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Resume - Се travail porte sur Г etude de l'infhience de Г orientation d'un champ
magnetique statique sur les proprietes de l'etat mixte des cuprates supraconducteurs
ä haute temperature critique. Etat qui est caracterise par la presence de vortex
(quanta de flux magnetique) dont les proprietes ont ete testees via 1'approche dy-
namique de l'ecrantage d'un champ magnetique alternatif.
Dans des cristaux purs de Bi2Sr2CaCu2O8, nous avons etudie la transition de premier
ordre du Systeme de vortex d'un etat ordonne vers un etat desordonne. II s'avere
que dans ce materiau la transition est essentiellement determinee par la composante
du champ perpendiculaire aux plans supraconducteurs CuO2. Cependant, la valeur
de cette composante ä la transition baisse avec 1'application d'un champ parallele
aux plans. Cette diminution s'explique par la suppression du couplage Josephson
entre les plans supraconducteurs par la composante parallele du champ.
Dans des cristaux de Bi2Sr2CaCu2O8 irradies aux ions lourds, nous avons examine
l'ancrage des vortex par les traces induites par l'irradiation. Ces defauts poussent la
ligne d'irreversibilite vers des champs plus eleves. Dans le domaine du diagramme
de phase nouvellement irreversible, l'ancrage des vortex par des defauts colonnaires
est anisotrope. Cette anisotropie de l'ancrage indique qu'il у a un couplage entre
les vortex 2D qui constituent une ligne de vortex, contrairement au comportement
dans le materiau non-irradie dans la meme gamme de champs.
HgBa2Ca2Cu3Oe avec des defauts colonnaires montre essentiellement le rneme com-
portement que Bi2Sr2CaCu2O8, les differences etant bien expliquees par l'anisotropie
plus faible de Е^ВагСагСизОв qui confere aux vortex un caractere plus lineaire.
Finalement, nous avons montre que dans Bi2Sr2CaCu2O8 sans defauts, la concen-
tration des vortex аи milieu de l'echantillon est expliquee par la seule barriere de
surface.

S u m m a r y - This work deals with the influence of the orientation of an applied
static magnetic field on the mixed state properties of high temperature supercon-
ducting cuprates. The mixed state is characterized by the presence of vortices
(quanta of magnetic flux). Their properties have been tested via the dynamic
approach of the shielding of an ac magnetic field.
In pristine Bi2Sr2CaCu208 crystals the first order transition of the vortex system
from an ordered to a disordered state has been studied. It has been found that
in this material the transition is mainly determined by the component of the field
perpendicular to the superconducting copper oxide layers. However, the value of
this component at the transition diminishes with the increase of the field component
parallel to the layers. This is explained by the decrease of the Josephson coupling
between 2D vortices in neighbouring planes in the presence of a parallel component.
In heavy ion irradiated Bi2Sr2CaCu208 the subject under investigation has been
the pinning of the vortices by the irradiation tracks. These defects push the irre-
versibility line towards higher fields. In the field range that has become irreversible
after irradiation pinning by columnar defects is anisotropic. This anisotropy in
pinning indicates that a coupling exists between the 2D vortices that form a vortex
line, in contrast to the behaviour in the pristine material in the same field range.
HgBa2Ca2Cu3O8 with columnar defects shows essentially the same behaviour as
Bi2Sr2CaCu2O8, the differences beeing well explained by the lower anisotropy of
HgBa2Ca2Cu3O8 which leads to a more linear character of the vortices.
Finally, it has been shown that in pristine Bi2Sr2CaCu208 the concentration of the
vortices in the center of the sample is explained by the surface barrier alone.
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Chapter 1

Introduction

1.1 Vortices and defects in type II superconduc-
tors

The cuprate family of high temperature superconductors (HTSC) are type II super-
conductors which means that a large part of their field-temperature (H-T) phase
diagram is occupied by the mixed state. In this state the magnetic induction B
inside the material is not homogeneous, rather the field penetrates the material in
the form of vortices, i.e., flux threads encircled by shielding currents. Each such
vortex contains the same amount of magnetic flux, $ 0 = h/2e = 2.07 x 10~15 Wb,
the flux quantum. The core of the vortex of size £, the coherence length, is in the
normal state. The shielding currents outside this core as well as the magnetic induc-
tion decay exponentially over a characteristic length scale A, the penetration depth.
Vortices of the same orientation have a repulsive mutual interaction which makes
them form a hexagonal lattice at low temperatures. At high temperatures on the
other hand, thermal fluctuations of the vortices destroy the long range order of the
lattice and the time average of the phase of the order parameter vanishes. Thus,
two phases of the vortex system can be distinguished: the vortex solid, with a long
range ordering of vortices, and the vortex liquid, in which the long range order is
destroyed. A first order phase transition line separates the two regions in the H-T
phase diagram (Brezin et al. 1985).

Another source of disorder in the vortex system are defects in the material.
Defects are preferential locations for the vortex core because in that position the
normal volume due to the defect overlaps the normal volume inside the vortex core.
The energy with respect to a vortex core remaining outside the defect is lowered
by the gain in core condensation energy. A force results that pins the vortex on
the defect, the pinning force. This pinning force competes with the interaction
force between vortices and tends to destroy the long range order in the solid phase,
because of the random spatial distribution of the defects.

However, more important for applications is the impact of the defects on the



Chapter 1. Introduction

dynamic properties of the superconductor. An external current of density j , injected
into the superconductor, generates a (Lorentz) force F^ = j x B on the vortices
which makes them move perpendicular to the current direction. This motion leads
to an electric field £ along the current path and thereby to a finite linear resistivity
p = £ / j . This is detrimental for applications. The vortex motion is hindered
though, by the pinning force of the defects. Pointlike defects are always present
in the material but the pinning force of extended defects is usually much higher
because the energy gain due to pinning grows linearly with the length over which
the vortex is pinned.

Linear extended defects are conveniently introduced in a material by irradiating
it with swift heavy ions (Groult et al. 1988). Typical ions used for the irradiation are
lead (Pb) (Hardy et al. 1991; Konczykowski et al. 1991), uranium (U) (Simon et al.
1996), xenon (Xe) (Bourgault et al. 1989), iodine (I) (Gerhauser et al. 1991), tin (Sn)
(Civale et al. 1991) and gold (Au) (Krusin-Elbaum et al. 1994) with energies varying
from 0.5 to 6 GeV. At an optimum energy such an irradiation creates continuous
linear tracks of amorphous material with a diameter of about 8 nm depending on
the ion and the material (Simon et al. 1996). This diameter is comparable to the
core size of a vortex and therefore optimum to create the largest possible pinning
force.

In fact, liberating a vortex from such a linear defect requires the expense of a
considerable amount of energy. Only at current densities close to the pair-breaking
current density can the Lorentz force overcome the pinning force and the vortices
flow freely ("flux flow"). However, at non-zero temperatures thermal fluctuations
give rise to a certain depinning probability of the vortices. Consequently, thermally
activated motion, or creep, of vortices between pinning sites takes place (Anderson
1962). Nevertheless, the useful field range of the material is drastically enhanced.

The presence of columnar defects also considerably changes the equilibrium prop-
erties of the vortex system. Due to strong pinning the vortex lattice is not stable
and will transform into a glassy phase in which the long range order is absent. The-
oretically a vortex in a superconductor containing columnar defects can be mapped
onto a two-dimensional particle on a randomly disordered substrate. The vortex
system is then found to be similar to a system of 2D bosons. For this reason the
glassy phase in the vortex system is called Bose glass (Nelson and Vinokur 1993).
The localizing effect of the columns extends deep into the liquid phase, reducing the
thermal fluctuations of the vortices, so that the Bose glass phase occupies a much
larger part of the phase diagram than previously the solid phase. The first order
melting transition line is replaced by a second order Bose glass transition line.



1.2. The cuprate high temperature superconductors

1.2 The cuprate high temperature superconduc-
tors

With respect to the "conventional" superconductors, which are for the greater part
metals or alloys, the cuprates have a much more complex structure. They are lay-
ered compounds in which superconducting copper oxide planes are separated by
insulating planes of variable composition. This layered structure leads in the nor-
mal state to a conductivity that is metallic in the layers but can be semiconducting
perpendicular to them (Kadowaki et al. 1990). The electric behaviour is there-
fore very anisotropic with a sometimes huge ratio T = M/m of the charge carrier
effective masses perpendicular (M) and parallel (m) to the copper oxide planes.
This anisotropy is also reflected in the parameters of the superconducting state:
penetration depth A and coherence length £ in the two main directions differ by
a factor 7 = yjMjrn: Aaf, = \cll and £c = £a&/7, where the subscript ab marks
the quantities in the plane and the subscript c those perpendicular to the plane.
This anisotropy changes the description of the vortex state profoundly. While for
moderate anisotropies an adaptation of the Ginzburg-Landau theory is possible and
the vortices can still be treated as continuous objects, the strongly layered case has
to be described by the Lawrence-Doniach model (Lawrence and Doniach 1971), in
which the superconducting layers are coupled by the Josephson effect. In the lat-
ter case a vortex oriented perpendicular to the planes is not a continuous object
but is formed out of a stack of 2 dimensional ("pancake") vortices weakly bound
by magnetic (Clem 1991) and Josephson coupling (Feigel'man et al. 1990; Vinokur
et al. 1990). The interaction between two pancake vortices in neighbouring layers is
mainly magnetic for lateral separations less than the Josephson length Aj = 75 with
s the spacing between superconducting layers. Only at larger separations have the
Josephson currents between the layers fully developed and dominate the coupling
(Feigel'man et al. 1990).

A magnetic field component parallel to the layers penetrates the sample in the
form of Josephson vortices. This type of vortex does not have a normal core since
they traverse the sample in the insulating space between the superconducting layers
which is already "normal". Perpendicular to the layers the Josephson vortices are
confined by the strong currents flowing in the layers and extend a distance A in that
direction. Across the layers on the other hand, the shielding is done by the much
weaker Josephson currents and the extent of the vortex along the layers is much
bigger, namely 7A.

In strongly layered materials thermal fluctuations can lead to the breakdown of
the phase coherence perpendicular to the layers and thus of the Josephson coupling
(Glazman and Koshelev 1991). The field component perpendicular to the layers then
leads to a set of nearly independent pancake vortices. A field component parallel
to the layers on the other hand would penetrate freely into the space between the
layers.

From the above it is clear that the behaviour of the vortex system might strongly
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(a)

Figure 1.1: Effect of the layered structure of the cuprates on the vortices: (a) a field
component perpendicular to the superconducting planes creates a stack of 2-dimensional
(pancake) vortices, (b) a field component parallel to the layers penetrates in the form of
a Josephson vortex.

depend on its orientation with respect to the layer structure of the material. This
dependence will be studied on the example of the first order transition of the vortex
matter in the absence of pinning.

The introduction of columnar defects introduces an additional anisotropy in the
material. Its influence on the shielding of an ac field will be investigated as well.

1.3 The Bi2Sr2CaCu2Og compound

This compound is particularly interesting because of its huge anisotropy which makes
the vortices much softer (the line tension S\ is small) and therefore increases the
importance of thermal fluctuations. As a result the vortex liquid occupies a large
part of the phase diagram.

The single crystals of this compound were grown by the travelling solvent floating
zone (TSFZ) technique in which a precursor rod of the E^S^CaC^Og material
("the feed") is zone melted under well defined atmospheric conditions. The melted
zone then crystallizes while it is advanced along the precursor. The TSFZ method
has the advantage that no crucible is needed. Moreover, the growth parameters are
easily controlled.

The crystal structure of Bi-2212 is shown on the left hand side of Fig. 1.2.
The stoichiometry Bi2Sr2CaCu208 is a theoretical one and deviations occur in the
contents of Bi, Sr, Ca as well as oxygen. The latter is often reflected in the notation
Bi2Sr2CaCu2O8+5. The contents in Bi, Sr, and Ca depend on the oxygen partial
pressure during growth (Li 1995). Table 1.1 shows the respective contents for three
values of the oxygen partial pressure. As can be seen from table 1.1, the highest
Tc is obtained in 200 kPa pressure. The growth in elevated oxygen pressure leads
to a strong increase in the Sr/Ca ratio. Taken account of the larger radius of the
Sr2+ (0.118 nm) ion as compared to Ca2+ (0.100 nm) a continuous increase of the
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Table 1.1: Composition of Bi-2212 single
Li (1995))

Oxygen Partial Pressure
Bi
Sr
Ca
Cu

Sr/Ca
Tc

Lattice Parameters
a [nm]
c [nm]

crystals grown

22 kPa [Air]
2.16
1.91
1.03
2.00
1.85
88

0.382
3.072

in different

200 kPa
2.17
2.03
1.00
2.00
2.03
95

0.383
3.084
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oxygen pressures (from

300 kPa
2.18
2.06
0.98
2.00
2.10
91

0.382
3.078

c-axis lattice parameter is expected. However, the enhanced oxygen pressure might
lead to the incorporation of more additional oxygen ions, leading to the contraction
of the Bi-0 layers and thus to the reduction of the c-axis lattice parameter. The
doping character of the oxygen ions would then lead to the change in Tc.

Anisotropies 7 that have been measured on single crystals grown by the TSFZ
method attained values >150 at T = 77 A K and 0.2 T< B < 1.4 T for a crystal
with a Tc of 85 K (Martinez et al. 1992) and « 700 at temperatures T < 20 K and
inductions B < 0.15 T for a crystal with a Tc of 91 K (Nakamura et al. 1993). This
last value has been strongly contested though (Indenbom and Brandt 1994).

1.4 The HgBa2Ca2Cu3Og compound

This compound is somewhat less anisotropic than Bi-2212, with an anisotropy pa-
rameter 7 = 52 (Vulcanescu et al. 1996). However, its transition temperature of up
to 135 K is much higher than that of Bi-2212 and is actually the highest Tc know up
to date. This makes this material particularly interesting for studies in a nitrogen
cryostat as used in the present work, since the superconducting transition is not
easily suppressed below the working range of the cryostat by applying a strong dc
field ( « 1 T).

Hg-1223 is grown by an amalgamating based synthesis method (Bertinotti et al.
1997). In this method two reactant pellets containing all the necessary elements
in the correct proportions are placed next to a third precursor pellet that contains
no mercury. A gold foil wrapped around these pellets serves as the amalgamating
agent. During the temperature increase in the following heat treatment the gold
foil absorbs the mercury vapour at temperatures below 500° C and desorps it at the
higher temperature (« 600°C) at which the Hg-1223 crystals are grown. This effect
of the gold foil is crucial since it limits the formation of the parasitic phase CaHgO2
at 500-550°C before the superconducting phase forms.
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HgBa2Ca2Cu308 is a member of a whole family of mercury-based compound
with the composition HgBa2Can_iCun02n+2. The different compounds vary in the
number of copper oxide planes (equal to n). Hg-1223 has three such layers per unit
cell. However, during crystal growth the number of copper oxide planes is difficult
to control and intergrowth of the bilayer or the monolayer compound is common.

As grown crystals of Hg-1223 usually have a (resistively determined) Tc of about
126 K. A higher Tc can be obtained by annealing the crystals in oxygen. It seems
though, that the oxygen diffusion is very slow and the Tc is changed in a region near
the surface only.

The crystal structure of Hg-1223 is shown on the right hand side of Fig. 1.2.

o

o

Cu

Ca

Sr

Bi2Sr2CaCu2O8

Figure 1.2: Crystal structures of Bi2Sr2CaCu208 and HgBa2Ca2Cu308.



Chapter 2

The ac shielding technique

2.1 Introduction

For all the studies presented in this work one single technique has been used which
is a variation on the long known mutual inductance measurement (Kiirti and Simon
1935) and which we shall henceforth call the ac shielding technique. In contrast to
the usual mutual inductance technique where a pick-up coil near the sample serves
to detect the flux threading the latter, a miniature Hall sensor is used in our set-up
(Konczykowski et al. 1991). Mutual inductance measurements have the advantage
of being a contact-free method of material analysis. Moreover, using a Hall probe
for detection allows one to use very small samples. Both these facts are highly
welcome for the study of the cuprate superconductors. Not only are HTSC single
crystals usually tiny, but crystals of some of the cuprate materials are also very
brittle, making it difficult to attach electric contacts. These advantages should of
course be very useful for the analysis of other types of material, too.

In contrast to the signal from a pick-up coil which is proportional to —dB/dt, the
time derivative of the magnetic induction B, the signal from a Hall probe measures
the induction directly and "locally". The meaning of local measurements becomes
apparent when we consider the active surface of Hall sensors, which are typically
100x80 /xm2 for the InSb Hall probe, but recent 2-dimensional electron gas Hall
sensors have active surfaces as small as 3x3 ^m2.

A second advantage of the Hall sensors is that the signal strength is indepen-
dent of the frequency of the ac field. The frequency can be chosen arbitrarily low,
including dc fields.

The applied periodic magnetic field is accompanied by a periodic electric field
whose amplitude is proportional to the rate of change of the magnetic field (and
which is actually detected by a pick-up coil). Let us consider what voltage drop AV
would be induced across the sample by the ac field. It is given by
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where (f> is the flux threading the sample surface S which is typically of the order
of 500x500 //m (but might be much smaller). H is the magnetic field. For ac
frequencies and amplitudes 0.8 < / < 2400 Hz and 80 < hac < 1600 A/m (1
to 20 Oe), and the above mentioned sample size we obtain values for the voltage
drop ranging between 2 10~u and 10~6 V. These values are lower than what can
usually be reached in transport measurements (10~9 V). When interpreted in terms
of electric field and current density the measurement performed with the ac Hall
probe technique is in fact that of a Siemensmeter: frequency and amplitude of the
applied ac field fix the electric field, and the shielding current density is obtained
from the transmitted field.

The "applied" electric field exerts a force on the charge carriers in the sample,
giving rise to a shielding current. This current will in its turn create a magnetic
field opposed to the applied ac field and thus (by Lenz' law) alter the field detected
by the Hall sensor with respect to the applied field. If the velocity of the carriers
is proportional to the electric field the detected induction will have the same time
dependence as the applied field exhibiting a phase shift if the shielding current leads
to energy dissipation in the sample. If the carrier response to the induced electric
field is non-linear, then the time dependence of the detected field will deviate from
that of the applied ac field and contain higher harmonics.

The presence of a sample is reflected directly in the curve of local induction
versus applied ac magnetic field or magnetization versus ac magnetic field. This
is illustrated in Fig. 2.1. Without a sample B equals H and the curve lies on
the bisector of the B-H diagram. A response of the charge carriers in the sample
will lead to a superposed magnetization and therefore change this curve. If there
is a phase lag due to a finite resistivity the loop will open and the sample displays
magnetically irreversible (hysteretic) behaviour. The surface of the loop is a measure
of the losses in the sample. In the case of Ohmic (linear) response the hysteresis
loop is just an ellipse. If the response is non-linear, the shape will deviate from the
ellipsoidal form, reflecting the presence of higher harmonics in the magnetic field
created by the sample. More specifically, the existence of a critical current Ic leads
to a parallelogrammatic hysteresis loop, as shown on the right hand side of Fig. 2.1.

The higher harmonics as well as the fundamental can be obtained from the total
Hall voltage by means of a lock-in amplifier. The dc voltages delivered by a two-
phase lock-in can be regarded as the coefficients of the real and imaginary parts of
one Fourier component of the signal. Modern digital lock-ins are able to compute
cosine and sine functions at any multiple of a given reference frequency and thus
allow the straightforward extraction of higher harmonics. In our experiment usually
only the first and third harmonic components are retained. The first because its real
part (usually called in-phase component) tells us how strong the shielding is, while its
imaginary part (quadrature component) is a measure of the losses in the sample. The
temperature or dc field dependence of the third harmonic on the other hand allows
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Figure 2.1: From top to bottom: I-V characteristics and corresponding magnetization
versus magnetic field {M-H) and induction versus magnetic field {B-H) loop, respectively.
From left to right: no sample, linear response, nonlinear response. Linear response: the
elliptical shape of the loop is due to a phase shift. For a slow variation of the magnetic
field, this phase shift will vanish and B will be proportional to if as in the absence of
a sample. Nonlinear response: the magnetization is limited by the value of the critical
current. This leads to a non-elliptical shape and to higher harmonics in the induction.

for a precise determination of the onset of non-linear and magnetically irreversible
behaviour as a function of those variables, and so to trace the irreversibility line in
the H-T diagram that separates the irreversible from the reversible region.

2.2 Apparatus description

Figure 2.2 gives a schematic description of sample and Hall probe together with
the approximate dimensions of the sensor. A tiny slab shaped crystal of InSb, a
narrow gap semiconductor, is used as Hall effect field probe. The InSb crystals
usually have a length of 400-500 /an, while their width and thickness are 100 and
80 ^m respectively. 20 /im-thick gold wires are attached to the ends and to two
of the long sides by spot welding. The resulting active volume is approximately
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Figure 2.2: Schematic illustration of a sample with the Hall sensor on top of it. Current
and voltage leads leaving the sensor are sketched as well.

100x80x80 jum3. The two leads attached to the long sides are connected to two
lock-in amplifiers in order to measure the ac Hall voltage. The first is an analog
lock-in amplifier and is used to trace the fundamental component in the sample
response. After an initial filtering stage that eliminates higher harmonics this lock-
in uses square wave detection to extract the component at the reference frequency.
A digital lock-in traces the third harmonic component. The incoming signal is
digitized and then multiplied directly with a cosine or sine function at three times
the reference frequency.

The InSb Hall probe is glued with General Electric varnish directly on a beryllium
oxide substrate and is protected by a mica sheet onto which the sample is put. The
beryllium oxide is fixed within a small coil used to generate the ac field, in such a
way that the top surface of the Hall bar is perpendicular to the ac field. Coil and
substrate are glued into a hole drilled into a copper support which is in contact with
the nitrogen reservoir of the cryostat. The beryllium oxide ensures a good thermal
contact between the sample and the copper support.

A double wall encloses this copper cold finger. The first delimits the sample space
which is filled with helium gas for better thermalization and the second forms an
isolation space. The whole set-up is placed between the pole caps of an electromagnet
such that the sample is centered between the two poles.

The electromagnet is mounted onto a rotating table, powered by a computer
controlled stepping motor with an angular precision of 1/1000 of a degree. The
motor has a mechanical zero position which allows for a high reproducibility of the
angular scans. Rotation speed and acceleration of the motor were adapted so as
to avoid any loss of precision due to inertness of the magnet which weighs about
450 kg.

Temperature measurement is performed with platinum sensors placed onto the
sample holder. The finite distance between sample and sensor might result in a
slight error in the temperature measurement. Temperature is therefore continuously
controlled by using a twisted heater wire wound around the sample holder. In this
manner a temperature stability of about 0.05 K was obtained.

The variable parameters of our experiment are: the temperature, the frequency
and amplitude of the ac field, and the orientation and strength of the dc field.

The typical configuration of the fields with respect to the sample is the following:
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the ac field is always parallel to the c-axis of the HTSC single crystals, while the
dc-field can have any orientation between c-axis and a6-plane (see Fig. 2.3). Usually

Figure 2.3: Crystal axes and orientations of ac and dc field with respect to them. Also
shown: induced ac current j a c in the sample.

the sample was placed such that one of its sides was parallel to the rotation plane
of the dc field (as in Fig. 2.3).

The above configuration of fields has been chosen because one usually wishes to
measure the characteristics of currents flowing in the afr-plane of the crystal. It is
often quite difficult to put the samples on one of the sides in order to have the ac
field parallel to the a6-plane, because high quality single crystals are usually very
thin and may contain intergrowth leading to a c-axis mosaic.

For the measurement process an ac voltage is applied to the excitation coil.
This sinusoidal signal is provided by the internal signal generator of the SR 830
lock-in amplifier. Typical amplitudes varied between 1 and 5 Vrms giving ac field
amplitudes from 80 to 560 A/m (1 to 7 Oe). In some cases the signal was pre-
amplified by a factor 3 which resulted in ac amplitudes of up to 1600 A/m (20 Oe).
The corresponding current in the excitation coil was about 93 mA. The frequency
could be chosen in the range from 0.8 to approximately 2400 Hz, the upper limit
being given by inductive coupling between the excitation coil circuit and the Hall
probe leads. The lower limit is set by the signal generator. Typical currents in
the Hall sensor were 0.3 or 0.5 mA. For a current of 0.3 mA the sensitivity was
approximately 15 /iV/G which corresponds to a change of the Hall resistivity per
Gauss of the order of 50 mO/G. If we estimate the distance between sample and
Hall probe to be about 50 //m then the field created by the Hall probe current at
the sample surface would be H = I/2nr = 1.6 Am"1 = 0.02 Oe. This can clearly
be neglected and the limitations of the Hall probe current are rather due to heating
effects.

2.3 ac response of a type II superconductor

As mentioned above, the sample is subject to two fields, an ac field along the c-axis
and a dc field forming a well-defined angle with the c-axis. In case the sample is a
high temperature superconducting single crystal, it will be mounted such that the
ac field induces a shielding current j in the afr-plane, while the dc field creates a
certain density n^ = 5 / $ 0 of vortices.
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The shielding current on the sample surface acts on the vortices with a force per
unit volume F = j x B (the Lorentz force). The force may lead to vortex motion
with velocity ity, which causes an electric field E — vj, x B to appear. Vortices are
pushed into the sample, thereby disturbing the equilibrium vortex distribution. The
new non-equilibrium distribution mediates the further penetration of the ac field
and the shielding current. Vortices are not accelerated freely, rather their motion is
subject to a friction force F — —r}v^, arising from the motion of the charge carriers
in the vortex core. It is the motion of the normal core that gives rise to a non-zero
resistivity PFF = B2/r/ and energy dissipation via Joule heating. The dissipated
power is given by P = r/v^ — E2 /PFF- The shielding current in an ac experiment
will be limited to values | j | < -^-d (with d the dimension of the sample).

Defects in the material exert a pinning force Fp on the vortices which counteracts
the Lorentz force. In the absence of thermal or quantum motion, vortices will not
move until the critical current jc = Fp/B is reached. Hence, the resistivity for
j < jc will De zero, while it will be equal to the flux-flow resistivity PFF for j > j c .
In the presence of thermally activated or quantum motion of the vortices, the vortex
velocity for j < jc will not be zero, but will still be exponentially small with respect
to PFF- The electric field generated by vortex motion will thus also be exponentially
small for j < j c . Thus, pinning lowers the resistivity. In an ac or dc magnetic
experiment, the induced shielding current will therefore be increased for a given
applied electric field E <x hacf (or <x dH/dt). Changing the frequency of the
applied field will change the effective applied electric field, e.g., a lower frequency
will correspond to a lower electric field, and therefore to a lower induced current.
The shielding current will therefore appear to depend on time. If one were to apply
a static field at a given rate, and then stop the field ramp, the shielding current
would truly diminish with time due to Joule heating.

