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Summary

This dissertation describes the investigation of the normal-state properties of high-angle
grain boundariesin YBa,Cu,0O, , (YBCO) and Y, Ca Ba,Cu,0O, , (calcium-doped Y BCO).

Y BCO is ahigh-temperature superconducting material with a superconducting transition
temperature up to 93 K. Grain boundaries are interfaces between two crystals or grains, and
severely reduce the attainable currentsin practical, polycrystalline material. A grain boundary is
characterised by the misorientation angle between the two adjacent crystals, which determines
the atomic structure of theinterface. The structure of low-angle grain boundaries (misorientation
angles < ~7°) is well understood; it consists of a regular array of dislocations. For higher
mi sorientation anglesthe dislocations merge and form acontinuously distorted zone. The struc-
ture of these high-angle grain boundaries, and, hence, the mechanism for charge transport across
theinterface, islesswell understood. The current —voltage behaviour of grain boundaries below
the transition temperature of the Y BCO has been investigated extensively, but lessdataisavail-
able of the resistive behaviour of the grain boundary in the normal state above the transition
temperature. The doping of Y BCO with calciumisknown to decreaseitstransition temperature,
but it can simultaneously improve the charge transport properties of grain boundaries in
polycrystalline material.

YBCO and calcium-doped YBCO thin films were fabricated on bicrystalline substrates.
The grain boundaries had misorientation angles between 18° and 45°. The filmswere processed
in order to obtain microscopic devices that made it possible to determine the resistance of the
grain boundary below and above the transition temperature. A measurement system was used
with which the voltage across the grain boundary can be measured as a function of applied
current between 5 K and room temperature. A detailed model for charge transport by tunnelling
across agrain boundary was used to interpret the results of the measurements of grain bounda-
ries. An algorithm based on this model wasformulated that made it possibleto cal culate a shape
for the potential barrier at the grain boundary from the temperature dependence of itsresistance.

The microstructure of the grain boundary was investigated using Transmission Electron
Microscopy. It was found that the grain boundary can show considerable deviations from a
straight path in line with the substrate grain boundary, but there are also locations where such
deviations are not observed.

Extensive measurements showed that the resistance of the grain boundary decreases with
increasing temperature above the transition temperature, and that resistance and the extent of
resistance variation increases with misorientation angle. The resistance below the transition
temperature was for certain misorientation angles observed to be independent of temperature at
voltages sufficiently high to exclude the influence of the superconducting behaviour of YBCO.
A reduction of the oxygen content of YBCO (higher value of d) increases the resistance and the
temperature dependence of the resistance. The doping of YBCO with calcium decreases the
resistance of the grain boundary below and above the transition temperature.

The shape of the potential barrier at the grain boundary was calculated on the basis of
most resistance — temperature measurements. The shape and size of potential barriers are used
to explain the variation of the grain boundary resistance with misorientation angle, oxygen
content and calcium doping percentage. The model shows little validity for grain boundaries
with a higher misorientation angle and resistance, which indicates that charge transport across
the grain boundary does not necessarily take place according the tunnelling with the assump-
tions made.
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1. Introduction

1. Superconducting materials

The remarkable properties of the superconducting state are zero resistance and perfect
diamagnetism. When asuperconducting material iscooled from hightemperature, itinitially behaves
asanormal metal with finiteresistance, until the resistancefallsto zero at acertain temperature,
known asthetransition temperature. Thisdefinesthetemperature of athermodynamic transition
to the state, in which electrons are paired. The other outstanding feature of superconductivity,
perfect diamagnetism, is also called the Meissner effect. A magnetic field is removed from the
interior of the superconductor as soon as the superconducting state is reached.

Thischapter presents anintroduction to superconductivity and superconducting materials.
The propertiesof junctionsin superconducting materialsarerelevant for the understanding of the
electronic behaviour of grain boundaries and will be discussed in sections 1.2 and 1.3. The
investigated high temperature superconducting materialsare Type |1 superconductors, of which
the characteristics will be discussed in section 1.4. Some relevant features of high temperature
superconductorswill be highlighted in sections 1.5 and 1.6.

1.1 Pairing theory of superconductivity

A complete microscopic theory of superconductivity was devel oped by Bardeen, Cooper
and Schrieffer, which is now known as the BCS theory [1]. It is based on the idea that, in
superconducting materias, there is a weak attractive force acting between electrons near the
Fermi level. Intheoriginal BCStheory it was assumed that this attraction was due to polarisation
of theionic attice by the electrons, the e ectron-phonon-electron interaction, but any mechanisms
leading to an attractive interaction of electrons can lead to superconductivity [2]. Asaresult of
the mutual interaction between electronsit becomes energetically favourable for electrons near
the Fermi energy to condense into pairs, known as Cooper pairs[3]. The internal motion of the
pair hasno orbital angular momentum (1=0, it isan sstate), and consequently thetwo spinsarein
asinglet antiparallel spin state.

As a consequence of the zero net spin the Cooper pairs have boson character and can
condense into a Bose condensate. The binding energy of any one pair isdefined as 2D, whichis
consequently theminimum energy required to break apair. Breaking up apair leadsto the creation
of electron-like excitations. These “quasiparticle” excitations have afermion character and give
the system normal properties. The superconducting condensate hasaset of quasi particle excitations
in one-to-one correspondence with the excitations of the material initsnormal state. Theexcitation
energy of the quasiparticles cannot be less than the gap parameter D, and there is therefore an
energy gap of 2D at the Fermi level in the excitation spectrum of the superconductor. It follows
that in equilibrium the number of normal excitations present will decrease asthe temperatureis
lowered, and the effective density of the normal fluid fallsto zero at T=0.

In BCS theory the binding energy of a pair 2D is assumed to be much smaller than an
average phonon energy hw, , whereh isthe Planck constant andw, an average phonon frequency,
and hw, is weak compared with the Fermi energy. This situation is referred to as the weak-

1



Normal state properties of grain boundaries in Y, ,Ca,Ba,Cu;0, 4

coupling limit and the el ectron pairing occurs at adefinite temperature, thetransition temperature
T, (as opposed to certain strong coupling superconductors, see section 1.6). Using variational
methods, which are outside the scope of this work, it can be shown that in the BCS weak-
coupling limit the gap parameter D, at T =0 isgiven by

1

D, = 2hw eV (1.1)

whereN isthe density of statesat the Fermi level andVisthe attractiveinteraction between
two paired electrons. The dimensionless parameter NV isknown asthe BCS coupling parameter.
For the weak coupling limit NV isrequired to be considerably lessthan unity. It isnot possibleto
obtain an analytic solution for T > O, but it can be shown numerically [4] that the presence of
quasi particle excitations leads to appearance of a critica temperature, T, at which D drops to
zero and above which the bound pair stateis not stable. It can be shown that T_is given by

1

kT, =1.14hw , eV (1.2)

wherek, isBoltzmann’s constant. It followsthat theratio of the gap parameter at T =0and
thecritical temperature has atheoretically defined valuein the weak-coupling limit

2, _,es (13)
KT

B'c

Tunnelling experiments have shown thisva ueto hold in many superconducting metals[5].
Materials with a much larger ratio (> 4) are categorised as strong coupling superconductors.
Furthermore, it can be shown that the free energy by unit volume of the BCS ground state with
respect to the Fermi seaground stateis

G,- G, =-iN(O)D} (1.4)

S

where G_and G, arethe free energy of the superconducting and normal state, respectively,
and N(0) isthe normal state density of the states at the Fermi level.

Like the gap parameter, the free energy difference decreases as a function of temperature
and goesto zeroasT goesto T_. Within BCStheory, the size of the pairsis given by the coherence

length, x,, andisinversely proportional to the gap parameter
x, = M (15)
pD,

where u_isthe Fermi velocity.



1. Introduction

1.2 The Josephson effects

Tunnelling or barrier penetration isaprocess whereby an electron confined to aregion by
an energy barrier can penetrate the barrier through aquantum mechanical processand emergeon
theother side. Tunnelling, asconsidered in thiswork can take place through aninsulating layer (1)
between two normal materials (N-1-N), between a normal metal and a superconductor (N-I-S),
and between two superconductors (S-1-S) [2, 4, 6]. Provided the charge carriers are fermions,
tunnelling through the barrier proceedsto energy statesthat are empty so that the Pauli exclusion
principleisnot violated, and thetotal energy of the systemisconserved in the process. Therefore,
single electron tunnelling occurs between levels with the same energy, and in two-electron
tunnelling, involving for exampl e break-up of aCooper pair, one el ectron gainsas much energy as
the other loses. A positive bias +V on the material lowers the Fermi energy level by eV, and
electrons tunnel toward the positive bias, with the tunnelling current | flowing in the opposite
direction. Assuming that asuperconductor hasitsenergy statesfull below itsenergy gap, 2D, and
empty above, tunnelling inthe S-I-Scase occursin onedirectionfor V < -2D/eand inthereverse
direction for V > 2D/e. At absolute zero no tunnelling occurs for the intermediate range of —2D/
e < E <2D/e. At finite temperatures a few electrons of a normal metal are found above E,, and
some electrons of the superconductor are excited for levels above the gap, with the result that
weak tunnelling current flows for the range of biaseswhereit isforbidden at 0 K.

Asan extensionto thetunnelling of el ectronsthrough classically forbidden regions Josephson
proposed that Cooper pairs could also undergo tunnelling. The phenomena associated with this
processare called Josephson effects and the componentsin which they are observed are Josephson
junctions[2, 4, 7]. The Josephson effects are adirect consequence of the macroscopic quantum
nature of the superconducting state. The dc Josephson effect involves Cooper pair tunnelling
from one superconductor to another across an insulating barrier at zero bias (V = 0). The
wavefunctionsfor the two sides of the junction can be writtenin theform

le\/EeiCh (16)
Y2=\/n—52eiq2 (17)
j =q,-q, (18)

where n_ and n, represent the Cooper pair densitiesin the two superconductors, andj is
the phase difference acrossthe barrier. The Josephson expressions

a _2ev (1.9)
ad dt
J=J sinj (1.10)
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relatej tothecurrent density Jthrough thejunction and to the voltageV acrossit. Thereis
anet flow of Cooper pairs across the junction that depends on the phase difference between the
two superconductors. The Cooper pair densities determine the magnitude of the critical current
density J,

‘]c lJ- A nslnsz (111)

When a constant voltageis applied across the junction, (1.9), can beintegrated to give

(1) =j o +2pw;t (112)

where w, isknown as the Josephson frequency

" h F,

F , =h/2eistheflux quantum (see section 1.4). Thisisthe ac Josephson effect, which has
thefollowing expression for the oscillations of the critical current density

J=J.sin(2pw;t +j o) (1.14)

These oscillations occur for a constant applied voltage. The current density amplitude J_
reaches a maximum when the applied voltage isthe gap voltage, V = 2D/e.

1.3 The shunted junction model

At finite values of the voltage bias not only an ac supercurrent can flow through abarrier,
but also quasi-particles (unpaired charge carriers) can traverseit. Depending on the nature of the
barrier between the superconducting el ectrodes, the mode of transport of the quasi-particlescan
betunnelling (for aninsulating barrier), ballistic (in case of e.g. aclean metal) or diffusive (in case
of e.g.adirty metal). Direct tunnelling can only occur over very small distancesacrossdefect free
insulating barriers. Indirect tunnelling can take
place through localised states in the barrier,
which can occur over longer barrier lengths.

Metallic barriersresult in Ohmic behaviour of QD R, |:| [J lsin(e) Vf)

Ll

the normal charge carrier transport across a
Josephsonjunction. Inthiscasethe Resistively !

Shunted Junction (RSJ) model, a lumped Figure 1.1. Equivalent circuit model for a Josephson
Junction.
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circuit model consisting of an ideal Josephson junction in parallel with an Ohmic resistor (R),
provides auseful description of apractical Josephson junction[4, 7].

The current transport of a Josephson junction isin practice measured by a dc current and
the equivalent circuit model for thissituationisshownin Figure 1.1. For thetotal biascurrent (1)
inthe absence of noisethefollowing applies

Vv . h
| =—+I.8n] =
R, 2¢

+1,sinj (1.15)

Where the equations for both the dc and ac Josephson effects (1.10, 1.14) have been used.
Thisequation can beintegrated by separation of variablesand using theresult to obtain the
time dependent voltage, V(t), we get

b

.. s
aellg+singj . hRﬂt /g’l' ¢ -1
c@ g c O

Fromthisequationitisclear that thel R product of a Josephson Junction determinesthe
maximum ac voltage amplitude at agiven operating frequency. Thedc voltage acrosstheresistively
shunted junction can be found from the ac Josephson relation

0
= -1
2

VO = 1R, (116)

(WE B Hek

v=—2I> (1.17)

and from the expression of the oscillation
frequency in (1.16)

I\J

- 2el R, (el 0 1 (1.18)
g

Q'II

Now it can be derived that for | > 1 _applies

V=IR, /? 0 -1 (1.19)
cﬂ

Thisexpression leadsto the RSJ current-

2 3
VIR,

Figure 1.2. The current-voltage characteristic of an
idealised resistively shunted junction.
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voltage characteristic, as shown in Figure 1.2, which is often encountered in measurements of
Josephson junctions with normal barriers. At high bias the curve asymptotically approachesthe
Ohmic characteristic, asaresult of the decreasing contribution of the Josephson voltage oscillations
(1.15). Thisanalysisisstrictly only valid at zero temperature, where noise contributions can be
ignored. At finite temperatures noise results in rounding of the onset of the current-voltage
characteristic.

1.4 Type Il superconductors

The description of the quantum interactionswithin the superconducting stateissimplified
by a macroscopic quantum wavefunction, y, where n_= y ¥ * = Yy %2 gives the density of
superconducting electron pairs. This quantity is also known as the complex superconducting
order parameter and is the basis of the phenomenological Ginzburg-Landau formalism for
superconductors[4]. Two characteristic lengths arise from thistheory. The magnetic penetration
length, | , determines the length scale over which spatial variations in the local magnetic field
occur. Further the superconducting coherence length, x, determines the length scale over which
gpatial variations of the order parameter take place. Therelativesizeof | and x distinguishestwo
different classes of superconductor, theratio of thetwo iscalled the Ginzburg-L andau parameter
K,

K =] (1.20)

Materialswithk<'/ (2 areknown astype | superconductors and lose their superconductivity
completely when a sufficiently large magnetic field penetrates. The transition from the
superconducting state occurs at a certain applied magnetic field H. This critical magnetic field,
H., ischaracteristic of the superconductor in question. The temperature dependence of thecritical
fieldistypically well described by
6

H.(T) = Hc<0)§- glo ' 12y
(]

C

H H
Type | Type |l
ch
H, H, Normal
%mm =10
R
C Superconducting 3 Superconducting
h 'Y
0 A\ 0
0 T, 0 T, T

Figure 1.3. Comparison of the phase diagrams for Type | (Ieft) and Type Il (right) superconductivity. From[7].
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whereH (0) isthecritical field at T=0. Theresulting phase diagramisshownin Figure 1.3a.
The H (T) curve separates the superconducting state from the normal state.

The case of k>Y/,(2 isknown astype |1 superconductivity and exhibitsaslightly different
behaviour in comparison to type | superconductivity. For atypel superconductor, aboveacertain
lower critical field H_, magnetic flux starts to penetrate the superconductor. This state where
magnetic flux penetratesthe sampleisknown asthe mixed state. At the upper critical fieldH_, the
material issaturated with magnetic flux and the superconducting propertiesarelost. Theresulting
phase diagram is shown in Figure 1.3b. The basic unit of the mixed stateisaflux vortex, which
essentially contains one flux quantum, F , asintroduced in section 1.2, given by

= h (1.22)
2e
A flux vortex consists of a central normal core of radius x surrounded by cylindrical
superconducting region where asupercurrent circulates around the coreto generateasingle flux
quantum, F . Thissuperconducting region is extended to adistance, | , the magnetic penetration
depth. The occurrence of the mixed state is caused by the negative energy associated with the
normal — superconductor interface if k>Y/,(2. Consequently, the energy will be minimised by
maximising the number of normal regionswithin the superconducting state. Figure 1.4 showsthe
variation of the Cooper pair density n_and the magnetic flux density Bintheinterior of aTypell
superconductor inthe mixed state. The magnetic flux density isgiven by

B=my(H+M) (1.23)

{4 AA
By

Figure 1.4. Spatial variation of the magnetic flux density B (top) and the Cooper pair density n. (bottom) in the
mixed state of a Type Il superconductor. From [7].
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where M isthe magnetization.

Theresponse of aType |l superconductor to an applied magnetic field can bevisualised as
follows. Figure 1.5 hows the magnetisation curve of an ideal Type Il superconductor. At low
magnetic fields, theflux vorticesare completely expelled and the superconductor isin the Mei ssner
State. Inthisstate, the energy of anisolated vortex isawaysgreater than thereductioninthefield
energy that would occur if avortex penetrated the superconductor. At thelower critical field,H
the condition of thesetwo energiesisjust satisfied, and the vortices start to enter the superconductor
with thefurther increase of applied field. Theinteraction forcesthat arise between thevorticesas
they cometogether determinethe equilibrium vortex density at any applied magnetic field above
H.,. Asthefieldisincreased further, the order parameter is progressively reduced; and at another
value of thefield, the order parameter becomes zero with a second order phase transition to the
normal state. Thisisthe upper critical field, H_,, given by

H, = F o (1.24)
2px

Thisequation arisesfrom the destruction of the superconducting state because of the overlap

of vortex cores. When one minimises the free energy as a function of lattice configuration, the

vorticesinthe mixed state are arranged in ahexagonal pattern known asthe Abrikosov lattice[8]

(Figure 1.6). Thelattice spacing, a , isdetermined by the magnetic flux density in the material and

isgivenby
IFo (1.25)
a, M B

S0, because of the vortex-vortex interactionsthe vorticestend to arrange themselvesinto a
vortex lattice. Dueto the presence of the vortex lattice a Type Il superconductor can withstand
magnetic fields much higher than the thermodynamic critical field, H_, but it cannot carry a

_qu

=

—
H H H H

cl c c2

Figure 1.5. Magnetisation curve for an ideal Type Il superconductor. The shaded areas left and right of the
thermodynamical critical field H, are equal. From[7].
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dissipationless electric current. In the presence of an applied current, J, aLorentz force, F, acts
on avortex, given by,

F,=J F, (1.26)

Because of this force, the vortices tend to move transverse to the current (Figure 1.6). If
they do move, they essentially induce an electric field parallel toJ of magnitude

E=B v (1.27)

wherevisthevelocity of thevortex. Thisactslikearesistivevoltage, and power isdissipated.
In this case, atransport current cannot be conducted without resistance.

Thusatypell superconductor will not sustain any dissi pationless current unlessthe motion
of vorticesis prevented by some mechanism. Such amechanismisknown asflux pinning sinceit
pins the vortices in preferred locations. Pinning results from any spatial inhomogenity in the
material, thismay be caused by structural defects or compositional variation. Inhomogenitiesina
typell superconductor will giveriseto variation of the superconducting parameters, resultingin
thelowering of thevortex energy in preferred pinning sites. At acertain current density, however,
the Lorentz forcewill belarger than theflux pinning force exerted by the avail able pinning centres,
and thevorticeswill start to move. The volume or bulk pinning force depends on the size, shape,
type and distribution of the pinning centresin the material and determines the so-called critical
current density, J .

Two types of inhomogenities can be distinguished in atype |1 superconductor [9]. There
are defects leading to inhomogenities in the mean free path, |, of the electron. This type of
inhomogenity does not often affect the zero field thermodynamic properties, like T. Therefore
thiskind of disorder iscalled dl pinning. The second type is defects causing an inhomogeneous

4
g%ﬁJ

¥F =dxo, ¥

A A

H A H

Figure 1.6. The vortex lattice of a Type Il superconductor in the absence of a transport current (left) and in the
presence of a transport current (right). The Lorentz force F, causes flux flow perpendicular to the direction of the
current and to the applied magnetic field. From[7].
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effectiveinteraction between electrons and ismagnetic in nature. Thistype of defect smearsthe
phasetransition out andisthereforecalled dT_ pinning. Theoccurrenceof theflux pinninginteraction
originates from the structure of the quantised flux vortex as shown in Figure 1.7. The
superconducting order parameter, Y, has a zero point at the centre of the vortex with a sharp
variation within arange of the coherencelength, x. When theflux linemovesin aregion wherethe
superconducting properties change spatially, it feelsachangein the free energy, which resultsin
the flux pinning interaction. The sharp variation in the structure of the order parameter in aflux
line plays a dominant role in the flux pinning. According to the Ginzburg-Landau theory, an
approximation for the free energy in the superconducting state at high fieldsis given by

. 5 .
FS:H_CZ(?Mz_'_ﬁ(NL/ |22) g (1.28)
mET 2 b g
where H_is the thermodynamic critical field, m is the permeability of vacuum and the
normalised superconducting order parametery =Y/|Y |withY, denoting the equilibriumvalue
of Y intheabsence of magneticfield. Thethermodynamic critical field of atypell superconductor
isdefined as

H 2
“le o (,:n - ,:S)|H_O (1.29)
2m, B
where(F -F)|,_,isthefreeenergy difference betweenthe normal and the superconducting
state when no magnetic field isapplied.

1.5 High temperature superconductors: YBa,Cu,O,

The new generation of high temperature superconductors (HTSCs) beganin 1986 with the
observation of superconductivity above 30K inlLa, (Ba,Sr) CuO, by Bednorz and Muller [10].
Wu et al. [11] observed asuperconducting transitiontemperature of 93K inYBa,Cu,O, , (YBCO),
which was the first system to show superconductivity above the boiling temperature of liquid
nitrogen (77 K). Liquid nitrogen, in comparison with liquid helium, ismuch cheaper and convenient
towork with and hence, thefabrication of practical devicesbased on HT SCsbecame morefeasible.

B
W]

_

Figure 1.7. Sructure of a quantized flux vortex. Y is the superconducting order parameter, B is the applied
magnetic field, x is the coherence length and | is the magnetic penetration length. From [9].
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Sincethen, various other superconductors have been discovered with ahigher superconducting
transition temperature[12]. In thissection the complex crystal structure and chemistry of YBCO
will bediscussed. Theimplicationson the current carrying characteristicswill be examinedinthe
next section.

The structure of oxide superconductors is generally classified in terms of well-known
structural types. The structure of YBCO isrelated to that of perovskite with the apical oxygen
atoms removed from the structure. The presence of one or more CuO, planesintheunit cell isa
common feature of all cuprate superconductors [13]. These planes are called the ab-planes and
the axis perpendicular to these planesis called the c-axis, by convention. In the slightly buckled
CuQ, plane, each copper atom is strongly bonded with four oxygen atoms in a nearly square
planar configuration. In YBCO, two single CuO, planes are stacked in the c-direction and are
separated by anintercalating layer that consists of copper and barium atoms and avariable number
of oxygen atoms[14, 15]. The grouped CuO, planes are then piled through yttrium atoms along

thec-direction. Thereforethestructureof YBCO
can be simply considered as the sequential
stacking of theseintercalating CuO, planes, asis
showninFigure1.8.
CuO The CuQ, planes have been proposed as
the conduction channels of superconductivity,
Bao  Whiletheintercaatinglayersprovidecarriersand
act as “charge reservoirs” necessary for
superconductivity. Thetransfer of chargecarriers
D cuo, between the CuO,-planes and the intercalating
planesisschematically representedin Figure 1.9.
The number of carriers in the CuQO, planes is
9 cuo, determined by theoverall oxygen content of the
compound (the fractional value of d). The so-
called parent compoundisY Ba,Cu,O, (d=0.5),
BaO  jnwhichthe Cuisinthe Cu? stateandthe O is
inthe O? gtate. The Cu configurationisthen 3d°,
with one hole in the 3d shell, and the O
configuration is 2p°®, a complete p shell. In the
field of thecrystd latticethese orbitalswill spread
Figure 1.8. Crystal structure of YBa,Cu,0, . The into bands. Asthereisonly onehole per unit cell
contents of every latticeplaneisdesignated at theright  in the parent compound, it is expected that the
‘:'r:\‘z rfnmir;(:l;i'w'\: Zt:‘;gl)%%i?a_c%wé;a“aﬁg Fermi level only intersects the highest of these
represented assmall black circlesand copper assmall  bands. The corresponding highest lying orbitals
gray circles. The larger atoms, yttrium and barium, are those with lobes in the ab-plane, and these

are shown as large circles without coordination
polyhedra. From[12].

CuO
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are associated with the mobile electrons (or holes) in the CuO, planes.

Increasing the oxygen content in the compound will increase the number of oxygen atoms
of the Cu-O, , planesin the charge reservoirs, which consist of one dimensional “Cu-O chains’
along the b-direction. Concomitantly, the state of Cu atoms changesfrom Cu?* to Cu®* in order to
compensate the charge associated with the additional oxygen. Thus, increasing the oxygen content
of the Cu-O chains hasthe effect of creating additional holesin the uppermost band of the CuQ,
planes. If the holes are distributed equally between the three Culayers, therearen, =4/, —%/,such
holes per CuO, planesinaunit cell. Whend = 0 or there are seven oxygen atoms per unit cell, the
oxygen atoms are fully ordered to form “perfect” Cu-O chains and thereis (on average) Y/, extra
hole per Cu-O plane, i.e. on top of the holewhen Cuisin 3d° statefor d = 0.5, andn, = */,. When
1 >d > 0 or the oxygen content decreases, the oxygen atoms on the chains are depleted and the
degree of ordering for the CuO chainsis also reduced. Furthermore, when d=1 or there are only
Six oxygen atoms per unit cell, all the oxygen atoms on the Cu-O chains are lost. The crystal
structure of YBCO then transforms from orthorhombic to tetragonal [16]. YBCO with such a
structure and composition is no longer superconducting at “high” temperatures. In practice, the
tetragonal structureisfavoured for d>0.6 (even though there are still oxygen atoms present in the
Cu-Ochains).

The role of the oxygen content can be represented in a doping phase diagram [17], as
shown in Figure 1.10. The doping phase diagrams of the different cuprate superconductors are
quditatively similar. The parent compound, with one hole per unit cell in the CuO, planes (n,= 1)
is an antiferromagnetic insulator, with a Néel temperature of several hundred K. As the hole
concentration isincreased, the Néel temperature falls and bulk antiferromagnetism disappears,
but is replaced by superconductivity withalow T_. TheT_thenrises, ismaximised at about 1.16
holes per unit cell, and falls again to zero. In YBCO this doping level occurs when d ~ 0.08.
Regionswithalower dopinglevel (d>0.08in Y BCO) are commonly referred to as* underdoped”,

CuO: plane
Charge
Reservoir

‘B CuO; Plane

o
Electrons

Holes

o
-
T

Figure 1.9. CuO, planes made from CuQ, squares sharing corner oxygens (left) and a schematic view of the
electronic layersin oxide superconductors (right). From[12].
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and thosewith ahigher doping level (d < 0.08) as“overdoped”. Emperically itisfoundthat the T
follows aquadratic dependence as afunction of doping level [18]:

LE 82.6(p- 0.16)°

C,max

(1.30)

where p is the number of added holes (n-1). At the point where superconductivity first
appears, thenormal state aboveT_exhibitsahighly resistive hopping conduction characteristic of
localised el ectronic states.

Theunderdoped region exhibits propertiesdominated by apseudogap, whichisareduction
in the density of states at the Fermi-energy above the transition temperature and below the
characteristic pseudogap temperature, T* [19]. Withintheframework of thed-waveorder parameter
symmetry (see section 1.6), the pseudogap has been found to have the same angular dependence
and magnitude as the superconducting gap below T, itismaximum along thethe < 100 > directions
and minimum along < 110 > type directions, and seemsto merge with it at the phase transition.
The pseudogap region has been suggested to be associated with the formation of incoherent
Cooper pairs, adso called “preformed” pairs [20]. At a lower temperature, phase coherence is
established among these pairs|eading to the superconducting transition. However, morerecently

it has been reported that the characteristic

Al A ' ' ' pseudogap temperature has a very different

Y ] doping and magnetic field dependencethan the

400 |- Y T temperature at which superconducting

Y ] fluctuations become detectable [21]. This

¢ a0 T*‘\\ ' Would sugggst that the pseudog.a;.) has a
= \ different origin than superconductivity, and
2001\ orthorhombic \  Tetragona | Within this framework pair formation and

Y | pseudogap behaviour are described as

100 - o 1  competing effects. This picture is supported

g S ‘\ by the observation that the pseudogap persists

°0'0 " ‘0:2 o below the transition temperature, and

additional holes per Cu-O plane

Figure 1.10. Phenomomenological phase diagram for
cuprate superconductors. The properties of the cuprates
are shown as a function of temper ature and the number of
additional holes (p = ny,-1) with respect to the ” parent
compound” inwhichall copper atomsareinthe Cu?* state.
For YBa,Cu;0,4 this means that d=0.5. Three
characteristic temperatures separate distinctive regions
of the phase diagram: the Néel temperature, T,, below
which the material isan antiferromagnetic (AF) insulator;
the critical temperature, T, below which
superconductivity (S) occurs; and the characteristic
pseudogap temperature, T*, below which a gap occurs
in the density of states at the Fermi level. From [17].
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extrapolatesto zeroat p~0.19[21]. The onset
of the pseudogap is associated with a
characteristic downward kink at T* in the
resistance - temperature characteristic of
cuprate superconductors. The origin of this
kink has been suggested to be an implication
of the transition from a quantum-critical to a
guantum ordered state that occurs at T* [22].
Above T*, the normal state shows more
metallic behaviour with the resistivity rising
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linearly with temperature. In the overdoped region (or rather for p > 0.19) the resistance -
temperature characteristic exhibitsacharacteristic upward turn, which isassociated with atransition
from aquantum-critical to aquantum disordered state [22].

The phase diagram indicates the importance of controlling and measuring the hole
concentration in cuprate superconductors. Oxygen content is usually measured by
thermogravimetric analysis, which invol ves the measurement of changesin weight asafunction
of temperature. The weight of a sample is measured as a function of temperature. In both bulk
materials and thin films the control of oxygen concentration is difficult. Control of the oxygen
concentration is achieved by accurate control of temperature and partial pressure during oxygen
annealing, and with careful standardisation reproducibleresults can be obtained. Oxygen diffusion
rates arelow enough to makeit difficult to ensure that bulk samplesare uniform, but at the same
time high enough to cause gradual changes of the oxygen content over time. In the case of thin
films, thermogravimetric analysisisless suitable due to the small amount of material. Instead, X-
ray diffraction along with Raman spectroscopy can allow measurement of the oxygen content in
thin films [23-25]. Changes in T_ can offer a further way of monitoring the oxygen content.
However, thisappliesonly if the single factor that changed between two films of differentT_was
the oxygen content, which may be difficult to achievein practice.

1.6 High temperature versus conventional superconductors.

A vast amount of theoretical and experimental work over the last 20 years has shown that
there are distinct differences in the nature and phenomenology of the superconducting state in
cupratesin compari son with conventional superconductors. In thissection someof thesedifferences
will be addressed.

