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Summary: Novel applications of the Josephson effect: Ferroelectric

characterisation and capacitively shunted grain boundary junctions

Thisthesis describes applications of the ac Josephson effect. Firstly, results are presented
from bicrystal grain boundary Y Ba,CusO;.5 junctions shunted with a Y Ba,CuzO7.5/S'TiOs/Au
multilayer external capacitor, to make ajunction with a hysteretic current voltage characteristic
operating at high temperatures. A hysteretic junction with a McCumber parameter of 1.01 at
72.3K, with acritical current of 451yA and aresistance of 0.56Q was achieved for a junction
shunted with a 150um? external capacitor with a 50nm SrTiO; dielectric. The measured
capacitance was less than that expected from a calculation of the paralel plate shunt
capacitance. The explanation was thermal noise suppression of the hysteresis and the junction
saw the shunt capacitor as a distributed impedance rather than alumped circuit element.

It was found during these investigations that the influence of the SrTiOg substrate on the
intrinsic junction capacitance was poorly understood. The permittivity of SrTiO3 is 24000 at
4.2K. A series of YBaCuzO7.5 Josephson junctions of lengths from 2um to 20um was
patterned on a SITiO3 bicrystal and the Fiske resonance dispersion relation was measured. The
dispersion relation consisted of two branches, one at low frequencies with a high resonator
capacitance per unit length and a high frequency branch with a low resonator capacitance per
unit length. This was due to the frequency dependence of the permittivity of bulk SrTiOs,
which drops above the soft optic phonon frequency. From the dispersion relation, the
permittivity of bulk SrTiO3 was 750 and the soft optic phonon frequency was 145GHz.

The ac Josephson effect was exploited to measure the permittivity of thin films of
SITiO; a microwave frequencies using Josephson junctions coupled to external resonators.
The permittivity of 50nm, 100nm and 200nm SITiOs; films was frequency independent
between 100GHz and 900GHz and to decrease with film thickness. The permittivity of the
50nm film was 35 and that of the 200nm film was 187 at 4.2K. The permittivity of the 200nm
film was tunable with a dc voltage bias between 245 and 112 at 30K and 116GHz.

The grain boundary capacitance was used to probe grain boundary current transport. The
capacitance per unit area scaled inversely with resistance area product and increased linearly
with critical current density, for undoped and Ca doped Y Ba,CusO;.5 grain boundaries on 24°
bicrystals. This behaviour could not be explained by tunneling models of grain boundary

current transport, and requires current flow over afraction of the area of the grain boundary.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Motivation and objectives of this thesis

One of the most promising areas for applications of superconductivity has been the Josephson
effect. This is the observation of a supercurrent between two superconductors separated by a
weak link. The Josephson junction is a natural voltage tunable microwave oscillator in aregion
of the frequency spectrum where there are few aternative sources. The junction can be
configured to act both as a microwave source and a detector. Two Josephson junctions in
paralel are known as a Superconducting QUantum Interference Device (SQUID). The SQUID
Isavery sensitive detector of magnetic flux, with applications in biomagnetism and other areas
where non-destructive evaluation is required.

The first experiment described in this thesis is the coupling of an external shunt capacitor to
aY BaxCu3O7.5 grain boundary Josephson junction, with the aim of creating a device with a
hysteretic current voltage characteristic at high temperatures (>50K). Most Josephson
junctions fabricated from cuprate superconductors to date have not had hysteretic current
voltage characteristics. The primary application of such a device is the relaxation oscillation
SQUID, which oscillates with a frequency dependent on the applied flux. Hysteretic Josephson

junctions are also a useful element for Josephson junction based logic circuits.

As a result of these investigations it was apparent that the influence of the SITiO3 bicrystal
substrate on the capacitance of the grain boundary Josephson junctions was not well
understood. The permittivity of S'TiOz is very large (24000) at 4.2K. However, the
capacitance determined from the hysteresis in the current voltage characteristics of the
junctions was not consistent with that calculated for the co-planar contribution to the junction
capacitance from the SITiO; substrate with its large permittivity. The permittivity of bulk
SITiOs is known to be strongly frequency dependent in the same frequency range as the
Josephson oscillations. Therefore, experiments were performed on a series of Josephson
junctions of various lengths with the aim of ascertaining the influence of the SrTiO; substrate

on the junction capacitance.

The Josephson oscillations were exploited to measure the permittivity of thin films of SITiO;

a microwave frequencies. An external resonator coupled to a Josephson junction perturbs the

1



Chapter 1: Introduction

current voltage characteristic of that junction. The parameters of the resonator, such as the
permittivity of its digectric, can be extracted from the position and shape of the perturbation in
the current voltage characteristic of the junction. The frequency dependence of the permittivity
of thin film and bulk SrTiO3 could then be compared and contrasted.

Having obtained a more thorough understanding of the influence of the SrTiO; substrate on
the capacitance of YBaCuz0O;.5 grain boundary Josephson junctions, their capacitance was
used as a probe of the current transport mechanism across the grain boundary. Over a decade
after the discovery that grain boundaries limit the critical current of polycrystalline cuprate
superconductors, the mechanism of current transport across the grain boundary still remains

controversial.

The thesis is organised as follows. The remainder of this chapter is devoted to the Josephson
effect and transmission lines. The resistively and capacitively shunted mode of the Josephson
junction is presented, followed by an examination of the effect of an applied magnetic field on
the Josephson behaviour. An overview of transmission line theory is given, in terms of a
model consisting of distributed circuit elements. The effect of a transmission line on the
Josephson junction is then discussed. Chapter 2 reviews the properties of YBa&CuzO;5 and
YBa&CuzO75 Josephson junctions. The structural and electrical properties of YBa,CuzO7.5
grain boundaries are described. Chapter 3 reviews the dielectric properties of ferroel ectrics and
incipient ferroelectrics such as SrTiOs. The differences between bulk, single crystal S'TiO3
and thin film SrTiO; are highlighted. The experimental techniques and apparatus needed for
the study are described in Chapter 4. The operation of the relaxation oscillation SQUID and
results from YBaCuzO;.5 grain boundary junctions coupled to external capacitors are
presented in Chapter 5. Chapter 6 reports the experiment to determine the influence of the
SITiO3; substrate on the capacitance of the grain boundary. Chapter 7 presents measurements
of the permittivity of a series of thicknesses of SrTiOs films at microwave frequencies, using
Josephson junctions coupled to externa resonators. The scaling of the YBaCuzO;.5 gran
boundary resistance area product, critical current density and capacitance per unit area for a
series of junctionsis described in Chapter 8. Finally, Chapter 9 concludes the work.

1.2 Basic concepts of superconductivity

The resistance of a superconductor vanishes abruptly to zero when it is cooled below its
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critical temperature T.. Below T, a superconductor exhibits perfect diamagnetism, whereby
magnetic and electric fields are completely excluded its bulk. Thisis the Me ssner effect and it
is reversible. The magnetic field decays exponentialy in the superconductor over a
characteristic length known as the London penetration depth. Screening supercurrents flow
within a penetration depth of the surface which prevent any magnetic field from penetrating

the bulk of the superconductor.

A complete microscopic theory of superconductivity was developed by Bardeen, Cooper and
Schreiffer (BCS theory). As a result of a strong interaction between the electrons and the
phonons in the superconductor it becomes energetically favourable for the eectrons to
condense into pairs, known as Cooper pairs. The pairs are bosons and can therefore be
described by a single macroscopic quantum wavefunction with an amplitude and a phase. The
squared amplitude of this wavefunction can be interpreted as the fraction of the conduction
electrons in the superconducting state. The theory predicts a maximum T. for
superconductivity, but the T of the cuprates is higher than this maximum. Therefore, BCS
theory cannot be directly applied to the cuprates. However, the concept of a macroscopic
guantum wavefunction is dill valid for describing the properties of the  cuprate
superconductors, even though the detail of the pairing mechanism remains unclear.

1.3. The Josephson Effect
1.3.1 Introduction and Feynman derivation

In 1962 Josephson[ 1] predicted that a supercurrent would flow across aweak link between two
superconductors. The effect is the result of the decaying of the superconducting order
parameter ¥into the weak link. If the order parameters on either side of the weak link overlap
a supercurrent can flow through the weak link. Josephson effects were first convincingly
observed experimentally by Anderson[2].

Here, a derivation of the Josephson effect due to Feynman[3] is given. The superconducting
order parameter is considered as a macroscopic wavefunction and the time dependent
Schrodinger equation izd Mdt=H ¥ is applied to the superconducting weak link. This gives
(2.1) for the time evolution of the wavefunction on each side of the weak link, where K is a

coupling constant for the interaction of the wavefunction between the two superconductors and
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U, » isthe energy of the wavefunction in each superconductor.

i oV,
ot

=UW, +KWY,

1.1
oW, 1
Ih=—2= U, + KW,

If the weak link is insulating then a constant voltage bias V applied across it produces a
difference in potentia energy of —2e\, where —2 is the charge on a superconducting pair. If
the zero of energy is taken &a%{U1)/2, then (1.1) becomes,

in a::l = —eVW, + KW,
v (1.2)
=% = VW, + KW,

Next, a superconducting wavefunction (1.3) with a plgaseon either side of the weak link
can be substituted into (1.2). The square of the amplitude of the wavefungti®interpreted

as the superconducting pair density.
vz 1,2
Yo = (nl,Z) e (1.3)

Substitution of (1.3) into (1.2) and equating the imaginary and real parts respectively gives
(1.4) and (1.5).

2 = 2K(nn,) sin(g, ~4,)
on 2 u (14)
E:_%K(n&) Sm(¢2‘¢1)
00, - _K(0)" o —pe Y
T h[nl) 4924+
12 (1.5)
0¢, __K(n =&Y
ot h(nzj cos($.~¢.) I

From (1.4), it can be seen that the rate of increase of the pair density in the first superconductor
is the rate of decrease of pair density in the second. If there is a circuit connected to the

junction, then (1.4) gives the rate of change of pair density or the supercurred owss

4



Chapter 1: Introduction
thejunction (1.6).
J, = J.sin(g) (1.6)

This is the dc Josephson relation. A supercurrent can flow through the weak link up to a
maximum value J.. For currents larger than J., a potentia difference is developed across the
junction. The difference between the phases of the wavefunctions of the superconductors is

= Po- 1.
Theterm in cos(@) in (1.5) can be eliminated by subtraction to give (1.7).

%:Z_GV

ot & .0

This is the ac Josephson relation. Integration of (1.7) and substitution into (1.6) gives (1.8),
where ¢ is a constant of integration. The phase difference between the order parameters of the

two superconductors increases linearly with time.
J,=J, sin(%Vt + gao) (1.8)

Therefore, when the junction is voltage biased an ac current flowes at an angular frequency w

given by (1.9).

w=2y (1.9)

The Josephson junction therefore acts as a natural voltage tunable microwave oscillator. A dc

voltage of 1mV across the junction produces a frequency of 483.6 GHz.
1.3.2 The shunted junction model
1.3.2.1 Ajunction shunted by a resistor

The resigtively shunted junction (RSJ) model provides a phenomenological approach to the
determination of the current voltage (1V) characteristics of the Josephson junction. It was
devised independently by Stewart[4] and McCumber[5]. The junction is modelled as a
Josephson element shunted by a resistor in paralel. In the RSJ model the junction is current
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biased, which is the most straightforward way to measure the 1V characteristic. The current
flowing through the junction can be broken down into two components. The supercurrent
arises from the dc Josephson effect and is given by (1.6). A finite voltage across the junction
gives rise to the quasiparticle current |, given by (1.10), where R, is the junction normal state

resistance.
l,=V/R, (1.10)

The addition of (1.6) and (1.10) combined with the ac Josephson relation (1.7) gives (1.11) for
thetota current | flowing through the junction.

i de
2eR it

I =1.sin(¢)+ (1.12)

Equation (1.11) can be solved anayticaly[6],[7]. The mean voltage across the junction is
determined by the averaging of the time derivative of the phase, which no longer increases
linearly with time. It is given by (1.12), which determines the form of the dc IV characteristic
of aresistively shunted junction, asshownin Fig. 1.1.

V=0 I<l¢

V=R.I7-12 1>, (1.12)

For 1> the time dependent voltage is given by (1.13)[6].

V)=V + Z V_ sin(madt) (1.13)

m>0

The amplitudes of the time dependent voltages Vy, determined by Fourier analysis are (1.14).

2((|/|c)2 —1)”2
(an+(0ny-9")

(1.14)

Vm = |CR’1

The time dependent voltage in turn generates microwave currents flowing in the resistor.
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Figure 1.1 A normalised RSJ 1V characteristic, showing the time averaged ac supercurrent I
flowingin theresistor and the quasiparticlecurrent |, flowing in theresistor.

When biased just above the critica current, the higher harmonics of the ac Josephson
oscillations are significant and their average dominates the voltage drop across the junction. At
higher currents, the oscillations become monochromatic and their average voltage tends to
zero, as shown in Fig 1.2. The normal current in the junction resistance dominates and the

junction IV characteristic tends towards the ohmic line.

The characteristic voltage of the junction V. is equal to the IR, product. It is the maximum
amplitude of the first harmonic of the ac supercurrent. The normalised amplitudes of the first
four harmonics of the Josephson oscillations are shown in Fig. 1.3. For voltages greater than

~V/,, the oscillations are approximately monochromatic.

VIV
N W A OO

H

\
/

10 20 30 40 50 60 70 80
Time (ps)

o
O

Figure 1.2. The time dependent voltage acr oss the Josephson junction for 1/1.=1.2 and 5.
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Figure 1.3. The normalised amplitude of the first four harmonics of the ac supercurrent versus
normalised voltage.

1.3.2.2 Ajunction shunted by aresistor and a capacitor

The RSJ modd can be developed to include the junction capacitance. The equivalent circuit is
shown in Fig 1.4, with a capacitor in parallel with the Josephson element and the resistor. This
isthe resistively and capacitively shunted junction (RCSJ) model.

The displacement current flowing through the capacitance C is given by C(dV/dt). The
displacement current is added to (1.11) for the RSJ model and expressed in terms of the phase
difference across the junction with (1.7) to give (1.15).

h d¢+th_2¢

L4+ = 1.15
2eR, dt 2e dt? 19

[ =1.sing+

The model can no longer be solved analytically. The McCumber parameter . determines
whether or not the capacitance term in (1.15) drives the IV characteristic hysteretic. It is
defined by (1.16), where ®¢=h/2e isthe flux quantum.

Rn

O ——

Figure 1.4. An equivalent circuit for a Josephson junction. The cross represents the Josephson
dement.
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2
ﬁc = Tre = R‘C = ZMCR‘C (116)
TJ qJO/ZHCR‘I q)O

The McCumber parameter is the ratio of the two characteristic time constants of the system.
These are the RC time constant of the resistor and the capacitor 7rc and the period of the

Josephson oscillations at the frequency corresponding to IcR..

When [.<<1 the time constant of the capacitor is much less than the period of the Josephson
oscillations. The charge stored on the capacitor relaxes much faster than the time taken for the
junction to switch into the zero voltage state. The IV curve is single valued for all voltages.

Junctions with S.<<1 are also referred to as overdamped.

When [>>1 the time constant of the capacitor is much larger than the period of the Josephson
oscillations. Consider biasing the junction with a slowly increasing dc current, starting from
I=0. As the magnitude of the current increases the junction switches into the voltage state in
the normal way. However, if the current is decreased back past the critical current there is still
charge stored on the capacitor. The charge relaxes causing the junction to remain in the voltage
state until it returns to the zero voltage state at some current |,. Junctions with 5>>1 are

referred to as underdamped. The IV characteristic is therefore hysteretic as shown in Fig. 1.5.

A junction with <<l has I=I, and is not hysteretic. A junction with S>>1 has I>1; and is

hysteretic. A junction with S.=c has|,=0.

1-21\\\\\\\\\\\\\\\\\\

1k

H

T

0.8
EU 0.6
04

O [ ‘ I ‘ [ ‘ L1 1 ‘ I ‘ L1
0 02 04 06 08 1
V/Vc

=
N

Figure 1.5 A normalised hysteretic |V characteristic with 5.=15.
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simulation
Zappe

10

02 03 04 05 06 07 08 09 1
a

Figure 1.6 Zappe's approximation (1.17) and numerical simulations gf. versusa.
McCumber[5] solved (1.16) numericaly to give [ as a function of a=lJI,. Zappe[§]

determined an approximate expression for 5 asafunction of a, givenin (1.17).

(2-(n-2)a)

_ (117)
a

B. =
The form of S versus a from Zappe’s approximation is given in Fig. 1.6, together with
numerical simulations (from JSIM) to determine the real valyg.afhe majority of junctions

in this study had 16.<10. Zappe’s approximation underestimagfiesby ~10% fora<0.96,

and overestimate&; for a>0.96.

In summary, there are three important parameters that can be determined frovh the
characteristic of the Josephson junction. These are the junction critical current, the junction
resistance, from a fit to tH& characteristic at high current biases and the junction capacitance
from the hysteresis in th&/ characteristic. Resonances which cause perturbations IV the
characteristic at particular voltages can also be used to determine junction parameters, and

these are discussed in section 1.4 and Chapters 5, 6 and 7.
1.3.2.3 Josephson coupling energy and noise fluctuations

In the zero voltage state no energy is dissipated within the junction. However, some energy is
stored in the junction. This can be found by considering the work done by an external system

on the ac supercurrent when the junction is in the voltage state causing a phase chagge from

10
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to @[6]. Using both the dc and ac Josephson relations (1.6) and (1.7) the work done is
therefore given by (1.18).

hl,
2e

\W

_ Il J%sin(ql)dqo: (cosg, —cos@, ) (1.18)

2en

For a Josephson junction, this is interpreted as a potential energy. The maximum energy that
can be stored in the junction is therefore given by 41/2e= @l /21T

The primary source of noisein the high T, superconducting junctions in this study was therma
fluctuations in the critical current. These fluctuations are quantified with the noise parameter
[, defined in (1.19) which is the ratio of the thermal energy kgT, where T is the temperature

and kg is Boltzmann’s constanty the Josephson coupling energy.

r 27k T

1.19
o (1.19)

When /-0, thermal noise has little effect on thé characteristic. However, whe>1, the

critical current step in the/ characteristic becomes rounded. Thermal noise also suppresses
the hysteresis of a junction wig>1. This effect is discussed in more detail in section 3.5.
External electromagnetic interference suppresses the junction critical current in the same way

as thermal noise.
1.3.3 Magnetic field effects

The discussion of the Josephson effect in sections 1.2.1 and 1.2.2 tacitly ignored the presence
of any magnetic fields. In this section, the influence of a magnetic field on the behaviour of a
Josephson junction is discussed. Magnetic field effects on Josephson behaviour are discussed

in more detail in the book by Barone and Paterno[9].
1.3.3.1 Flux quantisation

The current densitys of a superconductor with an order parameter of the form (1.3) is given
by (1.20).

11
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A Flux o

——

ring of
superconductor

Figure1.7. A ring of superconductor in a magnetic field.

2en
m

J,=——=(n0¢ +2€eA) (1.20)
The magnetic vector potentia A is defined by B=[0xA where B is the magnetic field. The
mass of the charge carriers is m and ns is the superconducting pair density. A ring of
superconductor in a magnetic field is shown in Fig. 1.7. Screening currents flow only on the
surface of the superconductor, so deep inside the ring, no supercurrents flow and J<=0.

Integration of -[1¢ around the contour C, in Fig. 1.7 gives:

n0¢.dl =§2eA.d| (1.22)
} }

For a complete circuit of the contour, the phase change must either be zero or amultiple of 2,
otherwise the order parameter will not be single valued at the start and finish of the circuit. The
line integral of the magnetic vector potential around the contour is equa to the magnetic flux
@ enclosed by that contour. The flux through the ring is therefore quantised in integer

multiples of the flux quantum ®,,.

= =— .
h2m=2ed, 0 @, 2h (1.22)
e

The flux quantum is equal to 2.07x10°> T2,
1.3.3.2 Quantum interference in a single junction

Next, consider aweak link placed in the superconducting ring in Fig 1.7. The phase difference

between the superconducting electrodes is now defined as (1.23) to preserve gauge invariance.

_4 —4 28
0=0,-9, h§A.dl (1.23)
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Integration of -[1¢ around the contour C; as for the ring without aweak link gives (1.24).

p=¢,- 27'[(% (1.24)
The phase difference across the weak link is therefore proportiona to the flux through the ring.
A flux in the y direction applied directly through a weak link in a superconducting film of
thickness h is shown in Fig. 1.8. The film thickness is much greater than the penetration depth
of the magnetic field B into the superconducting electrodes A.. From (1.24), at a distance z
along the weak link the phase difference is given by (1.25). The thickness of the weak link is
t;, and the screening supercurrents and the overall bias current flow in the x direction.

2182t +24))
q)0

¢ =9, (1.25)
The critical current at a given flux through the junction is found by substituting (1.25) into the
dc Josephson relation for the critical current density (1.6). This expression is then integrated
along thelength | of the weak link to give (1.26). The critical current at zero applied flux is I .

2 27B,Z(2A +t,) sin(7zp/®
— . L J — 0
IC(CD)— J.JCSII']((bO— Y q) Z_ICOW (126)
-1/2 0 / 0
| | | | | |
y | | | | | |
B | | | | | |
| | | | | |
X | | | | | |
7 YYVYVYVYY

Figure 1.8 A Josephson junction in an applied magnetic field in the y direction.
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Figure 1.9. The characteristic Fraunhofer pattern for the modulation of the Josephson critical
current by an applied flux.

Thisis the analogue of the Fraunhofer pattern for the intensity of diffracted light from asingle
dit. It is characteristic Josephson behaviour and is shown in Fig. 1.9. The minima and maxima
in the modulation of the critical current with applied flux can be explained as follows. At zero
applied flux, the phase difference between the order parameters of the superconducting
electrodes is constant across the length of the weak link. When flux is applied, there is a phase
gradient along the length of the weak link such that the supercurrent flows both backwards and
forwards across it. When exactly one flux quantum is applied the forward and back
components of the supercurrent cancel and the critical current is zero. The variation of critical
current density with position along the z axis of the junction is shown in Fig. 1.10, for zero,

half and one flux quantum through the junction.
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Figure 1.10. The dependence of normalised critical current density J./J with position along the
zaxisof thejunction, for zero, half and one flux quantum through thejunction.
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1.3.3.3 Quantum interference for two Josephson junctions

The argument that led to (1.24) can be repeated to show that the phase difference between two
Josephson junctions connected in parallel threaded by aflux @ is given by 2rd/®,. The total
current flowing through the two junctionsis given by the sum of the currents through each one
and is found to be 2I.cos(Td/dg), where I is the critical current of one junction. The critical
current varies periodically with the applied flux. The two junctions in parallel are known as a
superconducting quantum interference device (SQUID) and provide a very sensitive detector
of magnetic flux. The SQUID isthe most widely used application of the Josephson effect (see
for example Kang[10]).

1.3.3.4 Long Josephson junctions

The above analysis of a Josephson junction in a magnetic field assumed that the junction was
short and that the magnetic field completely penetrated the entire weak link. This situation is
not necessarily true for longer (in the z direction) Josephson junctions. In this case, the
electrodynamics of the junction must be considered with use of the Maxwell equation
(1.27)[7,11,12].

OxB=pyd, +ﬂo£o£Rccli_ltE (1.27)

In (1.27), 1o and & are the permeability and permittivity of free space, & is the reative
permittivity (dielectric constant) of the junction barrier and E is the electric field across the
junction. In the geometry in Fig. 1.8, the current flows in the x direction and the magnetic field
isin the field is in the y direction. Initidly assuming time independence, (1.27) reduces to
(2.28), which is Ampere’s law in thedirection.

B (1.28)
9z - IUO c .

The phase gradient is given by (1.25). Differentiating (1.25) twice with respecygit@s
0By/dz. Again, substitution of (1.25) into (1.6) givés enabling (1.28) to be written as (1.29),
whereA; is the Josephson penetration depth given by (1.30).
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0°¢ _sing(2) (1.29)
07° N '
2 = l (1.30)

277110‘]c(2/] Lt tJ)

In the limit where | is small compared to A;, 3%p/dZ°=0, and therefore d9/dz is a constant. This
Is the short junction limit described in section 1.3.3.2. It is clear from (1.29) that A; is a
penetration depth (consider small ¢ where sin(¢)=¢). It is the distance over which the external
magnetic field penetrates into the weak link, or the distance over which the Josephson currents
flow. It arises because the currents flowing in the junction produce a self field which screens
the externa field. There are two important consequences of the self field. These are that the
critical current of a junction does not increase indefinitely with its area and that for a long
junction with 1>>A; amagnetic field cannot completely suppress the Josephson critical current.
Furthermore, the critical current density is non uniform along the z axis of along junction even

in zero applied field.

Next, time dependence can be introduced. The electric field across the paralle plate structure
in Fig. 1.8. is given by Wt;. With the aid of the ac Josephson relation (1.7), the Maxwell

eqguation (1.27) can therefore be written as (1.31).

0% _ 2122, +ty)
07’ @,

(%chnw (1.31)

£oErPo 0P
2, ot’

A wave equation (also known as the sine-Gordon equation) can therefore be written for the
junction as (1.32), wher® is the speed of a plane wave propagating in the cavity between the
superconducting electrodes, given by (1.33). It is known as the Swihart[13] velocity for waves

propagating in a superconducting transmission line.

0’¢ _19°¢ _sing
0z ¢t at* N}

(1.32)

¢, = (1.33)
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In (1.33), co isthe velocity of light in free space. Substituting plane wave solutions of the form
g=exp(i(at+kz2)) yidds the dispersion relation (1.34) for electromagnetic waves in the
Josephson junction.

w? = ciki +w? (1.34)

The dispersion relation (1.34) shows that electromagnetic waves do not propagate in the
junction below the plasma frequency «p. However, if there is no Josephson current there is no
final term in (1.32) and Swihart modes can propagate with a linear dispersion relation. The
form of the dispersion relation for the Josephson junction isshown in Fig. 1.11.

1.4 Transmission lines

In this section a review of transmission line theory is presented. The effect on the IV
characteristic of waves propagating in the Josephson junction cavity is discussed. Furthermore,
the wavelength of the Josephson oscillations in any external circuit connected to the junction
can be short enough to be comparable to the dimensions of the components in the circuit
themselves. In this situation a distributed circuit mode is required.

1.4.1 Transmission line theory

Following Collin[14] the equivaent circuit of a differentia length of transmission line is
shownin Fig. 1.12.
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Figure 1.11. The dispersion relation for eectromagnetic waves propagating in the cavity formed
by the Josephson junction. Swihart modes can propagate in the absence of a Josephson current.
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Figure 1.12. A differential length of transmission line.
The inductance and capacitance per unit length of the line are given by L’ and C’ respectively.
Theresistive lossesin the inductor and the dielectric losses in the capacitor are given by R and
G’ per unit length respectively. Application of Kirchoff's laws to the curtemd the voltage
V at either end of the circuit yields (1.35).

V—(V+a—vdz): L’dzﬂHR dzO a—V:—(L’ﬂHR)
0z ot 0z ot
(1.35)

I —(I +ﬂdz) =C dza—V+VG’ dz0O ﬂz —(C’a—V+VG’)
0z ot 0z ot

Assuming that the current and voltage vary sinusoidally with time sd=thgxp(ict) and
V=Vpexp(iat) reduces (1.35) to (1.36).

v __

3 (R+ial’)l

alz (1.36)
& = (G+iaC )V

0z

Elimination ofl or V from (1.36) gives a wave equation for the with a general solution (1.37)

for the variation of current and voltage along the length of the transmission line.

V=V'e¥+Ver

(1.37)
I =1"e”+]|¢e”
The propagation constant for the transmissionjliregiven by (1.38).
y=4(R+ial’)G+aC)=a+if (1.38)

This equation describes the dispersion relation for the transmission line. The characteristic
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impedance of the transmission line Zy is defined in (1.39).

z, =Y - |[Ryla’ (1.39)
= VG+aC

An idea lossless transmission line has R'=G'=0 and so J=ia(L'C’')'% Hence a wave

propagates through the line with wave number «{L’C’)"? and phase velocity c=(L'C’)¥. The
boundary condition for (1.37) in the case of an open ended transmission line (such as the
cavity in a Josephson junction) is that no current flows at the ends. Electromagnetic waves
propagating through it are reflected at each end. The forward and backward propagating waves
combineto give resonant standing wave modes of the field with the form (1.40), where| isthe

length of the transmission line and nis an integer.

V(z,t)=€“ Co{nl_nz) (1.40)
The resonant modes have frequencies (1.41).

W, =—— (1.41)

1.4.2 The Josephson junction as a transmission line
1.4.2.1 Fiske resonances

Fiske resonanceq15] appear as a peak the IV characteristic of the Josephson junction. The
Fiske resonances are caused by the excitation of electromagnetic modes in the cavity formed
by the superconducting electrodes of the junction. The form of the standing wave mode is
described by (1.40). The resonances are excited by the Josephson oscillations. The pesks
appear at the voltages in the IV curve which correspond to the resonant frequencies of the
cavity from (1.41). The resonant voltages V,, of order n are therefore determined by
substitution of (1.41) into the ac Josephson relation (1.9).

V = nd,c,
" 2l

(1.42)

The Fiske resonances only appear upon application of amagnetic field to the junction, because
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a non uniform distribution of the current density is required to excite the modes. The
maximum amplitude of the first order resonance is close to a flux of ®¢/2. Intuitively, thisis
because the spatia variation of the current density in the junction at ®y/2 (see Fig. 1.10) isthe
same as the spatial distribution of the current at the first order resonance. The dependence of
the amplitude of the first order Fiske resonance on the applied flux is shown in Fig. 1.13. The

Fiske resonance voltage does not vary with the applied flux.

The speed of light in the junction can also be derived from the transmission line theory in
section (1.3.1) from the inductance and capacitance per unit length of the Josephson cavity.
The cavity shown in Fig. 1.8 is a pardlel plate resonator so its capacitance per unit length is
given by (1.43).

o= Eofall/ (L43)

The inductance per unit length is given by (1.44). The magnetic field penetrates into the
superconducting el ectrodes for a distance of one penetration depth on either side of the cavity.

L’:%(HZ/\L) (1.44)

For a cuprate grain boundary Josephson junction the film thickness is comparable to or much
less than the penetration depth of the magnetic field. In the situation where A >>h the
correction to the penetration depth is Agi=A.%/h. In this study, this correction was also used in
the limit A_=h. The speed of light in the junction c; is given by (L'C’ )2 and found to be equal
to the Swihart velocity (1.33).
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Figure 1.13. The dependence of the amplitude of the first order Fiske resonance on the applied
flux[16].

1.4.2.2 Flux flow resonances

Flux flow resonances occur for Josephson junctions in the long limit and are also known as
Eck peakg12]. Above a certain critical magnetic field the Josephson currents cannot screen the
external field from the interior of the weak link. The spatia distribution of the Josephson
current density in the weak link is no longer sinusoida as in Fig. 1.10 but instead consists of
Josephson vortices. The distribution of the vortices remains periodic. When a voltage is

applied across the weak link the vortices acquire avelocity ¢, given by (1.45).

\%

c = —B(ZA D ) (1.45)

A resonance is observed in the IV characteristic when the velocity of the Josephson vorticesis
equal to the velocity of electromagnetic waves in the cavity formed by the Josephson junction.
Combining (1.45) with (1.33) thus gives the voltage V¢ of the flux flow resonance.

12
V, = CO(tJ(ZAE—LHJ)j (1.46)
R

The voltage of the flux flow resonance is therefore dependent on the magnetic field applied to

the junction.

A unified theory of Fiske modes and Eck peaks in long junctions has recently been presented
by Cirillo et al[17]. The sine-Gordon equation is solved numerically by treating the Josephson
oscillation as a perturbation phase of the voltages of the resonant modes. However, the Fiske
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resonance voltages are still given by (1.42) regardless of whether the junctions are in the long
or the short limit.

