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INTRODUCTION

The common structural feature in high Tc superconductors (HTCS) is the pres-
ence of Copper Oxide planes (separated by Yttrium atoms in the Y Ba2Cu3O7

(YBCO) structure). These planes form the ab-planes of the orthorhombic crys-
tal structure and are responsible for a highly anisotropic structure, which also
shows up in the corresponding superconducting properties. So the crystalline
anisotropy strongly in�uences the static and the dynamic behavior of the vortex
system. With respect to the superconducting cooper pairs, the coherence length
for YBCO in the ab-plane (�ab) is about 1-2 nm, while in the c-axis direction (�c)
is signi�cantly shorter (about 0.03 nm). This situation is useful for electronics
applications of HTCS, but, on the other hand, raises signi�cant challenges in the
device fabrication and integration. One immediate idea for the device fabrication
is to stack in the c-axis direction alternating layers of the superconductor and
of an insulator to produce arti�cial tunneling SIS (superconductor-insulating-
superconductor) Josephson junctions. Growth of top quality individual c-axis
HTCS thin �lms was performed by many groups [1] and the next step of SIS
c-axis heterostructures growth may look straightforward. Despite this positive
fact, success rate of demonstrating Josephson junctions on SIS c-axis heterostruc-
tures is rather low [2]. Among the reasons is that the very short �c imposes serious
requirements on the �atness of the surfaces, on inter di�usion problems and, not
least, on the thickness of the insulating layer that should be of the same order
of magnitude as the short �c. One sound solution is to build devices using a-axis
HTCS thin �lms and heterostructures taking advantage of the longer �ab.
Therefore one part of the work presented here dealt with the investigation of c-
axis vs. a-axis growth (the epitaxial growth parallel to the Copper Oxide planes)
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in Y Ba2Cu3O7 thin �lms on (001) SrT iO3 substrates. A wide range of growth
temperature was investigated starting from 8250C to 6100C, and one can see
this evolution from c-axis to a-axis in chapter six. There unique orientations
for c-axis or a-axis grown �lms are demonstrated with a high crystalline quality
showing up in very sharp rocking curves of FWHM < 0:110 at (005) and (200)
re�ections, respectively.

Additional �exibility in tuning the anisotropy can be gained using superlat-
tice structures. Superlattices are a coherent structure of alternating layers of two
or more materials. It is possible to produce high-quality superlattices of HTC
superconductors using high pressure sputter deposition in pure oxygen atmo-
sphere (3mbar). In this work, I used (001) SrT iO3 (which has a cubic structure
with lattice parameters � 3:905 Å) as a substrate, and the superlattices were
made from two di�erent materials Y Ba2Cu3O7 (where a � 3:887 Å , b � 3:823
Å and c � 11:682 Å) and PrBa2Cu3O7 with similar lattice structure and
matching lattice parameters.

For these superlattices there are two possibilities of epitaxial growth as shown
in �gure 1.

� Epitaxial growth in the direction of the c-axis such that one unit cell of
SrT iO3 �ts with ab plane of Y Ba2Cu3O7 or PrBa2Cu3O7.

� Epitaxial growth in the direction of a-axis where three unit cell lengths of
SrT iO3 �t with the c-axis of Y Ba2Cu3O7 or PrBa2Cu3O7 in the substrate
plane.

The tuning of the anisotropy with the superlattice structure was investigated
by measurement of transport properties. A magnetic �eld penetrates these type
II superconductors in form of magnetic vortices. At high temperatures and/or
at high currents the vortices can move leading to dissipation. The activation en-
ergies of the vortex system in a series of c-axis oriented (Y BCO)nY =(PBCO)nP
(YnY =PnP ) superlattices will be investigated in chapter three, where nY and nP
denote the thickness of the respective layers measured in unit cells. For one series
we kept the PBCO thickness to four unit cells nP = 4 which corresponds to a
thickness of 4�1:17 = 4:7 nm, while we varied the thickness of the YBCO layers
(YnY =P4, with nY = 1, 2, 4, 6, 8, 11, 20, 40, and 80). For the other series we used
a �xed YBCO thickness of four unit cells and varied the non superconducting
layers (Y4=PnP with nP = 1, 2, 4, 6, 8, and 11). The number of repetitions of the
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Figure 1: Epitaxial growth of YBa2Cu3O7/PrBa2Cu3O7-superlattices on SrT iO3

in c-axis or a-axis orientation as shown in part a) and b), respectively.

Y/P bilayers was chosen such that the total �lm thickness was constant (around
200 nm).
The vortex-creep activation energy U0 was determined by analyzing the in-plane
resistive transition of 200 �m wide bridges with the external magnetic �eld B
oriented along the c-axis. It was found that U0 is proportional to the thickness
of the YBCO layers, and does only weakly depend on the PBCO layer thickness,
when the latter exceeds two unit cells. We observed a change in the variation of
U0 with the current I in the specimen: U0 exhibits a plateau in the low-I region,
then decreases signi�cantly with increasing I. This behaviour is explained in
terms of a crossover plastic vortex creep - elastic (collective) creep induced by
the transport current.

In chapter four the relaxation of the irreversible magnetization in a series
of 200 nm thick (Y BCO)nY =(PBCO)nP (YnY =Pnp) superlattices is discussed,
where the thickness nP of the nonsuperconducting PrBCO layer (measured in
unit cells) was kept to nP = 4 (su�cient to decouple the superconducting YBCO
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layers), whereas the thickness nY of the YBCO layer was varied between 2 and
20 unit cells. The analysis of standard zero-�eld-cooling (zfc) dc magnetization
relaxation data obtained in the low temperature T region with the applied mag-
netic �eld H oriented along the c-axis reveals the occurrence of a crossover elastic
(collective) vortex creep at low T and plastic vortex creep at high T , generated
by the T dependent macroscopic currents induced in the sample during mea-
surements, similar to that reported for YBCO �lms. For thin superlattices (nY
< 20) the creep crossover temperature Tcr / n, and Tcr decreases linearly with
increasing ln(H) for a �xed nY. This crossover represents an alternative to the
elastic vortex glass behaviour reported for superlattices, as well as to "quantum
vortex creep" at unexpectedly high T inferred for thin �lms. We also discuss the
absence of an increase of the magnetically determined critical current density
with decreasing YBCO thickness in thin superlattices, which apparently contra-
dicts the collective pinning theories.

Tunneling characteristics into High Tc Superconductors (HTCS) are strongly
a�ected by the anisotropy and hence should di�er signi�cantly when measured
along the directions of poor conductivity (the c-axis) or of good conductivity (the
ab planes) [3]. One aim of this work was to show how a change in superlattice
modulation e�ects the transport properties in the c-axis direction, and to show
whether a coherent Josephson coupling between Y Ba2Cu3O7 layers separated by
PrBa2Cu3O7 sheets appears. Sputtering is a suitable technique for the prepa-
ration of HTS �lms and heterostructures, because of its simplicity, scalability
and the possibility to grow high quality �lms with this method. However, the
main problem of the sputtered c-axis oriented YBCO �lms is usually roughness.
These rough surfaces mainly originate from a mixed growth of a-axis crystal-
lites in the c-axis matrix and compositional deviations due to re-evaporations of
ad-atoms [4]. Nevertheless in chapter �ve the investigation of c-axis transport
on superlattices prepared by two di�erent methods will be discussed. In the
�rst one normal thickness superlattices (200 nm) with four di�erent mesa struc-
tures (50�50); (40�40); (30�30); and(16�16) �m2 that have been patterned
photolithographically will be investigated. The second method utilizes a thick
superlattice (1�m) and a di�erent patterning strategy. After a photolithography
step a focused ion beam (FIB) is used to achieve dimensions down to (1�1) �m2.
In search for an indication of Josephson coupling the resistivity perpendicular
to the patterned heterostructures is analysed.

Before I discuss in my Ph.D. thesis the above experiments I will introduce



Introduction 5

�rst in chapter one shortly some theoretical background and models for �ux-
movement in superconductors, which forms the basis for the discussion of the
results achieved in later chapters.

In more detail, I introduce in chapter two the preparation and characteri-
zation of high temperature superconducting YBa2Cu3O7/PrBa2Cu3O7 superlat-
tices and YBa2Cu3O7 �lms. Though, all thin �lm samples are prepared by high
pressure dc-sputtering in an UHV chamber, depending on the di�erent transport
measurements planned for the respective samples, the detailed assembly of the
thin �lm structures and sputtering conditions varied.





CHAPTER 1

THEORETICAL BACKGROUND

Until now, no consistent theory can explain the behavior and all the properties
that are possessed by high-Tc superconductors. However, this chapter aims to
give some insight about theories and models that can illustrate essential features
of these materials, which are important for the evaluation of the work presented
in this thesis.

1.1 Ginzburg Landau (GL) theory

The theory of Ginzburg and Landau [5] is the �rst theory of superconductivity
taking local variations of the order parameter into account, while London theory
assumes the order parameter to be constant in the superconductor. GL theory
is a phenomenological theory of superconductivity though it can be derived as a
limiting case of the BCS theory. The GL model and the London model are inde-
pendent of the underlying mechanism for superconductivity. However, it must be
stated that GL theory is strictly valid only near the normal-to-superconducting
phase boundary, and that it is not generally applicable at low temperatures. GL
introduced a complex pseudo wave function  as an order parameter within Lan-
dau's general theory of second-order phase transitions1. This  describes the su-
perconducting electrons, and the local density of superconducting electrons was
given as ns = j (x)j2. They were able to treat two features, which were beyond

1Second order phase transition is a transition at which the state of the system is changing

continuously, but its symmetry changes suddenly.



8 Theoretical Background

Figure 1.1: Schematic diagram showing the variance of h and  (x) with the
distance from a normal-superconductor interface. (a) Type I superconductor.
(b) Type II superconductor.

the scope of London theory, namely: (i) non-linear e�ects of �elds strong enough
to change ns (or | |2) and (ii) the spatial variation of ns. Besides a temperature-
dependent penetration depth (�), they also obtained a temperature-dependent
coherence length (�). The latter characterizes the distance over which  (x) can
vary without a substantial energy increase. The ratio of the two characteristic
lengths, � and �, de�nes the GL parameter, � = �=�. Abrikosov showed that
the exact breakpoint between Type I and Type II superconductors (see �gure
1.1) was at � = 1=

p
2 [6].
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Figure 1.2: j j dependence of the GL free energy without gradients or �elds
when a) T > Tc (left) and b) T < Tc (right).

1.1.1 GL free energy

GL theory without applied magnetic �eld

Ginzburg and Landau assumed that the free energy di�erence per unit volume
between the superconduting and the normal state at zero magnetic �eld is taken
as a function of  near Tc, where  is small.

fs(0) = fn(0) + � j j2 + �

2
j j4 (1.1)

� and � are temperature-dependent coe�cients, such that near TC , � is
positive for T > TC as shown in Fig. 1.2a, and negative for T < TC (Fig. 1.2b).
Since ns = j j2 the equilibrium of the order parameter is obtained at @(�f)

@ns
= 0,

then the solution of Eq. 1.1 is

j j2 = ��
�
= j 1j2 (1.2)

substituting this result in Eq. 1.1 we �nd that

fs(0)� fn(0) = �H
2
c

8�
= ��

2

2�
(1.3)
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In Eq. 1.2,  1 is de�ned as the  value in the interior of the sample, where no
gradients of the order parameter exist. Now the relation between the free energy
in Fig. 1.2 and Eq. 1.1 becomes more evident. The sign of � must change at Tc
for the second order phase transition and the parameter � must be constant >
0 in this case.

The ratio T=Tc de�nes the reduced temperature (t). The temperature de-
pendencies for � and � are consistent with Hc(T ) / (1 � t) close to Tc. Note
that just below Tc, these temperature dependencies also yield

j j2 / ns / (1� t)

Over the entire temperature range from zero to Tc one can approximate
Hc(T ) / (1 � t2) and ns / (1 � t4). Close to Tc we �nd that Hc(T ) / (1 � t)
and ns / (1� t) is a good approximation.

GL theory with aplied magnetic �eld

In the presence of magnetic �elds and spatial gradients, the free energy in the
superconducting state is increased. In general the work done by the magnetic
�eld on the sample is

�
Z V

0

dV

Z H

0

~M � d ~H (1.4)

Where, M and V are Magnetization and volume of the sample respectively.
If the sample state has a homogenous superconductor (Meissner phase), the
magnetization will have a negative sign (M = �H=4�), while M in the normal
state is basically zero. This means that in the presence of a magnetic �eld, the
Gibbs free energy per unit volume will increase in the superconducting state,
and this increasing value is related to the magnetic �eld H.

Gs(H) = Gs(O) +
H2

8�
(1.5)

In the critical state Gs(Hc) = Gn(Hc), and in the normal state it is approxi-
mately �eld independent Gn(H) = Gn(0).

By using a Legendre transformation, one can write the Gibbs free energy per
unit volume in terms of the Helmholtz free energy per unit volume. Therefore
the free energy density may be taken as
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fs(0) = fn(0) + � j j2 + �

2
j j4 + 1

2m�

����
�
~

i
r� e�

c
A

�
 

����
2

+
H2

8�
(1.6)

The gradient term

1

2m�

����
�
~

i
r� e�

c
A

�
 

����
2

(1.7)

is additionally introduced by Ginzburg and Landau. They assume that the
order parameter  in the presence of a magnetic �eld is not completely rigid and
there is an additional kinetic energy term associated with variations in  . This
kinetic energy term is written using the fact E = P 2

2m�
and with P =

�
~

i
r� e�

c
A
�
,

the momentum in the presence of magnetic �eld. Here m* = 2m, e* = 2e and
n�s =

1
2
ns is the superconducting electron mass, charge, and density, respectively,

and A is the vector potential.

In equation 1.6 the order parameter  is small, if the free energy density is
taken for temperatures near Tc. This order parameter can be de�ned in terms
of phase factor also as follows:

 = j j ei�

Further consider the terms in the GL free energy involving gradients and
�elds, therefore the kinetic energy term Eq. 1.7 can be written as following

1

2m�

"�
~
2r j j�2 + �

~r�� e�

c
A

�2

j j2
#

(1.8)

In this equation the �rst term implies that gradients of the magnitude of the
order parameter exist, which are e.g. not equal to zero at a domain wall. The
second term is the kinetic energy like term, which is related to the supercurrent.
If we apply the London gauge for �, which is constant (r� = 0) then the second

term in Eq. 1.8 will be
�
e�2A2

2m�c2

�
j j2. If one applies London approach with the

vector potential A, one can determine the general penetration depth �2e�

�2e� =
m�c2�

4�e�2 j j2� (1.9)
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The usual London penetration depth could be obtained by using ns = j j2,
where ns is the ordinary (nonpaired) electron density. If the starred quantities
(m�; e� and n�s) are replaced by the normal quantities (m, e and ns), the value
of �2e� would not change, �e�(nonpaired) = �e�(paired). By substitution the
starred quantities and Eq. 1.9 in Eq. 1.2

j 1j2 = ns
2

= n�s =
m�c2

4�e�2�2e�
=

mc2

8�e2�2e�
(1.10)

�(T ) = � e�2

m�c2
H2
c (T )�

2
e�(T ) = � 2e2

mc2
H2
c (T )�

2
e�(T ) (1.11)

�(T ) =
4�e�4

m�2c2
H2
c (T )�

4
e�(T ) =

16�e4

m2c2
H2
c (T )�

4
e�(T ) (1.12)

By using the reduced temperature t � T=Tc, one can deduce the temperature
dependencies � / (t� 1) and � � const.

1.1.2 GL di�erential equations

When ns varies slowly in space, one can calculate the variation of the energy
with the respect to the order parameter. Taking into account that j j2 =   �,
one has three di�erent variables ( ;  �and A).

When the total free energy per unit volume of the superconducting state in
the presence of a magnetic �eld is minimized with respect to  � and the others
are constant, this leads to the �rst Ginzburg-Landau equation.

� + � j j2 + 1

4m�

�
�i~r� e�

c
A

�
 = 0 (1.13)

Minimizing with respect to A leads to the second Ginzburg-Landau equation.

js = � i~e
�

2m�
( �r �  r �)� e�2

m�c
 � A (1.14)

Which is considered as the standard expression for the quantum-mechanical
current.
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1.1.3 GL coherence length

In the absence of �elds in the GL di�erential equation, one can set (A = 0). If the
coe�cients are real,  may be taken to be real. Let us introduce the normalized
wave function and in one dimension, where G �  

 1
, with  2

1 = ��
�
= 1

2
ns, then

the Eq. 1.13 will become

~
2

2m� j�j
d2G

dx2
+G�G3 = 0: or �2

�
d2G

dx2

�
+G�G3 = 0: (1.15)

Dimensionally � is a characteristic length and is de�ned below Tc as

�2(T ) � ~
2

2m� j�j (1.16)

This length describes the variation of  due to a small disturbance. To
understand this, let G = g + 1 and g << 1 then Eq. 1.15 becomes

�2
�
d2g
dx2

�
+ (1 + g)� (1 + 3g + ::::::) = 0: or

�
d2g
dx2

�
=
�

2
�2

�
g

then

g(x) � e�
p
2x=�(T ) (1.17)

Therefore a small disturbance of  will decay to  1 with a characteristic
length �(T ). By substitution of Eq. 1.11 in Eq. 1.16 one can get �(T ), where the
�uxoid or �ux quantum �0 equals ~c

2e
.