2.4 Irreversibility line

The temperature and field dependence of the induced shielding current as a result
of the T,B dependence of p, leads to the notion of an "irreversibility line" in the
(B,T) diagram of the superconductor. It is the line below which the shielding
current is measurable with a given apparatus, while above it the shielding current
is unmeasurably small. For instance, in a magnetization experiment the shielding
current cannot be measured any more when the difference in magnetization between
increasing and decreasing field at constant temperature falls below the instrumental
resolution. The frequency and ac amplitude dependence of the shielding current
implies that the irreversibility line will also depend on these parameters, which
are related to the experimental apparatus rather than to the sample under study.
This is undesirable. We therefore chose another criterion to define an irreversibility
line, which is intimately related to the transport properties of the sample: the
irreversibility line will be defined as that set of temperatures (fields) below which
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the ac response becomes nonlinear due to the appearance of a nonlinear /(V) curve
and a "true critical current". The onset of nonlinearity will be probed by measuring
the third harmonic susceptibility. Care has to be taken however, to chose the ac
excitation as low as possible, since the situation might occur that the response is
linear at sufficiently low electric fields, but is nonlinear otherwise (see Fig. 2.4). It
is necessary to distinguish this case from that of a E-j curve which is nonlinear at
all driving fields. This can be done accurately only at low driving fields, as will be
explained in more detail below.

ln(E/E0)

non-large Eac
^linear

small Eac[—zz^=

lnG/jo)

Figure 2.4: Depending on the electric field Eac induced by the ac magnetic field the
response can be either nonlinear at the higher value, or linear at the lower value.

The physical origin of the crossover from linear to nonlinear ac response lies in
the effect of the pinning centers, which is expected to lead to a second order phase
transition. The low temperature phase depends on the defect type. For point defects
a vortex glass phase should occur (Fisher 1989), while columnar defects are expected
to lead to the Bose glass phase (Nelson and Vinokur 1993). Model E-J curves for
the case of a second order phase transition are shown in Fig. 2.5. Tohm indicates
the temperature above which the voltage-current characteristics are linear at all
currents. This is the (thermally assisted) flux flow regime. Below this temperature
(but above another temperature Tg) the curves are expected to be linear at low
driving currents, but to turn into a power-law at elevated currents, a behaviour
characteristic of thermally activated flux motion. Only at a lower temperature
Tg does the linear part disappear completely, i.e., below this temperature there
is no linear dc resistivity, for arbitrary small current. This means that thermal
fluctuations alone are not sufficient any more to unpin the vortices, which become
truly pinned. This temperature would therefore indicate the transition of the vortex
system into a glassy state. For such a second order transition critical regions exists
above and below the transition temperature Tg. According to the scaling laws for
critical phenomena the I-V curves in these regions can be scaled onto two universal
curves. The transition temperature Tg separates between the two sets of curves.

How to detect this transition temperature experimentally? In principle it is
possible to trace the whole set of I-V curves for each field value from transport
measurements. However, this is a very time consuming way to find Tg and therefore
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not practicable. An approximate value for Tg can be found in transport measure-
ment by checking the voltage-current characteristic for the disappearance of linear
behaviour. If this is done at low driving currents, a good approximation should be
obtained. However, the difficulty in this type of experiment is that very low voltages
have to be measured, that may easily fall below the resolution of the best voltmeters.

The other possibility, which has been adopted in this work, is to determine the
onset of higher harmonic generation. At sufficiently low frequency and ac field
amplitude the onset temperature is expected to lie very close to Tg (Deak et al.
1994). The method is illustrated at the bottom of Fig. 2.6. The maximum electric
field is fixed by ac amplitude hac and frequency u>. The arrow marks the point where
non-linear response sets in on lowering the temperature. The figure also shows how
the maximum shielding current varies when the frequency u> (or the amplitude) of
the ac field is changed. In the linear (ohmic) regime this induces a rather strong
variation in the shielding current. In the strongly non-linear regime on the other
hand, the shielding current is almost constant. Measuring the slight remaining
variation with frequency gives the E-j dependence and allows one to identify the
underlying creep mechanism.

The assumption of a constant \j\ = jc is made in the Bean critical state model
(Bean 1962). According to the Maxwell equations, such a constant j results in a
linear field gradient inside the sample. Bean (1964) has calculated the time vari-
ation of the total flux inside a sample in the critical state when an ac magnetic
field is applied and found that only odd harmonic components occur in its Fourier
transform. From which the choice of the third harmonic to determine the onset of
nonlinearity.

The description of the sample response in terms of the voltage-current charac-
teristics alone is not always sufficient. As indicated in Fig. 2.7, when an ac field is

10
10 10"

Figure 2.5: Idealized E-J isotherms. High temperature curves are in the upper left and
low temperature curves in the lower right.
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hacCO
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Figure 2.6: Two important facts are illustrated in this figure: (a) On changing the electric
field by AE from E\ to E2 (e.g., by varying the frequency) the variation of the shielding
current, AJ, is strong in the linear regime (1), but much weaker in the nonlinear regime
(2). (b) For small voltages hacu the temperature at which the E-j curve becomes nonlinear
(Tg + 6T) lies close to the real transition temperature Tg.

applied along the c-axis of the sample, there is a current flow along the edges of the
sample. In principle the Lorentz forces induced by these currents are the same on
the four sides when the field is applied along the c-axis only. For a dc field at a
certain angle 0 with respect to the c-axis two cases occur. These are illustrated in
Fig. 2.7. The current is perpendicular to the field direction only on the sides per-
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Figure 2.7: The Lorentz force on a vortex depends on the relative orientations of current
and vortex. Two cases occur in Fig. 4.6: (I) current along b, (II) current along a
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pendicular to the rotation plane (j \\ b). The Lorentz force has then a component
perpendicular to the planes Fi^c = jBs'm9 and a component parallel to the planes
FL,O. — jB cos 0. For the current flowing parallel to the rotation plane (j || a), the
Lorentz force decreases as sin <f>, where (j> = 90 — 6 is the angle between the current
and the field. The electric field is therefore not the same along the entire current
path, a important detail that is lost when just the average electric field is considered.

2.5 Modeling the signal detection

We have seen above that the Hall sensor measures the induction in a small volume
above the sample surface. This however does not tell us directly what happens
inside the sample because the field at the Hall probe location is a function of the
current distribution inside the whole sample. The complete analytical treatment of
this current distribution is too complicated and should somehow be treated approx-
imately. Gilchrist and Konczykowski proposed a description of the sample in terms
of one or two inductive loops (Gilchrist and Konczykowski 1993) and we will follow
here the analysis given in their paper. If the sample is represented as a single loop
then its relevant physical properties are condensed into two macroscopic values, its
resistance R and its inductance L. The complete system with excitation coil and
Hall probe can then be analyzed by means of a few equations describing the mutual
and self inductances of the different parts.

The single loop model can be expected to give a good description when peripheral
currents dominate any currents in the volume. If this is not the case the sample
should probably be subdivided into a large number of loops and the solution would
consist in inverting the mutual inductance matrix, although in some particular case
the single loop model works very well (Bean critical state, see below). A single
loop actually models a particular sample realistically only in the case where the self-
inductance L2 depends on the sample size and shape alone, while R2 might depend
also on the resistivity, p, which is a function of the experimental parameters like
temperature and magnetic field. It is a bad approximation if L2 also changes with
these parameters.

Let us turn to the single loop model in detail. In the following the excitation
coil, sample and Hall probe are labelled 1, 2 and 3 respectively. We suppose that the
excitation coil is supplied with a current I\ = Im cos lot = Im cos 9 from an infinite-
impedance source. The essential properties of the loop describing the conducting
sample are a self-inductance L2, mutual inductances M\2 with the excitation coil
and M23 with the Hall sensor and a characteristic relation V2(I2,dI2/dt) between
emf. and induced current. Note that the self inductance L2 of the sample loop
is assumed to be a constant, having no dependencies on I2 or dI2/dt. The Hall
probe is assimilated to a loop encircling its active area and measuring $3. The
mutual inductances Mi3 and M23 are in fact notional, but their ratio contains the
information of the relative contribution to the field at the probe location of currents
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flowing in the sample and in the excitation coil.
The starting equations are:

£2 = Ml2h + L2I2 (2.2)

#3 = M13/i + M23/2 (2.3)

For complete flux expulsion from the superconductor we may consider that $2 = 0.
It follows then that 72 = — (Mi2/L2)Iu and #3 = M[3Ii, where M[3 = M13 —
M\2M23j'L2. Even in the case of complete flux expulsion from the interior of the
superconductor, the flux detected by the Hall sensor (which is placed outside the
sample) is not zero, but has the value <?3. Since one is interested in the flux inside
the superconductor, this leakage signal has to be subtracted from the full measured
flux. One thus gets:

$3-M'l3I1 = (M23/L2)$2 (2.4)

If the frequency u> of the applied ac field is sufficiently low so that the skin effect of
the sample in the normal state can be neglected, then we can take I2 = 0 above the
critical temperature and get <?3 — M[3Ii — (Mi2M23/L2)I\. Multiplying this with
L2/Mi2M23Im, where Im is the amplitude of the alternating current 7i, defines a nor-
malized flux in the normal state <j> — cosut. This flux then essentially corresponds
directly to the excitation current. For all other conditions the same normalization
gives:

<f> = (L2/M12M23Im)($3 - M'13h) = ( M 1 2 / m ) - ^ 2 (2.5)

cf) is derived solely from the measured quantity $3 and is directly proportional to $2.
In the general case <f> has two terms: <f> = cosut + (L2/'M12/m)/2. The first term is the
contribution of the current in the excitation coil to the flux at the sample position
and the second term is that of the screening currents inside the superconductor. For
complete screening the two terms compensate such that <j> = 0.

The experimental data is usually expressed in terms of the Fourier components
of this normalized flux. In the following, these components will be called transmit-
tivity components. The first harmonic components are denoted T'H and T£. Its
real part T'H indicates what percentage of the field has reached the interior of the
superconductor, so that with the superconductor in a highly resistive normal state
T'H = 1 and Tfj = 0. Gilchrist and Konczykowski give the following definition for
TJJ for a Hall probe and sine wave detection by the lock-in (which is the case for
both our lock-ins):

H = T'H- iT'^j = K~l (* <f>e-ied6
Jo

(2.6)

6 = ut such that the integration goes over one complete cycle of the excitation signal.
In the same way higher harmonic transmittivity components can be obtained:

[ffn = 7T"1 f <f>e-[nBd6 (2.7)
Jo



20 Chapter 2. The ac shielding technique

To go further on from this point we have to know what the relation 14(72, d
between emf. and induced current is. Then we will be able to substitute I2 in 2.2
and integrate the equations 2.6 and 2.7.

In the literature the magnetic response is sometimes discussed in terms of the
magnetic susceptibility x-> an<^ one speaks also of ac susceptibility measurements.
The relation between the susceptibility x a n d the transmittivity is easily obtained.
In the static case the susceptibility is defined as \ — M/H = ̂ .QB/H — 1. In the case
of an alternating field one has to differentiate between the harmonic components and
their in- and out of phase parts as in the case of the transmittivity:Xn — x'n ~ x'L-
Their definitions follow closely those of the transmittivity, but instead of extracting
the harmonic components from the magnetic flux, which is from the magnetic in-
duction B, one extracts those of the magnetization M. The difference between the
two is just the applied field haccosu>t so that one gets:

X' = T'H - 1; X" = n ; Xn = THn (n > 1) . (2.8)

2.6 Modeling the sample response

2.6.1 Ohmic response

In this case the sample is behaving like a normal conductor with a certain resistance
R2, as, for example, in the case of thermally assisted flux flow (TAFF). We then
have to equate the emf. —d^/dt to R2I2 and get:

#2

(2.9)

The flux contains a resistive part which is in phase with the excitation, and an
inductive part which has a phase shift of 7r/2. The total signal has therefore a certain
phase shift with respect to the excitation signal, and the graph of flux (or B) versus
applied field is an ellipse as shown in Fig. 2.1. If the frequency is sufficiently low
such that R2 ̂ > 0JL2 we get:

4> ~ cosut + UL2/R2 smut. (2.10)

This gives for the transmittivity:

TH = 1 - [UL2/R2 = (1 + vuLtlRt)-1 = (1 + \UT)~1 (2.11)

No higher harmonics occur. As Gilchrist and Konczykowski mention in their paper
this is the simplest way a time constant r can get involved, r being the L/R-time
of the sample. This time constant depends on the resistivity p of the sample. By
varying p (by sweeping for example the temperature), T£ will go through a maximum
when UT FS 1.
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2.6.2 The critical state model

The first theory to explain the response of a hard (type II) superconductor to an ac
magnetic field has been made by Charles Bean in 1964 . Based on his critical state
model (Bean 1962) he could calculate the harmonic components of the sample ac
magnetization. In his model the current density is equal to a critical value that is
independent of the field. During an ac magnetization experiment the current density
in the flux-penetrated region can take on only the values ±jc. It is zero everywhere
else. The resulting flux profile is linear as is shown in figure 2.8(a). The application
of an ac field does not lead to the generation of even harmonics even in the presence
of a steady field (Bean 1964).

The Bean model is a good approximation when either the field is small, so that
interactions between the vortices are not important, or when the ac field is small as
compared to the steady field such that the interaction strength remains constant.
In the first case the critical current density jc is expected to be independent on field,
while in the second case it does not change very much over the ac cycle. In terms
of the voltage-current characteristics of a sample the Bean model is well adapted if
the I(V) curve is very steep (strongly nonlinear) and jc = constant independent of
the electric field E in a dc experiment, because then the notion of a critical current
is rather well defined. This is illustrated in Fig. 2.9.

Figure 2.8: Field profiles for decreasing field, (a) Bean model with B-independent j c . (b)
Kim-Anderson model where jc is inversely proportional to B

A model in which the current is field-dependent is the Kim-Anderson model
(Kim et al. 1962; Anderson 1962). In this model it is the pinning force per unit
volume that is assumed to be independent of B. This leads to a critical current
density inversely proportional to the local induction and a parabolic field profile
inside the superconductor (Fig.2.8(b)). The response of the superconductor to an
alternating magnetic field can now contain even harmonics if an additional steady
field is applied (Ji et al. 1989). In the limit of large dc fields the relative change
of the field due to the superimposed ac field becomes negligible, jc can be treated
as field independent and we find again the Bean model. So with increasing dc field
the even harmonics tend to disappear. Nevertheless, we should bear in mind when
considering orientations of the steady field close to the a6-plane, because the c-axis
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Figure 2.9: Very nonlinear voltage-current characteristics with the definition of the critical
current Ic (to which corresponds a critical current density jc).

component of the field is then low enough that a field dependence of the critical
current might become important.

For a Bean-like flux profile inside the sample a Hall sensor placed at the centre
of the top surface will measure zero flux unless the front of the profile reaches the
centre. The total current in the sample then corresponds to the critical current
density jc of the sample integrated over half its cross section. In terms of the single
loop model the Bean critical state therefore transforms to the condition that I2

cannot exceed a value /c, the total current at full penetration. As long as |/2| < Ic

d<P2/d£ = 0. Hence, if Im < (L2/M12)/c the normalized measured'flux <f> = 0 at all
times and all transmittivities will be zero. A more interesting case occurs when Im

exceeds (L2IM\2)IC. The corresponding cycle for the flux $2 is shown in Fig. 2.10.
At 9 = 0, $2 = M12Im - L2IC and 4> - 1 - J where J = (L2/M12)Ic/Im. A critical
current I2 = —Ic opposes flux entry into the loop. As 7i decreases I2 increases in
order to keep the flux <f>2 inside the loop constant. At 6 = u>t = 6C, I2 equals Ic and
will not increase any more. 6C is given by cos 0c — 1 — 2J. For 6C < 6 < n we have
I2 = Ic, <P2 = Mi 2 / i + L2IC and (j> = cos 0 + J . So for 6 = n, $2 = -M12Im + L2IC

(<f> = —l + J) and for the second half cycle the above pattern is repeated with
inverted sign.

The quantity J introduced above is a normalized critical current density. It

271

Figure 2.10: Flux $ 2 a s a function of 9 = ut. 6C is the phase where I2 = /c.(see text)
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is normalized in the sense that when J varies from 0 to 1 the response of the
superconductor changes from no shielding at all (J = 0) to complete shielding of
the applied ac field (</ = 1). For 0 < J < 1 the ac field is partially screened and a
response as in Fig. 2.10 occurs. Complete screening means that no flux (except that
leaking around the sample) is detected at the Hall probe position. In principle, J
can also be bigger than 1, but this does not change anything in the detected signal,
which remains that of complete shielding.

From the flux cycle depicted above the transmittivity components can now be
calculated:

THn = - — ( 1 -J)-- I (cos0c - cos6)e-me

WK 7T fa
•J Qc

for odd n (2.12)

(2.13)= 1 (1 — e 2l6c) for n = 1 ,
n 2TT

2i f6c

= / sin 6 e~ine d6 for odd n > 1
nn Jo

= 1—r- [1 - (cos 6C + in sin 6c)e~'in$c} . (2-14)
n(n — 1)TT

From the higher harmonics the third harmonic component is the most important for
our purposes. In a parametric plot in which the normalized critical current J goes
through the interval [0,1], the third harmonic describes a characteristic heart shape
(cardioid) in the complex plane. This is shown in Fig. 2.11.
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Figure 2.11: Polar plot of the third harmonic transmittivity for the critical current hy-
pothesis. The curve is described in the counterclockwise sense on varying the normalized
critical current J from 0 to 1.
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2.6.3 Surface barrier

At sufficiently high temperatures bulk pinning of the vortices in the material may
become negligible. For very clean samples this can already happen at temperatures
as low as 0.5 Tc (Chikumoto et al. 1992). What remains is the surface barrier, as first
described by Bean and Livingston (1964). This barrier is due to the attraction of the
vortices to the surface. This attraction can be accounted for by replacing the surface
by an image vortex of opposite orientation. The force between vortex and image
is expected to decay with distance x (x > A) from the surface as e~2xlx. However,
there is also a repulsive interaction between the vortices and the Meissner currents
flowing within a depth A from the surface. These currents exert a Lorentz force on
the vortices near the surface, which is proportional to the applied field and decays as
e~x'x, pushing them inside the superconductor. The effect of these combined forces
is to form a field dependent barrier for the vortices to pass the surface. This surface
barrier or Bean-Livingston barrier manifests itself in two distinct ways: (a) the field
at which the first vortex enters a superconductor is increased from Hc\ to a higher
field Hp, the field of first penetration and (b) when the external field is decreased
flux cannot leave the superconductor until the surface current has vanished. The
resulting induction loop is shown in Fig. 2.12. For an ideally smooth surface Hp =

B

uy

Figure 2.12: Induction loop for a sample in which flux entrance and exit are dominated
by the surface barrier. Hv indicates the field at which flux starts to enter the sample on
increasing field. Minor magnetization loops arising from a superimposed ac field hac are
also shown for two cases: H = 0 and H > 2hac.

Hc, the thermodynamic critical field, but surface roughness of the scale of A weakens
the image force and reduces Hp to a value closer to Hc\ (Campbell et al. 1968). In
such extreme type-II superconductors as the cuprates the difference between Hp and
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Hci can nevertheless be important because Hc « KHC\ ^> Hci (De Gennes 1966)
due to the large Ginzburg-Landau parameter K = A/£ 3> 1 in these materials.

Figure 2.12 also shows minor magnetization loops that occur when an ac field is
superimposed on the steady field. In the single loop model the surface barrier can be
treated using an alternative critical current hypothesis (Gilchrist and Konczykowski
1993). In the usual critical current hypothesis the current /2 flows in such a way as
to oppose any change in flux inside the loop. In the alternative hypothesis /2 may
oppose the entry of flux into the loop but not its exit. This means that on increasing
11 the loop current 72 will increase as well and the flux in the loop remains zero.
Flux only starts to enter when I2 has reached the critical value Ic. On decreasing
I\ on the other hand 72 will decrease and the flux inside the loop remains constant
but only until 72 = 0. Then the loop current will remain zero and flux will leave the
loop. The shape of the resulting hysteresis loop depends on the value of the applied
steady field as can be seen in Fig. 2.12. The two hysteresis loops there correspond
to the cases of zero steady field and a steady field exceeding twice the amplitude of
the ac field respectively. In the latter case the hysteresis loop has the same shape as
for the usual critical current hypothesis, the flux in the loop modeling the sample
would follow a curve like in Fig. 2.10 and the same transmittivity components would
be obtained.

The hysteresis loop looks quite different if there is no steady field. Now the flux
inside the loop follows the curve shown in Fig. 2.13. The ac amplitude is taken to be

Figure 2.13: Flux <P2 as a function of 8 = ut for the alternative critical current hypothesis
(surface barrier).

hac > Hp, because otherwise the ac field is screened completely. The harmonics are
now changed considerably and especially the third harmonic transmittivity is much
reduced with respect to the usual critical current hypothesis (2.14). On adding a
dc field component this curve is rotated, increases in size and finally turns into the
usual cardioid, as the dc field equals or surpasses the ac field. This is shown in
Fig. 2.15. The change in this curve reflects the change in the hysteresis loop which
changes from a double parallelogram to a simple one as illustrated in Fig. 2.12.
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Figure 2.14: Polar plot of the third harmonic transmittivity for the alternative critical
current hypothesis with zero dc field. The curve is described in the counterclockwise sense
on varying the normalized critical current j from 0 to 1.
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Figure 2.15: Polar plots of the third harmonic for the alternative critical-current hypothesis
of Gilchrist and Konczykowski (1993). The labels next to the curves indicate the ratio
Hdc/hac.

2.6.4 Flux creep
The critical current hypothesis can be a good approximation to the voltage-current
characteristics of a superconductor, but the assumption of a critical current below
which there is no resistance is never completely correct. The V(I) curve can be very
nonlinear but V will have a finite value for any current. This is due to flux creep:
there is always a certain probability that the vortices unpin under the influence of
the Lorentz force. This leads to the smoothed I(V) curve as shown in Fig. 2.9 and
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to exponentially low voltages for current densities j < j c .
In the single loop model flux creep can be modelled by introducing a nonlinear

relation between voltage and current: V2 = B\I2\
a I2. This relation leads to an in-

creased dissipation as compared to the critical current hypothesis and to a reduction
in the harmonic content (Gilchrist and Konczykowski 1993).

Flux creep gives rise to the relaxation of the flux profile inside the sample. This
effect will be the stronger the more time the system is given to relax. Since the
frequency of the ac field determines a time scale the response of the superconductor
should depend on frequency. This is actually what is observed (van der Beek et al.
1995). With increasing frequency relaxation should become less and less important
and the response is expected to approach a critical current behaviour (Prozorov
et al. 1995).

2.7 Data analysis

2.7.1 Basic procedure

The measurement with the Hall sensor gives voltage values corresponding to the fun-
damental (V) and third harmonic (V//3) components in the voltage over the width
of the sensor. These components are proportional to the corresponding components
in the induction at the Hall probe location (Bac and BaC3). We differentiate also be-
tween in-phase (V) and out of phase component (V") of the measured signal which
are available to us due to the phase sensitivity of lock-in measurements. They are
sometimes also referred to as real and imaginary part of the voltage under consider-
ation. The task now is to normalize this data and to obtain the transmittivity. The
starting point of any experiment is to perform a temperature scan of the in-phase
component of the first harmonic beginning at a temperature well above its drop and
terminating well below, in order to obtain M[3Im and L2/(Mi2M23Im) (compare
section 2.5). The curve obtained by the temperature scan not only contains the
temperature dependence of the superconducting properties of the sample but also
the temperature dependence of the Hall probe sensitivity. The change in sensitivity
results from the variation of the carrier density with temperature. It is linear in the
temperature range of interest here. In order to correct for it the curve has to be di-
vided by a linear fit to its high temperature part. The resulting curve has flat parts
at high temperatures and at low temperatures. Let us denote the corresponding
voltage values by V^ax and V^in. Following the single loop model we can identify
V^in = kM'13Im and V^ax = k(Mi2M23Im/L2 + M[3Im) with k an undetermined
constant describing the sensitivity of the sensor. The difference of the two voltages
gives V^ax — V^in = kM^MizImlL2. With this knowledge we can actually express
4> in terms of the measured voltages:

* { V { e ) " V™n c o s e) ( 2 " 1 5 )

^max *min
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The constant k falls out naturally. The formulae for the transmittivity components
now follow immediately:

V - V
rpl ' ' mm /r»

r max r mm

-V"

V V
r max r mtn

V
rpl _ VH3y, _y,

'max * mm— V"

y, _y,
max ' mm

\THZ\ = y/TK+T^ (2-20)

Negative signs were used in equations 2.17 and 2.19 in order to be in agreement
with the definitions in (Gilchrist and Konczykowski 1993). In reality this analysis
is slightly complicated by secondary effects of the measurement. For frequencies
above 200 Hz, for example, an offset in V" appears due to inductive coupling of the
voltage leads to the excitation coil.

2.7.2 Shielding current

In general it is not possible to get the current distribution inside the sample from the
simple knowledge of the induction at some point at the sample surface. However,
in the case of strongly nonlinear V(I) characteristics the flux penetrated region has
a sharp boundary. Its position depends on the magnitude of the shielding current
density which is now well defined. It is then possible to get the normalized shielding
current density J from the measurements. In good approximation it is given by
(van der Beek et al. 1995):

J = - arccos(27^ - 1) (2.21)
7T

2.7.3 Angular variation

A form of measurement often performed is the angular scan which consists in tracing
the transmittivity as a function of the orientation of the static field with respect to
the sample and Hall probe. Amplitude of the static magnetic field and temperature
are held constant during field rotation. Such scans are taken for several temperatures
spanning the range from some Kelvin above the transition to a few below such that
these data can be transformed into functions of temperature. For each angle the
procedure described in the previous subsection can then be applied. Each angle
has to be treated separately because of the dependence of the Hall probe sensitivity
together with its temperature derivative on field orientation. This procedure can be
simplified only if the static field does not exceed a few hundred Oersted.
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The dependence of the Hall coefficient on field orientation is due to several fac-
tors. One is that the finite probe thickness together with a probable misalignment
of the contacts can lead to a voltage that depends not only on the field compo-
nent perpendicular to the sensor top surface but also on the parallel component.
The periodicities on these two components might have a mutual phase shift. More-
over magnetoresistive effects might arise and add to the complexity of the angular
dependence of the Hall probe sensitivity.