1.4.3 Josephson junctions coupled to external transmission lines

The Josephson oscillations can aso be used to drive a resonator other than that formed by the
junction cavity itself. The externa resonator presents a shunt impedance to the Josephson
junction. The impedance of the resonator is red at its resonant frequencies. Therefore, at the
resonance microwave power from the Josephson oscillation is coupled out of the junction into
the resonator giving rise to a dip in the current at the resonant voltage. The resonant voltages
are given by (1.42), with ¢; replaced by the speed of light in the resonator, which is determined
by its inductance and capacitance per unit length. A magnetic field is not required for the
Josephson oscillations to excite resonances in external transmission lines. The position of the
resonances in the IV characteristic can be used to extract the dielectric properties of the
transmission line. A more detailed discussion of the effect of an external resonator on the 1V

characteristic of the Josephson junction can be found in Chapter 7.
1.4.4 A summary of types of resonances in Josephson junctions

It is therefore possible to observe 3 types of resonance in the IV characteristics of Josephson
junctions. Fiske resonances are propagated by currents and voltages in the superconducting
electrodes of the Josephson junction, which must be separated by an insulating cavity. Flux
flow resonances are propagated in the distribution of the Josephson current in the weak link
itself. Fiske resonances and flux flow resonances both require magnetic fields to excite them.
They can be distinguished by observing the dependence of the resonant voltage on the applied
magnetic field. The Fiske resonant voltage is independent of the applied magnetic field

whereas the flux flow voltage is proportional to it (see (1.46)).

External transmission line resonances and Fiske resonances can be distinguished by their
presence or absence with zero applied magnetic field. The most reliable method of
distinguishing Fiske resonances from external transmission line resonances is to determine
whether the resonant voltage is inversely proportiona to the junction length or to the length of

the external resonator.
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1.4.5 Losses

In this section, the origins of losses in transmission lines are briefly discussed. In this study,
microstrip transmission lines with norma metal electrodes have also been used, so high
frequency losses in the normal metal are aso reviewed. Resistive losses in a normal metal at

high frequencies result from the penetration of the tangential component of the electric field

into the metal. The conduction current in the metal is given by Ohm’s law, sd=tbiaf
whereo is the conductivity, and the displacement current is assumed to be small compared to
the conduction current. Assuming sinusoidal variation of the electric field with time, a
combination of Faraday’s law and the Maxwell equation (1.27) yields (1.47). An equivalent

relation can be derived for both the magnetic field and the current density.
O%E =iwu,0E (1.47)

The electric field therefore decays exponentially into the metal, with a decay length known as
the skin depthd; given by (1.48).

5. = (1.48)

The surface resistané& of a conductor is defined as the resistance per unit length per unit

width, or resistance per square, and given by (1.49).

R=— (1.49)

The resistance per unit lendg@hin section 1.3.1 can be recovered by multiplying by the length
of the element and dividing by its width as the width elements are in parald. For a normal
metal, the resistance per unit length is proportional to the square root of the frequency of the

electromagnetic waves.

For a superconductor, using the two fluid model, the conductivity is complex and given by
0=01-i 2. Therea and imaginary components represent electrons in the unpaired (normal) and
paired (superconducting) states respectively. The conductivity components are given by (1.50)

assuming that 01<<a,. The number of pairs and conductivity in the normal state are n, and o,
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respectively.

0-1:0—n nn/n

(1.50)
0, =1 ap A

A superconductor therefore has a surface impedance Z; given by (1.51)[11].

_ &’ HeAino

Z on LtiauA, (1.51)

S

The surface resistance of a superconductor is therefore proportional to the sgquare of the
frequency. The temperature dependence of the surface resistance of the superconductor is
determined by the temperature dependence of the penetration depth. In the two fluid model of
superconductivity thisis modelled by (1.52).

A.(0)

(1.52)
1-(T/T,)"

A(T)=

Dielectric losses are modelled with a complex permittivity so that &=&+i&. A loss tangent is
defined astan 0=&/ & and the conductance per unit length of the transmission line G’ is given
by (1.53).

G =wC'tand (1.53)
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Chapter 2: The properties of YBa,Cu;0,5 and YBa,Cu;07.5

Josephson junctions

2.1 Introduction

The cuprate *high J superconductors were discovered in 1986 by Bednorz and Muller[18]. A
barium doped lanthanum cuprate was found to have a superconducting transition temperature
T. of 36K. This result was of great significance asThealue measured was higher than the
maximum predicted by the BCS theory for conventional superconductors. In 1987 a material
with a T, of 93K was discovered by Wt al[19]. The material was YBEwO; (YBCO), a

cuprate related to the initial compound studied by Bednorz and Muller, ahd W&s much

higher than any which had been observed up to that point. The Josephson junctions used in this
study were fabricated from YBCO thin films, so the properties of YBCO are reviewed in this

chapter.
2.2 Physical properties and crystal structure

The YB&CuwO7s crystal structure is shown in Fig. 2.1. The structure consists of three
perovskite unit cells stacked along the c-axis. The structure contains a layer of yttrium atoms
sandwiched between copper oxide planes, followed by a barium oxide layer, copper oxide
chains and another barium oxide layer. The oxygen content of the copper oxide chains can be
varied, and YBCO undergoes an orthorhombic to tetragonal phase transition at an oxygen
contentd between 0.32 and 0.5. When the oxygen content is saturated sustOthdaBCO is

orthorhombic.

Figure2.1 The crystal structure of YBCO. Dashed circlesindicate partially filled oxygen sites. In
the orthorhombic phase, a=0.381nm, b=0.388nm and ¢=1.18nm.
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Figure 2.2 The oxygen doping phase diagram for YBCO[20].
The critical temperature of YBCO is aso strongly dependent on the oxygen doping. A
combination of neutron scattering and electrical transport measurements on single crystals of
YBCO led to the doping phase diagram shown in Fig. 2.2. The orthorhombic to tetragonal
structural phase transition corresponds to a transition from a metallic, superconducting phase
to an insulating antiferromagnetic phase. The Nee temperature for the onset of

antiferromagnetic ordering is also strongly dependent on the oxygen doping.

The eectrical properties of YBCO are highly anisotropic depending on which direction
relative to the crystalographic axes they are measured. The norma state resigtivity
perpendicular to the c-axisis much larger than that parallel to it[21], as shown in Fig. 2.3. The
penetration depth of the magnetic field is also anisotropic. Vaues at 4.2K are approximately
140nm in the ab-plang[22] perpendicular to the c-axis and 900nm paralel to the c-axig23].
The coherence length is 2nm in the ab-plane and 0.4nm parald to the c-axig23]. YBCO is
therefore a type 11 superconductor where flux vortices can penetrate above a certain magnetic
field before superconductivity is destroyed.

The charge carriersin YBCO are holes in the copper oxide layers. The hole concentration n is
controlled by the oxygen doping and YBCO has n=4/3-28/3 holes per unit cell. The
localisation of the holes in the copper oxide planes provides an explanation for the differences

between the c-axis and ab-plane transport properties.
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Figure 2.3 The normal state resigtivity of single crystal YBCO perpendicular and paralld to the
c-axisversustemper atur e[ 21].

The order parameter of YBCO has been shown to contain a d-wave component. The most
convincing initia experiment was performed by Tsuel et al[24]. A d-wave order parameter
consists of lobes which have both positive and negative signs as in Fig. 2.4. In the tricrystal
geometry used by Tsue et al, the lobes of the d-wave order parameter could overlap in such a
way as to produce a Josephson junction which causes an additiona 1t phase shift in the order
parameter at the weak link. This type of Josephson junction is known as a 1tjunction where the
dc Josephson relation (1.6) is modified to become J=J.sin(¢+m). A 1T junction formed at a
facet in agrain boundary is shown in Fig. 2.8. The 1t phase shift gives rise to half integer flux

quantisation in the loop around the 3 junctions, which was observed with a scanning SQUID

mi croscope.

(@

Figure 2.4 A superconducting order parameter with (a) swave and (b) dy2y2 symmetry.
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A subsequent experiment by Wollman et al[25] gave more evidence for dyzy2 Symmetry of the
order parameter. Josephson junctions were manufactured from YBCO-gold-lead interfaces.
The gold layer acts as the weak link and the lead is a conventional superconductor with an s-
wave order parameter. A junction was made paralld to the edge of a YBCO single crysta with
the current flowing in the ab-planes. Standard Fraunhofer modulation of the critical current
with amagnetic field was observed (see Fig.1.8). Another junction was manufactured around a
90° corner in the YBCO single crystal. At the a-c crystal face the signs of the order parameters
in the YBCO and the lead are both positive, but at the b-c face the YBCO order parameter is
negative. A Ttjunction is formed at the junction with the b-c crystal face, so the supercurrent
flows in the opposite direction to that through the a-c interface. At zero applied flux, the
supercurrent tunneling from the b-c face of the crystal into the gold-lead cancels that flowing
through the a-c face, so no critical current is observed. The modulation of the critical current
with applied flux showed the splitting of the central pesk of the Fraunhofer pattern. Half
integer flux quantisation and the corner YBCO-Au-Pb junctions give clear evidence for dyz.y2

order parameter symmetry.

The YBCO order parameter is currently believed to consist of a mixture of s and d wave

components 26].

More recently, SQUIDs consisting of one standard junction at one 1t junction have been
fabricated from YBCO tricrystal Josephson junctions. The periodic modulation of the critical
current with flux is shifted by 172 for the Te SQUID[27].

2.3 YBCO Josephson junctions
2.3.1 Josephson junction categories

Josephson junctions can in general be divided into 3 groups depending on the method of
current transport across the weak link. The supercurrent transport across a junction with an
insulating barrier occurs by quantum mechanical tunneling. These are superconductor-
insulator-superconductor (SIS) junctions. SIS junctions with niobium electrodes and an
aluminium oxide weak link are fabricated commercially[28]. The second category consists of
junctions with a normal metal weak link, or superconductor-normal-superconductor (SNS)
junctions. The weak link in a SNS junction could also be a superconductor above its transition
temperature, in which the junction is known as SS’S. The transport mechanism in a SNS
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junction isthe proximity effect where the supercurrent diffusesinto the metal. An example of a
SNS junction is the planar niobium copper niobium junction fabricated with a focused ion
beam[29]. The third junction category is that where the weak link is a constriction of a size
much less than the coherence length of the superconductor. The niobium point contact junction

isan example of ajunction in the constriction category[30].
2.3.2 Types of YBCO Josephson junction

The fabrication of YBCO Josephson junctions suitable for applications has proved to be
challenging. However, the ease of refrigeration of circuits manufactured from high T, as
opposed to from low T, compounds has stimulated a large research effort. There are severa
stringent criteria for Josephson junctions from which commercial circuits can be
manufactured. The junctions require a high 1R, product, reproducible on chip and from chip to
chip plus suitability for dense packing. Hysteretic and non-hysteretic junctions should be
available on the same chip. The junctions should also be chemically stable and be able to

withstand infinite thermal cycling.

The requirements described above are difficult to satisfy. The small coherence length of
YBCO and related compounds means that the interface between the weak link and the
superconductor must be controlled on an atomic scale. Furthermore, the cuprates are highly
anisotropic and extremely chemically reactive. Only metals such as gold and silver and certain
other perovskite compounds do not undergo a chemical reaction with Y BCO.

Josephson junctions which have been developed for YBCO fall roughly into 3 typeq 31]:
1) lon or electron beam implanted junctions (junctions without interfaces)

These junctions exploit the dependence of the superconducting transition temperature of the
Y BCO on oxygen doping and defects. A film is grown epitaxialy on asingle crystal substrate
and junctions are fabricated via the irradiation of a small area of the film with either
electrong 32] or iong33]. The irradiated area thus has alower T and the junctions are SNSin
character[34]. The positioning of junctions on the chip is very flexible and ion implanted
junctions can potentially be mass produced. The I and R, of the junctions is aso controllable
via the energy of the beam and the totd irradiation time. The fabrication of resistors is also
possible with either technique[35,36]. lon and electron beam implanted junctions also
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overcome the problems with establishing a good interface between the superconducting
electrodes and the weak link.

2) Junctions with a barrier of non-superconducting material (junctions with extrinsic

interfaces)

Junctions can be manufactured using a normal metal bridge, e.g. gold[37], or with a
PrBa,CuzO;.5 barrier layer on an a-axis film[38]. These junctions require complex multilayer
fabrication techniques and careful control of the barrier superconductor interface. The junction
critical currents and resistances are | ess reproducible than those of implanted junctions.

3) Junctions with intrinsic interfaces

A Josephson junction is formed at a grain boundary in YBCO due to its short coherence
length, which is comparable to the length of the structuraly disordered region of the grain
boundary. Junctions with reproducible I and R, can be formed on an epitaxial film grown on a
bicrystal substrate. A bicrystal consists of two single crystals fused together at a well defined
misorientation angle 6, as shown in Fig. 2.5. The YBCO film growth is epitaxial so the grain
boundary in the substrate propagates into the film. Two other misorientations are possible
apart from that in Fig 2.5. These are a twist of the [010] axes whilst keeping the [100] axes
parallel and a tilt of the [001] axes. The rotation of the axes may be either symmetric or
antisymmetric with respect to the boundary.

Grain boundary junctions were first fabricated by Chaudhari et al[39]. Epitaxial YBCO films

were grown on polycrystalline SrTiOs substrates with 100pum grains and tracks were patterned

* C
0 s 2]
W film a

|

|

|
bicrystal bicrystal
line line

Figure 2.5 A tilt bicrystal grain boundary with misorientation angle 6. The arrows represent the
relative orientation of the [100] lattice planes. The [001] planes remain parallel to one another.
The YBCO film isgrown epitaxially on the bicrystal.
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across asingle grain boundary. The 1V characteristics observed were RSJ like, as shown in Fig.
1.1. The magnetic field modulation of the critical current was Fraunhofer like for asingle grain
boundary and periodic for two grain boundaries in paralel. This confirmed that the grain
boundaries were Josephson coupled.

Another type of intrinsic barrier junction is the step edge junction. A film is grown epitaxialy
across a substrate which has had a step etched into it. A grain boundary forms at the top and
bottom of the step.

Bicrystal YBCO Josephson junctions are the most straightforward to fabricate, especialy
when multilayer deposition isrequired, and so they were used in this study. The critical current
and resistance of grain boundary junctions has been found to be stable over a period of
yeard40]. The properties of grain boundaries are discussed in the next section. The
disadvantage of bicrystal junctions is the restriction that al the junctions must be placed along
the bicrystal line in the centre of the substrate. Bicrystal junctions are therefore most suitable
for applications which only require a few junctions, such as SQUIDs. The most promising
junction technology for circuits with many junctionsis implantation.

2.4 YBCO grain boundaries
2.4.1 Microstructure and angular dependence of the critical current

The decrease of the critica current density with grain boundary misorientation angle was
observed in the first bicrystal junctions manufactured by Dimos et al[41]. The most recent

study was carried out by Hilgenkamp and Mannhart[42]. The trend is shown in Fig. 2.6.
Gurevich and Pashitskii[43] have postulated that there is a transition with misorientation angle

in the coupling behaviour of the supercurrent across the grain boundary. Grain boundaries with

a greater than 10° misorientation angle (high angle grain boundaries — HAGB) exhibit
Josephson coupled behaviour whilst flux flow coupled behaviour is observed in grain
boundaries with less than“lfisorientation angles (low angle grain boundaries — LAGB). For

a 10 grain boundary, the transition from flux flow to Josephson coupled grains has been

found to be temperature dependent, occurring at 75K[44].

31



Chapter 2: The properties of Y Ba,CusO;.5 and Y Ba,Cuz07.5 based Josephson junctions

1011
% T T T T T T T T T T T T T T %
1010; ¢ f
—~ .
Y r ‘ ]
5 10° - E
- $ ¢ |
10° *
- ¢
107 7\ L1 ‘ L]l ‘ Ll ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1l \7

10 15 20 25 30 35 40 45
Misorientation angled

ol
o

Figure 2.6. The dependence of critical current density on grain boundary misorientation
angle42].

The origins of the decrease in critical current density with grain boundary misorientation angle
and the LAGB-HAGB trangition can be traced to the grain boundary microstructure. Scanning
transmission electron microscopy studies indicate that the grain boundary consists of arrays of
didocationg45]. Gurevitch and Pashitskii[43] propose that the YBCO in the dislocation cores
is driven into the antiferromagnetic insulating state by strain. The size of the dislocation cores
increases with increasing misorientation angle. At a certain critical angle the dislocation cores
overlap to form a continuous region of structural disorder and the crossover from flux flow
LAGB coupling to Josephson HAGB coupling occurs. In the LAGB regime the current
transport is via superconducting channels in between the dislocation cores. Scanning electron
transmission microscopy also indicates that the width of the structurally disordered region in
the HAGB regime increases linearly with the misorientation angle[45]. If the current transport
across this region were by tunnelling, this would account for the exponential decrease of the
critical current density with misorientation angle. Current transport across the grain boundary
isdiscussed in more detail in Chapter 8.

Another contribution to the decrease in critica current density with grain boundary
microstructure is the combination of grain boundary faceting and the d-wave symmetry of the
order parameter. Grain boundary faceting occurs as a natural consequence of the growth
mechanism of YBCO films. The misorientation angle of the YBCO does not necessarily
follow that of the grain boundary in the bicrystal substrate, but rather has a sawtooth pattern

across the hicrysta line. A transmission electron microscope image of faceting in a 6°
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misoriented grain boundary is shown in Fig. 2.7[46]. The length scales of the facets are
between 10 to 100nm. Depending on the orientation of the facets with respect to the grain
boundary the d-wave symmetry of the order parameter means that either O or TTjunctions can
be formed at the facet, as shown in Fig 2.8. The 1t junctions have a negative critical current
density, so the current flows in the opposite direction to the current bias. This leads to an
inhomogeneous critical current density across the width of the grain boundary. The overall
critical current density of the grain boundary is thus reduced. Hilgenkamp et al[47] estimated
that the Tt facets cover 5% of the junction area for a 24° grain boundary and up to 20% of the

areaof a36° grain boundary from transmission electron microscope images.
2.4.2 Electrical properties of high angle grain boundaries

The critical current of a HAGB YBCO junction decreases approximately linearly with
temperaturef49]. However, the temperature dependence of the critical current cannot be used
to unambiguoudly determine whether the current transport across the boundary is by tunneling
or by a proximity effect mechanism[50]. The mechanism of current transport across the grain
boundary is still controversial and the various models are reviewed in Chapter 8. The normal
state resistance and the capacitance of the grain boundary are temperature independent[51,52].
The IV characteristics of the grain boundaries can be modelled with the RCSJI model. At 4.2K,
the IR, products are approximately equal to ImV for a 24° grain boundary junction and £ is

approximately equal to 1[31]. Grain boundary junctions therefore have an intrinsic capacitance

Figure 2.7 Faceting in a 6° YBCO grain boundary[46]. The length of each facet ison the order of
afew tens of nanometres. Sub-faceting on length scales of afew nanometres was also obser ved.
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current flow

Figure 2.8. A facet at a grain boundary. The facet may cause an additional phase difference of 1t
between the two super conducting graing48].

and this points towards the existence of an insulating barrier layer within the grain boundary.
The McCumber parameter decreases with temperature as it is proportiona to the critica
current. Hence, for temperatures above approximately 40K grain boundary junctions have

L<l.

There are two possible contributions to the intrinsic capacitance of a bicrystal grain boundary
junction: the junction cavity itself behaves as a parallel plate capacitor with the barrier layer as
the dielectric and the substrate can provide a co-planar shunt capacitance (see Fig 5.4, the
equviadent circuit in Fig. 5.5 and Fig 6.8). An attempt to make this contribution to the junction
capacitance dominate is described in section 3.4.1. There are two methods to measure the

intrinsic capacitance of the grain boundary. It can be obtained directly from the hysteresisin

the IV characteristic followed by the use of Zappe’s approximation (1.17) to determine the

McCumber parameter. The critical current and the normal state resistance can also be read

directly from thelV curve and hence the capacitance can obtained using (1.16). The

capacitance per unit length of the barrier can also be obtained via the position of the Fiske

resonance in thev curve, with (1.42), (1.43) and (1.44). However, a reliable estimate of the

penetration depth is also needed. Using both the hysteresis and the Fiske resonance the

penetration depth can be calculated[53]. It is assumed that the structural width of the grain

boundary is negligible compared to the effective penetration depth in (1.44) for the inductance

per unit length. This is true for all YBCO grain boundaries which have a maximum structural

width of 1nm[45] and a minimum a-b penetration depth of 140nm at 4.2K[22].
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Table 2.1 Thedielectric constants of substratesusing for YBCO film growth.

Substrate Didectric constant Reference
(T=4.2K)

STiOs 24000 Neville et al[54]

MgO 9.7 Krupka et al[55]

Yttria stabilised 27 Schedl et al[56]

zirconia

LaAlOs 235 Krupka et al[55]

A comparison of the total capacitance per unit area of grain boundary junctions grown on
different substrates can be used to see whether or not the substrate makes a contribution to the
capacitance. It is difficult to measure the dielectric constant of the boundary itself as this
requires a measurement of its thickness. The dielectric constant of the different substrates used
for growing YBCO films varies over severa orders of magnitude, see Table 2.1. Assuming the
barrier thickness remains relatively constant between different substrates the capacitance per
unit area should give a useful measure of the substrate contribution to the grain boundary
capacitance. Strontium titanate (SrTiOs) substrates were used in this study and its properties
are discussed in more detail in Chapter 3.

Table 2.2 gives asummary of measurements of the capacitance per unit area of grain boundary
YBCO junctions together with the substrate, the method used to obtain the capacitance and the
type of junction. It can be seen from Table 2.2 that thereis a possible contribution to the
intrinsic capacitance of the grain boundary from the substrate, but only over one order of

magnitude, whereas the substrate permittivity varies over several orders of magnitude.

Tarte et al presented convincing evidence against a large substrate contribution to the intrinsic
capacitance of the grain boundary[57]. The capacitance per unit length of a series of different
junctions with different YBCO film thicknesses on SrTiO3 bicrystal substrates was measured.
The capacitance was determined from both hysteresis and Fiske resonance measurements. The

plot of capacitance per unit length versus film thickness obtained is shown in Fig. 2.9.
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Table 2.2 The capacitance per unit area of YBCO grain boundary junctionsat 4.2K.

Substrate  Junction Type Capacitance per Method used to Reference
unit area pF pm obtain
capacitance
SITiOs 36.8° bicrystal 0.295 Hysteresis Nakajima, Y okota
et al[58]
SITiO; 24° bicrystal 0.126 Fiske resonance Tarte et al[59]
and hysteresis
SITiO; 24° bicrystal 0.246 Fiske resonance Beck et al[60]
SITiO; 36° bicrystal 0.295 Fiske resonance Beck et al[60]
MgO 24° bicrystal 0.0520 Fiske resonance Beck et al[60]
LaAlO; Step edge 0.0239 Fiske resonance Yi, Winkler et
and hysteresis al[6]1]
YSZ 0-32° bhicrystal 0.0492 Fiskeresonance  Zhang, Winkler et
al[62]
YSZ 0-32° bicrystal 0.0221 Fiskeresonance ~ Winkler, Zhang et
al[63]

If the substrate and intrinsic grain boundary capacitances add in parallel then the plot in Fig.
2.28 has an equation of the form (2.1).

C'= £o€gh + Eofrsio |, a_1l (2.1
t, T t, 2

In (2.1), histhe film thickness, t; is the thickness of the grain boundary barrier layer, & and

&rsro are the dielectric constants of the grain boundary and the S'TiO3 substrate respectively
and a is the length of the track containing the junction. The gradient of the line should give the
grain boundary contribution and its intercept the substrate contribution. The upper limit on the
STO didlectric constant was found to be 60, far below that of 24000 reported by Neville et
al[54]. This discrepancy is thought to be due to the frequency dependence of the permittivity
of STO,
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Figure 2.9 Junction capacitance per unit length at 4.2K versusfilm thickness from hysteresis and
Fiske resonance measurementg57].

which is discussed in Chapters 3 and 6.

The didlectric constant of SITiOs is also strongly temperature dependent in the region from
4.2K to 90K[54]. Therefore, if the substrate were contributing to the grain boundary
capacitance, it would be expected that the total capacitance should be temperature dependent.
However, the grain boundary capacitance is effectively independent of temperature for
junctions on S'TiO3 bicrystalg[52].

The evidence is therefore against a substrate contribution to the grain boundary capacitance.
However, the dielectric constant of SrTiOgz is strongly frequency dependent in the domain of
the frequency of the Josephson oscillations, as discussed in Chapter 3. This should be taken
into account when shunt capacitance from the substrate is calculated, as discussed in Chapter
6.
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Chapter 3: The dielectric properties of strontium titanate

3.1 Introduction

Strontium titanate substrates were used for the YBCO grain boundary junctions in this study.
As discussed in section 2.4.2, the influence of strontium titanate on the capacitance of grain
boundary Josephson junctionsis not fully understood. In this chapter, areview of the dielectric
properties of bulk single crystal strontium titanate paying particular attention to temperature
and frequency dependencies is presented. Thin films of strontium titanate were used as a
dielectric both in shunt capacitors and microstrip resonators coupled to the YBCO Josephson
junctions. The didectric properties of thin film strontium titanate are aso reviewed and

contrasted with the behaviour of bulk single crystal strontium titanate.
3.1.1 Strontium titanate

In recent years there has been a renewal of interest in dielectrics such as strontium titanate
(S'TiO3 - STO) and related ferroelectrics (e.g. BaSr1.xT103). This has been driven by the need

for a higher dielectric constant &g material for use in random access memory[64] in order to
increase the density of capacitors whilst retaining the same amount of charge stored on the
capacitor. Ferroelectric memories are also being developed[65], where the ‘bit’ is represented

by the direction of spontaneous polarisation in the ferroelectric and the memory is ‘non-
volatile’ — i.e. the contents of the memory are not lost when no electrical power is supplied.
STO also has a lattice constant compatible with YBCO, and this leads to applications in low
loss cryogenic filters for cellular communications[66]. Furthermore,gthef STO can be
tuned with an applied voltage bias and hence frequency agile microwave filters can be

constructed as well as other microwave devices[67,68].

An obstacle to the realization of these applications has been the difference in dielectric
properties between single crystal bulk and thin film STO, and patrticularly the decrease in the
& of thin film as compared to single crystal bulk STO. A value of 1800 at 20K has been
reported for a 400nm thick film[69], whereas for single crystal STQithe 24000 at 4.2K,

and is 16000 at 20K for 1x1x1.5mm samples[54]. The variatios @fith temperaturd is

also very different for the thin film and bulk regimes. As the temperature is decrgg3$ed,

for bulk STO rises monotonically to 24000 at 4.2K and then saturates[70] which is behaviour
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characteristic of an incipient ferroelectric, but &(T) for thin film STO displays relaxor
ferroelectric behaviour with a peak either around 40K or 90K[71]. Furthermore, for
applications both in filters and memories it is important to have a thorough understanding of
didectric lossesin STO, and particularly at microwave frequencies there exists neither a large
volume of experimental data nor a complete understanding of the loss mechanisms involved
for either thin film or bulk STO[72].

3.2 Background theory
3.2.1 Definition of a ferroelectric

A ferrodectric crystal is one which possesses two or more stable states with spontaneous
polarisation, or eectric dipole moment, even in the absence of an applied electric field. On
application of alarge enough electric field the crystal can be made to switch between the two
states. However, the crystal structure of the two states is otherwise indistinguishable. The first
ferroelectric to be discovered was Rochelle salt in 1920, and in this compound the spontaneous
polarisation is the result of the ordering of hydrogen bonds below a certain temperature, called
the Curie temperature. At this temperature there is a sudden decrease in & and the crystd is
said to have undergone a ferroelectric phase transition. Hysteresis is exhibited in curves of
electric field versus polarisation in an analogous manner to the hysteresis seen in the
permanent magnetisation of a ferromagnet. The phase change to the ferroelectric state below
the Curie temperature is always accompanied by a structural phase transition, and in fact the
ferroelectric phase trangition is a subgroup of crystals which undergo a structural phase

transition.

Oxygen octahedral ferroelectrics form the largest single class of ferroelectrics, and the first to
be discovered was barium titanate in 1945. These ferroelectrics are based around the
perovskite crystal structure, shown in Fig. 3.1. Above its Curie temperature, 393K, barium
titanate has the cubic perovskite structure shown in Fig. 3.1. Below 393K barium titanate
undergoes a structural phase transition to a ferroelectric tetragonal crystal with a permanent
dipole moment or spontaneous polarisation formed by the displacement of the Ti** ion with
respect to the octahedron of O* iong[73].
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Figure 3.1 The cubic perovskite lattice structure. The strontium / barium atoms are white, the
oxygens are grey shaded and the titanium is black (for temperatures greater than the Curie
temperature).

3.2.2 Ginzburg-Landau-Devonshire (GLD) theory for ferroelectric phase transitions

For alinear, isotropic and homogeneous (LIH) dielectric an applied electric field E givesrise
to an induced dipole moment with polarisation P. The displacement field D is then defined (in
Sl units) as D=gE+P. The dielectric constant (permittivity) is defined as &= (1/&)(dD/dE), so
for the LIH didectric with P=gxE, where x is the eectric susceptibility, &=(1+x). To
correctly describe non-linear dielectrics such as ferrod ectrics, however, higher order P terms

are required in the definition of the displacement field.

GLD theory provides a phenomenological understanding of ferroelectricity in terms of the
macroscopic electric fields and the free energy. Following Lines and Glasg 73], it is assumed
that an expression for the free energy of the system can be written in terms of an order
parameter, in this case P. For the situation where al stresses on the crystal are zero, and on the
assumption that E and P are directed aong one of the crystallographic axes, the free energy F
can be expressed in the polynomial form (3.1).

F =C/(T)P>+C,(T)P*+....—EP (3.2)

Differentiating F with respect to P to find thermodynamic equilibrium and setting dF/dP=0
gives (3.2) for the electric field in terms of the polarisation.

E=A(T)P+A(T)P° (32

When Aq(T) is positive thereisa single minimumin F at P=0, but when Aq(T) is negative there
aretwo minimain F(P) at non zero P, i.e. the stable state has a spontaneous polarisation. So, P

undergoes a continuous second order phase transition when Aq(T)=0. In the paragl ectric phase
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above the Curie temperature T it can be seen that Ay(T) is the reciproca of &/& for large &.
In the GLD theory it is assumed that near Ts Ai(T) isgiven by (3.3) for T>Tg.

A(T)=B(T-Ty) T>Ta (33)

Now, the spontaneous polarisation can be found by setting E=0 in (3.2), and from this the zero

field temperature dependence of Aq(T) for T<Tisgiven by (3.4).

A(T) =2B,(Ty - T) T<T« (34)

The behaviour of &(T) predicted by (3.3) and (3.4) isshown in Fig. 3.2(a). Together, (3.3) and
(3.4) are known as the Curie-Weiss law for the temperature dependence of the dielectric
congtant of aferroelectric. In (3.3) and (3.4), B, is a constant.

Close to the ferrodlectric phase transition where & islarge and Aq(T) is small the two limiting
cases for the behaviour of &(E) are that of large E where the non linear term in (3.2) is

dominant,

(8o8r) " = A(T)+3(AED)" (35)

and small E, where the linear term in (3.2) is dominant, (3.6).
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Figure 3.2. Behaviour of (a) &(T) from (3.3) and (3.4), and (b), &(E) in the high field and low
field limitsfrom (3.5) and (3.6). The scales serve as a guide to the magnitude of the variation.
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(£ofr) " = P&(T){H% EZ} (3.6)

The form of &(E) predicted by (3.5) and (3.6) isshown in Fig. 3.2(b).

3.2.3 Lattice dynamics

Ferroelectricity can be interpreted in terms of the softening of a transverse optic phonon mode.
For BaTiO; the mode is associated with the oscillation of the Ti* ion with respect to the O*
ion octahedron. As T - T from above, the frequency of the phonon wro— 0, and the mode
freezes completely a Te. At this temperature there is a structural phase transition and the Ti**
ion becomes permanently displaced with respect to the oxygen octahedron, resulting in a
permanent dipole moment in the crystal unit cell and hence spontaneous polarisation. The
crysta has undergone a ferroelectric phase transition. The intercell interaction between the
dipoles has become stronger than the intracell interactions between the Ti** and the oxygen
octahedron.