Asset out in Section 1.1., most low temperature superconducting metal s are weakly coupled
superconductors and the binding energy of apair 2D is weak compared with the Fermi energy.
Values of 2D /k T_ (1.3) up to 12 have been deduced from tunnelling spectroscopy studies of
cuprate superconductors[5], and therefore could bereferred to as strong coupling superconductors.
The superconducting coherence length x, as defined in (1.5), is of particular importance for the
cuprate superconductors. In conventional superconductors, X is up to 1 um and the centre-of-
mass coordinates of up to a million carriers lie within a sphere with a radius x. In the high
temperature superconductors, a small carrier density, a large effective pass of an electron pair,
and ahigh transition temperature |ead to a severely reduced x in the
order of 1 nm. So, in these materials a sphere with radius x contains + K/T_)
about one pair of carriers. The small coherence length makes the ' 0 K,
superconducting state very susceptible to disruption, even to very ”
small defects of the order of one unit cell. This has important [
consequencesfor propertiesmeasured in non-crystallinesamples, since

this means that defects like grain boundaries will play animportant Figure = 1.11.  k-space
representation of thed,. ,--wave

role. order parameter symmetry.
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Most conventional superconductors have an s-wave pairing symmetry, which means that
magnitude of the superconducting order parameter is constant in all directions. For cuprate
superconductors, however, ad-wave pairing symmetry hasbeen established [ 26, 27]. Phase senditive
tests, along with evidence from a number non-phase-sensitive techniques have provided
overwhelming evidencein favour of d-wave symmetry in optimally doped cuprates. Within the
framework of the d-wave pairing symmetry, the superconducting gap is zero along the 4 orthogonal
k| =k, directionsinthecrystal. The geometry of the d-wave order parameter symmetry isshown
inFigure1.11. Theconsequencesof thed-wave pairing symmetry aremainly manifested at interfaces
and surfaces with an [001] component. The implications of the d-wave symmetry on [001]-tilt
grain boundaries will be discussed in section 2.4. As aconsegquence of the anisotropy of the gap
parameter, the high temperature superconductors do not show afully devel oped superconducting
gap intunnelling experiments. A significant background conductance was found to be present for
all biases [28], which is evidence for the fact that there are accessible states around the Fermi
level.

The small coherencelength in combination with alarge magnetic penetration depth makes
the high temperature superconductors strong Type | superconductors. Within theinterior of the
cupratestrapped flux form conventional magnetic vortices, and their properties can be understood
in the framework of the Ginzbrug-Landau theory. Because of the small coherence length, small
scaleirregularities, such as oxygen vacancies, provide pinning sitesfor the vortices. Futhermore,
the layered structure of high temperature superconductors makes these compounds highly
anisotropic. A strict distinction hasto be made between the directions perpendicul ar and parall€l
tothe CuQ, planes. The physical and mechanical propertiescanvary greatly inthesetwo directions
[29]. The magnetic penetration depth and the superconducting coherence length can vary by two
orders of magnitude in the directions perpendicular and parallel to the ab-planes. For some high
temperature superconductorsthe CuO, planes are sufficiently decoupled to al so decoupl e theflux
vortices between CuO, planes, which form decoupled “ flux pancakes’. A current applied parallel
to the c-axis will be strongly impeded by the layered structure. Therefore the critical current
density, J, parallel to the ab-planeswill be much higher than perpendicular to the ab-planes. The
anisotropy hasalso itsimplicationsfor theinfluence of the orientation of an applied magneticfield
onthecritical current density. Whenthefield isapplied parallel to the ab-planes, the anisotropic
structurewill serve asasource of strong intrinsic pinning. Consequently, theJ_ can be decreased
considerably if thefieldisapplied parallel to the c-axis.
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2. The Nature of Grain Boundaries in YBa,Cu;0,4

Grain boundariesin polycrystalline high temperature superconducting material sact asweak
linksthat limit the critical current density of thematerial, and are therefore the major impediment
foritspractical application. Thissection reviewsthe broad and dynamic field of grain boundaries
in’YBa,Cu;0,4 (YBCO), with an emphasis on topics that address the relationship between the
structural and transport properties of high-ange grain boundaries. After a general introduction
into the structure of grain boundaries, the microstructural propertiesof grain boundariesin YBCO
arediscussed. Subsequently, important characteristicsof their current-voltage characteritic, critical
current density, conductance-voltage behaviour and normal-state resistivity arediscussed. Inthe
second half of the chapter, four topicswill be reviewed that have been discussed extensively in
connection with the observed transport properties of grain boundaries: the d-wave pairing
symmetry; band bending and el ectronic structure; oxygen content and cal cium doping. The chapter
is concluded with a description of the current status of our understanding of the nature of grain
boundaries.

2.1 Introduction to grain boundaries

A grain boundary is an interfacia defect @) [001]
separating two grainsor crystals having different
crystallographic orientations in polycrystalline L' 9<§I
materials [1]. Within the grain boundary region,
whichisonly several atom-distanceswide, there — 1
is an atomic mismatch in a transition from the [00THilt —
crystalline orientation of one grain to that of an

adjacent one. Grain boundaries are usually
classified according to the displacement and the  (P)

[001]

rotation of the abutting crystals, as shown ¢
. - . . 100
schematically in Figure 2.1. For rotational grain [100] 1ol
boundaries adistinction is made between thetilt s R —
[100]-tilt

and twist components of the grain boundary
misorientation. Here, tilt refers to a rotation
around an axisin the plane of the grain boundary,

, . . , c
and twist to rotation around the axis perpendicul ar (©

to the grain boundary plane. Furthermore, \ moor\ ooty
combinations of tilt and twist components may —
occur, leading to so-called mixed boundaries.  [100}-twist I D

Grain boundarieswithidentical misorientationsof Figure 2.1. Schematic diagram showing the

. . . crystallography of (a) a [001]-tilt boundary, (b) a
Fhe grains with respect to_the gramn bound_ary [100]-tilt boundary, and (c) a [ 100]-twist boundary
interfaceare called symmetrical grain boundaries, in a cubic material [39].
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otherwisethey are asymmetrical grain boundaries. The extent of misorientation isindicated with
the misorientation angle g between the adjacent grains.

Various degrees of crystallographic misalignment are possible. When this orientation
mismatchisdglight, i.e. q intheorder of afew degrees, then theterm low-anglegrain boundary is
used. These boundaries can be described in termsof dislocation arrays. A tilt low-angle boundary
consists of edge dislocationswith parallel Burgersvectors. The burgersvector isderived froma
comparison between a closed contour in the undisturbed crystal and a contour connecting
corresponding lattice points around the dislocation, the so-called Burgerscircuit. The vector that
hasto be added to closethecircuit definesthe burgersvector [2]. A twist low-anglegrain boundary
consistsof arraysof screw dislocations. In standard grain boundary didl ocation theory, the distance
d between the dislocations of acertain set isgiven by Frank’sformula:

d :|6|/sinq (2.1)

where |5| isthe magnitude of the burgers vector p .

From acertain angle, depending onthe material, the dislocationsare nolonger well separated
and themodel becomes physically unredlistic. Theinterfacelayer may bestructurally distorted or
composed of well-defined structural units. Not all atoms are bonded to other atomsalong agrain
boundary, and, consequently, an interfacial energy is associated with grain boundaries. The
magnitude of this energy is afunction of the misorientation angle, being larger for high-angle
grain boundaries. Grain boundaries are more chemically reactive than the grainsthemselvesasa
consequence of thisboundary energy. Furthermore, impurity atoms often preferentially segregate
along these boundaries because of their higher energy state. Thetotal interfacial energy islower
in large or coarse-grained materials than in fine-grained ones, since thereis lesstotal boundary
areain theformer.

Apart from the low misorientation angles as special grain
boundaries, thereare o higher anglesthat containahighdensity @ ‘e <>. o
of coincident atomic sites. Withincreasing tilt misorientation, an
angleisperiodically reached at which arelatively high number of 0 %9009 0,Ce @
the atoms across the boundary planefall into coincidence. The ’0’: ’0’:
sameistruefor twist boundaries. A commonly used nomenclature 00 @
for boundaries of thistypeisthe CSL description, standing for 00 % 05 0% e
coincident site lattice, in which the notation “S” gives the
reciprocal of the fraction of sitesthat are coincident [3]. Figure o o @ O @

2.2 shows a symmetrical [001] tilt boundary with an 36.87° Figure 2.2. Atomic arrangement of
misorientation angle, giving a CSL lattice in which one out of & Symmetric [001] tilt grain

boundary with a misorientation
every fivelattice sites of each grainiscoincident with the other; angle of 36.87° (S=5). From[4].
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i.e. S=5. Other common special anglesare 16.26° (S=25), 22.62° (S=15) and 28.07° (S=17) [5].
Special tilt boundaries have a characteristic structural periodicity, and also a lower boundary
energy than non-coincident boundaries.

2.2 Microstructural properties

Microstructural characterisation providesthelink between fabrication and physical properties.
Itisof vital importance to understand how deposition parametersinfluence microstructure, and
how the microstructure leadsto the observed macroscopic properties. Thisis (also) of particular
relevance for grain boundaries in superconducting materials, as microstructure, microscopic
electronic structure, and transport properties are closely interrelated in this framework. Most of
thework on grain boundaries hasbeen carried out on artificial grain boundaries, prepared by the
epitaxial growth of thinfilmson bicrystalline substrates [6-8]. Several deposition techniquesare
currently employed to grow superconducting thin films[9], and all have different relationships
between deposition parameters and resulting microstructure.

All phasetransformations, including thin film formation, invol ve the processes of nucleation
and growth, and the growth mode provides the link between deposition and microstructure.
Three different growth modes are generally distinguished: 1) island (or Volmer-Weber), 2) layer
(or Frank van der Merwe), and 3) Stranski-Krastanov (intermediateform) [10, 11]. Island growth
occurswhen the smallest stabl e clusters nucleate on the substrate and grow in three dimensionsto
formislands. Thishappenswhen atomsor moleculesin the deposit are morelikely bound to each
other than to the substrate. The opposite characteristics are displayed during layer growth. Here
the extension of the smallest stable nucleus occurs overwhelmingly in three dimensionsresulting
in the formation of planar sheets. In this growth mode the atoms are more strongly bound to the
substrate than to each other. The first complete monolayer isthen covered with asomewhat less
tightly bound second layer. Providing the decrease in bonding energy is continuous toward the
bulk crystal value, the layer growth mode is sustained. Stranski-Krastanov is an intermediate
combination of the aforementioned two modes. In this case, after forming one or more monolayers,
subsequent layer growth becomes unfavourable and islandsform.

The large-scale structure of the grain boundary depends largely on the growth mode. A
layer-by-layer growth mode is expected to lead to grain boundaries with a path not deviating
considerably from the predefined substrate grain boundary. In contrast, as aresult of theisland
growth mode, faceting and meandering of the grain boundary can occur. The meandersare caused
by the overgrowth of individual growth islands on opposite sides of the substrate grain boundary
[12, 13]. Overgrowth can occur at the film-substrate interface, leading to non-epitaxia growth,
but it isalso possiblethat the grain boundary wanders away from theideal path perpendicular to
the substrate surface. Thegrowth rate of the film aswell asthe distribution of nucleation siteson
the substrate will clearly affect the amount of meander obtained [14, 15].

On smaller length scales the grain boundaries are composed of nanoscale facets. Facets
generally occur on a scale from tens and up to 200 nanometers for thin films [12, 13, 16, 17],

21



Normal state properties of grain boundaries in Y, ,Ca,Ba,Cu;0,4

thick films [18] and flux grown YBCO [19]. Facets appeared to have a significant amount of
strain associated with cornersin their structure. Sub-faceting on ananometer scale and variations
in the dislocation spacing along asinglefacet have also been observed. |n somefacets ribbons of
stacking faultsthat lie between the dislocations have been observed, causing dissociation of the
didocationsinto partial didocations. The constrained coincident sitelattice (CCSL) model provides
apossible explanation for the observed facet structuresin YBCO. If asmall amount of local strain
is to be imposed on the lattice in the grain boundary region, however, it is possible to form a
significant number of CSLsin an orthorhombic material (the CCSL model). The additional strain
isattributed to further dislocations at the grain boundary. Thefaceting behaviour in Y BCO can be
understood by the tendency of the boundariesto form directionswhereSissmall, i.e. directions
inwhich the grain boundary energy isaminimum [20]. Facetsform when the misorientation angle
doesnot correspond to alow S angle and, consequently, azigzag structureisformed to reduceits
energy [21, 22]. This suggestion is confirmed by the observation that crystals, which are
kinematically freeto rotate in amelt, select these angles during the coal escence process [ 23].

Theatomic structure of grain boundariesin Y BCO hasbeeninvestigated by several means,
of which transmission electron microscopy (TEM) proved to be particularly useful . Animportant
conclusionfromtheinitial microscopy studieswasthat grain boundariesare clean and structurally
well defined, and do not contain coarse defectslikevoidsor impurity layers[24, 25]. The structure
of the grains appears unaltered right up to the boundary, which rules out earlier suggestions that
severe structural distortion impedes current transport at the boundary. Furthermore, the earliest
TEM studies confirmed that low-angle grain boundaries consist of arrays of separate dislocations
[26]. As discussed in 82.1, the separation
between did ocationsdecreaseswithincreasing
grain boundary angle, and for a given angle
the dislocation cores merge and form a |
continuous layer along the grain boundary
interface. Thistransition angle was reported
tobe 7.5° for YBCO [27].

The structural unit model has been
proposed to describe the structure of high
angle boundaries [28, 29]. In thismethod a |~
seriesof basic structural unitsisused tobuild |
up the entire grain boundary, as shown in
Figure2.3. Oncethestructural unitshave been
discovered, itisin principle possibleto predict
the grain boundary structure at any

.. . @ Y/Ba e Cu/O © reconstructed Cu/O
misorientation angle. However, the model  Figure 2.3. Planar view, Z-contrast TEM image of a 30°

: : : [001] tilt grain boundaryin YBCO. Indicated in thisimage
provides no I_nfom_]anon on _the s?[ruc-:ture- are also the structural units of which the grain boundary
property relationships. Despite this, if the iscomposed. From[29].
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values of bond valences from the structural unit model are combined with experimental values
from TEM observations, thenit ispossibleto obtain an estimation of the effective grain boundary
width and thus to predict the expected variation of critical current with misorientation angle.
Valuesobtained in thisway appear to agree reasonably well with experimental results. Thewidths
of the non-superconducting zones adjacent to theinterfaceswerefound to increase linearly from
0.1 nmto 0.45 nm for an increase of the misorientation angle from 10° to 45°.

Computer simulations were employed to assess the influence of strain on the transport
propertiesof high anglegrain boundariesin Y BCO with alow vauefor S[30-32]. Strainanalysis
and bond-valence-sum analysis were used to determine the thickness of non-superconducting
layersenveloping these GB'’ s. Thedatashow that the presence of neutral oxygen vacanciesdecreases
the thickness of non-superconducting layersand may improvetransport properties of somegrain
boundary angles. Furthermore, these results show that the suggestion of suppression of
superconductivity by strain leads to a very sharp difference in the transport properties through
grain boundarieswith alow valuefor S. If only straininduced suppression of the superconducting
order parameter at grain boundaries were taken into account, the decrease of the thickness of
non-superconducting layersmay substantially increasethecritical current density, J.. For example,
for a36.87° (S=5) boundary, the increase of J. might be by ~ 70 times in comparison with the
situation in which thereis no strain reduction associated with the grain boundary structure. This
result is based on the estimation that the creation of a neutral oxygen vacancy (only the atomis
removed, not the charge) in an interface area of 1 — 2 nm? reduces the thickness of non-

superconducting layersin a S=5 boundary by

may change the barrier height, decreasing J,
is not taken into account in this theoretical
3 study. Furthermore, the adsorption capability
T of grain boundaries with respect to neutral
#0600 40 20 0 20 40 &0 K . ]
oxygen vacancies was analysed, which

Figure 2.4. The pre-edge intensity of the oxygen K-edge demonstrated that tilt grain boundaries in

(at 528.5 eV) in EELS spectra is a measure of the hole  YBCO are most probably intrinsically non-
concentration. Recording spectraacrossagrain boundary Stoichiometric.

an quantifying the changein pre-edgeintensity showsthat

there is no hole depletion around a symmetric 36° (near In addition to microstructural
S=5) grain boundary (x), whereasan asymetric 28° grain ;.\ etigations, al so the chemical composition
boundary shows a hole depl etion zone extending 5 - 6 nm
either side of the grain boundary (o). From [37]. Of the grain boundaries has been analysed. It
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wasfound that dislocation coresin grain boundariesaretypically Curich [33-35]. Another study,
however, showed that thin film grain boundaries seem to be free of Cu enrichment [25]. Further
investigations focussed on the charge carrier concentration at the grain boundary interface [34,
36, 37]. Spatially resolved el ectron-energy-loss spectroscopy (EEL S) measurementsdemonstrate
the presence of a layer with a reduced density of holes at the boundary. Hole concentration
profilesacross electromagnetically characterised grain boundariesrevealed acorrel ation between
the magnitude of the hole depl etion and the appearance of weak-link characteristics. Thereported
widths of these depletion layersrange from 0.2 to 20 nm. These valuesindicate that the effect of
the boundary on the band structure can be of longer range than the width of the structurally
disordered region (~1 nm) or themetal cation non-stoichiometry (5 nm) and the superconducting
coherence length, x. It hasal so been shown, however, that S=5 boundaries (36.87°) not necessarily
show aholedepleted region at the grain boundary, asillustrated by Figure 2.4, which suggeststhe
presence of strong links at this misorientation angle.

2.3 Transport properties

It appeared rather challenging to assess the transport properties of grain boundaries by
analysing polycrystalline samples. To unveil the basic properties of the interfaces, the bicrystal
technology wasinvented. The principleof bicrystal technology, asillustrated in Figure 2.5, consists
of growing afilm epitaxially on abicrystalline substrate, which contains agrain boundary of the
desired configuration [6]. Owing to epitaxial growth, the substrate grain boundary isreplicated in
the film. Using conventional lithographic methods, the film is subsequently patterned. Narrow
conducting lines are formed within the two single grain regions and across the grain boundary.
The current-voltage characteristics of each line can then be measured using afour-point technique.
This technique enables one to fabricate well-

defined grain boundaries of many le]
misorientations, and to analysetheir properties grain 1 e I high-T, film
in direct comparison to those of the abutting "E:]' T 7]

grains. Many groups have measured the [2.0] ||
current-carrying propertiesof grain boundaries | p01)

prepared by the bicrystallinetechnique. Inthis | grain 1 o !T ' bicrystalline
section some relevant results will be | —/~L8_ | Substrate

(100) H

highlighted. Thecurrent-voltage characteristic, | v

critical current density, conductance-voltage
characteristic and normal state resistance will

subsequently be discussed. A more
h . h tlv b Figure 2.5. Sketch of athin-filmbicrystal with a symmetric
comprenensive survey has recently been [001]-tilt grain boundary with a misorientation angle g.

compiled by Hilgenkamp and Mannhart [38].  From[38].
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Thecurrent-voltage characteristic

A typical current-voltage, 1(V), characteristic of a high-angle grain boundary with a
mi sorientation angle between 15° and 45° in Y BCO isshown in Figure 2.6. For boundarieswith
large current densities, excess currents are frequently seen, but usually the characteristicsfollow
the RSImodel [39]. In addition to the differencein thecritical current thereisamarked contrast
in the behaviour of low-angle and high-angle grain boundaries. High-angle boundaries behave
likeweak linkswith RSJ-liketransport characteristics whilst low-angle grain boundaries behave
as“strong links’.

The difference between these two types of behaviour results from the fundamental
microstructural differences between the two types of boundary. It was postulated that in low-
angle grain boundariesthe dislocation cores act as non-superconducting regions. Consequently,
an array of dislocations reduces the effective amount of superconducting material at the grain
boundary [7]. It was suggested that the strain field associated with each dislocation causes a
significant enough reduction inthe order parameter to enlargethe effective size of the dis ocations
by afactor ~3[26]. A strain of 1% wasused asthe cut-off between Y BCO being superconducting
and non-superconducting, as this value causes YBCO to be tetragonal and hence non-
superconducting [ 28]. Asthe misorientation angleincreases, the superconducting regions between
the dislocations become smaller, and the critical current density is reduced. When the strained
regions eventually overlap, the transition from low-angle to high-angle behaviour occurs, and
thereisacontinuous barrier to the superconductivity.

The angle at which the transition from low-angle to high-angle behaviour occurs is
approximately 10°. Evidenceisprovided by the observation of both types of behaviour at different
temperaturesinasingle 10°bicrystal, asshownin Figure 2.7 [40]. ThisI (V) characteristic of a10°
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Figure 2.6. Current-voltage characteristic of a 24° Figure2.7. Normalised current-voltage characteristic
[001]-tilt grain boundaryinabicrystalline YBCO thin of a 10° [001]-tilt grain boundary in an YBCO film
filmat 4.2 K. From[38]. at several temperatures. From [40].
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[001] tilt boundary displaysweak link behaviour above 77 K and flux flow at lower temperatures.
However, theangleat which the crossover occurs can vary, becauseit isdependent on the structure
of the grain boundary, and, hence, on the film deposition process[41].

Also under theinfluence of amagneticfield, atransition from strong, single crystal-liketo
weak, intergranular behaviour can be observed [42-46]. At low magnetic fields, curved 1(V)
characteristics have been observed, which isasignature of flux-flow dominated, strongly-coupled
behaviour. At the so-called irreversibility field, thereisatransition to linear (V) characteristics
with residual currents, which hasbeen associated with the channelling of vorticesalong thegrain
boundary. Theirreversibility field decreases with increasing misorientation angle and becomes
zero for amisorientation angle of 10° - 15°, indicating a complete closure of strongly coupled
channels. However, grain boundaries with misorientation angles up to 38° can show non-linear
characteristics at low voltages and small currents, which indicates that some strongly coupled
paths can remain openin high-angle grain boundaries.

Furthermore, it has been suggested that vorticesin the grain boundary can be pinned by the
facets of the boundaries, at the dislocations of low angle grain boundaries, and in large magnetic
fieldsby the vortex latticein the adjacent grains[47-51]. This can influencethel (V) behaviour of
imperfect, facetted grain boundaries and those with amisorientation angle of 4° - 10°. Kinking of
the (V) curve has been observed for agrain boundary with a misorientation angle of 4°, which
has been attributed to an increasing number of vortex rows being viscously channelled along the
boundary with increasing current density [52].

In the voltage range of afew milivolts, Fiske resonances are frequently found, which have
been used to derive the grain boundary capacitance [53]. Fiske resonances are self-resonance
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Figure 2.8. Ratio of the intergrain and intragrain Figure2.9. Critical current densitiesof [ 001] -tilt grain
critical current densities of grain boundaries in boundaries in YBCO films as a function of
bicrystalline YBCO films as a function of the misorientation angle at 4.2 K. From [38].

misorientation angle. From[7].
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effects produced by microwaves generated by the oscillating voltage across the junction. Since
the microwave frequency at which these resonances occur depends on the width of thejunction,
it is possible to deduce the capacitance of the grain boundary from the voltage of the Fiske
resonances. The Fiskeresonancesprovidestrong evidencefor the presence of aninsulatinginterface
layer at high angle[001]-tilt boundaries[54].

Thecritical current density

Thecritical current density of grain boundariesisstrongly dependent on their misorientation
angle. In[001]-tilt boundariesin bicrystalline Y BCO filmsapronounced decrease of J, isobserved
asqisincreased from 0° to 45° [6], as shown in Figure 2.8. This reduction follows closely an
exponential dependence[16, 42, 55-57]. ThisisshowninFigure 2.9, inwhich acollection of data
publishedintheliteratureiscompiled. Asisobviousfrom Figure 2.9, thecritical current densities
show asignificant spread. For filmsgrown under identical conditions, thisspread isconsiderably
smaller. A study of grain boundaries with misorientation angles ranging from 8° to 45° in films
grown under identical conditions showsindeed small spreads of the critical current density and
the exponential dependenceisfollowed [58]. However, critical current densitiesof 36° boundaries
weresignificantly higher than thosefor 34° boundaries, and al so 28° boundaries exhibit (slightly)
higher critical current densities than 26° boundaries. No reference was made to the potential
influence on the transport properties of the S=5 and S=17 configuration of 36.87° and 28.07°
grain boundaries, respectively.

Asafunction of temperature, J., decreases amost linearly [59], as shown in Figure 2.10.
Typicaly, for YBCO at 4.2K the critical current density isfactor of 10 larger than at 77K. Asa
function of applied magnetic field, the behaviour of the critical current depends strongly on the
misorientation angle [45, 46, 60], as shown in Figure 2.11. For grain boundaries with a
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Figure 2.10. Temperature dependence of the critical Figure 2.11. Magnetic field dependence of the
current density of a 24° [001]-tilt grain boundary in critical current density of various misorientation
YBCO. From [38]. anglesin YBCO bicrystalline films. From [46].
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mi sorientation angle below ~4.5°, the grain boundary J. isindistinguishable from the intragrain
J. (at 77 K), because such boundaries are strongly coupled. The vortices are pinned by the
dislocations and the J. behaviour is dominated by that of the grains. For grain boundarieswith a
larger misorientation angle, the nonsuperconducting regions overlap, and the J is decreased by
vortices channelling through the grain boundary (H // c). However, the grain boundary shows
lessrelative sengitivity to thefield thanthegrains, and, at afield that depends on the misorientation
angle, thecritical current exhibitsgrain-like behaviour. At high angles (> 15°), thecritical current
isentirely tunnelling-dominated and relatively constant as afunction of applied magneticfield.

Conductance - voltage behaviour

Thedifferential conductivity asafunction of the applied voltage (G(V) =dJ / dV) can either
be measured directly by alock-in technique, or extracted from results of J(V) measurements. In
addition to G(V) characteristics, also the dynamic resistivity (= resistance area product, R,A)
versusvoltage characteristic (R,A(V) =dV / dJ) isasubject of discussion. Both G(V) and R,A(V)
characteristics have been used to clarify the nature of the grain boundary and the mechanism of
charge transport over the boundary. Furthermore, G(V) measurements have been carried out for
the purpose of tunnelling studies, in order to obtain information on the superconducting density
of states (DOS) of the YBCO electrodes. Such information is desired to clarify the coupling
mechanism and the pairing symmetry of the superconducting state [61].

If thegrain boundary actsasatunnel junction, anincrease of the conductancewithincreasing
voltage is always present due to the influence of the applied voltage on the barrier shape [62].
This increase is strongest for materials with low values of the barrier height. An increasing
conductance also can be attributed to inelastic processes that open up additional conductance
channels with increasing voltage [63]. However, in this case one should observe a significant
temperature dependence of the conductance, which in general has not been observed [61].

Conventional normal metal / insulator / norma metal tunnelling theory predicts for a
rectangular barrier parabolic behaviour of the conductance versus voltage in the limit of zero
temperature and voltages less than the barrier height. Indeed, one group observed a parabolic
background conductance and fitted the datain order to derive the effective height and width of
the barrier [61, 64]. For a symmetrical grain boundary with a misorientation angle of 24° in
oxygen deficient YBCO (“60 K phase”), valuesof 0.023 eV for the barrier height and 2.1 nmfor
the barrier width were found. These authors assume that the grain boundary iswell described by
a spatially inhomogeneous but continuous insulating grain boundary barrier with the main
transport mechanism acrossthe barrier being direct tunnelling and resonant tunnelling vial ocalised
states. Within thisframework, the density of resonant channelswas estimated to be 13 x 10%/m?
[65]. From amore recent observation of parabolic tunnelling behaviour for an asymmetrical 45°
grain boundary was estimated that the barrier should have aheight of 0.1 eV and awidth of 1 —
2nm[66].

Another group observed alinear conductance—voltage characteristic for voltagesup to 40
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mV [67]. These authors suggest several explanations for the observed linear conductance
behaviour. Firstly, the order parameter issignificantly suppressed near the grain boundary dueto
thesmall coherencelength of Y BCO. Conseguently, electron tunnelling acrossthe grain boundary
may sense a blurred density of states and a varying height of the barrier in the tunnel direction,
which may lead to a linear conductance characteristic. Another explanation is based on the
tunnelling model of Zeller and Giaever, which would imply that alarge number of small capacitors
is charged up at the grain boundary [68]. This model has also been suggested for the linear
conductance observed Pt/Rh — L &,,Sr,CuQ,,, point contacts[69, 70].

Specifically in grain boundaries with alow boundary resistance, a decrease of the conductivity
has been observed at high voltages. Thisbehaviour has been attributed to excessive Joul e heating
at the boundary [67]. This was confirmed by low temperature scanning electron microscopy
(LTSEM), with which two hot spotswere at high voltages observed at the edge of atrack cross-
ing the grain boundary. These additional resistiveregions are the cause of the observed resistance
increase. Heating will occur in low resistance boundaries at lower voltages, as the power dissi-
pated by chargetransport goes up with conductance (P = GV?). The possibility of the presence of
heating was confirmed by amodel for predicting the heating of agrain boundary junction [71].
A depression of the conductance below the superconducting transition temperature has been
generally observed in avoltage range up to severa tensof mV for grain boundary junctions[61,
64, 72-74] and also in tunnel spectroscopy studies[75-79]. The depression becomes more pro-
nounced with decreasing temperature, and this behaviour has been attributed to a temperature
dependent gap structure in the density of states of the superconducting electrodes. Estimations
for thewidth of thegap, or gap voltage, rangefrom 12 mV for oxygen deficient YBCO [64] to 30
mV inoptimally doped YBCO [75]. Thelow valuefor oxygen deficient Y BCO wasinterpretedin
theframework of aninsulating grain boundary barrier containing ahigh density of localised states
[80]. Localised states hybridise with the conduction states forming interface states. Due to the
small coherencelength of Y BCO tunnelling characteristics are expected to carry mainly informa-
tion about the reduced local gap values of theinterface states explaining the observed small gap
voltage.

Inthelow voltagerange (~mV) peaksat zero voltage have been widely observed, also referred to
as zero-bias conductance peaks [61, 64, 81-87]. This phenomenon has been attributed to the
formation of Andreev bound states or midgap surface states having zero energy with respect to
the Fermi energy asaconsequence of the d-wave order parameter symmetry of high temperature
superconductors. Theformation of bound states at surfaces of materialswith an energy gapinthe
bulk electron spectrum is awell-known physical phenomenon. In the case of an (110) oriented
surface of a d-wave superconductor, quasi particles reflecting from the surface can experience a
change in the sign of the order parameter along their classical tragjectory, and undergo Andreev
reflection. Constructive interference of incident and reflected quasiparticles results in bound
states with zero energy with respect to the Fermi energy. The spectral weight of these Andreev
bound states has a maximum for (110) oriented surfaces, whereas no such states are expected
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for (100) or (010) surfaces. Andreev bound states can carry current and therefore produce azero
bias conductance peak in ab-plane tunnelling conduction of experimentsinvolving at least one
d-wave superconducting el ectrode.

Thenormal stateresistivity

Theresistivity of aninterfaceisusually expressed astheresistancetimesthe cross sectional
area of thejunction, R,A. The normal state resistance of agrain boundary in a superconducting
material can be characterised both below and above the superconducting transition temperature.
Below the transition temperature, R,A can be characterised by biasing agrain boundary junction
far above its critical current. At higher temperatures, the grain boundary resistance can be
characterised at any voltage provided that heating does not set in. However, inthiscase, it isnot
straightforward to measure the grain boundary current-voltage characteristic free of voltages
produced by the bridgesthat are needed to contact theinterface, and special device configurations
have to be used to assess the high temperature range.