�(T ) =
�0

(8)1=2�Hc(T )�eff (T )
(1.18)

BCS [7] theory implis that, the �uxoid �0 can be related to �0, the zero tem-
perature London penetration depth �L(0), and the thermodynamic critical �eld
Hc(0), as �0 = (2=3)1=2�2�0�L(0)Hc(0). Thus, very near Tc, in the pure limit,
where the intrinsic coherence length �0 > l (the mean free path) or �0=�L >> 1,

�(T )pure = 0:74�0= (1� t)1=2 : (1.19)

Increasing alloying causes increased electron-impurity scattering, leading to
the dirty limit l << �0,

�(T )dirty = 0:86 (�0l)
1=2 (1� t)1=2 : (1.20)
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where l is the mean free path, and GL parameter is given

� =
�eff(T )
�(T )

= 81=2�Hc(T )�
2
eff (T )=�0: (1.21)

1.2 Relation between Bc1 and Bc2

The relation between the critical �elds, Bc1 and Bc2, and length scales in Type II
superconductors can be estimated. When the applied �eld is just above Bc1, the
�eld at the vortex core will be � Bc1, radially decreasing to zero over a length
�. Thus, the �ux will ��2Bc1 and equal to �0, or

Bc1 = �0=��
2 (1.22)

However, if the applied �eld is just below Bc2, the vortices are packed as closely
as possible and each has an e�ective area 2��2 or

Bc2 = �0=2��
2 (1.23)

Such that Bc1 and Bc2 are related to the thermodynamic �eld Bc as

Bc2 =
p
2�Bc

Bc1 = (Bc=
p
2�) ln�

Bc1Bc2 = B2
c ln� (1.24)

where Bc is the geometric mean of Bc1 and Bc2.

1.3 Flux lines

When an external magnetic �eld larger than Bc1 is applied to a type II supercon-
ductor, it will penetrate in the form of quantized bundles of �ux, known as �ux
or vortex lines. Every �ux line (FL) has a constant value (quantum) of magnetic
�ux �0 = h=2e. By an increase of the magnetic �eld the number of �ux lines
will increase.
The order parameter goes to zero in the centre of the �ux line. Therefore the
region around the central line looks like normal conducting cylinder with ra-
dius (�). This circular cross-section will change to an ellipsoidal one in case of
anisotropic superconductors. Both circular or elliptic �ux lines are characterized
by two important facts;
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Moving Vortex Lattice

Figure 1.3: Origin of Lorentz force.

� Reduction of superconducting condensation energy due to reduction of
order parameter.

� Increase of kinetic energy of the current carriers and local magnetic �eld
energy due to shielding currents.

These two e�ects will appear as an energy per unit length associated with a
�ux line. Finally, this will lead to an increase in the energy of the system.

These vortices tend to arrange themselves in a triangular �ux-line lattice
(FLL), which is more or less distracted by inhomogeneities of the materials that
pin the �ux lines. In case of YBCO (high-Tc superconductors), the thermal
�uctuations play an important role also for this arrangement.

1.3.1 Pinning mechanism

The importance of type-II superconductors with strong pinning comes from their
ability to carry large transport currents in the presence of a magnetic �eld.
Without pinning an applied current would lead to Lorentz forces on the �ux
lines and induce �ux movement accompanied by energy dissipation.
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1.3.2 Collective pinning theory

Natural pinning sites are usually not periodically distributed. If the �ux line
lattice (FLL) would be perfectly periodic and rigid, it could not be e�ectively
pinned by any random collection of pinning sites [7]. Then an applied current
would lead to Lorentz forces on the �ux lines and induce �ux movement ac-
companied by energy dissipation. However, the FLL is not a rigid system but
the inter-vortex interaction allows elastic deformations of the FLL. Thus the
vortex system can adapt to the spatial distribution of the pinning sites to min-
imize the sum of both pinning and elastic energies. Therefore, the equilibrium
vortex con�guration will be changed to a disordered arrangement. The main
idea of Larkin and Ovchinnikov (LO) theory (1979) of collective pinning a de-
scription of the distorted FLL in terms of a correlation volumes that resembles
the ordinary Abrikosov lattice, whereas with respect to the neighboring volumes
pinning-motivated shear and tilt distortions will appear. Fig. 1.4 illustrates two
important facts;

� The balance between pinning force FP and Lorentz force FL in the presence
of magnetic �eld

!
B and current density

!
J .

� The correlation volume Vc = LcR
2
c is indicated by its longitudinal and

transverse dimensions Lc (along the direction of the magnetic �eld) and
Rc , respectively.

Deformation of the FLL will lead to an increase of the elastic free energy
per unit volume related to shear and tilt elastic modulus of the �ux line lattice,
C66 and C44, respectively. On the other hand this energy also depends upon the
strength of the distortion Ss v �=Rc and St v �=Lc and �nally it is given by

1
2
(C66S

2
s + C44S

2
t ).

In case of dominating elastic forces, bundles of rigid �ux lines will form. The
pinning motivated shear and tilt distortion will appear between neighbouring
pinning volumes of lateral extension RC and longitudinal extension LC . From
the net free-energy per unit volume (Eq. 1.25) induced by the distortion and
pinning of this bundle, one can obtain the pinning energy.

�F =
1

2
C66

�
�

Rc

�2

+
1

2
C44

�
�

Lc

�2

� fp�
N1=2

Vc
(1.25)
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J

Figure 1.4: Coherence volume of the Larkin and Ovchinnikov theory of collective
pinning. (a) the FLL is parallel to the magnetic �eld without pinning. (b) the
FLL is distorted in presence of pinning centers. [7].

where the third term refers to the energy reduction in the potential energy
gained by accommodating the pinning inside the correlation volume. So, it has a
negative sign. Here � is the relavant interaction length, the elementary pinning
force is fp and �nally N is the number of pinning sites in the the collective
pinning volume, where N = nV and n is the pinning center density. N enters
the formula above only as

p
N due to the fact that the elementary pinning forces

can add up only in a random walk like manner. By minimizing Eq. 1.25 one can
get the optimal correlation volume VC .

Lc =
2C44C66�2

nf2p
, Rc =

(2C44C3

66
)1=2�2

nf2p

Vc =
4C2

44 C
4
66�

6

n3f 6p
(1.26)

To understand the last equation, in case of strong pinning sites and lower
elastic moduli, one can con�rm the expected decrease of Vc and then the FLL
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will become more distorted. In this case a smaller correlation volume becomes
energetically more favorable because this volume can better adjust to the distri-
bution of pinning sites. It is clear now that a soft FLL leads to an increase of
the depinning current density.
The interesting results is that by substituting Eq. 1.26 in Eq. 1.25 one can get
the magnitude of the net pinning energy per unit collective pinning volume and
the pinning force density which now is same magnitude as the Lorentz force
(FP = FL)

JCB = FP =
n2f4P

2C44C2

66
�3

= FL

JCB =

�
nf 2P
VC

�1=2

(1.27)

Thus the collective pinning theory explains why pinning forces become more
stronger when the FLL becomes very soft (like when it is close to BC2 in LTS
or close to the irreversibility line in HTS).

Depending on the current the following cases exist

� In the case of small currents the pinning force opposes the Lorentz force
and dissipation free current transport is possible.

� In the intermediate current range the behaviour is complex especially if
pinning energies, elastic energies and thermal energy are comparable.

� For very strong currents the �ux lines are depinned and the �ux motion
is damped by viscous forces predominantly, which is called the Stephen
Bardeen �ux-�ow regime.

� In the �ux creep regime the thermal activation induces �ux movement.
This can be in form of movement of individual �ux-lines or in case of
interacting vortices �ux line bundles move.

As �ux lines are line objects their longitudinal correlation along the magnetic
�eld direction is generally much stronger than the transverse correlation, leading
to di�erent elastic moduli of the �ux-line lattice for tilt and shear deformations.

In anisotropic systems like the layered high temperature superconductors
(HTS) the crystalline anisotropy also strongly in�uences the vortex system. In
YBCO the e�ective mass of charge carriers moving along c direction is ap-
proximately 50-100 times larger than that for the movement in the ab-plane
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leading to an anisotropic FLL. In Bi2Sr2CaCu2O8+� (Bi2212) the anisotropy is
much stronger leading to an e�ectively two dimensional �ux lattice consisting
of 'pancake vortices' instead of �ux lines [8]. For investigation of intermedi-
ate anisotropic cases YBCO/PBCO (Y/P) superlattices are a model system
[9, 10, 11, 12, 13]. The thickness of the superconducting YBCO layers and non
superconducting PBCO layers can be controlled on the unit cell scale. For thick
decoupling PBCO layers and thin YBCO layers the correlation length of the �ux
line was shown to be constrained by the thickness of the superconducting layers
[14, 13].

1.3.3 Collective pinning in two dimensions

When the �lm thickness becomes very thin or in case when the crystal contains
decoupled layers and the magnetic �eld is applied perpendicular to the �lm,
the longitudinal correlation length Lc refers to the �lm or layer thickness d.
Therefore, the tilt elastic modulus of the �ux line lattice C44 in Eq. 1.25 will be
omitted and the correlation volume becomes Vc = R2

cd. In this case the critical
current density and the pinning force are represented by

JCB = FP =
nf 2p
C66�d

= FL (1.28)

1.4 Models for �ux-movement in superconductors

1.4.1 Flux-creep model

It is now well established that vortices (magnetic �ux lines) are pinned by ma-
terial inhomogeneities and will not move under the action of Lorentz force if the
current density is less than the critical value Jc. At T > 0, some of the vortices
are unpinned by thermal activation and an electric �eld is developed [15, 16],
given by:

E(J) = 2�cJc exp(�U=kBT ) sinh(JUc=JckBT ) (1.29)

Where �c is the resisitivity at J = Jc, U is the activation energy and Uc is
the critical activation energy at Jc. This e�ect is observed very close to Tc in
the form of �ux-creep. In HTSC and in the presence of any kind of disorder
which can be achieved by �eld cooled condition, vortices are prevented from
reaching an equilibrium con�guration. Consequently at �nite temperature, any
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�nite current causes a thermal �uctuation which in turn leads to vortex motion.
This results in relaxation of the disordered �ux distribution and a giant �ux
creep is observed [17, 18]. One has for the �ux creep case

� / exp

�
(J=Jc � 1)

kBT
U

�
(1.30)

At current densities J close to the critical value Jc; i.e. in the �ux-creep
regime, the activation energy U(J) for activation of vortex bundles is small.
U(J) may be linearly expanded in (Jc � J),

U(J) =
Uc(Jc � J)

Jc
(1.31)

Where, the linear term J may be interpreted as the energy gain due to Lorentz
force. In the presence of a Lorentz force ~FL = ~J � ~B, the vortices move with an
average velocity v� , which gives rise to an electric �eld [15]

~E = �~v� � ~B (1.32)

And hence to a �nite resistivity �? = E=J , where the subscript denotes the
resistivity due to the vortex motion perpendicular to J [19]. For the unpinned
vortex lattice �? is equal to the �ux �ow resistivity �f which is given by [20]

�f =
�nB
Bc2

Where �n is the normal state resistivity and Bc2 is the upper critical �eld.
When pinning is important, the vortex velocity v� is proportional to the nucle-
ation rate of vortex-bundles. This will lead to a thermally activated jumps in
the direction of Lorentz force [20, 21] and has the form:

v� = l(J)�0 exp(�U(J)=kBT ) (1.33)

Where l(J) is the typical jump length and �0 is the "attempt" frequency
[22, 23]. The attempt frequency is the frequency at which vortex bundles try
to escape from the pinning wells or centers. Small perturbations on distances
smaller than l(J) do not lead to a jump between metastable states. If such
perturbations can be treated as elastic up to displacements smaller than some
fraction A of the jump length l(J), then �0 becomes [24]

�0 =
�fJ

2�ABl(J)
(1.34)
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When a is the hopping distance and d is the average grain diameter for
powdered samples. Then

E(J) =
B�0a

2�d
exp

�
�U(J)
kBT

�
(1.35)

Substituting Eq. 1.31 into Eq. 1.35 gives a linear dependence of the logarithms
of the induced electric �eld on the applied current J [25, 26].

1.4.2 Thermally Assisted Flux Flow (TAFF) model

The TAFF model �rst proposed by Kes et al. [27] is mainly concerned with
the current regions at which J < Jc. It essentially deals with independent
"particles", which jump between potential wells under the in�uence of thermal
activation and small driving force. A current through the sample or magnetic
�ux gradient in the sample can generate this driving force. The main problems of
the TAFF model are the de�nitions of the independent "particles", the potential
well, the jump distance and the attempt frequency with which particles try to
escape from their potential well [28]. For the "particle", Kes et al. [27] took the
volume of the �ux-line lattice (FLL) [29]. It plays the same role as �ux bundles
in the theory of Anderson [30]. Other parameters used in the model are de�ned
in Fig. 1.5, where U0 is the height of the potential well in the absence of a driving
force, w is the jump distance and �W is the work done by external force when
a �ux bundle jumps from one minimum to another. The pinning energy and the
maximum pinning force, FP are related to VrP [29], where, rP is the range of the
potential well and V is the vortex volume. Considering rP = w, which is not
a general result, without a driving force, the jump rate (frequency of vortices)
between potential wells is isotropic.

j !� j = j  � j = �0 exp(�U=kBT ) (1.36)

where
 
� and

!
� are the jump rates from right to left and from left to right,

respectively. Applying the driving force results in a net movement of �ux bundles
in the direction of the applied force with a jump frequency [27]:

� =
!
� �  

�= �0 exp(�U=kBT )2 sinh(�W=kBT ) (1.37)

The general Eq. 1.29 introduced in section 1.4.1, can be applied for di�erent
models after introducing the proper modi�cation. This equation can be based
on the assumption of thermally activated jumps of vortex bundles. For ceramic
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Figure 1.5: Schematic free energy as a function of force with a) no driving force
and b) linear decrease of barrier by driving force [15].

materials, the current voltage dependence (I � V ) shows linear behavior over
several orders of magnitude of J for the case of J << Jc (�ux �ow region). Thus
Eq. 1.29 may be considered as a phenomenological description of the TAFF
model.

In the limiting case when J << Jc, the argument of sinh(JU=JckBT ) in
Eq. 1.29 is very small such that sinh(JU=JckBT ) tends to (JU=JckBT ). Hence
Eq. 1.35 yields

ETAFF =
2�cJU

kBT
exp(�U=kBT ) (1.38)

1.4.3 Bean model

Irreversibility line

In the cuprates in particular the critical current Jc is found to vanish at �elds
far below Bc2. The zero resistance state with �nite Jc is found only below a new
critical �eld Birr. In the Fig. 1.6 the line Birr(T ), below which the resistivity
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Figure 1.6: Magnetic �eld�temperature phase diagram of cuprate superconduc-
tors.

vanishes, is known as the irreversibility line. It is particularly noticeable in
the cuprates because of the high transition temperature, low superconducting
coherence length and high anisotropy.

The region below Bc2 and above Birr may be thought of as a vortex liquid.
A description of this state requires a consideration of the e�ects of �uctuations
in the GL model.

Bean model

The Bean Model o�ers a crude description of the hysteresis loop of a cylindrical
type-II superconductor. The model assumes:

� j@B=@xj = �0jJsj is equal to the critical value �0Jc (taken to be a constant)
and B = BE at the surface.

� When ramping up BE the �ux enters at the surface and when ramping
down the �ux leaves near the surface.
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Figure 1.7: The Bean Model: Lines indicate the magnetic �eld strength as
function of position. Blue lines result from an increase of the magnetic �eld.
The �ux starts to penetrate the sample from the outside with a �eld gradient to
the center of the sample. The centre stays �eld free for low �elds. By decreasing
the �eld (ramp down with a violet colour) to zero again, �ux will be trapped
inside the sample.

There is a critical value of BE where the �eld B penetrates to the centre of
the slab. When a �eld B > BE is reduced to zero �ux remains trapped at the
center of the superconductor.



CHAPTER 2

PREPARATION AND

CHARACTERIZATION

Introduction

The scope of this chapter is to introduce the preparation and characterization of
high temperature superconducting YBa2Cu3O7/PrBa2Cu3O7 superlattices and
YBa2Cu3O7 �lms. All thin �lm samples are prepared by high pressure dc-
sputtering in an UHV chamber. Depending on the di�erent transport mea-
surements planned for the respective samples, the detailed assembly of the thin
�lm structures varied. Also the lithography methods used did depend on the
planned transport measurements. Therefore I will make a general description of
the common part "target and thin �lm preparation" followed by a classi�cation
into subsections which are related to speci�c patterning of the �lms, in order
to investigate the transport properties perpendicular or parallel to the CuO2

planes.

2.1 Preparation

2.1.1 Target

The YBa2Cu3O7 target was prepared from a mixture of Y2O3, BaCO3 and CuO
(Alpha Aesar) powders with cation ratio Y:Ba:Cu = 1:2:3. The powder mixture
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was calcinated in air at 890 oC for 24h. After grinding, the powder was pressed
into a disk of 4cm in diameter and about 3mm in thickness and was sintered in
air at 850 oC for 24h.
The PrBa2Cu3O7 target was prepared by the same method.