An additional difficulty arises because of the limited temperature range of our
nitrogen cryostat: often we cannot reach V^in for all angles but for those near
the a6-plane orientation of the sample. In that case an approximation for the low
temperature curve has to be found. In general we adopt the following procedure:
the angular scans usually span an angular range of 270 degrees. Thus we have a
range of 90 degrees for which we have both positive and negative field. By taking
the difference in V for positive and negative sign of the field at the lowest available
temperature and dividing it by two we get the difference function for the angular
interval from 0 to 90 degrees:

Then we copy the inverted values to the interval from 180 to 270 degrees. The
interval from 90 to 180 degrees remains to be interpolated. This can be done for
example by fitting the available data with the function:

Acos(0 - 0O) + Bcos3(9 - 0O) + Ccos5(0 - 80)

Finally the mean offset from zero of the lowest temperature angular scan is added
to this curve in order to obtain our V^in(0).

The method to obtain V^in is somewhat arbitrary but the error that is introduced
can be estimated and is not very large. The voltage V\ as defined above covers a
range of typically only 3% of full scale which gives 6% for the voltage difference that
appears in its definition. The real curve should be a smooth function of 6 and we
might thus estimate the error introduced by our fit to be of the order of 1% or less.

Data analysis gets even more complicated if the parameter for the angular scans
is not the temperature but the frequency. Increasing the frequency actually has a
similar effect in high Tc anisotropic samples as decreasing the temperature: the field
gets screened over a broader and broader angular range. However, in addition to
the frequency dependence of the Hall probe sensitivity one now also has to deal with
an angular dependent phase shift of the signal, especially at the highest frequencies
( / > 700 Hz). This is a big hindrance since the high frequency data is necessary
for the normalization (it corresponds to the low temperature voltage in the above
example).

The exact orientation of the crystal axes with respect to the zero position of the
stepping motor was usually obtained easily. The layered structure of the sample
materials gives rise to a pronounced angular dependence of the transmittivity when
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the dc field is almost parallel to the sample a6-plane. In order to have the sharpest
structure we chose a field of a few hundred Oersted and a temperature only 2 or
3 K below the zero field onset of the third harmonic transmittivity. Then, using
higher and higher angular resolution in increasingly restricted intervals we could in
principle fix the angle of the ab plane with a precision of j ^ of a degree. In practice
we actually never went beyond -^ of a degree.

2.7.4 Onset of magnetic irreversibility

An important piece of information is the onset of the third harmonic which indicates
the onset of magnetically irreversible behaviour. The signification of the line in
the H-T phase diagram that this onset defines will be discussed in the following
chapters. Here only the method to find this onset will be given.

The exact definition of the onset temperature is illustrated in Fig.2.16. As can be
seen there we actually define two onset temperatures, the first corresponding to the
point where the signal deviates from zero and the second as the intersection point
of the linear extrapolation of the high temperature part of the peak with the x-axis.
The figure shows some temperature scan where both points are easily identified.
However, often some noise is present which makes the definition of Tonseti difficult
and only Tonset2 is retained.

2.0

O

1.0

0.5

0.0
78 79 80 81

Temperature [K]
82

Figure 2.16: Determination of the onset temperatures from the amplitude of the third
harmonic. These values are used for the definition of the irreversibility line. The data
was taken on a 6 GeV Pb-ion irradiated BSCCO crystal with a matching field of 5 kG.
HDC = 126 Oe, HAC = 7 Oe, f = 7.75 Hz



Chapter 3

Vortex lattice phase transition in
pure

3.1 Introduction

Even before the discovery of the high temperature superconducting oxides thermal
fluctuations were thought to destabilize the Abrikosov vortex lattice above a certain
temperature Tm. (Huberman and Doniach 1979) and (Fisher 1980) first discussed
this for the case of thin films. Brezin, Nelson and Thiaville,(1985) actually showed
a few years later that in dimensions lower than 6 fluctuation effects are strong and
change the second order mean-field transition from the normal state to the vortex-
lattice into a first order transition (FOT). However, in conventional superconductors
the FOT is very close to HC2 because thermal fluctuations are unimportant except
close to TC(H) and only in the cuprate superconductors are the critical temperature
and anisotropy high enough for thermal fluctuations to determine a large part of the
mixed state phase diagram. Quantitatively the importance of thermal fluctuationsy
is reflected in the Ginzburg number Gi = §(|gf)2 = §(2^*f c A 2)2- In conven-§(|gf
tional superconductors Gi « 10~8, whereas in YBa2Cu307, for example, Gi ~ 10"2,
and in the extremely anisotropic BisS^CaC^Og, Gi « 1. In Bi-2212 the impor-
tance of thermal fluctuations is actually better accounted for by the two-dimensional
Ginzburg number, Gi2D ~ Tc/eo(0)s, which takes the value Gi2D = 0.1.

The new phase appearing between the first order transition and i7c2 is called
the vortex liquid state. This vortex liquid is characterized by a linear resistance
and the vanishing of the superconducting phase coherence due to strong positional
fluctuations of the vortex cores.

In layered superconductors the situation might be even more complicated. As
Glazman and Koshelev (1991) pointed out, the transition from the pinned vortex
solid to an unpinned vortex liquid could be separated into two stages. At low
fields, on raising the temperature, first a transition from the vortex lattice to the
vortex liquid occurs. Then, at a somewhat higher temperature, independent liquid

31
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systems of 2D vortices in different layers are formed. This second transition is called
decoupling and is characterized by the loss of interlayer coherence. The new phase
that appears above the decoupling line and that consists of a system of completely
independent 2D (pancake) vortices (Clem 1991), is called the pancake gas. At high
fields the decoupling is expected to occur in the solid phase.

First indications of a vortex liquid phase in BSCCO (Palstra et al. 1988) and of
a phase transition of the vortex system in BSCCO and YBCO (Gammel et al. 1988)
were found soon after the discovery of the cuprate family of superconductors. How-
ever, these findings were made on crystals of rather poor quality and the transition
in YBCO was subsequently well described in terms of a disorder induced freezing
into a vortex glass state (Koch et al. 1989; Gammel et al. 1991). Then, untwinned
YBCO crystals became available that showed a transition in the magnetically re-
versible regime, as revealed by torsional oscillator experiments (Farrell et al. 1991;
Beck et al. 1992). Resistive measurements on the same type of crystals seemed to
indicate that the transition was of first order (Safar et al. 1992; Kwok et al. 1992;
Safar et al. 1993; Charalambous et al. 1993). The low temperature phase in pure
BSCCO crystals was first identified as a vortex lattice by small angle neutron scat-
tering (SANS) (Cubitt et al. 1993) and muon spin rotation (//SR) (Lee et al. 1993)
experiments. None of these experiments measured a thermodynamic quantity at
the transition and the resistive hysteresis that had been observed (Kwok et al. 1992;
Safar et al. 1993; Charalambous et al. 1993) could not be taken as clear evidence for
a first order transition (Jiang et al. 1995). In 1994 SQUID magnetometry finally re-
vealed a jump in the equilibrium magnetization at the transition in a Bi2Sr2CaCu2Os
single crystal (Pastoriza et al. 1994). This jump in the magnetization, which is a
first derivative of the free energy, clearly indicated the first order nature of the tran-
sition. Soon after this discovery the transition in BSCCO:2212 was investigated by
local induction measurements at the sample surface with a 2-dimensional electron
gas Hall sensor array (Zeldov et al. 1995).

In general, the induction profile across the sample is non-uniform, and therefore
the FOT takes place at different applied fields in different parts of the sample.
This causes an artificial broadening of the magnetization jump in global (SQUID)
magnetization measurements, which is avoided by using a local measurement of B
(such as by the Hall probe array).

It has to be noted that these local measurements with 10 fim or 3 (im Hall
sensors showed a clear step in the magnetization without any additional peaks.
This is insofar important as the step reflects an abrupt change in vortex density
that must be accompanied by a current sheet separating the two phases. In thin
samples this current sheet gives rise to a decrease of the magnetic induction on one
side of it and an increase on the other side. In addition to a mere step there would
therefore be a dip and a peak on either side of this step. The step measured by
Zeldov et al. (1995), not showing these structures, is indicative of a relatively thick
sample. In that case the measured jump in local induction AB equals the jump
in the magnetization AM. Application of the Clausius-Clapeyron relation for first
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order transitions yields the entropy change per unit volume AS at the transition:

(3.1)

where Bm is the value of the local induction at the FOT. Replacing AM with AB
gives:

AS = -^ABd-^ (3.2)

expressing the entropy jump completely through the measurable quantity B. Using
this equation Zeldov et al. (1995) obtained values for AS between 0 and 2 k# per
vortex per CuO2 double layer depending on temperature.

The jump in B can also be measured using ac measurements on the Hall sensor
array. In these measurements the discontinuity in B gives rise to a paramagnetic
peak, i.e., an enhanced signal in the ac response (Morozov et al. 1996), which clearly
indicates that the vortex system is in equilibrium since any nonequilibrium due
to pinning must result in a diamagnetic signal. Moreover, using ac fields with
phase sensitive detection increased the sensitivity with respect to the dc induction
measurements and allowed the extension of the accessible temperature range to
temperatures closer to Tc. Morozov et al. (1996) obtained values for the entropy
change in BSCCO exceeding 6 kg per vortex per CuC>2 double layer close to Tc, a
value considered abnormally high. In YBa2Cu307 in contrast, the entropy jump AS
at the transition is about 0.5 ks per vortex per copper oxide layer as consistently
derived from both magnetization and calorimetric measurements (Schilling et al.
1996). It should be mentioned that according to more recent work by Rae, Forgan
and Doyle (1998) some change has to be made to the equation for AS as used
by Zeldov et al. (1995). In their calculations Rae et al. show that the jump in
local induction at the sample surface is only 1/2 the magnetization jump inside
the sample, which means that the entropy jump would actually be twice the value
calculated in Zeldov et al. (1995). The reason for the additional factor 2 is that the
induction jump induced by a current sheet extending into one half-space (i.e., at a
surface) is only half the jump at a sheet extending into the whole space.

In another recent analysis by Dodgson et al. (1998) a theoretical form for the
temperature dependence of the jump in local induction in strongly layered super-
conductors has been found. Following this work the AB(T) dependence exhibits
two regimes due to a change in the relative importance of the interlayer Joseph-
son coupling with respect to the electromagnetic one. Below a certain temperature
Tem interactions are dominated by the electromagnetic coupling while above it the
Josephson coupling becomes relevant. From the experiment one has Tem « 0.92Tc

(Zeldov et al. 1995). The growth of the Josephson coupling increases the length L of
the dominant fluctuations of the vortex line. Below Tem this length is equal to s, the
interlayer spacing. Above Tem L = e\ab. This leads to the following dependences
for the induction jump:

kT <~r ^ T~>em
m ' f33)

/MO kRTm /•• (rp
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As above 5 is the interlayer distance, and / R J L
However, the interpretation of the observations in terms of a first order transi-

tion has been questioned not only because of the unexpectedly high entropy values
but also because, in torque magnetometry measurements, a suppression of the mag-
netization step by an in-plane field was reported (Farrell et al. 1996). Although
torque magnetometry is well adapted, the ac Hall sensor technique has proven to be
more sensitive. Moreover, turning the magnetic field with respect to the sample is
a very convenient way to gradually add an in-plane component to the static field.
It was therefore decided to study the behaviour in an inclined magnetic field, and
to measure its influence on the first order transition in Bi-2212. This could also be
expected to provide a good test of the nature of the vortex system. The influence of
tilting the magnetic field away from the c-axis should be rather different depending
on whether the system behaves in a two dimensional manner or as a three dimen-
sional but anisotropic medium. The former would occur if there was essentially no
Josephson coupling between the copper oxide double layers and the interaction of 2D
vortices in different layers was purely electromagnetic. An additional in-plane field
would then penetrate completely freely and without affecting the field component
parallel to the c-axis. For any orientation of the applied dc field the transition would
be observed when the c-axis component reaches the first order transition field. The
result is a simple scaling of the transition field with l/cos#, where 0 is the tilt of
the field away from the c-axis.

In the case of a three dimensional behaviour a finite anisotropy e = y/m/M <C 1
has to be taken into account, where m, M are the in-plane and c-axis effective
mass, respectively. According to the scaling rules of Blatter, Geshkenbein, and
Larkin (1992) we then expect the angular dependence to be described by the scaling
factor 1/ee, where e$ in the present case is given by e2, = cos2 0 + e2 sin2 6.

3.2 Experimental details

The sample used for this study has a Tc of 91.5 K and approximate dimensions of
500x500x40 fim3. It had been cut out of the same larger crystal as the sample one
investigated in Zeldov et al. (1995).

The experiment was arranged in such a way that the ac magnetic induction
perpendicular to the sample was measured by the Hall sensor. In order to measure
the applied dc field, the Hall sensor of a commercial Gaussmeter was placed outside
but close to the tube enclosing the sample holder. Figure 3.1 shows the orientations
of the applied ac and dc fields with respect to the sample. Whereas the dc field
could be turned to any angle between c-axis direction and afe-plane, the ac field was
always parallel to the c-axis. The field sweeps have been performed in the following
way: after turning the electromagnet producing the dc field to the desired angle, the
sample was cooled down in a field well in excess of the first order transition field.
Once the temperature was stabilized, data was taken on decreasing the field. We
adopted this procedure to keep the difference between field and induction small when
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the FOT field was reached because only the applied field was measured, not the local
induction. In addition an alternative procedure to study the angular dependence of

Figure 3.1: Orientations of the dc and ac fields with respect to the sample. The ac field
is always parallel to the sample c-axis. The dc field orientation can be chosen freely in a
plane spanned by the c-axis and a given vector of the a6-plane.

the phase transition was used. This procedure consisted in rotating a constant dc
magnetic field at a given temperature. The rotation changes the projection of Hdc

on the direction parallel to the c-axis. This procedure will be called angular scan in
contrast to the first one that will be referred to as field scan. As can be seen from
Fig. 3.2 the two procedures are more or less equivalent.
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rotation
field sweep

10 20 30 40
H, [Oe]

dec L J

50 60 70

Figure 3.2: Comparison of an ordinary field sweep with an angular scan. For the angular
scan the measured signal is traced versus the c-axis component of the field. T = 80 K.
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3.3 Results

3.3.1 Original data

Typical results of the magnetic field scans at various angles are presented in Fig. 3.3.
For large angles, the increased field necessary to get the transition influenced the

0 200 400 600
Hdc [Oe]

800 1000

Figure 3.3: In-phase part of the measured Hall voltage as a function of applied dc-field
for different angles d between c-axis and dc-field direction, 0 = 0°, 30°, 40°, 50°, 60°, 70°,
80°, and 85°. T = 80 K, Hac= 1 Oe, f = 7.75 Hz.

sensitivity of the Hall sensor. However, the linear growth of the sensitivity with
applied field which the data exhibits can easily be corrected. After correction and
normalization to the ac amplitude, curves as shown in Fig. 3.4 are obtained. The ac
response B'ac shows a gradual transition from a fully shielded state at low Hdc to a
fully transparent state at higher dc fields. A very well defined paramagnetic peak in
B'ac appears at a dc field labelled Hm(6), which increases with increasing tilt 0 from
the c-axis. This paramagnetic peak is the hallmark of the first order transition.

As mentioned before, instead of keeping the angle fixed and changing the dc field
it also possible to fix the field and to change the angle. As we saw in Fig. 3.2 such
angular scans correspond very closely to a field cycle of the c-axis field. This means
that the in-plane field has almost no importance and enters the sample completely
freely. As will be seen later, this is true to a good approximation, but some influence
of the in-plane field exists, ac measurements on the increasing and the decreasing
field branch of a cycle of the c-axis field give the same results only when the ac field
is sufficient to connect the two branches (see Fig. 3.5). Otherwise the ac response is
different. This is also the reason why the angular scans exhibit a slight asymmetry
around the afe-plane direction since the two sides correspond to decreasing and in-
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Figure 3.4: Transmitted ac-field as a function of applied dc-field for different angles 9
between c-axis and dc-field direction, 0 = 0° to 70° in 10° intervals. T = 80 K, Hac= 1
Oe, f = 7.75 Hz.

creasing c-axis field, respectively. This can be seen in Fig. 3.Q , where angular scans
for a few temperatures are shown. Screening sets in first for alignment of the dc
field with the afr-plane since this corresponds to the zero in the c-axis field. With
decreasing temperature screening sets in for angles closer and closer to the c-axis
because of efficient pinning at higher and higher (c-axis) fields. At the same time
the first order transition is shifted to higher (c-axis) fields.

The choice of the ac field is crucial for the observation of the paramagnetic peak.
Figure 3.7 shows angular scans on a different pure sample with a Tc of 90.1 K that
have been made earlier, but for which a much higher ac field (20.8 Oe) had been
chosen. From these curves the presence of the paramagnetic peak can be hardly
guessed. The strong ac field has wiped out all the details. Even the asymmetry
around ab has disappeared.

Figure 3.5: dc magnetization loop and superimposed minor ac magnetization loops.



38 Chapter 3. Vortex lattice phase transition in pure Bi

1.0

-150 -120 -90 -60 -30 0 30 60 90 120
0 from c-axis [deg]

Figure 3.6: Angular variation of the transmittivity. / = 7.75 Hz. Hac = 1.4 Oe.
Hdc=138 Oe. Temperatures: 90, 84, 78, and 72 K.
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Figure 3.7: Angular variation of the transmittivity for a pristine sample with Tc — 90.1 K.
The ac field has an amplitude of 20.8 Oe and a frequency of 7.75 Hz. Hdc = 100 Oe.
On decreasing the temperature the transmittivity decreases around the a6-plane. The
temperatures shown are: 90, 88, 84, 80, 76, and 72 K.
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3.3.2 Analysis of the paramagnetic peak

The paramagnetic peak that we are going to study has first been observed by Mo-
rozov et al. (1996). They show that for a sharp step in the local dc induction the
in-phase component of the ac response has the following form:

B'ac ~
2AB

1 -
7T

(Hdc-Hn

V Hac
~ Ho Ha

2AB — H,

for \Hdc — Hm\ < Hac, where Hdc is the applied static field, Hm the melting field
and Hac the ac field. See Fig. 3.8 for illustration. It follows that the height of the

AB ABac

Hm

Figure 3.8: Schematic illustration of the induction step at the vortex-lattice transition and
the resulting paramagnetic peak in the ac induction.

paramagnetic peak, AB'ac, is given by AB2/TT. For B'ac measured as RMS value this
transforms into ABy/2/n. The height does not depend on the amplitude of the ac
excitation and it allows a precise determination of the height of the magnetization
jump. However, the magnetic signal decreases rapidly with distance from the surface.
Our InSb sensor is 80 /jm thick and the measured signal thus corresponds to the
average induction over the thickness. As a result the height of our paramagnetic
peak is reduced by a factor of about 3 as compared to the value close to the surface
(Morozov et al. 1996). The full width at half maximum of the peak is AH = \/ZHac

(it equals \^6Hac if Hac is given as RMS value). For the present experiment no
narrowing of the peak was found for ac amplitudes less than 1 Oe due to the relatively
large size of our Hall sensor, which resulted in some smearing of the peak because of
the spatial inhomogeneity of B (see Fig 3.9). For higher ac amplitudes a broadening
was observed in accordance with the calculation. A finite out-of-phase component
B"c may occur at the peak due to possible hysteresis at the transition (Morozov
et al. 1996). In our measurements we were unable to detect any out-of-phase signal
related to the peak at temperatures above 70 K.

A more practical problem is that of the determination of the peak parameters.
A first approach is illustrated in Fig. 3.10. In this approach the first step consists
in drawing the baseline of the peak. Then a parallel to this line is laid tangentially
to the peak in order to identify the maximum. The intersection of a vertical line
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Figure 3.9: Paramagnetic peak measured at different ac amplitudes.
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Figure 3.10: Illustration of the first method for the determination of the peak dimensions.
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through this point and the baseline gives the point from where the height has to
be measured. Another parallel to the baseline through the midpoint of the height
determines the width at half maximum. This is the procedure that was used for the
results as published in Schmidt et al. (1997). The difficulty with this procedure is,
that the choice of the baseline is somewhat arbitrary, resulting in some fluctuations
in the measured heights.

A more stable criterion for the peak dimensions is achieved by fitting the peak
as well as the main transition curve. A first choice for a function to fit the peak is
of course given by equation 3.4. However, this formula correctly describes the shape
of the peak near its summit only. It can therefore not account for the tails that are
observed at the base of the peak. The origin of these tails lies probably in the fact
that the transition is not completely sharp as it has been supposed for the derivation
of eq. 3.4. A pragmatic choice for the fitting function, which also reproduces the
tails, is given by a Gaussian:

(H-Hm)2

ABe «- (3.5)

where AB is the peak height, Hm is its center and to is a measure for the width. By
developing in a Taylor series one obtains:

For dc fields parallel to the c-axis this is equal to eq.3.4, with w « H\c. The full
width at half maximum (FWHM) will be given by:

AH = 2VuHn2 (3.7)

Again, for fields along c:
AH « 2Vln 2Hac « 2Hac (3.8)

A reasonable fit for the main curve, at least for a certain range of field values around
the peak, is obtained with the function:

d-Cie-WW (3.9)

C\ is the constant value of Bac well above the phase transition and Ci is the amount
by which the ac-field is screened at low temperatures. The two other variables should
be merely regarded as fitting parameters although Ho indicates approximately the
mid-point of the shielding transition if this curve is fitted as a whole. The combi-
nation of the main-curve function and the Gaussian gave good fits for most of the
curves and a typical fit is shown in figure 3.11.

3.3.3 Peak position
As could be seen in Fig. 3.4 the peak position is shifted to higher applied fields as
the field is tilted away from the c-axis. One could naively think that the position
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Figure 3.11: Illustration of a fit of the peak with a Gaussian. The main shielding transition
is fitted with an exponentially decreasing function. A description of the parameters is given
in the text.

just follows a 1/ cos 0 law and that the transition still occurs at the same c-axis field
Hm cos 6. Figure 3.12 shows a closer view of the paramagnetic peak of Fig. 3.4 with
the measured ac induction now traced against the c-axis component of the field.
As can be seen from this figure the naive assumption made above is not correct.
The peak height remains almost constant but the peak shifts to slightly lower c-
axis fields. To go beyond this qualitative impression the fitting procedure explained
above is applied to the data and height, width and position are obtained. First let
us consider the angular dependence of the transition field Hm. This is shown in
Fig. 3.13a with temperature fixed at 70, 80 and 88 K respectively. The same data,
re-scaled to the c-axis component of the field at which the paramagnetic peak is
observed, is shown in Fig. 3.13b. In the case of a perfect 2D behaviour the value
Hm(9) cos(0) should be a constant. This is quite accurately the case for low tilt
angles, but as can be seen in Fig. 3.13b the 2D scaling fails for field orientations
close to the a6-plane. The angular range around the a6-plane in which deviations
are important increases with decreasing field: at the highest temperature (88 K) the
2D scaling seems to describe the data well up to a few degrees from the afc-plane,
but at 70 K the deviations start at about 70°.

One might think that the angular dependence of the transition field would be
better described by the anisotropic scaling function of Blatter, Geshkenbein and
Larkin (1992) which takes into account a non-zero coupling between the supercon-
ducting layers giving rise to a non-zero anisotropy e — y/~jj with m and M being
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Figure 3.12: Paramagnetic peaks of Fig. 3.4 as a function of the c-axis component of the
applied dc-field (Hdccos0) for 9 = 0°,30°,60° and 70°. The peak shows a tendency to
shift slightly to lower c-axis fields at large angles.

the in and out of plane charge carrier effective masses. However, the difference
with a pure cosine scaling is expected to be small for very anisotropic materials like
BSCCO. In our case (with 6 being the angle between the field and the c-axis) this
anisotropic scaling is given by:

Hm(6) = (3.10)

In order to estimate the anisotropy coefficient we tried several ways of fitting the
data. First we kept Hm(0) as a free parameter in addition to e and allowed also for
some error 9Q in the angle so that the fitting function took the following form:

- 0O) + £2 sin2(0 - 0o) (3.11)

With this function we fitted either the left branch or the right branch or the whole
angular range of the curves that can be seen in the upper part of Fig. 3.13.

For this temperature as for all the other cases the fits on only one of the branches
gave unphysical negative values for e2 and values for 6Q of the order of 0.3-0.4 degrees
which is about one order of magnitude higher than the precision with which we
determined the orientation of the a6-plane. When fitting both branches do was of
the order of 0.01-0.02 degrees in agreement with our precision and the e2 values were
positive. In this latter case however, the fit gave values for the transition field that
were too low for orientations near the c-axis. This resulted from the fact that the



44 Chapter 3. Vortex lattice phase transition in pure Bi

3000

2500-

T7 2000
O

ffi

90
Hllab

120 150
6 [deg]

Figure 3.13: (a) Angular dependence of the transition field Hm{9) recorded at tempera-
tures of 88 K (A), 80 K (•), and 70 K (•). (b) The same data represented in terms of the
normalized c-axis component of the field at the transition Hm(9) cos(9)/Hm(0).
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curve is very steep near the a6-plane giving the points there more weight. It seemed
thus more reasonable to fix Hm<0 to the measured value and to adapt only e2 and 9Q.
The resulting curve fit and the pure cosine fit for the 80 K data as well as the data
points are plotted in Fig. 3.14. The difference between the two functions is very small

1000 r

0 60 90 120
9 from c-axis [deg]

150

Figure 3.14: Curve fits to the transition field Hm at 80 K. Cosine law and anisotropic law
are plotted. The difference is very small and can only be seen very close to the afr-plane.

and shows up only very close to the afr-plane. This can be seen more clearly in figure
3.15, where the data has been scaled according to the two laws. The curves for 88 K
and 70 K look similar. The anisotropic scaling gives slightly better results than the
2D-scaling, but neither of them can account completely for the angular dependence
of the transition field. The values of the anisotropy coefficient obtained from these
fits should thus be taken with care. They are shown in table 3.1. The apparent

temperature [K]

88
80
70

0o [deg]
0.02±0.01
0.02±0.02
-0.02±0.04

1.31(7) 10"4

2.53(16) 10-4

1.03(6) 10-3

87(2)
63(2)
31(1)

Table 3.1: Estimated anisotropies (curve fits to Hm)

anisotropy determined from the curve fits diminishes with decreasing temperature.
This explains the fact that the high temperature data is better described by the
cosine-law: the stronger the anisotropy the more the behaviour is 2D-like.
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Figure 3.15: The graph shows the measured transition field Hm at 80 K divided by the
cosine law on the one hand and by the fitted anisotropic law on the other hand.