Typical resistance areaproductsat 4.2 K increase with misorientation anglefrom 1x10 Wm?for
a15° to 1x10™ Wim? for a45° [001] tilt boundary in athin film [56, 58, 88], as shown in Figure
2.12. Aboveamisorientation angle of ~33°, the exponential dependence of the resistance onthe
mi sorientation angle seemsto subside. This could be associated with the suggestion that strongly
coupled channels remain open up to high angles and might disappear at misorientation angles
between 30° and 40°, leading to acontinuously disordered grain boundary region [43]. However,
onthebasisof thestructural unit model hasbeen cal cul ated that al so for anincreasein misorientation
angle from 34° to 45° an increase in the width of the grain boundary should occur, althoughitis
guestionablewhether these calculationsare generally valid asthey were madefor “ specia” asym-
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Figure 2.12. Some results of the dependence of the normal state interface resistivity, RA, on the misorientation
angle, g, for a) symmetric (filled squares) and asymmetric (open circles) [001]-tilt grain boundaries in YBCO
thinfilms on S TiO; substrates, from[56], and b) symmetric [ 001]-tilt grain boundariesin YBCO thin filmson Y-
ZrO, substrates, from [58]. The dependence of the critical current density, J,, on the misorientation angle, q, is
included in b).
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metrical boundary planes. Resistivities of 36° boundaries have been reported to be significantly
lower than those for 34° boundaries, and also 28° boundaries had (slightly) lower resistivities
than 26° boundaries [58]. No reference was made to the potential implications of the atomic
arrangement associated with the S=5 and S=17 configuration of 36.87° and 28.07° grain bounda-
ries, respectively.
Below amisorientation angleof 15°, the grain boundary isexpected to become strongly coupled,
leading to avanishing interfacial resistance. Valuesfor the resistance of low angle grain bounda-
rieshave not been explicitly reported, but can be deduced from results of measurementsinwhich
the current is biased above the critical current [40, 52]. However, theV-I gradient of alow angle
grain boundary isthought not to represent the resistance of the material itself, but belinked to the
flux flow resistivity. One can find values of 5-10x10* Wm? for amisorientation angle of 10° at 77
K and 5x10** Wm? for amisorientation angle of 4° at 4 K.
Thereareonly very few dataavailablefor the temperature dependence of theinterfaceresistance,
especialy for the temperatures above T, due to the troublesome accessibility of thistemperature
regime. Most authors report atemperature independent resistance area product for anglesrang-
ing from 15° to 24° [7, 45, 89, 90]. For the higher angles 37° and 45°, a decrease ranging from
10% to 60% upon increasing the temperature from 4.2 to 77 K has been reported [45, 66, 90].
Typical resistance area products for grain boundaries in high quality melt-textured YBCO are
similar to those reported in thin films and range from 5x10* Wm? to 1x10** Wm? for mixed (tilt
and twist) grain boundaries with high misorientation angles[43, 91-93].
There has been alot of speculation about the reason for the magnitude of the grain boundary
resistance. Thereported valuesof 102 - 10 Wm? are several orders of magnitudelarger thanthe
so-called Sharvinresistance, which representsalower limit for theinterface resistancein metals.
Thelargeresistanceisindicativefor aninsulating zone at theinterface, characterised by areduced
density of mobile charge carriers. It is unclear why the dislocation cores at the interface should
behave like insulators, rather than like degenerated semiconductors of dirty metals. The large
specific grain boundary resistivity seemsto provide an argument to rule out structural models,
which consider dislocation arrays as main cause of the normal state resistance. The insulating
behaviour has been attributed to oxygen depletion or disorder near the interface [73, 74]. How-
ever, there is no experimental evidence for the presence of interface layers with large enough
oxygen deficiency or disorder to render them insulating. Furthermore, it isdifficult to understand
why grain boundariesin many high temperature superconductors behave similarly, athough they
vary considerably in their oxygen related properties and their reaction to mechanical stress. For
these reasons, it has also been postulated that local bending of the electronic band structure
causes the reduced interface conductivity [88, 94]. The different mechanisms that have been
proposed for the observed transport properties of the grain boundary are discussed in more detail
insection 2.5.

Thereis one report of a measurement of the resistance of an asymmetrical 45° boundary
between 4.2 and 300 K [66], as shown in Figure 2.13. This measurement was carried out with a
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device consisting of one grain boundary bridge, and two identical intragrain bridges directly
adjacent of the grain boundary. Subtraction of the average resistance of the intragrain bridges
from the grain boundary bridge resistance leads to the grain boundary resistance. Theresistance
between 100 and 300 K decreaseslinearly by afactor of 4. Below the transition temperature, the
resistance changes nonmonotonically with temperature, and reaches a maximum at 30 K.
However, the resistance at low temperatures is highly dependent on the current bias, shownin
Figure2.14, which possibly causesthis maximum. Furthermore, apeak isobserved at thetransition
temperature, which is associated with differences of 0.15 K in the transition temperature in the
grain boundary and intragrain bridges. Except for this peak, the grain boundary resistance of the
normal state and superconducting state extrapol ate to the same value.

These authors [still 66] posit that the linear resistance —temperature behaviour cannot be
explained by elastic tunnelling from thevicinity of awell-defined Fermi surface across standard
Schottky contactswith temperature-independent barrier heightsand widths. There, they argue, a
non-linear and weak resistance characteristic is expected, and the very specia temperature
dependent energy profilerequired for alinear temperature dependenceis considered unphysical.
Instead, they suggest that the formation of antiferromagnetic fluctationsor local magnetic moments
could be of significant importance. The resultant magnetic scattering is expected to increasethe
interface resistance with decreasing temperatures. Furthermore, they speculate about theinfluence
of the pseudogap on the tunnelling process in asymmetrical 45° boundaries. As the nodal and
antinodal directions of the pseudogap arein this case directly coupled, the tunnelling current is
most strongly reduced. Asthe pseudogap diminisheswith increasing temperature, the boundary
conductivity is expected to increase. They note that the resistance — temperature curve is
characterised by onetemperature scale, the extrapol ated zero resistanceintercept. In thereported
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Figure 2.13. Temperature dependence of the Figure2.14. Temperature dependence of theresistance
resistance of a 45° symmetric grain boundary in a of a 45° symmetric grain boundary in a 40 nm thick
40 nm thick YBa,Cu,0,, film. The insets shows dR/ YBa,Cu,0,. 4 filmmeasured with a three-bridge device.
dT(T) for the grain boundary and the intragrain The inset shows the temperature dependence of the
resistivity of a grain located next to the grain resistance of a 45° asymetric grain boundary in a 50
boundary. From [66]. nm thick film measured with a Wheatstone bridge

device. From [66].
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measurement thisis 350 K, which corresponds to the pseudogap energy scale of underdoped
YBCO.

2.4 The d-wave order parameter symmetry

The high-T, cuprates are characterised by a predominant d,...-wave (d-wave) pairing
symmetry of the order parameter describing the superconducting condensate [95]. In the case of
film boundaries, the d-wave dominated symmetry together with the microstructure of the grain
boundaries causes adepression of the critical current density by one or two orders of magnitude
asthe[001] tilt angleisincreased from 0° to 45° [96]. The order parameter symmetry affectsthe
transport properties of grain boundaries in the high-T. cuprates in various ways, of which four
will bediscussed here.

First, owing to the spatial coherence of the wave function describing the superconducting
state, aboundary region with adepressed
order parameter isexpected at theinterface  (a)
between d-wave superconductors [97].
Typically, such aboundary region stretches
over a distance of the order of the
coherence length x from the boundary, as
showninFigure 2.15a. The depression of
the order parameter is due to the
frustration caused by the different
crystallographic orientations of the
superconductors on either side of the
boundary and by the non-zero value of x.

(b)

The magnitude of thisdepression depends BV
among other parameters on the

misorientation angle, on the boundary

symmetry and configuration, on (©) q}ﬂv

temperatureand on thematerialsinvolved.
For [001]-tilt boundariesit isexpected to
be strongest for the maximal obtainable
misalignment angle, 45°, for which the
maximums of the order parameter of the

—
>

Figure 2.15. Illustration of three mechanisms, by which the
critical current density of grain boundariesis reduced due to
the dwy>-wave order-parameter symmetry of YBCO: (a) at the

superconductor ontheonesideof thegrain
boundary coincide with the nodesin the
gap-function of the superconductor onthe
other side.

Second, the critical current density
of agrain boundary junctionincreaseswith

interface layer the order-parameter is depressed over a
distance of the coherence length x due to frustration caused
by the misorientation of the CuO,-planes; (b) the value of the
order parameter controlling the tunneling process is affected
by the grain-boundary misorientation; (c) due to the phase
difference of adjacent |obs of the dx.-wave order parameter
and grain boundary faceting, the Josephson current flows
accros some facetsin the direction opposite to the bias current
I. From[38].

33



Normal state properties of grain boundaries in Y, ,Ca,Ba,Cu;0, 4

anincreasing value of the order parameter component perpendicular to the grain boundary plane.
For a grain boundary junction formed by two d-wave dominated grains, this implies a strong
dependence of J. on the orientations of the d-wave electrodes [7]. Thisis depicted in Figure
2.15b. Third, depending on their trgjectories, quasi-particles may experienceasign changeinthe
pair potential when they are reflected at interfaces, or when they are transmitted through agrain
boundary in a d,..~wave superconductor [81]. This effect can give rise to bound quasi-particle
states at midgap-energy [83]. These bound statesreduce the order parameter and thereby influence
current flow [98-100].

Fourth, the order parameter orientations cause in specific orientations ap-phase shift across
ajunction. Also because of the faceted microstructure of bicrystal boundaries, the intrinsic p-
phase shifts play an important role. This faceting leads in combination with the d-wave pairing
symmetry to an inhomogeneous distribution of the Josephson current, including regionswith a
supercurrent counterflow, asshown in Figure 2.15¢[101]. Thisinhomogenity causes anomal ous
magnetic field dependenciesof thecritical current and it leadsto spontaneously generated magnetic
flux [102]. The effect of p-facets on the grain boundary critical current is evident from the small
value of |, of 45° [001]-tilt boundariesin zero applied magnetic field. In fields of afew Gauss
much higher critical currentsare observed. Thep-facetsa soimproveflux pinning for small facet
length and therefore enhance the grain boundary critical current.

2.5 Band bending and electronic structure

The pairing symmetry does not significantly affect the normal state resistivity R,A of the
interfaces. ThelargeR A-vauesof typically 102 Wm? areindi cativefor the presence of aninsulating
zone and a reduction of mobile charge carriers at the interfaces. According to the resistance
measurements and assuming an effective thickness of the resistive region of ~ 1 nm, the grain
boundary layers have aresistivity in the order of 103 Wm. Therefore other mechanisms besides
the ones discussed seem to drive to grain boundary insulating.

A widely discussed framework to describethe exponential decreaseof critical current density
and normal state conductivity with misorientation angleisthe so-called model of band bending,
as proposed by Mannhart et al. [38, 56, 88, 94, 103]. These authors have proposed that bending
of the electronic band structure can be an effect strong enough to control the superconducting
properties. Bend banding modifies the mobile carrier density and the order parameter islocally
reduced. If depletion layersareformed with carrier densities so small that the transition from the
superconducting state into the antiferromagnetic state is induced the material can even show
insulating behaviour.

A main cause of band bendingisthought to belocal charging of thegrain boundary. Charging
of the grain boundariesis expected to arise from an ionic charge surplusin the dislocation cores
or in the structural units, as well as from migration to the boundary of e.g. point defectsin the
boundary’ s stress-field. Charging will considerably enhance scattering of carriers and will give
riseto space-chargelayersthat reach into the adjacent grains. Another potential causefor charging
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arelocal variationsin thework function, which will cause charge to flow from the bulk material
on either side of the boundary to equalisethe Fermi levels. Thischargetransfer resultsin aspace
charge region on both sides of the boundary, which causes the band bending in the boundary
region. Also the presence of surface states has been suggested to lead to charging.

Band bending and space charge layers are important features due to the large dielectric
constant and the small carrier density of YBCO, and the cupratesin general. The length scales
over which band bending occurs are in the range of 0.5 — 1 nm, and thus comparable to the
superconducting coherencelength. Thereby theinfluence of theinterfacesisextended far beyond
the structurally distorted region. In addition, the transport properties of YBCO depend more
sensitively on the carrier concentration than the transport properties of normal metals, for which
itisvirtually impossibleto induce aphase transition into aninsulating state.

Depending on the sign of thework function difference, depletion or enhancement layersare
expectedintheinterfacelayer itself and in the adjacent crystals. In the case of apositive potential
at the boundary, the el ectronic bandswill bend down, and the material will be hole depleted. This
situation is depicted in Figure 2.16. Bending of the band in the opposite direction is expected if
thereisanegative potential, and the grain boundary will be
electron depleted. The sign of the charge on the boundary EySr iR et Boteof
hasremained largely undiscussed, althoughitisof primary  YBa,Cu,0,; r YBa,Cuz07.5
importancein adiscussion about band bending at thegrain
boundary, e.g. regarding the influence of calcium doping
on band bending. If a potential at the grain boundary is
caused by oxygen depletion, aswill be set out in the next
section, a positive potential and the associated hole
depletionisexpected. Indeed, studiesbased on determining
thehole concentration from the oxygen K pre-edgepeak in
TEM —EEL S spectraindicate significant hole depletion at
the grain boundary [36, 37]. Also for SITiO;, calculations
based on EEL S spectraindicate that the grain boundary is W [
oxygen depleted, which leads to a positive charge at the
boundary [104, 105]. By using Transmission Electron
Holography it has been shown that grain boundariesin Mn-
doped SITiO; exhibit a negative potential with positive .
space charge layers enveloping the grain boundary, but this  Figure 2.16. Sketch of a possible scenario
was solely attributed to the Mn that forms negatively Z:rab;"a?rg:::}zzgﬁrﬂgﬂér;%xs
charged defectsin thegrain boundary [ 106, 107]. Only very  thereisa positive charge and consequently
recently the presence of a negative potential drop and g?;jendsgﬁég?y' ?r)]/tirr?a?:ree. ;cr)geei;jstehz
electron depletion have been measured acrossadislocation  depression of the superconducting order
ina4° YBCO grain boundary using electron holography in  Parameter and a transition into the

o i insulating state in the region at the
a transmission electron microscope [108]. However, the interface. From [135].
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atomic configuration and charge distribution of an isolated dislocation might not necessarily be
representative for the situation in high-angle grain boundaries with a continuously disordered
interfaceregion.

As band bending is not a phenomenon specifically associated with the superconducting
state, it will also influence the normal state properties of the grain boundary. A grain boundary in
thenormal state hasto betreated asadouble Schottky-barrier, which behaviour isgoverned by its
high density of trapping statesin the grain boundary region. Theinfluence of band bending onthe
normal state properties of grain boundaries can be estimated by approximating their structure by
three adjacent layers. Themiddlelayer consists of the structurally disordered interface of widthd.
In the structurally disordered layer the periodicity of the crystal is interrupted and the Fermi-
surfaces of the adjacent crystals meet under the misorientation angle. Furthermore, the disorder
associated with the grain boundary reduces the hybridisation of the CuO p-d bonds and thereby
alsothecarrier density at theinterface[74]. Thetwo neighbouring layers of width |4 represent the
zonesin which the electronic properties of the superconductor are electronically affected by the
grain boundary interface. The height of the barrier depends upon the density of trapping states,
which changesthe Fermi level in the boundary region. Theeffective e ectronic width of theboundary,
t =d + 2|, has been estimated based on thisreasoning [88, 103]. For examplefor a[001] tilt grain
boundary with a misorientation angle of 30°, the structural width d has been measured by TEM
and amountsto 0.4 nm [28]. Thewidth of the depletionlayer | has been estimated by treating the
boundary like an abrupt semiconductor junction, and isgiven by:

|, = 25V 2.2)
en

where e the anistropic dielectric constant of the YBCO, V,; the built-in potential of the grain
boundary and n isthe density of mobile carriersin the undisturbed material. Estimationsfor the
dielectric constant inthea-direction of Y BCO rangefrom5to 100[94]. A valueof 10wasusedin
this estimation, which is consistent with a Thomas-Fermi screening length | ; = 0.5 and also
agrees with field effect experiments. The energy scale for the built-in potential is given by the
work function of YBCO, and avalue of 0.1 eV was used for eV,,. Withn=4.5 - 10? /cm3, | was
calculated to equal 0.16 nm, which resultsin atotal electronic barrier widtht of 0.72 nm.

This estimation shows that due to band bending the formation of aninsulating layer at the
grain boundary with awidth in the order of 1 nmisexpected. Through aninsulating layer of such
athickness, transport of quasiparticles and of Cooper pairs occurs by tunnelling. Where Cooper
pairstunnel only directly through thelayer, quasi particle transport can also take place by amuilti-
step tunnelling processvialocalised states. Theselocalised states are associated with dislocation
cores or other structural featuresin the grain boundary [80, 109-111]. The fraction of multi-step
tunnelling versusdirect tunnelling processesis controlled by the density and nature of localised
states. In order to estimate the order of magnitude of the tunnelling resistance, the tunnelling
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process can be simplified by considering only direct tunnelling. According to the Wentzel-Kramers-
Brillouin (WKB) approximation, the resistance of arectangular barrier with height eV, isgiven

by

4pht2e2Kt
A=———— 2.3
R 1+ 2Kt (23)

K istheinverse decay length and is given by

K = ZW;Vbi (2.4)
By using an effective mass m= 4.5 m,, an inverse decay length K-*=0.29 /nm and a resistance
area product R,A of 4-102\Wm? are obtained. If the height of the built-in potential V,; isdoubled
to 0.2 eV, awidth of thebarriert = 0.84 nm and aR,A of 2-10° Wh? are obtained. These estimations
indicate that values for the built-in potential of several hundred milivoltslead to R,A valuesin
agreement with experimental results [56]. However, this rectangular barrier model has been
suggested to betoo s mplistic to support such aconclusion, and the cal cul ation shoul d be expanded
to take amore detailed barrier shape into account.

Theband bending model does not take any inhomogeneity of the electronic structure of the
grain boundary into account. Sarnelli et. al. have argued extensively that the dependence of the
product of the critical current and theresistance I R, on the critical current density excludesthe
possibility of ahomogeneousel ectronic structure at thegrain boundary [112-116]. Thel R, product
isaconstant for conventional, low temperaturejunctions. The scaling of I R, asafunction of J, of
cuprate grain boundaries indicates that the transmission mechanism for Cooper pairs and
guasiparticles is different and these authors explain this by assuming that the grain boundary
consistsof an array of weakly superconducting regions separated by insulating or semiconducting
regions. Both cooper pairs and quasiparticles can tunnel through the weakly superconducting
regions, but the non-superconducting regionsallow only thetransport of quasi particles. Calculations
based on the ratio of the width and conductivity of the non-superconducting and weakly
superconducting regions correctly predict the experimentally observed “ saturation” of IR, asa
function of J., asshownin Figure 2.17.

These authors suggest that the non-superconducting regions are formed by defects at the
grain boundary, such asdidlocationsinlow anglegrain boundaries, and behave much likeaDayem
Bridge. A Dayem Bridgeisanarrow constriction of the order of the coherence length between 2
superconducting regions showing weak-link behaviour. Although the dislocations overlap at a
certain threshold value, these authors propose that weakly superconducting regions persist at
anglesupto 30° - 40°. For fully oxygenated grain boundariesthey predict that the current transport
is dominated by the weakly superconducting channels between constrictions. As the oxygen
content isreduced, the channel contributions are reduced and the normal resistanceisdominated
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by resonant tunnelling whilst the critical current is depressed. This representation seems to be
specifically relevant to low-S grain boundaries, where the weakly superconducting regions can
be formed by the positions where the abutting lattices share an atom at the grain boundary
interface. Thisisillustrated for a28° (S=17) grain boundary in Figure2.17. In spite of the seeming
applicability of their model to low S grain boundaries, these authors do not discussthis possibility.

Grain boundary «

Quasiparticle Quasiparticle

+ Quasiparticle +
a Cooper pairs Cooper pairs
Oxygen vacancy -«
Oxygen atom ®
1L i Copper atom »
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Figure 2.17. a) Scheme of the spatial behavior of the order parameter along a high-temperature superconducting
junction and microscopic interface configuration of a 28.07° grain boundary (S = 17) according to Sarnelli et al
[113-117]. b) Their description correctly predicts the “ saturation” of 1.R, as a function of J.. Open circles are
data from[115]. Open squares are data from[57]. Solid and dashed lines are best fits of the model of Sarnelli et
al. to these data. Sars indicate Ca** doped YBCO junction data. From[114].
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2.6 Oxygen content

The electrical properties of bulk YBCO are highly sensitive to its average oxygen
stoichiometry. Small variations of the oxygen content are expected to lead to areduction in the
local condensation energy of the grain boundary, and can render the material normal or even
insulating. Therefore, the local stoichiometry at the grain boundary has been considered as a
possible cause for weak-link behaviour. Therole of oxygen hasbeen unclear dueto thedifficulty
associ ated with the determination the oxygen concentration profilein thegrain boundary vicinity
with high precision and high spatial resol ution simultaneously. Both Energy Dispersive Spectrometry
(EDS) and the Z-contrast techniquein TEM are not very sensitivefor elementswith alow atomic
number, like oxygen. Only high spatial resolution TEM / Electron Energy Loss Spectroscopy
(EELYS) studies of the oxygen absorption edge have provided some experimental evidence about
the microstructures associated with weak-link character [41].

EDX, EELS and Z-contrast techniques used in TEM showed, within the respective
sensitivities of these methods, that grain boundaries of which the composition does not differ
from the bulk composition act asweak links[7, 26, 27, 117]. Also resultsfor grain boundariesin
Y Ba,Cu,Og confirm that stoichiometric grain boundaries form weak links between
superconducting grains[34]. Thisindicatesthat weak link behaviour isan intrinsic phenomenon
of high angle grain boundaries, whichisnot necessarily caused by oxygen deficiency. Furthermore,
by characterising the junction noise, the presence and density of chargetrapping centresat grain
boundary junctions has been deduced [118]. Ozone annealing decreased the estimated density
of trapping sites, the normal state resistance, and the junction noise, but did not eliminate the
weak link behaviour. All results suggest that although oxygen deficiency affectsthe properties of
weak links, some other feature(s) of the grain boundary structure and chemistry must causeit.

Several theoretical studieshavefocussed on theinfluence of oxygen onthelocal electronic
properties of the grain boundary. One study highlighted the large influence of the oxygen
concentration profile of thegrain boundary onitscritical current density [119]. The extent of hole
depletion across a grain boundary as obtained by TEM-EEL S was used to calcul ate the spatial
dependence of the order parameter, and from that, the critical current density of the grain boundary.
Thismethod assumesthat hole deficiency at the grain boundary isexclusively induced by oxygen
depletion, although there are other conceivable sources. In the case of a boundary with a
mi sorientation angle of 31° thereduction of thecritical current density relativeto the bulk can be
up to two orders of magnitude at low temperatures, and at liquid nitrogen temperatures even up
to three or four orders of magnitude. Another study uses the oxygen deficiency to formulate a
S.SI1S,S, tunnelling / proximity model, where Sis a superconducting and | an insulating layer
with atransition temperature T, < T, [120, 121]. Onthe basis of comparison with measurements
of the temperature dependence of the critical current, the scale length for oxygen disorder is
estimated to be 3 nm. Further analysisindicates that the extent of apartially depressed T, layer
increases with misorientation angle. The distance from the grain boundary at whichthebulk T, is
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fully recovered differsfrom 7-13 nmin a 19° boundary to 40-50 nmin a 37° boundary.

Furthermore, oxygen hasbeen suggested asa source of inhomogeneity at the grain boundary
[122-124]. Measurements of the superconducting properties of grain boundary junctions that
have been affected by el ectromigration currents suggest that oxygen disorder can contributeto (if
not cause) weak link behaviour. Inthismodel, the oxygen sublatticeishighly disordered and non-
uniform near the boundary. Intergranular connections consist of channel-like regions where the
oxygen disorder isnot assevere asin other regions of the boundary. These channelshavealower
transition temperaturethan thegraininteriorsbut are still superconducting. A largefraction of the
filamentsfrom one grain will terminatein strongly disordered regionsin the other grain, resulting
in alarge density of Ohmic shunts in parallel with a few strong links. The microstructure is
consi stent with thetransport propertiesof thetilt boundariesinthin filmsgrown on MgO substrates.

A similar approach to describe the transport properties of grain boundary junctions was
adopted by Grosset al. by assuming the presence of alayer with oxygen defects or disorder that
contains a high density of localised states [80, 111]. Charge transport through the insulating
barrier takes place by tunnelling and Hal britter worked out the tunnel exchange [109, 110]. Due
tothe high density of localised states (10% — 10® cm[61, 64]) the quasi particle current isdominated
by resonant tunnelling. In contrast, due to Coulomb repulsion Cooper pairscan only tunnel directly.
Since the resonant tunnel channel for the quasiparticles can be viewed as an intrinsic resonant
shunt a model based on this mechanism is denoted as an Intrinsically Shunted Junction (1SJ)
model. Inthese models, spatia inhomogenities of thecritical current are accounted for by spatial
variationsin thebarrier width [73]. The | SImodels predict that the resi stance area product scales
withthecritical current, which hasbeen observed for deoxygenated grain boundaries, but not for
optimally doped grain boundaries. So, it seems that this class of models has only a limited
applicability.

2.7 Calcium doping

Thedoping of Y BCO with calcium has been studied extensively, becauseitslower valency
in comparison with Y ttrium (Ca2* vs. Y ) isassumed to have the effect of increasing the number
of holesin the conducting CuO, layers. It will be shown in this section that a picture seemsto
emerge in which local strain plays a central role in low angle grain boundaries. Tensile strain
decreases the oxygen vacancy formation energy in the grain boundary. The resulting oxygen
vacancies act asdonorsand result in apositive chargein the grain boundary plane and associated
downwards bending of the electronic band structure. The charge sets up aspace charge region of
hol e depl etion caused by excess screening el ectrons. Cal cium segregates non-monotonically along
the grain boundary, and decreases locally the tensile strain. This increases the oxygen vacancy
formation energy, and the lower oxygen vacancy concentration results in areduced charge and
less band bending at the grain boundary. Concomitantly, calcium brings extra holesto the grain
boundary, which enhanceslocal superconductivity by partial recovery of optimum holedoping. It
isunclear, however, whether such amechanism also appliesto high-angle grain boundaries.
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The modification of the properties of grain boundariesin YBCO by chemical doping has
been studied for numerous elements (e.g. Ag, Ca, Co, Ni, Pt), but only in the case of calcium
doping significant enhancements of grain boundary transport properties have been reported [ 38].
InY.,CaBaCu;0.4 Ca* can bepartialy substituted for Y3* in quantitiesup tox =0.3. Calcium
substitutes primarily on theyttrium site[125], becauseitsionic radiusisonly dlightly larger than
that of yttrium, but partial cal cium substitution on the barium siteincreases asthe cal cium content
isincreased [126]. The dlightly larger ionic radius of Ca* in comparison with Y3* causes the
volumeof the unit cell toincreasewithincreasing x [127]. Aninherent feature of chemical doping
of YBCO isthe decrease of T,. For Y ,.,CaBa,Cu;O,4the T istypically decreasing from 93.5 K
for x=0, t086.5K for x=0.1, to 85.5K for x=0.2,t0 84 K for x=0.3and to 75K for x =0.4[128-
130].

If Ca*issubstituted for Y 2" an electron must be removed from the CuO, planesto compensate
this. Consequently, one additional charge carrier (hole) isintroduced per substituted ion [131].
The total number of holes per unit cell is ny = 4+x-2d. Thus, in order to keep the doping level
constant, it is expected that an oxygen atom has to be removed for every 2 Y3* atoms that are
substituted by Ca?*. In practice, however, thispredictionisnot followed. The maximum transition
temperaturefor Y ,,CaBa,Cu;0,4 occursfor x =0 at d =0.08, for x =0.1 at d = 0.22 and for x
= 0.2 at d=0.32. So, alarger oxygen loss than expected is required to reach optimum doping
level. If itisassumed that the number of holesper CuO, layer isconstant at themaximum transition
temperature[130], thenit seemsthat the*“holeaffinity” of the CuO, 4layer decreaseswithincreasing
calcium content. If it isassumed the number of holes per CuQ, layer is1.16, then the number of
holesin the CuO, 4 planesdecreasesfrom 1.52 for x=0to0 1.24 for x=0.2. Thiswould be expected
on the basis of the charge redistribution in the unit cell, as negative chargeis displaced from the
CuO,4 planesto the Y ,Ca,., planes, which attracts holesto the CuO, planes.

Studies of quasi particletunnelling spectrashowed that the doping level influencesthe pairing
symmetry [79, 132, 133]. Where tunnelling spectrafor underdoped and optimally doped Y BCO
are consistent with a pure d-wave pairing symmetry, spectrain overdoped YBCO indicate that
thereisal so an s-wave contribution. An s-wave contribution in tunnelling spectrais characterised
by long range and symmetric “ subgap” peaks, which are absent in tunnelling spectrawith apure
d-wave pairing symmetry. From the presence of these peaks (at 9 mV) in overdoped
Y 1,CaBa,Cu0,4with x =0.3 (p ~ 0.22) it was possi bl e to estimate an s-wave contribution to the
pairing symmetry of 20%. It was suggested that this indicates significant changes in the
superconducting ground state and that the d-wave pairing symmetry need not to be essential to
the pairing mechanism in d-wave superconductors.

In spite of the degradation of the transition temperature of Y Ba,Cu;0,.4 due to calcium
doping, the transport properties of grain boundaries can be increased substantially, especially at
low temperatures. At 4.2 K, enhancementsof thecritical current density of grain boundarieswith
misorientation anglesof 24°to 30°in'Y ,,CaBa,Cu;0, 4 thinfilmsrangefrom afactor 2—4for x
= 0.05 to an order of magnitude for x = 0.3, asshown in Figure 2.18a[134]. For 45° boundaries
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the reported enhancements are smaller, which is attributed to the fact that the d-wave pairing
symmetry hasastrong influence at this misorientation angle [ 135, 136]. Reported enhancements
of the normal state resistance for misorientation angles 24° - 30° at 4.2 K are similar and range
from afactor 2—4 for x = 0.05 to over an order of magnitudefor x = 0.3, asshownin4.16b. The
transport properties for calcium concentrations larger than x = 0.3 deteriorate, which has been
attributed to the fact that this concentration exceeds the solubility limit for Cain YBCO, and
therefore x = 0.3 isthe optimum doping level at thistemperature.

For 77 K the range of Caconcentrationsthat can be employed is narrower. The value of J,
of a24° boundary inathin film with adoping concentration of x=0.06 sightly exceedsthe highest
reported valuesfor undoped samples[137, 138]. For doping concentrations of x=0.1 and higher,
however, calcium reduces the critical current density of the grain boundary, which is likewise
induced dueto the strongly increased T/T. at 77 K. Thenormal stateresistanceislesssensitiveto
the reduced T/T, at 77 K and enhancements range from afactor of 4 - 5for x = 0.06 to afactor 5
—6forx=0.1

Also for low-angle grain boundaries significant improvements of the transport properties
for calcium doped filmsin comparison with pure Y BCO films have been reported. Enhancements
up to a factor 2 have been reported for the critical current density of grain boundaries with
misorientation anglesof 4° and 8° in'Y ,CaBa,Cu;0,.4 with x = 0.2 [139]. For x = 0.3, calcium
doping has been shown toincreasethe critical current density in comparison with pure Y BCO up
t0 44 K [140]. Thetemperature dependence of thecritical current isalwayscloser totheintragrain
behaviour and oxygen overdoping brings the J.(T) characteristics even closer. The E-J
characteristics of grain boundariesin filmswith x = 0.3 areintragrain-like, unlike those of pure
YBCO films, also in strong magnetic fields. The same study showed that the critical current
density of intragrain YBCO can increase up to 30% and afactor 3 in an applied field of 5T for
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Figure 2.18. Dependence of a) the critical current density and b) the resistance area product of symmetric 24°
[001]-tilt grain boundariesin Y,,Ca,Ba,Cus0,, films on the Ca concentration at 4.2 K. From [138].
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temperaturesupto 44 K. At 77 K, thecritical current density isreduced with an order of magnitude
for misorienation angles between 4° and 12° in Y ,CaBa,Cu;0, 4 withx =0.1[57].

To achieve enhanced grain boundary coupling together with a large intragrain T, local
doping of the grain boundaries on the length scale of the coherence length and the electrical
screening lengthisrequired. Such apossibility isoffered by selectively doping the grain boundaries
by benefiting from grain boundary diffusion in doping heterostructures, asshownin Figure2.19
[135, 141]. Ca diffuses much faster along the grain boundaries than through the bulk, which
makes preferential doping of the grain boundaries possible. The heterostructureshave a T, well
above 90 K and critical current densities above those of undoped YBCO. The application of
doping heterostructures to conventional coated conductors fabricated by lon Beam Assisted
Deposition (IBAD) was found to enhance transport properties [142]. The incorporation of a 20
% Cadoped YBCO cap layer in the IBAD tape design led to an increase of the critical current
density by factorsup to 2.2.