2.1.2 UHV chamber

Sputter deposition is a technique for deposition of thin �lms. The sputtering
method involves atomization of a solid target in a vacuum chamber by means
of a plasma discharge of an inert gas between a grounded anode (where the
substrate is placed) and a cathode with a negative potential (target), that is
biased under a d.c. voltage between 0.2 kV and 2.0 kV.
In this work, epitaxial high quality HTSC superlattices and pure �lms were
prepared in a multicathode sputtering UHV chamber as in Fig. 2.1 constructed
and designed by G. Jakob [31]. Our targets YBa2Cu3O7, PrBa2Cu3O7 and Gold
are started to work by applying a negative dc-voltage on it. The chamber o�ers
the possibility to use up to four di�erent targets. The substrate holder was
controlled by a stepper motor and computer.

2.1.3 Substrate

SrTiO3 (001) oriented single crystal substrate has a cubic perovskite oxide struc-
ture with lattice parameter a = 3.905 Å. The tetragonal unit cell for YBCO or
PBCO has a lattice parameter a = 3.89 Å. Therefore, it is possible to grow �lms
with the c-axis oriented perpendicular to the substrate. On the other hand, three
unit cells of SrTiO3 (3a = 11.715 Å) �t well with lattice parameter c = 11.68 Å
of YBCO. In this case epitaxial growth with the a-axis perpendicular to the sub-
strate is possible. The epitaxial growth of both c-axis and a-axis oriented �lms
strongly depends upon substrate temperature. This point will be discussed in
detail in chapter 6. The choice of an appropriate thermal treatment is essential
for high quality and reproducible thin �lm growth.

2.1.4 Deposition with high oxygen pressure

During the sputtering process the oxygen pressure plays an important role to
achieve high quality thin �lms. While sputtering is normally done at 10�2-
10�3mbar gas pressure, for HTSC oxygen gas pressures around 1 mbar are often
used.
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Figure 2.1: Cross section of the sputtering chamber used for �lm deposition.



28 Preparation and Characterization

DC and cooling

YBCOPBCOAu

Substrate
& Heater

Thermocouple
& Heater DC

Shutter

Figure 2.2: Sketch of the cathode and substrate holder geometry.

What is the main purpose for the use of a high oxygen gas pressure?
To answer this question let us see what happens at low pressure. Oxygen forms
positive as well as negative ions in the sputtering plasma. The negative ions
will accelerate away from the target surface, where the electric �eld is strongest.
These oxygen atoms can gain high kinetic energy. At low pressure, the mean free
path becomes large and there will be few collisions in the plasma. Therefore,
high-energy oxygen ions can hit the substrate and sputter away already deposited
�lm material (resputtering). Since resputtering is non-stoichiometric, this e�ect
must be avoided. Therefore, in order to prevent fast oxygen ions resputtering
the already deposited �lm, our process is performed at high pressure (3mbar).
In this situation, the ions undergo frequent collisions on the way to the substrate
and will not have enough kinetic energy for resputtering. The process of slowing
down the fast oxygen ions is the so-called "thermalization". The other reason
for using high oxygen pressure is the growing of high quality oxide �lms, which
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requires full oxidation of the metal atoms deposited at the substrate surface. In
general, the presence of oxygen in the plasma can increase the oxygen content
in the growing �lm; however, it can also in�uence the �lm morphology.
The disadvantage of a high oxygen gas pressure during sputtering in this work
is the appearance of some holes on the �lm surface. However, the homogeneity
of the surface is very important, especially in case of perpendicular "c-axis"
transport [32].

2.2 Superlattices for in-plane transport measure-

ments.

2.2.1 Preparation

For preparation of superlattices the substrate holder was turned from the YBCO
target to the PBCO target and this process was repeated until 200 nm thickness
was reached. Typical deposition rates are low enough, that the thickness of the
individual layers can be controlled on the unit cell scale. The rotation of the
holder and the deposition time at the targets were controlled by a computer via
a stepper motor. Fig. 2.3 shows a photography of the burning plasma and the
substrate heater during deposition.

2.2.2 Characterization

X-ray di�raction

In order to achieve a high structural quality of the superlattices, one must be able
to deposit good single crystalline �lms of the individual compounds. PBCO and
YBCO samples showed c axis orientation only. The full width at half maximum
of the rocking curves of the (005) peak was �! 6 0:2o indicating a good epitaxy.
This is the basis for a c axis oriented epitaxial growth of the superlattices.

Low angle di�raction, and simulation

The superlattice quality is determined by comparison to simulated di�raction
patterns using the program SUPREX; this program was developed by Fullerton
et al. [33] to model the X-ray di�raction pro�les from superlattices. The com-
bination of nY YBCO and nP PBCO unit cells de�nes a new supercell with a
large c axis and consequently a small reciprocal lattice vector, which shows up in



30 Preparation and Characterization

Figure 2.3: Targets and the heated substrate in the sputtering chamber, (A) is
the plasma on the YBCO target, (B) on the PBCO target, and (C) substrate
heater.

satellite re�ections. With the angular position of two consecutive satellites, the
modulation length � = (nY +nP ) �c was determined, where c is the c-axis length.
Moreover, the modulation length is given by � = rY � tY + rP � tP , where r are
the deposition rates and t the known deposition times, respectively. Therefore,
we can determine the rates and optimize the exact deposition times for growing
a single cell of each material.

By using low angle x-ray di�raction the �nite size thickness oscillations can
be detected (see �gure 2.5). The thickness calculated from these oscillations will
be a good indication to estimate the �rst target's rate. To �nd the right rate
with higher accuracy many Y/P superlattice samples with di�erent modulation
lengths were prepared. From the modulation lengths of successive superlattices

� = rY � tY + rP � tP
�
0

= rY � t0Y + rP � t0P ;

one can set up two equations with di�erent modulation lengths and times
but the respective rates are assumed to be identical. Therefore, by solving these
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Figure 2.4: X-ray di�raction of a (YBCO)2 /(PrBCO)6 sample. The full range
�=2� scan is in linear scale with an inset showing the rocking curve of the (005)
re�ection.

two equations, the result will give us the new rates of the targets rY and rP . The
new rates will be used for preparation of the next Y/P sample (with di�erent
modulation length). By iterative application of this method we get �xed rates.
In this work more than 15 di�erent Y/P superlattic samples were prepared to get
stable rates for both of the targets. Figure 2.6 shows the change in the target's
rate rY and rP (YBa2Cu3O7 and PrBa2Cu3O7) with di�erent Y/P samples until
stable rates were achieved. This iterative procedure was necessary as obviously
the sputtering process slowly changes in time due to aging of the target. Physical
origins for the target aging are presumably a change in the oxygen content during
time and a compaction of the target surface induced by the sputtering plasma.

The appearance of satellite peaks in x-ray di�raction proves the spatial pe-
riodicity of superlattices. From the intensity and the position of the satellite
lines one can get information on the superlattice quality. As a direct inversion of
the x-ray pattern to the spatial structure is impossible due to the loss of phase
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Figure 2.5: Low angle X-ray di�ractogram of an YBa2Cu3O7 �lm.

information in the di�raction experiment, the simulation of the di�raction pat-
terns is the suitable method. In the SUPREX program, the parameters relating
to the crystal structure of YBCO and PBCO are kept �xed, while the super-
lattice parameters are adjusted. Here the number of YBCO and PBCO layers,
nY and nP , are free parameters which are allowed to be non integer and to have
a distribution nY and nP . As the c-axis oriented individual layers grow unit
cell by unit cell, the thickness of an individual layer at a given position must
be a multiple of one unit cell. However, as the superlattice consists of many
bilayers the thickness of di�erent bilayers in di�erent heights from the substrate
surface can di�er by integer numbers. Thus non-integer values indicate the av-
erage thickness. If these thicknesses are di�erent at di�erent locations in the
sample an additional weakening of the satellite lines occurs, which is re�ected in
the distribution parameters �nY and �nP . An interdi�usion parameter allows for
exchange between Y and Pr atoms in the crystal structure, which is found to be
usually very small (<1%). At the interface of YBCO and PBCO layers, which
do not have an identical crystal structure, lattice distortions lead to small �uc-
tuations of the lattice distances directly at the interfaces. In the simulated curve
of Fig. 2.7, we used the parameters nY=2.0, �nY =0.1 and nP=6.0, �nP =0.1
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Figure 2.6: YBa2Cu3O7 and PrBa2Cu3O7 sputtering rate as a function of sample
number.

with a continuous interface roughness of 0.02 nm and 1% interdi�usion. These
parameters indicate a quite perfect superlattice structure, which was con�rmed
by previous transmission electron microscopy (TEM) studies on such samples
[34].

Magnetic susceptibility

Magnetic susceptibility is the cange in magnetization of a material in response
to an applied magnetic �eld. If it is negative, the material is diamagnetic.
AC-susceptibility can be measured as a function of temperature by placing the
specimen in a mutual inductance bridge (MIB). Therefore it is quick and easy
to measure the transition temperature of superconducting materials. Another
advantage is that no contact wires need to be used and thus the surface is not
damaged during measurement. We use equipment that works on the principle
whereby an alternating current is driven through a �eld coil. This alternating
current generates a small alternating �eld (generally less than 1 mT) along the
axis of the coil, which induces a voltage in the �rst pick up coil (reference) and
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Figure 2.7: Zoom of the low angle region shown in logarithmic scale
in order to enhance visibility of the satellite peaks, which prove the ad-
ditional periodicity. The curve shows experimental (simulated) data for
(YBa2Cu3O7)2/(PrBa2Cu3O7)6.

a voltage in the second coil (where the sample is inside). When a specimen is
placed in the sample coil, the alternating magnetic �eld induces a voltage in
the sample. In the superconducting state this leads to screening currents and
reduction of the signal of the sample pick up coil.

2.2.3 Photolithography and transport measurements

In this section, the experimental methods used to do the photolithography pro-
cess and transport measurements will be brie�y discussed. In order to achieve
patterning dimensions in a range well below one millimeter in case of pure Y BCO
�lms or Y P -superlattices (in-plane bridges) or a few micrometers in case of super-
lattices (out-of-plane measurements), photolithographic procedures have been
employed. Photolithography is a method to create patterns on a �lm by using
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Figure 2.8: Superconducting phase transition of Y4/P4 superlattice as seen by
ac-susceptibility.

light. It is the means by which the small-scale features of integrated circuits are
created.

Patterning

Before starting the patterning processes additional gold spots were deposited in
a coating machine to serve as contact pads. They were annealed in the Y BCO
deposition chamber at 600 oC for 2 min in vacuum. This leads to a di�usion of
the gold into the �lm surface and provides a low resistance ohmic contact. After
the two minutes annealing time the chamber is �lled with oxygen (800 mbar)
and the cooling program following the initial �lm deposition is repeated in order
to compensate for a possible oxygen loss in the previous annealing step.

Photolithographic patterning is done in the clean room of the institute of
physics. Before the resist is applied to the substrate (�lm + substrate), the
surface is cleaned to remove any traces of contamination from the surface such
as dust, organic, ionic and metallic compounds. After that, the �lm is covered
with a layer of radiation-sensitive photoresist ma-P 1215 (micro resist technology
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Figure 2.9: The main process steps in photolithography using the proximity
method.

GmbH), which is distributed by a spinner rotating at 300 rpm 10 sec. and then
3000 rpm for 30 sec. The resulting thickness is related to the viscosity, angular
velocity and time of spinning. The resist needs to be baked before an exposition
to UV light through a mask can be performed. The UV light is produced by
a mercury discharge lamp. During the exposure process, the resist undergoes
a chemical reaction. Depending on the chemical composition of resist, it can
react in two ways when the light strikes the surface. The action of light on a
negative resist causes it to become polymerized where it has been exposed to the
light. A positive resist has the reverse property. Exposure to UV light causes
the resist to decompose. By using negative/positive resist, either the regions not
exposed/exposed to the light will washed out with a suitable developer. After
the developing process, a negative/positive of the mask remains as a pattern of
resist. At this point one can perform either chemical or ion beam etching to
remove the unprotected areas. Finally, a suitable solvent removes the residual
photoresist and only the desired structure remains.
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Figure 2.10: Process steps of lithography.

Transport measurements

Measuring the current-voltage characteristics by a four-probe method is a stan-
dard experimental technique to eliminate contact reistances. Therefore the four-
probe method is a technique for determining the resistance of low resistance
materials and essential for measurement of superconductors, see �gure 2.11.

2.3 Y/P superlattices for out-of-plane transport

2.3.1 Preparation and characterization

Essentially the preparation and characterization is closely related to that for in-
plane superlattices. However, the arrangement of the layers during deposition
is di�erent. First a ground YBCO layer of about 150 nm thickness is deposited
followed by the YBa2Cu3O7/PrBa2Cu3O7 superlattice of 200 nm thickness, then
again 50 nm of YBCO and �nally the �lm is protected by a 200 nm gold layer.
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Figure 2.11: Geometry for four-probe measurements, with a) big bridge 200�m
width and b) small bridge10 �m width.

The main di�erence between samples for in-plane and out-of-plane measurements
is:

� Samples for in-plane transport measurements have the Y P -superlattice
directly on the substrate, and the �rst layer every time starts with PBCO
because it grows smoother on SrTiO3 substrate than YBCO.

� Samples for out-of-plane transport measurements have the Y P -superlattice
in between YBCO layers as a sandwich. Gold protection in this case is
very important. For these samples the mixing of oxygen and argon as a
sputtering gas has proven useful to overcome the pinhole problem and to
reduce roughness.
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Figure 2.12: Lateral view of a Y/P superlattice for out of plane transport mea-
surement.

2.3.2 Y/P superlattice photolithography

One of the important goals of micro or nano-electronic applications is to make
the devices as small as possible in order to reduce the power needed. This
is also important for superlattices in order to reduce heating e�ects. That is
why we need every time to search for the smallest mesa. For this purpose, to
achieve pattering dimension with the smallest mesa, photolithography is used.
The patterning is similar to that for in-plane measurements as described in
sec. 2.2.3.

Mesa structure

To fabricate the mesa structures in this work there are many steps necessary,
e.g. several etching steps using chemical and ion-beam mechanisms. Above the
ground electrode (150 nm YBCO) eight mesas are constructed with di�erent
square sizes between 16�16 �m2 and 50�50 �m2. These mesas were patterned
by photolithography close to the longitudinal edges of the ground electrode which
had the dimension of 10 mm�1 mm and was patterned as seen in Fig. 2.13. Sub-
sequently, the sample was subjected to ion beam etching where the unprotected
part was removed by ion milling until a depth of about more than 450 nm was
reached (related to superlattice + top YBCO layer + gold layer). Then the
photoresist was removed with acetone and plasma etching what guarantees a
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Figure 2.13: Sketches indicating the patterning steps. a) After using a positive
resist with suitable mask and developer, the unused parts of gold are removed
by chemical etching. b) In a second, di�erent chemical etching step the unused
residual �lm is etched down until the substrate surface appears. c) There are
three important steps: 1- Mesa dimension construction by means of positive
resist and developer. 2- Ion-beam etching until reaching the YBCO ground
electrode. 3- Negative resist with suitable mask to make a window on the top
of mesa. d) Sample covered completely with gold in order to make two gold
terminals for every mesa through the windows. e) Using a positive resist and
developer, the unused parts of gold are removed by chemical etching.

clean surface on the top of the mesa. The patterned sample was coated again
with a negative photoresist which will be also used as an insulator around each
mesa. A small window has to be opened on the top of each mesa. In order to
avoid short circuit due to mismatch of the alignment, the window areas must be
smaller than the mesa area. A mask with four 10�10 �m2 and four 16�16 �m2

squares was used for this purpose. Additionally a mask aligner that allows to
position the mask onto the mesas with a resolution of about 2 �m was built.
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Windows

Mesa

Figure 2.14: Top of view for the windows o the top of mesa after step c in 2.13.

Figure 2.15: Fabrication process of mesa structures using photolithography and
argon ion milling.
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Wiring the junction

In order to wire the mesa, a window on the top of each mesa was opened by
photolithography. This process was very delicate because inside the window the
surface must be free of photoresist residues. The photoresist outside the window
served as insulating layer, because it has properties like a polyimide.

After using the photoresist, a soft annealing step is very important to dry
the photoresist. In this case after the photoresist cooled again to the room
temperature, it will be selectively illuminated with UV light. For this purpose a
glass mask with the �ne desired structure is used �g. 2.15. When the photoresist
is exposed to the UV light, it will induce a change in the chemical properties
of the photoresist and the illuminated area can be removed with an appropriate
liquid developer. Now, the photoresist-free area (negative photoresist) can be
etched and removed. Generally, chemical etching or ion beam etching can be
used. In chemical etching, the sample is typically exposed to an acid (HNO4 :
H2O � 1 : 400) which dissolves the unprotected �lm. The disadvantage of using
this method is that it is very di�cult to control the etched depth of the �lm.
It is important to notice that superlattice layers must remain to send a current
through the mesa. On the other hand, it is not clear if the acid also destroys
or dissolves the layers under the photoresist or not. For these reasons, the ion
beam is the best choice. The samples are etched in an argon ion etching chamber
situated inside the clean room where the lithography is carried out. The quantity
of material removed from the sample is proportional to the bombardment time.
A reference sample with the same thickness of the top electrode (mesa) can be
etched simultaneously, until the substrate of the reference sample appears. The
etching process is continued until a part of the bottom electrode is also etched.
After the etching process, the sample is in the situation shown in Fig. 2.15. The
sample is cleaned with aceton and ultrasound to remove the residual particles.
After that we use a negative photoresist to open the window with the same steps
as before in �g. 2.14.