3.3.4 Peak width

In the following we will not consider the anisotropic scaling any more, but just
investigate the data for deviations from the cosine-law.

One actually might expect that the width of the peak more or less scales in the
same way, too. The peak has a finite width even if the dc field is aligned with the
c-axis. This is partly due to the finite amplitude of the ac excitation. However, as
mentioned before, even for vanishing ac amplitude the width of the peak would not
decrease below a certain value because of the finite size of the Hall probe. Therefore,
in order to move the front of the transition over the whole probe width, the external
field has to be changed by a finite amount. Then, if only the c-axis component of
the field is important, the broadening of the peak with increasing tilt has a purely
geometric origin. In order to change the c-axis field by the necessary amount to
move the transition front over the sample width, the tilted field has to be changed
by an amount that is increased by a factor 1/ cos 0. Figure 3.16a shows the full width
at half maximum of the peak as a function of angle. The same data multiplied by
cos# is shown in Fig. 3.16b. As can be seen from this figure the peak width also
follows a cosine-law up to 10° or less from the a6-plane. Close to the a6-plane the
width grows faster than l/cos#.
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Figure 3.16: (a) The width of the paramagnetic peak as a function of angle for tempera-
tures of 88 K (A), 80 K (•), and 70 K (•). (b) Peak width times | cos(0)| as a function of
angle.
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3.3.5 Peak height

The peak heights as determined by the curve fit at the three temperatures considered
are shown in Figures 3.17, 3.18 and 3.19. The error in the measurement of the height
is estimated as 1.5 mG. This estimation is based on the noise level appearing in the
data.

55.0

30.0 60 90 120
8 from c-axis [deg]

Figure 3.17: Paramagnetic peak height AB'ac as a function of the applied field angle 9
with respect to the c-axis at T = 88 K.

A common feature of the different curves is the slight asymmetry with respect to
the a6-plane. It is not clear what causes this asymmetry. Another common feature
is the increase of the peak height on approaching the a6-plane.

As we have seen above, the effective c-axis first order transition field i/m,c =
Hm(0)cos6 decreases on increasing the afe-plane field. This decrease in transition
field can be translated into an increase in transition temperature. This effective
increase in transition temperature should in its turn correspond to a variation of
the peak height (Zeldov et al. 1995; Morozov et al. 1996). In order to check this we
gathered some data in order to be able to trace the transition line in the field and
temperature range of interest (see Fig. 3.20). In this range the decoupling prediction
Hp(T) = Ho(Tc — T)jT gives a good description of the transition line. A fit to the
data of Fig. 3.20 gives Tc = 93.2 K and Ho - 396 Oe. With this information it
is now possible to translate the angular dependent transition field into an angular
dependent transition temperature. Plotting the entire peak height data against this
effective temperature allows for a comparison with existing data (Zeldov et al. 1995;
Morozov et al. 1996). The result is shown in Fig. 3.21. In a global manner the
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Figure 3.18: AB'ac as a function of the applied field angle 6 at T = 80 K.

25
0 60 90 120

0 from c-axis [deg]
150

Figure 3.19: AB'ac as a function of the applied field angle 0 at T = 70 K.
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Figure 3.20: Hm as a function of temperature.

O

Figure 3.21: Peak heights plotted against the effective transition temperature (see text).
The figure shows also the theoretical curves of Dodgson et al. (1998), eq. 3.3
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data at 70 and 80 K show the same trend as earlier observations: an increase of the
peak height with temperature. However, this effect seems stronger in the present
measurements than what has been observed before. The 88 K data on the other
hand does not follow the same trend and moreover exhibits a very big change in a
narrow temperature range. Even if there is some influence of the change in transition
field, it seems completely negligible compared to some more direct influence of the
in-plane field.

3.3.6 Step at the peak position

When the dc field is tilted by about 80 degrees or more, a step is observed in the ac
screening just below the FOT (see Fig. 3.22 for an example). Such a step corresponds
to a rapid decrease of the pinning- or barrier-related critical current or activation
barrier near the FOT. The sudden disappearance of shielding current is reminiscent
of observations by Chikumoto et al. (1992) and Khaykovich et al. (1997). The height

1.02 -

0.90
600 700 900 1000

Hdc [Oe]
1100 1200

Figure 3.22: For orientations of the dc field close to the afr-plane (here 0=86 deg) a step
coincides with the peak.

of this step, as obtained from the curve fit, is shown in Fig. 3.23. The error bars
are based on the noise level in the signal. However, the fluctuations in the curves
infer that the uncertainty might be even greater. Despite these fluctuations it seems
clear that the step increases on approaching the afr-plane. The abrupt appearance
of the step is due to the fact that very small steps are not easily detected.
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Figure 3.23: The step at the peak position as a function of angle for temperatures of 88
K (A), 80 K (•), and 70 K (•).

3.3.7 Irreversibility line

As shown in Fig. 3.24 the paramagnetic peak in the ac induction is accompanied by
a small peak in the third harmonic response. It follows clearly from this figure that
the peaks in the ac induction and the third harmonic fall together with the onset of
irreversibility. First order transition line and irreversibility line are identical.

3.3.8 Further observations
In the large majority of the cases the background curve did not present any interest-
ing features. However, there is one noticeable exception. At 70 K and at ± 2 degrees
from the a6-plane a step in the main curve was found that did not coincide with the
peak. Figure 3.25 shows the corresponding data. In spite of the slight differences in
the two curves the position of this step is almost identical for the two orientations
of the static field. A comparison with the 80 K data shows that the step is not an
artifact due to the Hall probe, since it does not appear for that temperature and the
same fields. This shows also that the elevated in-plane field alone is not sufficient
to produce this step as it occurs only at the lowest temperature.
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Figure 3.24: Measured ac induction and third harmonic voltage as a function of field. The
third harmonic shows a small peak related to the paramagnetic peak in the ac induction.
Hdc is parallel to the c-axis. The steps in the third harmonic are due to the instrumental
resolution.
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Figure 3.25: The step in the main transition curve at 70 K. 8 = 88, 92 deg ( ± 2 deg from
ab- plane).
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3.4 Discussion

Taking account of all the facts of the previous section it is clear that the c-axis
melting is not completely independent of an additional in-plane field. Obviously the
ai>-plane field has some influence in terms of which the data has to be discussed.
Its influence becomes even more apparent when the c-axis melting field is traced
as a function of the field component in the a&-plane, as it is shown in figures 3.26,
3.27 and 3.28. These figures show that the afe-plane field reduces the transition

°. 23 -

1200

Figure 3.26: c-axis melting field as a function of the applied in-plane field at T = 88 K.

field. The rightmost points in Fig. 3.26 and 3.27 are those where the field is only 1
degree away from the a6-plane. They deviate appreciably from the other data. In
Fig. 3.28, corresponding to a temperature of 70 K, the data includes only angles up
to 88 degrees. Beyond that angle correct fits were not possible any more. Therefore
the flattening of the curve is not observed at this temperature. If, in a first time,
those points very close to the a6-plane are neglected the reduction of Hm can be
regarded as approximately linear in field with perhaps some slight positive curvature.

An influence of the in-plane field on the transition along c can be understood
in terms of the Josephson coupling between the layers. This coupling remains im-
portant up to fields of the order of i?^, the 2D to 3D crossover field. The 2D
to 3D crossover roughly occurs when the inter-vortex distance ao = (Qo/B)1/2 be-
comes comparable to the Josephson length \j = 75. s is the interlayer distance
and 7 = 1/e the anisotropy. This leads to Bcr = 3>o/(7-s)2. Taking for 7 the rather
high value of 200 we get for BSCCO Bcr « 170 G. More accurate estimates would
actually lead to upward corrections of this value (e.g. equation (5) in Glazman and
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Figure 3.27: c-axis melting field as a function of the applied in-plane field at T = 80 K.
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Figure 3.28: c-axis melting field as a function of the applied in-plane field at T = 70 K.
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Koshelev (1991)). The same is true if we take lower values for 7. Anyway, in every
observed case the c-axis field lies below the rough estimate such that the Josephson
coupling is always important.

Usually the coupling between the layers is expressed in terms of a coupling con-
stant p to which the maximal Josephson current is proportional. Coherence length
and penetration depth are given by Bulaevskii et al. (1992)

£ = s2p/2, X] = ejU'HUl = eo/4n*HyP (3.12)

It follows that the penetration depth Ac increases as the coupling between the layers
decreases. This leads to a coupling dependent anisotropy as the planar coherence
length and penetration depth will remain unperturbed:

Xab 2wXabHcs

Suppose now that the coupling between the layers is influenced by a field component
parallel to the planes. Most probably one would expect a weakening. It is then
immediately clear why the fits of the angular dependence of Hm failed. The cosine-
fit fails because the material has some finite anisotropy, i.e., there is some coupling
between the layers. The anisotropic model on the other hand fails due to the field-
dependence of this anisotropy.

For the case of simultaneous electromagnetic and Josephson coupling between
the layers, which is very likely the case here, Blatter, Geshkenbein, Larkin, and
Nordborg (1996) give the following line shape for the melting line for fields parallel
to the c-axis direction:

ee0

This shows explicitly how the transition field depends on anisotropy. AO6 is the
temperature dependent planar penetration depth and ci the Lindemann number.
However, the dependence of the coupling constant p on the in-plane field Bab is not
clear. A possible guess might be based on the field dependence of a (short) planar
Josephson junction (see for example Tilley and Tilley (1994)). There the maximal
Josephson current depends on the field in the plane like sin(7r$/$o)/(7r^/$o)- The
oscillations with the number of vortices in the junction are likely to be a character-
istic of the single junction only. Even if it would be correct for the coupling between
one pair of layers, the effect would be smeared out due to the shear number of such
pairs and the slightly varying local field contained within them. The 1/J5 depen-
dence of the maximal current (and thus the coupling constant) might nevertheless
survive in the system of coupled layers. This would lead to a independence of the
anisotropy e as 1 /yB and the same would be true for the transition field Bm.

The simple l/y/B-form cannot be used to fit the data due to its divergence. A
form that does not diverge and that is much closer to the shape for a single junction
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is given by \j ^J BJBQ + 1. A fit to the data with this formula is possible but it is
not clear up to now if this is pure coincidence and how one could cross check if the
values of Bo are reasonable or not. The values that have been obtained from the fits
are: (3680±65) G at 70 K, (2670±40) G at 80 K, and (1680±110) G at 88 K

An alternative to the above dependence of Bm on Bab is given by the decoupling
prediction of Glazman and Koshelev (1991). According to Blatter et. al. (1996) a
strong anisotropy e < S/\Q would lead to a decoupling line that is determined by the
electromagnetic coupling alone and only in the case of an intermediate anisotropy
Josephson coupling could be determinating. Recent experiments by Lee et. al. (1997)
seem to indicate that the latter case nevertheless occurs in BSCCO:2212 at high
temperatures. They obtain a good fit above 70 K (Tc «84 K) with the formula

j $0 ee0\ab
Bdc = \TCD , T (3.15)

Kb kBlS

In this decoupling scenario the constant CD plays the role of the Lindemann constant
for melting. According to formula 3.15 the transition field Hm = —Bjc depends on
the in-plane field as 1/Bab which means an even stronger curvature. For a curve fit
the same problems of interpretation as before would occur.

The growth of the magnetization step on approaching the a6-plane can also be
understood in terms of the above reasoning. Due to the in-plane field the transition
occurs at lower vortex densities. However, as the melting coincides with the decou-
pling of the layers the strength of the coupling has no importance in the pancake
gas so that the same density of (pancake) vortices is recovered independently of the
in-plane field. It follows that the magnetization step grows as the field component
parallel to the layers increases.

Let us turn now to the step at the peak position. This step signifies a rather
abrupt increase of screening at the transition. Due to its absence at low in-plane
fields one might conclude that it is not connected to the c-axis field but to the
in-plane field. Supposing that there is some creep of Josephson vortices via kink
sliding then the freezing of the pancake gas might make the sliding more difficult.
This would decrease the resistance and increase the shielding.

No explanation could be found for the additional step observed at 70 K.

3.5 Conclusions

The susceptibility measurements presented in this chapter show that the first order
transition in the vortex lattice persists in the presence of large in-plane fields contrary
to an earlier report based on torque magnetometry (Farrell et al. 1996). However,
the in-plane field effectively increases the anisotropy of the system, and thus leads
to the observed changes in the characteristic quantities of the first order transition.
The state of the vortices perpendicular to the planes seems to influence in its turn
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the dynamics of the parallel vortices. This can be understood if creep of parallel
vortices happens via kink sliding involving pancake vortices.

In order to go beyond the rather qualitative results outlined above, a much more
rigorous treatment would be necessary. Especially should the vortices be treated as
tilted lines and not as independent parallel and perpendicular vortices. This extreme
case of combined lattices has actually been studied by Bulaevskii et al. (1992), but
it is not obvious that this configuration is a stable one (Blatter et al. 1994).



Chapter 4

Anisotropy of pinning by columnar
defects in

4.1 Introduction

Columnar tracks produced by heavy ion irradiation increase the current carrying ca-
pabilities of YBa2Cu307 (Y-123) (Civale et al. 1991; Konczykowski et al. 1991a; Kon-
czykowski et al. 1991b; Hardy et al. 1991) and Bi2Sr2CaCu208 (Bi-2212) (Gerhauser
et al. 1991; Thompson et al. 1992). Moreover, in Y-123 the defects introduced an
anisotropy in addition to the intrinsic one due to the layered structure: the sustain-
able current density has been found in magnetization measurements to be highest
for alignment of the field with the columnar defects (Civale et al. 1991; Hardy et al.
1991). These experimental results prompted a theoretical description of the vortex
system in the presence of a set of parallel columnar defects (CDs) by Nelson and
Vinokur (1993). These authors mapped the problem of a vortex in the presence of
columnar defects onto that of localization of a quantum particle in two dimensions.
The vortex trajectory along the defect direction then corresponds to the temporal
trajectory of the two-dimensional particle in a random potential, and the calcula-
tions can be conveniently done in the particle system. If more than one vortex is
present in the system then each of them gives a positive contribution to the parti-
tion function of the system, i.e., the vortex system obeys Bose statistics. Nelson and
Vinokur (1993) showed that at low temperatures and fields a glassy phase, the Bose
glass, is possible in which the vortices are localized by the columnar defect potential.
The Bose glass theory could indeed account for the anisotropy of pinning. This is in
contrast to the vortex glass model (Fisher 1989) in which isotropic pinning by point
defects is considered and where no anisotropy is expected.

When the local field is aligned with the columnar defects the vortex can follow
a defect over its entire length. It can then only move by thermal excitation and
subsequent growth of vortex loops. Depending on current density the nucleation
mechanism of creep is expected to be either half loop unbinding or double-kink

59
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excitation. These two mechanisms are illustrated on the left hand side of Fig. 4.1.
A: half loop unbinding, B: double kink excitation. For large currents j \ < j < jc the
thermal unbinding of a small vortex half loop is sufficient for the Lorentz force FL to
depin the vortex, which escapes into the space between columns. For smaller current
density the size of the critical loop grows until at a current density ji = Uo/<&od
its lateral extend equals the mean intercolumn spacing d. For currents below j \ the
critical nucleus is expected to be a double kink configuration stretching out to a
nearby column. Under the action of the Lorentz force the two kinks slide towards
the surface and a net motion of the vortex results.

These flux creep mechanisms, half loop unbinding and double kinks, give rise to
the following E-j law:

E « poJex?[-(Ek/kBT)(Jo/JY] (4.1)

The exponent \x is 1 for half loop activation and 1/3 for double kink excitation.
The critical current density jc above which the vortex can be depinned under

the action of the current only is estimated at low temperature to be close to the
depairing current jo- This follows from an estimate of the maximal pinning force,
which is the derivative of the pinning potential. The depinning current is obtained
by dividing this force by the flux quantum $0- For a potential of depth UQ that
decays over a distance 6o, the column radius, this estimate gives jc = Uo/$obo. bo is
of the order of £, the coherence length, and Uo, which is the difference in free energy
between the situations where the vortex is on a column and where it is off a column
(at T = 0), is of the order of e0, the energy of vortex formation. Making these
substitutions, the expression for the current becomes eo/$o£ = jo, the depairing
current, apart from a numerical factor.

For tilts of the external field with respect to the columnar defects smaller than
a critical angle 0c the vortices remain locked on the defect, because the increase in
energy due to misalignment of B and H is more than compensated by the pinning
energy. Beyond this lock-in angle the competition between these energies leads to
the formation of kinks by which the vortex jumps from one column to another and
thus is able to follow on the average the direction of the external field. This is
illustrated on the right hand side of Fig. 4.1. A current perpendicular to these kinks
and to the columns exerts the same Lorentz force per unit length /L = j$o on
the kinks and on the trapped sections, but the kinks move much more easily under
the action of this force since their motion is only hindered by the much weaker
background pinning by point defects. This is the situation that naturally arises in
magnetization experiments since the bending of the vortices is given by V x B = jf,
which means that the vortex bends perpendicular to the current direction. When
the field is tilted the different situation of current flowing parallel to the kinks also
occurs. The Lorentz force on the kinks is then zero. If the anisotropy of pinning is
tested with a transport current, the observed result is rather different, depending
on which of the two cases applies. This is illustrated in Fig. 4.2(a) with schematic
angular dependences for the two cases.
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Figure 4.1: Creep mechanisms for vortices pinned by columnar defects. (A,B): field parallel
to the columns. (A) half loop unbinding. (B) double kink structure. (C) field at an angle
to the columns.

During flux penetration into a rectangular shaped sample both situations occur
on different sides of the sample. The result is an anisotropic flux penetration as
illustrated in Fig. 4.2(b). For a long slab in which the current parallel to the long
edges dominates the behaviour the observed anisotropy should therefore strongly
depend on the sense in which the field is tilted, and care has to be taken when
orienting the sample.

When the columnar defects are tilted with respect to the normal of the sample
top surface (usually the c-axis) the kinks that occur when the field is not aligned with
the columns are not expected to be parallel to the sample top surface and the force
free situation should not arise. However, an anisotropy in flux penetration remains,
since the kink motion along the defects is easier than the motion perpendicular to
the defects (see Fig. 4.3). This anisotropy has been observed by magneto-optics in
DyBa2Cu307_5 (Schuster et al. 1994).

In contrast to the observations in Y-123, magnetization measurements at 20 K
on Bi-2212 (Thompson et al. 1992) did not show a directional effect of the columns
on pinning. This was taken as a confirmation of the existing picture of Bi-2212 as a
quasi 2-dimensional material (Kes et al. 1990), a consequence of its extremely high
anisotropy. It was supposed that the pancake vortices are pinned independently
from those in the neighbouring layers so that only the density of pancakes per layer
is important and not the direction of the external field. An additional in plane field
was found to penetrate freely into the material. This interpretation was also used
to explain the small activation energies at low temperatures that had been found
from magnetization measurements (Thompson et al. 1992; Gerhauser et al. 1992)
and from magneto-optically measured flux profiles (Schuster et al. 1992) and which
were attributed to depinning of 2D-vortices.
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Figure 4.2: Tilted field in the presence of columnar defects, (a) In transport measurements
an anisotropy in the resistivity is observed for both current directions. However, while
the resistivity is minimal for alignment of field and columnar defects (CD) in the case of
a current perpendicular to the vortex kinks (1), it is maximal if the current is parallel to
the kinks due to the vanishing Lorentz force (2). (b) Flux penetration is anisotropic since
the current is parallel to the vortex kinks along two edges such that there is no force on
them. Along the other two edges the current is perpendicular to the kinks, a force results
and penetration is easy.

Magnetization measurements at 60 K, in a regime that has been found to be
2-dimensional in previous experiments, showed a slight anisotropy in the magneti-
zation loops for field parallel or perpendicular to the defects which formed an angle
of 45 degrees with the c-axis (Klein et al. 1993). Since the density of pancake vortices
was the same for the two orientations of the field, the alignment of the field with
the defect orientation had to be an important factor. This means that pancakes
are aligned along the columns and that this alignment increases the pinning force.
Hence, a coupling between the pancakes has appeared.

At low fields (< 100 Oe) Klein et al. observed a magnetization that was inde-

penetration

Figure 4.3: Anisotropic flux penetration in the case of tilted columnar defects. Parallel to
the defects the kink motion is easier than perpendicular to them.



4.1. Introduction 63

pendent of the orientation of the applied field. This was explained by the reduced
influence of the magnetic pressure at low fields. It is then possible for the flux lines
to follow the columnar defects.

How is it possible that pancakes that were thought to be pinned independently
in each layer line up along a column? The first possibility is that some coupling
already existed between the pancakes. However, this is difficult to reconcile with
the earlier observations. The second possibility is that it is an effect of the columns
alone, i.e., there exist differences in the strength of the pinning potential among the
columns such that the pancakes, which will be pinned preferentially by the strongest
pinning potential, will naturally line up. The third possibility is that the remaining
magnetic interaction between the pancakes is important, in the sense that a pancake
vortex prefers a columnar defect already occupied by a pancake in the neighbouring
plane to an empty columnar defect.

Klein et al. (1993) also noticed in their measurements that the observed pinning
anisotropy became weaker on decreasing the temperature and disappeared com-
pletely for all fields at 40 K. This was surprising in the sense that there seemed to
be pancake-like (2D) behaviour at low temperatures and line-like (3D) behaviour at
high temperatures, contrary to what was expected (Glazman and Koshelev 1991).
According to theory the vortex system should be driven from 3D to 2D behaviour
(decoupling) by vortex thermal fluctuations, which increase with temperature and
field. However, theory did not take into account the effect of disorder. In fact, the
anisotropy in pinning is absent in the regime where pinning was important even
before the irradiation with heavy ions. There are two possible explanations for
this: either a thermodynamic one in the sense that there might be competition in
pinning between point and line defects which destroys the pancake alignment, or
the "dynamic" explanation that at elevated currents pancakes might be unpinned
individually.

Figure 4.4 summarizes the results of Thompson et al. and of Klein et al. Thompson
et al. have also determined the irreversibility lines of their sample before (pristine)
and after irradiation from the onset of ac response in ac magnetometer measure-
ments. These lines are indicated schematically in Fig. 4.4. Note however, that the
corresponding lines for Klein's sample might be slightly different.

After evidence had been found that the vortices in Bi-2212 could manifest line-
like behaviour, several questions remained:

1. is this behaviour induced by the columns or are the pancakes aligned in the
pristine material also

2. in what field and temperature range can line-like behaviour be observed

3. are vortex pinning by and creep from columnar defects in a very anisotropic
layered superconductor the same as in an isotropic one, i.e.,

(a) are the vortices actually pinned as lines always or do they just move in
stacks of pancakes
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Figure 4.4: H-T phase diagram for Bi-2212. Indicated are the measurements of Thompson
et al. (1992) and of Klein et al. (1993). Thick lines mean isotropic pinning, the thick dashed
line means anisotropic pinning. The thin lines are the irreversibility lines of Thompsons
sample before and after irradiation. The dashed region indicates the working range of the
present set-up.

(b) do vortex kinks exist and how do they move

(c) if they do not exist, what is the origin of anisotropy

4. does the pinning change when the columns are tilted

5. could the pinning efficiency be further enhanced by a special arrangement like
crossed columns as suggested by the splay glass theory (Hwa et al. 1993).

Fig. 4.5 illustrates how such an enhancement could come about. (A) A vortex kink
that connects defects with a different orientation cannot move without increasing its
length which requires a considerable amount of energy. (B) Kinks connecting two
parallel defects still occur, but their gliding should be stopped when they encounter
a defect with a different orientation.

Introducing a splay in the defect orientation could actually be used to test the
nature of the vortices, since the enhancement effect is based on the existence of
vortex kinks. It cannot work for pancakes, even if they are aligned.

In Klein's experiment the anisotropy in pinning was identified via changes in the
magnetization curves for three orientations of the applied field. With the set-up
used for this study it is possible to vary the orientation of the dc field continuously.
This allows one to study in detail how the pinning efficiency changes on tilting the
field direction away from the defects. Because of the high sensitivity of the technique
even very small changes in the strength of the shielding current can be detected.

The field and temperature range that can be explored with the present set-up
is indicated as the dashed region in Fig. 4.4. In this region pinning in the pristine
sample is very weak, see chapter 3.
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Figure 4.5: Pinning of vortices by splayed columnar defects. A: vortex kink connecting two
non-parallel columns, B: Vortex kink connecting parallel columns, stopped by non-parallel
defect.

Moreover, using an ac field introduces the frequency, "the inverse of time", as
additional parameter. By changing the frequency the time available to the system
to follow the external field change can be tuned. The way in which the supported
shielding current is influenced by this change contains information on the mecha-
nisms of flux creep. The variation of the frequency of the ac field gives therefore
access to the dynamics of the vortex system.

The starting point of the present work on columnar defect pinning in Bi-2212 will
be the shielding transition, i.e., the improvement in shielding of an ac field when the
temperature is lowered. First it will be made sure that the nature of the transition
does not depend on the amplitude of the additional dc field. Then the influence of
frequency and amplitude of the ac field will be checked. After this preliminary work
the irreversibility lines for field along c of most of the samples will be determined. It
is found that the dose is important but not so much the arrangement of the defects,
i.e., crossed defects do not shift the irreversibility line to higher temperatures and
fields. Then, the anisotropy of pinning by columnar defects will be investigated.
Usually, the shielding current, when it is measurable, is found to be strongest for
alignment of the field with the defects, if they are parallel to the c-axis or at 30
degrees. For columns with a splay of ±15 degrees from the c-axis the strongest
shielding current is found along the c-direction. This is found to be true for ±45
degree splay also, but only for certain fields.
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4.2 Experimental details

4.2.1 Method

As explained in chapter 2 the ac response of the samples is measured using a InSb
Hall probe placed on the top surface of the sample. In addition to the ac field, which
is oriented along the c-axis and therefore induces an ac shielding current j in the
a6-plane of the sample, a dc field is also applied. Because of this dc field vortices
are present in the sample. The dc field can be rotated in a plane which is chosen
such that it contains the normal to the sample plane and is parallel to two of the
sample edges. If the sample contains tilted or crossed defects, the rotation plane is
chosen to be parallel to the irradiation plane as well. The direction of the dc field
is then defined by the angle 6 it forms with the c-axis. The orientations of ac and
dc field with respect to the sample are illustrated in Figure 4.6.