Thedepositionof aY ,sCa,Ba,Cu;0;. cap layer and subsequent annealing wasobserved to
reducethemicrowave surfaceresistance of polycrystaline Y Ba,Cu;O,.4 thinfilms[143]. Thiswas
attributed to the selective diffusion of Cainto the grain boundaries, and asimilar effect was not
observed for singlecystalline YBCO [144]. The deposition of aY sCa&,Ba,Cus0,.4 cap layer on
an a-axisoriented Y BCO film wasfound to significantly improve the transport properties of the
film [145, 146]. This was attributed to diffusion of Ca into 90° grain boundaries, which are
present in a-axis oriented films, and the associated enhancement of their transport properties.

Another method to selectively dope grain boundaries consists of applying apure Ca-gel to
sintered YBCO [147, 148]. High temperature post-processing heat treatments at temperatures
between 500°C and 900°C are used to diffuse Capreferentially into the grain boundaries. TheT,
of YBCO treated in thisway is not significantly affected. The J. isincreased by afactor 2 after
annealing, but only at low temperatures (< 50 K). This J. improvement is accomplished at an
optimum annealing time and a small deviation from thisideal annealing time resultsin alarge
decrease of the J.. Since this optimum annealing time depends strongly on the microstructure of
the YBCO, thefactor 2increaseof J.is
hard to reproduce. The decrease of the
J. is related to the overdoping of the
grainswith Casupplied from thegrain
boundariesleading to asevere decrease
of T, closeto the grain boundary.

Also in melt textured YBCO,
calcium has been reported to
T preferentially dope the grain boundary

ey By [149-151]. Diffusion of calcium leads
Figure 2.19. Illustration of the local doping of grain boundaries . . .
intended by the use of grain boundary diffusion in doping to a Ca concentration in the grain
heterostructures. From [134].
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boundary of 5timeshigher in comparison withthebulk Y BCO. Improved critical current densities
and critical magnetic fieldswere reported for temperatures up to 85 K. Besideshole doping asa
causefor improved transport properties, these authors argue that areduction of the grain boundary
energy due to the presence of calcium can reduce susceptibility of the grain boundary for
contamination. Also doping of Y BCO with Ag isshown to lead to an improvement of transport
properties. Thiscannot beattributed to hole doping, asthevalenceof Y and Agisequal. However,
because Ag hasadlightly larger size, theimprovementsarerelated to areduction of theextension
of the distortion at the grain boundary, and this is proposed a mechanism for grain boundary
enhancement in general.

The actual mechanism by which calcium doping improves the grain boundary properties
has not been well understood. According to the model based on bending of the electronic band
structure, the formation of space charge layersaffect the current transport acrossgrain boundaries
over adistancegiven by the electrostatic screening length [94, 152]. Ca?* ionssubstitute Y 3" inthe
blocking layers between the Cu-O planes, |eading to the creation of additional holesin the Cu-O
planes. If thisoccursin thegrain boundary, cal ciumis specul ated to reduce the height of apositive
electrostatic barrier potential. Thisleads to a decrease of the electrostatic screening length and
thus a reduction of the spatial extent of the depletion zones enveloping the grain boundary. In
addition, calciumissuggested to increase thelocal carrier density in the depletion zones, which
independently decreases the spatial extent of band bending at the grain boundary. Within the
framework of the influence of calcium on the extent of band bending, it was suggested that
calcium doping can be used to tailor the properties of grain boundary junctions[153].

Theinfluence of the calcium percentageintheY ,,CaBaCu;0O;., on the electronic barrier
thickness has been calculated on the basis of the
capacity of the grain boundary [154]. The grain 17
boundary capacity increases from 0.2 F/m? for 0%
Cato 1.0 F/m?for 30% Casubstitution. If aconstant
barrier potential of 0.2 eV is assumed, then these
values correspond to a decrease of the barrier
thickness from 0.8 nm to 0.2 nm. Since this is e
approximately equal to the structural width of the . 4_ 1) et 3
boundary [29], it would suggest that the charge on K
the boundary has been completely eliminated due 3L I » Ca-free YBCO

L « Ca-doped YBC
to calcium doping. However, this is not in P S S B OIS OO
correspondence with observations of the decrease 0 05 1.‘0 L5 2.0 25 3.0
_ _ _ _ _ Distance [nm]
inthegrain boundary resistanceinthesamecalcium S _ _
concertrtionrange. Theresisiancedecreasesonly 1222, Disibuton of dect ottt
fivefold, and it is expected to be exponentially thedislocation coresof a4° [001]-tilt boundaryin
dependent onthe barrier width. Theseauthorsrelate Ca-doped and undoped YBCO. The solid linesare

the fitting results of a Gaussian potential
their resultsto the extremely inhomogeneousnature  distribution. From [108].

=

Potential [ V]
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of thegrain boundariesand changesin their effectivearea They suggest that the narrowest regions
of the boundary dominate both the capacitance and the normal resistance and that the proportion
of theseregionsincreases asthe percentage of calcium isincreased.

Thefirst and only direct measurement of the influence of calcium on the spatial potential
distributioninaY .,CaBa,Cu;0;,.4grain boundary hasrecently been measured by using el ectron
holography in ahigh-resolution TEM [108]. The chemical potential acrossadislocationin a4°
grain boundary was measured for Y Ba,Cu;0,4 and Y ,sCa&,Ba,Cu;0,.4, of which the results are
shown in Figure 2.20. It was found that 20% cal cium doping decreases the negative potential at
thedislocationfrom2.4+0.3V t0 1.0+ 0.1 V. Thespatial extent of the dislocation core potential
was approximately halved from 1.7 + 0.3 nm to 0.8 £ 0.2 nm. The authorsinterpret their results
interms of theinfluence of the grain boundary core potential on the electron and hole occupation
of the Lower Hubbard band (LHB) in a Mott-Hubbard insulator. In the case of Ca-free YBCO,
they estimate that the measured potential lieswell below the lower band edge, whereas for 20%
Ca-doped Y BCO, the measured potential liesapproximately at thelower band edge. The potential
crossing thelower band edgeleadsto an insul ating state due to depletion of mobile chargecarriers,
and since this happens to afar lesser extent in Ca-doped Y BCO, the spatial extent in which the
dislocation core disturbs current flow isin this case much smaller. A graphical representation of
thisreasoning isshown in Figure 2.21. These authors, however, hardly speculate about why the
presenceof calcium hasreduced the negative chemical potential, and only suggest that substitution
of Y3* by Ca* at the dislocation
core helps to reduce the lattice

undoped Lower Hubbard Band (LHB) doped

- | Eprev (a) I ()| strain and core size at the grain
E Er Eing Er Ernp boundary, hereby referring to
> L .
> 1
>, oV eV atomistic ssimulations[126].
> B This study [126] uses

== I > Enam V] 0 1 2 stetistical thermodynamical and

kinetically limited modelsto study
the origin and evolution of space
charges and bend-banding effects
at low-angle grain boundariesin
=2 — - = 22 _ | YBCOandtheeffect of Cadoping
2 ! L Dl . 3 upon them. These calculations

(S8 ]

(c)

l, crossing the band edge

Normal state (d)

insulator

Normal state
insulator

electrons

holes

holes

LHB occupation [uc-!]

o

Figure 2.21. Density of states and LHB occupation. Top panels show suggest that the sign and
the effect of a negative electrostatic potential V on the electrochemical .

potential at the center of dislocation cores for (a) Ca-free and (b) Ca- magnltude of space F:harge a the
doped YBCO. Bottom panels show the spatial variation (fromthecenter  grain boundary is strongly
of the dislocation cores) of electron and hole occupation per unit cell of

the lower Hubbard band for (c) undoped and (d) doped samples. The dependent on the oxygen content
chemical potential crossing the lower band edge leadsto aninsulating  Of Y BCO. The free surface space
state. The widthw correspondsto the coreregion wherethecarrier type . : .
isinverted and represents the spatial extent that is presumed to act asa chargein Y_BaQCU3O7 IseSFI mated
barrier to flow of supercurrent. From[108]. to be negative and approximately
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afactor 4.4 (at 1000 K) smaller in comparison with the value for the positive free surface space
chargeY Ba,Cu;0;. Theseresultsfor the sign and magnitude of the space charge are assumed to
betransferableto grain boundaries. Additionally, these authors also suggest that alarger portion
of thebulk material isexposed to theinfluence of thegrain boundary inthe caseof Y Ba,Cu;0s. In
this scenario, the influence of calcium on the grain boundary seems to depend strongly on the
oxygen content of the grain boundary. In the case of YB&a,CusO, it is suggested that thermally
activated vacancies act as a screening mechanism for the space charge. The intrinsic negative
charge associated with the substitution of Y3 or Cu? by Ca2* can neutralize the positive potential
at the grain boundary. In'Y Ba,Cu;0-, the charge screening mechanism is suggested to be mobile
holes. Theincrease of hole content associated with cal cium doping enhancesthe screening effect
by mobile holes. The strong screening effect helps to decrease the area of influence of the grain
boundaries. Calculations indicate that space charge for an idealized Y,,CaBaCu;O,4 grain
boundary isfor 8% calcium doping (x = 0.08) approximately one third in comparison with an
undoped grain boundary. Thisisroughly in agreement with results obtained by TEM holography
[108].

A more specific explanation of the
formation of charge at the grain boundary and
the influence of calcium on it was recently
given on the basis of density-functional
calculationsfor a4° grain boundary [155]. The
calculations show that the oxygen vacancy
formation energy is significantly reduced in
YBCO in 5% tensile strain, which is locally sor
expected in a low angle grain boundary, in , o L L L
comparisonwith bulk, unstrained YBCO. The Bisialistrain
resultsof these calculationsareshownin Figure
2.22. Oxygen vacancies act as donors and
resultinapositivechargeat thegrain boundary.
Due to the larger ionic size of Ca?, the
substitution of Y3 by Ca* reduces the local
tensile strain, and therewith increases the
oxygen vacancy formation energy. These

authorsverify the suggestion that Ce?* replaces
Figure 2.22. Result of first-principles calculations of the

- e . . . .
Y specifically instrained regionsof thegrain Ca and O vacancy formation energy in bulk YBCO. a)

boundary experimentally by meansof (S TEM-  Energy required to to substitute Ca on different lattice
. . . . sitesas a function of biaxial strain. b) Oxygen vacancy
EEL S‘_ Flflrther vl dencef(?r thenorn-monotonic formation energy in bulk, unstrained YBCO, YBCO under
Cavariation along thegrain boundary hasbeen 5% tensile strain and Ca-doped YBCO under 5% tensile
. . . i i i 0
given onthebasisof high-angleannular dark-  Sf&n- A tensile strain of more than 10% can occur at
i _ ] dislocation cores in low angle grain boundaries. From
field Z-contrast (atomic weight dependent [155].
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contrast) TEM imaging and EELS [156], as
shownin Figure 2.23. These datashow that the
Cacontent inthetensile part of thedislocation
coreexceedsthenominal bulk concentration by
55%, whereas Caisabsent outsidetheseregions.
Thisresultsin the expansion of thedislocation
cores and shrinkage of the current channels
between the dislocation cores. These authors 16
attribute theincreased critical current densities

they observe to hole redistribution and

associated enhanced superconductivity in the b + +
dislocation cores.

COy)/C,

08
2.8 Conclusion

A pictureseemsto emergeinwhich strain
in high-angle grain boundaries plays a central

0.4 |

role at the grain boundary interface. On one \ k
hand, even a low amount of strain can have Bs " 5 4 s
considerable effects on thetransport properties b ¥ (hm)

. o .
of YBCO. Astrainlevel of only 1% caninduce Figure 2.23 &) Ca segregation at the GB of a 30% Ca-

the orthorhombicto tetragonal transition of the  doped sample.b) Experimental data points of the Ca

: _ concentration variation along the grain boundary. The
YBCO, and hence render it non solid curve shows the ratio ¢(0,y)/c, of the local Ca

superconducting [26]. In addition, it was concentration c(0y) to the bulk value c,. From [155].
suggested that small changes of the local

structureinthevicinity of thegrain boundary should inducelarge variations of the valence of the
copper ions, which control the superconducting as well as the normal state transport properties
[119]. By relating bond-val ence-sum analysis[ 28] to strain analysis[30] of low-S grain boundaries
it was shown that the phenomenological criterion for the suppression of strain at lattice level in
Y BCO should be approximately 3 —4 %. Using the latter value as the cut-off for YBCO being
superconducting resultsin estimationsfor the thickness of non-superconducting layersenvel oping
low-S, high-angle grain boundaries of 0.3 -1 nm [31].

On the other hand, tensile strain decreases the oxygen vacancy formation energy in the
grain boundary [155], which hasonitself adual effect. Superconductivity in the cupratesishighly
dependent on the oxygen content of the material, and small deviationsfrom the optimal content
can lead to aconsiderabledepression of T.. In addition, oxygen depletion can induce the formation
of an intrinsic positive charge [126]. Both oxygen depletion and the formation of a positive
charge at the grain boundary leadsto bending of the electronic band structure and hole depletion
[56, 88, 94, 103, 108], which resultsin the formation of atunnel barrier and the deterioration of
thetransport propertiesin both the normal and superconducting state. Deoxygenation of thefilm
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will result in an additional widening of the oxygen and hole depl eted region at the grain boundary,
and in this case localised states have been suggested to form in the grain boundary region [111].

The very inhomogeneous nature of the grain boundary has to be superimposed on this
picture. The strain state and hence the el ectronic structure of the grain boundary can vary greatly
over thegrain boundary interface[15]. Whereashighly strained regions can makethegrain boundary
opaquefor chargecarriers, it isfeasiblethat weakly conducting channelsor “microbridges” exist
at less strained regions [112-116]. The transport properties will be dominated, at least at low
voltages, by theleast strained, best conducting regions. Apart from these strain-induced effects, it
has been suggested that magnetic scattering dueto local magnetic momentsat the grain boundary
can have a considerabl e influence on the superconducting and normal -state properties of grain
boundariesinthe cuprates[66]. It seemsunclear how thiseffect can be correlated to the structure
of the grain boundary. The presence of the d-wave pairing symmetry in the cupratesis predicted
to only have asignificant effect for asymmetric 45° grain boundaries[114].

Calcium is subsequently suggested to alleviate the impeding effect of grain boundaries by
aleviating thestrain at theinterface[ 155, 156]. Cal cium segregates non-monotonically along the
grain boundary, and decreases the locally the tensile strain. This increases the oxygen vacancy
formation energy, and the lower oxygen vacancy concentration results in areduced charge and
less band bending at the grain boundary. Concomitantly, calcium brings extra holesto the grain
boundary, which enhanceslocal superconductivity by partia recovery of optimum hole doping.
The dual effect of calcium doping is expected increase the proportion of the narrowest, best
conducting regions, which control both thecritical current density and the normal stateresistivity
[154].
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3 Experimental methods

In this section the applied experimental methods are outlined, including fabrication,
morphological, microstructural and electrical characterisation of the samples.

3.1 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) isaconvenient and efficient technique for the synthesis of
high-T, superconducting thin films [1]. In Figure 3.1 a schematic diagram of a PLD system is
shown. In PLD of YBa,Cu;O,4 (YBCO) thin films, a pulsed laser strikes abulk YBCO target.
Some of the target materials are removed, escaping in the form of a plume. Part of the plume
comes in contact with the surface of a heated substrate kept a few centimetres away from the
target. The plume consisting of the building blocks of the' Y BCO lattice coversthe substrate. The
result isthe growth of athin film of Y BCO with the same chemical structure and composition as
thetarget. PLD offers numerous advantages, including film stoichiometry closeto thetarget, low
contamination level, high deposition rate and non-equilibrium processing.

All filmsused for thisinvestigation were fabricated by PLD, but 3 different PLD systems
were used in 3 different locations. The maority of thefilmswerefabricated in Cambridge by the
author, but films from Los Alamos [2] and Seoul [3] were also investigated. Below follow the
fabrication characteristicsand procedurefor the PLD systemin Cambridge. Themain differences
withthe systemsin Los Alamosand Seoul will be discussed subsequently.

Thefilmswere deposited using an excimer laser operating at 248 nm (KrF radiation) and a
10 Hz repetition rate. Thelaser spot passed through aprimary 28 mm x 15 mm aperture, and then
wasfocused to aspot with an areaof 3—5 mm? at the Y BCO target, striking thetarget at an angle
of 45°. The calculated energy density, based on the energy measured just outside the deposition
system, was 2.5 — 3.7 Jcm?. The target was rotated to prevent target deterioration. Commercial
targets (Praxair) with acomposition Y Ba,Cu,0,., and Y,Ca,,.Ba,Cu,0O; 4 and a density greater
than 5.95 g cm® were used. The target was
sanded after each depositionto removeablation
damage.

The used substrateswere commercially
available 5 mm x 10 mm SITiO; [001]-tilt
bicrystalline substrates with different
misorientation angles. The substrates were _ _
mounted on aresistively heated block using H/Q uartz Window
silver paint, air-dried at 100 °C, and then u|
positioned inthe deposition system 55- 70 mm
away from thetarget. The system was pumped
to a base pressure of 1 x 10> mbar or lower,
and the substrate heater block heated with 10
°C/minto atemperatureof 765°C, asmeasured Figure 3.1. Schematic illustration of a PLD system[1].

Heater Block Substrate

]
Incident Beam Target
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by thermocouple mounted inside the block ~2 mm behind the substrate. Temperature
measurements with a pyrometer (an infrared radiation thermometer) showed that the surface
temperature of the heater block was~ 50 °C higher, whereasthe temperature of the substrate was
~ 35 °C higher then the temperature measured by the thermocouple.

Oxygen wasflowed into the chamber at aconstant ratein order to obtain an oxygen pressure
of 0.20 mbar in the chamber. The target was pre-ablated with 600 pulses before removing a
shutter and depositing afilmin 2000 pulses. After deposition, the temperature was decreased at
9 °C/min to 440 °C. When the temperature reached 740 °C (as measured by the thermocouple),
the chamber wasfilled with oxygen. The samplewasanneal ed at 440 °C for 60 minutes, and then
the sample was cooled to room temperature by switching off the heater.

The most notabl e differences of the proceduresfor PLD asused in Los Alamos and Seoul
wasthe use of targets. In Seoul only an'Y Ba,Cu,0, 4 target was used. In Los Alamos, asegmented
target wasfabricated. One segment, with an areaof 10 % of thetotal target area, had acomposition
Y ,,CasBa,Cu;0,.,, while the remaining 90 % had a composition Y Ba,Cu,O,4. Therefore, the
overall calcium content of thetarget was 3 %. Thesefilmswere grown at atemperature of 790°C,
an oxygen pressure of 0.27 mbar, arepetition rate of 6 Hz, and the sustrate-target distancewas 5
cm. Thefilmswere deposited in 3600 pul ses.

3.2 Annealing

Annealing of the fabricated films was carried out in order to be able to vary the oxygen
content in afilm. Films were annealed after patterning (section 3.5), so that it was possible to
characterise the properties of the same grain boundary with the same device while the oxygen
level inthefilmwasvaried. A specially designed furnace used for annealing consisted of avertical
glass tube in a furnace. The glass tube was connected with an oxygen supply, so that it was
possible to have oxygen flowing through the tube during annealing. The samplewasplacedina
small bucket made from high purity gold foil and platinum wire. It was then suspended within the
glasstube of the furnace. The furnace was sealed and an oxygen flow was established throughiit.
The furnace was then heated to the desired anneal temperature. At the end of the annealing time
asmall thermos filled with liquid nitrogen was placed under the tube. The sample was dropped
into theliquid nitrogen, resulting in arapid quench. The samplewaswarmed to room temperature
under flowing nitrogen in order to prevent any condensation of water on the surface of thefilm.

3.3 Atomic Force Microscopy

The surface of the deposited films was examined using atomic force microscopy (AFM).
After patterning of the films, AFM was also used for investigation of the obtained tracks of the
pattern. The principle of AFM is schematically represented in Figure 3.2. The Nanoscope |11
AFM used was operated in Tapping mode. With the Tapping mode technique, a cantilever is
oscillated near itsresonant frequency asit isscanned over the sample surface. The probeisbrought
closer to the sample surface until it beginsto intermittently contact (“tap”) on the surface. This
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contact with the
sample causes the
oscillation amplitude
to be reduced. Once
the tip is tapping on
the surface, the
oscillation amplitude
scales in direct
proportion to the
average distance of
the probe to the
sample. The
oscillationlevel isset
below the free air

Optical
detector

Computer and
feedback control

N

amplitude and afeedback system adjuststhe cantilever-sample separation to keep thisamplitude
at roughly the same value asthetip isscanned in araster pattern acrossthe surface. Accordingly,
AFM images consist of height and tip amplitude data. The height datawere used for quantitative
analysis, such as measuring film thickness, whilst the amplitude data highlight sharp changesin
surface height. Theareaimaged by the AFM isat most 50 pm x 50 um, so only asmall areaof the

_sempie

Piezoelectric ceramic
tube scanner

sampleisscanned and it ispossible that thisareais not representative.

3.4 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is
based on theformation of animage by electronsthat
aretransmitted through aspecimen. To accomplish
thisan accurateilluminating and imaging systemis
necessary [4]. Figure 3.3 schematically depictsthe
arrangement of aTEM-system. Electronsare emitted
from an electron gun with a small effective source
size (afew micrometers, or less, in diameter) witha
well-regulated energy of 10° — 10° eV. Several
electron lenses are used to provide a range of
conditionsfor theillumination of the specimen with
avery small convergenceangle.

The objective lens, placed immediately after
the specimen, isthecritical lensfor the determination
of the image resolution and contrast. Beyond that
thereisusually a strong, short focus projector lens
toincreasethetotal magnification after thefirst stage
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Figure 3.3. Diagram of a Transmission Electron
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Table 3.1. Specificationsof for thisinvestigation used Philips CM 30 Transmission Electron Microscopes.

M icroscope CM30T CM30UT-FEG
Bectron gun thermionic fidd-emission
Cathode meteria LaB, W

Accderation voltage [kV] 300 300

Point to point resolution [nm] 0.23 0.17

Bementd sengtivity EDX boron boron

Spot gze for EDX [nm] 10 1

Spot sze for nano-diffraction [nm] 10 1

of magnification, of 100 or so, given by the objective lens. Between the objective and projector
lenses are usually inserted several relatively weak lenses, which are added to provide flexibility
and convenience in the variation of magnification of the final image over awide range possibly,
107 —10¢5. They also allow the diffraction pattern, formed in the back focal plane of the objective
lens, to beimaged. Thefinal imageisnormally viewed on afluorescent screen that can beremoved
to allow recording of the images on photographic plates. Besidesthis, the use of electronic and
digital detection and recording systemsisbecoming increasingly common. The entire microscope
column must be evacuated. L ow pressures (10 Torr) are necessary to avoid appreciable scattering
of the electrons by air molecules.

A Philips/FEI company dua beam Focused on Beam / Scanning Electron Microscopewas
used to prepare sections of the grain boundary perpendicular to the surface of the thin film [5].
Thetechnique consists of “cutting” athin slicewith awidth of ~ 20 um and athickness of ~ 100
nm out of the sample. The obtained |lamellaeweretransferred to agrid in order to investigate the
path of the grain boundary perpendicular to the
surface by meansof TEM. For theinvestigation
described in this project two Philips CM30
microscopeswere used, provided by the Dutch
National Centre for High Resolution Electron
Microscopy (NCHREM) situated in Delft, The
Netherlands. The specifications of both
microscopesaredepictedin Table 3.1.

3.5 Patterning of the films

Standard photolithography andion beam
etching techniques [6, 7] were used to pattern
the films. In the case of the bicrystalline films,

Figure 3.4. A 24° bicrystalline STiO, substrate after
) ] etching in hydrofluoric acid. Thegrain boundary can be
thealignment of thedesired patternwithrespect  seeninthemiddle. The patterns|eft and right of thegrain

boundary arisedueto preferential etching of disocations

to the grain boundary is of crucial importance. parallel to the a- and b-orientations
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Therefore, a small amount of YBCO was removed by using etching in hydrofluoric acid and
increase the visibility of the grain boundary during the lithography process, as shownin Figure
3.4. By UV-beam lithography and argon ion-milling patternswere produced from thefilms. The
patterns consisted of singletracks aswell as severa types of Wheatstone bridge configurations.
In section 4.1 the properties of the Wheatstone bridge configuration will be examined. Gold pads
for electrical contactswere fabricated using sputter deposition and chemical lift-off lithography.

3.6 Electrical characterisation of the films

Electrica measurements were carried out with the use of a probe that was dipped in a
dewar with liquid helium. Thismadeit possibleto investigate the el ectrical propertiesof thefilms
in atemperature range of 5 K to 300 K. The dip probe was built by Dr PF. McBrien [8] and
renovated by the author. Patterned films (al so known as chips) were mounted on a copper block
containing a silicon diode thermometer, a heater and a coil (for applying a magnetic field).
Temperature control of the probewas achieved using aL akeshore 340 PID temperature controller
connected to a PC and by manual adjusting of the position of the probe with respect to the level
of theliquid heliumin the dewar. In the case of measurements as a function of temperature, the
samplewas cooled or heated at a constant rate between 2 and 3 K/minute. Therewas avariation
intemperaturereproducibility of approximately 1 K, depending on therateand direction of change
of the temperature.

Electrical connections between the chip and the contacts of the probewere made by ultrasonic
wedge bonding with 25 pum diameter aluminium and gold wire. Measurements lines running to
the sample are wired through capacitive lead through filters to attenuate high frequency noise.
Theselines are connected to avoltage amplifier or current source by amatrix board (which was
used to select the device to be measured) or alternatively by acomputer driven switch array. The
switch array offered considerable time savings for the measurement as several measurements
could be carried out simultaneously, but it slightly increased the signal noise. Current wasapplied
to the devices by means of aquasi DC (~15 Hz) low noise current and voltage source (typical
noise level was0.5—-1 pV in a 10 kHz bandwidth). The output voltage was amplified by alow
noise amplifier and detected by a 16 bit National Instruments analogue to digital card. A band
passfilter asofiltered thesignal. All measurementswere carried out with afour-point technique.
The data were recorded by means of a pc equipped with a specially designed data acquisition
application for the software package National Instruments Labview.
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4. Method development

4 The grain boundary normal state resistance

In this Chapter the development of methods to measure and model the resistance of grain
boundaries in superconducting filmsis described. In the first section the Wheatstone bridge is
discussed, which was used throughout thiswork to measure the grain boundary resistance. Inthe
second section the devel opment and application of amodel for electrical charge transport through
agrain boundary isdescribed.

4.1 Measuring the normal state resistance

TheWheatstone bridgeisan electrical bridge circuit used to measureresistance. It consists
of four resistances connected in asquare, acurrent input, and avoltage gauge, asshownin Figure
4.1. If the bridge is balanced, the voltage reading V should be zero. Thisyields the following

rel ationship between thefour resistances:
?/zﬁ/ (4.1)
R /R

If thiscondition does not apply, the bridgewill show afinitevoltage
reading. The extent of deviation from condition (4.1) can be expressed
by theimbalanceR , whichisgiven by the voltagedivided by the applied
Figure 4.1. Schematic current. In terms of the values of the four resistances, theimbalanceis

representation of the givenby:
Wheatstone bridge
configuration.

IIII'J.' L

RR - RR, (4.2)
R+R+R+R,

VQ
I_:RN:

In this study, the Wheatstone bridge
configuration was used to determine the
resistance of grain boundariesin YBa,Cu,0O,
(YBCO) above its superconducting transition
temperature. Because of the high resistivity of
YBCO in its normal state, it is not feasible to
measure the resistance with a four-point
measurement on asingletrack crossingthegrain
boundary. In this case it is not possible to
separate the contribution to the resistance of the
track of the grain boundary from that of the
YBCO. The Wheatstone bridge geometry was
Figure 4.2. Wheatstone bridge and grain boundary. applied on the grain boundary as depicted in
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Figure 4.2. This configuration gives rise to an increased value of two of the four resistances of
the Wheatstone bridge. If thisadded resistanceisfor both resistancesthe same value, namely the
resistance of the grain boundary, R ,, then theimbalance of the Wheatstone bridgeis given by

_ .1 (4.3)

2 " ‘gbs

Although the geometry of the Wheatstone bridge provides a direct measurement of the
resistance difference of itsdifferent armsand hence of R, the absolute values of theresistances
of each bridge cannot beinferred and so thereliability of the measurements cannot be evaluated.
Itis, however, possibleto deducethis by connecting the current leadsto adjoining points (e.g. A
and B in Figure 4.1) instead of opposite points (e.g. A and C in Figure 4.1) of the bridge. The
voltage leads can then be connected to the two remaining adjoining points (e.g. C and D in
Figure4.1). Assuming thefour “arms’ of the Wheatstone bridge have the sameresistance, i.e.in
the absence of a grain boundary, then the resistance of one arm can be calculated by:

R, = 4\|/_ (4.4)

If the Whesatstone bridge crossesagrain boundary therewill betwo possibilitiesto connect
the current and voltage. Onein which the voltage contacts (and the current contacts) are on one
side of thegrain boundary, and onein which the voltage contacts (and the current contacts) areon
both sides of the grain boundary. The measured voltages over the applied current for both
configurations are now given by

Vi_ (R (4.4)
I 2(2R, + Ryy)

and

(R, + Ry)’? (4.5)
2(2R, + Ryy)

v,
I

respectively (V,—contacts on 1 side of the grain boundary, V., — contacts on 2 sides of the
grain boundary). Theimbalance of the bridge can now be calculated asfollows:

whereR /™ should bethesameasR,, asin (13). If theresistances of each pair of armswere
not identical, then R would not in general be equal to R,,. It is also possible to deduce the
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resistances of each of the two types of armswith

R =2 V2 Vi 4.7)
I Vz -1
and V1
Ra + Rgbs - 2 VZ - Vl (48)
I Vi -1
Vz

Behaviour of a superconducting Wheatstone bridge
The behaviour of a superconducting Wheatstone bridge has been investigated in order to

obtaininsight initsimbalance. Thetemperature dependence of the resi stance of a superconductor
has been approached by:

R(T) =R,(T)- R"(I Z (4.9)

Where T_ isthe superconducting transition temperature and d is proportional to the width
of the superconducting transition. R (T) isthetemperature dependence of the normal stateand is
approximated by:

R,(T) = (T - 300)C + R (410

Where c is the temperature coefficient and R, isthe resistance at 300K of the material.

86 87 88 89 90 91 92 93 94
T(K)

Figure 4.3. Smulated curve of the dependence of the resistance on the temperature of a superconductor with a
transition temperature of 90 K and a resistance of 100 at 300K.
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O T T T T T T T
86 87 88 89 90 91 92 93 94
TK

Figure4.4. Smulated curve of the dependence of theimbal ance on the temper atur e of a superconducting Wheatstone
bridge at its transition temperature. The values of the for the simulation used parameters are given in Table 4.1.

Note that according to this equation the

material hasaresidual resistanceat 0K of Table4.1. Valuesfor parametersused in the Wheatstone
bridge simulation in Figure 4.4.

R,k -300c. Figure 4.3 shows the
approximated temperature dependence
according to (4.9) and (4.10) with the
following values for the four parameters:
T.=90K,d=0.2, R, =100, and ¢ =
R, / 300 = 0.33. The temperature
coefficient of the material is chosen such
that there isno residual resistance at O K.
The imbalance of the bridge has been
calculated with (4.2). Figure 4.4 showsthe
calculated behaviour of the imbalance a Wheatstone bridge as a function of temperature. The
parametersused are shownin Table4.1.Thetypical spikeintheimbalancearound 90K iscaused
by the lower transition temperature of R,. Due to the remaining resistance of R, in comparison
with the rapidly vanishing resistance of R;, R, and R, around 90 K, the imbal ance of the bridge
will increasetemporarily. This phenomenon was observed in many of the temperature dependent
imbalance measurements of the actual bridges.