Using photolithograpic (negative photoresist) patterning again a window with
an area smaller than the mesas area is opened (Fig. 2.15) with the same steps as
before. This step is very delicate because a mismatch in the alignment between
window and mesa can lead to short circuits between the base electrode and the
contact leads. Afterwards the photoresist is hardened in U.V. light and at 1800C
baking temperature it becomes mechanically stable. Subsequently the sample is
transfered carefully from the clean room in an exsiccator to minimize the con-
tact with air and dust particles and put into a sputtering chamber where a 200
nm thick gold layer is deposited (Fig. 2.15). Finally the gold layer is patterned
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photolithographically into contact leads and the YBa2Cu3O7/PrBa2Cu3O7 su-
perlattice device is contacted with Au bonding pads (Fig. 2.15).

Chip layout

There are three important parts: ground electrode Y Ba2Cu3O7, heterostructure
mesa (superlattice) embedded in an insulator (hardened photoresist) and gold
leads on the top. Figure 2.13 shows the chip layout, where the base electrode is
represented by a shadowed rectangle, eight mesas are located over the electrode
together with a pair of pads on the ends of the base electrode, just above each
mesa there is a gold strip. The out-of-plane transport properties are measured
as sketched in Fig. 2.13. In fact a true four point measurements was not possible
because of the small window size the current and voltage pads on the mesa could
not be separated. A splitting into two pads is very di�cult. All measurements
were carried out in this geometry where the contact resistance on the top of the
mesa is included. The in-plane transport properties of the ground layers can be
measured using the four pads at the ends of the base electrode as in �g 2.16.

2.4 Y/P superlattice photolithography for relax-

ation measurements

The samples (YBCO or Y/P superlattice) were prepared by the same method
as mentioned before. Standard dc magnetization measurements were performed
on disk-shaped with radius 2 mm as shown in Fig. 2.17

2.5 Thick YBa2Cu3O7/PrBa2Cu3O7 superlattices

The sputter chamber has stable deposition parameters that allow to run contin-
ually 29 hours in order to produce thick �lms, where the actual �lm contains a
YBa2Cu3O7/PrBa2Cu3O7 superlattice with (1�m) thickness between two YBCO
electrode (50 nm) on the top and (150 nm) on the bottom. Finally, the �lm is
in-situ covered with (200 nm) gold as protection layer.

Patterning and layout

These thick �lms were prepared for patterning experiments using a focussed
ion-beam (FIB) system. In such a system a focussed ion beam is rastered over
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Bonding by a gold wire

Figure 2.16: Top view of the chip after step e in �g 2.13. a) The striped rectangle
represents the ground electrode, each mesa was contacted with a gold strip. The
out-of-plane electrical measurement was performed between the pads (on the
base) and the gold strip, the detail shows a picture of a mesa structure contacted
with gold strip (top right). b) The actual chip layout after bonding step.
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SrTiO3 substrate Patterned film

Figure 2.17: Patterning steps of YBa2Cu3O7/PrBa2Cu3O7 superlattices for mag-
netic relaxation measurements .

the surface and sputters the �lm locally. It o�ers additional degrees of freedom
as will be evident below. Here the FIB system of the University of Frankfurt
could be used in cooperation with Prof. Dr. M. Huth. However, due to the
rasterizing process only very small areas can be directly patterned using the
FIB and a prepatterning step using optical lithography is necessary. After the
photolithography an ion-etching step should be performed. However, with the
existing equipment it will take longer than 10 hours to etch 2:45�m (700 nm
PrBCO, 300 nm YBCO, 1�m Y/P superlattice, 400 nm YBCO, and 50 nm
Gold). Cathode lifetime and general stability of the ion etch system prohibited
use of this method. Therefore chemical etching was necessary. The normal way
to etch YBCO �lms chemically uses diluted nitric acid (HNO3 : H2O � 1 :
400). However, for the very thick �lms underetching the photoresist is a severe
problem. As evident in Fig. 2.18, it is clear that the acid dissolves the layers
under the photoresist. For these reasons, a combination of ion beam + acid was
the best choice.

Using this combination the �lm is patterned to de�ne a 10�m track with
four contacts. After using a focused ion beam (FIB), a portion of this track
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Figure 2.18: a) Underetching produced using chemical etching only on a thick
�lm. The view is from the side after a segment of the bridge has been re-
moved using the FIB. Though in a perpendicular view in the light microscope
the bridge looks o.k., the underetching is nearly complete. b) Thick �lm with op-
timal patterning with focused ion beam (FIB). The underetching has completly
disappeared.
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a)

1 µm bridge

b)

Figure 2.19: a) The �lm is patterned to de�ne a 10�m track. Using a focused
ion beam (FIB), a portion of this track is narrowed to 1�m. b) The lateral cut
is made from top at one position of this track with a lateral distance of 1�m or
smaller a cut is made from below.
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is narrowed to 1�m. Then a lateral cut is made from top at one position of
this track. At a lateral distance of 1�m or smaller a cut is made from below,
i.e. a hole is drilled in the remaining bridge close to the substrate which leaves
the surface intact. Finally, as shown in �g 2.19 the current will �ow vertically
through the superlattices with area dimension 1� 1�m2.



CHAPTER 3

IN-PLANE TRANSPORT

Introduction

In this chapter I will introduce �rst the comparison between the di�erent crys-
tal structures of YBCO and then the matching with SrT iO3 substrate for
epitaxial growth. The main content of this chapter, however, will be the in-
vestigation of the vortex dynamics in superlattices in a geometry where the
current �ows in the plane of the superlattices and the magnetic �eld is ap-
plied perpendicular to the �lm. The vortex-creep activation energy U is de-
termined by analyzing the in-plane resistive transition of 200 �m and 10 �m
wide bridges with the external magnetic �eld B oriented along the c-axis. The
activation energies for two series of superlattices were investigated. In one se-
ries (Y Ba2Cu3O7)4=(PrBa2Cu3O7)nP the thickness of the YBCO layers was
constant (nY = 4) and the number of the PBCO unit cells was varied, while
in the other series (Y Ba2Cu3O7)nY =(PrBa2Cu3O7)4 the number of PBCO lay-
ers nP = 4 was constant and nY varied. YBa2Cu3O7/PrBa2Cu3O7 superlattices
represent a model system which has been widely studied [9, 14, 13, 35, 36, 37, 38].
The aim was to determine the e�ect of thickness and external magnetic �eld on
the activation energy for these two series. In these results the strength of the
coupling of the vortex system in neighbouring YBCO layers is visible.
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3.1 Crystal structure

After the discovery of superconductivity in (La;Ba)2CuO4 by Bednorz and
Müller (1986) with transition temperature Tc 35 K, the Y Ba2Cu3O7�� was dis-
covered with Tc above 90 K [39]. This structure is very sensitive to the value of
the oxygen de�ciency �. For � = 0:03 the highest Tc of 92 K is observed.

3.1.1 Orthorhombic and tetragonal structures

The general chemical formula of perovskite systems is ABO3. The perovskite
structure is cubic with (A) at the centre of the unit cell, (B) at the corners and
the oxygen sites at the centre of the cube edges. The Y Ba2Cu3O7�� unit cell
consists of three cube structures, the �rst one is an Y CuO3 cube at the centre
and the other two are BaCuO3 above and below the �rst one. However, oxygen
sites on the same horizontal plane as the yttrium atom are never occupied, so
that O3 atoms in the neighbouring planes are allowed to move slightly in Y
direction. The oxygen content is variable in the basal plane. For � = 0 the
oxygen positions at the basal plane are half �lled with oxygen atoms arranged
in rows resulting in the orthorhombic structure shown in 3.1 left. It yields the
highest Tc with nearly full oxygenation when � = 0:03. In the fully underdoped
case the basal plane is void of oxygen atoms resulting in the tetragonal structure
shown in Fig. 3.1 right. Concerning the critical temperature the three cases
related to the relation between � and Tc are,

� When � > 0.03 lower Tc (Under doped)

� When � = 0.03 highest Tc (Optimum value)

� When � < 0.03 lower Tc (Over doped)

Exchanging the Y atom in this structure to Pr changes only slightly the lattice
constants, but suppresses completely the superconductivity. As origin of this
suppression it is assumed that Ba atoms interchange partly with the Pr atoms
and their presence in the superconducting CuO2 double planes is detrimental to
superconductivity.

3.2 Matching between Y Ba2Cu3O7 and PrBa2Cu3O7

The ab-plane lattice parameters of Y Ba2Cu3O7 and PrBa2Cu3O7 are suitable
for epitaxial growth on SrT iO3 substrate which has a cubic structure with a
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Figure 3.1: YBCO crystal structure for di�erent oxygen content and the delta
is close to zero in case of orthorhombic and close to 1 for tetragonal.

similar lattice parameter.

Form a long time, x-ray analysis has been a key tool for the study of thin
�lm structures because it is non destructive and yields structural information on
the atomic scale [40]. One can see this easily from the comparison between x-ray
data of a YBCO �lm, a PBCO �lm and a Y/P superlattice in �g. 3:2. This �gure
is a x-ray scan around the (001) and (002) re�ections of the YBCO structure (the
material grows with the c-axis parallel to the growth direction). When compared
to pure Y Ba2Cu3O7 and PrBa2Cu3O7 �lms (shown in �g. 3:2, red and green
colour), the superlattice di�ractogram has additional satellite peaks which are
the signature of a modulated structure.
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Figure 3.2: X-ray di�ractograms in logarithmic scale of a Y Ba2Cu3O7 �lm
(green colour), a PrBa2Cu3O7 �lm (red colour), and a 93,4 Å modulation length
(Y Ba2Cu3O7)2=(PrBa2Cu3O7)6 superlattice (black colour). One sees satellite
peaks (marked with arrows) around the (001) and (002) re�ections that are
related to the synthetically induced periodicity.

3.3 Vortex dynamics

Measurements of the magnetoresistivity �(B) of the superlattices versus the
temperature T were performed with DC magnetic �eld up to 6 Tesla parallel
and perpendicular to the c axis, which is perpendicular and parallel to the �lm
plane, respectively. The intrinsic anisotropy of the layered structure shows up
in a stronger broadening of the transition for magnetic �elds B perpendicular to
the layered superlattice structure than for YBCO �lms, while for B parallel to
the superlattice structure the magnetic �eld results in a reduced in�uence of the
magnetic �eld on the resistive transition of the superlattice [41]. Qualitatively
this was attributed to the cutting of the vortex lines by the PBCO layers [14].
In order to attain quantitative information the vortex-creep activation energy
for di�erent magnetic �eld strengths for a number of superlattices with constant
PBCO thickness (nP = 4) and varying YBCO thickness nY was determined.
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Figure 3.3: Resistive transitions for a superlattice with nP = 4 in magnetic �elds
of increasing strength B = 0; 0:125; 0:25; 0:5; 1; 2; 4; and 6T. The number of unit
cells of YBCO is nY = 1.
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Figure 3.4: Resistive transitions for a superlattice with nP = 4 in magnetic �elds
of increasing strength B = 0; 0:125; 0:25; 0:5; 1; 2; 4; and 6T. The number of unit
cells of YBCO is nY = 6.
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Figure 3.5: Resistive transitions for a superlattice with nP = 4 in magnetic �elds
of increasing strength B = 0; 0:125; 0:25; 0:5; 1; 2; 4; and 6T. The number of unit
cells of YBCO is nY = 20.
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Figure 3.6: Resistive transitions with increasing a magnetic �elds of strength
B = 0; 0:125; 0:25; 0:5; 1; 2; 4; and 6T of a 200 nm thick YBCO �lm.
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The standard technique to extract the activation energy U from the resistivity
data is to plot ln(�(T )) vs. the reciprocal temperature. Figs. 3.3 to 3.6 show
Arrhenius plots of resistive transitions for nY =(nP = 4) superlattices. The data
have been measured on 200 �m bridges with magnetic �eld perpendicular to the
layered structure (i.e., along the c axis).

Assuming a temperature independent activation energy U0, a straight line
in the Arrhenius plot will appear, �(T;B) = �0 exp

�
�U0(B)

T

�
. However, the

activation energy must vanish close to the critical temperature Tc, where the
condensation energy goes to zero. A T dependent activation energy U has to be
taken into account, �(T;B) = �0 exp

�
�U(T;B)

T

�
, and the slope in the Arrhenius

plot is given by d[ln �(T;B)]
d(1=T )

= �U(T;B) + T dU(T;B)
dT

. In this situation, the appear-
ance of a straight line in the Arrhenius plot implies that U = U0(1� T=Tc), and
the slope in the linear �t will supply U0, the activation energy linearly extrapo-
lated to T = 0.

There exists an immediate qualitative di�erence in the plots, where one sees
straight lines for the superlattice with very thin YBCO layers nY = 1. With in-
creasing YBCO thickness the resistive transitions in the Arrhenius plots become
strongly curved. This curvature was explained �rst by Palstra et al. [42] and
results from the temperature dependence of the condensation energy and the
pinned volume. This indicates a di�erent qualitative behaviour of the quasi two
dimensional superlattices compared to YBCO. If one assumes a constant �0 and
a known value of Tc, where the activation energy vanishes the resistive transition
can be inverted to get the full temperature dependence of the activation energy.
However, this is an unusual treatment and for better comparison to literature
the usual simple extraction of constant values of the activation energy U0 by
evaluating the slope in the low resistivity regime (0:01�
cm< � < 1�
cm) is
used. The activation energies extracted in this manner are shown graphically in
Fig. 3.7. In this �gure as in the following �gures kB is used as the energy scale.

Even a single layer of PBCO of only one unit cell thickness has a tremendous
in�uence on the FLL. The strong decrease of the activation energy as function
of the PBCO thickness in Fig. 3.7a indicates that the correlation length of the
�ux lines along c axis direction is strongly reduced and the �ux lines are cut into
pancake vortices [43, 8]. If the thickness of the PBCO layer is increased to two
unit cells a further drop of the activation energy is observed, which proves that
the pancake vortices in neighbouring YBCO layers of the superlattice are still
coupled by Josephson currents. Increasing the decoupling PBCO layer thickness
to nP = 4 leads to a further reduction, while for higher PBCO thicknesses a
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Figure 3.7: Activation energies U0 extracted from the slope of the Arrhenius
plots for superlattices with PBCO layer thickness nP = 0; 1; 2; 4; 6; and 11 for
nY = 4 �xed and di�erent magnetic �elds B = 0:125; 0:25; 0:5; 1; 2; 4; and 6T. A
thickness of nP = 0 represents actually not a superlattice but an YBCO �lm of
200 nm thickness. In a) the data are shown as function of the PBCO thickness,
while in b) they are shown as function of the magnetic �eld.
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saturation is evident. Thus one can conclude that for nP = 4 the activation
energy is dominated by the reduced correlation lengths in the individual YBCO
layers of the superlattices and the possibly remaining residual Josephson coupling
has a negligible in�uence for the vortex motion. In part b) of �gure 3.7 the same
data are redrawn as function of the magnetic �eld strength. The B dependence
of U0 is discussed below.

In order to study the in�uence of the correlation length on the activation
energy separately, in the following the thickness of the PBCO layers was kept
�xed nP = 4 and the thickness of the YBCO layers nY was varied. The resulting
thickness dependence of the activation energy is shown in Fig. 3.8a for di�erent
B values. As a guide for the eye additionally straight lines are shown in these
plots. In the thickness range from 2 unit cells nY = 2 up to nY = 80 the lines
have a slope 1. Such in this range there is a linear correlation between the
YBCO layer thickness and the activation energy as was observed by Brunner
et al. [14] using superlattices with nP = 8. The maximum correlation length
of the �ux lines along c axis direction was concluded to be 45 nm by linear
extrapolation in this work. In the samples here with nP = 4, however, the
correlation length seems to be closer to 90 nm. One must note that the �ux
line correlation length in c axis direction will not only depend on fundamental
parameters like the vortex line energy, but also on sample dependent parameters.
E.g. the sample microstructure leads to pinning which may be dominated by
point pinning centres or by extended pinning centres as screw dislocations or
twin planes. In the latter case longer correlation lengths are expected as the
formation of vortex loops will be strongly suppressed. The sample with nY = 80
shows activation energies very close to that of an YBCO �lm and the lines in
this thickness range are drawn horizontally. The step from 1 to 2 unit cells
however, is qualitatively di�erent. The line has a slope of 2 indicating a four
times larger activation energy for double the thickness. This cannot be explained
by the increase of the vortex line correlation length alone. Another reason is
that the superconducting critical temperatures of the one unit cell thick nY = 1
superlattices are strongly reduced [44, 10, 12]. In this case the one unit cell
thick YBCO layers are neighboured by insulating PBCO layers on both sides
and �nite size e�ects become important.

