cm for distances relevant for MCG
measurements. From these parameter values we estimate £, = 0.56. We also estimate
the signal-to-noise ratio if the source of the cardiac signal is a magnetic dipole oriented

along the y axis separated from gradiometers by the same distances as the current path in
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the previous example. In this case, we find

2
f . — (S/N)ga)rdware — ____Lli%ﬁ_zs___ X \/§ (12 2)
dipole (S/N)(z) d1/7"11 — d1/7'14 . .
software

Using d; = 4.8 cm, dy = 3.1 cm, r1v= 8 cm, 7} = 23 cm and 72 = 9 cm as in the previous
example, we obtain gipote = 0.8. Aésuming that the MCG signal is the superposition of
signals produced by magnetic and current dipoles, the estimates éarried out above indicate
that one achieves higher signal-to-noise ratios with the software system.

For MCG measurements, signals from thev reference gradiometer and the three
magnetometers, weighted by balancing coefficients, were added to the signal from the sensing
gradiometer. The power line interferences at 60 Hz, 120 Hz and 180 Hz were digitally
filtered by third-order elliptic notch filters centered at these frequencies. Additionally, a
third-order bandpass filter was used to limit the bandwidth of the MCG measurements to
between 0.3 and 47 Hz. All the SQUIDs were heated above T, and slowly cooled down to
77 K immediately before the MCG measurements. '

For MCG recordings healthy human subjects were located on their back under-
neath the tail of the biomagnetic dewar. The vertical distance between the chest and the
tail of the dewar was of the order of 1 cm. Referring to the coordinate system in Fig. 11.1,
the position of the subject relative to the dewar wé.s adjusted in the x-y plane to maximize
the height of the QRS peak in an MCG signal. The MCG data were recorded in real time.
We also had the option of saving raw data from all five channels in a file and analyzing it
off-line to look for an improvement in the signal-to-noise ratio. We used identical software
algorithms for on- and off-line analysis; the same software had been used previously with
axial electronic gradiometers [74]. | |

Figure 12.1 shows the results of our MCG measurements in the particularly harsh
magnetic environment created by the operation of an optical t'rap at about 0.5 Hz in a
neighboring laboratory. The noise signal is present in all three reference channels with a
maximum peak-to-peak amplitude in the x channel ( upper trace ) of about 10 nT. The
hardware gradiometer attenuates this signal by a factor of about 300. The formation of the
second-order gradiometer and the common mode field cancellation eliminates the interfering
signal very effectively, and recovers the heart signal ( lower trace ). This unaveraged signal
shown in Fig. 12.2 distinctly shows the QRS peak followed by a small T wave. The signal-

to-noise ratio was further improved by averaging, using an electrocardiogram as a trigger.
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Figure 12.1: Measurement of magnetocardiogram in an unshielded environment in the
presence of a 10 nT interfering signal. Signals from x, y and z references are divided
by 100. Bandwidth 0.3-47 Hz, notch filters at 60 and 180 Hz, no averaging.
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An example of an MCG averaged 119 times is pi'esented in Fig. 12.3. We note that the
magnitude of the QRS peak and the T wave measured tangentially to the chest are smaller -

than those obtained with axial gradiometers.
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Chapter 13

Conclusions and future directions

We have introduced long-baseline hardware gradiometers that can be used as the
front-end of HTS biomagnetic systems to perform initial rejection of ambient noise, thereby
reducing the demand for high slew rate, linearity and dynamic range of the flux-locked
electronics. Further improvements in balance in a multichannel system are achieved elec-
tronically or in software. This is a highly successful approach to the design of practical
biomagnetic systems, which has been widely used in LTS technology [52].

Our hardware gradiometer is the single most important element in the system,
allowing us to utilize a variety of techniques for higher-order gradiometer formation devel-
oped for LTS gradiometers. The flux transformer patterned in a single layer of YBaCuO
is a simple device and could be made in large quantities with baselines approaching 10 cm
using an existing technology. One can use lower quality sintered YBaCuO films on inex-
pensive polycrystalline substrates [92], therebﬁr reducing the materials cost. We have shown
previously [83, 93] that the 1/f flux noise produced in the transformer does not degrade the
ldw frequency noise of the devices because of the inductance mismatch between the SQUID
and the pickup loops of the transformer. We have also solved the problem of an excess 1/f
noise in single-layer SQUID magnetometers cooled in an Earth’s field [81, 82] by making
linewidths of the superconducting components equal to 4 pm. '

Directly coupled magnetometers are ideally suited for use in gradiometers. They
are routinely fabricated at present By a number of groups, and their intrinsic field sen-
sitivities approach those of multilayer devices [94]. The fact that the sensitivity of the
magnetometer is not significantly reduced by the presence of the flux transformer, along

with the long baselines of first-order gradiometers makes the use of these devices partic-
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ularly appealing in HTS technology where sensifivity is at a premium. Enhancement of
the sensitivity of the magnetometers can be achieved with the aid of multilayer devices
[93, 95, 96] or flux focusing plates. However, these improvements will result in increased
complexity, which could negatively impact manufacturability of the gradiometers.

We have also introduced a practical first-order gradiometer in which the flux trans-
former and magnetometer substrates were permanently assembled in a flip-chip arrange-
ment. Balancing of the device was achieved by trimming the pickup loop - a straightfor-
ward procedure that could be eliminated in the manufacturing process by using commercial
flip-chip bonders with an alignment accuracy of 1 gm [91]. Flip-chip gradiometers packaged
in hermetically-sealed capsules with heaters are self-contained modules that could easily be
*handled by technicians without specific training. The intrinsic balance of better than 1 part
in 100 and a baseline of 48 mm make these devices ideal for use in practical biomagnetic
systems.

We built and tested the five channel system for MagnetoCafdioGraphy in which
two such gradiometers were supplerﬁented by three orthogonally mounted reference mag-
netometers. The residual response to a uniform magnetic field was reduced to the level of
100 ppm or better using references. The second-order gradiometer was formed in software
by subtracting the outputs of two first-derivative devices to reject. a first-order gradient
applied along the baseline of the device by a factor of 100. With this system, we succéss-
fully detected magnetic signals from the human heart in an unshielded environment without
averaging. ' |

The approach used in the design and implementation of our system can be lex—
tended to higher order systems that utilize arrays of gradiometers with their planes located
perpendicularly to the chest or, for a small number of channels, with their planes parallel
to the chest to measure the radial component of the field. The bandwidth used in our MCG
recordings, 0.3 to 47 Hz, can be extended to 150 or 300 Hz as Idesirable in clinical cardiol-
ogy. Additional suppression of power line interference, which is necessary for operation in
a wider bandwidth, could be accomplished in systems of the higher order. Alternatively,
in a low-order portable system, one can achieve the power line cancellation by using the
advanced algorithms for -data processing that have already been developed and tested in
LTS systems [52, 97]. Our hardware gradiometers can be fabricated with baselines of up to

9 cm, which makes them attractive for application to fetal MCG. [98].
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