Estimation of imbalance of a Wheatstone bridge dueto geometrical errors

InaWheatstone bridge that contains agrain boundary, the resistance of the grain boundary
will imbalancethebridge. Inadditionto this, an“intrinsic” imbalancewill inevitably be present in
the bridge dueto patterning inaccuracy and filminhomogenity. Figure 4.4 showstheimbalance of
asmplesquare bridge (Figure4.2) patterned in asinglecrystallinefilm. On theleft hand axis, the
resistance is shown as the inaccuracy the bridge would cause in the resistance area product if a
grain boundary were present. On the right hand axis, the imbalance is shown as aresistance. As
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4x10™ 1 71 71 1 10 showninFigure2.11,
I /// ] values for resistance
— - . r RA
e o] P - 8 area products, R A,
g I - ] are 1.10% - 1.10%
3 de ™ Wm? for grain
S S
© 0| % boundaries  with
g s 2 mi sorientation angles
g i | & ranging from 24° to
© 12 [ o .
% 1x10 _ 1, 45°, respectively [1,
@ 2]. Since this
I Wheatstone bridge
0 . | . | . | . | . | . 0

0 50 100 150 200 250 300 has an intrinsic
T(K) imbalance of 1.5 -

Figure 4.5. Dependence of the voltage/ current ratio on temperature of a Wheatstone 4-102Whr?, it will not
bridge in a single crystalline film. be possible to

characterise grain
boundaries with angles at the lower end of the range of misorientation angles.

In order to make an estimation of theimbalance of abridge dueto patterning inaccuracies,
the imbalance of atypical simple square bridge has been estimated using an AFM image. The
bridge shown in Figure 4.6 has been used to carry out this calculation. The imbalance of this
bridge has been determined by estimating the resistance of each of the four arms. Theresistance
of each of those tracksis given by:

r=l (4.11)

Wherer istheresistivity of the material,
| the length of the track, t the thickness of the
track and wthewidth of thetrack. Inreality, the
latter two parameters will vary over the length
of the track, and the length of the four tracks
will not beequal. To smplify thisstudy however,
not only the resistivity, but also the height and
the length of the four tracks has been assumed
to be equal. The resistance of atrack can now
be calculated by:

. ri .1
Figure 4.6. AFM image of a square Wheatstone bridge. ORdR= T % dx (4.12)

A division on the horizontal (z-) axis represents 1 um.
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Where x is defined as the direction parallel to the track. The proportion of the four tracks
with respect to each other can be obtained by cal cul ating the sum of the reciprocal values of the
width along the length of the track:

s 1

Ru gov_v (4.13)

Figure 4.7ais aversion of thisimage in which only the area of the bridge with a height
above a certain threshold iswhite, while all lower parts are parts are black. Basically, there has
been assumed that all parts of the bridge above thisthreshold have the same height, and that all
parts bel ow thisheight do not contribute to the current conduction. Figure 4.7b shows oneleg of
thebridgewhichisdividedinto slicesof ~0.05 um. The mean width of each slicewas cal cul ated
and their reciprocal values were added in order to obtain for each track arelative value for its
resistance. These values were multiplied by a constant factor, such that the resistance of each
track was 69.4 Won average. This value was obtained by aresistive measurement on this same
bridge. The imbalance due to the inequality of these hypothetical resistances was evaluated by
means of (4.2) and appeared to be ~5 W, which is in good agreement with the measurement
shown in Figure4.5. Thiscal cul ation showsthat patterning i naccuracies account for asubstantial
amount of theimbalance of asquare bridge. Thereforeit isnecessary to think about possibilities
to lessen the effect of theintrinsic geometric imperfection caused by the used processing methods.

Figure 4.7. a) Duotone image of the Wheatstone bridge shown in Figure 4.6. b) Close up of the right-hand
vertical arm of the bridge shown in Figure 4.7a. The armis divided in 150 slices with equal width.

70



4. Method development

Development of optimum bridge geometry

Mathur et al. used thin film Wheatstone bridges for the first time
to measure the magnetoresi stance of grain boundariesin Lg,,Ca,,MnO,
[3]. In order to enhance the accuracy of the measurement method,
Wheatstone bridges meandering over the grain boundary were used in
this study. The Wheatstone bridge geometry used by Mathur et al. is
shownin Figure4.8. By having thetwo opposite arms of the Wheatstone
bridge crossing the boundary a number of times, the accuracy of the
measurement can be enhanced drastically. The contribution of the grain
boundary to theimbalance increaseslinearly with the number of timesn
the grain boundary is crossed:

R, =- IR, (4.14)

The standard deviation of R , however, increasesasOn. Thesignal
to noiseratio istherefore predicted to increase asOn. On the other hand,
asthebridgeislonger, long rangefilminhomogeneitiesand film thickness
gradientswill start to play alarger role. Therefore, there isan optimum
at a certain n between minimizing the short range patterning
inhomogeneities and the long-range film inhomogeneity. In order to
investigate the feasibility to increase the accuracy of the measurement
by making n > 1, Wheatstone bridgesthat crossagrain boundary 11, 21,
41 and 81 times in one arm were designed. The four different bridge
geometries are shown in Figure 4.9. Independent of the bridge length,
some additional design considerations have to ensure a high accuracy:

the connections between the tracks crossing the grain boundary
are wide in order to minimise the
influence of irregularitiesin these parts,
sharp corners are avoided in places
whereahigh current density isexpected
in order to facilitate reproducible
processing;
the connections between the arms
ensure acompletely symmetric current
flow.

Eight devices were fabricated of
Figure 4.8. The Wheatstone bridge  each of the four designs in single
geometry used by Mathur et al. to . - . L
Study the properties of grain crystalinethinfilmswith no significantly
boundariesin La,;Ca;MnO; [3].  different thickness and transition

gb 20 pm
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d 0.1 mm

Figure 4.9. Wheatstone
bridgesthat crossa
grain boundary a) 11, b)
21, c)41 and d) 81 times
inonearm.
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temperatures between 87 and 89 K. The imbalance of the devices was measured between room
temperature and the transition temperature, and resistance area products were calculated asiif a
grain boundary was present in the devices by using:

2R, (4.15)
n

RA=

where wisthe width of the tracks (2 um) andt the thickness of the film. A measure for the
inaccuracy inducedif agrain boundary were present isgiven for each devicelength by the population
standard deviation of theresistance areaproducts, s _,, of theresistance of the 8 equivaent bridges.
Thisis shown in Figure 4.10 as a function of temperature for 3 sets of 8 bridges that cross the
grain boundary 11, 21, and 41 times. Theresistance asafunction of temperature exhibitsthe same
behaviour as'Y BCO, which indicatesthat theimbal ance of the structure resultsfrom homogeneous
YBCO. Thebridgegeometry crossing agrain boundary 81 timeshasahigh resistancein comparison
with the smaller bridges, and therefore it was not possible to obtain realistic results from this
structure. The bridgeswith 21 and 41 tracks crossing agrain boundary exhibit asimilar accuracy.
Asthe use of alonger bridge meansthat asmaller number of bridges can befitted on alength of
grain boundary, it was decided that a bridge with 21 tracks crossing a grain boundary is most
suitablefor thisstudy.

Another parameter that can be varied in the bridge design isthe overall size of the bridge.
Asthebridge designis scaled up in size, the patterning inaccuracies, which have afixed length,
will have relatively asmaller influence on the measured voltage. On the other hand, in order to
obtain the resistance area product, R A, the measured imbalance will have to be multiplied by a
larger cross sectional track area (4.15). In order to assess the influence of the size of the bridge,
3different bridge sizeswere designed and patterned on single crystallinethin films. Theimbalance
of the devices was measured between room temperature and the transition temperature, and
resistance area products were
calculated as if a grain boundary &x10™ —————— T
was present in the devices using 11 gb crossings. / ]
(4.15). The population standard A0 | 7 )
deviation of aset of 5 bridgeswas s
determined for the three device W d ]
sizes. Thethree different bridges,
shown in Figure 4.11, each have
21 tracks crossing a grain
boundary with widths of 2, 4 and
8 um. Figure4.12 showsfor these ]
three sizes the standard deviation 0 s 100 15 200 250 00

of the resistance as a function of . Temperature [K]
Figure 4.10. The standard deviation of the measured voltage / current

temperature, whichrepresentsthe  ratio of 8 Wheatstone bridges for 3 different bridge lengths.

//l

Gn-‘\ [Q]

2x107°

41 gb crossings /ff;/////{

e

1x10™ |
21 gb crossings
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inaccuracy the bridge sizewould causein ameasurement of the resistance areaproduct of agrain

boundary.

The bridge with 4 um wide tracks was found to have the smallest standard deviation, and it
was concluded that this track width offers the highest accuracy. The accuracy of this bridge
rangesfrom 3-10*Wmat 100K to 7-10*Wm at 300 K. For grain boundarieswith amisorientation
angle of 24°, resistance area products of 5-10™ Wm at 4.2 K have been reported [1]. Although

gb

Figure 4.11. Wheatstone bridges with
tracks crossing the grain boundary with a
width of @) 2 um, b) 4 umand c) 8 um.

this value is expected to decrease above the transition
temperature [2], it should be possible to measure grain
boundary misorientation anglesdown to 24°, and possibly
even lower angles.

Figure4.13 showsatypical layout of achip asused
inthisstudy. On each chip 5 bridgeswere aligned with the
grain boundary. Also two bridgeswerepresent inthegrains
on each side of the boundary for the purpose of accuracy
control. In addition to Wheatstone bridges, also single
tracks were present on each chip. The configuration of
thesetracksisshownin Figure4.13. Thetrack consists of
three segments with individual voltage contacts: one
segment crossing a grain boundary and two identical
segmentsarein thegrainson each side of agrain boundary.
Thesetrackshavetwo purposes. Firstly, thetwointragrain
segments (A + C) can be used to assess the properties of
singlecrystallineY BCO. Secondly, theintergrain segment
(B) can be used to measure the superconducting properties

2.5x10™ T T T T T T T T T T

2.0x10™
1.5x10™ -
a
Dé r
1.0x10™" |-
5.0x10™ | e
i e
/// 4 ym tracks
00 [ " 1 L 1 " 1 " | L 1 "
0 50 100 150 200 250 300

Temperature [K]

Figure4.12. The standard deviation of the measured voltage/ current
ratio of 8 Wheatstone bridges for 3 track widths.
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gb

20 pm

0.2 mm

Figure 4.13. A typical layout of a chip with 5 Wheatstone bridges on the grain boundary, 2 Wheatstone bridges
in the 2 grains besides the grain boundary, and 2 three-bridge devices.

of thegrain boundary. Measuring all three segments simultaneously offersamethod to obtain the
resistance of the grain boundary. As al three segments are equally sized, the grain boundary
resistance can be obtained by simply subtracting the average of the resistance of the intragrain
segments from the resistance of the intergrain segment. This method seemsto be very proneto
geometrical imperfections, but offersan additional way for assessing the normal state properties
of grain boundaries.

M easur ement methodology

All bicrystalline films used for this study have been patterned with Wheatstone bridges as
well as three-bridge devices, according to a chip layout as shown in Figure 4.13, or similar.
M easurementswith the three-bridge device have been carried out for some of the grain boundaries
discussed in Chapters 6 and 7. The spread between individual deviceswaslarger in comparison
with Wheatstone bridges, but the order of magnitude of the results was not found to differ
significantly in comparison with Wheatstone bridges. Therefore, all results of the resistance of
grain boundariesin thisdissertation have been obtained by measurementswith Wheatstone bridges.
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Only results of the intragrain resistance have been obtained using single tracks.

Abovethetransition temperature, theintergrain and intragrain (V) characteristicsarelinear
at low currents. M easurements have been carried out at aconstant current biasof 10 yA, and the
resistance can be obtained straightforwardly (4.2). Below the transition temperature, 1(V)
characteristics of the grain boundary are non-linear and it is non-trivial to extract the resistance
from the I (V) characteristics. Resultsfor the grain boundary resitance area product presented in
Chapters 6 and 7 have been extracted from linear fitsto thel (V) characteristics closeto theorigin.
Thevoltagerangefor fitting was chosen large enough to ensure that theinfluence of RSJbehaviour
is excluded (for grain boundaries showing a critical current), and small enough to avoid any
influencefrom Joule heating at higher voltages.

In Chapters6 and 7 will be shown that theresistanceishighly dependent onthevoltagebias
for high resistance grain boundaries, i.e. for grain boundaries of which the accessible voltage
range is sufficiently large (misorientation angles 37° and 45°). However, the resistance will be
shown to beindependent of temperature between avoltage associated with the gap energy of the
superconducting el ectrodes and avoltage at which heating startsto induce additional resistance.
Asthe resistance is extracted from linear fitsto the (V) characteristics close to the origin, any
trend initstemperature dependence will be associated more with the formation of an temperature-
dependent gap in the density of states of the superconducting el ectrodes than anything else. The
temperature dependence of the resistance bel ow the transition temperature hasbeen included for
reference and comparison, but it should be understood that its significance with respect to the
behaviour of thegrain boundary issmall.

For thelower resistance grain boundaries (24° and 30°) the dependence of theresistanceon
the voltageis smaller and thel(V) characteristics are linear outside the voltage range affected by
RSJbehaviour. The access blevoltagerange of these grain boundariesismuch smaller, and therefore
it cannot be probed whether or not the resistanceisindependent of thetemperature at sufficiently
high voltages. However, it seems likely that also for these grain boundaries the resistance is
independent of the temperature below the transition temperature. Hence, any trend in the
temperature dependence of the resistance would be associated with the behaviour of the
superconducting electrodes and not with that of the grain boundary.

4.2 Modelling the normal state resistance

A simplecalculation to estimate the normal state resistance of the grain boundary dueto the
presence of atunnel barrier wasdiscussed in Chapter 2. Theres stance areaproduct was cal cul ated
based on a rectangular barrier shape and a tunnelling probability according to the WKB
approximation. The calculation was clearly ssimplistic and too general to reach any further thana
roughindication regarding thefeasibility of the presence of atunnelling barrier at thegrain boundary.
Also, theinfluence of temperature on theresistance was not included in thiscal culation. Ransley
developed an extensive model to estimate the grain boundary transport current as a function of
temperature [4]. Thismodel is based on atunnel barrier with atrapezoidal shape and takesinto
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account the anisotropic band structure of YBCO, the energy distribution and the tunnelling
probability of the charge carriers. The background and full derivation of the model can befound
in[4], but asummary isincluded in this section.

The calculation of the transport current is phenomenol ogically expressed asfollows:

Transport current = Integrate over al contributing regions of the Fermi surface{
factor for grain boundary misorientation angle x
temperature dependent el ectron energy distribution x
tunnelling probability over trapezoidal barrier}

TheYBCO band structure has been approximated by an extruded square Fermi surface, as
shown in Figure 4.14. The relationship between the electron energy E and the wavefactor k is
assumed to be linear, and the unit cell is assumed to be tetragonal. The dependence of E onkis
accordingly defined by:

Bk ) =1|’ blk+h, |kx|<‘ky‘
tblk|+h. />[k

whereb and h are constants specific for the band structure of YBCO [5], andk andk are
2 orthogonal directions of the wave vector parallel with the ab-axes of the unit cell. Figure 4.15
shows the four regions of the Fermi surface that contribute to the net current across the grain
boundary. Below is the symbolic expression for the transport current, representing the
phenomenol ogical expression given abovefor thefour contributing regions of the Fermi surface.

(4.16)

Grain
boundary

Fermi g
surface

0 210" 4x10° 6x107 8107 . 2

Le']
o5
’

k, (m") P

Figure 4.14. Smplified 2-dimensional band structure Figure 4.15 Fermi surface and important k-space
for YBa,Cu,;0,.4 planes. Energy contoursareshownat directions for the simple model of a YBa,Cu,O,, grain
400 eV intervals around the Fermi energy, which is boundary. The shaded areas show regions of k-space that
marked E; . The Fermi surface is shown as the bold contributeto the current acrossthe grain boundary at zero
contour. temperature.
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Thefactorsbsina and bcosa, witha the misorientation angle of the grain boundary, account
for the energy gradient parallel to the grain boundary normal in k-space. The integration limits
definethevalueswherethe Fermi surfaceintersectsthek , k andk,axis. aand carethedimensions
of theunit cell inthea-b and c direction, respectively. Thetemperature and voltage dependence of
the Fermi surface is taken into account by making the integration limits dependent on the
temperature, T, and voltage across the grain boundary, V,

A:g_

=P,

a

V+nk, T

b

nk, T

b

(4.19)

(4.20)

where gand n are constants, taken as%and 10, respectively. The functiong(E) definesthe
difference of the Fermi functions on both sides of the potential barrier:

g(E)=f(E)- f(E+eV)

Figure 4.16. Diagram showing how the
temperature dependence of the resistance is
altered by the form of the barrier in a simple 1-
dimensional tunneling model. The two Fermi
functions define a ‘window’ of electron energies
that can tunnel. The Fermi window broadenswith
increasing temperature. For arectangular barrier
the higher energy electronsseeabarrier with the
same width but a reduced height. For the case of
atrapezoidal barrier the height and the width of
the barrier are reduced. The temperature
dependence for such barriers is therefore more
pronounced.

77

(4.21)
E
X A Rectangular
barrier
Increasing 1
&
N Y N
g ) Trapezoidal
~ T=0 barrier
REYAE+eV) *



Normal state properties of grain boundaries in Y, ,Ca,Ba,Cu;0, 4

The Fermi functions define the energy distribution of electronsand are given by:

f(E) = El - (4.22)
1+
and e kT
f(E+eV)= El_nb (4.23)
where e1+ kT
evV=m-m (4.24)

with V the voltage drop across the barrier. The function g(E) therefore defines a “window” of
electron energiesthat can tunnel. Thisenergy window broadenswith increasing temperature, so
at higher temperatures higher energy electrons can tunnel. Thisisrepresented in Figure 4.16.

The function D(E,V) definesthetunnelling probability according to the WKB approximation,
andisgivenby:

2 2 2m* X2 hz‘k ‘2
D(E- 7l V) :e'zx/;Ql\lf 09 B+ (4.25)
2m*

where m* isthe effective mass of the electrons. A vaue of m* = 4.5m, was used, wherem, isthe
electron mass. lﬂ| isthewavevector of the el ectron projected into the plain of the boundary. It can
be geometrically derived that the dependence of lﬂ| on thegrain boundary misorientation angleis:

|kﬂ|2 =k’ +(k,sina - k,cosa)? (4.26)

The function f (X) represents the barrier shape. In the absence of avoltage the shape of the
barrier istrapezoida withabaseheight f ,, base-widthw,, and awidth of thetrapezoidal banksw,,
asshowninFigure4.17a. Under theinfluence of an applied voltage, it followsthat the trapezoid
will bedistorted, asshownin Figure4.17b. Thetrapezoida barrier shapeasafunction of distance,
X, and applied voltage, V, isgiven by:

Figure 4.17. Trapezoidal a) b)

tunnel barrier with a) no b a ¢

applied voltage and b) an é by teVw/ (2w, bwy)
applied voltage V. The ' ; N ;

barrier height f is shown : :
against position x. The
various widths in (4.25)
are defined in the Figure.

0 Wy o W W Dwthwy 0 We witwe 2wt
L Ty AT Vgt Lt
I+ P/ [0 (2w, +wy)]
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ifoX__evx 0L x<w,
i Wo o 2W, + Wy
f(xV)=if,- Zel for W, £ X< W, +W, (4.27)
Wb+WO

w, +W, £ XE 2w, + W,

Thismodel was converted into an algorithm for the software package Mathematica, which
made it possible to evaluate the expressions numerically. Ransley identifies several weaknesses
associated with the physical validity of thismodel. The model is formulated within the Fermi-
liquid framework, which assumesthat the electronstunnelling areindependent particles[6]. Such
an assumption may not necessarily apply to the cupratesin the normal state, but the purpose of
the model is to provide aframework in which the results of normal state measurements can be
qualitatively understood. Asaresult of theindependent el ectron approximation, it was necessary
to perform the calculations for electronsin a band that is less than half full, which requires the
assumption of anegative trapped charge on the boundary. The used WK B approximationimplicitly
assumes that the potential changes occur over distances that are large compared to the electron
wavelength, whichisof similar magnitude, ~ 1 nm. Rand ey estimatesthe error in thetransmission
probability induced by this of afactor 3, but argues that the model should predict the correct
order of magnitude of the tunnel current in spite of this.

Furthermore, Ransley acknowledgesthat the trapezoidal barrier shape may betoo simplistic
to account for the detailed physics of the band distortion. In the next section, a possibility to
compensate for thisshortcoming isdiscussed.

Deriving the shape of the potential barrier

The model discussed in the previous section enables one to estimate the resistance area
product of the grain boundary for a certain pre-specified trapezoidal boundary shape. Ransley
used the model to calculate resistance as afunction of temperature for several combinations of
barrier shape and misorientation angle. Furthermore, he estimated in thisway the base height f |
and the trapezoidal bank width w, for several measured grain boundaries. A variation of the
trapezoidal base-widthw, wasnot taken into account, asthat would complicate the determination
of the shape too much. Ideally, onewould like to obtain the barrier shape from ameasurement of
thegrain boundary resistance. Thiswould makeit possibleto directly relate changesin thetransport
properties due to misorientation angle, oxygen content, calcium doping, etc. to changesin the
height and spatial extent of the barrier. An agorithm to fit the previously discussed model to a
resistance—temperature characteristic might betoo complicated to befeasible. Moreimportantly,
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however, it appears not to be possible to obtain a unique solution, because, as will be shown,
more than one combination of f ,, w, and w, can account for a specific resistance — temperature
characteristic.

In the background of these complications, but with the desire to determine the shape of the
potential barrier in mind, a statistical method to estimate the potential barrier shape from the
resistance — temperature characteristic was developed. The method is based on the realisation
that many different trapezoidal barrier shapes can account for aspecific resistance - temperature
characteristic. The assumed explanation for this phenomenon isthat the actual potential barrier
shape does not have atrapezoidal shape, but a continuous Gaussian-like shape (seee.g. [7]). Ina
model as described in the previous section, atrapezoidal shapeisfitted on the actual continuous
barrier shape. Many different trapezoidal shapes can befitted approximately on a Gaussian-like
shape, and therefore many different combinations of f , w, and w, were found to account for one
specific resistance - temperature characteristic. The developed method determines the best
trapezoidal fits, andthe* actual” continuous barrier shapeisaobtained by averaging thesetrapezoids.
Below isdescribed in detail how thisiscarried out.

As mentioned, the formulation of an algorithm to fit the previously described model to a
specific resistance — temperature characteristic isnot feasible. Therefore, the fitting was carried
out “manually”. Inafirst step, the resistance was cal culated for several different temperaturesfor
many combinationsof f , w, andw,. Inatypical case, theresistancewascalculated at T= 100 K,
200 K and 300K for al combinations of 25 values of f ;, 20 values of w, and 20 values of w,,
whichleadsto 10000 combinationsintotal. A small routine was added to Ransley’s Mathematica
algorithm in order to automate this. The calculation of one combination (f ;, w,, w,, T) takes
typically afew seconds. The(f , w,, w,) combinationswere ranked in order of goodness of fit of
the calculated (T, R) values to a
measured resi stance—temperature 710" T
characterigtic. It wasfound that the 6x10™ 1 Rankiig

(f,» W,, w,) combinations do not Bx10™® -+ YT 4] e 120
bttt @ 21-40

converge to one specific E ax10™ 1 ] | & al.en
combination, but moreover & e T et y 61-80
_ _ 2 3x10™ 17T e e L 81-100

represent a collection of different ol i iees SRS K RSN

: o : 2x10°
possiblecombinations. Figure4.18 X s A A

40 et

shows that the collection of best 1x10 |
solutions adopts the form of a 0(_)1
surface in three-dimensional = 02\
(f o W, W) parameter space. In S“/O 03 R S m 4X,i0.10 5x10™°
order to exemplify that the 5 ‘1X16.1o 2x10™ 10

. 0.4
solutions do not converge to one 4 w, m)

Figure 4.18. Typical collection of combinations of (f o, w,, W) that fita
specific resistance - temperature characteristic. Theranking of best fits
is indicated.

unique (f ,, w,, w,) combination,
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4. Method development

the goodness of the fit has been indicated.

In order to obtain amore approximate estimation of the rangein three-dimensional parameter
spaceinwhich the solutionswith the best goodness are located, another two iteration stepswere
carried out. By definingw, asafunction of f , andw, asfunctionf ; and w,, acollection of points
(f, w,, w,) is defined that represent the parameter range of the best solutionsin the first fitting
step. Accordingly, within thisrange asecond set of values(T, R) were cal cul ated for combinations
(f 5 W, w,) with smaller steps of f , w, and w,. Typically the 100 best solutions (out of 10000
cal cul ated sol utions) were used to definethe parameter rangefor the next fitting step. Thisprocedure
was repeated for athird fitting step. A graphical representation of such an iteration process is
shownin Figure4.19. It was found that the best solutions of (f ,, w,, w,) adopt the shape of aline
inthree-dimensiona (f ,, w,, w,) parameter space. The continuous shape of the potential barrier
was obtained by averaging the trapezoids defined by typically the 100 best solutions of the last
fitting step. The goodness of the fit of each (f ,, w,, w,) combination was used as the weighting
factor for averaging these 100 trapezoids. Asafinal controlling step, the resistance temperature
characteristic was cal culated by implementing the obtai ned barrier shapein the model described
in the previous section. Ransley’s algorithm was adapted for this purpose. As any of the best
fitting trapezoidal barrier shapes give a good fit to the actual measured resistance temperature
characteristic, also the averaged, continuous barrier givesagood fit.

Itiswell realised that this method is simplistic. Although the obtained barrier shapeisan
average of many different solutionsfor the shape of the barrier, it isstill not aunique solution. It
isnot obvioudly justifiable why a used collection of barrier shapes should lead to asingle right
solution. Any sub-collection (of the used 100 best solutions) |eadsto the same resi stancetemperature
characteristic, but to adifferent barrier shape. Theres stancetemperature dependence as cal culated
with the model discussed in the
previous section will remain
tetfteration unaffected if a(continuous) barrier
2nd iteration shape undergoes certain
Jrateration 19 transformations. Havi ng said this,
the obtained barrier shape is
reproduciblein several ways. The
barrier shapewill beindependent
of the iteration process used to
obtain “the best solutions’. The
barrier shapeis aso independent
of the number of solutionsthat are
0 035 averaged in order to obtain a

¢°E, [eV] Gaussian barrier shape. Aslong as
Figure4.19. Graphical representation of theiteration processfor finding the total number of calculated
the best solutions (f o, W,, W) for a specific resistance-temperature
characteristic.
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solutionsis large, the best 0.2, 1 or 5% of solutions will lead to very similar barrier shapes. In
summary, itisrealised that the value of the described method in order to determine the true shape
of thebarrier islimited. Nevertheless, it should be helpful if used asan isolated method to assess
theinfluence of grain boundary angle and chemical composition on the barrier shape.

References

Hilgenkamp, H. and J. Mannhart, Superconducting and normal-state properties of
YBa,Cu,O, ,.- bicrystal grain boundary junctionsinthin films. Applied Physics L etters,
1998. 73(2): p. 265-267.

Schneider, CW.,, et al., Electrontransport through YBa,Cu,O, . grain boundary interfaces
between 4.2 and 300 K. Physical Review Letters, 2004. 92(25): p. art. no.-257003.
Mathur, N.D., et a., Large low-field magnetoresistance in La, ,Ca, ,MnQO, induced by
artificial grain boundaries. Nature, 1997. 387(6630): p. 266-268.

Ransley, JH.T., The Properties of Grain Boundariesin YBa,Cu,O, ,, in Department of
Materials Science and IRC in Superconductivity. 2004, University of Cambridge:
Cambridge.

Pickett, W.E., R.E. Cohen, and H. Krakauer, Precise Band-Structure and Fermi-Surface
Calculationfor YBa,Cu,O, . - Importance of 3-Dimensional Dispersion. Physical Review
B, 1990. 42(13): p. 8764-8767.

Harrison, W.A., Tunneling froman Independent-Particle Point of View. Physical Review,
1961. 123(1): p. 85-89.

Schofield, M.A., et a., Direct evidence for negative grain boundary potential in Ca-
doped and undoped YBa,Cu,O, .. Physica Review Letters, 2004. 92(19): p. art. no.-
195502.

82



5. Microscopy studies

5 Microscopy studies of grain boundaries in YBCO

This chapter presents the results of microscopy studies of the film surface morphology
and the grain boundary microstructure. Atomic Force Microscopy (AFM) and Transmission
Electron Microscopy (TEM) were employed to obtain information about the microstructure of
theinvestigated Y Ba,Cu,O, , (Y BCO) thinfilm material, and specifically with theview to enhance
the understanding between the microstructure and electrical properties of the grain boundary.
Someof imagesinthischapter wereincluded beforein[1], but are shown here by way of completion.

Figure5.1. AFM images of a YB,Cu,O, 4 filmgrownin a) Cambridge[ 2] (3500x%), b) Los Alamos|[3] (3500 x), ¢)
Cambridge [2] (7000x) and d) Seoul [4] (7000x). Theinset in d) is a schematical representation of island film
growth.
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pm Hm

Figure5.2. AFM images of a bicrystalline YBCO thin film grown in Seoul [4] at two different magnifications. The
30° [001]-tilt grain boundary can be seen as a straight line in the centre of both images.

5.1 Surface Morphology

The morphology of the film surface was investigated with the use of Atomic Force
Microscopy (AFM). Figures 5.1 aand b show images of the surface of films at a magnification of
~3350x. Thefilmswerefabricated in Cambridge and L os Alamos, respectively, according to the
fabrication procedures described in section 3.1. Thefilm surfaceisrelatively smooth, except for
particul atesthat have been formed on the film surface. The particul ates most probably stem from
thetarget, their formation can occur dueto not optimal deposition conditions. In theimage of the
film fabricated in Los Alamos, Figure 5.1b, elongated particles can be observed that grow along
two mutually perpendicular directions. The particles are likely to have formed during the film
growth process and could consist of Y ,BaCuQ.. It has been observed before that needle-like
Y ,BaCuO; particles can grow along two mutually perpendicular crystallographic directions[1].
In thisstudy, needle-like particlesthat had formed whileannealingaY BCOfilmat hightemperature
(980°C) were investigated with EDX and nano-x-ray diffraction, and conclusively identified as
consisting of Y ,BaCuO,. Although the particlesin this study were an order of magnitude larger
(but grown at a much higher temperature), the particles in the film from Los Alamos have a
similar aspect ratio and and al so occur in two mutually perpendicular directions on the surface of
aYBCOfilm.

Figures 5.1 c and d show images of the surface of films at amagnification of ~6700%. The
filmswerefabricated in Cambridge and Seoul, respectively. At the surface of thefilm from Seoul
thegrain structureisobservable, withagrain size of 0.2—0.5 um. Thisindicatesthe presence of
aVolmer-Weber “idland” growth mechanism, which is generally observed for superconductor
thin film growth. Theinset in Figure 5.1d gives a schematic representation of theisland growth
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¥4y 3 %0 . B

Figure 5.3. Cross sectional TEM images of two lamellae containing a 4° [001]-tilt grain boundary (GB) taken
along the[100] direction of a) the crystal on theright side, b) the crystal on theleft side, c) the crystal on theright
side and d) the crystal on the l€eft side. In all four pictures, the lower part isthe STiO, substrate (STO) and the
upper part is the YBa,Cu,0,4 film (YBCO). The thickness of the YBa,Cu,0,4 filmis 120 nm. From[1].

mechanism and itsimplicationsfor the surface morphology of thefilm. Thefilm from Cambridge
has a grain structure with a comparable grain size, but this is not observable in 5.1c due to a
poorer image quality.