;-axis

Hac

Figure 4.6: Orientations of dc and ac field with respect to the sample. The shielding
current is indicated schematically.

Recall that the Lorentz force on a vortex depends on the relative orientations of
vortex and current. For vortices that are not perpendicular to the sample top surface
it will therefore depend on the sample edge under consideration (see chapter 2): the
force will be weaker on the edges where the current is not perpendicular to the vortex
direction. The result is an anisotropic flux penetration as for example observed in
YBa2Cu3O7 (Indenbom et al. 1994b). However, the same effective force will result
along all sample sides if the field component parallel to the a6-plane penetrates the
sample freely as supposed by Kes et al. (1990), because then only the component
of the force parallel to the planes is of importance. An isotropic penetration from
the four sides is observed (Indenbom et al. 1994b). It should be noted also, that
the orientation of the local induction can be different from that of the applied field,
so that the local Lorentz force might differ from what would be expected from the
orientation of the external field.
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4.2.2 Sample preparation

The Bi-2212 crystals used for this study were grown by the travelling solvent floating
zone (TSFZ) technique, either at the University of Tokyo by S. Ooi and T. Tamegai
or at Leiden University by T. W. Li. They have been left as grown which means
that no annealing stage followed the growth. The Tokyo crystals were grown under
normal conditions. The Leiden crystals on the other hand, are the result of a
growth in excess pressure of oxygen. This increases the Sr/Ca ratio with respect
to the growth in air, leading to a higher Tc (see chapter 1). However, the elevated
oxygen pressure is also suspected to give rise to inclusions of the Bi-2223 phase.

These crystals were cut into smaller pieces in order to ensure the homogeneity
of the physical properties among several samples. Then the samples were subjected
to different irradiations.

Heavy ion irradiation has been performed at the Grand Accelerateur National
d'lons Lourds (GANIL), Caen, France. The ions used for the irradiations were lead
(Pb), uranium (U), and xenon (Xe) with energies of 5.8 or 1 GeV. The ions are
accelerated in a separated sector cyclotron. This assures a very small uncertainty in
energy, since deviations in energy would lead to an altered trajectory in the cyclotron
such that the ion would not appear at the beam exit. The ion flux is controlled
during irradiation by measuring the flow of electrons induced by the passage of the
ion beam through a titanium foil of a few micron thickness. Before starting the
irradiation this electron flow is calibrated against the direct measurement of the
ion flux with a Faraday cage. The remaining uncertainty on the ion flux is about
5%. The irradiation is stopped automatically when the desired dose is reached. The
flux did not exceed fa 108 ions per second in order to assure that no heating of
the sample occurred. A homogeneous irradiation is obtained by sweeping the beam
over the irradiation area with incommensurate horizontal and vertical frequencies.
In addition, the homogeneity of the irradiation has been verified on mica samples.
An etching procedure on these samples confirmed the homogeneity of the defect
distribution created by the ions.

TEM studies have shown that Pb and U ions introduce continuous linear tracks
in Bi-2212 with an amorphous core of a diameter of about 70 A(Hardy et al. 1992).
Around the amorphous core there is a highly disordered zone of 20 A thickness
(Hardy et al. 1994). The irradiation with Xe ions, on the other hand, gives rise
to discontinuous tracks of elongated defects (Bourgault et al. 1989). This has been
observed for an ion energy of 3.5 GeV, a little higher than the 1 GeV used for one
of the samples.

The irradiation dose of a sample is often given in terms of the matching (or dose
equivalent) field B^. At B = B<j, the vortex density equals the density of columnar
defects. A defect density of 1015 m~2 for example, is matched by the density of
vortices B/$o when B = 2T.

For irradiation under an angle the samples have been fixed on an inclined stage
such that the beam direction was lying in a plane that contained the c-axis and
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that was perpendicular to one of the sample edges. For crossed irradiation the
sample was then rotated by 180 degrees and irradiated again. For doubly crossed
irradiation this procedure was repeated four times with intermittent rotation by 90
degrees. The different irradiation geometries are illustrated in Fig. 4.7.

(a) (b) (c)

Figure 4.7: Irradiation geometries: (a) simple irradiation under an angle from the c-axis,
(b) crossed irradiation, (c) doubly crossed irradiation.

Table 4.1 gives an overview of all the samples used in this work. Samples cut from
the same bigger crystal are grouped together. The names of the samples indicate

Table 4.1: Parameters of the different samples studied. Samples stemming from the same
crystal are grouped together.

sample
irr-c-0.5

irr-c-2-86
irr-X15-2
irr-c-2-91
irr-30-0.4

irr-XX15-2

irr-X45-0.4

TC[K]
w86
86.3
86

91.3
« 91
91.3

88

0.5
2

2x1
2t
0.4

4xO.5t

2x0.2

ions
Pb
Pb
Xe
U
Pb
U

Pb

energy [GeV]
5.8
5.8
1

5.8
5.8
5.8

5.8

source
Tokyo

Leiden

Tokyo

remarks
as grown

as grown
in excess
pressure

of oxygen
as grown

ion beam was unstable during the irradiation run so that the real value of the dose is
uncertain and probably lower than indicated. However, irr-c-2-91 and irr-XX15-2 have received
exactly the same total dose since they have been irradiated together.

how the sample was irradiated: irr-c-0.5 — irradiation along the c-axis with a
matching field of 0.5 T, irr-30-0.4 — irradiation at 30 degrees from the c-axis with
a total dose of 0.4 T, etc. For the samples named irr-c-2-x, the x indicates the Tc,
to distinguish between the samples.

An X in the sample name means that the sample was subject to crossed irradi-
ation. XX means doubly crossed irradiation.

For the measurements of the irreversibility line the frequency was kept fixed at
7.75 Hz and the dc field was always parallel to the c-axis. The onset is determined
from the \TH3(T)\ curve as described in chapter 2.
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4.3 Results

4.3.1 Temperature dependence of the transmittivity

The simplest case to study is a collinear arrangement of columnar defects and exter-
nal field direction, both oriented along the c-axis. This case will serve as reference
for the more complex arrangements of columnar defects and orientations of the dc
field.

Figure 4.8 shows the in-phase component of the fundamental {T'H) and the ampli-
tude of the third harmonic transmittivity \TH3\ of sample irr-c-2-86 cooled in applied
fields of 100, 200, 400 and 600 Oe. The in-phase component of the first harmonic,
T'H, which measures the ratio \bac\/fiohac of the RMS amplitude of the detected ac
induction |6OC| to the applied ac field fiohac, decreases monotonically with decreasing
temperature. The ac shielding current that creates a field opposite to the external
ac field grows. The normalized shielding current J can be calculated easily using
eq. 2.21. However, a good first estimate of J can be obtained simply by inverting
the T^-axis. Minima in the transmittivity then show up as maxima in the shielding
current and vice versa.

As is seen in Fig. 4.8, increasing the dc field shifts the transition to lower tem-
peratures, but its width approximately remains the same.
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-0.04

-0.03
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Figure 4.8: In-phase component T'H of the first harmonic (empty symbols) and amplitude
|T//3| of the third harmonic transmittivity (full symbols) for a sample with defects along
the c-axis. B<t> = 2T,Tc = 86.3 K (irr-c-2-86). The dc field Hdc has been kept parallel to
c. Hdc values: 102 Oe (•), 200 Oe (A), 402 Oe (o), and 594 Oe (v). Hac = 7.1 Oe, / =
7.75 Hz.
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Figure 4.9: Polar plot of the third harmonic of Fig. 4.8. Hdc values: 102 Oe (•), 200 Oe
(A), 402 Oe (o), and 594 Oe (V). Hac = 7.1 Oe, / = 7.75 Hz. Sample: irr-c-2-86.

The third harmonic transmittivity on the other hand, is a measure of the non-
linearity of the sample I-V characteristic. It is present during the whole transition.
Its onset defines the irreversibility temperature (see section 2.7.4). The field de-
pendence of this onset will be studied in more detail below. A polar plot of the
third harmonic (out-of-phase component T#3 against in-phase component T'H^) is
shown in Fig 4.9. The shape of this curve is typical for minor hysteresis loops in the
form of a parallelogram as it occurs for example in the Bean critical state (compare
Fig. 2.11) or for the surface barrier when an additional dc field is present. The
detailed shape changes only slightly with field. Thus it is verified that the sample
response does not change fundamentally.

For fields above 200 Oe the amplitude of the third harmonic slowly decreases
with field at high temperatures. For the whole field range shown here the amplitude
of the third harmonic is reduced with respect to the theoretical curve by a factor
2-3. This is most likely due to flux creep (Gilchrist and Konczykowski 1993).

The effects of flux creep can be measured directly by changing the time scale of
the experiment, i.e., the frequency of the applied ac field. Figure 4.10 shows the
effect of increasing the frequency of the ac field. The third harmonic onset and thus
the onset of the transition are shifted to higher temperatures. For not too high fre-
quencies the shift is only weak, and at the same time the transition becomes sharper.
Above 200 Hz on the other hand, the shift becomes substantial and the transition
broadens again. The third harmonic peak height decreases continuously. This means
that the harmonic content of the sample response diminishes, the response becomes
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Figure 4.10: Influence of the frequency of the ac field on the transition curves. Hdc =
200 Oe, Hac = 20.8 Oe. Frequencies: 7.75 Hz (circles), 24.29 Hz (squares), 76.1 Hz
(triangles), 238 Hz (diamonds), 747 Hz (inverted triangles), and 2340 Hz (dotted symbols).
Sample: irr-c-2-86.

more linear. At 2 kHz the third harmonic is nearly gone, the transition occurs prac-
tically in the linear regime and should therefore just be triggered by the increasing
friction that the vortex flow is subject to in the vortex liquid/pancake gas.

In a polar plot (not shown here) the shape of the third harmonic curve remains
almost the same, only its size changes.

Increasing the amplitude of the ac field (by a factor of approximately 3 in
Fig. 4.11) not only shifts the third harmonic onset to higher temperatures but also
widens the transition and increases the third harmonic content of the signal. The
shape of the polar plot remains unchanged.

The above results can be summarized as follows: increasing the dc field shifts the
transition quickly to lower temperatures; increasing the frequency narrows the tran-
sition and leads to a slight increase of the onset temperature of the third harmonic
if the frequency is not increased too much; when the frequency becomes of the order
of a few hundred Hertz the friction of the free vortex flow becomes important and
the shielding transition occurs in the linear regime, in which the transition broadens
again. Increasing the ac amplitude also induces a slight shift of the onset to higher
temperatures, but at the same time broadens the transition. All these changes do
not influence the shape of the polar plot of the third harmonic which always presents
the characteristics of a parallelogrammatic ac induction loop. In chapter 2 it has
been shown that such a shape of the third harmonic occurs either for a critical state
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Figure 4.11: Influence of the amplitude of the ac field on the transition curves. H<ic

200 Oe, / = 7.75 Hz. Hac = 20.8 Oe (circles), 7.1 Oe (squares). Sample: irr-c-2-86.

or for a surface barrier. Since the field and temperature values of interest here fall
into a regime that is completely reversible in a pristine sample, one concludes that a
critical state is formed. The reduced amplitude of the third harmonic with respect
to the theoretical value is due to flux creep. The existence of the critical state thus
established, it follows that the shielding current can be determined from the trans-
mittivity using the model by van der Beek et al. (1995) presented in chapter 2. The
electric field is determined by the amplitude and frequency of the ac field so that
it is possible to determine the E-J characteristic. From the E-J characteristic a
creep mechanism can possibly be identified.

This type of analysis has been tried on many of the samples, but it has turned
out to be very difficult. Very often the transition is so strongly shifted by the
change in frequency, that at a given temperature the transmittivity passes from 0 to
1 over just one decade. This is much to rapid to allow for an exact interpretation.
Moreover, the strong temperature shift may drive the transition out of the useful
temperature range. A sample for which this analysis could be completed despite the
difficulties is that with crossed defects with a 45 degree tilt. The dc field is 590 Oe,
the value where a minimum in the transmittivity is observed around c. The curves
of logj vs. log / are shown in Fig. 4.12. As the straight lines indicate, frequency
and shielding current are related by a power law, the power of which depends on
temperature. The representation on the right hand side has swapped axes in order
to resemble more closely an E-j characteristic. The current range is limited on the
high current side by the disappearance of the ac signal due to full shielding and on
the low current side by noise.
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Figure 4.12: Two representations of the frequency dependence of the normalized shielding
current, J, for sample irr-X45-0.4, irradiated at ± 45 degrees. B^ = 2x0.2 T, Hdc —
590 Oe, Hac = 20.8 Oe. Temperatures: 77.8 (ffl), 77.3 (o), 76.8 (•), 76.3 (•), 75.8 (•),
75.3 (0), 74.8 (A), 74.3 (A), 73.8 (•), 73.3 (•), 72.8 (x), 72.3 (•), 71.8 (v),71.3 (©). In
the representation on the right hand side the axes are swapped.

4.3.2 Irreversibility line

As has been shown in the previous section, the onset of the third harmonic shifts
to lower temperatures on increasing the field, but a polar plot of its components
keeps the same shape indicating that the electrodynamics that govern the sample
response remain the same.

Figure 4.13 shows the strong influence of the heavy ion irradiation on the IRL.
The lower line is the vortex first order transition in the sample studied in chapter 3.
As has been shown there, the IRL of that sample practically coincides with this
line. The upper line is the IRL of sample irr-c-2-91. This sample has been irra-
diated along the c-axis with a matching field of 2 T. Both samples have a critical
temperature of 91.3 K (the pristine sample stems from the same bigger crystal).
Despite the heavy ion irradiation the Tc of sample irr-c-2-91 has almost remained
the same. The irreversible regime on the other hand, has increased considerably.
Even at temperatures very close to the transition temperature the two lines are still
separated.

Remarkable is the sudden rise of the irreversibility field at 76.7 K. Such steeply
rising parts have been observed before in heavy ion irradiated Bi-2212 (Zech et al.
1995; Zech et al. 1996; Seow et al. 1996). Above this temperature the IRL of the
irradiated sample decreases nearly exponentially with temperature.

Two important results on the influence of the density and the arrangement of the
columnar defects follow from Fig. 4.14 which collects the IRLs of the samples with
Tc = 86 K: irr-c-0.5 (B+ = 0.5 T), irr-c-2-86 (B+ = 2 T), and irr-X15-2 (B+ = 2x1 T).
First, the increase of the column density from 2.5 1014m~2 (B^ = 0.5 T) to 1015m"2
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Figure 4.13: High temperature part of the irreversibility line (onset of third harmonic)
of sample irr-c-2-91 (o) in a log-plot. The first order transition line (•) is also shown
for comparison. The irreversible regime is strongly enhanced by the irradiation (dashed
region).

(B^ = 2 T) leads to an extension of the exponential temperature dependence to
lower temperatures. The vertical rise in the IRL for the matching field of 2 T occurs
at a lower temperature, inaccessible with the present set-up. Second, crossed defects
with a 15 degree tilt from the c-axis instead of defects along c but with the same
total defect density of 1015m~2 do not increase the irreversible regime, rather it is
slightly reduced.

Even doubly crossed defects do not enhance the irreversible regime beyond that
of the straight defects as shown in Fig. 4.15. There the IRLs of samples irr-c-2-91
and irr-XX15-2 are compared. Also here the IRL of the sample with CDs along c
lies slightly above that of the more elaborate defect arrangement. However, the two
IRLs are quite close and both show the vertical rise.

For crossed defects with a tilt of 45 degrees on the other hand a vertical part is
absent in the IRL (see Fig. 4.16). Nevertheless it contains a part that rises more
steeply than the high temperature exponential part.

The horizontal bars in all the figures indicate the fields and temperature ranges
for which the influence of the dc field orientation on the screening current has been
studied (see the following section).
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Figure 4.14: Semilogarithmic plot of the IRLs of samples irr-c-0.5 (D), irr-c-2-86 (o)
and irr-X15-2 (A) with the same Tc (86 K) but a different density or arrangement of
defects. The ac amplitudes are 7.1 Oe (irr-c-0.5, irr-X15-2) and 1.4 Oe (irr-c-2-86); / =
7.75 Hz. The horizontal bars indicate the temperature range and dc field value for which
the anisotropy in pinning by the columnar defects has been checked. Thick lines indicate
where such an anisotropy has been observed.
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Figure 4.15: IRLs of samples irr-c-2-91 (o) and irr-XX15-2 (D) with the same Tc and
the same total dose, but a different defect arrangement (doubly crossed columns). The
horizontal bar indicates the temperature range and dc field value for which the anisotropy
in pinning by the columnar defects has been checked for sample irr-XX15-2. The thick
line indicates where such an anisotropy has been observed.
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Figure 4.16: Irreversibility line of the sample with crossed defects at 45 degrees (irr-X45-
0.4). The horizontal bars indicate the temperature range and dc field value for which
the anisotropy in pinning by the columnar defects has been checked. Thick lines indicate
where such an anisotropy has been observed.

4.3.3 Angular dependence of the transmittivity

Different regimes have been identified in the IRLs presented above. With the fol-
lowing measurements of the angular dependence of the transmittivity it shall be
checked, in which of these regimes an anisotropy in pinning caused by the columns
can be found. First, defects along the c-axis will be studied, then tilted defects, and
finally crossed defects.

For these measurements the angle 9 between the dc field and the c-axis (see
Fig. 4.6) has been swept over a broad range of angles. For each measured position
the first and third harmonic components of the Hall probe signal have been recorded.
A detailed description of the procedure and of the normalization of the data is given
in section 2.7.3.

The samples have been positioned in such a way so as to make the rotation plane
as closely aligned as possible with the irradiation plane (or with one of them if there
are two). The misalignment can be estimated to be of the order of a few degrees.
This means that the field direction, when rotated by 180 degrees, probably misses
the exact alignment with the defects and with the c-axis by a few degrees.
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Defects parallel to the c-axis

Figure 4.17 shows typical curves for the angular dependence of the transmittivity,
measured on sample irr-c-2-86 for various temperatures and in a dc field of 200 Oe.
At the highest temperatures screening is important only when the dc field is turned
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Figure 4.17: Dependence of the transmittivity of sample irr-c-2-86 on the angle between
the applied field and the c-axis. B^ = 2 T, Tc = 86 K. Hdc = 200 Oe, Hac = 1.4 Oe,
/ = 7.7 Hz. Temperatures: 82 K to 76 K in steps of 1 K (from top to bottom).

close to the afr-plane (±90°), where a sharp minimum is observed. On decreasing the
temperature the transmittivity diminishes around the a6-plane, and the minimum
becomes broader. At a given temperature a dip appears for alignment of the field
with the defects, meaning that for this orientation of the field a higher shielding
current is supported by the sample. At sufficiently low temperatures screening is
strong for all angles.

Such a dip in heavy ion irradiated Bi-2212 has already been reported by van der
Beek et al. (1995). A similar dip on rotating the field through the c-axis has also
been observed in resistive measurements in Bi-2212 single crystals (Doyle et al.
1996), and Tl2Ba2CaCu208 thin films (Budhani et al. 1994; Gray et al. 1996), a
material with a similarly high anisotropy.

The curves in Fig. 4.17 have to be compared to the angular dependence of the
transmittivity for an unirradiated sample (Figs. 3.6 and 3.7). There, no dip along c
was present at the even lower fields of 140 and 100 Oe, respectively. Down to 72 K
no screening of the ac field could be observed for a dc field along the c-axis. For
the irradiated sample on the other hand, a sharp dip is observed for temperatures
below 78 K (the extrapolation of the high temperature part of the third harmonic
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gives an onset temperature of Tonsen — 77 A K at this field). At 76 K the ac field
is almost perfectly screened for any direction of the dc field, and this despite the
somewhat higher value of the dc field (200 Oe, as compared to 100/140 Oe for the
pristine samples). The dip in the angular dependence is visible at least down to a
dc field of 40 Oe for sample irr-c-2-86.

It has been shown in chapter 3 that at low applied dc fields a field scan with
Hdc || c and a rotation of a constant applied field Hdc,o give the same curves when
the transmittivity T' is traced against Hdc and Hdc,o cos 6, respectively. This scaling
law indicated, that only the c-axis component of the dc field is important.

The presence of a dip in the angular dependence of the transmittivity immedi-
ately implies that such a scaling is not possible any more. Decreasing a dc field
aligned with the c-axis will always produce a transition curve similar to the ones
seen in Section 4.3.1 for decreasing the temperature, and never leads to an increasing
transmittivity. The latter would imply a reentrant IRL, which is not observed.

Figure 4.18 shows that a dip is also observed for fields in the vertical part of the
IRL of sample irr-c-0.5. The dc field here was 2 kOe. Because of the limitations
of the cryostat the angular dependence in the low temperature regime could not be
measured for this sample.

1.0
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Figure 4.18: Dependence of the transmittivity of sample irr-c-0.5 on the angle between
the applied field and the c-axis: Bj, = 0.5 T. Tc = 86 K. Hdc = 2000 Oe, Hac = 7.1 Oe,
/ = 7.75 Hz. Temperatures: 76 K to 68 K in steps of 2 K (from top to bottom).

A further question that has to be checked, is how the appearance of the dip is
related to the onset of a third harmonic response. The third harmonic transmittivity
corresponding to the data just presented (Fig. 4.18) is shown in Figure 4.19. Above
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Figure 4.19: Dependence of the third harmonic transmittivity of sample irr-c-0.5 on the
angle between the applied field and the c-axis: Bj, = 0.5 T, Tc = 86 K. Hdc = 2000 Oe,
Hac = 7.1 Oe, / = 7.75 Hz. Temperatures: 76 K to 68 K in steps of 2 K. Circles: 70 K,
triangles: 68 K.

70 K there is no measurable screening of the ac field. Up to 80 degrees from c
the transmittivity equals 1, and the third harmonic component is zero. At 70 K
on the other hand, when the dip in the first harmonic is still rather small, a peak
is visible in the third harmonic transmittivity which attains a height of 0.03, i.e.,
close to the maximum value seen for example in Fig. 4.8. A closer look at the 70 K
data reveals that screening and the third harmonic component become unobservable
at approximately the same angle, even though the borders of the dip in the first
harmonic are much smoother.

On further decrease of the temperature the third harmonic peak shifts to higher
angles.

Tilted defects

The same questions can now be addressed with respect to a system with tilted
defects. Tilted defects forming an angle of 30 degrees with the c-axis have been
studied. They also give rise to a minimum in transmittivity for dc fields parallel
to the defects. This has been verified for field magnitudes ranging from 500 to
2000 Oe. Figure 4.20 representatively shows the observed angular dependence of
sample irr-30-0.4 for a field of 500 Oe.
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Figure 4.20: Dependence of the transmittivity of sample irr-30-0.4 on the angle between
the applied field and the c-axis. S 0 = 0.4 T, Tc = 91 K. Hdc = 500 Oe, Hac = 20.8 Oe,
/ = 7.75 Hz. Temperatures: 86 K, 78 K, 76 K, 75 K, 73 K, and 71 K (from top to bottom).
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Figure 4.21: Dependence of the transmittivity of sample irr-30-0.4 on the angle between
the applied field and the c-axis. B+ - 0.4 T, Tc = 91 K. Hdc = 1000 Oe, Hac = 20.8 Oe,
T = 74 K. The frequencies are (from top to bottom): 0.79, 1.4, 2.47, 4.38, 7.75, 13.7, 24.3,
43, 76.1, 134.7, 238.4, 422, 747, 1322, and 2340 Hz.
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Several studies on samples with tilted defects can be found in the literature. The
work of Klein et al. (1993), for example, was done on a sample with defects tilted
45 degrees away from the c-axis. Above 50 K they found a stronger magnetization
current for alignment of the field with the columnar defects (+45°), than for fields
parallel to the c-axis, or even less for fields perpendicular to the defects (—45°).
Kummeth et al. (1994) made a similar observation for defects with a 60 degree tilt
away from the c-axis. They studied the angular dependence of the magnetization
current in more detail and found a peak, i.e., a stronger current, for alignment of
the field with the defects at 60 K as well as 77 K. An enhancement for alignment
of the field with 45 degree tilted columns was also found for the irreversibility field
(Zech et al. 1995) and temperature (Seow et al. 1996).

The presence of the dip in transmittivity along the defects is independent of
the frequency of the ac field. Figure 4.21 illustrates this, still on sample irr-30-
0.4, but in a dc field of 1000 Oe. The range of frequencies extends from 0.79 to
2340 Hz and over this whole range the dip is present. With increasing frequency the
shielding improves more strongly along the defects at first, but then becomes better
for any orientation of the field with respect to the defects so that the directional
enhancement becomes less pronounced at high frequencies.

Crossed columnar defects

This is a special case in the sense that crossed columns are expected to give rise to
entanglement of the vortices. It is not clear however, what this induces in a layered
high temperature superconductor.

The experiments show that crossed columnar defects lead to an improved shield-
ing not for alignment of the field with the defect direction, but for field along the
c-axis. This is exemplified in Fig. 4.22 for sample irr-XX15-2. The dc field in this
measurement is 4560 Oe and therefore well above the vertical part of the IRL. In
this sample a dip is also observed for fields of 2200 and 400 Oe, representing the
vertical and the exponential part, respectively.