It isaso evident that for temperatures above T there will be a discontinuity in &g measured as
afunction of frequency w a wro, because above wro the contribution to & from the dipoles
vanishes and so & decreases. &(a) is derived by considering the harmonic oscillations of a
lattice of interacting dipoles[ 73], and is given by (3.7) for the case where a single phonon only

is activein the determination of &s.

eR(w):eR(oo)+[ a j( L ] (37)

2 2 45
mve, \ ai, - +iwn

In (3.7), &() gives the contribution to the dielectric constant from the eectronic
polarisability, q is a charge coupling constant for the oscillator, misits reduced mass, v isthe

volume of the unit cell and /7 isadamping constant.

The Lyddane-Sachs-Teller relation (3.8) connects the low frequency dielectric constant &z(0)
to the high frequency value &x(w) via the frequencies of the soft optic phonon and the
corresponding longitudinal mode frequency w . It is derived by setting &=0 in (3.7) with no
damping, which defines the frequency of the longitudina optic phonon. In (3.8), A is a
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constant of proportionality. The pole of &(c) then defines wro.

ER(O) - A a’i

2

Er(e0) Wro 59

The longitudina phonon corresponds to oscillations whose wave vector is parallel to the
direction of the electric field inside the unit cell. The longitudinal optic phonon has a flat
dispersion relation with its frequency independent of its wave vector. The transverse optic
phonon corresponds to oscillations where the wave vector is perpendicular to the electric field
inside the cell. Its dispersion relation is non linear and there are gaps where oscillations are
completely suppressed. Combining (3.3) and (3.8) gives (3.9), the variation of the soft mode

frequency with temperature. In (3.9), K is a constant of proportionality.
wWro = K(T =T )V (3.9)

It should also be noted that the disappearance of a transverse optic phonon is not a necessary
criterion for ferroelectricity. There isthe possibility of the coupling of two or more phonons to
produce a net dipole moment in acrystal, and hence ferroel ectricity.

3.2.4 Microscopic theory of ferroelectricity

A more compl ete microscopic description of ferrod ectricity uses a Hamiltonian for the motion
of adipole in a single ferroelectric unit cell. A mean field approximation is applied for the
interaction between this cell and the other cells in the crysta and thermodynamic averaging
gives measurable properties such as the eectric field and temperature dependence of the
didectric permittivity. The theory is described in detail in the book by Lines and Glasg[ 73] and
Zhou and Newng[74].

The Hamiltonian in the mean field approximation in terms of the local dipole moment p at site
| isgiven by (3.10).

H= Z[V(ﬂ) —Ep -V,p < p>] (3.10)

V(p) is the loca potential well seen by the dipole. For STO, this is given by a harmonic

oscillator with a small anharmonic perturbation. E is the internal electric field at the site, <p>
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is the average polarisation per site and thus Vo<p> is the mean field acting on the dipole p..
The key elements of the model are the interactions between the dipoles and the anharmonic
perturbation of the local potential well. Classical thermodynamic averaging of this
Hamiltonian recovers the Curie-Weiss law for &(T). There is a ferroelectric phase transition at
ksTe=Vo<p>> when the mean field interaction becomes greater than the depth of the local
potential well, and the anharmonicity of the local potentia well determines the degree of
spontaneous polarisation in the ferroelectric state. The introduction of a small oscillating
component into E enables the derivation of (3.9), the linear dependence of the square of the

soft mode frequency on temperature.
3.3 Relevant experiments on single crystal bulk strontium titanate
3.3.1 The temperature dependence of the dielectric constant

The didlectric constant of single crystal barium titanate follows the behaviour predicted by
GLD theory in (3.3) both above and below its T4=393K[75]. Neville et al.[54] measured the
temperature dependence of the dielectric constant of single crystal STO, &sro, and found that
(3.3) was followed between 300K and 65K, and extrapolation of gsro™(T) gave T¢=30K. This
is shown in Fig. 3.3. However, no singularity is found in &sro(T) and &sro continues to rise
up to 4.2K. It was clear therefore that GLD theory was inadequate to explain the behaviour of

&sro(T) at low temperatures. Hence, STO is known as an incipient ferroelectric.

2510

:0 T ‘ T T T T T T T T T T T T ‘ \; 1.4 10_3
210°C © J11.210°
uf <><> J110°
01510~ . 4™
7 B —810" 4
w™ 4 % ] 49
110 - < . 610
F 4410*
5000 . 210°
r O% ]
OW\Q [ \\<>\ L \Q\ L Q\ | \:0100
0 20 40 60 80 100 120 140
Temperature (K)

Figure 3.3. The temperature dependence of the dielectric congtant of strontium titanate, from
Nevilleet al.[54]. The straight lineisafit to the Curie-Weisslaw (3.3).
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3.3.2 The frequency dependence of the dielectric constant and the transver se soft optic

phonon frequency

Only &(0), &(e°), wro and nare required to determine the complete form of &(a), so (3.7) can
be re-written as (3.11).

W2 (€ sro(0) = Ergro () ) (3.12)

ERSTO(w)ZgRSFO(OO)+[ w?ro—w2+iw/7

The form of (3.11) is plotted in Fig. 34 for STO a 4.2K with the parameters
&rsto(0)=24000[54], &rsro(e0)=6[76], wro=420GHZz[77] and n=30GHZz[77]. The form of
&sro(a) for STO has also been confirmed to fit to (3.11) using infrared reflectivity
measurements of the refractive index[78]. In particular, it was demonstrated that & is positive

below wro and negative above wro.

The temperature dependence of wro for single crystal STO has been experimentally measured
using neutron scattering by Yamada and Shirang[79]. For single crysta STO, (3.9) was
followed from 300K down to 60K, in agreement with the temperature dependence of & from
low frequency measurements. An extrapolation of cwro(T) to wro=0 gave T¢=40K. Below 20K
cro Was found to saturate at 450+60GHz so the Lyddane-Sachs-Teller relation (3.8) was found
to be valid over all temperatures. Fleury and Worlock[80] performed electric field induced

Raman scattering measurements on single crystal STO.
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Figure 3.4. Behaviour of &(«) from (4.11) for STO at 4.2K, near the first transverse soft optic
phonon frequency.
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Again, (3.9) was followed to around 60K. Use of the Lyddane-Sachs-Teller relation (3.8) and
(3.2), and measurements of wro(T) at various applied eectric fields enabled a calculation of
the parameters Aq(T) and Ay(T), which Fleury and Worlock found to be in good agreement
with those calculated from measurements of the & of STO at low frequencies. Fleury and
Worlock also compared the measured linewidth of the soft optic phonon in STO with theories
predicting it based on a ferroelectric phase transition at 32K. The measured linewidth was

found to be inconsistent with the theory.

For STO there are 3 further optic phonon frequencies above that of the first transverse optic
phonon. The frequency of the second order transverse optic phonon mode is 5.3THZz[ 78], and
the other modes have higher frequencies. These higher order modes are not temperature
dependent and therefore can be included in A’ in the Lyddane-Sachs-Teller relation
(3.8)[78],[80]. By writing (3.8) as &(0)wro’=B’ Neville et al[54] were able to verify that the
variation of the low frequency dielectric constant with temperature followed quantitatively the
behaviour predicted from measurements of the temperature dependence of the soft optic
phonon frequency. B'Y2=na (i of aroz) (5l ros)(cd 4l ros), Where ., are the higher optic
phonon frequencies and n is the refractive index, and Neville et al. calculated B'=9.65x10%°s?,
The agreement between wro(T) for single crystal STO as measured by neutron scattering by
Yamada and Shirang[79], and the prediction using the Lyddane-Sachs-Teller relation (3.8)

from &sro(T) from Nevilleet al, isshownin Fig. 3.5.
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Figure 3.5. wro(T) for STO from neutron scattering measurementg79]and a prediction using
(4.8) and low frequency &sro(T) measurementg54].
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STO undergoes a structural phase trangition to an antiferrodistortive phase at 105K[81]. The
oxygen octahedron in the unit cell rotates a small amount about an axis paralldl to one of the
faces of the cube. This causes one axis of the unit cell to elongate dightly, so the crysta
structure changes from cubic above 105K to tetragona below 105K. More recent Raman
studies by Vogt[77] have shown that the soft mode splits into two components in the
antiferrodistortive phase, with the frequencies of each dropping to 540GHz and 270GHz
respectively at 4.2K.

3.3.3'Quantum mechanical suppression’ of the ferroelectric phase transition in STO

The reason for the absence of a ferroelectric phase transition at 30K in STO was deduced by

Muller and Burkard[70]. Using T4=36K they found that the mean displacement of the Ti** ion

<p> was 0.045A from the classical theory outlined above, but the mean displacement (or
effectively the uncertainty in the position of thé&"Tion) calculated from the zero point energy

of the equivalent quantum mechanical oscillator was found to be 0.077A. Thus the

ferroelectric phase transition in STO is quantum mechanically suppressed.
3.4 Thin film strontium titanate
3.4.1 The contrast between thin film and bulk STO

There are major differences between the dielectric behaviour of thin film and bulk STO. At
low frequencies the permittivity of thin film ST@sr, is typically much less than that of bulk
STO, &sro. The highest value reported feggr is 5000 at 90K for 200-500nm thick films
grown by rf magnetron sputtering[71]. This high value was achieved by a 12 hour anneal at
500°C in oxygen after deposition. Another method to obtain a lasge1800 at 20K[69] is to

cool to room temperature (from a deposition temperature 6Cja0 an oxygen atmosphere
after every 50nm STO deposited. Howewgf: can vary down to 400 for a 500nm film[82],

and 80 for a 100nm film[83].

The temperature dependences of the permittivities of thin film and bulk STO are very
different. As shown in Fig 3.3ksro(T) rises monotonically to 4.2K[54], where it saturates at
24000[70]. However, there is typically a broad peaksia(T), either at around 90K[71], or at
around 40K[82],[83]. Fig. 3.6 shows the typical formgg(T).
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Figure 3.6 Thetypical form of the temperature dependence of the dielectric constant of thin film
strontium titanate.

The broad peak is indicative of a diffuse phase transition[73]. Different regions of the crystal
have different Curie temperatures, so there is no longer a sharp discontinuity a one
temperature. A diffuse phase trangition is a common feature in systems with structura
disorder. In a thin film, such structura disorder could arise due to the strain caused by the
lattice mismatch between the film and the substrate. Systems which have inhomogeneous

compositional disorder also exhibit such behaviour.

For thin film STO, loss tangents between 0.05 and 0.1 are typicaly reported at low
frequencieq 71,82]. However, for single crystal STO, the loss tangent is considerably less and
has been measured as 109[72].

Furthermore, Fuchs et al.[71], report hysteretic curves of polarisation as a function of electric
field for thin film STO and interpret this spontaneous polarisation with as ferroelectricity with
T=137K. No evidence of spontaneous polarisation is found for single crystal strontium
titanate] 83],[54]. However, neither Petrov et al[69] or Basceri et al[84] report hysteresisin the
permittivity as afunction of voltage bias for their STO and Bay 7Sro3TiO3 films respectively.

The didectric properties of incipient ferroelectric thin films have been treated theoreticaly by
Vendik et al[85,86]. Vendik introduced a phenomenological dispersion parameter into the
equivalents of Ai(T) and Ax(T) to derive a modified verson of (3.2). The addition of a

dispersion parameter takes into account that the electric field is not necessarily homogeneous
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insgde the dielectric as a result of defects and mechanical stresses inside the film. A
consequence of a non zero dispersion parameter was the introduction of a broad peak into the
variation of the dielectric constant with temperature for incipient ferroelectrics without the

need for a ferroglectric phase transition. A non zero dispersion parameter also gives rise to
hysteretic electric field — polarisation curves due to the redistribution of trapped charge upon
reversal of the electric field direction.

Fuchset al.[71] claimed that the peak in the permittivity at 90K of their STO films with
temperature was due to a ferroelectric phase transition in contrast to the Vendik theory. Fuchs
et al. obtained a good fit to the spontaneous polarisation versus temperature measured for their
films from standard GLD theory. The peak in permittivity at 40K observed for other STO

films was attributed to a tetragonal to trigonal structural phase transition at this temperature.

3.4.2 The causes of the differences between the dielectric properties of thin film and bulk
STO

According to Streifferet al[87] there are believed to be three distinct phenomena behind the
differences in dielectric behaviour between thin film and single crystal STO. Stetitier
were able to separate them by making low frequency dielectric measurements on the solid

solution BaSr.xTi1+yOs+7, by independently varying87].
The phenomena are:-

I. A reduction in film polarisability resulting from Ti non-stoichiometry. An effective
dielectric constant for the Streiffer al. films was found to decrease from 900 ya0.04
to 300 fory=0.15.

ii. The effect of the mechanical constraints imposed by the substrate on the film stress and
strain. This leads to structural disorder and a diffuse phase transition. A film removed from
the substrate was found to show an increase in dielectric constant from 272 to 378, at room

temperature.

lii. A size or interface effect, which is displayed as a decrease in the film dielectric constant
with decreasing film thickness.

The causes of the size effect are most relevant for the experiments on a range of thicknesses of
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STO thin films described later in this chapter. The size effect was observed by Streiffer et al.
for BaSr1xTi14yOs4, films for thicknesses between 24 and 160nm over a temperature range
between 300K and 480K . The effect was al'so observed for Bay7Sro3TiOs films of thicknesses
between 24 and 160nm down to 73K in earlier experiments by the same group[84]. The effect
has also been reported by Kotecki et al.[64] for BaSri«TiOsz films, and by Abe and
Komatsu[88] for STO films with thicknesses between 23 and 92nm. All these experiments
used metallic el ectrodes to measure the diel ectric constant.

Fuchs et al.[71] observed no thickness dependence of the dielectric properties of their STO
films for thicknesses between 200 and 500nm. No difference between the properties of the
STO films when either Au or YBCO € ectrodes were used, with the exception of a shift in the

maximum of capacitance from zero voltage bias.

Phenomenologically, the size effect can be modelled by modifying (3.2) to give a thickness

dependence in the first order polarisation term, asin (3.12).
E :(§+ Al(T))P+ A (T)P? (3.12)

In (3.12), d is the thickness of the didectric film and ¢ is a constant. Basceri et al.[84] found
that no modification of T) was necessary to model the thickness dependence of the dielectric
constant of their films. The capacitance of thin film STO has two series contributions, one
from the dielectric constant of the bulk, C, and the other from an interface layer at the
boundary between the el ectrode and the didlectric C;, asin (3.13).

1_1 1 _ d-2 2d.

—=—+4+—= + ' (3.13)
C G C  &frsoA &E&A

In (3.13), d; is the thickness of the interface layer, & is the permittivity of the interface layer

and Aisthe area of the capacitor.
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Figure 3.7. The variation of inverse dielectric constant with inverse film thickness for STO films
at 295K [88], together with the capacitor geometry for a thin film capacitor with an interface
layer.

From (3.13) the effective thin film dielectric constant is given in (3.14).

1.t [i— 1 ] (3.14)

ERTF ‘SRSTO d Ei ERSI'O

Fig. 3.7 shows the capacitor geometry described by (3.13), together with the Abe and Komatsu
data[88] for the thickness dependence of &rr for STO films at 295K. From the intercept, &rsro

isfound to be 340 in agreement with the Neville et al[54] measurement at this temperature.

Streiffer et al[87] have summarised the variety of mechanisms that could be responsible for the
dependence of &g on film thickness. The mechanisms are either intrinsic or extrinsic to the
didectric film itself. The extrinsic mechanisms consist of contamination of a layer near to the
interface, either as a result of chemical species which are not Ba, S, Ti or O, or a change in
growth mechanism at the interface resulting in a non uniform stoichiometry or grain size

across the thickness of the film.
3.4.3 Intrinsic mechanisms for the size effect

The relevant intrinsic mechanisms for the thickness dependence of & are the formation of an
intrinsic dead layer at the surface of an incipient ferroelectric film and the existence of a
Schottky barrier at the interface between the metal electrode and the dielectric film.

Zhou and Newng[74] have developed a modified version of the microscopic theory of

ferroelectricity, which was described in section 3.2.4, to encompass the effect of finite size on
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the didlectric behaviour. A mean field approximation was used as in the bulk case, but the
polarisation and the mean field due to the surrounding dipoles were assumed to be dependent
on the distance from the surface of the film. The mean field was assumed to decay
exponentially at the film surface with a range parameter A;, and the polarisation decays
exponentially to zero at the surface of the film. The theory leads to two predictions. Firstly,
there an exists an intrinsic dead layer at the surface of a ferroelectric with width d;, and hence

the effective dielectric constant scales linearly with film thickness as shown in (3.15).

T
T+(T,/dA, )= T,

gRTF -

(3.15)

In (3.15), T;=1/Bisthe Curie-Weiss constant (see (3.3)) and Ty is atemperature parameter. For
bulk STO Ty and T; can be obtained from the temperature dependences of the frequency of the
soft optic phonon and the permittivity. Zhou and Newns found To=2060K and T;=1.01x10°K.
By fitting (3.4) to the room temperature Abe and Komatsu data for the size effect in STO films
(Fig 3.7), Zhou and Newns found A=1nm™. From (3.15) it can be seen that below a
characteristic film thickness d.=(To/AfT), &rr Startsto drop. For STO at 4.2K, this thicknessis
490nm. The second prediction, also evident from (3.15) is that T+ decreases with decreasing
film thickness, becoming negative for very thin films. This prediction was aso verified by

experimental data.

The size effect was also treated by Vendik et al. by introducing dependence of the film
polarisation on position, this time into the modified Ginzburg-Landau-Devonshire expression

for E(P). Since the polarisation vector cannot vary within short distances such as one cell of

the crystal lattice, below a certain sample size the dielectric properties must become size
dependent. An equation equivalent to (3.4) was derived[85], which defined a ‘correlation
radius’, equivalent taly/As in (3.15) and approximately equal tpn2 from the Zhou and
Newns parameters, or s at 78K according to Vendik. The correlation radius is analogous

to the coherence length in a superconductor.

Vendik et al.[86] identified the electrode material as a further cause of the size effect. It was
postulated that the ferroelectric polarisation cannot decay into a metal. Therefore, the
ferroelectric polarisation must be zero at the metal — dielectric interface. However, the
ferroelectric polarisation can decay into an oxide electrode such as YBCO. The effect was
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observed experimentally by Hwang et al.. A size effect was observed for Pt/Ba; xS« TiOs/Pt
capacitors, but not for IrOy/BayxSr«TiOy/IrO, capacitors[89]. The intrinsic dead layer was

therefore not present for the capacitors with oxide electrodes.

At the interface between a metal and an incipient ferroelectric, a Schottky barrier is formed.
Charge carriers diffuse from the incipient ferroelectric into the metal to compensate for the
difference between the work function of the metal and the Fermi level of the ferroelectric. The
barrier results in a built in voltage at the interface which shifts the maximum of the
permittivity versus voltage bias curve (see Fig 3.2(b)) away from the origin[82]. Initialy, the
film was thought to be depleted only near the electrodes, and so the application of a voltage
bias changed the effective length of the depletion region, hence changing the effective
didectric constant[82]. Dietz et al. claimed that measurements of the leakage current in
Bay7Sro3TiO3 films showed that films thinner than 162nm were completely depleted, so an
applied voltage bias could not change the thickness of the depleted region as described
above[90]. Furthermore, the capacitance-voltage curves obtained could be described
quantitatively by GLD theory[84], so this was believed to be the correct mechanism
responsible for the tuning of the dielectric constant. However, Hwang et al.[89] proposed a
partially depleted model to explain their leakage current measurements of Ba.xSr«TiOsfilms.

Regardless of whether the film is fully or partialy depleted, there till exists a small built in
field at the electrode-dielectric interface, which could suppress the dielectric constant near the

interface and thus appear as an interface capacitance[87].
3.4.4 Frequency dependence of the dielectric constant of thin film ferroelectrics

The frequency dependence of the dielectric constant of Bag7Sro3TiOs films has been studied
by Baniecki et al.[91], between 1mHz and 20GHz at room temperature. The dielectric constant
& of the films was found to obey a Curie-von Schweidler relationship with the rea part
& (=& (0)-A’ w® and the imaginary part & (W=A" w. & was found to vary by less than
7% in the frequency range studied. For BaTiO;3 films, p varies between 0.03 and 0.05[92].
Systems with diffuse phase transitions typically have a frequency dependent dielectric

congtant, with the dielectric constant maximum occurring at higher temperatures with
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Figure 3.8 The Maxwell — Wagner interface capacitance model and the expected variation of
capacitance with frequency for variousR, and Ci=100fF andC,=200fF.

increasing frequency[73]. In polycrystalline films natura variation in grain sizes could cause
the Curie-von Schweidler behaviour[91]. Oxygen vacancies in the depletion region could be a
further cause[91]. For epitaxia films, any mismatch of the film to the lattice causes
inhomogeneous local strain leading to structural disorder, afurther possible cause of the Curie-
von Schweidler behaviour[92].

Partially depleted incipient ferroelectric films would exhibit a Maxwell — Wagner relaxation
step in the variation of capacitance with frequency. The partially depleted system is modelled

as two fully depleted (lossless) interface capacifpis series with a lossyR() bulk capacitor
Cp as shown in Fig. 5.3.

The expected variation of capacitance with frequency for the Maxwell — Wagner model is also
shown in Fig. 5.3, for various values [&f and C;=100fF andC,=200fF. The limiting values

are Ci/2 at low frequency an@€iCy/(Ci+2Cy) at high frequencies, with the step at angular
frequencyw=217R,C,. The Banieckiet al.[91] measurement of the frequency dependence of
the dielectric constant found no evidence for Maxwell Wagner relaxation between 1mHz and
20GHz. Dietzet al.[90] claim that this constitutes more evidence for a fully depleted model of
Bay.xSKTiOsthin films. A step below 1mHz would require carrier densities too low to give the
required built in voltage at the dielectric metal interface. A step above 20GHz requires the bulk
to be so lossy as to resemble a strongly conducting semiconductor. However,eHa 489

claim that reasonable parameters for the carrier concentration and electron mobility could lead

to R,~1Q which would give Maxwell — Wagner relaxation in the THz region.
The Zhou and Newns theory also has a third consequence, as mentioned in the original
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paper[74], and by Streiffer et al.[87]. Since the environment near the surface of the film
contains less dipoles, the tendency to drive the transverse optic phonon soft is reduced.
Therefore the frequency of the soft optic phonon in thin film STO should be increased with
respect to that measured in bulk STO. This would aso be expected if the Lyddane-Sachs-
Teller relation (3.8) were obeyed in STO thin films.

High frequency measurements (between ~50GHz and 1THz) of the dielectric constant of thin
film STO using Josephson junctions coupled to external resonators could therefore provide

information regarding the hardening of the soft optic phonon and Maxwell Wagner relaxation.
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Chapter 4: Experimental Methods

4.1 Introduction

This chapter describes the fabrication techniques needed to manufacture Josephson junctions,
shunt capacitors and YBCO / strontium titanate / gold resonators. The pulsed laser ablation
systems that were used to deposit the films are briefly reviewed. Next, descriptions of the
photolithography, etching methods and contact deposition procedures are given. Finally, the
measurement rig used for the electrica characterisation of the devices a cryogenic
temperatures is described.

4.2 Pulsed Laser Deposition

The YB&CuzO; (YBCO) / SITiO3 (STO) bilayers used in this study were from three sources.
These were the off-axis laser ablation system at the IRC in Superconductivity at the University
of Cambridge and the on-axis system at the Department of Physics and Applied Physics at the
University of Strathclyde. Calcium doped YBCO films were grown at the University of
Augsburg. The films were grown by Dr. E. Tarte, Dr. A. Moya and Dr. F. Kahlmann at the
University of Cambridge, by Dr. E. Romans at the University of Strathclyde and by the
Mannhart group at the University of Augsburg. All the films were grown on 24° misorientated

STO bicrystal substrates, with the exception of one 36° misorientation angle.

A diagram of the off-axis laser ablation system in Cambridge is shown in Fig. 4.1. A laser is
incident on a' Y BCO target. The substrate on which the film is to be deposited is placed in the
plume of ablated material from the target. In principle, the stoichiometry of the film is the
same as that of the target. The system uses a KrF excimer laser with a wavelength of 248nm
and pulse duration of 10ns. The energy density of the laser at the target surface was 1.8 Jcm™.
The targets were water cooled during deposition to prevent excess heating and oxygen
depletion. The targets were aso rotated to minimise damage to any one part of the surface of
the target. The system was pumped to a base pressure of <10 mbar. The substrate was heated
to 780°C during deposition, which took place in a 0.3 mbar oxygen atmosphere. The number
of laser pulses controlled film thickness. After deposition of both the YBCO and STO layers,

the substrate was cooled to room temperature at 20°C min™ at an oxygen pressure of 1 bar.
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Figure4.1 The Cambridge off-axislaser ablation system[10].
The system and surface morphology of the films prepared by it are described in more detail by
Santiso et al[93].

The difference between on and off-axis laser ablation lies in the orientation of the substrate
with respect to the plume. The substrate is parald to the plume in an off-axis system, and
perpendicular to the film in an on-axis system. Fewer large clusters of atoms reach the surface

of thefilmin an off-axis system.

In Cambridge, the YBCO film thickness was calibrated by wet etching a step in the film with
phosphoric acid (H3POug)), and measuring the step height with a profilometer to an accuracy
of £25nm. The STO deposition rate was assumed to be equal to the YBCO deposition rate. In
Strathclyde, the deposition rates were determined independently for both the YBCO and the
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STO. Thefilms were ion milled (see section 2.3.2) in a system fitted with a mass spectrometer
for endpoint detection. The thicknesses were measured with a Dektac profilometer to an

accuracy of +1nm.
4.3 Device fabrication
4.3.1 Photolithography

The magority of the films were patterned with the standard photolithographic techniques
described in this section. The stages of patterning of the YBCO/STO bilayers are shown in
Fig. 2.3.

The films were cleaned prior to patterning by ultrasonic stirring in acetone for 2 minutes. If the
film surface was particularly dirty chloroform, then acetone and then propanol were used. The

films were then airbrushed with acetone followed by propanal.

The following is a positive photoresist technique. Opaque areas of the mask are the regions
where the photoresist remains on the film after patterning. Photoresist (AZ1529) was spun
onto the film at 6000 RPM for 30 seconds. The film was then baked at 100°C for one minute.
For features larger than 5um, a Cannon projection mask aligner was used to expose the films
for 3 minutes. The photoresist undergoes a chemical reaction when exposed to ultraviolet light
rendering it soluble in developer. After exposure, the resist was developed for 30 seconds in

AZ developer diluted 4 parts developer to one part water.

The patterning of fine features (to 1Jum) and alignment of the pattern to the grain boundary in
the bicrystal required the use of a Carl Suss contact mask aligner. As a result of spinning, a
thick layer of photoresist known as the edge bead forms around the edges of the film. The edge
bead was first removed to achieve good contact between the mask and the film. Multiple
exposures and subsequent developings were sometimes required to completely remove the
edge bead. The film was exposed for 8 seconds in the Carl Suss. The resist was devel oped for
between 15 and 45 seconds. The endpoint of the devel oping was detected visually.

4.3.2 1on milling

After the resist had been patterned, ion milling was used to physically etch away the unwanted
areas of the film. The Kaufman ion gun was powered with a Princeton Applied Research
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power supply. The chamber was pumped down to less than 4x10°mbar with a diffusion pump
prior to milling. The film was milled in a 2% oxygen in argon gas mixture at a pressure of
2x10™mbar. The beam current of the Ar* ions was 10mA with a 500V accelerating voltage.
The purpose of the oxygen gas was to enhance the etching rate by oxidising the debris from
the areas of film being removed. The sample holder was cooled with water to minimise
oxygen depletion from the YBCO film and grain boundary during milling. The angle of the
step between the film and the substrate could be controlled by adjusting the angle of incidence
of the ion beam to the substrate between 0° and 45°. The sample was rotated whilst being

milled to ensure auniform etch rate across its entire area.

The milling rate was calibrated by measuring step heights of patterned films with a
profilometer. Typical milling rates at 0° incidence to the beam were 3.3 nm min™ for STO and
5nm min™ for YBCO. These rates approximately double at 45° incidence to the beam. The
milling rate of the STO is two thirds of that of the YBCO. The milling rate was found to
decrease by 1nm min™ over a period of months. The milling rate recovered to its origina value
when the ion gun filament was replaced.

To ensure that the film had milled completely, it was checked that the resistance between two
points on the bare substrate was greater than IM Q.

4.3.3 Patterning an YBCO/STO bilayer on a bicrystal

This section describes the additions required to the above techniques when patterning afilm on
abicrystal. Resist was spun and baked as in section 4.3.1. Off-axis films had a layer of YBCO
on their reverse side. This layer could cause difficulties with any subsequent electrical
characterisation, so it was removed by etching in 2.5% phosphoric acid solution. The endpoint
was detected visually after approximately 30 seconds when the film and substrate became
transucent.

A grain boundary etch mask was then patterned in the film using the projection mask aligner
as in section 4.3.1. The film edges could be removed by etching in phosphoric acid for bare
YBCO films, but STO/YBCO bilayers required these regions to be removed by ion milling.
STO does not etch in phosphoric acid. Care was taken not to overmill which would result in a
step height large enough that the grain boundary and the film surface could not be brought into
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Figure4.2 Thefilm and the grain boundary after etching in hydrofluoric acid.

focus simultaneoudly in the contact mask aligner. The remaining resist was removed in
acetone. Another layer of resist was spun and patterned into the grain boundary etch mask.
Then, the STO bicrystal grain boundary was etched for 30 seconds in 7% hydrofluoric acid.
The grain boundary was then visible in the substrate to enable the device pattern to be aligned

to it. Thefilm after the grain boundary has been etched is shown in Fig. 4.2.

Following this stage, the devices were patterned with the contact mask aligner and the film
was ion milled asin sections 4.3.1 and 4.3.2. Next, holes were patterned over the areas of the
film where contact pads were required and the STO layer was milled away in these regions.
This enabled electrica contact to be made through to the Y BCO. After this stage of patterning,
it was checked that the resistance of an YBCO track was ~1 kQ to ensure that the STO layer
had been completely removed over the contact pads.

A diagram of the processis shownin Fig. 4.3.
4.3.4 Lift-off and gold contact pad deposition

To achieve the contact resistances necessary for low noise electrical characterisation of the

devices, gold contact pads were deposited with the lift-off technique described below.

Holes were patterned in alayer of photoresist over the films, in the areas in which contact pads
were required. The resist was dightly overdeveloped to ensure that there no resist remained in
the regions where contact pads were required. Next, gold was deposited over the entire area of
the film using dc sputtering. The chamber was pumped to below 5x10™ mbar prior to gold
deposition. The gold was spuittered at a pure argon pressure of 5x10?mbar at 30W power. The
gold deposition rate at this power is 3.3nm s™. Again, the sample holder waswater cooled to
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Figure 4.3 The stages of patterning of the YBCO/ST O bilayer films (not to scale).
minimise oxygen depletion caused by heating during gold deposition. Theresist was then
stripped with acetone, leaving gold over the contact pads where there was no resist. A diagram

of the lift-off processis shownin Fig. 4.4.
4.3.5 A hard masking process for thick films

The fabrication techniques described in sections 4.3.1 to 4.3.3 performed well for films up to
300nm thick. However, it was found to be impossible to pattern thicker films to high
resolutions using photoresist. Mill times greater than one hour at 45° incidence to the beam led
to the resist itself milling away. The resist was also found to etch faster at an edge, so narrow
tracks disappeared firdt. It was desired to pattern a 200nm YBCO / 200nm STO bilayer film.
Therefore the niobium masking technique described below was devel oped.
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Figure 4.4 Thelift-off processfor gold contact pad deposition (not to scale).

The grain boundary in the substrate was exposed with the process described in section 2.3.3.

The metal mask was deposited using a lift-off process. A negative resist or image reversal

process was used for the patterning, where the resist underneath the opaque area of the mask is
developed. The AZ5214 photoresist was spun at 4000 RPM for 30 seconds. The resist was

then baked for 10 minutes at 80°C. The edge bead was removed. The resist was exposed

through the required mask for 5 secondsin the contact mask aligner. The resist was then baked

for a further 2 ¥2 minutes at 120. The resist was then flood exposed (with no mask) in the
contact mask aligner for 25 seconds, and then developed for 30 seconds in 2 parts AZ

developer to 1 part water solution.

A gold / niobium bilayer was sputter deposited onto the film. The gold was required to prevent
any chemical reaction or diffusion of the niobium into the STO film. The gold was also
necessary to provide an endpoint for subsequent carbon tetrafluoriglep(&@ma etching.