Figure 5.2 shows two images of a bicrystalline film grown in Seoul. The grain boundary
seems to be fairly straight in the image with alower magnification. In the image with a higher
magnification, however, deviations of the grain boundary from a straight line are observable.
Grains crossing the grain boundary in the substrate during film growth are likely to result in the
formation of facets. In order to obtain a better insight into the configuration and mechanisms of
these deviations, cross-sectional high-resolution TEM was used to examine the microstructure
of the grain boundary.

5.2 Grain boundary meandering

Figures 5.3 a and b are cross-section images, showing a plane perpendicular to a grain
boundary with amisorientation angle of 4°. The path of the grain boundary deviates barely from
astraight line from the substrate grain boundary to the surface of the YBCO film. Only asmall
step right abovethe SITiO,/ YBCO interfaceisvisibleand asmall deviation from the straight line
near the surface of the thin film. Figures 5.3 ¢ and d are images of a section originating from
another position of the LAGB. Also these images are taken aong the [100] direction of the
crystal ontheleft (c) and right (d) side. The grain boundary showsalarge deviation from alinear
path, which isdifferent for the two different diffraction conditions. Thisindicatesthat the grain
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Film Grain Boundary
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Substrate Grain Boundary

Figure 5.4. Cross sectional TEM images of two lamellae containing a 24° [ 001] -tilt grain boundary taken along
the (100) direction of a) the crystal on theright side, b) the crystal ontheright sideand c) the crystal ontheleft side.
In all three pictures, the lower part isthe STiO, substrate (STO) and the upper part is the YBa,Cu,O,_4 thin film
(YBCO). Thethickness of the filmis 100 nm. The filmwas grown in Cambridge [2]. Theinset in a) exemplifiesthe
proposed mechanism for the observed path of the grain boundary in b) and c).

boundary also meandersin theviewing direction. Thelength scalefor thisalteration of theposition
of thegrain boundary, whichisseveral tensof nm, isthethickness of thesample, i.e. approximately
0.1 pum. Right below the SITiO,/ Y BCO interface someintensity variations can be observed. This
couldindicate strainin the substrate surface, which can possibly beattributed to thelarge difference
in thermal expansion coefficient between SrTiO, (~8.6-10%K) and YBCO (~14-10%K) . When
the sampl e cool s down from the deposition temperature, thethin film will beforced to conformto
the smaller contraction of the (much thicker) substrate, which induces strain at theinterface of the
substrate and thefilm.

Figure 5.4ais a cross section image, showing a plane perpendicular to a grain boundary
with a misorientation angle of 24°. Apart from asmall step at the substrate / film interface, the
grain boundary does not deviate significantly from alinear continuation of the substrate grain
boundary. Inthe crystal at the right-hand side of the picture, lattice fringes can be observed. The
structure isfairly irregular in the initial growth stage, but stabilises and becomes more regular
after several tens of nanometres. The regions with a different contrast indicate the presence of
strain in the film. Figure 5.4 b and ¢ shows cross-sectional images of the 24° grain boundary at
another position then shown in Figure 5.4a. The grain boundary deviates significantly from a
straight path in linewith the substrate grain boundary. This phenomenon isaconsequence of the
initial 3D island nucleation of the YBCO films[7-9]. Islands that nucleate in the vicinity of the
substrate grain boundary have some probability of growing acrossit, even though the orientation
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relationship between the growing island and the substrate must change on the opposite side.
Thismechanismisillustrated in theinset of Figure 5.4a. Continued deposition leadsto alateral
growth of these islands, and when islands nucleate on the other side of the substrate, the film
boundary is formed with a significant offset with respect to the substrate grain boundary.

5.3 Discussion

A considerabledeviation of agrain boundary fromastraight path in linewith the underlying
substrate was shown to exist in thin films. The phenomenon occurs both for alow angle (4°) and
ahigh angle (24°) grain boundary, and no significant differencein the extent of overgrowth could
be distinguished for different misorientation angles. In addition, the phenomenon was observed
before for agrain boundary with amisorientation angle of 67° [6]. It was interpreted within the
framework of the Vol mer-Weber film growth mechanism, whereislandsthat nucleatein thevicinity
of the grain boundary can grow acrossit. Regions with and without significant deviation from a
linear path were shown to coexist in a single grain boundary. It is likely that the overgrowth
regions of the film are significantly strained as aresult of alarge mismatch with the underlying
substrate | attice parameters. Local strain deterioratesthe superconducting propertiesof the' Y BCO,
and an associated increase of the effectivewidth of the grain boundary will lead reduceitstransport
properties. However, it isalso clear from thisinvestigation that there also are regions where the
grain boundary isin linewith the substrate grain boundary. The strainin thegrain boundary might
berelatively small hereand current flow islessinhibited. It isevident that the occurrence of this
phenomenon isstrongly linked to the growth mechanism of thethin film. The occurrence of this
phenomenon showstheimportance of taking microstructural propertiesinto consideration when
interpreting transport measurements.
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6. Results

6. Normal-state properties of grain boundaries in YBCO

Results of measurements of grain boundariesin Y Ba,Cu;0,4 (YBCO) bicrystaline thin
films are presented and discussed in this chapter. Five misorientation angles were investigated,
varying from 18° to 45°. All grain boundaries, except for the one with a misorientation angle of
45°, were symmetrical [001] tilt grain boundaries. The 45° boundary was an asymmetrical [001]
tilt grain boundary with the ab-axis of one grain parallel and of the other grain at an angle of 45°
to the grain boundary. The growth conditionsof all bicrystallinefilmsaregivenin Table 6.1. All
bicrystallinefilmsfrom Cambridge werefabricated by theauthor. M easurementson grain boundaries
with misorientation angles24°, 30°, 37° (®) and 45° were carried out by the author in collaboration
with Dr J. Randey. M easurements on grain boundarieswith misorientation angles 18° and 37° (@
and @) were carried out by the author. Also theresults of the modelling of the potential barrier at
thegrain boundary are presented (see section 4.2). Wherefeasi ble, the measurementsareinterpreted
in terms of the height and width of the calculated potential barrier at the grain boundary.

The relationship between the transition temperature of the film and the grain boundary
normal state resistance wasinvestigated for the misorientation angles 30° and 37°. In the case of
the 30° grain boundary, measurementswere carried out before and after afilmwasannealedina
reducing oxygen atmosphere (see section 3.5). A film wasgrown and annealed in order to achieve
ahigh transition temperature. After carrying out extensive measurements, the chip wasannealed
in 0.2% oxygen at 500°C for 7 hours, and the measurements were repeated. I n order to assessthe
influence of the transition temperature on a grain boundary with a misorientation angle of 37°,
three bicrystalline films with different transition temperatures were independently grown and
characterised. Theadvantage of thelatter method of characterising aspecific misorientation angle
isthat degradation of patterned microscopic tracks dueto high temperature annealing isavoided.
However, it isunclear whether the variation in transition temperatureis caused by avariationin
the oxygen content, or (also) by adifferent film quality.

Table 6.1. Growth conditionsfor bicrystalline films discussed in this Chapter. The power
density of thefilm with a misorientation anglelabled as 37°-® isnot known (*).

Misorien- Growth deiz\il\terat Oxvaen
tation Source temperat- y Y9
andle ure [°C] target  pressure
[Jlcn?]
18°  Cambridge 765 2.0 0.20 187 86.8
24° Cambridge 765 3.7 0.20 100 88.5
30° Seoul 800 14 1.0 210 92.1
37°-® Cambridge 765 32 0.20 77 81.7
37°-@ Cambridge 765 1.8 0.20 195 87.9
37°-® Cambridge 765 ?* 0.20 180 89.9
45°  Cambridge 765 2.2 0.20 135 89.2
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6.1 Misorientation angles 18° and 24°

Figure 6.1 shows the
normal state resistance-
temperature, R(T),
characteristics of grain
boundarieswith misorientation
anglesof 18° and 24°. TheR(T)
characteristic for the 18°
boundary is based on only 1
Wheatstone bridge, as the
guality of the bridges on this
chip werepoor. Furthermore, it
was only possible to obtain an
I(V) characteristic at 6 K due
to the poor device quality. The
resistance of this grain
boundary angleisapproaching
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Figure 6.1. Dependence of the resistance area product on the temperature
for grain boundarieswith misorientation angles of 18° and 24°. Theresults
of modelling of the normal state resistance are included.

the accuracy limit of the measurement technique, as described in section 4.1. Due to the low
absolute value of the grain boundary resistance, geometrical imperfections in the Wheatstone
bridgewill play arelatively largerolein normal state measurements. Therefore, thisresultislikely
to be significantly affected by aresistance component of thin film YBCO. This can have caused
thelarge temperature dependence of thismeasurement, but the order of magnitude of theresistance
should be correct. Asthisresult has not been reproduced, it has not been attempted to determine
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Figure 6.2. Dependence of the current density on the voltage for @) an 18° grain boundary at 6K and b) a 24°
grain boundary between 6 and 96 K. Current density - voltage characteristics are shown every 30 K in b). Colours
represent temperatures as depicted in theinset in ).
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a potential barrier shape for this grain boundary. A result for a grain boundary barrier shape
would be statistically unreliable.

Figure 6.2a shows a current density-voltage, J(V), characteristic at 6 K for the 18° grain
boundary. The discontinuities are likely to be caused by variations in the value of the critical
current in the 42 grain boundary crossing tracks of the bridge. Different tracks switch from the
normal state to the superconducting state at different currents, which causes steps in the J(V)
characteristic. It was shown by Ransley [1] that the spread in the critical current for a24° grain
boundary can be up to afactor 2.5.

For the 24° boundary, the R(T) characteristic below and aboveT _isshowninFigure6.1and
is based on the average of four different Wheatstone bridges. Due to the low resistance of this
misorientation angle, the inaccuracy of the resistance measurement was relatively large. The
deviation from the shown averageisup to 20% at room temperature. Thegrain boundary resistance
below T, was obtained from current-voltage, 1(V), characteristics recorded as a function of
temperature. Figure 6.3 shows the shape of the potential barrier calculated from the R(T)
characteristic, as described in section 4.2. The dotted curve in Figure 6.1 shows the R(T)
characteristic calculated on the basis of this barrier shape. The temperature dependence of the
resistance can be explained on the basis of the barrier shape. With increasing temperature, charge
carriers will have a higher average energy, and will, due to the Gaussian shape of the barrier,
encounter anarrower effectivetunnel barrier. At higher temperatures, the charge carriersencounter
anincreasingly narrower barrier (increasing absolute value of derivative of barrier width), which
explainstheincreasing temperature dependence of theresistance.

Figure 6.2b showsJ(V) characteristicsfor the 24° boundary between 6 K and thetransition
temperature. Outsi de theregion affected by the Josephson current and the associated RSJbehaviour,
the J(V) curves are linear in the measured
voltage range. The temperature independent
R(T) behaviour below T_isassociated withthe
linear J(V) characteristics. At low temperatures,
only charge carriers with energies nearby the
Fermi energy will beabletotunnel. Thebarrier
width at the Fermi level exhibits only aweak
dependence on the energy, and accordingly
charge-carriers will not encounter a
significantly narrower barrier with higher
energies. Anincreased averaged energy of the
charge carriersdueto an increased temperature
or voltagewill not cause asignificant increase

of thetunnelling probability.
Figure 6.3. Calculated barrier shape for a) a 24° grain
boundary. The Fermi level has been indicated by a dotted
line marked E;.

0.6 T T T T T | L T T T

E [eV]

-5x10™° 0 5x10™

x [m]

0.0

91



Normal state properties of grain boundaries in Y, ,Ca,Ba,Cu;0, 4

6.2 Misorientation angle 30°

Figure 6.4a shows R(T) characteristics of agrain boundary with a misorientation angle of
30° before and after annealing in areducing oxygen atmosphere. The procedure reduced the T, of
the originally optimally doped film from 92 K to 42 K, which should be equivalent to doping
levelsd of 0.07 and 0.43, respectively. Thetreatment is expected to reduce the number of added
holes approximately by a factor 2 to p ~ 0.08 per CuQ, plane [2]. The resistance was measured
between T_and 300K for both oxygen levels, and (V) characteristics wererecorded up to 100 K
for both doping levels. The R(T) behaviour below T_ for the grain boundary in the optimally
doped film, as deduced from thesel (V) measurements, isincluded in Figure 6.4a. All measurements
are based on an average of 4 devices on one bicrystalline substrate. The deviation of the results
of individual devicesfrom the shown average isup to 10% at room temperature.

The deoxygenation procedure has approximately tripled the magnitude of the grain boundary
resistance. The temperature dependence of the resistance, as shown in Figure 6.4b, is not very
dissimilar at higher temperatures. Only at temperatures below 200 K, thereisaclear distinction
between thetwo normalised characteristics. Figure 6.5 showsthe cal cul ated shapes of the potential
barrier. The dotted curvesin Figure 6.4a show the R(T) characteristics calculated on the basi s of
thisbarrier shape. It should be remarked at this point that the calculated R(T) characteristics do
not always accurately fit the measured characteristics. This applies specifically where aconcave
shape (decreasing dR/dT with increasing T) of the R(T) characteristic has been measured, which
isashapethat cannot be reproduced by amodel purely based on tunnelling through atemperature
independent, Gaussi an-like shaped potentia barrier. Thisphenomenon has been generally observed
for grain boundarieswith arange of misorientation anglesand chemical compositions. Thepossible

lack of validity of a tunnelling
model will not be any further

considered inthischapter, but will
1.5x10™" | 41 bediscussedin section 8.1.
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Figure 6.4. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 30° for two different oxygen levels. The results of modelling of the normal state resistance
areincluded. b) Dependence of the resistance area product on the temperature normalised at 300 K for the grain
boundaries with a misorientation angle of 30°.
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Within the framework of the tunnelling model, theincreasein resistanceis predominantly
attributed to an increase of the height of the grain boundary potential barrier, and too a lesser
extent of itswidth, as shown in Figure 6.5. Where the barrier height hasincreased from 0.11 eV
t00.18 eV abovethe Fermi level, the barrier width hasincreased from 0.57 nmto 0.65 nm at the
Fermi Energy. Also for thisgrain boundary, the difference in temperature dependence, as shown
in Figure 6.4b, could be explained on the basis of differences in the barrier shape. At low
temperatures, only charge carrierswith energies nearby the Fermi level will contributeto charge
transport. The barrier width for the optimally doped boundary has no significant dependence on
the energy nearby the Fermi level, whereas the barrier width of the deoxygenated boundary
decreases continuously with increasing temperature. At higher temperaturesal so charge carriers
with ahigher energy are of importance. Thisis consistent with the more similar characteristic of
the barrier shape at energiesabovethe Fermi level. The strongly activated behaviour of thegrain
boundary in the deoxygenated sample below ~125 K, however, cannot be explained onthe basis
of the shape of the tunnel barrier. It has been suggested previously that this behaviour could be
indicative of the presence of a pseudogap in the normal-state density of states [2, 3]. The
characteristic pseudogap temperature, T*, associated with the estimated doping level, is 350 -
400 K, which should lead to a considerable effect in the investigated temperature range.

Figure 6.6a showsJ(V) characteristicsfor the 30° boundary between 6 K and thetransition
temperature. Figure 6.6b showsJ(V) characteristicsin the samevoltage rangefor the 30° boundary
between 6 K and 90 K after the deoxygenation treatment. For both grain boundaries the J(V)
characteristics are non-linear in the measured voltage range. In order to assess the non-linearity,
conductivity versus voltage [G(V) = dJ/dV] characteristics were extracted from the measured
J(V) curves. Figures 6.6¢ and 6.6d show G(V) characteristics for the grain boundary in the film
as grown and the deoxygenated film,
respectively. Figure 6.6¢c and d show

o L ] unsmoothed characteristics, and structuresthat
0.6 1  recuratall temperaturesare observable. There

05 [ \1‘3;\4 oK aresevera indicationsthat these structuresare

0s Ef._J aresult of an externa source, and cannot be

E ! S — ] associated with intrinsic features, e.g. the
W03 AN 1  anisotropy of the superconducting gap or the
0.2 I ] DOS of superconducting YBCO. Thevoltage

o I ] at which these structures occur depend on
temperature, which would not be expected for

0.0 -.5x';0'1;' — o 1'0_"; intrinsic features. Thestructuresarenot located

% [m] symmetrically around zero bias, which is
expected for a symmetrical junction.

Figure 6.5. Calculated barrier shape for a 30° grain
boundary for two different oxygen levels. The Fermi level Furthermore, due to the nature of the

has been indicated by a dotted line marked E;.
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measurement method each current-voltage characteristicis measured twice at every temperature:
oncewithincreasing current and once with decreasing current. Theresulting two characteristics
do not reproduce the structures at the same voltages. Having established that the observed structure
iscaused by an external source, and taking into account that any intrinsic structureisnot likely to
rise above this noise level, it seems desirable to smooth these data in order to isolate the G(V)
behaviour. Figure 6.6e and f show G(V) datain which these features have been removed using a
Fast Fourier Transform smoothing routine.

Generally, the conductanceincreaseswith increasing voltage up to apoint (V,G), wherethe
current density causeslocal heating. A local increase of the temperature transforms parts of the
grain boundary to astate with ahigher resistance. In these measurements, local heating setsin at
apower (P=GV?) between 0.1 and 1 pW/um?. Thelocal heating causesthat the assessablevoltage
range decreases with increasing temperature.

There are several typical differences between the J(V) curves, and accordingly, between
the G(V) characteristics of the grain boundaries in the optimally doped and deoxygenated film.
The deoxygenation procedure has had alargeinfluence onthecritical current density of thegrain
boundary. Where in the optimally doped grain boundary the critical current density is clearly
observable, the critical current is not observable in the deoxygenated grain boundary. The
temperature dependent suppression of the zero-bias conductance is the result of the
superconducting energy gap at the Fermi level, afeature that has been observed extensively in
tunnelling spectroscopy studiesof YBCO [4].

Furthermore, there are differences in the non-linearity of the J(V) characteristics. Outside
the region affected by the Josephson current and the associated RSJ behaviour (> 20 mV), the
J(V) curvesof the optimally doped grain boundary arelinear and temperature independent in the
measured voltage range. In contrast, the J(V) curves of the deoxygenated grain boundary show
non-linear behaviour in the full measured voltage range, also above T.. The difference in non-
linearity could be associated with the different barrier shapesthat have been calculated. In contrast
to the optimally doped grain boundary, the barrier width for the underdoped grain boundary
exhibits a significant dependence on the energy around the Fermi level. Charge carriers with a
higher energy will encounter anarrower barrier, which will increase the conductivity for higher
voltages. So, both differencesin the temperature dependence of the resistance and in the voltage
dependence of the conductance could be traced back to differences in the shape of the tunnel
barrier at the grain boundary.

For underdoped YBCO, G(V) characteristics are also shown above T _. Above T, the zero-
bias conductance continuesto increase with increasing temperature, which could bean indication
of the presence of apseudogap. The characteristic pseudogap temperature, T+, for YBCO at this
doping level is450 - 500 K, and therefore the observation of pseudogap behaviour is expected.
However, it isunclear whether the G(V) characteristics coincide at acertain voltage, and, if they
do, itisat amuch higher voltage than observed below T, namely in the order of 30 mV. The G(V)
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Figure 6.6. Dependence of the current density on the voltage of a 30° grain boundary in a) a fully oxygenated film
and b) an underoxygenated film, and of the conductance on the voltage of a 30° grain boundary in c) a fully
oxygenated filmand d) an under oxygenated film. Current density - voltage characteristics are shown every 30K in
a) and b). Conductance - voltage characteristics are shown every 6 K in ¢) and d). Noise features have been
removed fromthedatain €) andf) using a Fast Fourier Transformsmoothing routine. Coloursrepresent temperatures
as depicted in Figure 6.1a.
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behaviour at this voltage is obscured, because it is at the edge of the assessable voltage range.
The energy gap below T_ and the pseudogap above T, are expected to have the same magnitude,
which casts doubts on whether the observed behaviour isthe result of a pseudogap, or asimple
decrease of theresistance with increasing temperature and avoltage dependent conductance due
to an energy dependent width of atunnel barrier.

6.3 Misorientation angles 37° and 45°

Figure 6.7a shows resistance versus temperature characteristics for grain boundaries with
misorientation angles 36.8° (37°) and 45°. The 37° grain boundaries were symmetrical and the
45° grain boundary was asymmetrical. The R(T) behaviour below T_ deduced from I(V)
measurements is included in Figure 6.7a. Three films with a 37° grain boundary were grown
under slightly different conditions (seetable 6.1). Thefilms had transition temperatures of © 82
K, @ 88K and® 90K. Figure6.8ashowstheintragrain resistivity, r , asafunction of temperature
for each of thethreefilms. Thefilm with the 45° grain boundary was nearly optimally doped, with
aT_ of 89K.

Thedifferencesintransition temperature and resistivity between thethreefilmscan be due
to dight (unintentional) variationsin the oxygen content of thethinfilms. It ispossibleto make an
estimation of the oxygen content of thefilm onthe basisof the characteristic pseudogap temperature,
T*, which isidentified from a characteristic downturninr (T) [5]. The characteristic pseudogap
temperature correlates with the doping level and transition temperature according to the doping
phase diagram, as shown in Figure 1.10. Theinset in Figure 6.8a shows |dr (T)/dT| for al r (T)
characteristics shown in Figure 6.8a. The characteristic pseudogap temperature is marked by a
strong increase in |dr (T)/dT]|. According to this methodology, T* for film ® is~215 K, which

correspondsto adoping level

1.2x10™" of ~0.135and anonly dightly
decreased T, of ~88 K. This
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suggests that the transition
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Figure 6.7. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 37° and of 45°. The results of modelling of the normal state resistance are included. b)
Dependence of the resistance on the temper ature normalised at 300 K for the grain boundarieswith misorientation
angles 37° and 45°.
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only caused by alower oxygen level. The observation that thefilm with a45° grain boundary has
anintragrainresistivity very similar inmagnitudeasfilm®, asimilar doping level (T* = 175K, p
~0.14), but amuch higher T , supportsthis. It suggests that another (microstructural) mechanism
than alower than optimal doping level contributesto the depression of T_.

The decreased transition temperature and increased resistivity can result from an anomaly
in the deposition procedure of the film. Film @ and @ are approximately 2% times as thick in
comparison with film @©. In Figure 5.4a can be seen that the first several tens of nanometers of
these films can be relatively irregular and disordered, which could influence the strain state of
thematerial. Asthislayer comprisesarelatively much larger part of the thickness of film @, any
additional disorder, induced by the growth procedure, can have had anegative impact onthe T_
and the transport properties of film @ in comparison with film @ and ®. Therefore, in the
following it is assumed that the decreased T_ is not only caused by alower oxygen content, but
also by disorder and strain in the film.

Figure6.7ashowsaclear correlation between the grain boundary resistance and the suggested
oxygen content and level of strain and disorder in thefilm. Thegrain boundary resistanceincreases
with decreasing transition temperature of the film. Figure 6.8b shows the shapes of the potential
barriers obtained for the three 37° grain boundaries. The R(T) characteristics derived from these
barrier shapesare showninFigure6.7a Thecal culated tunnel barrier shapesfor thegrain boundaries
with amisorientation angle of 37° show striking differences. Whereas for grain boundary © a
triangular shapefor itstunnel barrier was calculated, the grain boundaries@ and @ with alower
resi stance exhibit amuch more Gaussian barrier shape. Interestingly, the oxygen and strain/disorder
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Figure 6.8. a) Dependence of the intragrain resistivity of thin films containing 37° (denoted by their respective T,)
and 45° grain boundaries. Theinset showsthe derivative of theintragrain resistivity for the purpose of determining
the characteristic pseudogap temperature, T*, which is indicated for each film. The fluctuating |dr /dT]| at high
temperatures (>250 K) may be caused by fluctuations in the cooling rate while measuring the resistance with
decreasing temperature. b) Calculated barrier shapes for the 37° grain boundaries (denoted by the T, of the
bicrystalline film) and the 45° grain boundary.
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level influences mainly the potential at the grain boundary, and has no significant influence on
thewidth of the associated tunnel barrier. For example, for grain boundaries® and @, the height
of thetunnel barrier is® 0.20 eV and @ 0.09 eV abovethe Fermi level, whereasthe width of the
barriersat the Fermi level is® 0.72 nm and @ 0.64 nm. This predominating effect on the tunnel
barrier height isin agreement with the observations for the 30° grain boundary.

The oxygen and strain/disorder level hashad avery substantial influence on thegrain boundary
resistivity. The resistance of grain boundaries @ and @ islower than the resistance of the 30°
grain boundary over the whol e temperature range. These variations can be attributed to the large
spread of transport properties that can be expected for films of varying quality. An aternative
explanation is connected with the S=5 configuration of symmetric [001]-tilt grain boundaries
with a misorientation angle of 36.87°. In an ideal case these grain boundaries exhibit a well-
ordered interface with onein five lattice sites coinciding, which leadsto arelatively unstrained
grain boundary region. Asthe presence of strainislinked to the thickness of non-superconducting
layersat thegrain boundary, it has been suggested that the S=5 configuration can lead to enhanced
transport properties in comparison with other high misorientation angles [6,7]. However, high
anglegrain boundaries are characterised by extensive meandering and faceting [8,9], and therefore
it seems unsure that the S=5 configuration would actually occur in 36.87° grain boundaries, and
if it occurs, that it will lead to adecrease of the strain at the interface.

Indeed, the TEM study presented in section 5.2 showed significant deviations of thegrain
boundary planefromitsideal pathinlinewith the substrate grain boundary. Itisclear that sucha
structure could lead to highly strained interface, independently of the presence of a “low-S*
configuration at theinterface. However, it was a so shown in section 5.2 that there areregions at
theinterfacewerethefilm grain boundary doesfollow anideal pathinlinewiththe substrategrain
boundary over alength of at least the thickness of the lamella (~100 nm). It is possible that the
S=5 configuration at theselocations|eadsto asignificant decrease of the strain at theinterfacein
comparisonwith“high-S* configurations. Evenif the misorientation angle of the substrategrain
boundary is not exactly 36.8°, which is not unusual for commercially produced bicrystals, it is
likely that regions with a S=5 configuration will form [10, 11], as grain boundaries have the
tendency to form facetswith low S orientationsin order to minimise the interface energy [12].

One possible explanation for the observed low resistance isthat there are regionsin grain
boundaries with a misorientation angle of 36.87° where the S=5 configuration decreases the
thickness of strained, non-superconducting layers at the interface, and that the area of these
regions is sufficient to enhance the macroscopic transport properties. Throughout Chapter 2
different mechani smshave been discussed that could lead to enhanced propertiesof low-S interfaces
in comparison with interfaces without a coincidental sitelattice configuration. It ispossible that
thelow strainlevel onitself improvesthe grain boundary transport properties|6, 7]. Thereduction
of strain can allow an oxygen concentration in the grain boundary region that is closer to the
equilibrium intragrain oxygen concentration [13]. This would reduce the built-in charge at the
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grain boundary and recover the optimum hole concentration. It isalso possiblethat the coincidental
lattice sites of the S=5 configuration serve asweakly superconducting “microbridges’ inthegrain
boundary [14]. The normal state and superconducting properties can also have been improved by
acombination of these effects. The decrease of strain and charge at the grain boundary can have
made microbridges accessibleand active.

Thisseemsto be exemplified by thelarge differencein resistance between grain boundary
® and grain boundaries @ and ®. If the film and grain boundary are of low quality or
underoxygenated, wide non-superconducting zones are suggested to envelop the interface, due
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Figure 6.9. Dependence of the current density on the voltage of a grain boundary with a misorientation angle of
a) 37° (® -T,= 82K) and b) 45°, and of the conductance on the voltage of a grain boundary with a misorientation
angleof c¢) 37° (® - T,= 82K) and d) 45°. Current density - voltage characteristics are shown every 30 K in a)
and b). Conductance - voltage characteristics are shown every 6 K in ¢) and every 6 K up to 84 K and every 30 K
between 96 K and 246 K in d). The temperature has been indicated above the corresponding G(V) curve for the
temperatures 96 - 246 K in d). Noise features have been removed from the data shown in c) and d) using a Fast
Fourier Transform smoothing routine. Colours represent temperatures as depicted in Figure 6.1a.
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to the strain and / or hole depletion. Even if the S=5 configuration occurs, thiswould not affect
thetransport properties of the grain boundary, and the grain boundary will behave as expected on
the basis of an exponential dependence of transport properties on misorientation angle. If the
non-superconducting zones disappear dueto strain relief or ahigher oxygen level, themicrobridges
associated with the S=5 configuration can become accessible, and the transport properties of the
grain boundary improvedrastically. The substantial decreasein barrier height for grain boundaries
@ and ®, asshownin Figure 6.8b, could be explained by the* activation” of these microbridges
inunstrained regionsin areas of the grain boundary with aS=5 configuration. The barrier shape
of grain boundary @ isvery similar to that of the 45° boundary, due to the strain/disorder and/or
oxygen level of the film, and the associated decreased number or absence of microbridges.

Figure 6.9a shows J(V) characteristics between 6 K and 96 K for 37° boundary ©. Figure
6.9b shows J(V) characteristics between 6 K and 246 K for the 45° boundary. For both
misorientation angles, the J(V) curveswere distinctly non-linear over the whole voltage range up
to the transition temperature. In order to assess to non-linearity of the J(V) characteristics,
conductivity versus voltage characteristics were extracted from the measured J(V) curves. Figure
6.9c and d shows G(V) characteristics for the two grain boundaries. For both misorientation
angles, the G(V) characteristicsfor T>T_fall on one universal curve. This seemsto indicate that
for T<T_ transport across the grain boundary occurs by direct tunnelling from superconducting
statesinto superconducting states, and thereisno significant contribution of quasi particletransport
acrossthe grain boundary below T_. A contribution from quasiparticlesis expected to lead to an
increasing conductance with increasing temperature.

Furthermore, it can be seen in Figure 6.9d that for T>T_ the conductance increases
monotonously with increasing temperature. This shows clearly that where the grain boundary
resistance decreases with temperature above T, below T_ it is temperature-independent. Any
decrease of the resistance with increasing temperature below T_ results from the temperature
dependence of the energy gap of the superconducting el ectrodes and isnot an inherent feature of
the grain boundary.

6.4 Summary

Figure 6.10a shows an overview of the R(T) characteristicsfor grain boundariesin YBCO
with misorientation angles between 18° and 45°. Values of the grain boundary resistivity range at
6 K from 8x10 Wm?2to 1x10™ Wm?2 and at 300 K from 2x10%¥t0 3.5 X102 Wm2. Thevaluesat
6 K liegenerally at the top side of the range reported by Hilgenkamp and Mannhart [15, 16]. In
another study very similar values were reported for the higher misorientation angles (>30°) and
significantly larger valuesfor the smaller misorientation angles (<30°) [17]. Thesedifferencesare
likely to be attributed to differences in the growth conditions for films fabricated with different
deposition systems. Large differences in the transport properties of grain boundaries of afixed
mi sorientation have been reported extensively, and are primarily attributed to differencesin growth
conditionsand the corresponding grain boundary microstructure [18]. Theresi stance areaproduct
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increases with afactor ~ 20 if the misorientation angle is increased from 18° to 45°. Thisisin
approximate agreement with the values reported for the grain boundary resistivity at 4.2 K and
50 K [15-17]. A lower oxygen content of the bicrystalline film leads to a higher grain boundary
resistivity.