The minimum for field along c is observed even for a 45 degree tilt of the crossed
defects (see Fig. 4.23; sample irr-X45-0.4 in a field of 590 Oe). The dip is broader for
this arrangement of the defects than for the crossed defects with only 15 degrees tilt.
Moreover it is only visible in the steep part of the IRL. In the low temperature part
and in the exponential, high temperature part the c-axis direction actually presents
the highest transmittivity (see Figs.4.24 and 4.25 for 200 and 2000 Oe applied field,
respectively).
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Figure 4.22: Dependence of the transmittivity of sample irr-XX15-2 on the angle between
the applied field and the c-axis. B^ = 2 T, Tc - 91.3 K. Hdc = 4560 Oe, Hac = 7.1 Oe,
/ = 7.75 Hz. Temperatures (from top to bottom): 74 K, 70.5 K, 69.5 K, and from 69 K
to 66 K in steps of 1 K.
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Figure 4.23: Dependence of the transmittivity of sample irr-X45-0.4 on the angle between
the applied field and the c-axis. Defects are at ± 45 deg from the c-axis. B^ = 2 x 0.2 T,
Tc « 88 K. Hdc = 590 Oe, Hac = 7.1 Oe, / = 7.75 Hz. Temperatures (curves from top to
bottom): 88 K, and 81 K to 74 K in steps of 1 K.
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Figure 4.24: Dependence of the transmittivity of sample irr-X45-0.4 on the angle between
the applied field and the c-axis. Defects are at ± 45 deg from the c-axis. B^ =2x0.2 T,
Tc « 88 K. Hdc = 200 Oe, Hac = 7.1 Oe, / = 7.75 Hz. Temperatures (from top to
bottom): 87 K and from 83 K to 76 K in steps of 1 K.
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Figure 4.25: Dependence of the transmittivity of sample irr-X45-0.4 on the angle between
the applied field and the c-axis. Defects are at ± 45 deg from the c-axis. B^ =2x0.2 T,
Tc « 88 K. Hdc = 2000 Oe, Hac = 7.1 Oe, / = 7.75 Hz. Temperatures (from top to
bottom): 80 K, from 74 K to 68 K in steps of 1 K and 66 K.
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4.4 Discussion

The main observations that can be made from the data are:

(a) pinning is enhanced by the introduction of columnar defects up to the highest
investigated temperatures

(b) no further enhancement of the IRL is observed for crossed defects

(c) an enhanced shielding for alignment of the field with the columnar defects is
observed for a set of columns of a single orientation

(d) for crossed defects that are symmetric to the c-axis, the enhancement is along
c

(e) the directional enhancement is observed as soon as the I-V characteristic
becomes nonlinear (i.e., below the IRL)

(f) the IRL essentially shows three parts: a high temperature, exponential part,
a vertical part, and a high field, low temperature part.

Before discussing the anisotropy in pinning, the situation where the field is par-
allel to the defects should be considered first. Obviously the vortices are pinned by
the defects. However, the irreversibility line displays three parts with apparently
different behaviour of the vortex system. Most remarkable is the vertical part that
separates between high temperature and low temperature regime. Such a verti-
cal part means that the pinning energy is field independent, i.e., the vortices are
pinned independently. This independent pinning regime is limited by two factors.
On the high field side the increasing interactions lead to the appearance of intersti-
tial vortices which are much less pinned (van der Beek et al. 1995). Some pinning
remains due to their interaction with the pinned vortices. On the low field side on
the other hand the vortices can gain positional entropy by delocalizing: the pan-
cakes that form the vortex are distributed over several columns (Larkin and Vinokur
1995). The vortex is then localized by the fluctuations in the distribution of pinning
centers. In this regime the pinning energy is again field dependent, because the
variations in pin density lead to a distribution in pinning energies. On increasing
the field the vortices occupy the pinning sites in the order of increasing energy. In
the vertical part the pinning energy is constant which means that every vortex is
probably pinned by just one columnar defect.

We now proceed to the discussion of the anisotropy in pinning by the columnar
defects. A stronger pinning for alignment of the field with the columnar defects is
what one would expect for a strongly coupled system, where the vortices behave as
lines. This becomes clear from Fig. 4.26.

In this figure the properties of a crystal with point defects is compared to that
of a crystal containing columnar defects. For both cases a vortex parallel to the
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(b)

Figure 4.26: Pinning efficiency of different defects for rigid vortices: (a) For point defects
the pinned volume per unit length of the vortex is independent of the direction. However,
for completely rigid lines the pinning force is zero, because the line cannot adapt to the
pinning potential, (b) For columnar defects the pinned volume is maximal for alignment
of the vortex with the defect.

c-axis and a tilted vortex are considered. In the case of point defects a vortex line
encounters on the average the same amount of pinning sites per unit length of the
vortex, independent of its direction. Therefore the pinning force per unit length
does not depend on the orientation of the vortex. In fact, a completely rigid vortex
line cannot adapt to the pinning potential and the total force from the different
point defects is zero on average.

In the case of columnar defects on the other hand, the volume of intersection
between the vortex and the columnar defects grows when the vortex direction ap-
proaches that of the columnar defects. The pinning force per unit length of the
vortex increases on decreasing the angle between vortex and defect and so should
the current carrying capabilities.

».;•/..

(a) (b)

Figure 4.27: Pinning efficiency of different defects for soft vortices: (a) point defects, (b)
columnar defects.

For soft vortices, i.e., vortices with a finite line tension E\, the situation is slightly
different in that the vortices can adapt more easily to the pinning potential (see
Fig. 4.27). Even in this case the conclusion remains the same: enhancement of
pinning in the case of columnar defects, for alignment of the field with the columns.

In Bi-2212 without columnar defects the vortices do not behave as lines in the
field and temperature range under consideration. The strong thermal fluctuations
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lead to the suppression of the Josephson coupling such that a field component par-
allel to the layers penetrates freely due to the spontaneous nucleation of Josephson
vortices. The vortex decouples into independent pancake vortices in the different
layers. Note however, that a magnetic interaction always exists between pancakes
in neighbouring layers although it is weak compared to the thermal fluctuations. In-
troducing columnar defects into the material leads to pinning sites for the pancake
vortices that are not only strong, but moreover correlated in the different planes.
This correlation could naturally give rise to a certain alignment of the pancakes
which would be further strengthened by the magnetic interaction (at least for not
too strong tilt of the defect with respect to the c-axis). Moreover, the strong pin-
ning effect of the columns is expected to suppress the thermal fluctuations of the
pancake vortices which should lead to the reestablishment of the Josephson cou-
pling (Koshelev et al. 1996). Strong intralayer vortex interactions (stronger than
the interlayer coupling) on the other hand can lead to a decoupling of the layers.
According to these considerations a system of pancakes in the presence of columnar
defects can adopt several configurations:

— totally ordered — a column is completely occupied by pancakes

— aligned but on different columns

— totally random

These configurations are illustrated in Figs.4.28 and 4.29.

(a) (b)

Figure 4.28: Correlated pinning of pancakes on columnar defects for two orientations of
the external field, (a) strong correlations, (b) weak correlations.

Before comparing these simplified pictures to the presented experimental results
one remark should be made: measuring the ac shielding current does not yield
information on how vortices are pinned, but on how vortices depin in the presence
of a current. Two cases are possible: one pancake depins independently from its
neighbours, or pancakes depin collectively. Both modes are possible in either the
correlated pinning configuration or in the uncorrelated pinning configuration.

Let us just recall when independent depinning occurs in the case of correlated
pancakes: this case is expected for sufficiently high currents, when the size of the
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Figure 4.29: Completely random distribution of pinned pancakes. No enhancement of
pinning for field along the defects is expected.

vortex loop that must be liberated by thermal excitations to initiate the movement
can be smaller than the interlayer spacing s and then corresponds to just one pancake
vortex (Koshelev et al. 1996). The current above which this decoupled motion
occurs is jdec = \/£iUo/^oS- S\ is the line tension, UQ the pinning energy per
unit length, and s the interlayer spacing. For an anisotropy 7 = 150 the elastic
tension is approximately 1.110~15 J/m. UQ is estimated from the pinning energy
of a pancake vortex given by Gerhauser et al. (1992) (70 meV) divided by s which
gives in MKSA units 7.36 x 10~12 J/m. It follows that the decoupling current is
j d e c = 3.1 x 10loAm~2. Note that the strongest measurable currents in the present
set-up are of the order of 107 Am"2.

It was observed by Kummeth et al. (1994) that this could explain the absence of
anisotropy in pinning by columnar defects at low temperatures, since the magneti-
zation currents are then so high that the size of the critical loop for vortex depinning
falls below the interlayer spacing.

On the other hand, an anisotropy in (de-)pinning as it is evidenced by the dip
in the transmittivity necessarily means that pancake motion occurs in a collective
manner, via depinning of packets of several pancakes.

From the possible pancake distributions the completely random distribution can
now be eliminated: it does not give rise to a higher probability of depinning packets
of pancakes when the field is aligned with the columns. The two other distributions,
totally ordered and aligned, but on different columns, are still possible. The different
parts in the IRL suggest that they probably occur both, albeit at different vortex
densities.

Therefore an anisotropy in pinning is observed over the whole accessible temper-
ature range for defects along the c-axis. This is true as well for defects inclined by
30 degrees with respect to the c-axis, and for crossed defects with a 15 degree tilt.
For crossed defects tilted by 45 degrees it is true in a limited field and temperature
range only.

The direct comparison of the IRLs of samples with defects along c, and samples
with crossed defects, but the same total dose, shows that the splay does not enhance
the irreversible regime (Figs. 4.14 and 4.15), rather it is slightly reduced. This is in
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accordance with the splay glass model if the IRL traces the glass transition, since a
splay in the columnar defects is expected to degrade the glass transition temperature
only when the splay angle exceeds the average thermal tilt in the flux liquid phase
(Hwa et al. 1993). However, if the IRL is determined by the creep rate then a
splay should push it to higher temperatures and fields. This would at least be the
case for line-like vortices, it is not clear what should happen in a strongly layered
compound. For line-like vortices the splay in the defect orientation is expected to
hinder the free propagation of vortex kinks by which vortices jump between columns
in the Bose glass phase. But how does such a kink look like in a strongly layered
superconductor? Imagine that part of a pancake stack has shifted to a neighbouring
column. The kink is the connecting field and current distribution between the top
pancake of the lower part and the bottom pancake of the higher part of the stack.
For closely spaced columns the kink induces only a slight perturbation in the field
and current distribution and the interaction between the two pancakes is mainly
magnetic (Bulaevskii et al. 1992). A Josephson string between the two pancakes
develops only when their separation exceeds the Josephson length Xj — 7s. For
an anisotropy 7 = 150 and an interlayer distance s = 1.5 nm this length equals
225 nm. The matching field that would correspond to a mean spacing between
columnar defects of the same size is 450 G. This is much lower than in the samples
used for this work and the interdefect distance therefore much smaller than Xj.

Such a kink in a pancake stack can propagate along the defects simply by a series
of jumps of pancake vortices.

Figure 4.30: Kink in a pancake stack and its propagation

Studies of the magnetization current in the critical state give diverging results
with respect to the effect of splay. Schuster et al. (1996) claim that the field profiles
observed with a magneto-optical technique give a constant ratio of approximately
1.5 between the current for crossed defects with a 45 degree tilt and that for defects
along c, and this in the whole temperature range from 5 K to 80 K. Such a difference
could in fact be explained by the increased defect size in the copper oxide planes
that results from the oblique irradiation (the defect is a factor \/2 longer in one
direction for an irradiation under 45 degrees). Magnetization measurements at 6 K
and 40 K by Hardy et al. (1996) point rather towards a weaker pinning by splayed
defects. An enhanced critical current was only observed for the very large tilt angle
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of 75 degrees. Note that even this large angle would still be negligible in the rescaled
isotropic frame (Blatter et al. 1992).

In summary, for small-angle splayed defects there is a slight lowering of the
IRL, but no clear enhancement of the critical current. Together with the observed
anisotropy in the transmittivity the following picture emerges: although the vortices
exhibit line-like features in their creep from columnar defects, no further increase of
the supported current at a given voltage is observed for splayed defects at low and
intermediate temperatures.

Apparently a misalignment between families of columns seems to slightly en-
hance the creep rate. This could be understood if the two sets of columns were in
competition with each other in pinning stacks of pancakes. In order to follow an
average direction of the field intermediate between the directions of the different sets
of columns, the vortex has to hop several times between the two sets of columns.
This could limit the maximal size of a pancake stack and lead to kinks that are
absent when the columns are along c. It could be this increased number of kinks
that leads to a enhanced creep.

The effect should be stronger for the crossed defects with a 45 degree tilt than
for those tilted by 15 degrees. This could explain why the steep part in the IRL
for such a defect arrangement is not completely vertical. For this tilt of the crossed
defects the dip in the transmittivity curves is absent in the high and low field regime
(Fig. 4.24). At low fields one deals with delocalized pancake stacks and at high fields
with interstitial pancakes. In both cases a potential which is constant along the c-
axis is absent, so that this direction is not preferential any more. In the intermediate
field regime on the other hand an anisotropy is still present. The vortex stacks should
then be localized on the columns, but in order to follow the field direction the vortex
has to jump between the two sets.

In this situation the E-j characteristics shows power law behaviour. This is not
what is expected in the case of splay glass or Bose glass dynamics, where the electric
field has a stretched exponential dependence on the current density (compare also
Fig. 5a in the paper of van der Beek et al. (1995)). Such a behaviour should be
observed though, if the relevant energy is that which is needed to move one of the
pancakes at the end of a stack (i.e., to move a kink by one pancake), because this
energy does not depend on the current density.

4.5 Conclusions

It has been found, that pinning by columnar defects is anisotropic in the region of
the H-T phase diagram that has become irreversible after the introduction of these
defects. This means more precisely, that the pancakes which constitute a vortex
depin in a correlated manner, i.e., in packets of pancakes or as kinks, at least for
current densities below w 107Am~2. Such correlated depinning is observed for fields
along the c-axis in the case where the columnar defects also follow this direction,
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but also in the case of crossed columns, arranged symmetrically with respect to the
c-axis. It is moreover observed for other orientations of the applied field, if this
orientation coincides with that of a set of tilted columns.

The irreversibility line does not seem to be very sensitive to the exact arrange-
ment of the columnar defects. In particular is the IRL not shifted to higher tem-
peratures and fields by a splay in the defects. This is probably due to the strongly
layered nature of the material.

A lot of problems are still waiting to be solved before vortex dynamics in layered
superconductors in the presence of columnar defects will be completely understood.
One of these problems is whether the Josephson coupling is reestablished after in-
troduction of columnar defects. Such a coupling should in fact become important in
vortex creep when the mean distance between columnar defects exceeds the Joseph-
son length. By studying samples with sufficiently low irradiation doses it should be
possible to shed some light at least on this question.



Chapter 5

Anisotropy of pinning by columnar
defects in

5.1 Introduction

The materials that are most often used to study pinning of vortices by columnar
defects are YBa2Cu308 (Y-123) and Bi2Sr2CaCu2O8 (Bi-2212). While the first is
only slightly anisotropic (7 = 7), with vortices that behave as lines, the second is
a layered material (7 > 150) for which the vortices have lost most of their line-
like character and are better described as stacks of 2D-vortices. HgBa2Ca2Cu308+,$
(Hg-1223), which has been discovered more recently by Schilling et al. (1993), is a
material with an anisotropy that lies between those of Y-123 and Bi-2212, 7 = 52
according to Vulcanescu et al. (1996). Its study can shed light on the depinning
of vortices with a behaviour intermediate between true vortex lines and pancake
stacks. Moreover, with a maximal Tc of 135 K Hg-1223 is the material with the
highest critical temperature known up to date. This allows to apply rather high
magnetic fields without degrading the superconducting transition temperature below
the working range of a nitrogen cryostat.

5.2 Experimental details

The single crystal with dimensions 150 x 250 x 70/zm3 used for this work was synthe-
sized by Dorothee Colson at SPEC/CEA-L'Orme-les-Merisiers via a gold amalga-
mating technique described in more detail in chapter 1. It has then been annealed in
oxygen in order to increase its oxygen content. This procedure lead to a Tc of 134.4 K
(an optimal Tc of 135 K is obtained for a stoichiometry of HgBa2Ca2Cu3O8.i9, ac-
cording to Bertinotti et al. (1995)). However, the oxygenation of Hg-1223 under low
pressure of oxygen is a very slow process and the annealed crystals are suspected
to have an optimal oxygen content in a limited volume close to the surface only.
Another source of inhomogeneity in Hg-1223, which has three copper oxide layers

91
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per unit cell, is the intergrowth of the crystal phases Hg-1212 and Hg-1201 with two
or one copper oxide layer. Apparently it is difficult to exactly control the number
of copper oxide layers per unit cell by the growth conditions. Note that Hg-1201
has a Tc of approximately 95 K, as-grown Hg-1212 a such of 120 K, which can be
pushed to 126 K by annealing in oxygen, and as-grown Hg-1223 has a Tc of 120 K
(Bertinotti et al. 1997).

After a characterization of the pristine crystal by tracing the transmittivity tran-
sition curves in zero as well as several applied fields, the sample was irradiated along
its c-axis with a dose of 1015 m~2 6 GeV Pb ions resulting in a matching field of 2 T.
This slightly lowered the critical temperature to 132.6 K.

The discussion of the results obtained on this crystal will follow the lines of
chapter 4. First, the superconducting transition of the pristine and the irradiated
crystal as reflected in the increased shielding of an ac field will be discussed. It
reveals a sample inhomogeneity that probably has to be ascribed to the incomplete
oxygenization mentioned above, although cracks in the crystal can not completely be
ruled out. This will be followed by an analysis of the additional observations made
on the crystal after irradiation. The irreversibility line exhibits two regimes, and its
shape confirms that the vortex physics of Hg-1223 in the presence of columnar defects
are intermediate between those observed in Y-123 and Bi-2212. An anisotropy of
pinning by the columnar defects is observed in both regimes of the IRL. It appears
as soon as a shielding current becomes measurable as seen in chapter 4 for Bi-2212.
The investigation of vortex dynamics via measurements at variable frequency (E-j
characteristics) finally showed that the high field part of the IRL is rather determined
by the vortex creep rate than by a phase transition.

5.3 Results

5.3.1 Temperature dependence of the transmittivity

Before irradiation

Figure 5.1 shows the transition in zero field of the pristine crystal. As can be seen in
the first harmonic, the signal drops steeply over a temperature interval of 1.6 K, but
only to a value of 0.2. Also is a slight shoulder visible at about 90% of full signal.
To this sharp drop in the in-phase component of the first harmonic corresponds a
peak in the third harmonic. This peak also has a shoulder coinciding with that in
the first harmonic. This structure may reflect a sample inhomogeneity which might
be due to the incomplete oxygenization process.

On decreasing the temperature further the shielding continuously increases, but
much more slowly. The third harmonic signal in turn remains at a very low level,
then goes through a weak maximum and finally drops to zero at 126.5 K. Such a weak
third harmonic signal is sometimes also seen in Bi-2212 where it can be ascribed
to a surface barrier. In the present case, the barrier like behaviour is due to the
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Figure 5.1: In-phase component of the first (o) and amplitude of the third harmonic
transmittivity (A) as measured on the pristine Hg-1223 crystal during a temperature
decrease in zero dc field. Hac = 7.1 Oe, / = 7.75 Hz.

full oxygenization of the sample perimeter, with respect to the poorly oxygenated
interior.

Transition curves for several applied dc fields are shown in Fig. 5.2. For the
measurements shown in this figure the field was at an angle of approximately 13
degrees with respect to the c-axis of the crystal. Several changes can be observed in
the transition curves of the third harmonic when a field is applied: its onset temper-
ature decreases slightly and the transition widens. Moreover, the small second peak
in the third harmonic at 129 K becomes much larger for an applied field of 50 Oe.
At higher fields this second peak merges with the principal one.

After irradiation

The real part of the first harmonic and the modulus of the third for the transition
in zero field after irradiation are shown in Fig. 5.3. The transition curve of the first
harmonic looks still quite the same after irradiation, there is just a slight decrease
of the critical temperature to 132.6 K to be noted. The third harmonic on the other
hand has undergone striking changes: all the substructures observed before have
completely disappeared. This might be due to the increased importance of bulk
pinning as compared to the surface barrier. The structures partly recover when a
dc field is applied (see Figs. 5.4 and 5.5). In particular, the second peak in |T//3|
appears again. It is clearly separated from the first peak even though the applied
field has the same value as the highest field shown in Fig. 5.2. In the first harmonic
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Figure 5.2: Temperature dependence of the in-phase component of the first and amplitude
of the third harmonic transmittivity of the pristine Hg-1223 crystal for different fields: 0 Oe
(o), 50 Oe (A), 100 Oe (A), 200 Oe (V), 400 Oe (0), 500 Oe(T). The field orientation is
tilted by 13 degrees with respect to the c-axis. Hac = 7.1 Oe, / = 7.75 Hz.
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Figure 5.3: In-phase component of the first (o) and amplitude of the third harmonic
transmittivity (A) during a temperature decrease in zero dc field as measured on the Hg-
1223 crystal after irradiation with a dose corresponding to B^ = 2 T. Hac = 7.1 Oe,
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this double peak structure is only visible as a change in slope. Even in the presence
of a dc field as high as 5000 Oe the two peaks remain rather well separated (Fig. 5.5).

When drawn in a polar plot with the temperature as parameter the double peak
structure in the third harmonic turns out to be a minor loop inside a main loop
(Fig. 5.6). The main loop resembles those observed in Bi-2212 with columnar defects,
and is expected for a parallelogrammatic ac magnetization loop. Two explanations
are possible for the double loop: (a) there is a crack in the sample separating it in two
parts, from either of which a magnetic response is picked up. The superposition then
gives the observed signal, (b) part of the sample has a lower Tc due to incomplete
oxygenization giving rise to a double transition. The main loop is then due to the
part of the sample with the higher Tc. At a certain temperature T\, the part of
the sample with the lower Tc starts to screen the ac field, leading to a second loop,
superposed on the first one.
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Figure 5.6: Polar plot of the third harmonic transmittivity that is observed during the
shielding transition of the irradiated Hg-1223 sample (B<t> = 2 T) during a temperature
scan in an applied dc field of 5000 Oe. Hac — 7.1 Oe, / = 7.75 Hz. The arrows indicate the
sense given to the curve by decreasing the temperature. T\ is the temperature at which
the minor loop starts.
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5.3.2 Irreversibility line
Even if a double transition is present in this crystal, the onset of the third harmonic
is solely determined by the onset of nonlinearity at the sample edge, i.e., in the high
Tc phase. Therefore it is still useful to study the variation of the third harmonic
onset with amplitude of the applied dc field.

The onset has been determined as explained in chapter 2. The IRL after irradi-
ation is shown in Fig. 5.7 in semi-logarithmic scale. As compared to Bi-2212, the

115 120 125
Temperature [K]

130 135

Figure 5.7: Irreversibility line of the irradiated Hg-1223 sample in a semi-logarithmic plot.
The horizontal bars indicate the field values for which the dependence of the transmittivity
on the field direction has been investigated. Thick lines mark the temperatures where an
anisotropy of pinning by the columnar defects has been found.

absence of the vertical part is striking. As a result the distinction of different parts
in the IRL is much less obvious than in Bi-2212. A tentative separation in different
parts is shown in Fig. 5.8, in which the irreversibility field is plotted against reduced
temperature. Three parts have been distinguished: (1) a high temperature part
above 126.5 K where the irreversibility field drops exponentially with temperature,
(2) an intermediate part extending down to 121.6 K, and (3) a "low" temperature
part. Intermediate and low temperature part are fitted by a power law in (1 — t),
where t = T/Tc. It is not clear what the origin of these two parts is. Neither are
they comparable to the IRL of Y-123, which is linear in T, except very close to Tc

(Samoilov et al. 1996), nor have they counterparts in the IRL of low dose irradiated
Bi-2212, although the IRL there has a shape which superficially resembles that of
Hg-1223 (see van der Beek et al. (1995)).

The high temperature part on the other hand has the same exponential tem-
perature dependence as in the IRL of Bi-2212 (chapter 4 and van der Beek et al.
(1995)).
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Figure 5.8: Irreversibility field of the irradiated Hg-1223 sample against reduced temper-
ature. Curve fits have been applied to the different parts.
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Figure 5.9: Dependence of the transmittivity of the irradiated Hg-1223 crystal on the
angle 9 between the applied field and the c-axis. B<t> = 2T, Hdc = 500 Oe, Hac - 7.1 Oe,
/ = 7.75 Hz. Temperatures: 126 to 119 in steps of 1 K, 117, 114, and 111 K (from top to
bottom).
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5.3.3 Angular dependence of the transmittivity

Angular scans of the transmittivity have been taken for fields ranging from 500 Oe to
10 kOe. In this whole range anisotropy of pinning induced by the columnar defects is
observed. The field values and temperature ranges for which the dependence of the
transmittivity on the angle between dc field direction and c-axis have been studied
and at which temperatures an anisotropy in pinning by the columnar defects has
been found is indicated in the IRL (Fig. 5.7). As in heavy-ion irradiated Bi-2212 an
anisotropy in shielding due to the pinning by columnar defects sets in slightly below
the irreversibility temperature. Figs. 5.9 and 5.10 represent the low field region
[Hdc = 500 Oe) and the intermediate field region (Hdc = 5000 Oe) of the IRL,
respectively. The corresponding curves for 2 kOe and 10 kOe look similar and are
not shown here. The anisotropy of pinning by the columnar defects (|| c) is reflected
by the central dip. Note that this dip is deeper than those occurring for alignment
of the dc field with the a6-plane of the sample (±90 degrees). This is in contrast to
the observation made in Bi-2212 where shielding always first sets in for alignment
of the dc field with the a6-plane and where the dips for H || ab are deeper than
for H parallel to the columns. The increased shielding very close to the a6-plane
could be due to intrinsic pinning of the vortices by the layered structure (Feinberg
and Villard 1990). The broader minimum around a&, which is more pronounced at
higher fields, can be ascribed to the material anisotropy. Similar observations have
been made in Y-123 and scaled perfectly with the anisotropy (Yeh et al. 1995).