The chamber was pumped overnight to a base pressurenbaf Prior to deposition the
diffusion pump trap was filled with liquid nitrogen to further reduce the chamber pressure. The
sample was milled for 30 seconds prior to deposition to clean its surface and improve the
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Figure 4.5 Imagereversal using negativeresist and a hard masking processfor thick films (not to
scale).

adhesion of the gold niobium bilayer. A 50nm gold film was deposited first, with the
conditions described in section 4.3.4. The niobium was then sputtered for 15 seconds at a
pressure of 2.3x10° mbar of pure argon with 75W power The argon pressure was then
increased to 3.2x10° mbar and niobium was sputtered for 17 minutes. The niobium film

thickness was 700nm.

The lift-off was performed by soaking in acetone for 2-3 hours. The sample was then ion
milled for 75 minutes at 45° incidence to the beam. The mill rate of niobium is approximately
the same as that of STO. The 700nm niobium film was therefore a sufficient mask for the
longer mill time. The required 2um features were reliably patterned in this way.

After milling, the remaining niobium was removed using CF, RF plasma etching. The base
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pressure of the plasma etching chamber was 10°mbar. The sample was first cleaned for 1
minute in an oxygen plasma at a pressure of 0.25mbar with 50W incident and 7W reflected
power giving a discharge voltage of 120V. The niobium was then removed by etching for 6
minutes in a 0.175mbar CF, plasma with the same power and a discharge voltage of 100V.

The gold filmis not etched by the CF4, so this provided a natural endpoint for the process.

After the CF, etching, the chamber was flushed with argon and pumped to 10 mbar before

opening, as CF4 gasistoxic.

The gold was then removed by wet chemical etching for 30seconds in a solution of 4g
potassium iodide and 1g iodine in 150ml water. The STO was then removed from the contact
pads and gold contacts deposited using the same procedure as in sections 4.3.3 and 4.3.4. A
diagram of the hard masking processis shownin Fig. 4.5.

Table 4.1 shows the film thicknesses of the various chips used in this study. The substrate were
al 24° misorientated STO bicrystals, with the exception of Xros36 which was a 36.8°
misorientated STO bicrystal.

Table 4.1 Film thicknesses

Chip Name | YBCO thickness (nm) STO thickness (nm) Gold e ectrode thickness(nm)
Subros 100 20nm capping layer N/A
Xros24a 100 20 162
Xros24b 200 100 162
Xros24c 200 100 297
Xros24d 200 50 495
3tdev 200 200 594
Xros36 200 100 162
1D res 200 50 594
Y 998 100 None N/A
Fiske 170 None N/A
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4.4 Electrical characterisation of devices

The samples were mounted using nail varnish onto chip carriers consisting of a copper block, a
printed circuit board and a plug or socket. The samples were ultrasonically wire bonded to the
chip carriers with 30um diameter aluminium wire. The chip carrier was plugged into a probe
which was dipped into aliquid helium dewar for eectrical characterisation between 4.2K and
300K.

The measurement rig is shown in ablock diagram in Fig. 4.6. The devices were current biased
and the voltage and current were measured by a standard 4 point measurement technique. The
low noise current source and voltage amplifiers were designed by Dr. Wilfred Booij. A Dell
PC via a 16 bit National Instruments analogue to digital 1/0 card controlled the electronics.
Current voltage characteristics were measured with LabVIEW software written by Dr. Gavin
Burnell. The software also controlled the temperature controller, lock-in amplifier and voltage

source.

The computer generated a 30Hz sinusoida voltage, which was used to drive the current
source. A second current source was used to drive Helmholtz coils to apply a magnetic field up
to 100mT perpendicular to the direction of current flow through the junction. The ambient

magnetic field was minimised with a p-metal shield.

The EG& G 5302 lock-in amplifier enabled the direct measurement of differential resistance
(or dynamic resistance) versus voltage curves. A 1kHz voltage with 5mV amplitude was
generated by the lock-in amplifier. This signal was added to a dowly varying voltage ramp
generated by the current source power supply. The amplitude of the 1kHz current applied to
the device therefore changed depending upon the range of the current source. The lock-in
measured the amplitude of the voltage across the device at 1kHz. The differential resistance
could then be calculated with knowledge of the current source range and voltage amplifier
gan. Variation of the current source range and voltage amplifier gain were found not to affect
the differential resistance measurement. The differentia resistance measurement was aso not
affected by changes in the frequency of the lock-in signa up to ~7kHz. Above 7kHz the
amplitude of the voltage signal measured by the lock-in was reduced by passive RCR low pass

filtersin the probe.
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Figure4.6. A block diagram of the éectronics used for device measur ement.

A Keithley 487 dc voltage source was used to voltage bias shunt capacitors and resonators on
the sample being characterised.

The temperature of the sample was measured with a silicon diode temperature sensor with a
Lakeshore 340 PID (proportional, integrating, differentiating) temperature controller. The
calibration of the temperature sensor was checked in boiling liquid nitrogen at 77.4K and
boiling liquid helium at 4.2K.

The Lakeshore temperature controller, the Keithley voltage source and the lock-in amplifier

were connected to the computer with a GPIB card.

The peak to peak voltage noise of the system was 1uV. The following steps were taken to
minimise the voltage noise. The current source and voltage amplifier power supply contained
active low pass filters to minimise electromagnetic interference from the mains and from the
A/D card. The current source and voltage amplifier were fixed to the probe itself. This
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minimised the length of cable through which low level signals traveled, and thus reduced
electromagnetic interference.

The heater was power supply was isolated from the ground of the measurement electronics.

The heater, thermometer and coil leads were made from twisted pairs of wires. This minimised
inductive cross talk between these |eads and the measurement lines. Each heater line was aso
filtered separately with a ferrite bead. The passive low pass RCR filters for the heater power
supply and the voltage source were found to be essential for the correct measurement of
Josephson junction critica currents and hysteresis. In the absence of these filters, the critical
current was found to be significantly suppressed. For some devices with small critical currents
(e.g. 60pA at 4.2K), this suppression could be up to 20pA. The upgrade of the measurement
computer from an Apple Quadra to a Dell Pentium PC enabled the rapid measurement of
thousands of critical currents. The absence of low pass filtering of the heater power supply was
found to substantially increase the standard deviation of one thousand measurements of a

device critical current.
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Chapter 5: Josephson junctions with hysteretic current voltage

characteristics at high temperatures

5.1 Introduction

This chapter describes the testing of grain boundary YBCO Josephson junctions shunted with
an external capacitor. A capacitive shunt was used to obtain ajunction with a hysteretic current
voltage characteristic at a high temperature (T>50K). As described in Chapter 1, typica high
T, Josephson junctions have =1 at 4.2K and <1 at T>50K. The primary motivation behind
fabricating a hysteretic junction at T>50K isthat hysteresisis vita for the correct operation of
arelaxation oscillation SQUID (ROS)[94,95].

First, the operation of the relaxation oscillation SQUID is described, followed by that of
double relaxation oscillation SQUIDs. Next, previous experiments on both low T. and high T,
hysteretic Josephson junctions is reviewed. Initia attempts to achieve coupling of the junction
to co-planar and paralel plate external capacitors are discussed. Then, experiments where
junctions were successfully coupled to external capacitors with hysteretic current voltage
characteristics both at low and high temperatures are described. Simulations of junctions
shunted with distributed impedances and lumped capacitances are performed. The feasibility
of manufacturing relaxation oscillation SQUIDs from high T junctionsis assessed.

5.2 The relaxation oscillation SQUID

A ROS consists of a SQUID made with hysteretic Josephson junctions shunted in parallel by
an inductor L and aresistor R, in series. However, unlike the dc SQUID, where asmall change
in magnetic flux produces a small change in read-out voltage, the ROS produces voltage
pulses the frequency of which is determined by the applied magnetic field. An equivaent
circuit for the ROSisshown in Fig. 5.1.

The ROS is operated at a constant current bias I, dightly greater than twice the critical current
of each junction. The cycle of operation is, starting from the point where the ROS has just

switched into the voltage state:- (see also Fig. 5.2)

1. The current through the L-R, combination slowly increases. The current through the SQUID

decreases as the return branch of the IV curveisfollowed. The ROS remainsin the voltage state.
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l.

s 19 X o

Figure 5.1 Theequivalent circuit for aROS
2. When the current through the SQUID reaches the return current of the junctions, the
SQUID switches back into the superconducting state, so the voltage across the ROS is zero.
3. Now the current through the L-R, combination decreases and the current through the
SQUID increases until its critical current is reached at which point the SQUID returns to the
voltage state and the cycleis repeated.

The frequency with which the cycle repeats is determined by the critical current of the SQUID,
which isin turn determined by the magnetic flux through the SQUID (see Chapter 1). So, the
ROS operates as a flux to frequency converter. By varying L, R, and |, the frequency of the

oscillations can be varied from afew MHz up to 40GHz[95]. However,
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Figure 5.2 The voltage pulses measured from a ROS (R=0.659Q, C=60pF, |=440pA, L=1nH,
R,=0.1Q bias current 900pA) output and a hysteretic 1V curve as a guide. ( junction 1V
parametersand ROS parametersdo not correspond.)
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Figure5.3. The equivalent circuit for a DROS.
it is important to choose R, and |y, such that V =Rylp<Vimin, Where Vpin is the voltage at which
the SQUID switches back into the superconducting state, otherwise the oscillations will cease
in the voltage state at stage 2 of the cycle[95].

More sophisticated devices based upon the ROS have also been demonstrated. A Double-ROS
(DROS) is shown in Fig. 5.3 and consists of two SQUIDs in series shunted in paralel by an
inductor and a resistor[95]. A reference flux is applied to one of the SQUIDs, and the dc
voltage across the other (signal) SQUID is measured. The SQUID which has the lowest critical
current participates in the relaxation oscillations. Either the average voltage of these
oscillations is measured, or zero voltage, so the DROS acts as a critical current (or flux)
comparator. Thus, the DROS can be read out digitaly making it extremely useful for
potentially unshielded SQUID imaging systems.

5.3 A survey of hysteretic junctions
5.2.1 Representative low T¢ hysteretic junctions

Low T SIS tunnel junctions typically have a very high resistance (resistance area product ~
100 - 1x10* Q um?) and aso a high capacitance (~ 0.038 pF pm™?)[28]. Theideal SIS junction
has [c - od96]. Experimental investigations of these junctions were mainly concerned with
verifying the predictions of the Stewart-M cCumber phenomenological model of the Josephson
junction IV characteristic, and aso the form of S.a). Hansma et al[96] fabricated Sn-SnO-Sn

junctions with a resistance area product of 6.1x10" Qum? shunted with an Ag resistor
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with a value between 1mQ and 10Q. The junctions had a capacitance of around 100pF, arising
from the parald plate structure formed by the junction and its electrodes, and the critical
current was adjusted either by varying the temperature or by applying amagnetic field in order
to change B between 80 and 1. The form of £(a) predicted by Stewart and McCumber was
verified and agreement between the predicted and measured 1V characteristics was obtained.
The effect of current noise on B(a) was also examined and it was found that this suppressed

the hysteresis — i.e. for a givgy a was increased in the presence of current noise.

The capacitively shunted variable thickness Pb microbridges described kgt 31¢97] are

more directly analogous to the experiments on grain boundary hjghclions described later

in this chapter. A microbridge junction typically hds0 and an external capacitor is required

to produce hysteresis. Yehal measured junctions shunted with multilayer capacitors with a

SiO / photoresist dielectric and either a normal Au or superconducting Pb top capacitor
electrode, similar to the structures shown in Fig 5.7. [Mheharacteristics were measured
before and after deposition of the capacitor structure and indeed the capacitor did give rise to
hysteresis. However, hysteresis only occurred with a superconducting top electrode and the
hysteresis was found to be much less than expected given a low frequency measurement of the
capacitance. The explanation advanced for this behaviour was that at the Josephson frequency
the junction sees a distributed impedance (Fig. 5.36) rather than a lumped capacitance (Fig.
5.8). For a distributed impedance the wavelength of the Josephson oscillations inside the
capacitor is smaller the length of the capacitor itself. The shunt capacitance is reduced from its
low frequency value because such a structure does not necessarily producphas8Gshift

in the alternating current. Furthermore, losses in the transmission line further reduce the shunt
capacitance. Also the geometry of the capacitive shunt was such that it also contained a

significant shunt inductance.
5.3.2 High T, hysteretic junctions

Josephson junctions manufactured from the HAigimaterials (in the short limit where the
current density is uniform across the junction) typically have a resistance area proddarts of 1
um? and specific junction capacitances of 1ypft® so in generagB~1[31,37,57,59,60,63,98-

100]. This capacitance results from the intrinsic capacitance of the grain boundary, as

discussed in section 2.4.2. This is in contrast to theTlp®IS junctions which have much
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larger resistance area products, and hence much greater 5. Therefore, to make a hysteretic high
Tc junction an external shunt capacitor of the type used by Y eh et al[97] is required, rather than
the resistive shunt used by Hansma et al[96] to control S..

Of the YBCO grain boundary junctions shunted with an external capacitor the most
convincing report has been that of Daly[100]. Here, multilayer shunt capacitors were deposited
over YBCO step edge junctions on LaAlO; substrates. Two different dielectrics were used,
LaAlOs, which gave rise to a hysteretic IV at 67K with =1.3, and S'TiOz which gave
hysteresis at 4.2K with 5:=6. Control structures with no top e ectrode were also fabricated, and
these did not have hysteretic |V characteristics which confirmed that the hysteresis was caused
by the capacitor. However, the top eectrode used was the norma metal Ag, in contrast to the
result of Yeh et al. Again the hysteresis obtained was much less than that predicted assuming a
lumped capacitance calculated from alow frequency measurement of the dielectric constant.

Dong[37,101] has fabricated YBCO SNS ramp edge junctions with a multilayer shunt
capacitance, with a SrTiO; didectric and an Au top eectrode. The junctions themselves are
similar to step edge junctions but with a small layer of Au deposited between the YBCO
grains, with the aim of better control over the junction resistance. These devices show
hysteresis at 77K with £=1.1. Lee et al[102] have fabricated hysteretic junctions using a
YBCO film on a 36.8° SrTiOs bicrystal. The same multilayer capacitor geometry was used
with a SrTiO; dielectric and a gold top electrode. However, hysteresis was observed only up to
30K with amaximum £ of 4. Thus, it is questionable whether or not it is the shunt capacitor

and not the grain boundary which is dominating the effective capacitance in this case.

Hysteretic junctions have also been reported in Tl compounds using a multilayer shunt
capacitor and a step edge junction[103]. Sc in excess of 1000 was measured at 77K, but with a
small critical current and a very high R, (1kQ). =10 was reported for a trilayer c-axis
junction made using Bi compounds with molecular beam epitaxy (MBE)[104]. However, these
devices functioned as a Josephson junction only up to 30K, and MBE is a somewhat complex
junction fabrication technique. The trilayer junctions of Fink et al[105] had 5>100 up to 16K,
but the superconducting top electrode used (Ba;.xK«BiOs3) had T.=16K.

An array of YBCO junctions on a 24° SrTiOs bicrystal with 5=2 were reported by Tarutani et

al[106]. In this experiment the junctions were shunted by a co-planar capacitor in an attempt to
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take advantage of the high dielectric constant of the SrTiOs; substrate. However, as hysteresis
was not observed above 40K it is again questionable whether or not this hysteresis was due to

the shunt capacitor or theintrinsic grain boundary capacitance of the junctions.
5.4 Designs of shunt capacitor investigated
5.4.1 Co-planar shunt capacitance

The ‘subros’ mask was designed to add a co-planar shunt capacitance to a YBCO grain
boundary junction on a SrTibicrystal, taking advantage of the high dielectric constant of

this material at low temperatures[54]. The mask design is shown in Fig. 5.4, together with a
cross sectional view of the junction and capacitor showing the coupling of the electric field
lines through the substrate. Also, the devices were designed to try and resolve the discrepancy
between the Tarte result[59] and that of Beck[60] as to the contribution of the; Suli€rate

to the junction capacitance (see section 2.4.2). Specifically, could the extra capacitance
introduced from the superconducting wiring on the substrate used to measure the junction be

large enough to introduce hysteresis into the junction IV curve?
The theoretical capacitance per unit ler@tlof the structure is given by (5.1)[107],

_ &(ex *DK(K)
T 2K(K)

(5.1)

where & is theredative didectric constant of the substrate and K(k) isthe complete dliptic
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Figure 5.4 A cross sectional view showing the coupling of the eectric field lines through the
substrate, and the planar view of the mask design for the co-planar shunt capacitance.

DN N

I
[
Cjunction

L | L

Cshunt

Figure 55 An equivalent circuit for the co-planar shunt capacitor. L represents the total
inductance of the track, Cjyngion and Ceynt are the intrinsic grain boundary capacitance and the
external shunt capacitance respectively.

integral of the first kind with k=s/(s+w) and k'= (1-k). Asshown in Fig. 5.4, sis the separation

of the electrodes, w is the width of the electrodes and | is the length of the electrodes. The

purpose of the ‘bow tie’ (the broadening of the track containing the junction towards the
capacitor electrodes) as opposed to a simple rectangular track connecting the electrodes was to
try and reduce the kinetic inductance of the track, which is inversely proportional to the width

of the track[108] I(x= tosA %/wth, wherew, is the width of the junction antl is the film
thickness). Hence, the bow tie maximises the width of the track and thus minimises the kinetic
inductance. Leet al[102] argued this inductance reduced the effective capacitance of the
shunt, but did not use a bow tie structure. An equivalent circuit for a subros device is shown in
Fig. 5.5, it is similar to that of Lee but without the resistance of the gold bridge connecting the

two shunt capacitors.
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Figure 5.6 The expected shunt capacitance ver sus electrode length for the subros devices.

Six subros junctions were tested of width 2um shunted by capacitor el ectrode lengths of 10,
60, 120, 500, 1000 and 2000um respectively. Using low frequency measurements of the
dielectric constant of bulk SITiO3 at 4.2K (§=24000) and 77K (£&:=1880)[54], Fig 5.6 shows a

theoretical prediction of the shunt capacitance versus capacitor electrode length calculated
using (5.1).

5.4.2 Multilayer shunt capacitance

The purpose of the ‘xros’ series of chips (and 3tdev) was to add a multilayer, parallel plate
shunt capacitance to a YBCO grain boundary Josephson junction, in a similar manner to the
shunt capacitors in refs [97,100,102]. The device design is shown in Fig. 5.7. The lengths of
electrodea on the mask were 10, 25, 50, 75,100, 125, 150 andgni7&spectively. Junction
widths of 2um were investigated, as well as devices with and without a bow tie. A device was
also patterned with no track across the grain boundary to enable the isolation resistance
between the YBCO and the Au to be measured, which was found to b@ G¥WDHz on

xros24a. An equivalent circuit for an xros device is shown in Fig. 5.8.

The devices were ion milled at 4%ith rotation to give rounded steps between the
YBCO/SrTiO; and the substrate in order to obtain a continuous layer of gold over the entire
width of the capacitor electrodes with the aim of minimisfgge. A crude prediction of the

shunt capacitance (ignoritg Ryidge) iS given byC= &&a°12d wheregs andd are the
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Figure 57 A cross sectional and planar view showing the paralle plate
YBCO/SrTiOs/Au capacitor structure of the xros devices.

dielectric constant and thickness of the thin SrTiO; film respectively, and & is the area of one
of the shunt capacitors.

5.4.3 Film thicknesses of the chips measured

Table 4.1 shows the film thicknesses of the various chips measured, which were subros,
xros24a to d, xros36 and 3tdev. With the exception of xros36 where a 36.8° SITiOz bicrysta
substrate was used, all the chips were fabricated using 24° SrTiOs bicrystal substrates. In the
text that follows, devices on a particular chip will be distinguished by the length of their shunt
capacitor electrode.

AR
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Figure 5.8 An equivalent circuit for the multilayer shunt capacitor.
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5.5 Current Voltage Characteristics
5.5.1 Junctions with grain boundary capacitance dominant at all temperatures
5.5.1.1 Subros and xros24a — IV characteristics in absence of a magnetic field

Fig 5.9 shows IV characteristics for the 120um junction on the subros chip measured at 15K
and 77K. (Some measurements of subros were carried out by R. H. Hadfield[109].) It is
representative of the IV curves measured for al of the devices on both subros and xros24a. At
higher temperatures, noise rounding of the critical current step was observed. The normal state
resistance (determined by measuring out to approximately 5xl. and fitting an Ohmic line) was
effectively temperature independent as expected for grain boundary junctions. The shape of
the IV curves was in qualitative agreement with the predictions of the RCSJ model, as
described in section 1.3.2.

However, no significant extra hysteresis was observed for any of the subros or xros24a devices
at any temperature within the measured range from 4.2K up to the point where the critical
current step was completely rounded away by noise. From the measured parameters of the
device shown in Fig 5.9 (1:=463pA, R=4.76Q) and using the shunt capacitance from Fig 5.6
(41pF) the theoretical . was calculated to be 1320 using (1.16). For the subros junctions
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Fig5.91V characterigticsfor the subros 120um junction at 15K and 77K.
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Figure 5.10 The effective shunt capacitance from the IV curve ver sus temperature for the subros
junctions.

hysteresis was generally not present above 35K, and the highest temperature where 5>1 was
observed was 44K for the 1000um device. For the xros24a junctions the situation was worse
still, such that hysteresis was generally not observed above 20K and the highest temperature

where 5.>1 was observed was 30K for the 175um device.

From the hysteresis in the IV characteristic and using Zappe’s approximation (1.17) the
effective junction shunt capacitance could be calculated. This is plotted versus temperature for

all the subros devices in Fig 5.10, and was found to be effectively independent of temperature.

The small values of shunt capacitance measured are typical of other measurements of the
intrinsic capacitance of the grain boundary high Jbsephson junctions (1 pfm?)
[31,57,59,60,63,98,99]. The capacitance also does not vary with the length of the shunt
capacitor, which would be expected if the junction was coupled to the external capacitor, nor
does it vary with temperature, which would be expected due to the dramatic decrease of the
dielectric constant of bulk SrTin this temperature range[54]. The capacitance of the grain
boundary in a high JdJosephson junction was found to be independent of temperature by
Jansmaret al[52]. Fig 5.11 shows the effective shunt capacitance plotted versus capacitor
electrode width for the xros24a devices. Again the effective shunt capacitance is independent
of the capacitor electrode width. Thus, the small valugs olbserved are believed to be solely

due to the intrinsic capacitance of the grain boundary.
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5.5.1.2 Fiske resonances in subros — further evidence for absence of coupling to external

capacitor

The behaviour of al the devices in a magnetic field was investigated, and all showed a
Fraunhofer type magnetic diffraction pattern of the junction critical current in good qualitative
agreement with (1.26). Fig 5.12 shows the response of the 120pum device on subros.

When a magnetic field was applied to the junctions over a range between the first maximum
and minimum in the Fraunhofer pattern, a resonance was observed in the IV characteristic at a
particular voltage varying from 1.2mV for the 10um device to 1.9mV for the 500pm device at
4.2K. The step appeared over arange of from 4.2K to 55K for the 10 and 120pum junctions and
from 4.2K up to 45K for other junctions. Its position was found to be independent of
temperature to within experimenta errors. A series of IV curves at various magnetic fields,
with V/R, subtracted to emphasize the resonance, for the 10um device at 15K are shown in Fig
5.13.

006 Crr1 1T 1T 1T LA I I B B T 1]
o ® B
o - ]
8004 E
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o z
0 E\ o b b v v v v \E

20 60 100 140 180

Capacitor electrode length (pum)

Figure 5.11. The effective shunt capacitance versus capacitor electrode length at 4.2K for the
Xr0s24a devices.

79



Chapter 5: Josephson junctions with hysteretic current voltage characteristics at high temperatures

500:‘\\\\\\‘\\ \\\\\\\\\:

.“5.
<400 £ E
[ E
Y P
T o 88 e
= S o9 o =
(@) = —

r o -
0® & ,

:‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘:

-04 0 0.4
Applied magnetic field (mT)

Figure5.12. Critical current versus applied field for the 120pum junction at 15K.

The step is a Fiske resonance as opposed to a transmission line resonance or a flux flow
resonance. It does not change position when the applied magnetic field is varied so it cannot be
aflux flow resonance. The resonance only appears when afield is applied so it is unlikely to
be atransmission line resonance which are present even in the absence of magnetic field[110].
Also, a transmission line resonance would propagate in the dit between the capacitor
electrodes. Thus, its position would be expected to scale with capacitor electrode length which
these resonances do not. Finaly, based on a calculation using the dielectric constant of bulk
SITiOg[54], (1.42) and (5.1) the transmission line resonance would be expected to be at a

much lower voltage (<0.3mV) for al the devices in the temperature range over which the

resonance appeared.
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Figure 5.13. IV's at various magnetic fields for the 1dm device at 15K. The quasiparticle current
V/R, has been subtracted to emphasize the Fiske resonance
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The capacitance per unit area calculated from the resonance position using (1.42) was found to
agree with that determined from the hysteresis in the IV characteristic, assuming that the
effective shunt capacitance is dominated by that from the grain boundary. The correlation is
shown in Fig 5.13, and was obtained using the London penetration depth as a parameter equal
to 220nm at 4.2K in (1.44). The approximation Ag~A.%/h was used for the limit where A, >>h.
Although this limit was not gtrictly satisfied, it has been shown to be valid previoudy when
extracting grain boundary capacitances from Fiske resonance data[59]. This value of the
penetration depth lies midway between inductive measurements of the YBCO penetration
depth of 140nm[22], and microwave resonator measurements giving 450nm[111] at 4.2K. The
agreement between the two methods of calculating junction capacitance shows that there was
no contribution to the shunt capacitance from the externa capacitor. This would have resulted
in a systematic difference between the results of the hysteresis and Fiske resonance methods of
caculation. The agreement aso indicates that heating effects were not responsible for the

observed hysteresis.

In Fig. 5.14, the capacitance is plotted against the junction resistance and indeed is seen to
scale with the junction resistance. This scaling is an intrinsic property of high T. grain
boundary Josephson junctiong 98,99] and will be discussed further in Chapter 8.

5.5.1.3 xros36

The first attempt to improve the coupling of the junction to the external capacitor was made by

increasing the misorientation angle of the bicrystal used from 24° to 36.8°. The possible
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Figure 5.14 The correlation and scaling of junction capacitance with resistance for the subros
devices.
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Figure 5.15. The IV curve of the 50um device on xros36 (£.=9.6, 1.=60uA, R,=20.3Q) and the
scaling of capacitance with resistancefor the xr0s36 devices.

benefit of this change was that the effect of the decrease in I (see section 2.4.1) on 3 should
be more than compensated for by the increasein R,, see (1.16).

The devices displayed significant hysteresis at 4.2K. The 50um device had [5.=9.6, with
|=60pA and R,=20.3Q, see Fig. 5.15. The junction critical currents were approximately a
factor of 10 smaller than those of xros24a and subros and were not measurable above 45K

despiteafilm T, equal to 87.5K. The hysteresis persisted only up to 30K.

Neither £ nor the effective capacitance from the hysteresis in the IV curve scaled with the
length of the capacitor electrode. Also, the effective junction capacitance was again found to
scale with junction resistance, see Fig. 5.15. Shown in Fig 5.15 is the capacitance of the 25um
device after removal of the Au top eectrode, which continued to scale with the junction
resistance. The increase in resistance is probably due to de-oxygenation of the grain boundary
during the ion milling to remove this electrode. These two observations both indicate that the

intrinsic grain boundary capacitance was again dominating the total shunt capacitance.

Plots of S calculated from the hysteresis in the IV curve using Zappe’'s approximation (1.17)
versusl; were obtained for the P device (before Au electrode removal) by varylingith

an applied magnetic field over a range of temperatures (see Fig 5.16). The relationship was
found to be linear, and the gradient of the lines, which gives the effective capacitance, (see
(1.16)) did not vary with temperature. (Within experimental error — each point in Fig 5.16 was

taken from an average of 10 measured IV’s. However, the small critical currents of the
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Figure5.16 Thevariation of S, with critical current at varioustemperaturesfor the 25um device.
junctions made the measurement extremely sensitive to external sources of rf noise, which
causes the scatter seenin Fig 5.16.)

5.5.2 Junctions with the external (multilayer) shunt capacitor dominant

5.5.2.1 Hysteresis at low temperatures

Figure 5.17 shows the IV characteristics at 4.2K of the 25um device on 3tdev before and after

the Au deposition of the top capacitor eectrode. Two changes can be seen, firgtly, the increase

in hysteresis and secondly the appearance of a resonance. The resonance is believed to be a
transmission line resonance since it was not present in the ‘cdMrolirve and was also
present in the absence of an applied magnetic field, so it cannot be a Fiske resonance. Table
5.1 gives the parameters of this device. The slight increase in junction resistance and decrease
in critical current can be attributed to heating of the sample, causing de-oxygenation of the
grain boundary during patterning and Au sputtering.

Table5.1. 3tdev 25um device parametersat 4.2K beforeand after Au deposition.

3tdev 25pm device | Ic(1A) R, () B C(pF)
4.2K

Before Au deosition 163 11.0 1.35 0.022
After Au deposition 124 11.4 5.77 0.117
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Figure 5.17. The IV characteristic of the 25um device on 3tdev at 4.2K before and after Au
deposition. Theresonanceisindicated by an arrow.

The increase in . and effective junction capacitance calculated from it shows that for this
device the external shunt capacitor dominates the effective junction capacitance. However, the
hysteresis observed is still much less than expected if the shunt capacitor is considered as a
lumped circuit element. The dielectric constant of the 200nm SrTiO;3 film was cal culated from
the position of the resonance and was found to be 120 for this device, (see Chapter 7) giving a
shunt capacitance of 1.66pF and =81 using (1.16) and the measured |, and R, of the junction
(Table5.1).

In fact, the presence of the transmission line resonances indicates a possible explanation for
this behaviour. For the resonances to be present, the wavelength of the Josephson oscillations
in the externa capacitor must be comparable to the length of the capacitor itself. So, it is not
valid to treat the shunt capacitor as alumped circuit element asin Figs 5.5 and 5.8, but instead
it should be modelled as a distributed impedance, which reduces the effective capacitance of
the external shunt. This was verified explicitly by repetition of the experiment that gave rise to
Fig 5.16 and a plot of S versus the junction critical current was obtained for the 25um device
on 3tdev at 4.2K. Improvements in the measurement computer, software and electronics (see
Chapter 4) meant that hundreds of critical currents and return currents could be measured
rapidly, so each point in Fig. 5.18(b) corresponds to a distribution of critical currents and
return currents such asthat in Fig 5.18(a).
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Figure 5.18(a) The distribution of critical currents measured at 4.2K for the 25um device on
3tdev. (b) Thevariation of B, with I at 4.2K. Theinset in (a) showsthe variation of the maximum
B with temperature. (These measur ements were made after improvements had been made to the
filtering of the probe heater power supply, so the critical current is dightly bigger than that in
Fig.5.17.)

By lowering the junction IR, product the frequency at which the junction returns to the zero
voltage state is reduced. Hence, the wavelength of the Josephson oscillations in the external
shunt capacitor increases and the limit of alumped shunt capacitance is approached, increasing
the effective shunt capacitance. In contrast to Fig. 5.16, the non-linear relationship between I
and S shown in Fig. 5.18 indicates that the effective shunt capacitance of the junction is

varying with frequency.

However, as | is reduced towards zero, thermal noise suppression of the hysteresis dominates

and [ is once again reduced.

Figs 5.19 and 5.20 give further evidence that the dominant contribution to the effective
capacitance is the externa shunt capacitor. Fig 5.19, a graph of the effective capacitance
versus shunt capacitor electrode length, shows that the junction capacitance has increased after
the deposition of the gold top electrode. There is now a trend in the variation of effective
capacitance with capacitor electrode length, but it is not what would be expected if the shunt

capacitor were behaving as alumped circuit € ement.
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Figure 5.19. The variation of capacitance with capacitor eectrode length before and after gold
deposition for the 3tdev devices at 4.2K.