The scaling in Figs. 3.7b and 3.8b is chosen double logarithmically and the
drawn dotted straight lines correspond to U0(B) / B�1=2. Besides the increase of
the absolute value of the magnetic �eld exponent with increasing B [14], the data
points indicate a power law U0(B) dependence with a mean exponent close to
�0:5. This was also found for thin �lms of the two dimensional superconductor
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Figure 3.8: Activation energies U0 extracted from the slope of the Arrhenius
plots for superlattices with YBCO layer thickness nY = 1; 2; 4; 6; 8; 11; 20; 40;
and 80 unit cells for nP = 4 �xed and an YBCO �lm of 170 unit cells, i.e. 200
nm thickness, for di�erent magnetic �elds B = 0:125; 0:25; 0:5; 1; 2; 4; and 6T. In
a) the data are shown as function of the YBCO thickness, while in b) they are
shown as function of the magnetic �eld.
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Bi2Sr2CaCu2O8 by Kucera et al. [45]. Such a proportionality was explained as
plastic movement of vortices in a vortex liquid by Vinokur, Feigelman, Geshken-
bein and Larkin [46, 47]. The energy barrier for thermally activated shear is
determined by the energy necessary to create double kinks in �ux lines

UPl = 2Eka0 � 2�0

16�2�ab�c
ln(�)

�
�0

B

�1=2

(3.1)

where Ek is the characteristic kink formation energy, a0 � (�0=B)
1=2 is the

average distance between �ux lines, �0 - the �ux quantum and � - the Ginzburg-
Landau parameter, whereas �ab; �c are the penetration depths in the (a; b) plane
and along the c axis, respectively. However, in the limit of decoupled super-
lattices this energy contribution vanishes and is therefore not expected in the
decoupled superlattices with nP = 4, where at most a weak Josephson coupling
is expected. Moreover, UPl does not depend on the layer thickness d.

There are two possibilities to explain the observed thickness dependence of
the activation energy. The �rst one is that the pinning of vortices is collective.
This has been considered by Matsushita et al.[48, 49, 50]. They give the pinning
potential for the 2D superconductors with point like pinning centres as

U0 / Jc0g
2dp
B

for d < L0 (3.2)

where g2 is the number of �ux lines in the �ux bundle, L0 the vortex correla-
tion length and Jc0 is the (virtual) critical current density in the ideal �ux creep
free case, which is almost �eld independent in the low-B domain for small d [48].
The latter formula not only explains the U0(B) dependence, but also the linear
U0(d) variation, as shown in Fig. 3.8a. However, in this situation a justi�cation
for the occurrence of collective (elastic) creep has to be given.

The second possibility would be the consideration of thermally activated
dislocation pairs in a 2D FLL [14], leading to an activation energy

U0 / d ln (a0=�ab) : (3.3)

These dislocation pairs can be considered as either vacancies or interstitials
with a �nite characteristic energy proportional to d, and are induced by the
quenched disorder, as well [47]. Equations 3.2 and 3.3 corroborate the linear
U0(d) variation shown in Fig. 3.8a, as well as the decrease of U0 with increasing
B.
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Since the U0(B) variation o�ered by Equation 3.2 is not quite di�erent from
that supplied by Equation 3.3 [14], in order to decide between the above two mod-
els the variation of U0 with the current I in the specimen was investigated. This
is shown in Fig. 3.9 for the superlattice with nY = 20 and nP = 4. In the consid-
ered current domain, no signi�cant heating at the current contacts was detected.
Here U0 was determined in the T interval corresponding to 12 � 1000=T � 12:25.
An obvious crossover in the U0(I) variation appears, as illustrated in the inset
of Fig. 3.9. For I below � 0:3 mA U0 is independent of I, indicating thermally
assisted �ux �ow (TAFF). The TAFF regime is possible when the activation
energy remains �nite in the limit I ! 0, as in the case of the (plastic) motion
of vacancies and interstitials.

However, for I above � 0:3 mA a signi�cant decrease of U0 with increasing I
is present, which indicates a strong nonlinearity of the current density J depen-
dence of the actual vortex-creep activation energy U . As known, this is expected
for elastic (collective) pinning, where U(J) takes the form [51]

U(J) =
Uc
�

��
Jc
J

��

� 1

�
(3.4)

Here Uc is a characteristic pinning barrier and � > 0 is the collective creep
exponent [21]. It is worthy to note that Eq. 3.4 accounts for the U(I) decrease
at high I from the inset to Fig. 3.9, as well as for the appearance of a downward
curvature in the Arrhenius plots from the main panel of Fig. 3.9. In the collective
creep regime, for a �xed J both Uc and Jc increase with decreasing T , resulting
in a higher local slope in the Arrhenius plot.

A similar crossover from plastic vortex creep at low J to collective creep
at high J was observed in magnetization relaxation measurements for various
HTS [52, 53] and in the next chapter also, where the induced J decreases with
increasing T . The easiest way to understand this crossover is to consider the
competition between the thermal energy, the e�ective pinning energy generated
by the quenched disorder Ep, and the elastic energy of the vortex system Eel.
As known, if the thermal energy is small compared with Eel and Ep, when
Eel overcomes Ep the vortex creep becomes collective [54]. A distinction must
be made between the static situation (no transport current) and the dynamic
situation (�nite current density J in the specimen). In the latter case, the current
reduces Ep [which can be roughly described by the actual activation energy
U(J) in the vortex creep process]. At the same time, Eel is independent of J ,
and, for a constant T , the current in the specimen will change the relationship
between Ep and Eel. At high I the elastic energy is dominant, and both vortices
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Figure 3.9: Main panel: Arrhenius plots of the resistive transitions of the su-
perlattice with nY = 20 and nP = 4 for B = 1 T and di�erent values of the
measuring current I between 10�A and 10 mA. The inset illustrates the U0(I)
variation, with U0 extracted from the slope in the Arrhenius plot in the T inter-
val corresponding to 12 � 1000=T � 12:25. An obvious crossover in the U0(I)
variation appears. In the low-I domain U0 is practically independent of I, in-
dicating thermally assisted �ux �ow (TAFF), whereas for I above� 0:3 mA a
signi�cant decrease of U0 with increasing I is present.

and dislocations will be elastically pinned [55]. At low I, the pinning energy
overcomes Eel, and the vortex creep process will involve plastic motion through
vacancies and interstitials.

As known, the magnetization relaxation involves very low magnetoresistivity
levels. When �(T ) is measured with not a very good sensitivity (classically), in
order to get a voltage signal one usually increases J toward the actual critical
current density Jc where a large amount of vortex creep is present. In this
situation, the e�ective pinning energy (decreasing with increasing J) is low, and
the elastic energy (i.e., the vortex-vortex interactions, leading to weak collective
pinning) becomes important.

Above we neglected the thermal energy. In the case of superlattices closer
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to the 2D case (nY = 1; 2 for example, where U0 is small), the 2D vortex �uc-
tuations are predominant, and the proliferation of dislocations (melting) will
lead to a large amount of plastic (dislocation mediated) vortex creep, exhibiting
clear thermally assisted �ux �ow behaviour (constant slope in the Arhhenius
plots over an extended T interval, Figs. 3.3 to 3.6). Thus a collective creep
scenario considering additionally thermal �uctuations can explain the observed
magnetotransport behaviour.

3.4 Thickness dependence of the critical temper-

ature

If one examines the resistance vs. temperature curves of superlattices for dif-
ferent layer thicknesses of the YBCO and PBCO layers, one �nds that the the
critical temperature (Tc) reaches higher values with increase of the thickness of
YBCO (or decrease of PBCO thickness) until a saturation value corresponding
to a pure YBCO �lm is reached as shown in Fig. 3.10.

Finally, using superlattices with variable YBCO thickness and �xed PBCO
thickness we investigated systematically the correlation length of the vortex sys-
tem, which was found to be 80 nm along the c axis direction for our samples.
Superlattices with �xed thickness of the superconducting layers and variable
thickness of the insulating layers were prepared to study coupling of �ux-lines
across the insulating layer. Even a single PBCO unit cell e�ectively cuts the
�ux lines into shorter weakly coupled segments, and the coupling of the vortex
systems in neighbouring layers is negligible already for a thickness of four unit
cells of the PBCO layers. A characteristic variation of the activation energy for
the two series of superlattices was found, where U0 is proportional to the YBCO
thickness [29, 48].

We observed a change in the variation of U0 with the current I in the speci-
men: U0 exhibits a plateau in the low-I region, then decreases signi�cantly with
increasing I. This can be explained in terms of a crossover in the vortex creep
process, generated by the transport current. At low I values the dislocations
mediated (plastic) vortex creep leads to TAFF behavior, whereas at high I the
dc transport measurements are dominated by elastic (collective) creep.
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Figure 3.10: The critical temperature of YBa2Cu3O7/PrBa2Cu3O7 superlattices
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CHAPTER 4

MAGNETIC RELAXATION

MEASUREMENTS

DC magnetization measurements on Yn=P4 super-

lattices

Standard DC magnetization measurements were performed on disk-shaped (ra-
dius R = 2 mm) (Y BCO)n=(PBCO)m superlattices (YnPm, where n = 1, 2, 4,
11, 20, and m = 4), using a commercial Quantum Design Magnetic Property
Measurement System, with the external magnetic �eld H (oriented along the c
axis) applied in zero-�eld cooling conditions. In the considered (H, T ) domain
the measured diamagnetic moment m was usually identi�ed with the irreversible
magnetic moment. The magnetization curves m(H) were registered over a large
temperature T interval for H up to 50 kOe, and the relaxation of the magnetic
moment m(t) was measured with the superconducting magnet in the persistent
mode. The relaxation time t was considered to be zero when magnet charging
was �nished, and the �rst data point was taken at t1 � 100 s.

We investigated superlattices (with the overall thickness d = 200 nm) for
which the superconducting (Y BCO)n layers are decoupled by the presence of
the (PBCO)4 layer in between. Studying this model system we focused on the
determination of the current density J dependence of the vortex-creep activation
energy U, which can represent a signature of various vortex phases generated by
the presence of relevant quenched disorder in HTS [56, 22, 57] (some of them
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with possible zero electrical resistivity in the limit J ! 0 at a �nite temperature
T). Due to thermally activated vortex motion (�ux creep), in�nite conductivity
can only result if the e�ective pinning barriers diverge at low J, i.e., if the vortex
creep exponent is positive. Of particular interest was the possible occurrence of a
vortex-creep crossover generated by J, as revealed by the transport measurements
discussed in a previous section [58, 37, 59, 60, 61, 62]. In the case of standard
DC magnetization measurements J is the density of the macroscopic currents
induced in the specimen.

4.1 Magnetically determined superconducting crit-

ical temperature Tc0

The critical temperature Tc0 was determined here at the onset of the diamagnetic
signal for a �eld H = 10 Oe applied in zero-�eld cooling conditions, as illustrated
in the main panel of Fig. 4:1 in the case of Y11P4. The inset of Fig. 4:1 shows Tc0
vs. the thickness of the YBCO layers measured in unit cells (n) while m = 4. As
can be seen, a strong Tc0 depression occurs for n � 4, which can be qualitatively
explained through the depletion of the super�uid density caused by proximity
e�ects. At the same time, some interdi�usion is not excluded.

4.2 Magnetization curves and the magnetically

determined critical current density

Fig. 4:2 illustrates the DC magnetization curves m(H) of Y4P4 at various T
values between 4 K and 35 K. The hysteresis curves are almost symmetric, which
means the in�uence of surface barriers is negligible. Thus, the magnetization
curves allow the determination of a bulk critical current density Jc (a�ected by
thermally activated �ux creep) using the Bean model [63, 64]. For our disc-
shaped thin �lm specimens, the Bean relation for practical units is

Jc =
3 jmj

�10�12dR3
(4.1)

The above relation supplies Jc in A=cm2 if m is taken in emu, d in
o

A and R
in mm. For YnP4 superlattices, where the (Y BCO)n blocks are decoupled, the
thickness d (200 nm) must be substituted by an e�ective thickness
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Figure 4.1: Temperature variation of the magnetic moment m for the Y11P4 su-
perlattice in an applied magnetic �eld H = 10 Oe applied in zero-�eld cooling
conditions and oriented along the c axis. The critical temperature Tc0 corre-
sponds to the onset of the diamagnetic signal. The inset shows the rapid Tc0
decrease when the thickness of the YBCO layers measured in unit cells (n) de-
creases below � 4.

deff = nd=(n + m), corresponding to the volume of the superconducting
material (Y BCO)n. In the case of n = 4, m = 4, for example, deff = d/2.

Fig. 4:2 (main panel) shows the m(H) curves for Y4P4 at various T values
between 4 K and 35 K. In the inset of Fig. 4:2 we plotted the resulting criti-
cal current density Jc determined with Eq. 4:1, where the irreversible magnetic
moment was approximated by the measured m in decreasing H. Rigorously,
m in Eq. 4:1 is the irreversible magnetic moment, experimentally extracted
using the measured m for increasing H, m(+), and decreasing H, m(�), as
mirr = [m(+)�m(�)] =2. However, when the irreversible magnetic moment of
the sample overcomes by orders of magnitude the reversible magnetic moment
of the sample (strong vortex pinning) and the magnetic moment of the sample
holder (which is the case of our samples over a large (H;T ) domain) mirr can
be substituted, for simplicity, by m(�). Fig. 4:3 (main panel) is to compare
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Figure 4.2: Main panel: Magnetic hysteresis curves m(H) for Y4P4 at various T
values. The inset shows the critical current density Jc determined with Eq. 4.1
where the irreversible magnetic momentmirr was approximated by the measured
m in decreasing H.

the m(H) curves of Y2P4 and Y4P4 registered at T = 4 K, whereas the upper
inset illustrates the H dependence of the irreversible magnetic moment mirr de-
termined as shown above. In the lower inset the Jc(H) variation obtained with
Eq. 4:1 (where m = mirr) is plotted. One notes that Jc of Y2P4 slightly over-
comes Jc of Y4P4 at low H, due probably to the in�uence of the self-�eld, which
is higher for Y4P4.

4.3 Magnetization relaxation in YnP4 superlattices

The vortex pinning behavior and the dynamics of vortices are widely investigated
using standard magnetization relaxation measurements, with a �xed relaxation
time window tw. As known [65], the vortex pinning energy barrier would easily
be extracted from the relaxation of the mirr(t) [approximated in the following by
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upper inset illustrates the H dependence of the irreversible magnetic moment
mirr. In the lower inset the Jc(H) variation resulting from Eq. 4.1 is plotted. At
low H, Jc of Y2P4 slightly overcomes Jc of Y4P4.

the relaxation of the measured magnetic moment m(t)], where t is the relaxation
time, if the current density J dependence of the vortex-creep activation energy
U would be linear (the Kim-Anderson model [15]).

U(J) = U0

�
1� J

Jc0

�
; (4.2)

where U0 is the pinning barrier in static conditions (no current in the sample) and
Jc0 is the true critical current density (in the ideal case of absence of thermally
activated vortex creep). The above linear U(J) is equivalent with m decreasing
logarithmically in time,

m(t) = m(t0) [1� (T=U0) ln (t=t0)],

where t0 is the time scale for creep [66]. This leads to the determination of
U0 as
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U0 = �Tm(t0)
� ln(t)

�m
; (4.3)

where t0 is substituted by a plausible low value (10�12s�1s) [66] and m(t0) is
extracted by extrapolation. Fig. 4:4 illustrates, as an example, jmj vs. ln(t) for
Y20P4, (H = 30 kOe). Due to a relatively small overall magnetization relaxation
in the relaxation time window tw � 2500 s, the plots are almost linear. Thus,
it is tempting to consider the linear U(J) from Eq. 4:2 and to determine the
pinning barrier U0 (averaged over tw) using Eq. 4:3.

Fig. 4:5 shows the T dependence of U0 obtained with the relaxation curves
from Fig. 4:4, by taking t0 = 10�3 s and jm(t0)j extracted by the linear extrap-
olation in the representation from Fig. 4:4. As can be seen, U0 decreases with
decreasing T in the low-T range (where the T variation of the superconductor
parameters is weak), which indicates that U0 does not represent the true pin-
ning barrier. This behavior appears for all plausible t0 values, and can easily be
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Figure 4.5: T variation of the pinning barrier U0 determined with Eq. 4:3 using
the relaxation data from Fig. 4:4.

explained if a nonlinear U(J) is considered [16], as illustrated in Fig. 4:6., where
the graph is drawn for the special condition when Uc = unit and P = 1 in the
general equation 4.7 in sec. 4.3.1.

In the low-T domain (T � Tc0=3), the main role of the thermal energy is to
change the J interval probed in the m relaxation experiment. At low T , the
probed J is closer to Jc0, due to a reduced overall m relaxation between t = t0
and t = t1, where the �rst point onm(t) was taken. In this situation, by applying
the linear U(J) model the resulting U0 (see Fig. 4:6) is small. This explains the
unphysical result from Fig. 4:5 and indicates that more elaborated analyses are
required to obtain information about the vortex pinning energy, as shown below.

4.3.1 The Maley technique

In its original form [67], the Maley scheme refers to the low-T domain, where the
T variation of the superconductor parameters is weak, and the main e�ect of in-
creasing T is to produce monotonically decreasing values of J / jmj. This allows
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an analysis of the magnetization relaxation data without a priori assumptions
for the J dependence of U . Brie�y, the procedure uses the master rate equation

dm

dt
/ dJ

dt
=

�
Jc0
t0

�
exp[�U(J)=T ]; (4.4)

where t0 is the time scale for vortex creep, as above, which leads to

U(J) = �T
�
ln

�
dm

dt

�
� C

�
; (4.5)

where C is a T independent constant at low T , uniquely �xed by requiring that U
is a continuous function of J . With (dm=dt) and m experimentally determined,
one can generate plots of [�T ln (dm=dt)] vs. jmj at di�erent T . Up to the
additive quantity CT, the plots represent U vs. J .