The dip due to pinning by the columnar defects has a similar shape and width for
all the field values, although these values correspond to quite different ratios between
the number of vortices and the number of defects. A comparison of angular scans
at different fields but approximately the same temperature is shown in Fig. 5.11.
The effect of increasing the field on the pinning by the columnar defects is very
similar to increasing the temperature: screening decreases for all directions and
the pinning dip becomes sharper. However, increasing the field and increasing the
temperature are not completely equivalent. This becomes evident from Fig. 5.12. In
this figure the temperatures of the curves at different fields have been chosen such
that the transmittivity for alignment of the field with the columns equals 0.4. In
this representation one can see clearly that the dip becomes sharper when the field
is increased. The approximate angles above which the signal is independent of angle
are 78 (500 Oe), 50 (2000 Oe), 37 (5000 Oe), and 21 degrees (10 kOe).
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Figure 5.10: Dependence of the transmittivity of the irradiated Hg-1223 crystal on the
angle 6 between the applied field and the c-axis. B^ = 2 T, Hdc = 5000 Oe, Hac = 7.1 Oe,
/ = 7.75 Hz. Temperatures: 124 to 110 in steps of 2 K (from top to bottom).
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Figure 5.11: Comparison of angular scans at different fields. Temperatures are 118 K for
the scans at 500 (o), 2000 (A) , and 5000 Oe (•) , and 117 K for 10000 Oe (A). Hac = 7.1 Oe,
/ = 7.75 Hz.
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Figure 5.12: Comparison of angular scans at different fields. The temperatures were chosen
so that the transmittivity for field parallel to c and to the columnar defects is reduced to
0.4. Temperatures are 123 K for 500 Oe (bottom curve), 122 K for 2000 Oe, 120 K for
5000 Oe, and 117 K for 10 kOe (top curve). Hac = 7.1 Oe, / = 7.75 Hz.

5.3.4 Frequency dependence of the transmittivity
It has been shown in the previous section, that the pinning by columnar defects
is anisotropic in both parts of the IRL. In a next step one would like to know if
the vortex dynamics are the same in the low and intermediate field regions as well.
In an attempt to answer this question temperature scans at different frequencies
of the ac field have been performed for 100, 200, and 5000 Oe dc field. However,
for the low field values the noise level was too high to obtain useful results, so
only the 5000 Oe data are presented here. This corresponds to the intermediate
region in the IRL. Fig. 5.13 shows a log-log plot of the frequency dependence of
the normalized shielding current j , obtained from the transmittivity as explained
in chapter 2. First it has to be noted that the lines above the bold dashed line
stem from the temperature region where the second peak in the third harmonic is
observed. The dynamics there are dominated by the screening by the low Tc phase
in the interior. Below the dashed line the dynamics can be expected to be purely
those of the high Tc phase at the perimeter. The lines in Fig. 5.13 are power law
fits to the data without taking into account the lowest frequencies, where systematic
deviations occur. A power law dependence of j on frequency were also observed at
high fields in Bi-2212 by C. J. van der Beek et al. (1995).
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Figure 5.14: Flux creep activation energy, Uc, as a function of temperature as extracted
from the power law fits on the j vs. / data.
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As argued there, such a power law dependence with a temperature dependent
power does not correspond neither to the creep predictions of the Bose glass theory,
nor to a critical scaling analysis of the Bose glass transition, nor to the expectations
for collective creep. They can be explained if one assumes that the activation barrier
against flux motion depends logarithmically on J, U(J,T) = Uc(T)\n(Jc/J). The
prefactor UC(T) then corresponds to &BT divided by the slope of the data in Fig. 5.13.
UC(T) is shown in Fig. 5.14. The temperature dependence of Uc for Hg-1223 seems to
be quite different from that observed in Bi-2212 where a linear dependence has been
observed(van der Beek et al. 1995). However, the temperature range over which this
dependence could be traced here is very limited (> 2 K) and much smaller than that
observed by (van der Beek et al.). A direct comparison has therefore to be taken
with care.

5.4 Discussion

The temperature variation of the transmittivity components at the transition shows
quite clearly that the transition to a complete shielding occurs in two steps. Ap-
parently the sample is not homogeneous. A has been mentioned in the introductory
part of this chapter a strong source of inhomogeneity is the slow diffusion of oxygen
during annealing, which most likely results in an enhanced Tc in a surface layer
only. However, bad sample quality could lead to a similar observation. A crack
in the material separating the sample into two domains could lead to a shielding
signal composed of the responses of the two sample parts, and also result in a double
transition.

Evidence against this second possibility comes from the transition curve in zero
field after the irradiation. In fact, the irradiation cannot turn a sample that consists
of two parts into a simply connected sample, and should therefore not lead to the
disappearance of the double transition with a second small maximum in the third
harmonic.

In the case of inhomogeneous oxygenation on the other hand, the irradiation
enhances the shielding current in the high Tc surface layer to a level that is sufficient
to completely shield the interior of the sample. The transition of the inner part with
a lower Tc then happens in the (local) absence of any ac signal, and can therefore
not be detected. Before irradiation the shielding would not have been complete,
and a small signal could be detected. The second transition is again visible when
a dc field is applied, because this reduces the supported shielding current under
otherwise equal conditions (temperature, ac amplitude and frequency) and the ac
signal penetrates to the central region.

Despite the fact that the sample is not homogeneous, it is nevertheless possible
to study some of the properties of the high critical temperature phase. Over a
certain temperature range below the onset of superconductivity it is only this phase
that makes a contribution to the ac response (if one neglects any contribution of the
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normal electrons). This means that the flux inside is only determined by the outer
perimeter and the single loop model should be very well applicable.

In particular, the onset of the third harmonic can be expected to contain infor-
mation about this high Tc phase only so that the IRL keeps its significance. When
compared to the IRLs of heavy ion irradiated samples of Y-123 (see for example
Samoilov et al. (1996)) or Bi-2212 (previous chapter), that of Hg-1223 exhibits dif-
ferences with respect to both. While a vertical part is absent as in the case of Y-123,
there is nevertheless a high temperature exponential part as in Bi-2212, which is not
observed in Y-123.

As in the case of Bi-2212 the exponential part can be explained by delocalization
of the vortices, when the creep is dominated by the most weakly pinned vortices.
However, the absence of a vertical part probably signifies that the depinning mech-
anism is not that of single pancakes, which in Bi-2212 gives rise to a field indepen-
dent irreversibility temperature. Apparently in Hg-1223 the vortices are lines, even
though they might be very soft. This corresponds well to the observed anisotropy
of Hg-1223 which is intermediate between those of Y-123 and Bi-2212.

The angular dependence confirms this conclusion. Indeed, if one considers the
angular dependence of the transmittivity for a dc field of 500 Oe (Fig. 5.9), then it
is seen that as the field is tilted towards the afr-plane, and the c-axis component of
the field decreases, the shielding does not improve until the field is almost parallel
to the a6-plane. An improvement of shielding when the field direction approaches
that of the a6-plane has also been observed in Y-123 (Jiang et al. 1994). This effect
is due to the anisotropy of the superconducting properties: on approaching the ab-
plane direction the vortex core (£) becomes smaller and the extend of the screening
currents (A) increases. This results in a stiffening of the vortex and hence a better
pinning. The characteristic angle where this effect sets in should move closer to the
afr-direction as the anisotropy is increased. This is what one observes in Hg-1223.
The observation that in Bi-2212 on the other hand the dip around ab extends again
to larger angles has a different origin. Here the vortices are practically decoupled into
stacks of pancakes oriented along the c-axis and a freely penetrating a6-component
of the field. The in-plane component does not contribute to the dissipation, which
is determined by the density of pancakes alone. This density decreases as the field
is turned towards ab. In Bi-2212, with its very high anisotropy, it is this decreasing
pancake density that leads to an improvement of shielding even far from alignment
with the a6-plane. In this point, which tests specifically the line-like nature of the
vortices, Hg-1223 appears to be closer to Y-123 than to Bi-2212.

In the high field part of the IRL a power-law frequency dependence of the screen-
ing current is observed with a temperature dependent power. As has been said be-
fore, this cannot be explained by critical scaling near the Bose glass transition, since
the power should be constant in the critical region below the transition. The IRL is
determined by creep, as in the low field part. It is not clear though, what the creep
mechanism is.
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5.5 Conclusions

Columnar defects have been found to give rise to an anisotropic pinning in Hg-1223
crystals. The irreversibility line for this material has a feature that is also found
in the IRL of Bi-2212: an exponentially decreasing part. This part is supposed
to occur for delocalized vortices that are not pinned by a single column, but by a
fluctuation in pin density. Apparently the anisotropy of Hg-1223 is still sufficiently
high to allow the vortices to wander between the columns and to take advantage of a
locally increased density of columns. However, the dependence of the transmittivity
on the angle between the defects/c-axis and the field direction suggests that the
vortices keep their line-like character in this material. The behaviour of the vortices
is therefore intermediate between those observed in Y-123, where the vortices are
rather stiff, and those of Bi-2212, where the vortex is very soft and is better regarded
as a stack of pancakes.

Only one sample of this material has been measured, which moreover seems to
be inhomogeneous. The results of this chapter should therefore be checked on other
samples of better quality in order to get certainty about the physics of the vortex
matter in Hg-1223.



Chapter 6

Angular dependence of the surface
barrier in

6.1 Introduction

Even in the absence of an effective pinning of the vortices by defects in the bulk
of a superconducting material other sources of irreversibility still remain; such as
the competition between the attractive force on the vortices exerted by the sample
surface and their repulsive interaction with the surface screening currents. Together
these interactions are at the origin of the Bean-Livingston surface barrier (Bean and
Livingston 1964).

Another type of barrier arises in non-ellipsoidally-shaped samples where the vor-
tices enter first at sharp sample corners. The interaction with the shielding current
pushes them towards the sample center, but in order to advance they have to increase
their length, at a considerable energy cost. There is therefore a barrier against flux
entry. This is the geometrical barrier (Indenbom et al. 1994a; Zeldov et al. 1994).

The geometrical barrier, as its name indicates, depends on the geometry under
consideration. The usual geometry to study this barrier has been to apply the mag-
netic field along the normal to the top surface of a rather flat sample of rectangular
cross section as illustrated in Fig. 6.1.

H

V
\

Figure 6.1: Flux penetration from the corners in a flat sample of rectangular cross section.
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In this chapter flux exit and entry of a c-axis field into a Bi-2212 crystal will
be studied in the presence of an additional in-plane field. The in-plane field might
be expected to alter the geometry of the flux penetration process with respect to
that shown in Fig. 6.1. It will be shown though, that the observed local induction
loop can be understood in terms of a barrier for flux entry as it is observed in the
presence of a c-axis field only. This means that in this material the vortices are so
soft (the Josephson coupling so small), that a geometrical barrier effect is negligible.
It is proposed that the origin of the barrier is the ordinary Bean-Livingston barrier
and not the geometrical barrier as claimed by Zeldov et al. (1994).

6.2 Experimental details

Two samples grown via the "travelling solvent floating zone" technique have been
used for this study: a pristine Bi-2212 crystal of approximate dimensions 700 x 200 x
30 fim3, and a Tc of 90.1 K and a sample of size 450 x 250 x 30 p 3 and Tc = 78 K,
which was irradiated with 6 GeV Pb ions at ± 15 degrees from the c-axis with a
dose of 5 x 1014m~2 in each direction. The experimental set-up is that described in

Figure 6.2: Orientations of ac and dc magnetic field with respect to the sample. The dc
field is shown to lie completely parallel to the aft-plane of the sample. In the experiments
slight deviations of perfect alignment have been explored as well.

chapter 2 with the specialty that the dc magnetic field orientation is close to the
a6-plane (see Fig. 6.2). The action of the ac field is that of a periodic tilting of the
vortices already present in the sample. It thus induces a periodic entry and exit of a
field component parallel to the c-axis. Moreover, since in the following experiments
the ac magnetic field amplitude is of the same order of magnitude as the dc field,
it cannot be regarded as a minor perturbation. For this reason the data will not
just be analysed via the transmittivity components, but the "full" signal will be
reconstructed from these components.
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6.3 Results

The onset of screening for dc field orientations closely aligned with the a6-plane
(9 is the angle between the field direction and the afe-plane), as it shows up in
the transmittivity components of the pristine sample with Tc = 90.1 K, is shown in
Fig. 6.3. As the temperature is lowered the in-phase component of the first harmonic
develops a dip that continuously deepens while its width remains almost the same
(Fig. 6.3(a)). The out of phase component on the other hand shows more structure
(Fig. 6.3(b)): next to a central peak there are plateaus on either side. Moreover,
the angular extent of the whole structure increases noticeably as the temperature is
lowered. What is most intriguing however, is the angular dependence of the third
harmonic component. This is illustrated in Fig. 6.3(c), where \TH3\ is traced as
a function of 9. The third harmonic shows a central peak and two satellite peaks
centered at e±9 degrees. Surprisingly the third harmonic signal vanishes when the dc
field forms an angle of 6 degrees with the a6-plane. On decreasing the temperature
the height of the peaks grows and the secondary peaks broaden towards higher
angles. The minimum at 9 = 6 degrees persists, independently of the temperature.
At this angle the c component of the static field is 10.5 Oe. This is surprisingly close
to half the ac field amplitude (20.8 Oe). As will become clear later, this is a pure
coincidence. Note that when the third harmonic signal vanishes the total c-axis field
still changes sign over one cycle.

As the temperature is very close to Tc, Hci, or more exactly Hp, the field of first
penetration, is very small, of the order of 1 Oe, much smaller than both ac field and
the c-axis component of the dc field at the minimum in TJJZ- The Meissner effect
can therefore be eliminated as a possible origin of the minimum. Note that Hp

increases approximately linearly from zero as the temperature is decreased below Tc

and might become important. At the lowest temperature shown in Fig. 6.3, 78 K,
it is approximately 10 Oe (Chikumoto et al. 1992).

6.3.1 Influence of ac frequency and amplitude

The triple peak structure in the third harmonic was also observed in the irradiated
sample with a Tc of 78 K. At 75 K the triple peak structure in the third harmonic
is still clearly resolved. Apparently pinning by the columnar defects does not yet
dominate the dynamics at this temperature and a study of the ac amplitude and
frequency dependence of the minimum position is therefore possible, even in this
irradiated sample.

Let us first consider the influence of the frequency of the ac excitation. As can be
seen from Fig. 6.4 the position of the minimum does not change with frequency. The
peaks however, change drastically. The central peak is strongly suppressed when the
frequency is increased. The satellite peaks decrease slightly but broaden very much
with increasing frequency. From this figure it can also be seen that the position of
the minimum depends on ac field amplitude. The ac amplitude here is 1.19 Oe and
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Figure 6.3: Dependence of (a) the in-phase and (b) out-of phase components of the first
harmonic and (c) of the amplitude of the third harmonic transmittivity on the angle
between the dc field direction and the afr-plane of a pristine sample with Tc = 90.1 K.
Hdc w 101 Oe, Hac = 20.8 Oe, / = 7.75 Hz. Temperatures: 90 K to 78 K in steps of 1 K.
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Figure 6.4: Dependence of the triple peak structure around ab on the frequency of the ac
field at an ac amplitude of 1.19 Oe in an irradiated sample with crossed defects at ±15
degrees. Tc = 78 K. Hdc = 101 Oe, T = 75 K. Frequencies: 7.75 Hz (•), 76.1 Hz (A), and
747 Hz (o).

the minimum lies at approximately 0.6 degrees. This has to be compared with the
20.8 Oe ac amplitude and the angle of 6 degrees observed for the pristine sample.
The dc field is in both cases 100 Oe. That the shift is not just due to the presence
of the columnar defects is shown in Fig. 6.5. The minimum position can actually
be shifted towards higher angles in the irradiated sample as well, by increasing the
ac amplitude. The angles obtained from these curves are collected in table 6.1. As
becomes clear from this table the ratio between ac and dc field is not a constant.
This excludes a simple arithmetic origin of the minimum, due only to the ratio of
the two fields as suggested in the work of (Ji et al. 1989).

6.3.2 Polar plots of the third harmonic

Only the amplitude of the third harmonic has been considered up to now. In order
to gain more insight into the angular dependence one should look at its real and
imaginary parts. Figure 6.6 shows polar plots of the third harmonic for the pristine
sample and a field of 100 Oe. The angle is held fixed and the temperature varied
for each curve. Here, a crossover is clearly visible. For dc field parallel to the
planes (Fig.6.6a) the response of the sample is very different from the one at 16
degrees (Fig.6.6f). On increasing the angle, and thus the c-axis field, the amplitude
of the third harmonic response diminishes but the polar plot keeps its shape. Then,



112 Chapter 6. Angular dependence of the surface barrier in

- 4 - 3 - 2 - 1 0 1 2 3 4
0 from ab-plane [deg]

- 4 - 3 - 2 - 1 0 1 2 3 4
6 from ab-plane [deg]

Figure 6.5: Dependence of the triple peak structure around ab on the amplitude of the ac
field with frequency 7.75 Hz in an irradiated sample with crossed defects at ±15 degrees.
Tc = 78 K. Hdc = 101 Oe, T = 75 K. ac field values: 1.19 (a), 2.59 (b), 4.01 (c), 5.41 (d),
and 7.17 Oe (e).

Table 6.1: Variation of the position of the minimum in the third harmonic with third
harmonic amplitude. The position is given as the angle 6 measured from the ai-plane.
The corresponding c-axis dc field is given as well as the ratio to the ac field.

Hac [Oe]
1.19
2.59
4.01
5.41
7.17

e [deg]
0.6
0.8
1.13
1.5
1.85

Hdcc [Oe]
1.047
1.396
1.972
2.618
3.228

Hdc,c/Hac

0.880
0.539
0.492
0.484
0.450
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around 6 degrees in the present case (Fig.6.6c), the whole figure turns and the third
harmonic response evolves into a second type. On increasing the angle further, the
third harmonic response increases again. The second response type, exemplified by
the polar plot at 16 degrees, comes close to the ideal cardioid, although the full cycle
has not yet been described. This reflects a parallelogrammatic hysteresis loop (see
chapter 2).

0.05

- -0.05

Figure 6.6: Polar plots of the third harmonic as a function of temperature. For each
curve the temperature varies between 88.8 K and 67.8 K. The curves are traversed in the
positive sense as the temperature is decreased (arrows). The different curves correspond
to different angles 9 between the dc field direction and the a&-plane: (a) parallel to ab,
(b) 4 degrees, (c) 6 degrees (minimum), (d) 8 degrees, (e) 12 degrees, (f) 16 degrees.
Hdc = 101 Oe, Hac = 20.8 Oe, / = 7.75 Hz
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6.4 Discussion

It has already been mentioned that bulk pinning can be excluded as the source
of the observed behaviour since irradiation with heavy ions does not change the
response for H \\ ab at high temperatures appreciably. A surface or geometrical
barrier however, cannot be neglected. Such a barrier is present up to the highest
temperatures and is independent of the presence of columnar defects. Therefore,
this source of nonlinearity should be examined more carefully. The surface barrier
has actually already been treated by Gilchrist and Konczykowski (1993) in their
alternative critical-current hypothesis. We reproduce here the polar plot of the
third harmonic (Fig. 6.7) as it was given in their paper. The different curves in this
figure represent different ratios Hdc/hac of dc and ac field. The curves are described
in the positive sense as the normalized surface current j varies from 0 (no shielding)
to 1 (complete shielding). It is obvious that this result is somewhat different from

"-0.08 -0.04 0.04 0.08Tl

Figure 6.7: Polar plots of the third harmonic for the alternative critical-current hypothesis
of Gilchrist and Konczykowski (1993), which models surface pinning of vortices. The labels
next to the curves indicate the ratio Hdc/hac between static and alternating magnetic field.

what has been shown in Fig. 6.6. A reason for this could be that the single loop
model does not accurately describe the present case.

In order to gain more insight into the details of the nonlinearities of the sample
response, a reconstruction of the original signal has been attempted based on the
measured components. The reconstructed signal is given by:

B(9) = T' cos 9 - T" sin 6 + T^ cos 30 - T% sin 30 (6.1)

The negative signs for the out of phase components are due to the definition of the
complex transmittivities (see chapter 2).

For an arbitrary signal such a reconstruction would be far from giving the original
signal shape. However, for the two cases to which this method shall be applied here,
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there is a good chance that the reconstructed signal is not very far from the real one
as will be outlined in the following. The two cases are: alignment of the dc field with
the a6-plane and the dc field at 16 degrees from ab. In the first case the excitation
is symmetric since there is no offset. Therefore even harmonics cannot occur. In
the second case on the other hand, the cardioid shape of the polar plot of the third
harmonic indicates a parallelogrammatic hysteresis loop. The situation corresponds
exactly to the alternative critical current hypothesis of Gilchrist and Konczykowski
(1993) with an applied dc field H > hac. Again, no even harmonics should occur.
As to the higher odd harmonics, they are usually much smaller than the third
harmonic. For the usual critical current hypothesis and for harmonic detection with
a Hall sensor the amplitude of the harmonics is expected to decrease approximately
with the square of the harmonic number (Gilchrist and Konczykowski 1993). The
fifth harmonic would then be about three times smaller than the third. For the
alternative critical current hypothesis (describing the surface barrier) without a dc
field the fifth harmonic is actually bigger than the third one, but in that model
the third harmonic is very small, contrary to what is observed experimentally. The
fact that the third harmonic is as big as where the cardioid is observed, indicates
a transfer of weight from the higher harmonics to the third one. The necessary
corrections can therefore be expected to be small.

The simpler of the two cases is the one where the dc field is at 16 degrees from the
a6-plane. The reconstructed signal for this case is shown in Fig. 6.8. On lowering
the temperature the signal diminishes, which means that the screening becomes
stronger, but at the same time a slight broadening of the B{6) peaks is observed.
This is exactly what one expects for the critical current hypothesis (compare with
Fig. 2.10).

When the dc field is parallel to the afr-plane the reconstruction of the signal
gives the curves in Fig. 6.9. Here the signal diminishes rapidly with decreasing
temperature. Its shape is rather conclusive: the plateaus near the abscissa indicate
the presence of a barrier to flux entry. However, no broadening of the B(9) peak is
seen, contrary to what is expected for the surface barrier (compare with Fig. 2.13).

In order to understand this second fact it has to be remembered that the Hall
sensor gives a local measurement of the flux. The local response can be quite different
from the global one as has been shown by Morozov et al. (1996). They observed
that locally the transmittivity can attain negative values which means that the field
change inside the sample can be opposite to the change in external field. This was
attributed to the dome shaped flux profile inside the superconductor due to the
geometrical barrier (Indenbom et al. 1994c; Zeldov et al. 1994). The active surface
of the Hall sensor used for the present work is much larger though, than that of the
2D electron gas Hall sensors used by Morozov et al. It can therefore not be expected
that the same details in local response will be observed. Nevertheless, there remains
a difference with global measurements which can be explained as follows. The sensor
is placed approximately in the center of the sample top surface. On decreasing the
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Figure 6.8: Reconstructed signals for several temperatures and dc field at 16 degrees from
the a6-plane direction. For clarity the reference signal is drawn as well (dashed curve).
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Figure 6.9: Reconstructed signals for several temperatures and alignment of the dc field
with the afc-plane of the sample.
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applied field the surface current decreases and initially no flux leaves the sample
unless the current has disappeared completely. However, the internal distribution
of the flux changes in this phase: the dome spreads out and the flux in the center
of the sample decreases. So no broadening of the peak should be observed for the
local measurement.

Now that the two extreme cases have been identified, an interpretation of the
crossover can be attempted. By tilting the field away from the a&-plane the c-axis
component of the dc field is increased and this apparently drives the crossover. For
small dc fields along c the third harmonic content decreases. This can be understood
in the following way: in that half of the ac cycle where dc and ac field are opposite
the signal is reduced just because there is better screening. For the rest of the cycle
ac and dc field add up, the dome is more extended and the local flux change at
the sensor position will reflect more closely the global response. The description by
Gilchrist and Konczykowski will then again become more adequate. However, due
to the spreading of the dome the hysteresis loop is not exactly a parallelogram, but
is smoothed. The third harmonic content is therefore reduced.

Upon further increase of the c-axis field the total field will, at a given point, cease
to change sign during the cycle, and, as Gilchrist and Konczykowski pointed out,
the response then approaches that of an ordinary critical state, so that the curve
finally turns into the usual cardioid.

The increasing perpendicular component of the dc field not only changes the
nature of the curve in the complex plane but increases also the density of pancake
vortices in the sample. This will finally lead to the decrease of the screening current.
The third harmonic will therefore be zero beyond a limiting angle that depends on
temperature.

The description of the flux cycle given above does not make use of the presence
of an in-plane field, it is the c-axis component of the dc field which triggers the
change in the harmonic content of the measured signal. This reflects the extremely
small line tension of the vortices (because of the huge anisotropy). In fact, pancakes
that appear at the surface of the sample can be regarded as kinks of the already
existing Josephson vortices. However, these kinks apparently move immediately to
the center of the sample.

The same should happen in the absence of an additional in-plane field: a pan-
cake that penetrates the sample is immediately pushed to the sample center. This
however means that a geometrical barrier is not effective in Bi-2212.

6.5 Conclusions

The sample response in very low fields along the c-axis has been discussed via the
change of third harmonic content with angle and temperature. It has been found
that the behaviour can be understood in terms of the alternative critical current hy-
pothesis of Gilchrist and Konczykowski (1993) which describes the effect of a surface
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barrier. For the description of the observed signal it is crucial that the Hall probe
measures the induction locally. This makes the response different from the global
response, invalidating partly the single loop model of Gilchrist and Konczykowski
(1993) in this special case. The presence of the in-plane field did not alter the pen-
etration cycle of the perpendicular flux component. This could be explained by the
extremely small line tension of the vortices in Bi-2212. From this it follows that a
geometrical barrier should not be effective in this material, but that it is the Bean-
Livingston barrier alone that determines the hysteresis in the magnetization. As a
result, the observations of Zeldov et al. (1994) have to be discussed in terms of the
Bean-Livingston barrier, and not in terms of a geometrical barrier.
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Chapter 7

General conclusions

The shielding of an ac magnetic field has been used to test the properties of the
superconducting mixed state of the high temperature superconducting materials
Bi2Sr2CaCu2O8 (Bi-2212) and HgBa2Ca2Cu308 (Hg-1223).

In such experiments, the vortex arrangement in the mixed state is perturbed by
the ac current induced by the temporally varying field. The response of the vortices,
which determines the penetration of the applied ac field into the sample, gives clues
as to pinning, vortex interactions, and the nature of the thermodynamic state of the
vortex system. In specific, the nonlinearity of the response induced by pinning has
been characterized by measurements of the higher harmonic ac response.