Fig 5.20 shows effective capacitance versus resistance for the 3tdev devices before and after
deposition of the top capacitor e ectrode. For the junctions without a shunt capacitor, the same
trend in effective capacitance versus resistance that was observed for the junctions where the
grain boundary was the dominant contribution to the shunt capacitance is observed here aso
(see Figs. 5.14 and 5.15). However, for the junctions with an externa shunt capacitor the
effective capacitance increases with the resistance, i.e. in the opposite direction to that of the
grain boundary trend.
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Figure 5.20. The scaling of capacitance with resisgance before and after gold deposition for the
3tdev devicesat 4.2K.
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Figure 5.21. The variation of critical current and capacitance with temperature for the 75um
device on 3tdev.

In contrast to the junctions where the grain boundary capacitance was the dominant
contribution to the effective capacitance, for these devices where the externa shunt capacitor

is dominant, the capacitance increases with temperature (see Fig 5.21).

The mgor drawback of the 3tdev devices was their low critical current. This is illustrated in
Fig. 5.21, which shows critical current and capacitance versus temperature for the 75um
device, typical of the behaviour of al the devices on this chip. The most hysteretic junction at
the highest temperature was the 25um device, which had .=4.5, 1.=42.4+0.8uA, R=9.72Q,
C=0.37pF and a=0.55 at 41.5K. There was no hysteresis above 50K and the junctions had no
measurable critical current above 60K, so the criterion of hysteresis above 50K for ROS

operation was not fulfilled.
5.5.2.2 Hysteresis at high temperatures

Figure 5.22 shows the IV characteristics at 4.2K of the 50um device on xros24d before and
after Au deposition of the top capacitor electrode. Again, there are two changes, firstly the
increase in hysteresis and secondly the appearance of resonances. The resonances are

Table 5.2 xros24d 50um device parametersat 4.2K before and after Au deposition.

Xros24d 504m lc(uA) R, (Q) C(pF)
device

Before Au 2712 0582 0.358
After Audeposition | 2328 0.715 0.308
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Figure 522 The IV characteristic of the xros24d 50um device at 4.2K before and after Au
deposition. Resonances areindicated by arrows.

transmission line resonances since they were not present in the ‘covitmltve and are
present in the absence of a magnetic field. However, upon use of Zappe’s approximation
(2.17) and (1.16) to calculate the effective shunt capacitance, it was found that the capacitance

had decreased on deposition of the top electrode (see Table 5.2).

Therefore, at 4.2K the grain boundary capacitance dominates the effective junction
capacitance. However, for xros24b, ¢ and d the hysteress<(L8) was found to persist up

to at least 55K for all the devices. For certain devices the temperature up to which hysteresis
persisted was considerably higher, e.g. 72.3K for the xros24gumiS@evice, thelV

characteristic of which is shown in Fig 5.23.
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Figure5.23 The IV characteristic of the xros24d 150um device at 72.3K.
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The distribution of critical currents and return currents shown in Fig. 5.23 is due to thermal
and electromagnetic interference. The effective shunt capacitance of the xros24d 150um
capacitor at 72.3K was found to be 2.28pF, see Table 5.3. At 20K, the capacitance of the
150pm device was 0.48pF, and below 20K the 150um device was not hysteretic. This
temperature variation of the capacitance strongly indicates that the shunt capacitor was
dominating the total capacitance at high temperatures. The 50um device had a similar
capacitance of 1.39pF at 68K. This represents a large increase over the grain boundary
dominated capacitance of 0.308pF at 4.2K, and since the grain boundary capacitance is
independent of temperature (see Fig. 5.10 and Jansman et al[52]) the increaseis believed to be
due to the external shunt capacitor. Fig 5.24 confirms this, showing a plot of capacitance
versus resistance for the xros24d devices at 4.2K before Au deposition together with the

150pum device at 72.3K, which does not fit onto the trend.

So, at some temperature between 4.2K and 72.3K the dominant contribution to the capacitance
changes from the grain boundary to the external shunt capacitor. Thisis particularly truein the

case of the 150pum device which was not hysteretic below 20K.

Fig 5.25 shows a plot of capacitance versus capacitor electrode length for the xros24d devices
at 21K and 61K (respectively the lowest and highest temperatures at which all the junctions
had 5>1). At 21K, the capacitance remains effectively constant for al sizes of capacitor, but
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Figure 5.24. Capacitance versus resstance at 4.2K for hysteretic xros24d devices pre-Au
deposition, together with the 150um devicewith Au at 72.3K.
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Figure 5.25. The variation of capacitance with capacitor electrode length for the xros24d devices
at 20K and 61K .

at 61K there is some scaling of the capacitance with capacitor electrode size. The explanation
for the saturation of the maximum value of the shunt capacitance is probably that the junction
sees the larger capacitors as a distributed impedance. Given that the critical current and
resistance of these devices were approximately equd, it would be expected that the wavelength
of the Josephson oscillations inside the capacitor should also be equal. So, it is not beneficial to
increase the size of the shunt capacitor beyond a certain limit at a given temperature.

To further demonstrate that the external shunt capacitance is dominating the effective
capacitance of these junctions, Fig 5.26 shows a plot of capacitance versus temperature for the
xros24d junctions. The capacitance increases with temperature, which is the behaviour
observed for the 3tdev junctions where the external shunt capacitor dominated, as opposed to
if the effective capacitance had been dominated by the grain boundary, in which case the
capacitance would remain constant with increasing temperature. (see Fig 5.10, and Jansman et
al[52]) The increase in capacitance with temperature shown in Fig. 5.26. is too large to be

explained by errors introduced by Zappe’s approximation (see Fig. 1.6).

The junctions on chips xros24b and c showed similar behaviour to that described above, and
illustrated in Figs 5.22 to 5.26, although the maximum temperature at which hysteresis was
observed was lower — 65K for the xros24b devices and 58K for the xros24c devices. The
parameters of all the hysteretic junctions investigated are given in Table 5.3 below, as

measured at the highest temperature for whigr1.
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Table 5.3. A summary of the parameters of junctions on chips which had devices hysteretic at
T>50K.

Chip Capacitor gectrode T(K) I.(A) R (Q) S C (pF)
length

Xros24b | 10 51 220 4.5 101 0.073
50 65 210 3.6 1.18 0.140
75 55 300 31 113 0.130
100 42 100 0.8 112 0.038

Xros24c | 10 51 310 18 121 040
25 4 316 14 116 0.60
50 53 220 11 101 117
75 58 245 1.2 105 0.96

Xros24d | 10 53 582 127 104 0.36
25 61 279 1.46 103 0.56
50 64 683 0.66 107 118
75 71 447 0.68 103 1.60
100 68 380 0.64 107 222
125 71 341 0.81 101 148
150 72 451 0.56 101 228
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5.5.2.3 The effect of the bow tie.

On xros24c, junctions were patterned with and without bow-ties connecting them to the
externa capacitors. The effect of such a bow-tie on the McCumber parameter of the 10um
device is shown in Fig. 5.27. It can be seen that the bow tie both increases the effective shunt
capacitance and increases the temperature up to which hysteresis persists. The IR, product of
these two junctions was equd at al the temperatures shown in the figure, so the increase in S
must be attributed to the presence of the bow tie. The effect of the bow-tie can be interpreted in
two ways, either as a reduction of the kinetic inductance of the track connecting the capacitor
to the junction, or as an improvement of the impedance matching of the track containing the
junction to the capacitor itself. When the bow-tie is absent there is a discontinuity in the
inductance and capacitance per unit length of the structure when the track containing the

junctions widens to the width of the capacitor el ectrode.

This confirms that one of the explanations in the literaturef 102], that the kinetic inductance of
the track connecting the junction to the capacitor is a factor in determining the small S values

that are observed.
5.6 Principle factors involved in the reduction of hysteresis

In order to gain a more thorough understanding of the results presented above, there are two
questions which must be addressed. Firstly, why is there coupling of the junction to the shunt

capacitor on some chipsand not others, and secondly, for the chips where coupling to the
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Figure 5.27. McCumber parameter and capacitance versus temperature for the xros24c 10um
device with and without a bow tie.
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shunt capacitor is observed, why is the hysteresis so much less than what is expected from a
simple calculation of the lumped capacitance?

5.6.1 The shunt capacitor as a distributed impedance, and impedance matching of the

junction to the capacitor

The non-linear relation between £; and | obtained at a given temperature for the 25um device
on 3tdev (see Fig 5.18(b)) strongly suggested that the external capacitor was behaving as a
distributed impedance rather than the lumped capacitance required by the RCSJ model. Also,
both Yeh et al[97] and Daly et al[100] have mentioned this as a possible reason why they did
not observe as high £ values as those they calculated based on the area of their capacitors. A
modified equivalent circuit for all the devicesis givenin Fig 5.28. Z(a) represents the complex
impedance at angular frequency w of an open ended transmission line formed by the
propagation of Josephson oscillations in the cavity between the two capacitor electrodes. The
impedance of such an open ended transmission line in the case where there are no losses, is

given by[14],
Z=-jz, cot(ZT”a) (52)

where Z; is the characteristic impedance of the line, A is the wavelength and a is the length of
the resonator in the xros geometry (I for the subros geometry — see Figs. 5.7 and 5.4

respectively).

In the limit whered>>a the line behaves as a capacitive impedan&-asjZoA/2ra. So, the

condition which must be fulfilled for the line to behave as a capacitt¥isa. The speed of

Rn
I N 7 N

— =
Z(w)

Fig 5.28. An alternative equivalent circuit for a Josephson junction shunted by an external
capacitor.
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propagation of electromagnetic waves in the cavity is given by c=(L'C’)Y? where L’ and C’ are
the inductance and capacitance per unit length of the transmission line respectively. By
substituting this relation into c=fA (f is the frequency), and then using the ac Josephson relation
(1.9), the wavelength of the Josephson oscillation propagating in the transmission line can be
derived.

A=, NJLC (5.3)

The voltage V a which the hysteretic 1V curve of a Josephson junction switches from the
critical current branch to the return current branch is given approximately by the IR, product
of the junction. Therefore, thisis the voltage which should be used in (5.3).

Fig 5.29 gives a plot of the wavelength of the Josephson oscillation in the externa capacitor
versus temperature for the 10um device on subros. The capacitance per unit length was
determined from (5.1), using data for the variation of the dielectric constant of bulk SrTiO3
with temperature from Neville et a[54]. The inductance per unit length was calculated from
the formula derived by Enpuku et a[112] for a co-planar superconducting transmission line,
with A, (4.2)=220nm (the parameter used to fit the capacitance determined from the hysteresis
in the IV curves with that from the Fiske resonances) and using the two fluid model for the
temperature dependence of the penetration depth (1.52). Up to 40K it can be seen that the
length of the junction (2um) is larger than the wavelength of the Josephson oscillations. The
condition that the wavelength of the Josephson oscillations be much larger than the length of
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s) [ distributed A ]
& e ]
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g | . ]
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Figure 5.29. The wavelength of the Josephson oscillations in the external capacitor versus
temperaturefor the 10um device on subros. The solid line showsthe length of the shunt capacitor
electrode.
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the capacitor is not fulfilled over any temperature range, although above 55K the wavelength
is dightly larger than the electrode length, but even in this region no hysteresis due to the
external shunt capacitor was observed. Similar curves were calculated for the other devices on

subros.

For the junctions shunted with amultilayer capacitor, (5.4) and (5.5) were used to calculate the
inductance and capacitance per unit length of the transmission ling[113]. The expression (5.5)
for the capacitance per unit length is that for a parallel plate capacitor. The inductance per unit
length formula is aso that for parallel plates. The magnetic field penetrates up to the skin
depth in the gold and up to the penetration depth in the superconductor. The penetration depth
is corrected as it is comparable to the film thickness. The correction is different to that for
Fiske resonances (see section 1.4.2.1) as the resonator geometry and hence the magnetic field

distribution is different.

L=Ho[q+5.+, coth| 2L (5.4)
a st h
C’=% (55)

In (5.4) and (5.5), d is the thickness of the dielectric, h is the thickness of the YBCO film, & is
the skin depth of the Au given by (1.48) and o(4.2K) = 4.2x10" Q'm™ is the conductivity of
the Au, and A_ isthe London penetration depth of bulk YBCO. Once again the two fluid model
was used for the temperature dependence of the penetration depth, but this time with
A =140nm[22] as Fiske resonances could not be distinguished from higher order tranmission
line resonances for the junctions shunted with a multilayer shunt capacitor, so the fitting

method used to determine A, for the subros film could not be repested.

Fig. 5.30 shows a plot of the wavelength of the Josephson oscillations versus temperature for
the 25um device on 3tdev, where the externa capacitor was found to be coupled to the
junction, and for the 25um device on xros24a, where the grain boundary was found to
dominate the effective capacitance of the junction as caculated from the IV curve. As
expected, the wavelength in the 3tdev device is larger than that in the xros24a device,
explaining why coupling to the shunt capacitor was observed for the 3tdev device and not the

Xros24a device.
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Figure 5.30. The wavdength of the Josephson oscillations in the external capacitor versus
temperature for the 25um device on 3tdev and xros24a. The solid line shows the length of the
shunt capacitor electrode.

Fig 5.30 qualitatively explains the characteristic increase in capacitance calculated from the
hysteresis in the IV curve with temperature observed for junctions that were coupled to the
externa capacitor (see Figs 5.21 and 5.26). As temperature increases, so the IR, product
decreases and A increases. So, as the temperature rises the limit of A>>a is approached and the

load impedance (5.2) becomes more capacitive.

The decrease in capacitance with capacitor size for the 3tdev devices at 4.2K shown in Fig
5.19 can also be quditatively explained. The IR, product of the 3tdev junctions was
approximately equal at 4.2K, so the wavelength was also approximately equal (The L'C’
product is independent of capacitor electrode length a.). Therefore, as capacitor electrode
length increases A<<a and the load impedance (5.2) becomes more inductive. However, as
temperature increases the wavelength increases and so at T>65K it was junctions on xros24b,

¢, and d which had a>50pum which were hysteretic.

It should be noted that (5.3) is an estimate of the wavelength at a particular frequency. It is
clear from (5.2) and (5.3) that when A=a the effective capacitance varies with frequency, but
the wavelength was determined only at the frequency equa to IR/ @, for each junction, rather

than the voltage at which the junction switches back to the zero voltage state.

But, Fig 5.30 raises a further issue. At high temperatures, the limit of A>>a is satisfied best,
but no hysteresis was observed above 41K for the 25um junction on 3tdev. The discrepancy is
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illustrated again in Fig 5.31, showing the wavelength of the Josephson oscillations in the
externa capacitor versus temperature for the 50um device on xros24a and b. Although the
Xros24b device coupled to the externa capacitor, the wavelength is dightly larger in the
xros24a device which did not couple to the externa capacitor. There must be another

mechanism controlling coupling to the externa capacitor for these devices.
5.6.2 Thermal noise suppression of Sc

The second mechanism responsible for suppression of hysteresis, especially at high
temperatures, is thermal noise suppression of both the junction critical current and the return
current. White noise currents in the resistor cause premature excitations of the junction into the
voltage state] 114], and premature return to the zero voltage state from the return branch of the
IV characteristic. Recently, Castellano et al[115] have carried out a detailed investigation of
the return current distribution for Nb/AIO/Nb tunnel junctions, and similar return current
distributions were observed for the junctions described here (see Fig. 5.18(a)). When kgT
becomes comparable to the maximum Josephson coupling energy @l/27rthe critical current
step in the IV curve can be rounded off completely. The noise parameter /~ is defined as (see
also section 1.3.2.3), and quantifies the effect of therma noise. It istheratio of the thermal

60 C T T T T T 1T T 1T T 1T ‘ 17T ‘ L -]
- lumped 3 O xros24a50um,
50= - single valued IV
’é r distributed 1 @ Xros24b 50um,
3 40 - hysteretic IV
= F ]
2 301 =
L . ]
= Og® -
10 ° SN —
‘o0 © i
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Figure 5.31. The wavdength of the Josephson oscillations in the external capacitor versus
temperature for the 50um device on xros24a and b. The solid line shows the length of the shunt
capacitor electrode.
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(5.6)

energy to the Josephson coupling energy, and the larger the /~ the greater the influence of
therma noise. The noise parameter is plotted versus temperature in Fig. 5.32 for the junctions
which were most hysteretic at the highest temperature on each chip. It can be seen that the
xros24a 50um junction had alarger /~ than the xros24b 50um junction so thermal noise, rather
than the small wavel ength of the Josephson oscillation in the xros24a junction was the primary

cause of the absence of coupling to the external capacitor.

Fig. 5.33 shows noise parameter versus temperature for the xros24a and 3tdev 25um devices,
for which the wavelength of the Josephson oscillation was given in Fig. 5.30. In this case, the
3tdev device had a larger /~ but was hysteretic. However, the wavelength of the Josephson
oscillations in the externa capacitor was larger, so for these junctions this was the limiting
factor in determining the presence or absence of coupling to the external capacitor.
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Figure5.32 Thevariation of noise parameter with temper aturefor the most hysteretic junction at
the highest temperature (for the chipswhich containing junctionswhich had S.>1 at T>50K, with
Xros24afor comparison).
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Figure 5.33. The variation of the noise parameter with temperature for the 3tdev and xros24a
25um device.

5.6.3 The noise temperature calculated from the critical current distribution

The critical current distributions measured for the 3tdev 25um device (see Fig. 5.18(a)) were
analysed according to the method of Fulton and Dunkleberger[114] to try and determine the
effective noise temperature. Assuming that the energy distribution of the junction before
escape to the voltage state is near therma, the lifetime 7 of the junction in the zero voltage
state when the junction is biased at a particular current | isgiven by (5.7).

-E

7 =(w,/2m)ere™ (5.7)

Here, ay isthe angular attempt frequency of escape from the potential well and Ty is the noise
temperature. The form of the Josephson potential energy barrier E at a given current | is given
by (5.8) [114],

E=( c06130/277)[x(25i n™x-m)+2cogsn™ x)] (5.8)

where I is the absolute junction critical current in the absence of thermal noise and x=I/I .
The expression (5.8) has the form of atilted sinusoid. The measured current distribution gives
a probability P(l) that the junction will switch into the voltage state in the current interval
between | and 1+4l. Since both the sweep frequency (30Hz) and the form of the current sweep
were known (sinusoidal), the inverse lifetime could be related to P(l) by (5.9) [114].
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d_El [z P(j) Z P(l)j (5.9

A current | was associated with a particular channel K, with K=1 corresponding to the
maximum measured critical current. A plot of In(7™") versus E at various temperatures is shown
in Fig. 5.34. The absolute critical current was taken to be the maximum measured va ue of the
distribution. The data covers only a small fraction of the range of the Josephson potential
energy barrier, which has a maximum depth (at x=0) of 4.7x10%J or 3400K at a measurement
temperature of 4.2K.

The curvature in some of the lines in this plot (e.g. 20.7K) indicates extrinsic (non-thermal)
sources of noisg{114]. The noise temperature Ty could then be determined from the gradient
of these linesusing (5.7), and the results are given in Table 5.4. The 41.5K data was non linear
and is not included in Table 5.4. The higher the temperature, the smaller the maximum depth
of the Josephson potential energy barrier and so the more significant non-thermal sources of

noise become.
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Figure 5.34. The inverse lifetime in the zer o voltage state ver sus the Josephson potential energy
barrier at varioustemperaturesfor the 3tdev 25um device at varioustemperatur es.
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Table 5.4 The noisetemperature and | calculated from Fig. 5.33.

Temperature Ty | Noise Temperature Maximum measured |. | required for Ty=Ty
(K) Tn (K) (LA) (K)
4.2 6.59 142.7 N/A
13.6 11.32 124.0 126.0
20.7 16.10 104.0 107.0
304 15.45 73.7 88.0

From Table 5.4 it can be seen that, at 4.2K, the noise temperature is greater than the
measurement temperature. However, at higher temperatures, the noise temperature is less than
the measurement temperature. This is clearly unphysical, and the most likely explanation is
that the maximum measured critical current is less than the absolute critical current of the
junction, leading to a systematic error in the calculation of E. Therefore, the | required for the
noi se temperature to equal the measurement temperature was cal culated, and this gives alower
limit for the absolute critical current of the junction. As seen in section 5.5.2 there is

significant suppression of the critical current at higher temperatures.
5.6.4 Smulations of hysteretic junctions

In order to confirm the validity of the factors that were believed to be controlling the coupling
of the junction to the external capacitor, computer simulations were carried out using the
program JSIM[116] with extensions written by Dr. C. Pegrum to enable the program to
simulate hysteretic IV curves and voltage dependent resistances, and by Dr. J. Satchell[117] to

add a stochastic noise current from any shunt resistors.

5.6.4.1 Thermal noise

To verify Zappe’s approximation and the effect of thermal noise, a junction with |gA300

critical current was shunted with a lumped 1pF capacitor and various shunt resistances from

1.5 to Q2 and simulated at temperatures of ‘OK’ and 60K. The results are shown in Fig. 5.35.

As expected, at 60K the critical current was reduced, by uptd #f the X2 resistor, and
the return current was increased by up fALSAt 60K, for a givens,, ais increased — i.e. the

hysteresis was reduced. Thisis a reproduction of the experiments of leaal$at who
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Figure 5.35 . versus a from Zappe’s approximation, simulations at ‘OK,” and simulations at
60K.

were able to measure hysteretic junctions shunted with variable resistances by day and night to
give more or less externa noise respectively. The increase of a means that the effective shunt

capacitance measured from the IV characteristic will be reduced at high temperatures.
5.5.4.2 Distributed impedance

The equivaent circuit given in Fig. 5.28 was tested using that given in Fig 5.36, modelling
Z(w) as aone dimensiona lossy transmission line with inductance and capacitance per unit

length given by 5.4 and 5.5 respectively.

Both R’ and G’ (the transmission line losses from the surface resistance of the YBCO and the
Au and the dielectric losses in the SITiO3 respectively) are frequency dependent, and a patch
for JSIM written by Dr. C. Pegrum enabled simulation of frequency dependent losses, by
taking the last known value of the frequency from the previously determined voltage. The
surface resistance of the gold is given by (1.49) and combining this with the skin depth o
from (1.48) and (1.9) gives (5.10).

%
R, = (M) (5.10)
aq)O

For the gold conductivity o a value of 3.8x10° Q'm™ a 60K was used. The YBCO surface
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N
is

Figure5.36 Thejunction shunted with a distributed impedance asinvestigated using simulations.
(Cand R, arethejunction grain boundary capacitance and normal state resistance respectively.)

resistance from (1.52) can be written as (5.11).

Reco = keo[i) (5.11)

where ke is a constant equal to 0.83x10% QHZz?, as measured by Edstam et al[113] with a
transmission line resonator coupled to a bicrystal YBCO Josephson junction (see Chapter 7).
The resistance per unit length R’ due to these lossesis then given by (5.12)[118].

R= (R + Reco) (5.12)

since the contributions from the YBCO and the Au add in series along the length of an
element, but are seen in parallel across the width of an element.

It was evident from the smulations that the lower the losses in the inductor, the lower the
suppression of observed hysteresis. From (5.10) and (5.11) and the plot of surface resistance
versus junction voltage (frequency) in Fig 5.36 it can be seen that the crossover to where
YBCO has a larger surface resistance occurs at 0.23mV at 60K. This voltage decreases with
increasing temperature. Since the voltage at which the junctions switched back to the zero
voltage state was typically around 0.2mV, it was believed not to be worthwhile to use YBCO
asthe top electrode.
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Figure 5.37 The surface resistance of Au and YBCO and their sum versus frequency and
equivalent voltage at 60K (data inter polated from[113]).

The parameters used were nominally those of the xros24d 50um junction at 60K. The absolute
critical current was found to be 880uA, giving ameasured critical current of 820pA (from afit
to the measured 1V curve). The norma state resistance was 0.659Q and the grain boundary
capacitance was 0.3pF. Both 50 and 100 transmission line elements were used. A penetration
depth of 159nm and a gold skin depth of 52nm were used to give an inductance per unit length
from (5.4) of 0.0172 pH/2um or 0.0088 pH/um for a strip of capacitor of width 50um. A
relative dielectric constant of 40 (calculated from the position of the first resonance - see
Chapter 7) gave a capacitance per unit length of 0.708pF/2um or 0.354pF/um. The values used
for the surface resistance were those in Fig. 5.37 and G’ was taken to be zero. The lumped
capacitance IV assumed that the junction was shunted in paralel by two 50um capacitors in
series (Cioa=17.7pF), which gives half that of the sum of al the C’ elements used (Ciotal
=35.4pF).

The results of asimulation of the circuit in Fig. 5.36 are shown in Fig. 5.38. It can be seen the
effect of distributing the impedance is to reduce the hysteresis from that of the junction
shunted by a lumped capacitance, although not by as much as was observed experimentaly.
To simulate the bow-tie, 5 elements of progressively increasing capacitance per unit length
from 0.0272pF/2um and decreasing inductance per unit length from 0.42pH/2um were added

onto either side of the junction. This was compared to a junction with 5 elements of

C'=0.0272pF/2m and L'=0.42pHin followed by a discontinuous jump to
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Figure 5.38 Simulations of the IV characteristic of a Josephson junction (nominally xros24d
50um T=60K parameters) shunted with variousdistributed and lumped impedances.

C'=0.708pF/Zim and L'=0.0172pH/@m. It is clear from Fig. 5.38 that the bow tie improves

the couping of the shunt capacitor to the junction.

The line containing 100 elements gives less hysteresis than that containing 50 elements, as the
limit of differential lengths of inductance and capacitance is approached. The 50 element line
has an effective shunt capacitance of 2.9pF with a bow tie and 2.1pF without. The 100 element
line has an effective shunt capacitance of 1.9pF, and the lumped shunt capacitance gives an
effective shunt capacitance of 8.1pF, from the hysteresis in the IV curve.

Further simulations were carried out to elucidate the effect of norzzegoven in (1.53)[14].
G’ isan admittance, so the effective loss resistance isitsinverse. A typica measurement of the
loss tangent of a SrTiO; thin film is 0.06[119], but this was carried out at 1GHz rather than the
higher frequencies (hundreds of GHz) where the shunt capacitor was used here. However, this
value of the loss tangent was found to completely suppress the hysteresis at 60K. A lower
value of the loss tangent, 0.001, was investigated, but this too was found to completely
suppress the hysteresis. M easurements from the literature[69,71,119-122] indicate that 0.001 is
an unredistically low value for the loss tangent of thin film SrTiOs. The most plausible reason
for this total suppression is probably that the smulation did not include enough transmission

line e ements.

These simulations serve only as a qualitative guide only to the experimental data. The width as
well as the length of the capacitor electrode was comparable to the wavelength of the

Josephson oscillations in the capacitor, but only a one dimensional transmission line was
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simulated. The calculation of the surface resistance of the YBCO and the Au and of the
dielectric losses in the SITiOs did not include higher harmonics of the Josephson oscillations
(see Fig. 1.3), which are most certainly present at voltages below the IR, product of the

junction.

However, the smulations verify that both thermal noise suppression of the critical current and
the distributed nature of the shunt capacitor are both significant factors in the reduction of £
observed from that predicted from a simple calculation of the lumped capacitance. A further
factor was found to be dielectric losses in the SITiO3 film. Therefore, optimisation of the
STiOs film to reduce the loss tangent to the lowest value reported in the literature] 69] (0.005)

should be considered to increase the hysteresis.
5.6.5 A comparison with hysteretic junctionsin the literature

Table 5.5 gives a comparison of the data reported for other representative high T, hysteretic
junctions. The £ value of 1.01 a 72K is comparable with that of Daly et al, who used a
similar geometry of shunt capacitor. The £, value achieved by Dong is considerably higher.
Dong used aramp edge SNSjunction, asshown in Fig. 5.39. The junctions used by Dong

Table 5.5. Data from other studies of YBCO capacitively shunted Josephson junctions. C is that
calculated from the hysteresisin thelV curve.

Junction Dielectric Capacitor I R B C T  Wavelength Ref.

type aea  (uA) (Q) (PP (K) (um)
(Hm?)

Step 67nm 220x220 160 14 13 43 67 215 Daly et
edge on LaAlO; al[100]
LaAlO;
Step 80nm 10x30 140 95 6 016 42 22 Day et
edge on SITiO;3 al[100]
LaAlIO;
Ramp 100nm 100x100 180 05 91 67 77 100 Dong[37]
edge STiOz
SNS
Xros24d 50nm 150x150 451 056 1.01 228 72 58 This

STiOs work
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Figure 5.39 The ramp edge SNS junction geometry used by Dong[37] and the grain boundary
junction investigated in thiswork.

enabled more efficient coupling of the Josephson oscillations to the gold top electrode,
possibly eliminating the need for coupling structures such as the bow tie used in this work to
impedance match the track containing the junction to the capacitor itself. However, Dong
presents only one hysteretic IV curve and provides no explanation of the large 5. obtained. In
all cases, the wavelength of the Josephson oscillations in the external capacitor is comparable

to the size of the external capacitor.
5.7 ROS simulations

In order to establish whether or not an operationa ROS could be constructed with the small
amount of hysteresis observed, simulations were carried out to give V(t) for the circuit in Fig.
5.1 for the measured hysteretic junction parameters at high temperatures. The SQUID can be
approximated as a single junction[95]. Fig. 5.40 shows a V(t) trace for the xros24d 50um
junction at 60K.

77—
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Figure 5.40. Simulated relaxation oscillations for the xros24d 50um junction at 60K. The circuit
parameters were (absolute) 1.=880uA, R,=0.659Q, C=1.8pF, L=1nH, R,=0.1Q and bias current
I ,=860uA. (thermally suppressed | .=830uA, | ,=770uA)
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The time spent in the zero voltage state Tp and the voltage state Ty are given by[95],

T =§'ﬂ(| l_bl ) (5.13)
T, =m/LC (5.14)

Using these equations and the parameters from Fig. 5.41, To=33ns and T,,=0.13ns, in rough
agreement with the simulated values. The pulses are narrow (<0.13ns) and thus would require
a high bandwidth (tens of GHz) measurement system to be observed. A pre-amplifier (made
from superconducting or conventional electronics) operating at low temperatures, would be
required, or possibly aflip-flop which triggers on the pulses. However, for the data shown, the
mean voltage is not significantly different from the noise voltage making the construction of a

DROS from junctions with this small £, value impossible.
5.8 Summary

Hysteretic junctions operating at high temperatures have been fabricated and tested. The

highest temperature a which an IV characteristic for which >1 was observed was 72.3K. A
combination of factors is believed to be responsible for the absence of hysteresis at higher
temperatures and the much lower 3 values than would be expected if the shunt capacitor was
behaving as a smple lumped circuit element. The wavelength of the Josephson oscillations in

the shunt capacitor is comparable to the dimensions of the shunt capacitor itself, so the

junction sees a distributed impedance which has a lower effective capacitance than that of the
equivaent lumped circuit element, and the impedance of the track containing the junction is
mismatched to that of the external shunt. This was demonstrated both through simulations and
calculations of the wavelength of the Josephson oscillations in the shunt capacitor for various
measured devices with varying degrees of coupling to the shunt capacitor — devices with a
longer wavelength had largék values at higher temperatures. Junctions with an impedance
matching structure (a ‘bow tie’) were found to be better coupled to the shunt capacitor than
those without. At high temperatures, thermal noise suppression of the hysteresis was found to
play a significant role, and it was shown that for two junctions with the same wavelength of
Josephson oscillations the junction with the lower noise parameter was hysteretic at higher

temperatures. From the measured distribution of critical currents, it was found that the
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measured critical current was suppressed by up to 14.3puA The simulations aso showed that
the dielectric losses in the SITiO; films used dramatically reduced the effective shunt

capacitance of the structures.

Simulations showed that even with the small £ values observed, it could be possible in
principle to manufacture a working ROS, but due to the narrow pulses the measurement
system would need to be very carefully designed.

109



Chapter 6: Single crystal strontium titanate characterisation using internal junction (Fiske) resonances

Chapter 6: Single crystal strontium titanate characterisation using

internal junction (Fiske) resonances
6.1 Introduction

The Josephson junction is a natural voltage tuned oscillator with 1mV (atypical YBCO grain
boundary junction IR, product at 4.2K - see section 2.4.2) equivaent to an oscillation
frequency of 483GHz. Bulk STO is expected to exhibit a large variation of its permittivity &
in this angular frequency (@) and temperature range. A comparison of the behaviour of thin
film and single crystal &x(¢) could bring insight into the reduction of & seen for thin film STO
as compared to bulk STO as discussed in Chapter 3.