The temperature dependence of the resistance area product ranges from a 25% decrease
between 100 and 300 K for a24° boundary to a65 % decrease for the asymmetric 45° boundary,
asshown in Figure 6.10b. Thesingle other report of the temperature dependence of theresistance
areaproduct above T_ showed for an asymmetric 45° grain boundary adecrease of 75% between
100 and 300K [19]. A moreextensive analysisof thisstudy will follow in Section 8.2. Thereisa
significant differencein the temperature dependence of theresistivity of the 24° / 30° and the 37°
/ 45° boundaries. The temperature dependence of the grain boundary resistivity isaccording to
thetunnelling model associated with the dependence of the barrier width, and thusof thetunnelling
probability, onthe energy of the charge carriers. The cal cul ated shape of tunnel barriersis Gaussian-
likefor the 24° / 30° boundariesand nearly triangular for 37° / 45° boundaries, asshownin Figure
6.11. The more energy dependent barrier width of atriangular barrier isinduced by the larger
temperature dependence of theresistivity of the 37° / 45° boundaries.

It was shown conclusively onthebasis of conductance-voltage characteristicsthat thegrain
boundary resistivity istemperatureindependent at voltages higher than the gap energy. Below the
gap energy, the conductanceisinfluenced by the temperature dependence of the superconducting
gap. Therefore, any previously reported temperature dependence of the resistance area product
below T_[19-22] should be associated with the superconducting electrodes rather than with the
transport mechanism of charge carriers across the grain boundary.

The resistivity of certain 37° grain boundaries is lower than expected on the basis of an
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Figure 6.10. a) Dependence of the resistance area product on the temperature for grain boundaries with
misorientation angles 18° to 45° in bicrystalline films with values for T, of 87 to 92 K.. b) Dependence of the
resistance on the temperature normalised at 300 K for grain boundaries with misorientation angles 24° to 45° in
bicrystalline films with values for T, of 87 to 92 K.
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exponential dependence of theresistance area —

product on misorientation angle, and even 0.8

lower than theresistivity of a30° boundary in 45 '

an optimally doped film. In Section 6.3, one

possible explanation of this observation was o4

discussed, which is connected with the % 0_3-

implications of the S=5 coincident sitelattice

configuration. Figure 6.11 compares the 0'2_

calculated barrier shape for three different 0.1

misorientation angles. Thepotential barrier for

the 37° boundary is wider, but considerably 0.'1°x1o'9 Taxi0® 0 sx0®  1x10°
lower in comparison with lower grain boundary x [m]

angles. Thl_s shape I_S (_)n_ly Ok_)serveq for 37 Figure 6.11. Calculated barrier shapes for optimally
boundariesinlow resistivity, high-T. films, and  oxygenated grain boundaries with misorientation angles

has been explained in the framework of the 24 ©37".
formation of highly conductive channels at
relatively less strained locations of the grain boundary.

Thedifferenceinresistive behaviour between thelower and higher grain boundary anglesis
confirmed by current density-voltage characteristics, asshownin Figure6.12a Thegrain boundaries
with misorientation angles 24° and 30° exhibit typical RSJHlike J(V) characteristics with linear
behaviour at current densities higher than ~5 x 10° A/m?. In contrast, the J(V) characteristicsfor
the mi sorientation angles 37° and 45° are non-linear over alarge current density range. Differences
inlinearity between the different misorientation angles can bewell distinguished in Figure 6.12b,
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Figure 6.12. a) Dependence of the current density on the voltage for grain boundaries with misorientation angles
of 24° to 45°. b) Dependence of the resistance area product on the current density for grain boundaries with
misorientation angles of 24° to 45° at 6 K. Noise features have been removed fromthe data in b) by a Fast Fourier
Transformsmoothing routine.
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6. Results

which showsthe differential normal state resistance asafunction of current density for all grain
boundaries discussed in thischapter. Similarly to the differencesin temperature dependence, this
isaccording to thetunnelling model associated with amore energy-dependent width of atriangular
potential barrier at the grain boundary for the higher misorientation angles.
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7. Results

7 Normal-state properties of grain boundaries in Ca-YBCO

Results of measurements of grain boundariesin Y, . Ca Ba,Cu,O, ; thinfilmsare presented
and discussed in this chapter. Four misorientation angleswere investigated, varying from 24° to
45°. Thethreelowest misorientation angleswere symmetric [001] tilt grain boundaries. The 45°
boundary was an asymmetrical [001] tilt grain boundary. Filmswere homogeneously doped with
20% calcium, i.e. Y .,Ca ,Ba,Cu,0, , (Ca-YBCO). In addition, a grain boundary with a
misorientationangleof 30°inanY .Cg,,Ba,Cu,O, ,/YBa,Cu,0, , multilayer structure (multilayer-
YBCO) wasinvestigated, fabricated asdescribed in section 3.1. Theoverall percentage of calcium
inthisfilmisexpected to be 3%. Thegrowth conditionsof al bicrystallinefilmsaregivenin Table
7.1. All filmsfrom Cambridge were fabricated by the author. All measurementshave been carried
out by the author. Also the results of the modelling of the potential barrier at the grain boundary
are presented (see section 4.2). Where feasible, the measurements areinterpreted in termsof the
height and width of the calculated potential barrier at the grain boundary.

Theinfluence of the oxygen content wasinvestigated by carrying out measurements before
and after a high-temperature oxygen annealing treatment. The Ca-YBCO films were (in-situ)
anneal ed after depositionin 15 mbar oxygen, which leadsto filmswith dightly decreased transition
temperatures (64 — 72 K). Thesefilmswere patterned and el ectronic characterisation was carried
out. In order to be able to characterise the films with a higher oxygen content and associated
higher transition temperature, the samples were annealed for a second time according to the
method described in section 3.2.

The oxygen content resulting from high temperature annealing is strongly dependent on
temperature, oxygen pressure and time. Figure 7.1 showsthe evol ution of thenormal stateresi stance
and transition temperature of Ca-YBCO if the annealing temperature is varied between 300°C
and 500°C, the oxygen pressure is 1 atm and the duration of the annealing treatment is 4 hours.
Anoxygen pressure of 1 atm was chosen in order to ensurethat asufficiently high oxygen content
of the film could be obtained. A treatment duration of 4 hours was chosen to ensure that the
oxygen level would be homogeneous throughout the thickness of the film. Also the resistance-

Table7.1. Growth conditionsfor bicrystallinefilmsdiscussed in thisChapter. Thedeposition rateof thefilm
with amisorientation angle of 30° from LANL isnot known (*).

Power

Misorien- Calcium  Growth . Oxygen Film
‘ density at . T [K]
tation Source percenta- temperat- pressure thickness S
angle ge X ure[°C] target [Bar] [nm] as groan
[J/env]
24° Cambridge 20 765 1.9 0.015 230 65.5
30° LANL 3 790 ?* 0.26 230 87.7
30° Cambridge 20 765 1.9 0.015 225 76.5
37° Cambridge 20 765 20 0.015 200 63.5
45° Cambridge 20 765 1.8 0.015 210 72.0
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desiccator) o Figure 7.1. Dependence of the intragrain resistance on the temperature for a
Transition CaYBCOthinfilmafter annealingat different temperaturesin 1 Atmoxygen for

temperatures of nearly 81 4 hours

K were obtained for

annealing at a temperature of 450 — 500°C (for 4 hoursin 1 atm oxygen). The as grown Ca-
YBCO filmswere (after patterning and characterisation of transport properties) annealed in these
conditions, which led to considerably increased transition temperatures (81 - 83.5 K). In the
sections 7.1 to 7.4 the oxygen levels of these films before and after oxygen annealing will be
discussed, and it will be postulated that these films were grown in an underdoped state and that
oxygen annealing rai sed the doping level to nearly optimal.

There is a striking difference in transition temperature of 13 K between the different as
grown CaYBCO films, although the films were grown in very similar conditions and have a
similar thickness. Although the two filmswith thelowest transition temperatures had still lower
transition temperatures after oxygen annealing, the procedure decreasesthevariation in transition
temperature between thedifferent filmsto 2.5K. Thisindicatesthat thelargedifferenceintransition
temperatureis (predominantly) attributableto avariations of the oxygen content of thefilms. The
oxygen content of filmsproduced with the Cambridge PLD systemwas at the time of thefabrication
of thesefilmsnot reproducible.

Themultilayer film was also anneal ed under these conditions (450—500°C, 1 atm, 4 hours).
Thisfilm was grown with theintention to obtain an optimal doping level, but in spite of thisthe
transition temperature wasincreased from 87.7 to 90.5K dueto theannealing treatment. Thefilm
wasinitially slightly under- or overdoped.

RIQ]

7.1 Misorientation angle 24°

Figure 7.2a shows the resistance-temperature, R(T), dependencies for grain boundaries
with amisorientation angle of 24° in Ca-Y BCO. Grain boundary measurementswere carried out
with the material in a (near) optimally doped state (T_ = 81 K) and in the (as grown) slightly
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underdoped state (T, = 66.5 K). Figure 7.2b shows the influence of the oxygen level on the
normal stateresistivity of intragrain Ca-Y BCO. TheR(T) characteristic for the underdoped grain
boundary is based on 4 measurements. Due to the small absolute value of the grain boundary
resistivity, the spread of the 4 measurements is relatively high. The deviation from the shown
averagefor individual measurementswas 40— 70% between the transition temperature and room
temperature. Theresistance of thisgrain boundary angleis approaching the accuracy limit of the
measurement technique, asdescribedin section4.1.

The R(T) characteristic for the oxygenated grain boundary isbased on only 1 measurement
dueto degradation of the Wheatstone bridge devices during annealing. The absol ute value of the
resistance of thisgrain boundary isvery low, which increasesthelikelihood that this measurement
isaffected significantly by geometrical imperfectionsof the device and the associ ated additional
voltage. Several unexpected features confirm the suggestion that asignificant factor of thin film
resistanceisincorporated in theR(T) dependence: theresi stanceincreaseswith temperature bel ow
200 K and the R(T) curvesfor the different oxygen levelsintersect at ~ 275 K. Current-voltage,
[(V), characteristicswere measured below T_ and the deduced R(T) dependencieshave beenincluded
inFigure7.2a.

Figure 7.3 shows the cal culated shape of the potential barrier at the grain boundary in the
underoxygenated film, which has been obtai ned according to the methodology set out in section
4.2. The shape of the potential barrier is Gaussian-like, which is associated with the small
temperature dependence of the grain boundary resistance. Figure 7.2ashowstheR(T) characteristic
calculated on the basis of this barrier shape. Asthe result for the R(T) dependence of the grain
boundary in the oxygenated thin film was not reproduced, a potential barrier shape has not been
calculated. Thestatistical reliability would besmall.
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Figure 7.2. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 24° in Ca-YBCO thin films for two different oxygen levels. The results of modelling of the
normal state resistance are included. b) The dependence of the intragrain resistivity on the temperature for these
Ca-YBCO thin films.
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Figure 7.4 shows current density-
voltage, J(V), characteristics for the 24°
boundary between 6 K andT_. Asalsothel (V)
characteristics were measured by meansof a
Wheatstone bridge, these J(V) characteristics
are an average of (42) characteristics with a
range of critical currents and therefore appear
rounded. It was shown by Ransley that the
spread in critical current density for a 24°
boundary can be up to a factor 2.5 [1]. The
J(V) characteristicsat temperatureshigher than
thetransition temperature exhibit adecreased
dope(i.e. ahigher resistance), whichiscaused
by geometrical imperfectionsin the resistive
Wheatstone bridge. The accessible voltage
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Figure 7.3. Calculated barrier shape for a 24° grain
boundary in Ca-YBCO with a T, of 81 K. The Fermi level

has been indicated by a dotted line marked E;.

rangeisvery small dueto thevery low resistance of these grain boundaries. Voltages higher than

those affected by the RSJ behaviour could not be probed, and J(V) behaviour associated with the
barrier shape at the grain boundary cannot be observed very well. However, theJ(V) characteristics
at higher temperatures, which are less affected by the RSJ behaviour of the junctions, show a
linear J(V) dependenceat currentsabovethecritical current. Asprevioudly, thiscould beexplained
on the basis of the low dependence of the barrier width on the energy at the Fermi energy, as
showninFigure 7.3. Anincreased averaged energy of the charge carriersat ahigher voltage will

not cause asignificant increase of the tunnelling probability.
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Figure 7.4. Current density - voltage characteristics for a 24° grain bounary in a) an oxygenated Ca-YBCO thin
filmand b) asgrown. Current density - voltage characteristics are shown every 30 K. Coloursrepresent temperatures

as depicted in the inset in a).
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7.2 Misorientation angle 30°

Figure 7.5a shows R(T) characteristics of grain boundaries with a misorientation angle of
30°. Results of grain boundariesin Ca-YBCO (20% Ca) and in multilayer-YBCO (3% Ca) are
depicted. Grain boundary measurementsin Ca-Y BCO were carried out with the material in the
(asgrown) slightly underdoped state (T_ = 76.5 K) and after further oxygenation (T, = 82.5 K).
Alsothegrain boundary in multilayer-Y BCO was characterised before (T = 87.5K) and after (T,
= 90.5 K) annealing in oxygen. All shown results are an average of measurements from 3 -5
different Wheatstone bridge devices. Only for thegrain boundary in Ca-Y BCO, I (V) characteristics
were recorded below T_, and the associated R(T) characteristics areincluded in Figure 7.5a.

Figure 7.5b showsthe temperature dependence of theintragrain resistivity of the Ca-Y BCO
and themultilayer-YBCO film. Thecurvature of ther (T) characteristic of the Ca-Y BCOisconvex,
which confirmsthat theasgrown filmwas underdoped. Accordingly, oxygen annealing increased
the oxygen level and brought the samplein a(near) optimally doped state and consequently the T,
increased from 76.5 K to 82.5 K. In contrast, the multilayer-YBCO film exhibits a very slight
concave curvature of itsr (T) characteristic, which indicates that the as grown film was slightly
overdoped. Table 7.1 showsthat the multilayer-Y BCO film wasafter deposition (in situ) annealed
inan oxygen pressure~17 timesas high asthe Ca- Y BCO film. Oxygen anneding increased the T_
of thefilmfrom 87.5K to 90.5 K. Thissuggeststhat (ex situ) oxygen annealing has decreased the
oxygen level of themultilayer-YBCO film and decreased the doping level to (nearly) optimal.

For both Ca-Y BCO and multilayer-Y BCO, (ex situ) oxygen annealing has severely degraded
the intragrain tracks, which made it not feasible to determine the r (T) characteristic of filmsin
their high-T_state. Only an unreproduced (and uncompleted) measurement on anintragrain track

in the multilayer-YBCO film
suggests that (ex situ) oxygen
N : annealing had increased the
AT _ fzgiﬁggi | intragrain resistivity of thefilm,
: which confirms the suggestion
that the film was (as grown) in
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Figure 7.5. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 30° in Ca-YBCO and multilayer-YBCO for two different oxygen levels. The results of
modelling of the normal state resistance are included. b) Dependence of the intragrain resistivity on temperature
for the same Ca-YBCO and multilayer-YBCO thin films, both in as grown state.
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an overdoped state.

Both for Ca-Y BCO and multilayer-Y BCO the oxygen content hasasignificant influenceon
the magnitude of the normal state resistance of the grain boundary. The normal state resistance of
the grain boundaries in the oxygenated films is approximately half that in the as grown films.
Figure 7.6b shows the calculated shapes of the potential barriers. The dotted curvesin Figure
7.5ashow the R(T) characteristics calculated on the basis of these barrier shapes. In the case of
the Ca-Y BCO doped film, the varying oxygen content influences predominantly the width of the
potential barrier. Thewidth of the barrier in the underdoped film isapproximately 0.1 nm (20%)
wider at the Fermi level. Thedifferencein barrier shapesisaresult of differencesinthetemperature
dependence of theR(T) dependencies, asshowninFigure 7.6a. Thesmaller temperature dependence
of the grain boundary resistance in the optimally doped film is associated with a more constant
barrier width at energies around the Fermi level. The higher oxygen level has not decreased the
height of the potential barrier; onthe contrary, the barrier height isslightly decreased. Thisseems
unphysical and should be attributableto the cal culation method.

The oxygen content has aless specific influence on the shape of the potential barrier inthe
multilayer-Y BCO film. The height and width of the barrier have been comparably influenced by a
change in the oxygen level: the functional form of the barrier shape has not been affected. The
comparable barrier shapesarearesult of the similar temperature dependence of theresistance, as
shown in Figure 7.6b. In this Figure can clearly be seen that the R(T) dependencies of the grain
boundary in the multilayer-Y BCO film exhibit aconcave shape (decreasing dR/dT with increasing
T), asopposed to what isexpected on the basis of thetunnelling model. The applied model cannot
account for the R(T) dependenciesshownin 7.5a, and asaresult the calculated R(T) dependencies
do not fit the measured R(T) behaviour. A more extensive discussion of thisgeneral observation

1.8 . : : 0.7 - :
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A --- 3%Ca 0.6 - - 3%Ca
O ] 05| T =87.5Kk—/
g I 0al 3905k AN
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Figure 7.6. a) Dependence of the normalised resistance area product on the temperature for grain boundariesin
Ca-YBCO and multilayer-YBCO. b) Calculated barrier shapesfor grain boundariesin Ca-YBCO and multilayer-

YBCO.
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will follow insection 8.1.

Calcium has decreased both the T_and intragrain conductivity of Y, Ca Ba,Cu,O, , butit
hasimproved the normal state propertiesof the grain boundary. A clear decrease of theresistance
of thegrain boundary in the Ca-doped filmin comparison with the grain boundary inthe multilayer-
YBCO film can be observed. The multilayer structure was fabricated on the assumption that
calcium segregates preferentially in the grain boundary, as set out in section 2.7. Thereforeitis
expected that the cal cium concentration in thegrain boundary is substantially higher in comparison
with the 3% in the intragrain thin film material, and that the transport properties of the grain
boundary are enhanced accordingly. The multilayer structure should lead to the presence of pristine
Y BCO and ahigh transition temperaturein combination with enhanced grain boundary properties.
A hightransition temperature has certainly been attained (90.5 K), however, the reduction of the
grain boundary resistancein thesefilmsin comparison with YBCOismarginal. In Figures6.4 and
7.5acan be seen that the val ue and temperature dependence of theresistance of grain boundaries
inthesefilmsisvery similar. The high transition temperature together with thelack of change of
the grain boundary resistance suggests that the Ca percentage is too small to have a significant
influence. A more extensive discussion of the influence of calcium doping will follow in section
8.3.

Figure 7.7 shows J(V) characteristics for the grain boundaries in the Ca-YBCO film for
both oxygen levels. The J(V) characteristics seem to be linear outside the region affected by the
RSJ behaviour at low voltages. In order to assess the degree of linearity, conductivity versus
voltage [ G(V) =dJ/dV] characteristics were extracted from the measured J(V) curves. Theinsets
in Figure 7.7 show G(V) characteristics at 6 K. For the grain boundary in the underdoped film it
can be seen that the conductanceisnot significantly dependent on thevoltagein therange 10— 30
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Figure 7.7. Current density - voltage characteristics for 30° grain bounariesin a) an oxygenated Ca-YBCO thin
filmand b) as grown. Current density - voltage characteristics are shown every 6 K for temperatures between 30
K. The insets show conductance - voltage characteristics at 6 K. Colours represent temperatures as depicted in
Figure 7.4a.
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mV. Dueto thelow resistance, the accessible voltage range for the oxygenated filmissmall, and
voltages higher than those affected by RSJ behaviour cannot be probed. The expectation on the
basis of the differencein shape of the potential barriersthat the optimally doped grain boundary
exhibitsasmaller dependence of the conductance on the voltage cannot be confirmed.

7.3 Misorientation angle 37°

Figure 7.8a shows R(T) dependenciesfor grain boundaries with a misorientation angle of
37° in aCaYBCO thin film as grown (T, = 64 K) and after further oxygenation (T, = 81 K).
Figure 7.8b showsthe temperature dependence of theintragrain resistivity inthe Ca-Y BCO thin
film. Thefilmas grownexhibitsar (T) characteristic with asignificant convex curvature, which
confirmsthat thisfilm was underdoped. Oxygen annealing hasincreased the doping level of the
film to (near) optimally doped. The R(T) dependencies below T_ are deduced from 1(V)
characteristics recorded as afunction of temperature between 6 K and T . All R(T) characteristics
arebased on resultsfrom 4 —5 Wheatstone bridge devices. Theresistancefor the grain boundary
intheunderdoped filmisafactor 2—4larger in comparison with the (near) optimally doped film.
Thedoping level also hasasignificant influence on the temperature dependence of theresistance,
asshownintheinsetin Figure 7.8a.

Figure 7.9 shows the shapes of the potential barriers deduced from the measured R(T)
characteristics. The varying oxygen content seems to influence predominantly the width of the
potential barrier. The width of the barrier in the underdoped film is approximately 0.2 nm (~ 20
%) wider at the Fermi level. The difference in barrier width variation with increasing energy
results from the differencein temperature dependence of the resistance, as shown in theinset of
Figure7.8a Thechangein oxygen content has not significantly affected the height of the potential
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Figure 7.8. a) Dependence of the resistance area product on the temperature for grain boundaries with a
misorientation angle of 37° in Ca-YBCO for two different oxygen levels. The results of modelling of the normal
state resistance are included. The inset shows the dependence of the resistance on the temperature normalised at
300 K. b) Dependence of the intragrain resistivity on the temperature for the associated thin films.
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barrier. TheR(T) characteristics calculated from these barrier shapesareincludedin Figure 7.8a.
Asinthe case of the 30° boundariesin multilayer-Y BCO thin films, the measured R(T) characteristic
for the boundary in the underdoped film has a concave characteristic, and therefore thefit of the
tunnelling model is poor.

Figures7.10 aand b show J(V) characteristicsfor both oxygenlevels. Theaccessiblevoltage
range for the grain boundary in the oxygenated thin filmislimited duetoitslow resistance. Both
sets of J(V) characteristics seem to exhibit some degree of non-linearity. In order to assess the
non-linearity of the J(V) characteristics, G(V) characteristics extracted from the J(V) curvesare
depicted in Figures7.10 c and d. TheG(V) characteristicsin Figure 7.10c show similar structures
asthe G(V) characteristicsshownin Figure 6.5¢. Although these structures occur at fixed voltages,
it hasbeen established that al so these structuresresult from an external source, and are not associated
with the electronic structure of the YBCO or the grain boundary. The structures occur at very
regular intervals (1.7 mV), are not centred around zero bias, and do not occur at the samevoltage
for theincreasing and the decreasing current.

The G(V) characteristics show auniversal, nearly linear dependence of the conductance at
voltages above the gap energy. This confirmsthat also for Ca-Y BCO, transport acrossthe grain
boundary occurs by direct tunnelling from superconducting states into superconducting states,
and thereis no significant contribution of quasiparticle transport below T . For comparison, also
some G(V) characteristics well above T_ are included, which show a decreasing resistance with
temperature over thewholevoltagerange. Thetemperature dependence of the conductance around
zero bias below the transition temperature i s associated with the temperature dependence of the
magnitude of the energy gapinthe DOS of the Y BCO electrodes, and not with intrinsic properties
of the grain boundary.
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Figure 7.9. Calculated barrier shapes for 37° grain
boundaries in Ca-YBCO for two different oxygen levels.
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Figure 7.10. Dependence of the current density on the voltage of a 37° grain boundary in a) an oxygenated Ca-
YBCO thin film and b) as grown, and of the conductance on the voltage of a 37° grain boundary in c) an
oxygenated Ca-YBCO thin film and d) as grown. Current density - voltage characteristics are shown every 30 K
in &) and b). Conductance - voltage characteristics are shown every 6 K in c¢) and d). Noise features have been
removed fromthedatain c) and d) by a Fast Fourier Transformsmoothing routine. Coloursrepresent temper atures
as depicted in Figure 7.4a.

7.4 Misorientation angle 45°

Figure 7.11 shows R(T) dependencies for grain boundaries with amisorientation angle of
45° inaCaYBCO thin film. These results concern an asymmetric [001] tilt grain boundary, in
contrast to the symmetric grain boundariesprevioudly discussed. Asprevioudly, resultsare shown
of a grain boundary in the as grown, underdoped film (T, = 72 K), as well as, after further
oxygenation of thefilm (T_= 83 K). It has not been possible to obtainr (T) characteristicsdueto
poor quality of the intragrain tracks. The R(T) dependencies below T, are deduced from [(V)
characteristics recorded as afunction of temperature between 6 K and T . All R(T) characteristics
arebased on resultsfrom 4 —5 Wheatstone bridge devices. Theresistancefor the grain boundary
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Figure 7.11. Dependence of the resistance area product on the temperature for
45° grain boundariesin Ca-YBCO for two different oxygen levels. The results
of modelling of the normal state resistance are included. The inset shows the

dependence of the resistance normalised at 300 K.
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intheunderdopedfilmisa
factor 2 — 3 larger in
comparisonwiththat inthe
(near) optimally doped
film. The oxygen content
has a significant influence
on the temperature
dependence of the R(T)
dependencies, asshownin
theinset in Figure 11.
Figure 7.12 shows
the shapes of the potential
barriers deduced from the
measured R(T)
characteristics. Thevarying
oxygen content seems to

influence predominantly the width of the potential barrier. The width of the barrier in the
underdoped film is approximately 0.15 nm (~ 23 %) wider at the Fermi level. The oxygen level
hasnot significantly affected the height of the potential barrier. Theincreased energy dependence
of the width of the boundary in the underdoped film is consistent with its higher temperature
dependence. The R(T) characteristics calculated from these barrier shapes are shown in Figure
7.11. Asin previous cases, these grain boundariesexhibit aconcave R(T) dependence, and therefore

the fit of the tunnelling model isvery poor.
Figures 7.13a and b show J(V)
characteristics for both the optimally doped
and the underdoped 45° grain boundary. The
I(V) curves for the optimally doped grain
boundary were measured (inadvertently) with
a voltage offset of approximately 5 mV, and
aretherefore not centred at (J,V) = (0,0). The
J(V) characteristics are non-linear, and the
G(V) characteristics in figures 7.13c and d
show that thereisastrong positive correlation
of the conductance on the voltage for both
oxygen levels. As previously, within the
framework of the tunnelling model, this can
be explained on the basis of the strongly
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energy, asshown in Figure 7.12.
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Figure 7.13. Dependence of the current density on the voltage of a 45° grain boundary in a) an oxygenated Ca-
YBCO thin film and b) as grown, and of the conductance on the voltage of a 45° grain boundary in c) an
oxygenated Ca-YBCO thin film and d) as grown. Current density - voltage characteristics are shown every 30 K
in &) and b). Conductance - voltage characteristics are shown every 6 K in c¢) and d). Noise features have been
removed fromthedatain c) and d) by a Fast Fourier Transformsmoothing routine. Coloursrepresent temper atures
as depicted in Figure 7.4a.

7.5 Summary

Figure 7.14a shows an overview for the R(T) characteristics for grain boundariesin Ca-
YBCO and multilayer-YBCO with misorientation angles between 24° and 45°. Values for the
grain boundary resistivity of grain boundariesin (nearly) optimally doped filmsrangeat 6 K from
4x10Bt05x102Wm? and at 300 K from 4x10 to 2x10% Wm?2 Mannhart, Schmehl and Ransley
reported values of approximately 1x10*Wm? for 24° grain boundariesin Y Ca, ,.Ba,Cu,O,  at
4.2 K [2-4]. There are no reports of values for misorientation angles other than 24°, but there
have been more extensive studies on grain boundariesin Y, .Ca ,Ba,Cu,0O, .. Valuesof 1x10™
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Wm? and 2x1012\Wm? were reported for symmetric 30° and asymmetric 45° boundariesat 4.2 K,
respectively [5]. Another study showed amuch larger resistivity of asymmetric grain boundaries
inY .Ca,.Ba,Cu,O, , and valuesranged from 5x10** Win? for 30° to 9x10*> Wm? for 45° at 4.2
K [6]. Asfor grain boundariesin Y BCO, thelarge spread in values highlightstheinfluence of the
growth procedure on the microstructural properties of the thin film and the grain boundary. The
resistance area product increases with a factor 10 - 15 if the misorientation angle is increased
from 24° to 45°. Thisisin approximate agreement with values reported for grain boundariesin
Y0_7Cq)_3Ba2Cu307_d [5, 6].

Thelower oxygen content of theasgrown filmsincreasesthe grain boundary resistivity at
300 K with approximately afactor 2 in comparison with the oxygenated films, asshownin Figure
7.14b. Theincreased oxygen content in these films al so increases the temperature dependence of
thegrain boundary resistivity, asshownintheinsetsof Figure 7.14. The temperature dependence
of the grain boundary resistivity in oxygenated films ranges from temperature independent for a
24° boundary to a’50% decrease between 100 K and 300 K for a45° boundary. In the as grown
films, the temperature dependence ranges from a 30% decrease for a 24° boundary to a 70%
decreasefor a45° boundary. The higher temperature dependence associated with thelower oxygen
content of the asgrown filmsis according to the tunnelling model associated with significantly
wider potential barriers, as shown in Figure 7.15. The width has consistently increased with
approximately 0.5 nm. Typically, the oxygen content haslittle effect on the height of the potential
barriers. Also the higher temperature dependence of the 37° / 45° boundariesin comparison with
the 24° / 30° isaccording to the tunnelling model associated with amuch wider potential barrier.
The weak temperature dependence in combination with arelatively high absolute value of the
R(T) characteristic of the 30° boundary has resulted in a higher potential barrier in comparison

5x10™ — T T T T T T 7 T T T T
2 o
) x B
S| 1.5x10™" | g3
ax10" F & [ S,
x | o
1 a
2 |
a1l 1.0x10™"
2x10™ | .
30°
- . [ - d_5.0x10'12
§ 110 F 1 e
| ° G
4 - 24 —
= a < b 24°
m 0 i L L L " L i L i L L é 0_0 i 1 L L " L i L i 1 i
(] 50 100 150 200 250 300 (] 50 100 150 200 250 300
a T [K] b T[K]

Figure7.14. Dependence of the resistance on temperaturefor grain boundarieswith misorientation anglesranging
from 24° to 45° in &) an oxygenated Ca-YBCO film and b) as grown. The insets show the dependence of the
resistance on the temperature normalised at 300 K.
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with the 45° boundary. This is likely to result from an inadequacy of the model, as it seems
otherwise unphysical.

The grain boundary with amisorientation angle of 37° was observed to have lower resistance
values than expected on the basis of a continuously increasing resistance with misorientation
angle. Asfor grain boundariesin Y BCO thin films, this could be explained on the basisof the S=5
atomic configuration of the grain boundary. A high concentration of coincidental | attice sitesthat
act aspositionswith alocally decreased barrier potential can cause asubstantial decrease of the
overall resistance of the boundary. In contrast to the magnitude of the resistance, the temperature
dependence seems to be unaffected by any possible effects of the S=5 configuration.

Conductance—voltage characteristicsfor grain boundarieswith misorientation angles 37°
and 45° confirmed that the grain boundary resistance below T_ is independent of temperature
between the gap energy and a voltage at which heating sets in, indicating inelastic tunnelling
from superconducting statesinto superconducting states.

Figures 7.16 aand b show J(V) characteristicsat 6 K for the 4 misorientation angles at the
two different oxygen levels. While the displayed current range is the same, the voltage range for
the as grown filmsis much larger due to the higher resistance of the grain boundaries in these
films. The decreased slope of these J(V) characteristics at higher voltagesis associated with the
onset of |ocalised heating, asheating isdependent onthevoltage (P=JV). Thedifferential resistance
area product as a function of the applied current density (R A(J) = dV/dJ) at 6 K is shown in
Figures7.16. Inthesefigures heating isassociated with atransition from adecreasing toincreasing
resistancewithincreasing current (P=J°R A). Thecritical current density can be observed for the
24° boundary for both doping levels. For higher misorientation anglesthe critical current is not
observable due to a negligible value. Furthermore, the larger voltage range at which the higher
mi sorientation angles are recorded (but aconstant number of data points per 1(V) measurement)
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Figure 7.15. Calculated shapes for potential barriers at grain boundaries with various misorientation anglesin
a) an oxygenated Ca-YBCO film and b) as grown.
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resultsin“smoothing” of discontinuities, likethecritical current. The dynamic resistance of the
37° boundary is smaller than for the 30° boundary over aimost the whole voltage range in the
(near) optimally doped films.