In this form, the Maley technique can be applied to low-T m(t) data (T �
Tc0=3). The technique was extended to the high-T domain, by considering a
factor [1=G(T )] accounting for the intrinsic T dependence of U [68]. For a given
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H, the model dependent U(J) is then represented by [U(J)=G(T )], where G(T )
is usually related to the irreversibility temperature Tr [69]

G(T ) =
�
1� (T=Tr)

2
�3=2

: (4.6)

The procedure was also adapted to �eld ramping experiments [70]. In these
forms, the Maley technique was used for a large variety of HTSC with rele-
vant quenched disorder, such as melt-textured (Y,Pr)BCO [69], thin �lms [70],
detwinned single crystals exhibiting a second magnetization peak [71], YBCO
single crystals with columnar defects [72], melt-grown YBCO [73], etc. Below
we apply this technique to the m(t) data obtained for various superlattices at
T � Tc0, using the simple form (Eq. 4:5).

Fig. 4:7 illustrates characteristic m(t) curves for Y4P4 in H = 5 kOe at
various low-T values. From the experimentally determined m(t) one obtains
(dm=dt) and jmj , and Fig. 4:8 shows the U(jmj / J) dependence constructed
with Eq. 4:5. (J can be determined from jmj with the same Bean model, as
shown above.) The continuity of U(J) was obtained with the constant C = 8
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for Y20P4(H = 30 kOe, C = 5 for Y11P4(H = 20 kOe), and C = 12 in the case of
Y4P4 in H = 5 kOe. From the U(J) forms from Fig. 4:8, one can try to obtain
the characteristic parameters of the vortex creep process, and in the following
the focus is on the creep exponent.

As known, the vortex creep activation energy U(J) can be generally ex-
pressed [51] as

U(J) = (Uc=p) [(Jc0=J)
p � 1] ; (4.7)

where Uc is a characteristic pinning energy, Jc0 is the critical current density
for the ideal creep-free case, whereas the creep exponent p is identi�ed with the
(positive) collective pinning exponent � of the order unity in the case of elastic
(collective) vortex creep [21], and p < 0 for plastic creep. The value p = 1
corresponds to the classic Kim-Anderson model [15], whereas a value p = �0:5
often appears [74].

As can be seen in Fig. 4:8, the constructed U(J) variation can be �tted with
Eq. 4:7 with plausible Uc and Jc0 values, but the problem is that the resulting
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collective creep exponent is unreasonably low. The lowest � value supplied by
the collective pinning theory [21] is 1=7, and should appear at small H, in the
isolated vortex limit. For the H values from Fig. 4:8 and by considering the
aspect ratio of the samples the collective creep exponent should be of the order
unity (even in the 2D case).

The above discrepancy raises some questions concerning the sensitivity of
the Maley technique in the case of signi�cant pinning and a usually limited tw.
Another more straightforward analysis for the determination of the vortex creep
parameters using the same m(t) data is presented in the following.

4.3.2 The normalized vortex-creep activation energy

The same standard m(t) data can be analyzed by determining the so called nor-
malized vortex-creep activation energy U� = �T (d ln(t)=d ln(m)). This quantity
was introduced [65] with the aim to reduce the intrinsic ambiguity of �ux creep
experiments, and it was thought that it represents an "e�ective pinning energy".
However, the determined T variation of U� at low T exhibits a decrease of U�

with decreasing T, similar to that from Fig. 4:5. The meaning of U� can be
found as follows [53]. With Eq. 4:7 and considering J / jmj as explicit variable,
one can derive

U�(J) = �T
�

d ln(t)

d ln (jmj)
�
; (4.8)

using the general creep relation [75] U = T ln(t=t0). Assuming a small change of
t0, for the elastic-creep domain (collective creep) one obtains

U�(J) = Uce (Jc0=J)
� (4.9)

In the plastic creep regime U� has an opposite variation with J ,

U�(J) = Ucp (Jc0=J)
p (4.10)

Since for collective creep the pinning centers do not accommodate vortices,
the characteristic pinning energy for elastic creep Uce can be much lower than
the characteristic pinning energy for plastic creep Ucp.

With a �xed tw and taking now T as explicit variable, for T well below Tc0
the above equations lead to

U�(T ) � Uce + �T ln (tw=t0) ; (4.11)

for elastic creep, and
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U�(T ) � Ucp � jpjT ln (tw=t0) ; (4.12)

in the case of plastic creep. [For simplicity, the same t0 for elastic and plastic
creep is considered.]

As shown in Fig. 4:7, the m(t) data in a log-log plot are almost linear for a
relatively reduced tw. In this situation, one can determine a U� value averaged
over tw, as U� = �T� ln(t)=� ln(jmj), and Fig. 4:9 illustrates U�(T ) for various
superlattices and H values. The notable aspect is the appearance of a maximum
in U�(T ), which, according to Eqs. 4:11 and 4:12, suggests the existence of a
crossover in the vortex system at a crossover temperature Tcr: elastic (collective)
creep at low T - plastic creep at high T .

The U�(T) maximum has been reported for HTS with weak quenched disor-
der, such as T l2Ba2CaCu2O8+� thin �lms [76], Bi2Sr2CaCu2O8+� single crys-
tals [52], and high-quality YBCO �lms with a smaller Jc0 obtained by high-
pressure dc sputtering [53], as well as for YBCO �lms obtained by PLD, where
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strong vortex pinning on growth induced linear defects is present [77]. The
di�erence is that in the latter case Tcr is signi�cantly higher. Plotting U� vs.
[1= jm(t1)j] / 1=J(t1) and using Eqs. 4:9 and 4:10 one can determine the creep
exponents � and p, as can be seen in Fig. 4:10. The collective creep exponent
� � 1 is in the range o�ered by the collective creep theory [21], whereas the
plastic creep exponent p is not far from the value �0:5 [74], which may indicate
that the vortex motion at high T is similar to that of atoms in solids, through
dislocations. The slightly higher p (in absolute value) obtained here is probably
due to the fact that at high T the in�uence of thermal �uctuations is important.

In the approximation t0 = constant, Eqs. 4:11 and 4:12 give the creep crossover
temperature.

Tcr = (Ucp � Uce) = (�+ jpj) (ln (tw=t0)) (4.13)

A simple way to understand the creep crossover appearing in standard magne-
tization measurements is to consider the energy balance relation [78] for dynamic
conditions [53] (�nite J).
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As noted above (see Fig. 4:6), at least for T well below Tc0 the main role of
the thermal energy is to change the probed J interval relative to Jc0. At low T ,
due to a reduced overall relaxation between t0 and t1, the probed J [/ jm(t)j] is
closer to the true Jc0. Consequently, the e�ective pinning energy Ep (decreasing
with increasing J=Jc0) can be lower than the elastic energy in the vortex system
Eel (independent of J), and the creep will be elastic, regardless of the fact that
vortex pinning in static conditions (J = 0) is weak or strong (like in thin �lms).
At high T , J is much lower than the true Jc0, and Ep becomes higher than Eel.
In these conditions dislocations proliferate, the pinning centers accommodate
vortices, and one expects vortex creep in a plastically pinned vortex assembly at
low driving currents (J).

In a crude approximation, one can consider Ep = Eel at T = Tcr, and Ep / U .
Using the general vortex-creep relation and Eel / H�1=2, for a �xed tw it results
Tcr / H�1=2. This relation was proven for YBCO �lms having the thickness
larger than the vortex correlation length along the c axis [53]. As can be seen
in Fig. 4:12, where we plotted H(Tcr) [with Tcr resulting from the U�(T ) data
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for Y11P4 from Fig. 4:11], a better relation describing the creep crossover line in
the (H, T ) plane would be Tcr decreasing linearly with increasing ln(B). Such a
relation results by taking into account that when the thickness of the supercon-
ducting layer (n unit cells) is lower that the vortex correlation length along the
c the creation of dislocation pairs is representative for the plastic deformation of
the vortex system, and the energy of a dislocation pair is / n ln(H) [62], and
it will substitute Eel in the above discussion.

Finally, we discuss the e�ective thickness dependence of the creep crossover
temperature observed for our YnP4 superlattices (decoupled Yn superconducting
blocks). Fig. 4:13 (main panel) illustrates the U�(T) maximum for several super-
lattices (H = 10 kOe). Here the U�(T ) variation is included for a 200 nm thick
�lm (n = 170 unit cells) obtained in the same sputtering conditions. As shown
in the inset, in the case of superlattices Tcr increases roughly linearly with the ef-
fective thickness (measured in cell units, n). This is in agreement with Eq. 4:13,
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since both the plastic barriers [62, 14] and the collective pinning barriers [48] are
proportional to the e�ective superconducting layer thickness, when the latter is
smaller than the vortex correlation length along the H direction, which is the
case for the considered superlattices. By taking into account the Tcr value for
the YBCO �lm (� 45 K), it can be concluded that Tcr(n) should saturate at
large e�ective thicknesses. This happens when the e�ective thickness overcomes
the vortex correlation length, as discussed in the previous chapter.



CHAPTER 5

OUT-OF-PLANE TRANSPORT IN

SUPERLATTICES

Introduction

There are several main motivations behind the e�ort which is taken in the growth
and the study of high-Tc multilayer structures. There is a technological need for
heterostructures containing superconductors and insulating (or metallic) lay-
ers, for instance in the fabrication of Josephson e�ect junctions. Tunneling
experiments in a classical superconductors play an important role in testing
the local superconducting density of states [79]. However tunneling experi-
ments are extremely sensitive to the quality of barriers and interfaces. Arti-
�cial YBa2Cu3O7/PrBa2Cu3O7 superlattices are considered as one possibility to
realize tunneling junctions. In this case it is possible to modify the tunneling
properties for investigation of c-axis tunneling in YBa2Cu3O7/PrBa2Cu3O7 su-
perlattices (YBCO/PBCO) by varying the periodicities of the YBCO or PBCO
layers. For this purpose high-pressure dc sputtering has been used to prepare
series of 200 nm thick YBCO/PBCO superlattices. The high quality of the sam-
ples was checked by detecting up to third order satellite peaks in x-ray di�raction.

In this chapter the c-axis transport in YBa2Cu3O7/PrBa2Cu3O7 superlattices
is investigated by two di�erent methods. The �rst one uses mesa structures pre-
pared with a lithography process using 200 nm thick YBa2Cu3O7/PrBa2Cu3O7



82 Out-of-plane transport in superlattices

Table 5.1: Layer arrangement of thin �lm structures used for patterning of mesas
or FIB patterned bridges.

Layers Mesa FIB-Bridge

Sustrate SrT iO3 SrT iO3

PBCO �� 700nm

First YBCO 150 nm 300nm

Y/P superlattice 200 nm 1�m

Number of repetitions 17 times 86 times

Second YBCO 50 nm 400 nm

Gold layer 200 nm 50 nm

Total thickness 600 nm 2:45�m

superlattices. The other uses 1 �m YBa2Cu3O7/PrBa2Cu3O7 thick superlattices
embedded in pure YBCO layers (thick bridge). Here a comparatively thick bridge
is prepatterned photolithography and the �nal patterning step uses a focused ion
beam (FIB). This allows patterning on a submicron scale. In both of these cases,
the current J will pass vertically through the YBa2Cu3O7/PrBa2Cu3O7 super-
lattice (and the Copper Oxide planes). Table 5.1 shows the comparison between
these layer arrangements.

5.1 C-axis transport in mesa structures.

5.1.1 Temperature dependence of the resistivity

The temperature dependence of the resistances R(T ) in the direction of the c-axis
of heterojunctions was investigated using mesa structures with di�erent areas. In
Fig. 5.1 a semi-logarithmic plot of the c-axis resistances is shown for four mesas
with 50 � 50; 40 � 40; 30 � 30 and 16 � 16 �m2 area, respectively. All were
prepared from the same YBa2Cu3O7/PrBa2Cu3O7 superlattice which contained
a periodic sequence of 2 layers Y Ba2Cu3O7 and 7 layers PrBa2Cu3O7 (2:7).
The transition observed at 88.5 K corresponds to the superconducting transi-
tion Tc of Y Ba2Cu3O7 layers. A reduced Tc typical for the non-fully developed
order parameter in the 2 unit cell thick Y Ba2Cu3O7 layer [80] would have been
expected. Above Tc, the larger mesas show a temperature dependence that is
similar to the (ab)-plane measurement.

In Fig. 5.2 the resistances of four mesas with 50�50; 40�40; 30�30 and 16�
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16 �m2 area are shown. They contain as active structure a superlattice with 6
layers Y Ba2Cu3O7 and 4 layers PrBa2Cu3O7 (6:4). The transition temperature
Tc observed at 88.5 K has the same value as the mesas based Y2=P7 superlattice.
This result is not expected. So, let us try to understand what happened? X-ray
di�raction for these superlattices proved that they were epitaxially grown with
a high quality. The modulation length of multilayer structure was checked by
SUPREX program, which indicated that the superlattice structure had a well
modulated structure. Such the �rst step was successful.

However the problem persisted. For many attempts to measure di�erent su-
perlattices with di�erent mesa dimension, all of the resistance-teperature curves
had the same transition temperature Tc. To solve this problem, I suppose three
reasons:

� This may be due to bad photoresist.

� Surface morphology, because pinholes can in�uence the junction behavior
in the sense of a shunt resistance.

� Too low c-axis resistivity of the fully oxygenated PBCO layers.

To check for the �rst reason Y6=P4 superlattice mesas were prepared. Here
on the mesas with 50 � 50 and 16 � 16�m2 the photoresist was not opened on
the top of mesa, and in the same �lm the other mesa structures with 50�50 and
30�30�m2 were processed normally with a contacting window on top of the mesa.
As in Fig. 5.3 the resistance-temperature curve shows that no superconducting
transition for the �st two closed mesa structures with 50 � 50 and 16 � 16�m2

exists. For the two others (50� 50 and 30� 30�m2 mesas) again a Tc of 88.5 K
is observed. This con�rms that the photoresist is a good isolator.

Thus the two other possibilities remain. Surface morphology investigations
showed severe roughness. Usually that is resulting from CuO2 crystallites, which
are insulating aid therefore not disturbing the transport measurements. How-
ever, a-axis oriented grains could shunt the mesa structure. Also the resisitivity
of the PBCO layers depends strongly on the oxygen concentration. The geome-
try of the mesa measurement is only a three contact geometry. If the resistance of
the PBCO interlayers is too low, the transition might be masked by the contact
resistance and one only would e�ectively see the transport in the ab plane. Work-
ing on theses problems would require smoother �lms and/or di�erent targets e.g.
Ga doped PBCO. In both cases extensive optimization of �lm deposition param-
eters would be needed. Therefore a di�erent method was tried as described in
the following.
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5.2 Transport in FIB cut structures

As possibly the resistivity of the PBCO interlayers is not high, the area of the
mesas should be reduced in order to increase the c-axis resistance contribution.
This will also allow to reduce the total current or to increase the current density
while reducing heating at the contacts. With the available photolithography
equipment this reduction would be extremely di�cult or impossible. Therefore
a combined technique was used. The �lms are patterned photolithography to
de�ne a 10�m wide track with four contacts. In cooperation with the group of
Prof. M. Huth in Frankfurt a focused ion beam (FIB) system could be used
in order to narrow a portion of the track to 1�m. Then lateral cuts force the
current to �ow vertically through the YBa2Cu3O7/PrBa2Cu3O7 superlattices, as
shown in �g. 5.4. Actually the cuts are under 600 to the surface normal and one
is made from top. The other is a rectangular hole that is 'drilled' from the other
side at the substrate �lm interface. The geometry of this hole is chosen in a way
that the �lm surface is undamaged leaving a current path through the YBCO
cover layer intact.
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a)

b)

I

U

Figure 5.4: Lateral cuts for a YBa2Cu3O7/PrBa2Cu3O7 thick superlattice by
a) Focused-ion beam (FIB) with area dimensions 1 � 1�m2. b) Schematic
diagram of lateral cuts, where the current J �ows vertically through the
YBa2Cu3O7/PrBa2Cu3O7 superlattice layer
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Figure 5.5: Temperature dependence of the c-axis resistance of a nanostructure
of area dimension 1� 1 �m2 cut into Y6P4 superlattice.