This chapter describes measurements of Fiske resonances in Josephson junctions of a series of
different lengths on a single SrTiO; bicrystal. Initidly, the aim of the experiment was to
establish the influence of the strontium titanate substrate on the capacitance of the grain
boundary. Subsequently it became apparent that a measurement of the dielectric constant of
bulk single crystal strontium titanate could be made above and below the soft optic phonon
frequency.

6.2 Mask Design

The subros chip described in Chapter 5 showed that parasitic capacitance from the STO
substrate could not be made to be the dominant contribution to the capacitance of an YBCO
grain boundary Josephson junction, since the size of shunt capacitor required to achieve the
necessary McCumber parameter was greater than the wavel ength of the Josephson oscillations

in the capacitor. However, the geometry of the subros structure did not vary significantly

YBCO

length of
<4—p junction|

bicrystal line

Figure 6.1 The series of tracks each containing a different junction length.
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within 10pm on either side of the junction. To investigate the effect of the substrate on this

length scale, a series of 11 junctions with ‘lengths’ (see Fig. 6.1) from 2uto, 116 and

20um were patterned in a 170nm YBCO film deposited by off axis pulsed laser deposition on
a 24.8° STO bicrystal substrate in Cambridge. The corrected junction lengths were measured in
an optical microscope after patternihg.measurements of the shorter junctions at 4.2K were

made by E. Inglessi[123] and Dr. F. Kahlmann.
6.3 Current Voltage Characteristics and Fiske resonances

IV characteristics were measured over the temperature range in which resonances appeared,
and in the range of magnetic fields between the first minima in the Fraunhofer modulation of
the critical current. Fig. 6.2(a) shows thécharacteristic of the2n long junction at 4.2K,

and Fig. 6.2(b) shows the IV characteristic of the same junction in a series of applied magnetic
fields with the normal state curremR, subtracted. The resonance appeared only upon
application of a magnetic field and did not change position with field and so it was assumed to
be a Fiske resonance. By equating the capacitance found from the hysteresis to the capacitance
per unit length from the position of the Fiske resonance (see section 5.4.1.2) the film
penetration depth was found to be 208nm at 4.2K. As the longer junctions were not hysteretic,
this method of penetration depth determination could not be applied, so it was assumed that

this value of the penetration depth remained constant across the film.
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Figure 6.2(a) ThelV characterigtic of the 2um wide junction at 4.2K, and (b) the samejunction in
magnetic fields 235, 283, 331 and 379uT with a Fiske resonance indicated by linesat 1.5mV. The
normal state current (V/R,) has been subtracted.
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Figure 6.3(a) The variation of current with magnetic field at and below the voltage of the first
order Fiske resonance for the 5um long junction at 15K. (b) IV curves with the normal state
current subtracted for the samejunction in the samerange of applied magnetic field.

Fig. 6.3(a) shows the dependence of the current on magnetic field a and below the Fiske
resonance voltage of the 5um long junction at a temperature of 15K. The splitting of the zero
field peak in the normal Fraunhofer pattern for the critical current modulation with magnetic
field is characteristic behaviour at the Fiske resonance voltage (see Fig. 1.13). Fig 6.3(b)
shows the excess current peak due to the Fiske resonance in the corresponding junction 1V

curve.

Fig 6.4 shows the position of the Fiske resonance versus applied magnetic field for various
lengths of junction. It can be seen that, for most junctions, the position of the Fiske resonance
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Figure 6.4. The voltage of the first order Fiske resonance versus magnetic field for various
lengths of junction.
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does not vary with field. Also, the Fiske resonance voltage decreases with increasing junction
length, the behaviour expected from (4.17). This provides further evidence that the resonances
are indeed Fiske resonances. There are two branches for the 3um junction data, one which
remains constant with applied field and one which increases. The branch which varies with

field isbelieved to be aflux flow resonance or Eck peak, as described in section 1.4.2.2.
6.4 The Fiske resonance dispersion relation
6.4.1 A non-linear dispersion relation at 4.2K

Fig. 6.5 showsplots at 4.2K and 35K of inverse junction length versus Fiske resonance voltage
for all the junctions where a resonance was observed. The error bars in the resonance voltage
(where visible) arise from averaging over the magnetic field. This is effectively a dispersion
relation for the transmission line formed by the junction cavity, and if the inductance and
capacitance per unit length of the resonator were invariant with frequency, then this dispersion
relation would be expected to be linear. However, at 4.2K the dispersion relation is non-linear
and instead there are two branches, one with a higher gradient at low frequencies with a
transition between 158GHz and 240GHz to alower gradient branch at higher frequencies. Two
branches in the dispersion relation were observed up to a temperature of 25K, but as can be

seen from Fig. 6.5, the dispersion relation became linear again at 35K.
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Figure 6.5. Inverse junction length versus the voltage of the first order Fiske resonance at 4.2K
and 35K.
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Assuming that the inductance per unit length L' remains constant across the film then the
change in gradient must be due to a change in the capacitance per unit length C’ of the
resonator. L’ was calculated to be 3.76pHum™ from the penetration depth of 208nm using
(1.44). The penetration depth was comparable to the film thickness so it was corrected with
Asi=A . At 4.2K, C' was found to be 0.10+0.01pFum™ for the low frequency branch and
0.0240+0.0004pFum™ for the high frequency branch of the dispersion relation using (6.1),

where V; isthe voltage of thefirst order Fiske resonance (see section 1.4.2.1).

(0]

ViToie ©D

A comparison of capacitance per unit area versus resistance area product for these junctions

with those on subros is shown in Fig. 6.6. Junction area is defined as film thickness times
junction length. The specific junction capacitances calculated from the Fiske resonances above

the transition are similar to those subros junctions with a similar resistance area product.
Therefore, the capacitance of these junctions above the transition is dominated by the grain
boundary. Below the transition, the junctions have a similar resistance area product but a much

higher capacitance ‘per unit area.” So, below the transition there must be a significant extra
contribution to the total junction capacitance.

As shown in Fig 3.4 and (3.11), belawo &sro suddenly rises from a negative value to a
large positive value. The frequency of the transition in the dispersion relation in Fig 6.5 is

believed to correspond taxo. Below wro, parasitic co-planar capacitance from the STO
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Figure 6.6. Capacitance per unit area versusresisance area product at 4.2K above and below the
changein gradient of the dispersion relation, together with the data from subros.
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substrate makes a significant addition to the total capacitance per unit length of the junction.
This gives rise to the two branches with different gradients in the dispersion relation. The
upper limit on the soft phonon frequency from the measured dispersion relation was 240GHz,
and this is in reasonable agreement with the frequency of 270GHz measured by Vogt[77] for
the lower frequency component of the soft optic phonon.

6.4.2 Temperature dependence of the dispersion relation

The voltages of the Fiske resonances below wro increased with increasing temperature up to
25K, and thisis shown in Fig. 6.7 for the 7, 8 and 10um long junctions. This increase in the
voltage of the first order Fiske resonance meant that the capacitance per unit length from the
gradient of the lower branch of the dispersion relation decreased with increasing temperature.
Table 6.1 shows the high and low frequency vaues of the junction capacitance per unit length,
where Cgg' and Cgro’ are the grain boundary and parasitic substrate contributions to the total
junction capacitance per unit length respectively.

; 04 T 8 8l.,lm l\ I B L R

u 10pum 1180
Eoss| WM 7m h ]
o - - —160
g 03¢ n 103
8 0.25 o 1120 §
5 020 0 “100<

L T ] —
g - [E - [? 3 %
go1s5 | 80 £
T c -160

0_1 7\ | ‘ I | ‘ I | ‘ I | ‘ I |

0 10 20 30 40 50
Temperature (K)

Figure6.7. Thevariation of Fiske resonance voltage with temperaturefor the 7, 8 and 10um long
junctions.
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Table 6.1 The high and low frequency junction capacitance per unit length.

Temperature High  frequency  Cgg' Low frequency(Cgg' + Csio')
(K) (pFum™) (pFem’)

4.2 0.0240+0.0004 0.10+0.01

15 0.0260+0.0006 0.069+0.004

25 0.030+0.001 0.051+0.004

6.4.3 A fit to the dispersion relation

A fit was made to the Fiske resonance dispersion relation in Fig 6.5 using the transmission line
propagation constant ygiven by (1.38). Above wro the didectric constant of the substrate &sro
is negative (see (3.11) and Fig. 3.4). Therefore, above wro the capacitance of the strontium
titanate layer becomes negative and should reduce the overall capacitance per unit length of

the resonator.

Tarte et a[57] showed that it is possible to separate the capacitance of the junction into two
contributions. The grain boundary is modelled as a paralle plate capacitor. The co-planar
capacitance from the substrate is conformally mapped onto a parallél plate capacitor structure.
The tangentia electric field must be continuous across the boundary. If the first electric field
linein the substrateis linear, then this boundary condition is satisfied and the two contributions
can then be added as if they were in paralel. The geometry is shown in Fig 6.8, which is a
cross sectional view of the junction shown in Fig. 1.8. After the conformal mapping, the

grain boundary YBCO
\A P/ grain boundary YBCO

mappl ng
magneticfield AN /‘
y y STO substrate STO substrate

electric field

Figure 6.8. Cross sectional views of the resonator geometry measured. The resonance propagates
into the page. The eectric field lines in the grain boundary and the substrate are shown (not to
scale).
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structureis equivaent to that in Fig. 1.8, but the resonator now consists of two dielectrics.

It is aso possible to separate the geometric inductance of the resonator into a contribution from

the ‘parallel plate’ structure of the grain boundary and the co-planar stripline formed by the
junction electrodes. However, the film thickness used is comparable to the penetration depth
and thus the current due to the resonance penetrates the entire thickness of the film, so the
kinetic inductance cannot be separated into two contributions from the substrate and the grain
boundary. The relative magnetic permeability of the STO substrate is one. Therefore, the
inductance of the resonator is not affected whether the STO substrate is present or absent and

is therefore effectively frequency independent.

It was assumed that the inductance calculated from the fitting of the capacitance from the
hysteresis in the IV curve to that from the Fiske resonance voltage fourth@u@ction was
the total geometric and kinetic inductance per unit length of the resonator, and that this value

was frequency independent and the same for all the junctions.

To take into account losses both in the YBCO grain boundary and the STO the wavenumber
must be taken as the imaginary part of the transmission line propagation cgastaefined
in (1.38).Csro’ can be calculated using (5.1) or equivalently (2.1) for the capacitance per unit

length of two co-planar strips. In (5.1),is the ‘width’ of the track containing the junction and

T ]
< - ]
2 310° - e’ ]
% B ]
= 5
% 210 :’ O £.=250
= B £ =750

5 R
% 110" - g =1250
S L
[ L
- O || ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘{

0O 02 04 06 08 1 12 14 16
Fiske resonance voltage (mV)

Figure6.9. A fit tothe Fiskeresonance dispersion relation at 4.2K.
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is equal to 200pm. The spacing of the capacitor electrodes, or sin (5.1), is the width of the
cavity in which the Fiske resonances are propagating or approximately the thickness of the
disordered region around the grain boundary, ~1nm[45]. The expression (3.11) for &rsro(w)
was substituted into (5.1). Since (3.11) includes both real and imaginary parts of &sro(a), this
naturally takes into account dielectric loss in the STO, and (1.38) can be written as (6.2) where
R’ are the losses in the inductance per unit length of the resonator, and it is assumed that
dielectric lossin the grain boundary is negligible compared to that from the STO.

k. = Im(y) = IM(((R+i6L")(i(Caro+Co) ) (62)

The measured dispersion relation at 4.2K from Fig 6.5 was fitted to (6.2). The result is shown
in Fig. 6.9, using the zero frequency dielectric constant &sro(0) and the transverse optic
phonon frequency wro as the only variable fitting parameters. R’ was determined from (5.11)
with ks2=0.23x102QHZ[113], &sro()=6[76] and 7=30GHZ[77]. The best fit to the
dispersion relation was obtained when wro was set equd to the frequency of the highest
frequency resonance in the low frequency branch of the dispersion relation.. Ceg’ was left
constant over the entire frequency range of the dispersion relation and was set to 0.024pFum’™

and L’ was set equal to 3.76pith™ (see section 6.4.1)

The best fit is obtained faksro(0)=750. However, it is not clear why no downward curvature

is observed for junctions with Fiske resonances just algye The measured dispersion
relation abovewro is linear, with the speed of light independent of frequency and given by
(L’Cgg’) ¥2. It is possible that the mode is propagating in the grain boundary unaffected by the
negative dielectric constant of the STO. The STO losses dominated the YBCO losses in

determining the shape of the dispersion relation.

The procedure was repeated for the dispersion relation at 15K and 25K, and the data obtained
is summarised in Table 6.2. At 35K, not enough Fiske resonances were observed to draw any
conclusions about the location ako or the value ofgsro(0). Table 6.2 shows that as
expected from the Lyddane-Sachs-Teller relation (3i8)o(0) decreases angko rises with

increasing temperature. These are also the trends obseste (@) andwro with
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Table 6.2. The zero frequency didlectric constant and transver se soft optic phonon frequency of
bulk STO at various temperatures from fitsto the measured Fiske resonance dispersion relation,
and measurementsfrom theliterature.

Temperature &sro(0) | &rsto(0) wro (GHZ)  wro
(K) Neville] 54] (GH2)Vogt[ 77]
4.2 750 24123 145¢10 390
15 500 18700 15045 420
25 250 13935 170£10 450

temperature in both the zero frequency dielectric constant measurements (Fig 3.3) and the
neutron scattering measurements of cro(Fig 3.5). B'=&rsro(0)wro’ is found to be 6+1x10%°s?,
which is lower still than the Neville et a[54] calculation. This is to be expected, however, as

both &rsro(0) and wro are lower than previously measured val ues.
6.5 Further discussion

6.5.1 The measured values of the transverse soft optic phonon frequency and the zero
frequency dielectric constant

Qualitatively, the behaviour of the measured Fiske resonance dispersion relations at 4.2K, 15K
and 25K (see Figs. 6.5 and 6.9) supports the conclusion that parasitic capacitance from the
STO substrate makes a significant contribution to the total junction capacitance per unit length
only below wro. The temperature dependence of wro itself and &sro calculated from the
measured dispersion relation are in rough agreement with previoudy measured values (see
Table 6.2), and the trends follow the theoretical predictions. Quantitatively, however, possible
reasons for the low vaues of both wro and &sro as compared to measurements from the
literature should be addressed.

The most likely explanation for the lowering of the bulk STO didectric constant is the
formation of structural domains during cooling past the cubic to tetragonal phase transition at
105K. In the absence of an applied electric field during cooling, tetragonal domains form with
different c-axis orientation. Neville et a[124] have observed a resonance in the dielectric
congtant of multi domain STO as a function of frequency, between IMHz and 10MHz, at
4.2K. The dielectric constant decreases from 24000 below this resonance to a value between
50 and 9000 depending on the orientation of the crystal. The resonance was believed to be
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associated with oscillations of the ratio of the c to a-axis lattice parameters in the structura
domains with different c-axis orientation. In a multi-domain crystal the domains must rotate in
order to respond to changes in the applied eectric field, but above a certain frequency
determined by the spacing of the domains and the piezoelectric coupling between the induced
polarization and the lattice strain, the domains are unable to respond to changes fast enough so
the dielectric constant is reduced.

A further problem with determining absolute values of the dielectric constant from the
measured dispersion relation is the co-planar geometry of the resonator. The eectric field
inside the STO is non-linear and passes across a grain boundary, so it is not clear in which
direction with respect to the crystalographic orientation the dielectric constant is being
measured. Low frequency dielectric constant measurements are carried out in well defined
orientations with respect to the crystallographic lattice using a uniform, linear electric field,
and vary from 25600 at 4.2K for <110> planes to 14100 at 4.2K for <111> planeg54]. The
value of 750 at 4.2K from the Fiske resonance dispersion relation is a combination of these
numbers averaged in a way in which it is not straightforward to separate into contributions
from the different crystal planes. The sameis true of the measured value of the transverse optic
phonon frequency of 145GHz at 4.2K, which is measured across two grains with different
orientations.

6.5.2 Fiske resonance dispersion relations in the literature

There have been severa previous studies of Fiske resonances in YBCO grain boundary
Josephson junctions of various lengths on STO bicrystal substrates. None have observed two
branches in the dispersion relation. Tarte et al[59] measured junctions of various widths and
different film thicknesses and found a linear dispersion relation with no branches at 4.2K.
However, the lowest Fiske resonance voltage observed was 0.39mV, above the transverse
optic phonon frequency of 0.3mV measured at 4.2K here. Medici et al[125] again measured
junctions of various widths and obtained a linear dispersion relation with no branches, but the
lowest Fiske resonance voltage observed was 0.3mV, again above the low frequency branch of
the Fiske resonance dispersion relation measured here. Hence, both these studies are

consistent with the dispersion relation presented in Fig. 6.5.

The most recent study of Fiske resonances in YBCO grain boundary Josephson junctions of
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various widths on STO bicrystal substrates has been made by Navacerrada et al[126]. For the
50nm thick films which were studied, a linear dispersion with no branches was observed at
20K. The lowest frequency resonance was at 0.17mV, well into the low frequency branch of
the dispersion relation in Fig. 6.5. Thisis in clear disagreement with the dispersion relation
with two branches which was measured both at 15K and 25K. There is, however, a possible
explanation for this apparent discrepancy. It has already been shown that the capacitance per
unit area of the grain boundary varies with its resistance area product (see Fig. 3.14 for
subros). Fig. 6.6 shows that for the junctions measured here the resistance area product is
effectively constant at 4.2K, and therefore the capacitance per unit area of the grain boundary
is effectively constant. This was a tacit assumption made in the fitting of the dispersion
relation to (4.20). It isaso assumed that the resistance area product does not vary significantly
with temperature. The capacitance per unit area versus resistance area product at 20K for the
junctions of Navacerrada et al is plotted in Fig 6.10, and there is a considerably larger spread
in resistance area product for the junctions of Navaccerada et al, which would correspond to a
wide variation in capacitance per unit area of the grain boundary. In particular, the longer
junctions that might otherwise be in the low frequency branch of the dispersion relation have a
very low grain boundary capacitance per unit area. Therefore, any branches in the Navacerrada

dispersion relation are probably obscured by variations in the grain boundary capacitance per

unit area.
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Figure 6.10. Capacitance per unit area versus resistance area product for the Navacerrada et
al[126] junctions at 20K and for thejunctionsin thisstudy at 4.2K.

121



Chapter 6: Single crystal strontium titanate characterisation using internal junction (Fiske) resonances

6.5.3 Other possible causes of the step in the dispersion relation

It could be envisaged that the step in the dispersion relation in Fig. 6.5 was a consequence of
the non-linear dynamics of the long Josephson junctions. However, as mentioned in section
1.4.2 a recent theoretical study of Fiske and flux flow resonances has found that the Fiske
resonant voltages are unchanged and given by (6.1) whether the junction isin the long or short
limit[17]. Also, a 4.2K the shortest junction was in the long junction limit, with 1/A;=4 (the
Josephson penetration depth A; is given by (1.30)). The Josephson penetration depth of the
junctions was found to be independent of the junction length and equal to 480+50nm

The dispersion relation measured is that plotted in Fig. 1.11 from the sine-Gordon equation for
the Josephson junction (1.32). Another possibility is that the two branches were caused by the
plasma cut off frequency. The phase velocity of the two branches in Fig 6.5 is 1.6x10°ms™
below o and 3.3x10°ms™ above. The plasma frequency ap defined in (1.34) is given by
Cy/A;, SO below wio it was greater than 5.5THz and above wro it was greater than 11THz. The
dispersion relation measured in Fig. 6.5 has no cut off frequency and is therefore that of

Swihart modes propagating in the junction.

The fit to the dispersion relation ignored any frequency dependence of the capacitance of the
grain boundaries in both the STO substrate and the YBCO. It has recently been proposed that
the grain boundary in YBCO be modelled as a back to back Schottky barrier in a manner
analogous to grain boundaries in semiconductors(see [127] and Chapter 9). Grain boundaries
in silicon have a high capacitance at low frequencies because the built in voltage oscillates out
of phase with the applied biag128]. Grain boundaries in STO exhibit a similar high
capacitance at low frequencies129]. The built in voltage is due to trapped charge at the grain
boundary. The capacitance is reduced at high frequencies because the relaxation time of the
trapping and emission of charges at the boundary becomes too long to respond to the time
dependence of the applied bias. The required relaxation time of the trapped charges from the
dispersion relation in Fig. 6.5 would be 1/ax0=6.9x10"%s. The relaxation time for silicon
however, is ~10°s, much larger than 1/aro. Measurements of the 1/f noise in YBCO grain
boundaries indicate that the relaxation time is also ~10°g[130]. Frequency dependence of the

grain boundary capacitance can therefore be ruled out as a cause of the step in the dispersion
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relationin Fig. 6.5.
6.6 Conclusion

A series of junctions of various lengths on a bicrystal STO substrate was investigated. At
temperatures up to 25K, two branches were observed in the Fiske resonance dispersion
relation, with the low frequency branch corresponding to a larger capacitance per unit length.
This was attributed to the frequency dependence of the dielectric properties of the STO
substrate with frequency, and in particular the drop in diglectric constant at the transverse soft
optic phonon frequency. By fitting the dispersion relation to that expected for a transmission
line with two dielectrics in parallel, the dielectric constant of the STO was found to be 750 at
4.2K with a transverse soft optic phonon frequency of 145GHz. These values are lower than
those found in the literature, and thisis probably because of multiple structural domainsin the
STO below 105K and the non-linear fields in the STO resulting from the co-planar geometry
used. For YBCO grain boundary junctions on hicrystal STO, parasitic capacitance from the
substrate is only a significant contribution to the total junction capacitance below the

transverse soft optic phonon frequency.
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Chapter 7: Thin film strontium titanate characterisation with

Josephson junctions coupled to external resonators

7.1 Introduction

As described in Chapter 6, the strontium titanate (STO) soft optic phonon was observed in the
Fiske resonance dispersion relation of Josephson junctions on an STO bicrystal. Following this
observation, it was decided to investigate the properties of thin film STO in the same
frequency range using Josephson junctions coupled to external resonators. It was believed that
high frequency measurements of the STO dielectric properties could bring insight into the
differences in behaviour between thin film and bulk STO. In this chapter the theory relating to
measurements of dielectric properties using Josephson junction driven resonators is discussed.
Next, measurements of the dielectric constant of thin film STO are reported in the frequency
range up to 1THz for a variety of geometries of resonator and a spread of film thicknesses.

Tuning of the dielectric constant in this frequency range is also reported.
7.2 Josephson junctions coupled to external resonators

Previous research on Josephson junctions coupled to external resonators has focused primarily
on the application of tunable microwave oscillators made from an array of junctions, phase
locked with the aid of the transmission ling[131]. Theinitia studies of high T, grain boundary
junctions coupled to externa resonators were carried out by Edstam[132], with the aim of
developing phase locked arrays of junctiong133]. The dielectric properties of silica have been
determined at microwave frequencies using the technique[134]. In this section, first the theory
relating to junctions shunted with general load impedances is discussed, followed by low and
high T junctions coupled to external resonators. The theory has aso been treated by
Likharev[6].

7.2.1 Theory

As discussed in section 1.4.4, an external resonator causes a dip or peak to appear in the
junction IV characteristic at the resonant frequency of the cavity. At this frequency a certain
amount of microwave power is coupled out of the junction. For a lossless, one dimensional,

transmission line coupled to an idea (zero capacitance) resistively shunted Josephson junction,
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dc block
| |
|

Figure 7.1 A Josephson junction shunted in parallel by a general load impedance.

the voltage V,, of the nth order resonance in the IV characteristic is given by,

n 0
- N®, 7.1
" 2JLC (7.1)

where | isthe length of the resonator and L’ and C’ are the inductance and capacitance per

unit length of the resonator respectively.

Following Edstam et a[113,132,135], to properly describe the shape of the resonant structure
inthe IV curve the losses in the resonator must be taken into account, as well as the impedance
matching between the junction and the resonator. The circuit shown in Fig. 7.1 is considered,
which consists of a Josephson junction shunted in parallel by aresistor R, capacitor C; and a
genera load impedance Z.. The supercurrent |y generated by the oscillating voltages in the
resistor is given by (7.2), from the RSJ moddl (see section 1.3.2).

w=¢@+%;{%J (72)

The Josephson junction is a dc to ac power converter and at a given voltage the microwave
power generated is given by Io(V)V. For an infinite Z,, this power is absorbed in the resistor
giving (7.3). As discussed in section 1.3.2.1, the amplitude of the first harmonic of the
Josephson oscillationsis IR,.

| 2
SR =1,V (73)
For afinite Z_, however, microwave power is absorbed in the Z, -R, combination leading to a

reduction 4ls in the voltage dependent supercurrent. This gives (7.4) for the power balance
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condition.
lepd RZ ) _

Combining (7.3) and (7.4) gives (7.5) for 4l

Al, _ Re( 1 j (75)
lsO 1+ ZL/F\)*:

The argument leading to (7.5) can be repeated to give (7.6) to include the junction capacitance
C.

AIS:RE{ 1+ZL/&2—iaC;ZL ZJ (7.6)
lso (1+Z,/R)"+(aCiZ,)

The expressions (7.5) and (7.6) are vaid for voltages above IR, where the Josephson
oscillations are monochromatic. Below V=1:R, (7.6) must be modified to take into account the
amplitude of the higher harmonics of the Josephson oscillations (see Fig. 1.3) to give
(7.7)[132],[6] where v=V/V. Therelation (7.7) isvalid if (2, B>R,(V4/V)?.

Al Vv 1+Z /R -iaCZ,
s — R | 1.
lo 1+ {(1+ZL/R1)2+(aCjZL)2j 7

The equations (7.5) and (7.6) are vaid for small resistances and low or moderate capacitances,
or when aR,Ci<1. This situation is usually the case for high T, Josephson junctions which
generally have small resistances and capacitances. When wR,C;>>1, inductive loads which
increase the effective impedance must be considered, since the large capacitance shorts out any
microwave power generated by the junction. This is normaly the case for low T, tunnel

junctions.
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Figure 7.2. The IV curves (from (7.2) and (7.5)) and reduced voltage dependent supercurrent
(from (7.5)) for ajunction shunted by a series, lumped LC combination[132].

The effect of shunting a resistively shunted junction with a load impedance consisting of a
lumped inductance L and capacitance C in series is shown in Fig. 7.2, for the case where
R.<<(L/C)”?. At resonance, the series LC combination impedance becomes real and finite
(zero for a losdess components) and shorts the junction resistance to produce a dip in the 1V
curve, where the voltage dependent supercurrent has been completely suppressed such that
Aldlg=1. As (L/C)“* approaches R, the width of the resonance increases. At other
frequencies, the impedance of the resonator is large compared to the junction resistance so it
has little effect on the junction 1V curve. The resonance shown in Fig. 7.2 is known as a series

resonance.

A more redistic case is that of ajunction at the centre of an open ended transmission line of
length | which has a load impedance of the form (7.8). An open ended transmission line has
Z,=Zycoth()[118]. The shunt impedance seen by the junction shown in Fig. 7.5 isthat of two

open ended transmission lines of length 1/2 in series.

Z =27, coth(%) (7.8)
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Figure 7.3 The normalised voltage dependent supercurrent and dV/dl versus voltage for a
junction (I.=100pA, R,=1.46Q) shunted with an open ended, low loss, transmission line with Z_
given by (7.8) and I1=120um. The series and parallel resonances areindicated by lines.

In (7.8), Zy is the characteristic impedance of the line, see (1.39), and yis the propagation
constant of the line, see(1.38). The normalised voltage dependent supercurrent and versus
voltage (equivalent to frequency viathe ac Josephson relation (1.9) from (7.6) is shown in Fig.
7.3. Also shown in Fig. 7.3 is the dynamic resistance dV/dl, which can be recovered with (7.2)
followed by numerical differentiation.

The maximain 4ldlg in Fig 7.3 correspond to series resonances where the resonator has small,
finite impedance so some microwave power is dissipated in the resonator and the voltage
dependant supercurrent is suppressed. The minima are parallel resonances where the resonator
has a large impedance, so most of the microwave power is dissipated in the resistor and the
voltage dependent supercurrent is not affected. An aternative, equivaent, viewpoint of series
and pardlel resonancesisto consider whether or not there is anode or antinode at the junction
in the spatia distribution of current in the resonator. For an antinode, or a series resonance,
microwave power can be coupled out and the junction can drive the resonator. However, for a

node, there is no current variation at the junction, which cannot then drive the resonator, giving
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Figure 7.4 Normalised voltage dependent supercurrent for a junction coupled to the same
transmission line as in Figure 7.3, for various junction capacitances and realistic transmission
line losses.

rise to a parald resonance. In the dV/dl curve, the series and paralel resonances are

approximately halfway between the maxima and minima

Fig 7.4 shows that the effect of increasing junction capacitance is to lower the resonant
frequencieq113,132,136].

7.2.2 Low T junctions

Coupling of a Josephson junction to an externa resonator was first achieved by Dayem and
Grimeg[30], who placed a superconducting point contact Josephson junction in a microwave
cavity. Voltage steps were observed, at frequencies corresponding to the resonant frequencies
of the microwave cavity. Subsequent studies have used microstrip transmission lines of the
genera geometry shown in Fig. 7.5, for a high T, grain boundary junction, but with a low T,
tunnel junction replacing the grain boundary junction for the low T, case. Olsson[134] used
such a geometry with a Nb tunnel junction to determine the dielectric constant of SIO at
frequencies between 13 and 103GHz with paralle type resonances. Bi et al[137] determined
the surface resistances of Au, Nb, and Cu at frequencies up to 400GHz using series resonances
and resistively shunted tunnel junctions. The surface resistances obtained were higher than
expected for optimised thin films due to the lithography and patterning of the films necessary

to manufacture the resonator.

Larsen et al[136] have carried out a more fundamental study of the physics of the interaction
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between the junction and the resonator. Aswell as the parallel resonances corresponding to the
fundamental frequencies of the resonator, sub-harmonic steps were also observed. These were
believed to be generated by higher harmonics of the Josephson current, the amplitudes of
which are shown in Fig. 1.3. The resonant voltages were at ~0.2mV, much less than the
junction IR, product of 3.3mV. The junctions were aso in the limit where aR.Ci>>1 (aR..
Ci=73). Larsen et al also found that the junction impedance determined from fitting to the
shape of the resonance was considerably higher than that determined from a zero-bias
conductance measurement, and were unable to explain this discrepancy.

7.2.3 High T, bicrystal junctions

As mentioned above, the previous work on high T, junctions coupled to external resonators has
been carried out by Edstam[132]. YBCO grain boundary Josephson junctions on YSZ
bicrystal substrates were used, with a SO dielectric and either a Pb or Au top electrode, with
the geometry shown in Fig. 7.5. The initial work[110] studied first order resonances only. It
was demongtrated that the resonances were neither Fiske resonances (see section 1.4.2.1,
section 5.5.1.2, Chapter 6) nor flux flow resonances. This was achieved by varying the length
of the resonator and observing the decrease of resonance voltage with increasing resonator
length, see (7.1).

The IV characteristics of the bicrystal junctions used by Edstam were quantitatively RSJ like.
Therefore, it was straightforward to subtract the background voltage dependent supercurrent |5
from the measured IV curves to obtain the frequency spectra of the change in voltage
dependent supercurrent due to the resonator. The resonant voltages were greater than the
junction IR, product, and so could then be fitted to (7.5) using the impedance of an open
ended transmission line as the load impedance, with the surface resistance of the YBCO as a
parameter. Extremely good fits to (7.5) were obtained, and the YBCO surface resistance was
determined between 50GHz and 1THZz[113]. Edstam’s thesis[132] also contains good fits to

(7.7) for junctions with resonant voltages below tHg, product.
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metal or superconductor
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boundary
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Figure7.5. A grain boundary high T, Josephson junction, shunted with an external transmission
line.