The dependence of theresistance area product on the current density, and thusthe extent of
non-linearity of theJ(V) characteristics, generally increaseswith increasing misorientation angle
and decreasing oxygen content. These observations are consistent with the explanation that the
dependence of the conductance on the applied voltage is larger for grain boundaries with a
triangular barrier, as calculated with the tunnelling model. This shows the consistency of the
model, asthe barrier shapes were calculated on the basis of the R(T) characteristics, but provide
also an explanation for the observed I (V) behaviour.
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Figure 7.16. Current density - voltage characteristics of grain boundariesin a) an oxygenated Ca-YBCO filmand
b) as grown, and the dependence of the resistance area product on the current density of grain boundariesin c) an
oxygenated Ca-YBCO filmand d) as grown Noise features have been removed fromthe data in ¢) and d) by a Fast
Fourier Transform smoothing routine.
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8. Discussion

8. Discussion, conclusions and further work

Thischapter providesadiscussion and attemptsto draw parallel s between results presented
inthe Chapters5to 7. Firstly, the strengths and weaknesses of the applied modelling method are
evaluated. Thefollowing two sectionsinclude discussions of theinfluence of misorientation angle,
oxygen content and cal cium doping on the mi crostructure and el ectronic structure of high-angle
grainboundariesinYBa,Cu,O, ,(YBCO), multilayer YBa,Cu,O, ,/Y .Ca,,Ba,Cu.O, ,(multilayer-
YBCO)andY ,,Cg,,Ba,Cu,0, ,(CaYBCO). Thelast two sections of this chapter are dedicated
tolisting the overall conclusions of this study and recommendations for further work.

8.1 Validity of tunnelling model

Asdiscussed in section 4.2, ashape for apotential barrier at the boundary is calculated by
taking an average of many different barrier shapesthat all “fit” the measured resi stance-temperature
characteristics. It is hard to justify why such an average should result in a more redlistic
approximation than any other barrier shapethat |eadsto the measured R(T) characteristic. However,
the dimensions of the obtained barrier shapeswill lie within a certain range, and values for the
height and width of the barrier can be compared with other reports.

Vauesreported in thisstudy vary from 0.1to 0.3 eV for the barrier height, and from4to 8
A for the barrier width. Thebuilt-in potential for high angle grain boundariesin YBCO wasinthe
framework of the band-bending model generally estimated to be~0.1-0.2 eV [1-4]. Onthebasis
of capacitance measurements avalue for the built-in potential of 0.2 eV was calculated [5]. The
width of the structurally distorted layer equals approximately 2 — 10 A, and increases with
misorientation [6]. Thewidth of charge depleted layersis subsequently estimated by using (2.2).
Thismakesthetotal width of e.g. a30° boundary in Y BCO approximately 8 A. By using Electron
Energy L oss Spectroscopy in a Transmission Electron Microscope amuch larger width of 100 —
120 A of the hole depleted zonewas measured [ 7]. A plausible explanation isthat not the complete
width of hole depleted material actsatunnel barrier, asexemplified by Figure2.21 cand d. Only
therewherethe carrier typeisinverted [8], thematerial ispresumed to act asabarrier to the flow
of supercurrent, which can beafar narrower region than the hole depleted region. So, the calculated
valuesfor the height and the width of the potential barrier arein general in good agreement with
other estimations. The only direct measurement of the potential of adislocation corein YBCO
resulted in much larger valuesfor the height and the width of the barrier [8]. Valuesof 2.4 eV for
the height of the potential and 1.7 nm for the spatial extent were reported. However, thedislocation
coreislikely to be the location with the highest potential at the grain boundary, whereas values
deduced from transport measurements will lead to estimations of the height of the narrowest,
lowest potential barrier(s) at the grain boundary. So, these measurements give anindication of the
inhomogeneity of the potential at the boundary and are not necessarily in contradiction with each
other.

The temperature dependence of the tunnelling probability for a barrier with finite height
leads to an increasing temperature dependence of the resistance with increasing temperature.
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Therefore, calculations based on the model described in section 4.2 will alwayslead to an R(T)
characteristic with aconvex shape. Thisconvex R(T) dependencewas confirmed for several grain
boundaries, however, aso linear and concave R(T) dependencieswere observed. Thisbehaviour
cannot be explained by e astic tunnelling through atemperatureindependent potential barrier [9].
A barrier shape was calculated on the basis of concave R(T) dependencies, but the fit to the
measurement of the R(T) dependence calculated on the basis of this barrier shape was poor. In
order to quantify the misfit between the measured and calculated R(T) characteristic, and, as
such, the validity of the applied tunnelling model, the deviation between the measurement and
model was cal culated for each grain boundary.

Figure 8.1a shows the misfit between the measurement and calculation as a function of
grain boundary misorientation angle in terms of the average deviation between 110 and 300 K
normalised to the average resistance in the same temperature range. Although there is some
correl ation between the deviation and the misorientation angle, it isnot feasible to posit that there
isadefinite departure from the used tunnelling model for higher misorientation angles. One could
expect that thevalidity of thetunnelling model does not depend specifically on the misorientation
angle, but moreover on theres stance of thegrain boundary. Figure 8.1b showstherelative deviation
versus the average resistance area product of the grain boundary between 110 K and 300 K, but
also in this case the correlation is weak. The chance that the model is invalid increases with
increasing resistance of the grain boundary, but also for low resistance grain boundariesapoor fit
of the cal culation to the measurement was observed. The best examplefor thelack of acorrelation
on grain boundary angle or grain boundary resistance can be seen in Figure 7.5a. Two grain
boundarieswith the same misorientation angle and approximateresistance exhibit avery different
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Figure8.1. Dependence of therelative deviation on a) the grain boundary misorientation angle and b) the average
resistance between 110 and 300 K. Therelative deviation isthe average difference between the measured resistance
and the resistance cal culated on the basis of the cal culated barrier shape divided by the average resistance, based
on (T,R) every 10K between 110 and 300 K. Filled and open symbolsrepresent grain boundariesin fully oxygenated
and underoxygenated thin films, respectively.
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R(T) behaviour, which indicates that the applicability of the tunnelling model depends on other
factors.

Thelack of applicability of the developed model for certain grain boundaries casts doubt on
the validity of the barrier shapes obtained for such grain boundaries. However, the height and
width of the potential barrier are predominantly dependent on the absolute value and average
temperature dependence of the grain boundary resistance, respectively [10]. The shape of the
R(T) dependence determines mostly the shape of the barrier (Gaussian vs. triangular), but should
not affect the dimensions of the barrier. Thisis confirmed by the observation that for concave
R(T) characteristics only triangular barrier shapes are calculated, as a triangular barrier shape
leads to the best fit to a concave R(T) dependence.

A next question that arisesis the reason for the lack of validity of the model. A plausible
explanation for the concave R(T) characteristic of agrain boundary in astrongly deoxygenated
filmwasalready offeredin section 6.2. The presence of apseudogap inthe single particledensity
of states should be expected to lead to an increased resistance of a tunnel barrier abutted by
material with this property. The estimated doping level of the deoxygenated thin film was p »
0.08, which should lead to significant pseudogap behaviour [11, 12]. However, concave R(T)
behaviour has been extensively observed for grain boundariesin well-oxygenated filmswith high
transition temperatures. Theinfluence of pseudogap behaviour should be marginal in such cases,
and can therefore be ruled out as a more general explanation for the observed R(T) behaviour.
The observation that grain boundariesin films with a supposedly higher doping level exhibit a
more concave R(T) characteristic than an equivalent with a lower doping level supports this
proposition. Thisisexemplified by Figure 7.5a, where grain boundary in amultilayer-Y BCO film
withaT_of 90.5 K shows aconsiderably more concave characteristic than agrain boundary ina
CaYBCOfilmwithaT_of 76.5K.

L ooking more closely at the tunnelling model itself, it should be noted that it isbased on
elastic tunnelling through a barrier with afixed shape. There are two obvious reasons that can
cause deviation from the behaviour predicted by themodel: i) charge transport through thegrain
boundary does not only take place by tunnelling, and ii) the shape of the tunnelling barrier isnot
fixed. Chargetransport by thermionic emission leadsto aan exponential R(T) dependence according
totherelationR~exp(L/k, T), wherek, isBoltzmann’s constant. Thermionic emission parallel or
competing with tunnelling transport could lead to the observed R(T) characteristics. Alternatively,
it has been suggested previously that the observed behaviour isinduced by atunnelling process
that iscontrolled by electronic correlations[13].

It has been assumed in thiswork that the shape of the tunnelling barrier isnot dependent on
temperature. A concave instead of a convex R(T) characteristic implies that there is an extra
resistant component at high temperatures. A tunnel barrier with aheight and/or width that increases
with temperature could provide such an extraresistance component. A barrier height increasing
with temperature according to a factor (1+aO T), where a is a constant, has been suggested
before for aluminum —diamond contacts[14]. These suggestions can explain the observation of
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aconcavetemperature characteristic, but have not been explored any further within theframework
of thisdissertation.

8.2 Influence of misorientation angle

Figure 8.2 shows the average resistance of a grain boundary between 110 and 300K asa
function of its misorientation angle. Theresistanceincreaseswith afactor 6 — 15 between 24° and
45°. The values for grain boundariesin Y ,.Cg ,Ba,Cu,O, , are lower than in YBa,Cu,0, , but
thereisno clear differencein the misorientation angle dependence. In order to interpret the variation
of the grain boundary resistivity as a function of misorientation angle in the framework of the
structure of the grain boundary, the height (above the Fermi level) and the width (at the Fermi
level) of the barriers presented in Chapters 6 and 7 have been extracted and are depicted as a
function of misorientation angle in Figure 8.3. Where a correlation between barrier height and
misorientation angle is inconsistent, there is a clear correlation between barrier width and
misorientation angle. The stronger temperature dependence of the resistance and voltage
dependence of the conductance are associated with thelarger barrier width of higher misorientation
angles. The barrier width dependence of the energy islarger for awider barrier, which causesa
larger dependence of the tunnelling probability on the energy of the charge carriers.

Thebarrier widthincreaseswith afactor 1.6 —1.9 between 24° and 45°. Calculationson the
basis of bond-valence sum analysis suggests that the width of the non-superconducting zone
increases almost linearly from 4 to 9 A for asymmetric grain boundaries with misorientation
anglesincreasing from 18° to 45° [6]. A squarewell model was used in this study, but apart from
that thevaluesfor the barrier width arevery comparablewith thosein Figure 8.3a. Thesecalculations
are based on the assumption that the structure
of asymmetric grain boundaries consists of

structural units, of which the width increases —_ A...I. ....... O 'O% éa ' | A i
with misorientation angle. However, these e | "
authors argue that the structure of all grain sxt0? | O L
boundaries consists of structural units and

thereforetheir calculations should have wider E o | |
applicability. The calculated factorshy which g G .................... v &
the structural width varieswith misorientation = )
angle are very similar those observed for the 2a0Tr |
variation of the barrier width in this study.

Therefore, the results of this study are 0 20 a5
consistent with the suggestion that the Misorientation angle

transport properties degrade with increasing _
Figure 8.2. Dependence of the average resistance area

misorientation angle due to an increasing product between 110 and 300 K on the misorientation

structural width of the grain boundary. angle. Filled and open symbols represent grain
boundariesin (nearly) optimally doped and underdoped

thin films, respectively.
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Thereisaclear depression inthetrend of the grain boundary resistancefor 37° boundaries.
One possible explanation is based on the implications of the S = 5 structure in symmetric grain
boundarieswith amisorientation angle of 36.87°, asset out in section 6.3. Thetwo crystal lattices
coincide every 5" unit cell, which could cause a reduction of strain and hence of the oxygen
vacancy formation energy [15]. Less oxygen depletion of the grain boundary in comparison with
grain boundaries without a coincident site lattice configuration can lead to a reduction of the
built-in charge at the grain boundary. Thisis confirmed by the low values for the height of the
potential barrier (for grain boundariesin nearly optimally doped films), whereasthe width of the
potential barrier increases monotonously with misorientation angle. In the view of the
inhomogeneous nature of the grain boundary, the S=5 configuration could |ead to the formation
of superconductive channels in the interface at locations that are regular and unstrained. A
description of the grain boundary as an array of superconductive channels separated by non-
superconductive regions has been suggested before [ 16, 17].

In one other study improved transport properties were observed for 36° boundaries [18].
At50K, adecreaseintheresistance areaproduct of up to 40% for 36° boundariesin comparison
with 34° boundarieswas observed (see Figure 2.12b). In thisstudy, no reference was madeto the
potential influence of the S = 5 configuration at the interface. The magnitude of values for the
resistance areaproduct reported in thisstudy isvery similar to valuesreported in thisdissertation,
with values ranging from 2 x 102 for a 26° boundary to 1 x 10 for a 45° boundary at 50 K.
Apart from predictions on the basis of calculations [19], the S = 5 structure has never been
directly correlated with enhanced transport properties of 37° boundaries.

The single previous report for the measurement of the normal state resistance above the
trangition temperature concerns an asymmetric grain boundary with amisorientation angle of 45°
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Figure 8.3. Dependence of a) the height above the Fermi level and b) the width at the Fermi level of the calculated
barrier shapes on the misorientation angle. Filled and open symbols represent grain boundaries in (nearly)
optimally doped and underdoped thin films, respectively.
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inaYBCO thinfilm [13]. Theresistance area product of thisgrain boundary isup to an order of
magnitude smaller in comparison with the 45° boundary discussed in Chapter 6 in thisdissertation,
and isevenlower than that of the 45° boundary in Ca-Y BCO discussed in Chapter 7. Thisislikely
to beattributed to differencesin the growth conditionsfor filmsfabricated with different deposition
systems. Large differencesin thetransport properties of grain boundaries of afixed misorientation
have been reported extensively, and are primarily attributed to differencesin growth conditions
and corresponding grain boundary microstructure [20].

A linear, fourfold decrease of the resistance between 100 and 300 K was observed in this
study [13], which is a stronger temperature dependence than observed for any grain boundary
discussed inthisdissertation. Thelinear temperature dependenceissuggested not to be attributable
to el astic tunnelling, and wasinstead associated with atunnel ling mechanism controlled by el ectronic
correlations. In thisdissertation awide spectrum of temperature dependenciesof thegrain boundary
resistance have been presented, ranging from convex, which is expected for elastic tunnelling
acrossatemperatureindependent potential barrier, to concave, which cannot be explained onthe
basisof such amechanism. Hence, theresults presented here confirm that current transport across
grain boundaries, specifically high-angle grain boundaries characterised by awidetunnel barrier,
doesnot (only) take place by elastic tunnelling with the assumptions made here.

A consistent differencein temperature dependence of grain boundarieswith amisorientation
angle of 24° / 30° and of 37° / 45° has been observed. The temperature dependence for the
misorientation angles 37° / 45° was generally afactor 3 — 5 higher than for the misorientation
angles24° / 30° (see Figures 6.9 and 7.14). One possible explanation isbased on differencesin the
microstructural configuration of the two sets of grain boundaries. Both symmetric 37° and
asymmetric 45° boundaries are “ special” interfaces, whereas no specific structure is associated
with symmetric 24° and 30° boundaries. As discussed extensively, symmetric 37° (36.87°)
boundaries are S = 5 boundaries, and asymmetric 45° boundaries are (100) / (110) interfaces.
Possibly both interface configurations can lead to the formation of high-conductivity current
paths, which “open up” increasingly at higher temperatures. Thisleadsto arapid increase of the
effective area of the boundary and to the associated enhanced transport properties.

8.3 Influence of calcium and the oxygen content

The influence of oxygen content and cal cium doping on the microstructure and transport
properties has been discussed in Chapter 2 of thisdissertation. The grain boundariesare thought
to beintrinsically non-stoichiometric dueto thestrain at theinterface[ 15], and areusually suggested
to have alower oxygen content than the abutting single-crystalline material [7]. A lower oxygen
content leadsto adecreased transition temperature and gap energy, non-metallic normal conduction
and pseudogap behaviour in the normal state, as set out in section 1.5. In addition, the non-
stoichiometry can lead to abuilt-in charge and the formation of acarrier depleted grain boundary
interface[19]. If the oxygen content influencesthe charge at the grain boundary, then the width of
the charge depl eted region isexpected to vary according to (2.2) with the square root of the built-
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in charge. Calcium is expected to replace yttrium in the grain boundary and decrease the strain
duetoitslarger ionic radius, and subsequently to increase the oxygen vacancy formation energy
[15]. Hence, cal cium can decrease oxygen depl etion and reduce the built-in charge and extent of
carrier depletion in the grain boundary. In addition, calcium increases the overal hole doping
level of the material and thus reduces the width of any charge induced depl etion zones.

Figure 8.4ashowsthat theresistance areaproduct issignificantly lower for grain boundaries
inCaY BCO filmsin comparison with grain boundaries Y BCO filmsfor all misorientation angles.
The influence of the oxygen content and the presence of cal cium doping on the grain boundary
areclosely interrelated, and aretherefore discussed jointly in thissection. In thefollowing will be
explored how these improved properties, and the influence of oxygen content on the transport
properties, can be explained in the framework of the microstructure and electronic structure of
the grain boundary.

The influence of calcium can be investigated by comparing potential barriers of grain
boundarieswith aspecific misorientation anglein YBCO and Ca-Y BCO. Figure 8.4b showsthe
calculated potential barriersof 24° grain boundariesin anearly optimally doped Y BCO film and
a slightly underdoped Ca-YBCO film. The fit of results predicted by the tunnel model to
experimental results is best for grain boundaries with 24° grain boundaries, and therefore the
reliability of barrier shapes could be better for this misorientation angle in comparison with the
higher angles. The potential barrier of the grain boundary in Ca-Y BCO islower, but hasawider
basein comparison withthegrain boundary in Y BCO. Thelower height can possibly be explained
by the influence of calcium on the strain state and oxygen vacancy formation energy of YBCO
[15]. The presence of cal cium decreasesthe strain and, hence, the oxygen vacancy concentration
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Figure 8.4. a) Dependence of the average resistance area product between 110 and 300 K on the calcium content.
Filled and open symbols represent grain boundaries in fully oxygenated and underoxygenated thin films,
respectively. b) Comparison of calculated barrier shapesfor grain boundarieswith a misorientation angle of 24°
in (nearly) optimally doped YBCO (T, = 89 K) and slightly underdoped Ca-YBCO (T, = 66 K).
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in the grain boundary, which decreases the magnitude of a positive built-in charge and, hence,
the height of the tunnel barrier. The wider base can possibly be explained on the basis of the
lower overall doping level in the Ca-YBCO film. If apositive charge bends the el ectronic band
structure down, then the charge will convert aregion with anearly filled band (low doping level)
more easily to insulating than aregion with aband that isfilled to lesser extent (higher doping
level). Clearly, from the suggestion that the built-in chargein Ca-Y BCO islower in comparison
with YBCO would follow that the region affected by the chargeissmaller in Ca-YBCO. Itisin
this context not possible to indicate whether the magnitude of the charge or the doping level of
the YBCO should have alarger influence on the thickness of the layer affected by the chargein
the grain boundary.

The YBCO and CaYBCO films with a 30° grain boundary were fabricated in different
locations. The microstructure of thefilm and grain boundary is potentially very dependent onthe
used deposition system, and it would therefore be unjust to compare results. The behaviour of
grain boundarieswith amisorientation angle of 37° ispossibly affected by the presence of the S=5
configuration at the grain boundary, and therefore also in this caseit is cumbersome to compare
the observationsfor different films. Comparison of the potential barriersfor the 45° boundary in
YBCO (Figure 6.8b) and Ca-YBCO (Figure 7.12) shows that the lower resistance of the grain
boundary in Ca-YBCO is modelled as a decrease of both the height and the width of the tunnel
barrier, but no further conclusions have been connected to this observation asthefit of the model
to these R(T) characteristics was worst.

It has been shown in Chapter 6 that for grain boundaries in YBCO, the oxygen content
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Figure 8.5. Dependence of a) the barrier width and b) the barrier height of grain boundary potential barrierson
the extent of oxygenation of the bicrystalline film. Filled and half-filled symbols represent grain boundaries in
YBCO and Ca-YBCO films, respectively. The oxygen content has been set out qualitatively and the diagrams
serve only to illustrate to influence of the oxygen content for one specific misorientation angle with a specific
calcium content. The indications of the oxygen content “ lower” and “ higher” refer to one misorientation angle
and calcium content only, and cannot be compared amongst each other.
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influences predominantly the height of the grain boundary potential barrier. In contrast, for grain
boundariesin Ca-YBCO, as set out in Chapter 7, the oxygen content has mostly an effect on the
width of the potential barrier. These observations are schematically depicted in Figure 8.5. This
difference can possibly be explained onthe basis of theinfluence of cal cium on the oxygen vacancy
formation energy. It has been shown that for Y BCO the oxygen vacancy energy in strained (grain
boundary) material isconsiderably lower in comparison with unstrained bulk material [15]. Hence,
vacancies will predominantly form in strained material and to a lesser extent in bulk material.
Oxygenation will remove oxygen vacancies, and since these are predominantly present in the
strained material, this will mostly increase oxygen concentration in the grain boundaries. The
increased oxygen concentration in the grain boundarieswill reduce the built-in charge, and, hence,
the height of apotential barrier in the grain boundary.

In contrast, for Ca-YBCO, the oxygen vacancy energy has been shown to be higher in
(tensile) strained material, and hence the concentration of oxygen vacanciesinthegrain boundary
is expected to be smaller in comparison with bulk material [15]. The increased oxygen vacancy
formation energy isassociated with arelief of tensile strain dueto the substitution of Cu atomsby
the 30% larger Ca atoms. Consequently, oxygenation is expected to have little effect on the
oxygen concentration inthe grain boundary, and relatively more on the bulk material. Hence, the
built-in charge and the height of apotential barrier are not much affected, but the thickness of the
depletionlayersisreduced, resultinginasmaller width of apotential barrier at the grain boundary.
Thisexplanation relies on the assumption that tensile strain playsarolein theformation of oxygen
vacancies and charge in the grain boundary, which is thought to occur for low-angle grain
boundaries, but it is unclear whether or not the same appliesto high-angle grain boundaries.

8.4 Conclusions

A method to measurethe normal stateresistance of grain boundariesin Y BCO wasdevel oped.
A bicrystalline thin film was fabricated and processed in such a way that the resulting pattern
incorporates wheatstone bridges that crossthe grain boundary. The geometry of the Wheatstone
bridge ensuresthat all resistance contributions are balanced out except for those arising from the
grain boundary. It was shown that peaksat thetransition temperaturein theresi stance—temperature
characteristic are the result of small resistance variations between the individual arms of the
Wheatstone bridge. Theinaccuracy of thewheatstone bridge (i.e. itsresistance in the absence of
agrain boundary) islargely caused by geometrical errorsthat result from the patterning process.
In order to mitigate the influence of such errors, the default square Wheatstone bridge was
developed into an elongated model that crosses the grain boundary multiple times. A geometry
with 21 tracks with a width of 4 um in each arm was found to have at 300 K a precision of
7x10Wm?, which increases (i.e. alower value) for lower temperatures.

Thisgeometry was applied to characterise high-anglegrain boundariesin Y BCO and calcium
doped YBCO. In addition to measurements of the resistance of the grain boundary between the
transition temperature and room temperature, also current — voltage characteristics below and
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abovethetransition temperature wererecorded using Wheatstone bridges. Conductance—voltage
characteristicswere derived from the current — voltage characteristics. The measured resistance—
temperature characteristicswereinterpreted using an existing model for el astic tunnelling across
apotential barrier with atrapezoidal shape. A manual iteration process based on this model was
devel oped, which madeit possibleto derive ashapefor the potential barrier at the grain boundary
from aresistivity —temperature characteristic.

Simultaneously, the microstructure of the grain boundaries was characterised using
Transmission Electron Microscopy. The study showed that for both low angle (4°) and high angle
(24°) grain boundaries the interface can deviate significantly fromitsideal path in line with the
substrate grain boundary. The grain boundary can deviate up to 100 nm fromitsideal path, which
isassociated with idands nucleating in thevicinity of the substrate grain boundary and subsequently
growing acrossit. Thisstructure can result in the presence of additional strain and thus deteriorate
the transport properties of the grain boundary. However, it was also shown that there are regions
of the film grain boundary that are in line with the substrate grain boundary. These regions are
relatively strain free and likely to be the regions that govern the transport properties of the grain
boundary. These resultsreiterate the dominant role of theinhomogeneity of the behaviour of the
grain boundary.

Extensive measurements showed that the resi stance decreases with increasing temperature
above the transition temperature, and that the extent of resistance variation depends on the
mi sorientation angle. Thegrain boundary resistance for lower misorientation angles (18°) can be
nearly temperatureindependent, whereasfor the highest angles (45°) the resistance can vary with
afactor 3 between 100 K and 300 K. Deoxygenation of thefilm not only increasestheresistance,
but al soincreasesthetemperature dependence of theresistancefurther. According to thetunnelling
model, the resistance variation is associated with the width of the potential barrier at the grain
boundary. The increase in width has been attributed to the angular dependence of the region
affected by strain fields, which result from structural disorder at the grain boundary.

Doping of YBCO with 20% calcium decreases the grain boundary resistance below and
above the transition temperature with up to 50% in comparison with pristine YBCO. For a
mi sorientation angle of 24°, thisresi stance decreaseisaccording to the tunnelling model associated
with a decreases of the height of the potential barrier at the interface. This could possibly be
explained on the basis of theinfluence of cal cium on the oxygen vacancy formation energy. Calcium
has been suggested to relieve strain in the grain boundary and, hence, to increase the oxygen
vacancy formation energy in low angle grain boundaries. A higher oxygen content of the grain
boundary is expected to lead to a decrease of the built-in charge in the grain boundary, which
should lead to a decrease of the height of the potential barrier at the grain boundary. Due to
differencesin deposition procedure and microstructure of the bicrystallinefilms, theinfluence of
calcium on the shape of the potential barrier could not be probed for higher misorientation angles.

It was observed that changesin oxygen content predominantly influence the height of the
potential barrier in Y BCO, whereasthe oxygen content influencesthewidth of thebarrier in Ca-

130



8. Conclusions

YBCO. Thiswas also explained on the basis of the influence of calcium on the oxygen vacancy
formation energy. Calcium has been suggested to increase the oxygen vacancy formation energy
of strained (grain boundary) material to a value higher than the bulk value, which causes the
influence of oxygen variationsto shift from the grain boundary to bulk material. Grain boundary
doping according to alayered structure with onein ten layers consisting of 30% cal cium-doped
YBCO haslittleinfluence on the grain boundary resistivity in comparison with Y BCO.

A relatively low resistivity was observed for grain boundaries with amisorientation angle of
37° inwell-oxygenated films. Thiswasnot observed for 37° grain boundariesin underoxygenated
films. This observation can be interpreted within the framework of the normal spread in grain
boundary transport properties, but an alternative explanation is based on the implications of the
S=5 configuration at grain boundarieswith amisorientation angle of 36.87°. Every 1in 5 atoms
coincidesfor the S=5 grain boundary configuration, which was suggested to |ead to adecrease of
the strain and, hence, to the formation of high-conductance channels and possibly weakly
superconducting paths across the grain boundary. In underoxygenated filmsit is proposed that a
much wider region is affected by the disorder in the grain boundary, due to hole depletion or
otherwise. Hence, the above mentioned effects of theS=>5 configuration do not manifest themselves
and the grain boundary does not behave differently than expected on the basis of an exponential
dependence of the grain boundary resistivity on misorientation angle.

Thetunnelling model showslittlevalidity for grain boundarieswith ahigher misorientation
angleand resistance. Asthe model isbased on tunnelling through apotential barrier withawidth
and height independent of temperature, it can be concluded that size of the potential barrier isnot
independent of temperature and/or that an alternative mechanism for charge transport acrossthe
grain boundary is active. It was suggested that values for the height and width of the potential
barrier can be tentatively interpreted, as these depend predominantly on the absolute value and
temperature dependence, and not on thefunctional form of resistance—temperature characteristics.

Current voltage characteristicsare non-linear, specifically for the higher misorientation angles
(37° and 45°). According to the tunnelling model thisbehaviour isassociated with thetriangular
shape of the potential barrier at the grain boundary. The energy dependent width of the grain
boundary causesthe tunnelling probability to be strongly dependent on voltage. Conductance—
voltage characteristics are linear to quasi-parabolic and fall on one curve below the transition
temperature. It was concluded that the resistance of the grain boundary is independent of
temperature below the transition temperature. This indicates that charge transport occurs by
elastic tunnelling from superconducting statesinto superconducting states. Only below the gap
energy the magnitude of thetunnel current depends on temperature, but thisisassociated with the
temperature dependent width of the superconducting gap of the electrodesinterfacing the grain
boundary, rather than with intrinsic behaviour of the grain boundary.
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8.5 Further work

It has been shown that the measurement of normal-state properties of grain boundariesin
superconducting materials offers awealth of information. However, the interpretation of results
is not always straightforward and a number of observations in this study deserve further
investigation.

Firstly, the mechanism of charge transport over the grain boundary above the transition
temperature needsto be further investigated. It was concluded that tunnelling across a potential
barrier with atemperature-independent width and hei ght cannot bethe (only) mechanism of charge
transport. The resistance — temperature behaviour across a barrier that increases in size with
increasing temperature needs to be modelled in order to assess the feasibility of this scenario.
Furthermore, other transport mechanismsneed to beinvestigated. The possibility that thetunnelling
processis controlled by electronic and/or magnetic correlations has been suggested elsewhere
[13]. Alsotheimplications of the presence of accessiblelocalised statesin the grain boundary, as
suggested within the framework of the resonant tunnelling model [21, 22], need to beinvestigated.
Theresultsof the calculation of apotential barrier shapewould haveto be compared with results
of TEM holography as previously carried out by Schofield et a. [8] for a single dislocation.
Ideally a narrow track is probed both by transport measurements and TEM holography. A
comparison of theresultswill giveinsight in thevalidity of themode and thevariability of thesize
of the potential barrier along the grain boundary.

Secondly, the conductance — voltage characteristic deserves further investigation. Within
the framework of this study, it was observed that the shape of the tunnel characteristic changes
from nearly linear for 37° boundariesto quasi — parabolic for 45° boundaries. A chip design that
allows measurement of conductance — voltage characteristics up to high voltages, also for low
conductance barriers (i.e. low misorientation angles) could give further insight in the tunnelling
behaviour. Although it isexpected that the mechanism for charge transport bel ow and above the
transition temperatureisfundamentally different, any interpretation of the tunnel characteristics
should becarriedin out parallel withtheinterpretation of theresi stance—temperature characteristic
abovethetransition temperature.

Lastly, further microscopy studies can improve the understanding of the relationship of
microstructure and transport properties. On one hand, more microscopy studies like the one
presented in thiswork can provide amore quantitative image of the occurrence and nature of the
meandering of the grain boundary perpendicular to thefilm surface, and enhance the understanding
of therole of theinhomogeneity of grain boundaries. On the other hand, an atomic resolution Z-
contrast TEM / EELS study, as previously carried out for low-angle grain boundaries in
Y, Ca BaCu,0, ,[15, 23], can provide insight in the mechanism for enhancement of transport
properties by calcium doping in high-angle grain boundaries. Measuring the variation of the
calcium concentration along the grain boundary in conjunction with bond valence sum analysis
can clarify whether calcium segregates in order to reduce strain and the associated charge in
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high-angle grain boundaries. Theinvestigation of agrain boundary of which the configurationin
termsof structural unitsiswell known, e.g. asymmetric 36.87° [001]-tilt grain boundary, should
facilitate theinterpretation of such results.
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