5.2.1 Temperature dependence of the resistance

A measurement of the temperature dependence of the resistance in the direc-
tion of the c-axis as a function of temperature for a FIB cut nanostructure
(1� 1�m2) of a Y6P4 superlattice is shown in Fig. 5.5. In contrast to the pho-
tolithographically patterned mesa structures here the resistivity in the normal
state is decreasing with increasing temperature as is expected for transport in
PBCO. Also the total resistance is more than one order of magnitude higher
than for the photolithographically patterned opened mesa structures. As the
superlattice is much thicker than in the previous case in-plane contributions will
be reduced and the enhancement is from the out-of-plane contributions. The
normal state resistance of the PBCO layers in the mesa structures can be esti-
mated to be larger than 12
 (using the thickness of the PBCO layers 400nm and
�ab(PBCO)=3m
cm [31]). The anisotropy of the resistivity �c=�ab will be larger
than one. However, it is expected to depend strongly on the oxygen content and
is therfore not a well established quantity. Nevertheless it seems clear that a
c-axis contribution should be visible in Fig. 5.5. A superconducting onset starts
at Tc=87 K, which, however, is broadened compared to the in-plane measured
transitions. The resistance measurements cannot decide whether this broaden-
ing is induced by a �nite Josephson-coupling between the PBCO layers or by
an Ion-Beam induced damge in the FIB cut structure or by an oxygen loss at
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Figure 5.6: IU-curve measured four times at 55 K in zero �eld for 1 � 1 �m2

FIB patterned nanostructure in a (Y Ba2Cu3O7)6=(PrBa2Cu3O7)4 superlattice.

the surface layer of the superconductures visible due to the strongly enhanced
surface to volume ratio of the nanostructure.

5.2.2 Current-voltage-curves

If the c-axis transport is dominated by Josephson currents the critical current
of these junctions could be visible in the current-voltage curves. Ideally this
critical current would be modulated by the magnetic �eld applied parallel to the
layer structure. The �rst derivative of the current-voltage curves should show
anomalies at the superconducting gap for tunneling charge carriers. Therefore
current-voltage curves were taken. Current voltage curves for a FIB patterned
structure are shown in Fig. 5.6. While on a �rst look it seems a critical current is
detectable, one must note that neither features in the derivative of the IU curve
could be detected at lower voltage levels (not shown), nor an in�uence of the
magnetic �eld. Unfortuntately the jump in the IU curve at high voltage levels
is most probably caused by overheating. The residual resistance visible at 'low'
currents in the inset of Fig. 5.6 leads to a dissipation of typically several �W be-
fore a jump appears. For the volume of the FIB structure of the order of (1�m)3

this is a huge power density. For currents of 2mA the current density is already
of the order of 2 �105 A/cm2, well above the expected Josephson critical currents.
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Also the resistance before the jump is found to be of the order of 10
. Thus the
actual FIB structure must already be normal conducting before the jump occurs.
The dissipated heat, however, will be transported away by the large width layers
leading to the nanostructure. The connecting structures are epitaxially grown on
the substrate and are e�ectively cooled by the substrate in contrast to the FIB
cut nanostructure. A current above a threshold current will lead to a thermal
runaway if the actual temperature of the connecting layers becomes higher than
the critical temperature, since then not only the nanostructure will be normal
conducting, but large parts of the thin �lm. The four curves in Fig. 5.6 corre-
spond to four measurements at nominally the same temperature. However, one
must note that in the variable temperature insert used, the temperature of a
helium gas �ow is controlled, while the helium gas pressure and thus the cooling
power is not controlled. Therefore the di�erences in the resistivity visible in the
dissipation levels before the jump are most probably related to the fact that the
size of the regions driven to a normal state are di�erent in these repetitions.
The di�erences after the jump are related to di�erent voltage limits set for the
current source, which prevent an unlimited heating.

In summary the experiments on the out-of-plane transport in the superlat-
tice structure could not yield a direct proof of Josephson coupling between the
neighbouring YBCO layers in the investigated YP superlattices. It could be
veri�ed that the photolithography steps were not responsible for these failure
and the insulating behavior of the photoresist was su�cient. One can speculate
that the PBCO layers had a too high conductivity and Ga doped PBCO layers
with lower conductance would have been the better choice. These had been used
in previous experiments [32, 81]. However, in these preceeding experiments the
quality of the insulating photoresist layer was questionable. Future work should
combine the use of Ga doped PBCO in superlattices with the patterning steps
developed and improved in this work.





CHAPTER 6

A-AXIS ORIENTED YBA2CU3O7

FILMS

In this chapter, I present a systematic investigation of the structural, microstruc-
tural and Tc evolution of a-axis into c-axis orientation in Y Ba2Cu3O7 (YBCO)
thin �lms on (001) SrT iO3 with the enhancement of growth temperature from
610 to 8250C using short post-annealing at 8250C or two temperature template
growth followed by post annealing. Post-annealing or template approach pro-
duced di�erent results. This suggests that a complex optimization approach
must be followed in order to achieve a higher quality of the �lms. While c-axis
as grown thin �lm have shown high quality (Tc = 89:5 K), the best a-axis thin
�lm was obtained after post-annealing of the �lm grown at 6500C (Tc = 74 K).
The two temperature template growth followed by post-annealing was overall less
e�cient than post-annealing only. At intermediate temperatures of 630� 6900C
some whiskers-like grains with triangular tips and being perpendicular to the
substrate were observed.

6.1 Introduction

High temperature cuprate superconductors (HTCS) such as Y Ba2Cu3O7 are
layered highly anisotropic materials. For YBCO the coherence length in the ab-
plane (�ab) is about 1-2 nm, while in the c-axis direction (�c) it is signi�cantly
shorter (about 0.03 nm). One the one hand, this situation is useful for electron-
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ics applications of HTCS, but, on the other hand, it raises signi�cant challenges
in the device fabrication and integration. One immediate idea for the device
fabrication is to stack in the c-axis direction alternating layers of the supercon-
ductor and of an insulator to produce arti�cial tunneling SIS (superconductor-
insulating-superconductor) Josephson junctions. Growth of top quality individ-
ual c-axis HTCS thin �lms was performed by many groups [1] and the next step
of SIS c-axis heterostructures growth may look straightforward. Despite this
positive fact, success rate of demonstrating Josephson junctions on SIS c-axis
heterostructures is rather low [2]. Among the reasons is that the very short �c
imposes serious requirements on the �atness of the surfaces, on inter di�usion
problems and, not least, on the thickness of the insulating layer that should be
of the same order of magnitude with the short �c. One sound solution is to build
devices using a-axis HTCS thin �lms and heterostructures taking advantage of
the longer �ab.

In the literature di�erent attempts are presented for the growth of a-axis
HTCS thin �lms and heterostructures [1, 82, 83, 84, 85, 86, 87, 88, 89]. For
the growth of a-axis Y Ba2Cu3O7 (YBCO) and heterostructures the strategies
were to use di�erent deposition techniques and conditions and to grow the �lms
on (001) or (110) substrates with low lattice mismatch and convenient lattice
relationship between the substrate and the �lm. It was mentioned that, usually,
when using (001) or (110) perovskite substrates, mixed a-axis/c-axis and a-
axis/(103) orientations are obtained, respectively. A lower growth temperature
is favorable to obtain a higher ratio of a-axis orientation. However, many papers
could not demonstrate very clean a-axis thin �lms. Also crystal or orientation
quality in many cases were not high, critical temperatures were relatively low,
or in-plane alignment was poor. Among the solutions to improve the a-axis
YBCO thin �lms was to replace Y with another rare earth such as Pr [86]
or Eu [85]. For these elements a-axis high quality 123 thin �lms are obtained
easier. Bu�ers of PrBCO or EuBCO can be used for subsequent deposition of
high quality a-axis YBCO thin �lm. Other template solutions can be found in
the literature [88, 89, 90]. New means to control and improve orientation and
quality in a-axis YBCO thin �lms are highly desired and this work shows the
results of three di�erent deposition programmes as indicated in table 6.1:

� No.1 After �nishing the deposition, oxygen is introduced up to a pressure
of 900mbar, cooling with 100C/min is undertaken from the growth temper-
ature down to 5500C and after keeping the sample at this temperature for
30min cooling to room temperature is done with a rate of about 150C/min.



6.2. Growth of YBCO thin �lms at di�erent temperatures 93

Table 6.1: Samples investigated for a-axis growth. Given is the substrate tem-
perature during deposition and the heat treatment program.

Sample Substrate temperature °C Program No.

A 610 1

B 610 2

C 630 1

D 630 2

E 630 !690 2

F 630 !720 2

G 650 1

H 650 2

I 650 3

J 690 1

K 750 1

L 780 2

M 825 2

� No.2 After �nishing the deposition, the sample is heated to 8250C with
100C/min and cooled down to 7350C with 100C/min. Oxygen is introduced
up to a pressure of 900mbar at this temperature and cooling to 5500C and
the other steps are similar to No. 1.

� No.3 After �nishing the deposition, the sample temperature is stabilized
for 60 min, oxygen is introduced up to a pressure of 900mbar, cooling with
100C/min is undertaken from the growth temperature down to 5500C and
after keeping the sample at this temperature for 30min cooling to room
temperature is done with a rate of about 150C/min.

6.2 Growth of YBCO thin �lms at di�erent tem-

peratures

In general, it is accepted that the lattice matching relationship between the �lm
and substrate is important to induce a certain orientation in the �lm. For the
growth of YBCO �lms on (100) SrT iO3 substrate (STO), the most favorable
relationship is with (100)STO matching the ab-plane of YBCO cell which results
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Figure 6.1: XRD patterns of the YBCO thin �lms. Notation of the samples is
as in the Table. 6.1. Notation of the substrate peaks is S.
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in a growth with c-axis of the YBCO-cell perpendicular to the substrate. In-
deed, many groups succeeded in the growth of high quality single c-axis oriented
�lms on the indicated or other perovskites substrates [1]. However, a second
parameter that has a strong in�uence on the resulting orientation in the �lm
is the mobility of the ad-atoms delivered to the surface of the substrate in the
deposition process. This parameter depends in a non trivial way on the sub-
strate state (e.g. vicinal or not, terminal plane, roughness), growth conditions
and procedure (atmosphere, plasma, continuous or interrupted deposition), and
deposition method (closer to equilibrium such as MOCVD or MBE or far away
from it such as sputtering or PLD). A strong in�uence in controlling mobility
has the growth temperature (Tg). A lower growth temperature is suppressing
formation of the c-axis orientation and a-axis orientation occurs in YBCO �lms.
The a-axis orientation growth needs less mobility than for the growth of c-axis
orientation. This is because of the anisotropic and layered crystal geometry and
chemistry of YBCO. For a-axis growth (or b-axis growth, YBCO being tetrago-
nal at high temperatures of growth), there are almost no rearrangements of the
atoms necessary to generate the YBCO lattice, and the easy growth direction
of YBCO crystals is a-axis. At the same time for the a-axis growth, the lattice
mismatch relationship between the �lm and substrate is less convenient than for
c-axis growth. In the former case three SrT iO3 surface unit cells are matched
by one surface cell of the YBCO. It results that in the growth of both a-axis or
c-axis thin �lms opposite con�icting in�uences are involved, but the situation is
not symmetric with a-axis growth being less favorable.

All data of this work are supporting the above discussion. For example in
case of lower substrate temperature (6100C) the a-axis has preference. When
the temperature goes higher(8250C), c-axis has preference. In between these two
substrate temperature, both a and c-axis will appear. The amount of impurity
orientations (c-axis in the a-axis �lm and a-axis impurity in the c-axis �lm) and
of impurity phases (most probable being BaCuO2 ascribed to the peaks observ-
able on the left side of the substrate peaks in the XRD patterns, Fig. 6.1), as
well as Tc (of 18 K for a-axis sample 650-1 and 89.5 K for c-axis sample 825-1/2,
Fig. 6.2) are signi�cantly higher for the c-axis �lm. For the c-axis �lms (825-1)
superconducting transition is sharp hinting on high quality of this �lm.
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Figure 6.2: Zero-�eld-cooling magnetization curves for YBCO thin �lms. Mag-
netic �eld was applied parallel to the substrate except for the sample 825 for
which it was perpendicular.

Other observations of interest:

(a) The c-axis oriented sample grown at 825°C is likely not totally free of a-axis
impurity orientation as suggested by XRD (Fig. 6.1) and rocking curve data
(Figs. 6.6 and 6.7). It also might contain an un-known impurity (2� = 340)
well observable in the sample grown at 780°C and somehow detectable up to
higher growth temperatures (Fig. 6.1). One must emphasize that many ar-
ticles claiming pure c-axis YBCO �lms are not showing details of structural
characterization (e.g. use of logarithmic scale in XRD data).

(b) At low growth temperatures of 610 or 630°C superconductivity could not
be detected by magnetic measurements down to 2K. The di�erence in the
oxygen intake or insu�cient atomic ordering is suspected to be responsi-
ble, since XRD suggests that the YBCO crystal phase occurs and its crys-
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Figure 6.3: Scanning electron microscopy (SEM) images of YBCO thin �lms
prepared with program no.1 (samples indicated with 1) and grown by template
approach and post-annealed (samples indicated with 2). Insets are SEM images
taken at higher magni�cation. For sample 610-1 in the inset one AFM image is
presented.
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Figure 6.4: Scanning electron microscopy (SEM) images of YBCO thin �lms
prepared with program no.1 (samples indicated with 1) and grown by template
approach and post-annealed (samples indicated with 2).
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Figure 6.5: SEM images of YBCO thin �lms prepared with program no.1 (sam-
ples indicated with 1) and grown by template approach and post-annealed (sam-
ples indicated with 2).
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tal/orientation quality is rather good. FWHM of (200) peak (Figs. 6.6,6.7)
for the 610-1, 630-1 or 650-1 samples is low. At the same time, the intensity
of the rocking curve peak on (005) plane is weak, so that we could not deter-
mine FWHM for the samples 610-1 and 630-1. However, for 650-1, FWHM
(005) is sharply taking larger values. In fact at growth temperatures of 650
or 690°C, FWHM for both (005) and (200) show a maximum, that is higher
for (005) than for (200). At growth temperatures over 690°C FWHM is de-
creasing for both (200) and (005). The decrease is faster up to 750°C and
above this temperature is slow or FWHM is constant. For growth at 750°C
the (200) rocking curve peak shows (Fig. 6.6) a splitting meaning that there
are macro regions of a-axis crystal grains, each region with its own a-axis
misalignment.

(c) XRD and rocking curve data seems to correlate with morphology data as in
(Figs. 6.3 to 6.5 ). At low growth temperature, grains are small, uniform
and of rather circular or ellipsoidal shape (Fig. 6.3 and 6.4 from 610-650°C).
AFM image (Fig. 6.3 inset) also suggests that poor in-plane alignment oc-
curred, even if SEM data apparently does not con�rm this. Roughness is also
low. In such circumstances considering that these grains are of a-axis orien-
tation (see paragraphs (a) and (b)), probability for a-axis misalignment and
defects presence is expected to be low. Hence FWHM (200) value is small as
already mentioned At higher growth temperatures larger grains form, and
rectangular-shape grains are already observable, but not very clear at 690°C.
Uniformity of size is good, but roughness is higher. In-plane alignment is
signi�cantly improved and can be detected by SEM. This morphology is
accompanied by continuous distribution in the a-axis and c-axis misalign-
ment with the high values of FWHM of (200) and (005) noted at point (b).
Samples grown at 750 and 790°C show a-axis oriented grains of typical rect-
angular shape, well de�ned, in-plane aligned and twinned. These grains are
islands in a c-axis matrix. Uniformity of size for a-axis grains is lower than
before especially at 780°C and one may observe smaller and bigger grains.
This might be the reason for regions with certain a-axis misalignment pro-
ducing the splitting in the rocking curve of the (200) peak even if FWHM of
(200) and (005) re�ections is decreasing at high temperatures. The results
indicate that the dependence between growth temperature, FWHM of a-axis
and c-axis orientations and morphology is rather complex. Both orientation
and morphology evolution bring useful information about the quality of the
�lms and should not be neglected when characterizing thin �lms.
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Figure 6.6: Rocking curves of (200) and (005) planes of Y Ba2Cu3O7 thin �lms.
Indicating that the evolution from c-axis to a-axis oriented growth.

(d) At growth temperatures of 630�6900C some ribbon whisker-like grains with
triangular tips of about 450 likely protruding from the surface of the �lm and
being perpendicular to the substrate were observed. They are very similar
to conventional single crystal YBCO whiskers and from their shape one can
speculate that they are of a-axis orientation perpendicular to the substrate.
The mechanism by which such whisker-like grains are grown is not clear now.
Especially the formation of the triangular tip is puzzling. It is possible that
they grow on the surface of the already formed �lm on the advanced stages
of growth without penetrating down to the surface of the substrate the entire
thickness of the mainly a-axis thin �lms. More research is required.
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Figure 6.7: Rocking curves of (200) and (005) planes of Y Ba2Cu3O7 thin �lms
before (left) and after (right) annealing.

6.3 Growth of YBCO thin �lms with post-annealing

As-prepared a-axis thin �lms presented in 6.2 have shown low Tc (Fig. 6.2). This
led to the idea to apply post-annealing at higher temperatures and template
growth.