Subsequent work focused on the determination of the YBCO surface resistance in the
frequency range up to 1THz[113]. The YBCO penetration depth was measured at microwave
frequencies111]. The junction was coupled to a variety of both lumped and distributed
resonator geometrieg 135]. In the latter case the theoretical spectrum of the normalised voltage
dependent supercurrent fitted for the particular shunt impedance fitted well to the measured

spectrum for all the geometries tested.
7.3 Mask design and films measured

The resonator designs tested are shown in Fig.7.6. All resonators had a cross section of the
formin Fig. 7.6a, with a Y BCO bottom electrode, various thicknesses of STO didectric, and a
gold top eectrode. For the two dimensional resonators, €lectrode lengths a ranged from 25 to
175um in 25um increments. For the one dimensional resonators (1D _res), a ranged from
60pum to 160pm in 20um increments. The junction width was kept at 2um in all cases. The
width w of the one dimensional resonator was defined by the gold top electrode and was equal
to 4um. For the two dimensional resonators, a=w. The contact pad next to the 3tdev resonators
enabled the STO to be voltage biased with the YBCO as ground to test for tunability of the
permittivity.

The wavelength A;p at resonance of the 1 dimensional resonator is given by (7.9), wherenisa

positive integer.
Ap =2a/n (7.9)

The wavelength A,p for the 2 dimensional resonators is given by (7.10), where both n and m

are positive integers.
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12
1 1
Ay =28 S+ (7.10)
n> nv

From (7.9) and (7.10) it can be seen that the wavelength of the first order resonance is equal to
twice the resonator length for both the 1 and 2 dimensional resonators.

Au

STiO3

YBaoCu307

SITiO 3 substrate

Figure 7.6a. Theresonator cross section (not to scale).

* grain boundary

Au I N Y BapCu307

Figure 7.6b. Plan view of the xrostwo dimensional resonators (not to scale).

— 4 YBapCuzO7y

<> contact pad
> Au P

Figure 7.6c. Plan view of the 3tdev two dimensional resonator s (not to scale).
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Figure 7.6d. Plan view of thelinear one dimensional resonator s (not to scale).

The capacitance per unit length of the resonatorsis given by (7.11).

(7.11)

The inductance per unit length of the one and two dimensional resonators is given by
(7.12)[11].

Ll’:%[d +55+)ILcoth(%Lﬂ (7.12)

Here, d is the thickness of the STO didectric, & is the skin depth of the gold (see section
1.4.5) and h isthe thickness of the YBCO. Thefinal termin (7.12) describes the magnetic field
penetration into the superconductor when h~A.. The use of (7.11) and (7.12) for the
capacitance and inductance per unit length ignores fringing fields at the edges of the resonator.

The surface resistance of the gold Rsa,’ is given by (7.13).
Roa=— (7.13)

o is the gold conductivity, which is 4.2x10" Q*'m™ at 4.2K. The gold surface resistance is
proportional to the square root of the frequency. In the two fluid model, the YBCO surface
resistance Rsysco' 1S given by (7.14) (see section 1.4.5).

R veco = K, ,0" (7.14)
The contributions add such that the resistance per unit length R’ is given by (7.15).

R = Roa* Riveco (7.15)

W
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The conductance per unit length G’ of the transmission line is calculated from the dielectric
loss tangent and (1.53).

The thicknesses of the films used are given in Table 4.1. The xros24d and 1D _res films were
deposited at the same time on a single 10x10mm bicrystal substrate, which was then cut in half
and patterned. This ensured exactly the same film parameters for the two different resonator
geometries.

7.4 Measurements of the dielectric properties of STO using Josephson junction

driven resonators
7.4.1 A 50nm STO film with two different resonator geometries

Fig. 7.7 shows a plot of the IV characteristic of the xros24d 50um resonator before and after
the deposition of the gold top el ectrode. The resonances, indicated by arrows, appear only after
the gold deposition, indicating that they are due to coupling of the junction to the external
transmission line, and that they are neither Fiske resonances or flux flow resonances in the

junction which would have been observed in the IV characteristic prior to gold deposition.

This point is emphasized further by Fig. 7.7, which shows the differential resistance (dv/dl)
versus voltage for the 125um device on xros24d measured before and after gold deposition.

Thefirst peak is due to noise rounding of the critical current step, and the subsequent peaks are

8\\\\\\\\\\\\\\\\\\‘\\\‘\\

gold

O:\\\‘\‘\\‘\\\‘\\\‘\\\‘\\\‘\\\\\\7

0 0.2 0.4 0.6 0.8
Voltage (mV)

Dynamic resistance dV/dl Q)
N

Figure 7.7. The dynamic resistance (dV/dl) versus voltage at 4.2K for the 125um resonator on
xros24d with and without a gold top electrode. Thelocation of thefirst order (paralldl) resonance
isindicated.

134



Chapter 7: Thin film strontium titanate characterisation with Josephson junctions coupled to external resonators

the resonances in the 1V curve, which again appear only after gold deposition. The resonant
voltages also remained the same under an applied magnetic field, and decreased with
increasing resonator length according to (7.1).

The dynamic resistance of the 160um resonator on 1D _res at 40K with and without a small
applied magnetic field is shown in Fig. 7.8. The resonant voltage was assumed to be halfway
between the maxima and minima in the dv/dl curve. The IV characteristic is aso shown, to
indicate the corresponding position of the resonance on the IV curve. In some cases it was
necessary to apply a magnetic field to observe the lower order resonances, as otherwise they
were obscured by the switching from the zero voltage state. At high temperatures lower order

resonances are obscured by the noise rounding in the IV curve.

It iscrucia to correctly determine the orders of the resonances in order to be able to calculate
&rr for the films. As an example, equations (7.1), (7.9), (7.11) and (7.12) can be used to
caculate &re from the 0.24mV resonance in Fig. 7.8. If the resonance is first order then

&re=7.3 and if it is second order then &1==30.0, using the parameters given in Table 7.1.

@15 T T 1T ‘ T "J T T 1T 1T ‘ T T ‘ T ] 2000
L \ I
5 i \ field ] 1800
%10 N T P nofield 1600 o
L 1 ]
Q n: : ] 1400 §
g U VTN 11200 3
g o) BEEE b 11000
% 5 L ) —800
g e -1600
0-10 @@\ [ clb e b b b 14T 400
0O 02 04 06 08 1 12 14

Voltage (mV)

Figure 7.8 The dynamic resistance (dV/dl) and current versus voltage for the 160um resonator

on 1D _resat 40K, both with and with out an applied magnetic field. The first four resonancesare
indicated by lines.
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Table 7.1 Parameters used for determination of &rr and fitting of dynamic resistance versus
voltage.

0(40K) (2 | Rsveco[138]  Tan 5[119] A (4OK) (nm) ¢ (40K), R, (40K) G
'mt) (at 18.9GHZ, [22] infield (@  (42K)
40K) (mQ) (LA) (PF)
407x10" |05 0.06 143 451 1.62 0.09

Therefore, to distinguish whether the 0.24mV resonance was first or second order, the
normalised voltage dependent supercurrent was ssmulated with (7.7). Substituting this result
into (7.2) and differentiating numerically yields the dv/dl versus V curve. The junction was
shunted with the load impedance for an open ended transmission line given by (7.8), again
using the parameters from Table 7.1. The result of this curve fitting is shown in Fig 7.9 for the
two different values of &re. For &me=7.3 the criterion [Z [BR(V/V) is sdatisfied for
V>0.37mV, and for &7=30.0 it is satisfied for V>0.48mV. The best fit is clearly obtained for
&rr=30, and reasonable agreement with the fit is obtained even for [Z, [KR.(V/V), so the

0.24mV resonance is second order.

The first peak in the measured dV/dl in Fig. 7.9 is due to noise rounding of the critical current
step and not the external resonator. The discrepancy between the experimental and the fitted
dVv/dl at high voltages is probably due to deviations of the junction behviour from the RSJ
model.

—~ 12 \ ]
c r ]
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Figure 7.9 The dV/dl versus V curve of the 160um resonator at 40K in a small magnetic field,
with fits from (7.7) for two different values of & (Ic=452uA, R,=1.62Q, C=0.17pF). The
resonances areindicated by lines.
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Figure 7.10 The 1D res dispersion rdation at 4.2K, and a fit to the dispersion relation from
(1.38).

Once the orders of the resonances have been determined for one length of transmission line,

the resonance orders for the lines of different length can be deduced from (7.1).

At 40K, it was possible to achieve reasonable fits to the measured dVv/dl versus voltage curves
for al the linear resonators measured with &re determined from one of the resonances and the
parameters in Table 7.1. At lower temperatures where the junction IR, products were larger,
the criterion [Z, [>R,(VJ/V) is satisfied only for voltages larger than most of the lower order
resonances (e.g. 1.06mV for the 140um resonator at 4.2K), and furthermore the junctions were

more hysteretic, so the fits were not as good.

The dispersion relation for the linear resonators at 4.2K is shown in Fig. 7.10 It is seen to be
linear over the entire frequency range observed, from 100GHz to 900GHz. The dispersion
relation varied linearly with frequency over the entire temperature range measured, from 4.2K
up to 75K above which temperatures resonances were no longer visible in the 1V curves of any
of the junctions. A fit to the dispersion relation using &rr=35 (from averaging the dielectric
constants calculated from each resonance) was obtained from the imaginary part of the
complex propagation constant ) given by (1.38), and is also plotted in Fig. 7.10. The fit takes
into account frequency dependence of the dispersion relation arising from the gold skin depth
and the surface resistance of the gold and the YBCO. However, it can be seen that the
dispersion relation still varies linearly with frequency in the range observed. The YBCO
surface resistance at 4.2K was 0.1mQ at 18.9GHz[138]. The shift to lower voltages of the
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higher order resonances is probably due to discrepancies between the actua YBCO surface
resistance and that of the parameter used.

The position of each resonance can now be used to caculate a vaue for &g with the
parameters in Table 7.1 and the two fluid model temperature dependence of the penetration
depth. For a given resonator length at a given temperature, &= for each order of resonance

was averaged, and is plotted versus temperature in Fig. 7.11.

For the xros24d square resonators, the resonances are not at haf integer wavelengths, see
(7.10). Hence, (7.8) for the load impedance is no longer valid and fits to the dV/dl versus V
curve such as that in Fig 7.9 were not obtainable. Also, exact determination of the wavelength
from (7.10) for the higher order resonances was not possible, as the resonator was not a perfect
sguare. However, the first order resonance, shown in Fig. 7.7 for the 125um resonator at 4.2K
with n=1 and m=1 in (7.10), has the same wavelength and therefore the same resonance
voltage as the equivaent linear resonator. The dielectric constant calculated from the position
of this resonance is plotted versus temperature in Fig. 7.11. The resonator length was assumed
to be a plus 10um, the length of the tapered section of junction track. This resonance has a
current antinode in the centre of the square, with current nodes round the resonator edges and
therefore at the junction. The length chosen gave best agreement with the dielectric constant
from the linear resonators. No error bars are plotted for the two dimensional resonators, as only
one resonance was used to determine this dielectric constant. With the exception of the 60um
resonator, the dielectric constants calculated from the linear resonators agree much better with
each other than those from the two dimensional resonators, because it was possible to evaluate

&rr over the entire dispersion relation rather than from only the first order resonance.

The agreement between the dielectric constants calculated from the two different resonator
geometries indicates that fringing fields at the edges of the resonators were not significant in
the determination of the field distribution. Thisis assumed implicitly in the use of a distributed

circuit modd for atransmission line.
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Figure 7.11. The didectric constant of the 50nm STO film versus temperature from the positions
of the 1D_resresonances (blue) and the xros24d first order resonances (red).

7.4.2 Further STO film thicknesses

The two further STO film thicknesses (100nm and 200nm) investigated were patterned with

two dimensional sguare resonators. Dynamic resistance curves were measured for al the

junctions over the temperature range for which resonances were visible. The dynamic

resistance of the 50pum resonator on 3tdev at 4.2K is shown in Fig 7.12. Resonances are visible

up to 0.91mV or 440GHz.
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Figure 7.12. The dynamic resistance of the 50um resonator on 3tdev, in a small magnetic field at

4.2K. (200nm STO)
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Figure 7.13. The variation of dielectric constant with temperature for the STO film thicknesses
measured. The symbol shape indicates resonator size, and the 50nm thick films are red, the
100nm blue, and the 200nm black.

However, at 4.2K, only the 25, 50 and 75um resonators on the 100 and 200nm films displayed
definite first order resonances. The disperson relation for these resonances could be
extrapol ated to predict the first order resonant voltages for the longer resonators. However, the
predicted voltages were so low as to be obscured by the switching from the zero voltage state
a low temperatures. As the wavelength of the higher order resonances was not clear, a
dispersion relation with as many points as that in Fig 7.10 could not be plotted. The dispersion

relation for the first order resonances observed was linear at al temperatures.

The dielectric constant calculated from the first order resonant voltages from the 2 dimensional
resonators is plotted in Fig. 7.13. It can be seen erte from the 25um resonators on the 100nm
and 200nm films does not agree well with that from the larger resonators. The dynamic
resistance at the resonance on the 25um resonators changed rapidly for a small change in

current. Its shape and position was therefore difficult to determine.
7.4.3 Tuning of the STO dielectric constant

The 3tdev resonators were patterned to allow the 200nm STO dielectric film to be voltage
biased, as shown in Fig. 7.14 and Fig 7.6.
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Figure 7.14. Voltage biasing of the STO dielectric on 3tdev.
Figure 7.15 shows the IV curve for the 50um resonator at 30K for a series of different
dielectric voltage biases. The resonant voltages can be seen to increase with increasing voltage
bias. Since no magnetic field was applied in this measurement, the resonances can be neither
Fiske resonances nor flux flow resonances. Furthermore, the critical current branch must be at
0V, which provides an absolute reference indicating that changing voltage offsets (from e.g.,
thermocouple e.m.f's) were not responsible for the change in position of the resonant voltages.
The change in critical current from 1% at OV to 174A at 1.8V is within experimental
error (see Fig 5.18(a), showing the width of a distribution of repeated measurements of the
critical current). Therefore, the increase in the resonant voltage with increasing dielectric
voltage bias is believed to be due to tuning of the dielectric constant of the STO dielectric.

Fig 7.16 shows dl versusV curves at 30K for the pn junction at various dielectric
voltage biases. For these measurements, a small magnetic field was applied so that the critical
current was suppressed and the junction followed the return branch 16f theracteristic

shown in Fig. 7.15. The first order resonant frequency at 116GHz can be tuned to 90GHz at a
dielectric voltage bias of -2V, and 140GHz at +2V.
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Figure 7.15. The IV curves for the 3tdev 50um resonator at 30K for various dielectric voltage
biases.
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Figure 7.16 Dynamic resistance curves at various diglectric voltage biases for the 50um resonator
at 30K.

It is evident that the higher order resonant frequencies aso tune with dielectric voltage bias.
Above a didectric voltage bias of +2V, there was a significant leakage current (>5uA)
through the dielectric which was apparent through asymmetry in the positive and negative
value of the critical current. The measurement of the dielectric voltage bias above 2V was
therefore unreliable, and also current injection into Josephson junctions can give rise to flux

flow resonances which change position with injection current[139].

Tuning of the resonant frequency with dielectric voltage bias was observed between 4.2K and
60K for the 50um junction, and aso at temperatures where the 25um, 75um, 100um and
125um resonators were tested. The first order resonant frequency of the 25um resonator could
be tuned between 237GHz and 284GHz for dielectric voltage biases of -1.6V and +2V, and
the second order resonant frequency between 297GHz and 317GHz.

The dependence of &xre on eectric field and dielectric bias voltage at various temperatures is
shownin Fig. 7.17. No hysteresis of &xre(E) was observed when the dielectric voltage bias was
swept up and down between +2V. No maximum was observed in &rr(E), due to the

limitations imposed on the maximum possible dielectric voltage bias by the leakage current.
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Figure 7.17 The tuning of &y with electric field (didectric bias voltage) at temperatures from
4.2K to 60K, and alinear fit to & versus (E+1x107)%° at 30K .

The shift in the maximum of &xr=(E) away from OV is believed to be due to the formation of a
Schottky barrier between the Au top electrode and the STO, as discussed in section 3.4.3.
Assuming that the maximum in &m(E) occurs at —1x10vm™ (2V), the data shown in Fig
7.17 could be fitted to either (3.5) or (3.6). For STO films with gold electrodes, 2V is a typical
value for the shift in maximum @kr=(E) [83]. It was found that a linear fit was obtained when
&+ was plotted versug?® rather tharE2, so the behaviour odire(E) is in the high field

limit. There was too much scatter in the valuesApobtained to ascertain its temperature

dependence. However, the maximum and minimum values obtained agreed with previous

Table 7.2 Measurements of A, from at varioustemperaturesfor both thin film and bulk STO.

Temperature  Ay(T) VT (A9)™ Reference

(K)
10K 4.6x10 (minimum)  This work ~100GHz
30K 1.7x1d° This work ~100GHz
(maximum)
4.2K 8x10 Bulk STO, Christeret al[83]
90K 4x10d Bulk STO, Christeret al[83]
295K 1.2x16° 92nm STO, Abe and Komatsu[88]
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measurements of both bulk and thin film STO (see Table 7.2), and as discussed in section 3.4.2
and from (3.12) only modification of A;(T) is required to model the size effect[87].

7.5 Discussion
7.5.1 Frequency dependence of &rre

The fits obtained to the dynamic resistance of the junctions shunted with a linear resonator
with a 50nm STO film required a frequency independent dielectric constant (see Fig. 7.9). The
linear dispersion relation obtained between frequencies of 100GHz and 900GHz also showed
that the dielectric constant was independent of frequency. This should be contrasted with the
dispersion relation for the Fiske resonances, shown in Fig. 6.5 and Fig. 6.9, which required the
dieectric constant of the single crystal STO to be strongly frequency dependent in the same
frequency range. Therefore, for the 50nm STO film, the transverse soft optic phonon has
hardened to afrequency well above 900GHz at 4.2K. This confirms the prediction of Zhou and
Newng 74] that the soft optic phonon hardens in incipient ferroelectric thin films (see section
3.4.3). The absence of the soft optic phonon in the 50nm STO film is consistent with the far
infra red ellipsometry experiments of Sirenko et al[140]. These experiments showed that the
soft optic phonon hardened to 1.9THz at 4.2K in a2um thick STO film.

For the 100nm and 200nm STO films, resonances were observed up 340GHz and 440GHz
respectively. Waves are not expected to propagate in STO just above the soft optic phonon
frequency where the dielectric constant is negative, so these frequencies represent lower limits

for the soft optic phonon frequencies in these films.

It can aso be seen from Fig. 7.18 that for large YBCO surface resistances the resonant
frequencies are lowered, particularly for higher order resonances. This effect is believed to be
one of the causes of the discrepancy at high voltages between the fit to the dispersion relation
for the linear resonators and the measured data, shown in Fig 7.10. This effect is aso one of
the causes of the spread in the values of the dielectric constant determined from each
resonance in the dispersion relation from the linear resonators. For example, whilst the
dielectric constant calculated from the second order resonance in the 160pum resonator at 40K

was 30, and this gave a reasonable fit to the dynamic resistance curve, that calculated from
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averaging all the resonances from all the resonator lengths in the dispersion relation was 34+4.

The errors on the measurement of the dielectric constant, for example 35+2 for the 160um
linear resonator at 4.2K, i.e. 6%, are too large to draw any conclusions about Curie-von
Schweidler frequency dependence of the dielectric constant, which as discussed in section
3.4.4 leads only to a 7% decrease in the dielectric constant between 1mHz ad 20GHz. No
Maxwell Wagner relaxation of the capacitance was observed for the linear resonators on the
50nm STO films between 100GHz and 900GHz. However, Hwang et al[89] do not rule out a
Maxwell Wagner step at higher frequencies. The absence of a Maxwell Wagner step is
therefore inconclusive as to whether or not the filmisfully or partially depleted.

7.5.2 The magnitude of &rr

There is too much scatter in the values of the dielectric constant obtained in Fig 7.13 to draw
any quantitative conclusions about the size effect. However, it is clear that the 50nm STO film
had a lower didectric constant than the 100nm and 200nm films, indicating that the size effect
was present, in agreement with the 490nm film thickness from the Zhou and Newns theory
below which the size effect becomes significant (see section 3.4.3). The films measured had
gold top electrodes. Therefore, the decrease of dielectric constant with film thickness observed
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Figure 7.18. Dynamic resistance versus voltage curves for various YBCO surface resistances
(values given at 18.9GHZz) and STO loss tangents. The junction parameters are those from the
160um linear resonator at 40K shown in Fig 7.9 (1:=452pA, R,=1.62Q, C=0.17pF).
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is consistent with the Vendik et al[86] prediction and the Hwang et al[89] experiment that the
size effect occurs only in films with metallic el ectrodes.

For the 100nm and 200nm films, there is a possible increase of the diglectric constant with
temperature, but the resonances were not observed to high enough temperatures to determine

whether or not there was a peak..

The experiments on tuning of the dielectric constant showed that the valuesin Fig 7.13 were

not the maximum of the dielectric constant, due to the effect of the Schottky barrier at the
AU/STO interface. The maximum measured gxre Was 326 at 10K for the 50um resonator with

a —2V dielectric voltage bias and a 200nm STO film. The agreement of the val@$ of
obtained with those from both thin film and bulk STO show that the Ginzburg-Landau-

Devonshire theory for ferroelectrics described in section 3.2.2. is obeyed by the 200nm film.

The magnitude of the dielectric constant measured agreed reasonably well with values reported
in the literature, although the dielectric constant for the 50nm film was low. Table 7.3 gives a

comparison.

Similar structures to that used in 3tdev have been used to observe electric field effects on the
Josephson junction critical current[141,142]. However, for the 3tdev devices no significant
dependence of the junction critical current or the junction return current on the dielectric

voltage bias was found.

Table 7.3 Thedidectric constant of thin film STO.

& lemperature Thickness Frequency Reference
(K) (nm)
35+2 4.2 50 100-900GHz  16Qum linear resonator, this
work

326 10 200 95GHz, -2V 50um square resonator, this
bias work

1400 4.2 1000 1.5GHz Dalberthal[119]

120 4.2 100 10kHz Christest al[83]

280 295 92 100kHz Abe and Komatsu[88]
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It was not possible to determine the loss tangent of the STO film from the fits to the dynamic
resistance versus voltage curves. This would have required the variation of two independent
parameters which have the same effect on the dynamic resistance versus voltage curves, as
shown in Fig. 7.18. An estimate of the loss tangent would have been possible had a
independent measurement of the surface resistance of the YBCO films used been available.

The Y BCO was the dominant cause of resonator |osses.
7.6 Conclusion

The dielectric constant of thin film STO has been measured at frequencies from 50GHz to
900GHz at temperatures from 4.2K to 77K, using a Josephson junction coupled to an external
resonator. Reasonable agreement was obtained between the measured dynamic resistance
versus voltage curve and that predicted from a junction shunted with a load impedance of an
open ended transmission line resonator. For linear resonators, the dielectric constant of a 50nm
STO film was found to be independent of frequency between 100GHz and 900GHz, and a
typical value was 34+2 at 40K, caculated from each resonant voltage in the dispersion
relation. This value was found to agree with that determined for another area of the 50nm film

using a square resonator.

The frequency independence of the dielectric constant of the 50nm STO film indicated that the
soft optic phonon had hardened, in agreement with theoretical predictions of an intrinsic dead
layer inthin STO[74] films and recent infrared ellipsometry experiments 140].

The size effect was observed for the series of film thicknesses measured.

The dielectric constant of a 200nm STO film was found to be tunable at with a +2V applied
voltage bias between 246 and 111, at a frequency of around 100GHz. Reasonable agreement
was found between the third order GLD parameter y and that measured in previous

experiments on both thin film and bulk STO.
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Chapter 8: Capacitance as a probe of high angle YBa,Cu30O,.5 grain

boundary current transport

8.1 Introduction

From the point of view of applications the most disappointing aspect of the high T,
superconductors is the low critical current of bulk, polycrystalline samples. Soon after the
discovery of the high T, compounds it was experimentally proven that the limiting factor was
the low critica current at the grain boundary[39]. More recently, progress has been made in
enhancing the critica currents of grain boundaries by doping their electrodeq143,144]
[145,146]. Most recently the critical current of the grain boundary itself has been enhanced
selectively by preferential doping[147]. This is expected to have significant technological
implications for the manufacture of high T, cables.

However, a detailed physical understanding of the current transport in these grain boundaries
is still lacking[145]. Various models have been proposed to explain grain boundary current
transport in the high T, superconductorg31,99,127]. Typicaly, the models are then invoked to
explain scaling laws between the junction IR, product and the critical current density[31], or
between the junction critical current density and its resistance area product[148-150]. Scaling
of junction capacitance per unit area with resistance area product has been observed
previoudly[98], but has since been rarely commented upon. The capacitance has the possibility
of being a useful probe of grain boundary current transport, asit is directly related to properties
such asthe width of the insulating barrier layer.

In this chapter, the models of grain boundary current transport in the high T, superconductors
are reviewed. The experimental data supporting each one is discussed. Then, scaling
relationships are presented between the critical current density, resistance area product and
capacitance per unit area measured for the doping enhanced junctions and from those in earlier

chapters. Finally, each model istested for its applicability to the measured experimenta data.
8.2 Models of grain boundary current transport

There are two common features of al the models of grain boundary current transport. It is
assumed that the high angle grain boundaries contain a narrow, insulating region aong the
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grain boundary. The presence of Fiske resonances and the large resistivites of the high angle
grain boundaries provides supporting evidence for such an insulating layer. The supercurrent is

assumed to cross this region by direct tunneling.
8.2.1 Theintrinsically shunted junction model

The intrinsically shunted junction model proposed by Halbritter[151] assumed that there were
two channels for quaisparticle current transport across the (YBCO) grain boundary, via direct
or resonant tunneling. It was argued that the grain boundary consisted of a disordered,
insulating region with a high density of localised states. This was a reasonable assumption
since it was known that YBCO did not have a metalic phase and that oxygen disorder or
depletion rendered YBCO insulating. The measured grain boundary resistivities were also
typical of those of semiconductors. The carrier density in the cuprates (~10?* cm[50]) is close
to the metal insulator transition in 2 dimensions. The supercurrent transport was assumed to be
dominated by direct tunneling across the barrier, since a Cooper pair cannot occupy a single
localised state. The critical current density J. of the barrier istherefore given by (8.1).

J. Oexp(—2«t,) (8.1

In (8.1), t; is the thickness of the barrier, R, isits normal state resistance, A is the geometrical

areaof thejunction (i.e. film thickness times junction width) and « is a decay length given by,

P (2}[;‘”)”2 (82)

where mis the effective mass of the charge carriers and @is the height of the potential barrier.
It was proposed that the quasiparticle current density Jy was dominated by resonant tunneling
across the barrier, viaalocalised state at ty/2, and given by (8.3).

1
JN |:| ﬁ |:| exp(_KtJ) (83)
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Figure 8.1 The scaling of IR, product with J. for YBCO grain boundary junctions with
misorientation angles from 15° to 45° from Gross and Mayer[49,51,152]. The line is a fit to
| R03°.

Combining (8.1) and (8.3) yields (8.4) for the scaling of the IR, product with the critical

current density or resistance area product.

IR 0J¥2 D(%%A) (84)

The scaling of IR, with J. measured by Gross et al[49,51,152] for YBCO grain boundary
junctions grown on STO bicrystals with misorientations from 15° to 45° is shown in Fig. 8.1.
It was found that 1cR,0J>° in reasonable agreement with (8.4). Furthermore, for 90° basal
faced tilt boundary junctions grown on MgO bicrystals Russek et al[153] found that
|.RO(U/R,A)*®, aso in reasonable agreement with the intrinsically shunted junction mode!
prediction (8.4). The expressons (8.1) to (84) ae justified in more detail by
Halbritter[151,154]. Gross et al[31] have also showed that the scaling (8.4) was a universal
property of al YBCO and BSCCO step edge and bicrystal junctions manufactured up to 1997.

The scding of IR, product with J2° indicated that resonant tunneling dominated the
quasiparticle transport across the grain boundary for the Gross and Mayer junctions, and that
the intrinsically shunted junction model applied. However, the quasiparticle transport across
the grain boundary could aso be via direct tunneling, or via a combination of the two. In the
case where the quasiparticle transport is dominated by direct tunneling, JJJ(R.A)* and IR, isa

constant. Thisisthe behaviour observed in conventional low T, SIS tunnel junctions where the
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IR, product is determined by the magnitude of the superconducting gap. Enpuku et al[148]
fitted such atwo channel quasiparticle transport mechanism to scaling of J. with R,A for their
24° to 36° misoriented YBCO bicrystal grain boundary junctions. It was found that at 77K

direct tunneling dominated the quasi particle transport mechanism.

If the grain boundary capacitance C=g&Alt;, the intrinsically shunted junction model predicts
(8.5) and (8.6) for the scaling of critica current density and resistance area product with

capacitance per unit area.

3.0 exp(—%) (85)
$ 0 exp(— KgoéRA) (8.6)

In (8.5) and (8.6), &isthe dielectric constant of the barrier layer of the grain boundary.

Locdlised states in the barrier layer at the grain boundary would also give rise to a distribution
of trapping times for carriers at the junctions. This leads to fluctuations of the grain boundary

resistance and hence the critical current. The localised states are therefore a cause of the Uf

noise observed in the voltage noise power spectrum of SQUID’s made from grain boundary

junctions[155]. The lifetime of the localised states is too long to affect the grain boundary

capacitance at the Josephson frequency.

8.2.2 The filamentary model

The filamentary model of current transport across the grain boundary was first suggested by

Russelet al[153]. Subsequently, it has been developed further by Moetkl{©8,99] and by

Sydow et al[149,150].The model proposes that the grain boundary junction consists of two

regions.
i) A thin, insulating barrier layer associated with the grain boundary itself.

i) Regions of inhomogeneously oxygenated YBCO on either side of the barrier.
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Figure 8.2 A schematic of the filamentary modd of current transport across the grain
boundary[99].

Superconducting filaments in the second region make contact to one another across the barrier
layer. The grain boundary junction thus consists of an array of superconducting contacts. The
junction critical current scales with the number of filaments. Resistive shunting arises from
resonant or direct tunneling through the barrier layer. This occurs in areas where the filaments
are separated by a sufficiently small distance such that the tunneling rate across the barrier is
significant. Capacitive shunting of the junction comes about as the oxygen deficient areas of
the second region act as an insulating dielectric. The model is shown schematically in Fig. 8.2,

with the various RCSJ circuit elementsin their correct positions.

As the number of filaments increases, so the critical current increases. The resistance
decreases with the number of filaments. If a fraction y of the total junction area contains
overlapping filaments, then J.= yJo, RWA=R'/y and Cs=yCo, where Jo, Ry’ and Cp are the
critica current density, resistance area product and capacitance per unit area of a single

filament. Eliminating y gives

Jc = Jco &%A (8.7)
3, = éco C, 8.8
c. =Ro C% A 89
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Figure 8.3 The scaling of capacitance per unit area with resistance are product for 90° basal
faced tilt grain boundary junctionsreported by Moeckly and Buhrman[98,99].

where C; is the capacitance per unit area of the grain boundary. These expressions can be
simply deduced by considering the consequences of increasing the number of filaments in

contact across the grain boundary.

Moeckly and Buhrman[98,99] reported correlation of the capacitance per unit area with the
resistance area product of their 90° basal faced tilt grain boundary junctions, as shown in Fig.
8.3.

The strongest evidence for the influence of oxygen disordered regions in the current transport
across the grain boundary comes from oxygen annealing experiments. Sydow et al[149,150]
studied the effects of repeated anneals at 500°C in ozone of bicrystal YBCO grain boundary
junctions with a 24° misorientation. The anneals increased | and decreased R, whilst the IR,
product remained constant. Only by annealing in an inert gas was it possible to reproduce
scaling 1R,0J>° as observed by Gross et al, shown in Fig. 8.1. It was established that there
were two regions in the IR, versus J plot. For J<10* A cm?, IR0 %, but for J>10* A
cm’, IR, is constant and on the order of 1mV. This behaviour is shown in Fig. 8.4. The result

was reproduced using e ectromigration instead of annealing.
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Figure 8.4 Thesaturation of I R, product with J. after annealing in ozone, from Sydow et al[150].

The IR, saturation was believed to be the limiting effect of the insulating barrier layer. The
ozone anneals increase the oxygenation of the second region containing the superconducting
filaments and so increases the number of filaments. This increases | and reduces R,, but the
IR, product is an intrinsic property of the barrier layer and so remains constant. The 1R,0J.>°
scaling is observed when none of the YBCO adjacent to the barrier layer is fully oxygenated.
The volume of oxygen deficient YBCO spreads outwardly from the barrier layer in a non-
uniform manner. In this scaling region, very few or no superconducting filaments are in close

contact across the grain boundary.

It should be noted that the junctions for which scaling of capacitance per unit area with
resistance area product was observed in Fig. 8.3 fell into the saturated IR, product region of
Fig. 8.4. The relationships (8.7)-(8.9) are vaid only when the IR, products of the grain
boundary junctions are saturated.

The dependence of the critical current density with position aong the junction can be
recovered by taking the inverse Fourier transform of the Fraunhofer pattern for the variation of
critical current with applied magnetic field. For a grain boundary junction, the critical current
density has been found to be inhomogeneous on a length scale of ~0.2um[156]. It was found
that for certain 5um wide 24° YBCO grain boundary junctions the current was found to flow
only in a 2um wide area of the grain boundary. The critical current density has been shown to
be inhomogeneous on the order of nanometres by measuring its correlation function[157].

These results also support the filamentary mode of current transport across the grain
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boundary.
8.2.3 Band bending

The band bending model of current transport across high angle grain boundaries in the high T,
superconductors was proposed by Mannhart and Hilgenkamp[127]. They were motivated by
the success of a band bending model derived by Gurevich and Pashitskii[43] in explaining the
dependence of critical current on grain boundary misorientation angle for low angle grain

boundaries.

Mannhart and Hilgenkamp[127] also reviewed limitations of the intrinsically shunted junction
and filamentary models. It was claimed by Mannhart and Hilgenkamp that there was no clear
evidence for the existence of localised states with the required density, or that the
quasiparticles could undergo a resonant tunneling conduction process via a single localised
state. It was also stated there was no compelling evidence that there were layers at the grain
boundary which had sufficient oxygen depletion to transform the cuprates into their insulating

phases.

Models based upon oxygen deficiency also could not explain the universality of the scaling
behaviour of the current transport properties of the cuprates. For example, YBCO and BSCCO
grain boundaries were both shown to obey |.R,0J.°, by Gross et al[31]. However, when
pressure is applied parallel to the a-axis of the unit cell of single crystal YBCO, T, falls, but
when the pressure is applied parale to the b-axis T. rises by approximately the same
amount[43]. YBCO has anisotropic in plane presssure derivatives. In contrast, BSCCO has
isotropic in plane pressure dervatives. The cuprates differ also in their dependence of T, on
oyxygen concentration, so why should the scaling behaviour of grain boundary current

transport be auniversal property?

A model was therefore proposed based upon the structural properties of the grain boundary
rather than upon oxygen inhomogeneities. It was assumed that an insulating region could be
formed within the conducting phase at the grain boundary in an analogous manner to the
behaviour of silicon grain boundaries. The grain boundary is modelled as two back to back
Schottky barriers. This model iswell established for grain boundaries in semiconductorg158].
At the centre there isthe insulating dislocation array.
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Here, the periodicity of the crystal lattice isinterrupted and the chemical bonds are re-arranged
and charge trapping sites are formed. This gives rise to a difference in the work function from
that of the bulk material. Away from this region depletion layers are formed where the charge
carrier dengity is reduced from that of the bulk material on the scale of the depletion length I+.
Therefore bending of the electronic band structure occurs at the grain boundary, as shown in
Fig. 8.5. The depletion length is given by (8.10),

2e.&. V. \"2
I = (OTM] (8.10)

where & is the YBCO dielectric constant, Vy,; is the height of the potential barrier at the
interface and is aso known as the built in voltage, eisthe electronic charge and nis the charge
carrier density. The built in voltage depends on the carrier concentration and the density of
trapping sites at the grain boundary. Using &x=10, n=4.5x10?'cm™ and V};=0.1V it is found that

|T|:=O. 16nm.

The depletion length is therefore on the same length scale as the coherence length in the ab
plane of the YBCO. The order parameter in the cuprates is very sengitive to changes in the
carier dengty, so the depletion regions a the grain boundary will influence its
superconducting properties. The carrier density is close to the two dimensional metal insulator

1
1 Ec
1

Figure 8.5 Bending of the eectronic band structure at the grain boundary[143]. E¢, Er and Ey
represent the energies of the conduction band, the Fermi level and the valence band respectively.
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trangition, so it is possible that in the depletion regions the YBCO can be driven into its
antiferromagnetic insul ating phase.

The modd is consistent with electric field experiments where a voltage bias was applied to a
gate dielectric above the junction. The electric field caused a small decrease in the junction
critical current[141]. However, a quantitative prediction of the magnitude of the decrease in
the critical current with electric field has not been made from the band bending model. The
electric field effect on the grain boundary critical current has also been attributed to the
piezoelectric effect in the dielectric (STO). It was proposed that the piezoe ectric distortion of
the STO crystal |attice changed the width of the grain boundary[142].

Mannhart and Hilgenkamp[127] estimated the capacitance per unit area of the grain boundary

from the band bending model. The electronic width t; was assumed to be
t, =dgs +2+ (8.12)

where dgg is the structural width of the grain boundary equal to 0.4nm from STEM
measurementg[45]. If the depleted layer is assumed to be insulating throughout its entire length
and assuming &=10, this gives 0.12pF pm? in reasonable agreement with previous
measurements (see Fig 4.15). The resistance area product of the grain boundary was estimated
with the Wentzel-Kramers-Brillouin (WKB) approximation to give (8.12) for the resistance of
areactangular potentia barrier of height g=eVy,.

_ 47ht” exp(2xt,)
e’ (1+2«t,)

RA (8.12)
Using 0.1V for V, and an effective mass of 4.5 times the eectronic mass for the charge
cariers gives 0.29nm™ for the decay length with (8.2). The electronic width of the grain
boundary t; is 0.72nm from (8.9) and (8.10), giving 4Qum? for the resistance area product,

again in reasonable agreement with the measured values.

The transport mechanism across the grain boundary is tunneling in the band bending model.
Therefore, the IR, product should be constant and J.O(RA)™. If the electrons carrying the
supercurrent travel across the insulating region by direct tunelling then (8.5) holds for the
variation of critical current density with capacitance per unit area for a given carrier
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concentration. However, its key success lies in the qualitative explanation it provides for
doping experiments on grain boundary critical currents.

Studies of the norma state and superconducting properties of Ca-doped YBCO thin films,
Y 1xCaBaCuzO7.5, were carried out by Kucera and Bravman[159]. It was demonstrated that
Ca-doping reduced T, to 73.9K for x=0.3, the solubility limit of Cain YBCO. Assuming that
the holes from the Ca are transferred directly to the CuO planes, the overdoping for x=0.3
should be 0.15 holes per CuO plane greater than the equilibrium value of 0.16 holes per CuO
plane for x=0. The overdoping for x=0.3 was found to be 0.015 holes per CuO plane grester
than the equilibrium value, based on conductivity and thermopower measurements. This lack
of overdoping was caused by the compensation of the Ca doping by oxygen vacancies. An
empirical formula was deduced relating the maximum critical temperature T tO that at hole
concentration nNcyo per copper oxide plane Te(Ncuo).

T0eo) _1_gr6(n.., - 016)° (8.13)

In (8.13), Temax IS the maximum critical temperature of a film with a given calcium
concentration at optimal oxygen doping.

Schmehl et al[144] studied the effect of Ca-doping on the grain boundary current transport
properties. It was thought that Ca-doping could modify the charge carrier density and the built
in voltage at the grain boundary thus changing its effective eectronic width. The critical
current density at 4.2K was found to increase with x up to x=0.3. At x=0.3, the critical current
density was more than an order of magnitude larger than the x=0 value. There was a
corresponding decrease in the the resistance area product which at x=0.3 was an order of
magnitude less than the value at x=0. A reduction in T, with increasing x was aso found,
corresponding to the overdoping of the charge carriers. Using (8.10) it was determined that
there was a 5% change in It from the increase in hole concentration at x=0.3, which was not
sufficient to explain the order of magnitude increasein the critical current density (see (8.3)). It
was speculated that the increase in the critica current density was due to an alteration of Vy;
caused by Caions embedded at the grain boundary. The critical current increase with x can
therefore be qualitatively explained within a band bending model.

However, Ca doping could modify the film microstructure in such a way as to reduce the
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structural width of the grain boundary dss. A reduction of the grain size was observed with

increasing X.

A detrimenta effect of the Ca-doping was the reduction in the T, of the Ca-doped films,
accompanied by a reduction in the critica current dendity of the grains themselves at high
temperatures (77K). Hammerl et al[147] sought to address this problem by growing
multilayers consisting of Cadoped and undoped films. The Ca was expected to diffuse
preferentially along the grain boundary during film growth. The grain boundary in the undoped
film would become doped with Ca, raising its critical current. This was found to be the case,
and doped / undoped multilayers were found to have grain boundary critical current densities
at 77K approaching those found in undoped grain boundaries at 4.2K.

8.3 Results
8.3.1 Introduction

A large volume of capacitance, resisitance and critical current data was available from the
‘control’ measurements of the junctions coupled to external capacitors and resonators
described in Chapters 5 to 7. Ca-doped YBCO films ch&HO bicrystals were obtained
from the Augsburg group witk=0, 0.1, 0.2 and 0.3. These films were patterned into ro 5

wide junctions and measured by James Ransley[160].

The critical and return current of each junction was obtained visually frdvi ctsrve, using

the current where the measured voltage became significantly greater than the noise voltage.
The capacitance was obtained using Zappe’'s approximation (see section 1.3.2.2). The
resistance was obtained by fitting a straight line tdtheurve at biases greater than 5 times

the critical current. Junction widths were determined in a calibrated optical microscope, within

a 10% error.
8.3.2 Calcium doped grain boundaries

The IV characteristics of the Ca doped grain boundary junctions were RCSJ like. Fraunhofer
modulation of the critical current with an applied magnetic field was observed. Fox each
value, at least one grain boundary junction hatVacurve with 3>1. The hysteretic portion

of thelV curve of the Am wide junction for the&=0.2 film is shown in Fig. 8.6.
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Figure 8.6 The hysteretic portion of the IV curve at 4.2K of the nominally 3um wide junction for
the x=0.2 calcium doped film. (I .=4467pA, R,=0.37Q and C=0.46pF)

The variation of film critical temperature, critical current density, resistance area product and
capacitance per unit area with calcium concentration x is shown in Figs. 8.7 to 8.10
respectively. The dependence of T, on x is similar to that measured by Kucera and
Bravman[Kucera, 1995 #26] for films with “optimal” oxygen doping, with ¥©.2 film
having the lowest..
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Figure 8.7 Film T, versus calcium concentration X.
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Figure 8.8 Junction critical current density at 4.2K versus calcium concentration for various
junction widths.
The critical current density increases with calcium concentration, with the exception of the
x=0.2 film. No increase of the critical current density with calcium concentration is observed
for the 2um wide junctions. A possible explanation for this is oxygen diffusion out of the grain
boundary during film patterning. This would be a more significant effect for the narrowest
junction. The trend is the same as that observed by Schmehl et al[144]. However, the critical
current densities of the x=0 junctions are higher (~1x10"°Am? compared to ~2x10°Am®) and
those of the x=0.3 junctions are lower (~2x10"°Am? compared to a maximum of
~6x10'°Am™) than the junctions of Schmehl et al. Thefilms in this study were patterned by
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Figure 8.9 Junction resistance ar ea product at 4.2K versus calcium concentration for various
junction widths
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Figure 8.10 Junction capacitance per unit area at 4.2K versus calcium concentration for various
junction widths.

Ar" ion milling rather than wet etching in acid. It is possible that sample heating in a vacuum
during ion milling leads to oxygen depletion of the grain boundary. This may reduce the

critical current of the junctions with a higher calcium concentration.

The resistance area product of the junctions decreases with calcium concentration as observed
by Schmehl et al[144]. The x=0 junctionsin this study had a lower resistance area product and
the x=0.3 junctions had a higher resistance area product than the Schmehl et al junctions. The
x=0.2 concentration fits onto the trend and there is no dependence of resistance area product

on junction width.

The capacitance per unit area of the grain boundary increases with calcium concentration as
shown in Fig. 8.10. The band bending model prediction for the capacitance per unit area of the
grain boundary can be derived from C/A=&é&r/t; and (8.10) and (8.11), giving (8.14) for the

inverse capacitance per unit area.

Y2
A_ s +2( Vo ] (8.14)
£,EEN

It can be seen from (8.14) that there are 4 possible parameters determining the capacitance per
unit area which could vary with calcium concentration. These are the structural width of the
grain boundary dgg, the didlectric constant & of the Y 1.xCaBaCus0;.5, the density of charge

trapping Sites at the grain boundary and the carrier concentration n. The dielectric constant is
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Table 8.1. Theeffective eectronic width of the x=0.3 grain boundary
&R 5 20 30 100

t(hm) [003 011 016 052

assumed to be the same in the disordered region of the grain boundary as in the remainder of
the film. A lower limit of 0.1nm is available for deg from STEM imaging of the grain
boundary[45]. The dielectric constant must therefore be at least 20, otherwise the effective
electronic width of the x=0.3 grain boundary calculated from its specific capacitance of 1.67pF

um2 becomes smaller than its structural width, as shown in Table 8.1.

The voltage at which the x=0.2 and 0.3 junctions switched back to the zero voltage state was
less than 0.3mV. This is the voltage equivaent to the soft optic phonon frequency below
which the STO substrate makes a significant contribution to the junction capacitance per unit
area (see Chapter 6). It is therefore possible that for the x=0.2 and 0.3 junctions parasitic
capacitance from the STO substrate makes a significant contribution to the total capacitance.
The capacitances per unit area of the x=0.2 and 0.3 junctions (see Fig 8.10) are comparable to
those of the junctions where the STO contributed to the capacitance per unit area (see Fig. 6.6).
However, it is clear from Fig. 8.9, Fig 8.10 and Fig. 8.14 that the capacitance per unit area of
the doped grain boundaries scales with their resistance area product. The substrate would give
a constant contribution to the capacitance per unit are regardless of the doping of the grain

boundary, so the capacitance would not be expected to scale with the resistance.
8.3.3 IR, product versus critical current density

The junction IR, product at 4.2K for the grain boundaries measured is plotted versus the
critical current density in Fig. 8.11, together with the Hilgenkamp and Mannhart data[42]. The
24° grain boundaries have a saturated IR, product. This behaviour is characteristic of the
filamentary model when there are filaments in direct contact across the insulating, structurally
disordered barrier layer. Improving the oxygenation of the region in contact with the barrier
layer increases the critical current and reduces the resistance leaving the IR, product constant.
The absence of scaling of the IcR, product with J; indicates that direct tunneling of the
quasiparticles across the barrier layer is the dominant transport mechanism where the

superconducting filaments are in contact.
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Figure 8.11. The scaling of IR, product with critical current density at 4.2K. The grain
boundaries have 24° misorientation unless indicated. The Augsburg doped films are in referred
to by their calcium concentration is given. The Hilgenkamp and Mannhart data is also plotted,
and indicated with an H in the legend[42].

There is some decrease of the IR, product with J. for the 36° grain boundaries. In the context
of the filamentary model this could be caused by an absence of superconducting filaments
across the grain boundary. However, the width of the disordered region of the grain boundary
increases with misorientation anglef45], and this could also cause the reduction in the IR,
product. The d-wave order parameter suppression of the critical current also increases with
grain boundary misorientation angle[47,148]. Thereis not enough variation in the IR, product
to determine whether the scaling isreal or part of the intrinsic scatter in the data.

It can also be seen from Fig. 8.11 that for a given critical current density the junctions in the
films grown in the off axis pulsed laser deposition system in Cambridge had a larger IR,
product than those grown in the on axis system in Strathclyde.

8.3.4 Critical current, reistance and capacitance scaling relationships

The resistance of the junctions was found to be temperature independent. The critical currents
decreased linearly with temperature. The variation of junction capacitance with temperature is
discussed in Chapter 5. The capacitance was temperature independent for junctions where the
grain boundary capacitance was the dominant contribution to the total capacitance. None of the
undoped junctions returned to the zero voltage state at voltages |ess than 0.3mV. Therefore, the

STO substrate could not increase the capacitance determined from the hysteresis in the 1V
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curves for any of the undoped junctions.

The scaling of critical current density with resistance area product a 4.2K for the 24°

misorientated grain boundary junctionsis shown in Fig 8.12.

The data fit to the power law JLO(RA) ¥, plotted in Fig. 8.12. The combination of the
saturated (constant) IR, product and the similarity of the fitted power law to (8.7) point
towards the filamentary moded of current transport across the grain boundary, with direct
tunelling of the Cooper pairs and the quasi particles across some fraction of the grain boundary
area. The power law is inconsistent with the intrinsically shunted junction model expression
(8.4) which predicts J.O(R.A) .

The critical current density was also found to scale approximately inversaly with the resistance
area product at 60K, indicating no substantial change in the quasiparticle transport mechanism

with temperature.

The critical current dengity is plotted versus the capacitance per unit area of the grain boundary
at 4.2K in Fig 8.13. The critical current density is approximately linearly proportiona to the
capacitance per unit area in agreement with the prediction (8.8) of the filamentary model of

current transport.

In order to test whether a tunneling transport mechanism across the grain boundary could be

responsible for the scaling in Fig. 8.13, the barrier height ¢can be estimated by fitting (8.5) to
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Figure 8.12. Critical current density versus resistance area product at 4.2K for the 24°
misoriented grain boundary junctions.
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the data. The variation of critical current with capacitance in (8.5) is that predicted by both the
intrinsicaly shunted junction moddl and the band bending model of grain boundary current
transport. The effective mass of the charge carriers was assumed to be 4.5 times the el ectron
mass. If &=30, then ¢g=1meV, and &=5 gives ¢=34meV. These barrier heights are both
comparable to kgT =6meV at 77K, and would imply that the resistance area product should be
temperature dependent. An independent estimate of ¢ can be determined from the angular
dependence of J. measured by Hilgenkamp and Mannhart[42], a ong with the structural width
of grain boundaries with different misorientations measured with TEM by Browning et al[45].
The plot of J; versus @ in Fig 2.6 can be converted to J. versus dgg and fitted to (8.3) if t=dgg
(0.1< de<0.8nm for 15°<6<45°). This gives 0.25<¢<0.37eV, much larger than @ from the
critical current versus capacitance data. It is aso clear from the tunneling fits from (8.5) shown
in Fig. 8.13 that the critcal current density does not vary exponentially with the capacitance per
unit area (regardless of the value of the barrier height) as predicted by a tunneling mode.
Therefore, current transport by tunneling across the entire geometric area of the grain
boundary is an unredistic explanation for the critical current with capacitance scaling

Observed.

The grain boundary capacitance per unit area varies approximately inversely with the
resistance area product, as shown in Fig. 8.14, again following the prediction of the

filamentary model. Tunneling of the quasiparticles across the entire geometric area of the
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Figure 8.13. Critical current density versus capacitance per unit area for the 24° misorientated
grain boundary junctions at 4.2K, together with fitsfrom (8.5) for ¢=0.25eV and ¢g=1meV.
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Figure 8.14. Capacitance per unit area versus resistance area product of the 24° grain boundary
junctionsat 4.2K, together with fitsfrom (8.6) for ¢=0.25eV and g=1meV.

grain boundary can again be ruled out with a numerical argument. The variation in the
capacitance per unit area indicates that the barrier thickness has changed by an order of
magnitude. An order of magnitude change in thickness should bring about a change in the
resistance area product by at least 3 orders of magnitude if (8.1) or (8.12) were being obeyed.
The resistance area products observed changed by less than 2 orders of magnitude. Whether or
not the barrier height is realistic, the capacitance per unit area does not vary exponentialy with

the resistance area product as predicted by atunneling model such as (8.6).

The scaling of grain boundary capacitance with resistance area product is common to all grain
boundaries in the cuprate superconductors on substrates with a wide range of dielectric
permittivities, as shown in Fig. 8.15. The increase in capacitance at low frequencies caused by
the SrTiO3; substrate described in Chapter 6 falls within the scatter in this graph.

8.4 Further Discussion
8.4.1 The scatter in grain boundary parameters

The critical current density, resistance area product and capacitance per unit area of the grain
boundaries varied over at least one order of magnitude for a single mis-orientation angle.
There are various possible causes of this scatter. Microstructural defects in STO bicyrstals

have been correlated with changes in grain boundary critical current density and
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Figure 8.15. The global scaling of capacitance per unit area with resistance area product (at 4.2K)
for grain boundary junctions, bicrystal unless otherwise indicated. Data for YBCO on MgO
(single grain boundaries in polycrystalline filmg)[99], NCCO on STiOi161], YBCO on
SITiO4[59], BSSCO on SrTiO3[162,163],YBCO on yttria stabilised zirconia[63], YBCO on
LaAlO; (step edge)[164], LSCO on SrTiO5[165].

resistance{166]. The defect distribution aong the SITiOz bicrystal line was found to be
inhomogeneous on a scale of ~1um. Defects were found to lead to meandering ofthe YBCO
grain boundary by up to 0.8um from the bicrystal line. The electrical characteristics of these
junctions showed no critical current and strong temperature dependence of the resistance,
which was not observed for any junctions in this study. Junctions with a moderate defect
density in the SrTiO; showed |.=2uA at 63K compared to 1.=380uA at 77K for defect free
junctions. Some of the junctions in this study did not show a critical current at 77K (e.g.
Xros24a, 3tdev). Therefore it is possible that defects in the S'TiO3 bicrystal led to some of the
scatter observed.

The film growth of YBCO takes place through the nuclestion of 3 dimensional idands. These
islands will not follow the grain boundary line exactly, but instead will meander or facet
leading to changes in the grain misorientation angle from that of the substrate. This therefore

leads to some scatter in the grain boundary critical current[45].

Annealing experiments such as those carried out by Sydow et al[150] show the importance of
oxygenation in controlling the properties of the grain boundary. Differences in the oxygen

content of the grain boundaries could contribute to the scatter observed in the critical currents,
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resistances and capacitances.

Itisalso clear from Fig 8.12 and Fig 8.14 that there were systematic differencesin the junction
properties depending on the geometry of the pulsed laser ablation system used to deposit the
films. In general the grain boundaries in the off axis films deposited in Cambridge had a lower
critical current and capacitance and a higher resistance than those films deposited by on axis

|aser ablation.
8.4.2 The evidence for filaments

It is clear from the saturation of the IR, product (Fig 8.11), the linear increase of critical
current with capacitance(Fig 8.13) and the power law decrease of capacitance with resistance
(Fig 8.14) that a filamentary model is required to explain grain boundary current transport.
However, there is little evidence from microscopy of the grain boundaries that such filaments
exist. A combination of grain boundary faceting and d-wave pairing has been shown to lead to
an inhomogenous critical current density across the grain boundary[47] (see also section
24.1). There is dso evidence for inhomogenous critical current density across the grain
boundary from deviations from the Fraunhofer modulations of the critical current with a
magnetic field[156]. So, there is evidence for superconducting filaments, or supercurrent
transport across only a part of the geometric area of the grain boundary. However, d-wave

pairing cannot directly influence the normal state resistance of the grain boundary.

Different types of facet are associated with different structura widths of the grain
boundary[45]. It is possible that the high angle facets correlate with regions of large structural
width of the grain boundary and low angle facets correspond to regions of small structural
width of the grain boundary. The high angle facets would then have a large resistance, a small
capacitance and possibly reversal of the direction of flow of the supercurrent. The low angle
facets would have a small resistance, a large capacitance and a high critical current density.
This would enable scaling of the critical current with the capacitance and the resistance due to

the variation in structural width of the grain boundary at different facets.
8.4.3 The evidence against filaments

The filamentary modd is aso unable to provide a satisfactory explanation for the global

scaling of capacitance with resistance for grain boundaries in the cuprates shown in Fig. 8.15.
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The model postulates that the variations in capacitance and resistance are due to variations in
the oxygen distribution at the grain boundary. However, as discussed in section 8.2.3 the
pressure derivative of the critica temperature differs for YBCO and BSCCO, so why so

should the oxygen kinetics be the same?

It can be seen from Fig. 8.11 that the critical current density varies over nearly two orders of
magnitude for those grain boundaries with a 24° misorientation angle. Within the context of
the filamentary model, this would require the effective area of oxygenated YBCO in contact
with the barrier layer at the grain boundary to vary between ~1% and 100% of the total area of
the grain boundary. It is not clear how diffusion of oxygen could result in the highly non
uniform oxygen distribution required for e.g. 90% effective area in contact. Furthermore, it is
not clear why saturation of the critical current density is not observed at a point where nearly
100% of the barrier layer isin contact with fully oxygenated Y BCO.

8.4.4 Variable barrier thickness

The models described in section 8.2 assumed an insulating region at the centre of the grain
boundary with a constant barrier thickness. Linear scaling of the capacitance per unit areawith
the critical current density has been observed for low T SIS tunnel junctions, which would be
expected to have an exponential dependence analagous to (8.5)[167]. The linear scaling was
attributed to variations in the thickness of the barrier layer. A fraction x of the barrier areawas
assumed to have thickness t; and a fraction (1-x) thickness 2t;. The total capacitance per unit
area is given by (6.14) assuming that the contributtions add in parallel. The capacitance per

unit area of alayer of thicknesst; is Cq.

C - £0£R(X+1) - CSO(X+1)
° 2d 2

(6.14)

The critical current density and resistance area product are assumed to be dominated by
transport across regions of thickness t;. This gives (6.15) and (6.16) for the scaling of
capacitance with critical current density and resistance area product R, where J o and Ry’

arethe critical current density and resistance area product of regions of thicknesst;.
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— CsO Jc
C.= 7[1+ Jco) (6.15)
C, = ﬁ[uﬁl (6.16)
2 |7 R

Variations in the grain boundary thickness could arise from the faceting of the grain
boundary[45]. The data in Fig. 8.13 gives C=0.08pFpm? and J=6.3x108 Am™, and that in

Fig. 8.14 gives C=0.052pFum™ and R,¢'=4.65Qum?. These values represent maxima for the
capacitance and the critical current density and a minimum for the resistance area product. The
range over which the capacitance, critical current and resistance area product vary is much
larger than these limits. A larger variation of the thickness, suchrab1®, could explain the

larger maxima of the critical current density and the capacitance per unit area This gives
Co=0.4pRum? and Jo=5.7x10 Am?, large enough to cover the undoped films. Other
mechanisms, such as a change in the barrier height due to a change in the density of trapping

states at the boundary could further increase the critical current density of the doped films.
8.5 Conclusion

The critical current density and capacitance per unit area°ofjiadn boundaries in YBCO

have been shown to increase with calcium doping. The resistance area product was shown to
decrease. The scaling of the critical currrent with resistance and capacitance, and of
capacitance with resistance of the grain boundaries demonstrates that current transport does
not occur over the entire geometric area of the grain boundaries. A tunneling model alone was
shown to give an unrealistic barrier height when applied to the critical current versus
capacitance data. Therefore a filamentary model is required to explain grain boundary current
transport, but there are severe drawbacks to a model based on oxygen deficiency at the grain

boundary alone.

It is clear that capacitance is an important probe of grain boundary current transport, as it is
directly related to the thickness of the insulating barrier layer at the grain boundary.
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Chapter 9: Conclusion

The first am of this thesis was to manufacture hysteretic grain boundary Y Bay,CusO7.5
Josephson junctions at temperatures higher than 50K. The junctions were shunted with a
multilayer Y Ba,Cuz07.5/SITiO3/Au pardlel plate capacitor. The highest temperature at which
hysteresis was achieved was 72.3K with a McCumber parameter of 1.01, for a junction with a
critical current of 450uA and a resistance of 0.56Q at this temperature. The shunt capacitor
consisted of two 150pm? square capacitors in series, with a 50nm SrTiO; dielectric. However,
the hysteresis measured was much less than that predicted from a calculation of the lumped
parale plate capacitance. This was attributed to two causes; the wavelength of the Josephson
oscillations was comparable to the size of the shunt capacitor itself, so the junction sees the
capacitor as a distributed impedance and thermal noise suppression of the hysteresis. For the
150um? capacitor at 72.3K the wavelength of the Josephson oscillations was 58um. A
measurement of the critical current distribution showed that the critical current at 30K was
suppressed from 88uA to 73pA. The McCumber parametes achieved were comparable to
others reported in similar structureg100] and the causes of the smaller than expected
McCumber parameter were anaysed. Simulations showed that it would be possible to make a

relaxation oscillation SQUID from a device with aMcCumber parameter of 1.01.

It was found during the investigation of Josephson junctions coupled to external capacitors that
further work was needed to establish why the SrTiO5 substrate, with its high dielectric constant
of 24000 at 4.2K, did not influence the capacitance of the grain boundary junctions grown on
it. Therefore, a series of grain boundary YBaCuzO;.5 junctions of different lengths was
patterned onto a SrTiO5 bicrystal. The measured Fiske resonance dispersion relation had two
branches, one with a high capacitance at low frequencies and alow capacitance branch at high
frequencies. This behaviour was caused by the frequency depedence of the diglectric constant
of the bulk SrTiOz in the region of the transverse soft optic phonon. The bulk SrTiO3 dielectric
constant decreases at frequencies greater than that of the transverse soft optic phonon. From
the measured dispersion relation the bulk dielectric constant of the SrTiOs was found to be 750
at 4.2K and the soft optic phonon frequency was 145GHz. These values are both lower than
previous measurements of the SrTiO; dielectric constant of 24000 at 4.2K and 390GHz for the
frequency of the transverse soft optic phonon. This discrepancy was attributed to the formation

of multiple structural domains in the strontium titanate. This result provides an explanation for
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the absence of a contribution to the junction capacitance from the SrTiO3 substrate observed
by Tarte et al[57,59]. In this case, the junctions all had Fiske resonances above the frequency
of the soft optic phonon in SITiO; at 4.2K and thus the substrate could not add to the junction
capacitance. The improved understanding of the influence of the SrTiOs; substrate on the
jucntion capacitance enabled the use of the grain boundary capacitance as a probe of the
current transport across the grain boundary. Furthermore, the experiment provides a direct
measurement of the dielectric properties of bulk SITiO; in this frequency and temperature

range, allowing a contrast with the subsequent measurements on thin film SrTiOs.

The didlectric constant of a series of thicknesses of thin film SrTiO; was measured using
Josephson junctions coupled to external resonators. Diffierent resonator geometries gave the
same diglectric constant for a given SrTiO3 film thickness. In contrast to the behaviour of bulk
SrTiOs, the dielectric constant of a 50nm SrTiO; film was found to be frequency independent
between 100GHz and 900GHz. The soft optic phonon had hardened to a frequency greater
than 900GHz. This is consistent with recent theoretical predictions of the existence of an
intrinsic dead layer between an incipient ferroelectric film and a metal electrode]74] and the
subsequent hardening of the soft optic phonon[140]. The films exhibited the size effect, with
their didectric constant being dependent on the film thickness. The 200nm SrTiO;3 film had a
dielectric constant of 200 for a 50um resonator and the 50nm film 34+4. The dielectric
constant of the 200nm film was found to be tunable with an electric field between 245 and 112
at 116GHz, consistent with the Ginzburg-Landau-Devonshire theory of ferroelectrics. The
technique has been demonstrated in investigations of fundamental dielectric properties of
ferroelectrics in the frequency range from 100GHz to 900GHz and the temperature range from
4.2K to 70K. The experiment could be adapted straightforwardly to measure other perovskite
ferroelectrics with a lattice parameter compatible with YB&CuzO;.5 . The method is also
useful for routine on chip dielectric characterisation in structures smilar to fina device
designs.

For the junctions on 24° bicrystals, the capacitance per unit area of the grain boundary was
found to scale linearly with its critical current density and was inversedy proportional to its
resistance area product. Models based on current transport across the grain boundary by
tunneling such as the band bending model[127] or resonant tunneling[31] aone cannot be
invoked as an explanation for this scaling. A model in which current does not flow over the
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entire geometric area of the grain boundary is required. Such a model could be based on
optimally oxygen doped Y BaCuzO-.5 filaments in contact across the boundary[149], or by a
model where the structural width varies aong the length of the grain boundary. The grain
boundary capacitance was shown to be extremely valuable as a probe of grain boundary
current transport, as it is directly related to the structural width of the grain boundary.
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