Samples with post-annealing of type (2) (see experimental) have shown en-
hancement in Tc (57.5 K, 66 K, 73 K for 610-2, 630-2 and 650-3, respectively).
Tc-data indicate that the growth history through the growth temperature Tg is
important to determine Tc of the post-annealed samples. Post-annealed �lms of
a-axis orientation 610-2, 630-2 and 650-2 had lower or similar values of FWHM
(200) than for the as-prepared 610-1, 630-1 and 650-1 samples. On the other
hand, FWHM (005) for the same post-annealed samples was higher in 610-2
and 630-2 than for 610-1 and 630-1, but the maximum in FWHM for 650-2 was
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Figure 6.8: FWHM for (200) and (005) vs. growth temperature for YBCO thin
�lms without (regime (1)) and with post annealing (regime (2) and (3)). In
some cases the growth of thin �lms was repeated in identical conditions to see
the reproducibility of FWHM. Dotted lines are guide for eyes.

signi�cantly lower than in 650-1. This kind of non symmetric in�uence of the
post-annealing suggests that post-annealing in�uences in a di�erent way both
a-axis and c-axis oriented grains. XRD (Fig. 6.1) seems to support this obser-
vation. There is a di�erent decrease of (00l) and (h00) peak intensity in 610-2,
630-2 and 650-2 samples with post-annealing vs. similar ones 610-1, 630-1 and
650-1 without post-annealing (Fig. 6.1). An explanation is missing at this mo-
ment and perhaps this is related with some lattice softening at high temperature
of post-annealing (825°C) by some kind of local amorphization/melting process.
This can help to release strain and/or improve misalignment to improve FWHM,
as mentioned. The e�ect of peak intensity decrease seems to be stronger for the
c-axis orientation than for the a-axis in 650-2 and this may suggest some kind
of c-axis removal. But, because (h00) peaks are partially overlapping with the
peaks belonging to the substrate (S) one cannot draw a conclusion. If the above
assumption is real one should imagine some local recrystallization/rearrangement
process to explain removal of c-axis orientation by post annealing. A longer post-
annealing time of 30 min at 8250C (sample 650-3) shows a strong in�uence on
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the amount (Fig. 6.1) and FWHM (Fig. 6.7) of the c-axis orientation. Morphol-
ogy of the samples 610-2, 630-2 and 650-2 is di�erent from the similar samples
without annealing. Grain size is enhanced. Size in the post-annealed samples
is increasing with the growth temperature of the �lms and in-plane alignment
is poor. Considering the data from 6.2 one concludes that morphology of the
post-annealed samples strongly depends on the growth history and in particular
on Tg.

Two-temperature template samples 630/690-2 and 630/720-2 were prepared
and post annealed. The two samples did not show signi�cant improvement. On
contrary data indicate that post annealed sample 630-2 was superior to the tem-
plate ones from several points of view. A higher template temperature (630/720-
2) was better only because it produced a relatively low FWHM (200) similar to
sample 630-2. However, a higher c-axis orientation amount was found in the
XRD pattern. Morphology of the template samples was intermediate between
the morphology of the samples obtained at lower and higher temperatures.

6.4 (110) oriented Y Ba2Cu3O7 on (110)SrT iO3

Since 1988, a lot of e�ort has been expended to grow a-axis oriented YBCO
�lms. Most of these preparation have been by physical vapor deposition (PVD)
methods [91, 92, 93, 94, 95, 96, 97]. a-axis oriented YBCO �lms may be more
suitable for preparing layer-type Josephson junction or weak-link devices because
the coherence length in ab-planes is much longer than the direction c-axis [98].
In the present work the growth of high quality �lms with the ab-plane normal
to the �lm surface on (110)STO is described. The possible growth directions on
the (110) SrTiO3 substrate are sketched in Figs. 6.9 and 6.10.

Pure (110) oriented YBCO thin �lms on SrT iO3 (110) substrates with a
high quality growth have been investigated. After having obtained the optimum
condition to growth a pure a-axis oriented YBCO �lm on (100) SrT iO3 sub-
strate with a FWHM � 0:090 at (200) as described in the previous section, the
growth of ab-plane (110) oriented �lms on (110) SrT iO3 was done with the same
conditions. The result is that, Y Ba2Cu3O7 �lms have been grown epitaxially on
SrT iO3 (110) substrate with a unique a and b-axis orientation and full in-plane
alignment of the c-axis.
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Figure 6.9: Schematic illustrations of the a) (103) or (013) oriented growth b)
of (110) oriented of Y Ba2Cu3O7 on the (110) plane of SrT iO3 [99].
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Figure 6.10: Schematic illustrations of the a) (110) growth of Y Ba2Cu3O7 �lm
on (110)STO, b) (113) oriented growth on (110)STO and c) a-axis oriented �lm
growth on SrT iO3 showing only crystal edges [100].
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Figure 6.11: X-ray di�raction patterns of YBCO �lm samples a) Main panel:
� � 2� scan on SrT iO3 (100). The inset shows the rocking curve of the (220)
re�ection with FWHM � 0:090. b) �-scans of YBCO (115) re�ections indicating
that the c-axis is oriented uniquely within the substrate plane.
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6.4.1 In-plane resistance anisotropy for unpatterned (110)
oriented �lms

First experiments on the in-plane resistivity anisotropy simply used four contacts
at the corners of unpatterned thin �lms and the current was applied between
contacts in line with the c-axis and ab-plane direction, respectively, as is shown
in the inset of Fig. 6.12. A large di�erence exists between the ab-plane (resis-
tance at room temperature 5 k
) and c-axis (resistance at room termperature
1.4 
) direction in the �lms in the normal state. This di�erence is shrinking
rapidly close to the superconducting Tc and the same critical Tc of 85 K is found
in both measurements, which are shown in Fig. 6.12. The Tc of these purely
(110) oriented �lm is comparable to the highest values of 89 K reported so far
[101, 102]. Already in this measurement the resistance anisotropy is much larger
than expected. However, as the current direction is not well de�ned samples
were also patterned with bridges along de�ned crystallographic directions.

6.4.2 In-plane resistance anisotropy for patterned (110)-
axis oriented �lms

For a better de�ned current �ow bridges with a dimension of 40� 260�m2 were
photolithographically patterned parallel to the uniquely de�ned c-axis and ab-
plane directions of these �lms. In Fig. 6.13 the resulting temperature dependence
of the resistance is shown for both cases. In contrast to the unpatterned sample
for these bridges no real superconducting transition is seen for current paral-
lel to the c-direction. There is at most a superconducting onset visible. This
interpretation is supported by the nonlinear current voltage behavior for low
temperatures.
As Tc is a thermodynamic quantity one sample should have only one critical
temperature. For YBCO the resistance anisotropy between c- and a direction
for optimally doped samples is expected to be in the range 5-10. Therefore the
observed behavior is hard to explain with intrinsic properties. On the other
hand the samples seemed to be homogeneous and the patterning successful as
was checked by optical microscopy inspection. These considerations triggered
a more thourogh investigation of the sample properties using an electron mi-
croscopical and atomic force microscopy inspection of the bridges as shown in
Fig. 6.14. No features signi�cant for transport experiments were observed in
AFM measurements (part b) of the �gure). However, in the scanning electron
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a)

c-axis

a-axis

Cracks

b)

Figure 6.14: Scanning electron microscopy (SEM) image a) and atomic force
microscope (AFM) image b) of a-axis oriented YBCO on (110) SrT iO3. In a)
the crack alignment is evident while no features were observed by AFM in b).
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microscopy image parallel lines perpendicular to the c-axis direction are visible
with a typical distance of 400 nm. Due to the results of the transport exper-
iments these lines are evidently cracks in the �lm. They can be caused by a
di�erent thermal expansion of YBCO along the a- or c-axis direction. More
probable is that they will be induced by the shrinking of the c-axis direction due
to oxygen uptake. The �lms are prepared fully epitaxial in the tetragonal highly
oxygen de�cient phase with oxygen content close to O6. In the oxygen annealing
step the O7 phase is formed. The lattice constants for bulk material are at room
temperature 11.85 Å and 11.65 Å for the oxygen de�cient and oxygen rich phase,
respectively [103, 104]. For the c-axis oriented �lms this will lead simply to a
small thickness reduction. However, if the c-axis is aligned in the plane with the
a-axis of the SrTiO3 substrate an epitaxial stress will built up, which obviously
leads to the observed coherent formation of cracks.

The cracks lead in case of unpatterned samples to a percolative current path
through the sample. While the contacts are placed along the c-axis direction
most of the current �ow will be meandering along ab-plane directions avoiding if
possible the cracks. Thus the resistance anisotropy is induced by a current path
di�erent from the macroscopically expected one.

Patterning bridges in the sample cancels the possibility of meandering current
paths. For bridges parallel to the ab-plane-direction the current can �ow parallel
to the cracks and they will not be visible in the transport experiments. For
bridges parallel to the c-direction the current must cross the cracks if the lateral
sample dimension is smaller the length of a crack. From the observed resistance
behavior in Fig. 6.13 it looks as part of the cracks act as tunneling barriers, while
others are acting as Josephson junctions or weak links.

Two strategies to avoid the crack formation are possible. One would be to
use very thin �lms. Below a critical thickness the strain energy will not lead to
crack formation. However, one would not end up with YBa2Cu3O7 comparable
to the bulk material. The strain along the c-axis would change the supercon-
ducting properties. Another point is that for very thin �lms oxygen loss at the
sample surface can not be neglected and Tc is reduced due to this fact. The other
strategy would be to omit the annealing step. But if one omits the annealing
step crack formation might be suppressed, but superconductivity is lost.

In this chapter the evolution of a-axis to c-axis oriented growth was studied
in Y Ba2Cu3O7 thin �lms grown by sputtering. The investigations reveal some
details of the complex relationship between growth, orientation, morphology
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and superconducting properties. It is important to note that post-annealing and
template growth can produce di�erent growth e�ects, in�uencing with di�erent
strength di�erent quality details of the �lms. Further optimization processes
should be investigated in order to improve growth control and �nally to improve
a-axis YBCO thin �lms on (100)STO. Use of growth conditions as for sample
650-2 led to growth of in-plane aligned top quality thin �lms of (100)YBCO
on (110)STO. By using these optimum condition, a a-axis oriented growth with
unique c-direction aligned in plane on (110) STO with high quality in x-ray
di�raction (FWHM 0:090) was obtained. Thus it was demonstrated how to
achieve good a-axis oriented growth on SrTiO3 substrate by optimization of
the deposition conditions. On (100)SrTiO3 good superconducting properties are
achieved, but the symmetry of the surface prevents a quantitative determination
of the anisotropy. For samples grown on (110)SrTiO3 a uniaxial alignment of
the c-axis direction in the substrate plane was achieved. However, the existence
of coherent crack patterns disturb the transport experiments.



CHAPTER 7

SUMMARY

7.1 Conclusion

The understanding of the strength and type of coupling between superconduct-
ing Y Ba2Cu3O7 decoupled by non superconducting PrBa2Cu3O7 in c-axis ori-
ented YBa2Cu3O7/PrBa2Cu3O7 superlattice was the aim of this thesis. For this
purpose two conceptually di�erent kind of transport experiments have been per-
formed. In the �rst type of transport experiments the current is �owing parallel
to the layers. Here the coupling is probed indirectly using the vortex lines, which
are penetrating the superlattice. Movement of the vortex segments in neighbour-
ing Y Ba2Cu3O7 layers is more or less coherent depending on the thickness of
both the superconducting and non superconducting layers. This in-plane trans-
port was measured either by sending an external current through bridges pat-
terned in the superlattice or by an induced internal current. In the latter case
the current is inductively induced and the decay of the induced superconducting
magnetization is monitored. The decisive physical quantity is in both cases the
vortex-creep activation energy. It is measured at 'high' dissipation levels in the
transport experiments and at extremely low levels in the magnetic relaxation
experiments. The second type of experiments tried to measure directly a pos-
sible Josephson coupling between superconducting CuO2 double planes in the
superlattices by investigation of the transport properties perpendicular to the
superconducting planes. Here three di�erent routes of access have been tested.
The �rst one was to pattern mesa structures photolithographically as in previous
works. The second used threedimensional nanostructures cut by a focused ion
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beam. A third idea was to use a-axis and (110) oriented Y Ba2Cu3O7 �lm, where
in-plane patterning can in principle be su�cient to measure transport perpen-
dicular to the superconducting planes. In summary the following results could
be achieved and conclusions drawn:

The vortex-creep activation energy U was determined by analyzing the in-
plane resistive transition of photolithographically patterned bridges with the
external magnetic �eld B oriented along the c-axis. The activation energies for
two series of superlattices were investigated. In one series the thickness of the
YBCO layers was constant (nY = 4) and the number of the PBCO unit cells was
varied, while in the other the number of PBCO layers was constant (nP = 4) and
nY varied. The correlation length of the vortex system was determined to be 80
nm along the c-axis direction. It was found that even a single PBCO unit cell
in a superlattice e�ectively cuts the �ux lines into shorter weakly coupled seg-
ments, and the coupling of the vortex systems in neighbouring layers is negligible
already for a thickness of four unit cells of the PBCO layers. A characteristic
variation of the activation energy for the two series of superlattices was found,
where U0 is proportional to the YBCO thickness. A change in the variation of
U0 with the current I in the specimen was observed, which can be explained
in terms of a crossover in the vortex creep process, generated by the transport
current. At low I values the dislocations mediated (plastic) vortex creep leads
to TAFF behaviour, whereas at high I the dc transport measurements are dom-
inated by elastic (collective) creep.

The analysis of standard dc magnetization relaxation data obtained for a
series of 200 nm thick (Y Ba2Cu3O7)nY =(PrBa2Cu3O7)4 superlattices (nY �
20) in the low-T region and with H oriented along the c-axis revealed the oc-
currence of a crossover elastic (collective) vortex creep at low T -plastic vortex
creep at high T , generated by the T dependent macroscopic currents induced in
the sample. For thin superlattices (nY < 20) the creep crossover temperature
Tcr increases linearly with increasing nY, and for a �xed superconducting layer
thickness Tcr decreases linearly with increasing ln(H). By taking into account
the Tcr value for the YBCO �lm (� 45 K), it can be concluded that Tcr(n) should
saturate at large e�ective thicknesses. This happens when the e�ective thickness
overcomes the vortex correlation length. This crossover represents an alterna-
tive to the elastic vortex glass behaviour reported for superlattices, as well as
to "quantum vortex creep" at unexpectedly high T inferred for thin �lms. The
existence of this creep crossover suggests that, compared with the well known
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Maley technique, the use of the normalized vortex creep activation energy is a
better solution for the determination of vortex creep parameters.

In the measurements of perpendicular transport using mesa structures no
features of the Josephson e�ect could be directly determined. As it could be
checked that the photolithography process steps were done properly and the
smallest possible strucutures have been used, the reason is possibly a too low
resistance of the fully oxygenated PrBa2Cu3O7 layers. Using the innovative
method of FIB cut structures we could achieve nanostructures. Here, however,
it is unclear whether oxygen loss at the surface or ion beam damage lead to non
superconducting structures.

For transport measurements perpendicular to the superconducting planes
also �lms having the planes perpendicular to the substrate surface are suit-
able. Therefore the deposition of �lms with this unusual growth orientation
was optimized and investigated. The structural and microstructural evolution
of c-axis to a-axis orientation was monitored using x-ray di�raction, scanning
electron microscopy and magnetization measurements. Films with full a-axis
alignment parallel to the substrate normal could be achieved on (110) SrTiO3.
Due to the symmetry of the substrate the c-axis direction in-plane is twofold.
Transferring the deposition conditions to �lms grown on (110)SrTiO3 allowed the
growth of (110) oriented Y Ba2Cu3O7 �lms with a unique in-plane c-axis orienta-
tion. While these �lms were of high quality by crystallographic and macroscopic
visual inspection, electron microscopy revealed a coherent crack pattern on a
nanoscale. Therefore the actual current path in the sample was not determined
by the macroscopic patterning which prohibited investigations of the in-plane
anisotropy.

7.2 Future direction

The full range of the transport phenomena with transport current perpendicu-
lar to the copper oxide planes in high Tc superconductors is rich and complex.
Compared to the body of knowledge in in-plane transport still lot of work needs
to be done and my thesis was one step in this way, which should be contin-
ued. For the mesa strucutures future investigations should work essentially on
two points. One is the smoothness of the c-axis oriented �lms, which could be
improved using argon/oxygen gas mixtures. Only smoother �lms will allow a
smaller scale patterning, possibly by electron beam lithography instead of pho-
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tolithography. Also the resistance of the insulating layers needs to be improved.
Ways to do this could be the use of Ga doped PrBa2Cu3O7 layers or the use of
SrTiO3 decoupling layers. In the latter case the process must be transferred to
rf-sputtering instead of dc-sputtering, which will involve larger e�ort.

For the focused ion beam patterned samples a series of nanostructures need to
be patterned with di�erent geometries and oxygen treatments. By this method
one could to get information on what is the contribution of oxygen loss at the ex-
posed ab-plane surface and what is the in�uence of ion etch damage, separately.
Then the experiment shown in this work should be repeated with a properly
optimized sample. However, this work will need a large amount of time on the
focused ion beam system.

The coherent crack pattern on a nanoscale for (110) oriented Y Ba2Cu3O7

grown on (110)SrTiO3 can possibly not be avoided without degradation of su-
perconductivity. Thus the most promising idea will be to use �ner patterning
features in the future and to measure the transport anisotropy within a small
crack free region. Due to the very small dimensions needed, this could be pos-
sibly done with a focused ion beam system as the one available in Frankfurt
combined with electron beam lithography.

The measurements of in-plane transport on the decoupling of the vortex lines
were very successful. The basic ideas on the vortex system could be con�rmed
and new aspects could be found. It would be nice, if other groups could con�rm
the vortex-creep crossover found here independently on di�erent samples with a
di�erent method, as e.g. using a torque magnetometer, where no sample move-
ment is involved.
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