The first subject of study concerns the influence of an in-plane field on the first
order vortex-solid to liquid transition in pristine Bi-2212. It is found that to a good
approximation this transition is only determined by the c-axis component of the
field, i.e., the density of pancake vortices. This is due to the very high anisotropy
of this material. However, as the in-plane field is increased, the c-axis component
of the field at which the transition takes place decreases linearly in the applied in-
plane field. In order to account for this, it has to be supposed that the in-plane
field suppresses the (already very weak) Josephson coupling between the layers. It
should be noted however, that since Josephson coupling between the plane exists,
the in-plane field does not penetrate the material homogeneously, but in the form
of Josephson vortices. The exact influence of the in-plane field is therefore certainly
more complicated.

Second, pinning of the vortices by columnar defects has been investigated in
Bi-2212 and Hg-1223 single crystals.

In Bi-2212 several configurations of the columnar defects have been studied: a
single family of defects aligned with the c-axis (perpendicular to the CuO2 planes),
or at an angle of 30 degrees with respect to this axis; two families of columnar defects
arranged symmetrically with respect to the c-axis and forming the same angle with
it, which was fixed to either 15 or 45 degrees; four families of symmetrically arranged
columnar defects forming an angle of 15 degrees with the c-axis, and 90 degrees with
each other.
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An anisotropy of pinning caused by the columnar defects has been found for
all these arrangements, although in the case of two sets of columns crossing at an
angle of 45 degrees with the c-axis the field range where such an anisotropy can
be observed has been found to be rather limited. For a single family of defects
maximum pinning occurs for alignment of the field with the defect direction. For
crossed families of defects on the other hand, maximum pinning is observed along
the intermediate direction, here, along the c-axis.

The anisotropy of pinning is revealed by an improved shielding of the ac signal
along the preferential direction, and is only observed at temperatures at which a
nonlinear ac response due to pinning can be detected. Moreover, anisotropic pin-
ning is found in the field and temperature range where the pristine crystals are
magnetically reversible, and in which the vortex system is better described as a set
of independent 2D (pancake) vortices. On the other hand, the anisotropic pinning
by columnar defects is expected for coupled line-like vortices. In order to reconcile
these observations in Bi-2212, one has to assume that pancakes move in packets
and not independently. This motion is not equivalent to a real line-like behaviour,
since a splay in the columnar defects does not lead to a further enhancement of pin-
ning. It can therefore be concluded that columnar defects introduce a correlation
between pancake vortices in neighbouring layers, but cannot wipe out the nearly
two-dimensional character of the vortices.

In Hg-1223 the anisotropy of the material is less important and the character
of the vortices thus more line-like than in Bi-2212. In fact, the shape of the irre-
versibility line is intermediate between those of Bi-2212 and YBa2Cu3O7. However,
the vortices are still sufficiently soft to allow for a delocalization at high tempera-
tures, similar to the observations in Bi-2212.

Finally, flux entry and exit has been studied in Bi-2212 crystals in the presence
of a constant field component closely aligned with the afr-plane of the crystal. It is
found that the local ac induction cycle is the same as that observed in the presence
of a field component along c only. This means that the influence of the in-plane
field is negligible, despite the fact that the experimental geometry is quite different
in the two cases. This observation is in conflict with the geometrical barrier model,
which predicts a large sensitivity to the relative orientation between the flat sample
and the magnetic field. It can therefore be concluded, that the observed induction
cycle has to be explained in terms of the Bean-Livingston surface barrier for pancake
vortices only.

These studies illustrate the consequences of a strong layering on the vortex
physics: vortices are not well described in terms of true strings. The picture of
a stack of pancake vortices is more adapted to describe the vortex physics near the
first order transition as well as in the presence of columnar defects. However, the
interlayer Josephson coupling, though weak, is not completely absent and should,
in the end, be taken into account.
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We report on measurements of the angular dependence of the irreversibility temperature rjrr(<?) in
YBa2Cu3O7_A thin films, defined by the onset of a third-harmonic signal and measured by a miniature Hall
probe. From the functional form of T^J, 6) we conclude that the origin of the irreversibility line in unirradiated
films is a dynamic crossover from an unpinned to a pinned vortex liquid. In irradiated films the irreversibility
temperature is determined by the trapping angle. [S0163-1829(96)01245-3]

I. INTRODUCTION

The origin of the irreversibility line (IRL) in the field-
temperature (H-T) phase diagram of high-temperature su-
perconductors (HTS's) is intriguing and still a widely dis-
cussed topic.1"9 Experimentally, this line is denned as the
borderline at which the magnetic response of the sample
changes from irreversible to reversible. In HTS's, large fluc-
tuations and relatively weak pinning lead to a rich H-T phase
diagram with a variety of dynamic and static transitions
which can be responsible for the appearance of magnetic
reversibility.3"5-10"12 Thus, a thorough experimental investi-
gation of the IRL is important for the understanding of the
vortex-lattice behavior in superconductors in general and of
the mechanisms responsible for the onset of irreversible
magnetic response, in particular.

Several models, like thermally activated
depinning,2>3>6>13'14 vortex-lattice melting,15"21 and a transi-
tion from vortex glass to vortex fluid,22"24 were proposed to
identify the origin of the IRL in HTS's. Also, attention was
given to the possibility of pinning in the vortex-liquid
phase5101125 and to different dissipation mechanisms above
the melting line.513'26"28 Irreversibility due to geometrical7'9

or surface barriers29 has also been proposed, but this mecha-
nism is less probable in thin YBa2Cu307_<s films with strong
pinning. The irreversibility line may be affected by sample-
dependent properties such as the nature and density of pin-
ning centers and by intrinsic or extrinsic anisotropy. For ex-
ample, in superconductors with columnar defects, the
irreversibility line may either be identified with the Bose-
glass transition5'28"37 or related to the concept of a trapping
angle.38 The configuration of the columnar defects is also
very important, since it affects the possibility for different
types of depinning mechanism. A splayed configuration, for
example, inhibits creep from columnar defects.39'40 Similarly
"crossed" defects (i.e., defects at angles ± 6) were shown to

act collectively; i.e., they introduce unidirectional anisotropy
such that the current density/reaches its maximum for mag-
netic field directed in a midangle between defects.41'42

Experimentally, the situation is even more complex, since
different techniques (magnetization loops, field-cool vs zero-
field-cool dc magnetization, peak in the imaginary part of the
first harmonic, etc.) yield different IRL's.24'43 To a great ex-
tent, the reliability of the determination of the IRL depends
on the criterion for the onset of the irreversibility. We deter-
mine the irreversibility temperature at a given dc field by the
onset of the third harmonic in the ac response, which, we
believe, is one of the most reliable methods for contactless
determination of the IRL.44 In most experiments Tm is mea-
sured as a function of the external field H. This information
is insufficient to distinguish between different models for the
origin of the irreversibility. Additional information, like the
frequency dependence of the IRL (Refs. 24 and 45) or its
angular variation,18'20'21'32'34'36'46 is needed.

In this paper we report on a study of the angular depen-
dence of the irreversibility temperature Tm{6) in thin
YBa2Cu3O7_(j (YBCO) films before and after irradiation
with Pb ions.

H. EXPERIMENT

The 1500 A YBCO films were "sandwiched" between
SrTiO3 layers.47 First, a 500 A layer of SrTiO3 was depos-
ited on a MgO substrate. Then, the YBCO film was laser
ablated on top of the SrTiO3 and finally, the YBCO was
covered by a protective 300 A layer of SrTiO3. All three
samples have the same lateral dimensions of 100X500
fim2. One film, denoted as REF, was used as a reference
sample. The other two, UIR and CIR, were irradiated at
GANIL with 2X 1011 ions/cm2 5.8 GeV Pb ions along the
c axis and along 6= ±45°, respectively. (UIR and CIR stand
for "uniform irradiation" and "crossed irradiation," respec-

0163-1829/96/54(21)/15530(7)/$10.00 54 15 530 © 1996 The American Physical Society
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FIG. 1. Third-harmonic signal V3 vs temperature during field
cooling at 1 T for sample REF at 0=0°, 10°, 30°, 40°, 60°, 80°, and
90°.

tively.) The superconducting transition temperatures, mea-
sured by a Quantum Design superconducting quantum inter-
ference device (SQUID) susceptometer and defined as the
onset of the Meissner expulsion in a dc field of 5 G, are
rc=»89 K for the samples REF and UIR and 88 K for CIR.

For the ac measurements reported below we used a min-
iature 80 X 80 ^m 2 InSb Hall probe, which was positioned in
the center of the sample. The 1 G ac magnetic field, always
parallel to the c axis, was induced by a small coil surround-
ing the sample. An external dc magnetic field, up to
Ha= 1.5 T, could be applied at any direction 6 with respect
to the c axis. In our experiments dc magnetic field was al-
ways turned on at a fixed angle at T>TC and then the ac
response was recorded during sample cooling. The irrevers-
ibility temperature T^ 8) is defined as the onset of the third-
harmonic signal in the ac response measured by the Hall
probe.44 This procedure was repeated for various dc fields
and at various angles 6 of the field with respect to the c axis.

HI. RESULTS

Figure 1 presents measurements of V3, the third harmonic
in the ac response, versus temperature T, during field cooling
at 1 T for the sample REF at various angles between 0 and
90°. Apparently, as the angle 8 increases the whole V3 curve
shifts to higher temperatures and becomes narrower. The on-
set of irreversibility T^d) is defined by the criterion

Figure 2 exhibits typical 7 ^ 6) data for the unirradiated
sample REF, measured at two values of the external field:
0.5 T and 1 T. Both curves exhibit a shallow minimum
around 0=0 and they reach their maximum values for H
along the ab plane, at angles 6= ±90°. We also measured
the frequency dependence of T^ for the same values of mag-
netic field. As shown in Fig. 3, the slope dTmld\n{f) is larger
for larger field.

The sample irradiated along the c axis exhibits an addi-

-100 100

FIG. 2. Irreversibility temperature in the unirradiated sample
REF at two values of the external field: #=0.5 and 1 T. The- solid
lines are fits to Eq. (8).

tional feature, a peak around 6=0. This is clearly shown in
Fig. 4 where we compare T^O) at H= 1 T for the samples
REF and UIR. As discussed below, this peak is a signature of
the unidirectional magnetic anisotropy induced by the co-
lumnar defects. Intuitively, one would therefore expect two
peaks, along 0=±45° , for the third sample, CIR, crossed
irradiated at #=±45° . Instead, we find one strong peak
around 0=0, similar to that found in Bi-Sr-Ca-Cu-O
crystals.42 This is demonstrated in Fig. 5 where we compare
TJi8) at ff=0.5 T for this sample (CIR) and for the unir-
radiated sample (REF). We argue below that the peak around
0=0° is a result of a collective action of the crossed colum-
nar defects, and its origin is the same as that for unidirec-
tional enhancement of critical current density observed in
Bi-Sr-Ca-Cu-O crystals.4142

IV. ANALYSIS

The "true" irreversibility temperature To is defined as a
temperature below which the irreversibility sets in. Such

"_84

82

0.5 Tesla

1 Tesla

ln(f)

FIG. 3. Frequency dependence of Tm in the unirradiated sample
REF at two values of the external field: H=0.5 and 1 T. The solid
lines are fits to Eq. (9).
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respectively.

appearance of pinning can be of static (true phase transition),
as well as of dynamic origin (gradual freezing, pinning in
liquid). In practice, one determines the irreversibility tem-
perature T ^ A ) as the temperature above which the critical
current density is less than some threshold value A. There-
fore, by definition, T0=lim^_0[Tin(A)]. The apparent cur-
rent depends on temperature T, magnetic field B, and the
frequency / of the exciting field which defines a characteris-
tic time scale Iff for the experiment. By solving the equation
j ( r ,B , / ) = A with respect to T one finds the experimental
irreversibility temperature T^ for constant B and / . In the
following we argue that in our experiments the measured
Tm is a good approximation of To. In order to estimate T^
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FIG. 5. Irreversibility temperature for two samples: REF (unir-
radiated, open circles) and CIR (irradiated along 0=±45° , solid
circles) at H=0.5 T. Solid lines are fits to Eq. (8) and Eq. (12),
respectively.

we employ a general form for the apparent current density in
the vicinity of the irreversibility line (IRL):4"6 '48

where the parameters Bo and f0 are temperature independent
[Eq. (1) is thus valid only in a narrow temperature interval
near the IRL and for fields larger than Hc\\ From Eq. (1) we
get

B

f

I/a

(2)

Inserting reasonable numerical estimates jc(0)—107 A/cm2,
A=* 100 A/cm2 for our experimental resolution, Bo—103 G,

104 G, 1,48 y 6 r~ 102 Hz, and / 0 = 107 Hz,6 we
1/get, from Eq. (2), T i r i=r 0(B)( l-0.005 1 / a) . Thus, with

0.5% accuracy we may say that Tm, the measured onset of
the third-harmonic component in the ac response, marks
some "true" irreversibility crossover line T0(B). The nature
of this line T0(B) is our main interest, since, as discussed in
the Introduction, it is directly related to the pinning proper-
ties of vortex lattice in type-II superconductors at elevated
temperatures.

A. Unirradiated YBCO film

We turn now to consider the effect of the intrinsic anisot-
ropy on 7 ^ 0 ) . Following the anisotropic scaling approach
proposed by Blatter et a/.,9'50 we replace T by e T and B by
Beff=egB, where ee= ylcos2(ff)+ezsin2(0) and e«» 1/7 is the
anisotropy parameter for YBCO. It should be emphasized
that we can use this scheme only in the case of intrinsic
anisotropy e = ^mablmc, where mc and mab denote the ef-
fective masses of the electron along the c axis and in the
ab plane, respectively. In the case of some extrinsic mag-
netic anisotropy (columnar defects or twin planes), the criti-
cal current depends on the angle not only via the effective
magnetic field Beff, but also because of this extrinsic anisot-
ropy.

As we have already indicated in the Introduction, there
are several possible origins for a crossover from irreversible
to reversible magnetic behavior in unirradiated samples. We
exclude the vortex-glass to vortex-fluid transition as a pos-
sible origin for the IRL, because this transition was shown to
occur at temperatures lower than the onset of
dissipation.2325'5 The thermal depinning temperature in-
creases with increase of field,5 7"^^,//?, and therefore is
excluded as well. Vortex-lattice melting transition is be-
lieved to be responsible for the appearance of
reversibility.15161819 The explicit angular dependence of
Tm was derived by Blatter et al.5'49 using their scaling ap-
proach:

c2
LTc Hc2(0)

BgB

1/2

(3)

where <J>0 is the flux quantum, £ is the coherence length,
/Sm^S^ is a numerical factor, estimated in Ref. 5, cL=0.1 is
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the Lindemann number, Gi = [Tc/eHc2(0)1;3(0)]2/2 is the
Ginzburg number, and Hc2(0) is the linear extrapolation of
the upper critical field from Tc to zero. Solving Eq. (3) with
respect to Tm we get

Tm(6)'-
l+[AnGi7c4#c2(0)]1/2(eeZ?) 1/2

(4)

Equation 4 predicts that the melting temperature decreases as
fieff increases. This is due to the fact that the intervortex
distance a\^\IBttf decreases faster than the characteristic
amplitude of fluctuations (K2(fleff,7'm)>th°<:l/>/B^. There-
fore, the condition for the vortex-lattice melting
(«2(fieff,rm)) f l l=cjao implies larger melting temperatures
for smaller effective fields, i.e., for larger angles. In agree-
ment with this prediction, the experimental data of Fig. 2
show that Tm increases with the angle, i.e., decreases with
Beff. The solid lines in Fig. 2 are fits to Eq. (4). From this fit
we get C=0.0005. However, a reasonable estimate of
C- APmGHclHc2(fi)] yields C=0.01, where we take
Hc2(0) = 5X 106 G, cL=0.l, Gi = 0.01, and 0m=5.6.5 Also,
Yeh et al. showed that the onset of irreversibility occurs
above the melting temperature (Ref. 28, Fig. 4). In addition,
the important effect of the frequency (see Fig. 3) is not in-
cluded in Eq. (4).

We discuss now another possibility for the onset of the
irreversibility, namely, pinning in the vortex liquid (for a
discussion see Chap. VI in Blatter et al.5 and references
therein). Any fluctuation in the vortex structure in the liquid
state has to be averaged over the characteristic time scale for
pinning tpia. In the absence of viscosity the only fluctuations
in the liquid state are thermal fluctuations, which have a
characteristic time fth^'pin- ( A s shown in Ref. 5, t^lt^
^Jo/Jc where j 0 is the depairing current.) Thus, such a
liquid is always unpinned. The situation is different for a
liquid with finite viscosity. In this case there exists another
type of excitations in the vortex structure, i.e., plastic defor-
mations with a characteristic time scale rpl. The energy bar-
rier, corresponding to plastic deformation is shown to be5'12

H,c2
1/2

(Te-T)B -1 /2 (5)

where y is a coefficient of the order of unity. The corre-
sponding characteristic time scale is

(6)

Thus, depending on the viscosity, tp\ can be smaller or larger
than tpiD. In the latter case, after averaging over a time
tpin, the vortex structure remains distorted and such a liquid
shows irreversible magnetic behavior. Thus, on the time
scale of fpin the distorted vortex structure is pinned. The
crossover between pinned and unpinned liquid occurs at tem-
perature Tk where the characteristic relaxation time for pin-
ning tpiB(T) becomes comparable to that for plastic motion
tp\(T). Thus, using Eqs. (5) and (6) we obtain

(7)
(l/r)[4Gi///c2(0)]1/2ln(rpin//th)Vfi'

Finally, using the anisotropic scaling49 we may rewrite Eq.
(7)for/p in</</ t has

1 + (l/y)[4Gi/Hc2(0)]mln(f±/f) y[BTe

1+AyJegB
(8)

with fA= lit a, and /P in= l//pin. Note the apparent similarity
with the expression for the melting temperature, Eq. (4). The
numerical estimate for

4Gi 1/2

gives A = 10 4ln(/"th//)/'y. This is in agreement with the
value found from the fit (solid line in Fig. 2) for
/Jc2(0) = 5X106 G, GJ = 0.01,/„,-1010 Hz, and y = 4 .

To further confirm that in our YBCO films the most prob-
able physical mechanism for the onset of irreversibility is a
dynamic crossover from unpinned to pinned vortex liquid we
discuss now the frequency dependence of Tm. Equation (8)
has a clear prediction for the frequency dependence of T^.
To see it directly we may simplify it by using the experimen-
tally determined value of the fit parameter A—0.0005. This
small value allows us to expand Eq. (8) (for not too large
fields) as

1 - -
4Gi \ 1/2

(9)

which results in a linear dependence of Tm upon ln(/) with a
slope

m

Note that the slope is proportional to >fB. This is indeed
confirmed by the experimental data, as is demonstrated by
the solid lines in Fig. 3. From this fit we get S/\/fi=0.004
and we can independently verify the parameter A appearing
in Eq. (8), A = S/[ Tc Ve 0B\n(f/f±) ] = 0.0008, which is in an
agreement with the value obtained above.

We note that the approximated expression for the fre-
quency dependence of Tm, Eq. (9), is valid in the whole
experimentally accessible range of magnetic field since Eq.
(8) predicts a maximum in the slope 5 at B^a
= (A>/e^)~2<as400 T for the experimental parameters. This
value is, of course, beyond the experimental limits and, prob-
ably, even exceeds Hc2.

Another support for the onset of the irreversibility in a
vortex liquid is the ac field amplitude dependence of the IRL.
In both thermal-activated (TAFF) and pure flux-flow (FF)
regimes the I-V curves are linear and the onset of the third
harmonic is due to a change in the slope (from ppp to
PTAFF)-

 m this c a s e w e expect the amplitude dependence for
this onset. Contrary, at the melting transition the onset of
irreversibility is sharp and is not expected to depend upon
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the amplitute of the ac field. In our experiments we find a
pronounced amplitude dependence of the IRL, thus confirm-
ing the above scenario.

B. Irradiated YBCO films

For the irradiated films the situation is quite different. The
models for 7^(0) in unirradiated films cannot explain the
experimental features exhibited in Figs. 4 and 5, in particular
the increase in Tm in the vicinity of 0=0. Such a discrep-
ancy can only be due to the angular anisotropy introduced by
columnar defects, i.e., the angle-dependent pinning strength.
It was shown, both theoretically5'30 and experimentally,37

that for a magnetic field oriented along the defects the irre-
versibility line is shifted upward with respect to the unirra-
diated system. Thus, our results in Fig. 4 suggest that the
measured Tin.( 0) is a superposition of the angular variation
of Tirr in unirradiated film (denoted in this section as r£fF)
and the anisotropic enhancement of the pinning strength due
to irradiation.

We can estimate the latter contribution by employing the
concept of a "trapping angle" 0,, the angle between the
external field and the defects at which vortices start to be
partially trapped by columnar tracks. (For a schematic de-
scription, see Fig. 43 in Blatter et al.5) as we show in the
Appendix,

tan(0,)> (10)

where er(T) is the trapping potential of a columnar defect
and e; is the line tension. In the experiment we cool down at
a fixed 0, and the onset of irreversibility must occur when
0= 0,(T), provided that the temperature is still larger than
2"EfF(<9). Otherwise, the onset occurs at 7 ? ^ . This defines
the condition for the irreversibility temperature Tm for
angles 0=£6>c=0,(r?fF(0,))=5Oo in our case:

(ID

At high temperatures e r(r)«exp(-7y7Sp), w n e r e

depinning energy.5 Thus, we can write for Tm

is

0>0C,
(12)

where D and C are constants. This expression is in an agree-
ment with our results shown in Fig. 4 (solid line). We note,
however, some discrepancy in the vicinity of 0=0, where
we find quite weak dependence of T^ on angle. We explain
this deviation by considering the influence of relaxation,
which, in the case of parallel defects, depends on angle. The
relaxation rate is maximal, when vortices are aligned along
the defects, and retains its normal "background" value for
perpendicular direction.52 A vortex, captured by a defect, can
nucleate a double kink which slides out resulting in a dis-
placement of a vortex on a neighboring column. In our irra-
diated samples the defect lattice is very dense (the matching
field B^=4 T, i.e., distance between columns diss220 A) and
such a double-kink nucleation is an easy process- Thus, the
irreversibility temperature should be shifted down around
0=0 as compared to the "ideal," nonrelaxed value, Eq.
(12). This explains the reduction in 7"^ in Fig. 4.

FIG. 6. Schematic description of a possible depinning modes of
a vortex line in the case of crossed columnar defects: (a) magnetic
field is directed along 0=45°; (b) magnetic field is along 0=0.

We may now conclude that in irradiated films, for angles
less than the critical angle 0C, the irreversibility line is de-
termined by the trapping angle 0,. The Bose-glass transition
can probably only be found for small angles within the
lock-in angle 0L^IO°. This conclusion is also indirectly
confirmed in Ref. 53.

As was pointed out in the Introduction, crossed defects
should hinder the relaxation due to forced entanglement of
vortices. Thus, the irreversibility temperature is expected to
be closer to that predicted by Eq. (12). Figure 5 shows a
good agreement of the experimental data with Eq. (12) (solid
line). To explain why defects crossed at large angle act col-
lectively and force unidirectional magnetic anisotropy, we
follow here the approach outlined in Ref. 41, and extend that
description to account for arbitrary orientation of the external
field with respect to the crossed columnar defects and to the
c axis. In Ref. 41 the authors consider the possible motion of
vortices in a "forest" of crossed defects for field oriented
along the c axis. In our case of a dense lattice we may ex-
clude from consideration free kink sliding and consider only
depinning from the intersections. We sketch in Fig. 6 the two
limiting situations: (a) the external field is parallel to one
subsystem of the columnar defects (0=45°) and (b) the ex-
ternal field is oriented along the c axis, between crossed
columns (0=0). In case (a), Fig. 6(a), vortices can depin
just by nucleation the single kinks which are sliding from
intersection to intersection or by nucleation of superkinks,
resulting in a kind of motion, similar to a variable-range
hopping. This type of thermally assisted vortex depinning
does not cost any additional energy on vortex bending. An-
other situation arises for field along the c axis, Fig. 6(b).
Now vortices can depin only via nucleation of multiple half-
loops, which characteristic size depends upon current den-
sity. This results in an additional barrier for vortex depin-
ning, which even diverges at zero current.5 As a result, the
relaxation rate is anisotropic; i.e., it is suppressed when the
external field is oriented along the mid-direction between the
two subsystems of the crossed columnar defects. This is just
opposite to a situation in uniformly irradiated samples.

V. CONCLUSIONS

We presented angle-resolved measurements of the irre-
versibility temperature in unirradiated YBa2Cu3O7_5 film
and in two films with columnar defects, induced by 5.8-GeV
Pb-ion irradiation, either parallel to the c axis or "crossed"
in 0— ±45°. We find that in the unirradiated film the transi-
tion from irreversible to reversible state occurs above the
melting line and marks the crossover from a pinned to an
unpinned vortex liquid. In irradiated films, within the critical
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angle 6C—50°, the irreversibility line is determined by the
temperature-dependent trapping angle. For larger angles
Tm is determined by the intrinsic anisotropy via the effective
field. The formulas for Tm{6) for both unirradiated and irra-
diated films are given. We also discuss the possible influence
of anisotropic enhancement in relaxation rate which leads to
a smearing of the expected cusp at 0=0 in the Tm{6) curve in
the uniformly irradiated film. Finally, we demonstrate the
collective action of crossed columnar defects, which can lead
to suppression of relaxation and enhancement of pinning
strength along the mid direction.
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APPENDIX

We describe here the derivation of our Eq. (10), which
differs slightly from the analogous Eq. (9.173) of Blatter
et al.s We derive it using exactly the same approach (and
notions) as in Ref. 5, but in view of the experimental situa-
tion avoid the assumption of small angles, which allows
Blatter et al. to approximate tan(0)"*sin(0)'»'ft In order to

estimate the trapping angle one has to optimize the energy
change due to the vortex trapping by columnar defects. This
energy is written as5

• + f\tan(6>) — r .1-
sin(0)j rer.

(Al)

where r( ff) is the length of the vortex segment trapped by a
defect, d is the distance between the columns, e, is the line
tension, and er is the trapping potential of the defects. The
variation of Eq. (Al) with respect to r at fixed angle 0 de-
fines the angular dependence of r(6). The trapping angle
0, can be found by solving the equation r(0,)=O. This re-
sults in

Ver(2e;-Er)
(e;-e r)

which, at sufficiently small e r , can be approximated as

(A2)

(A3)

Apparently, at very small angles we recover the original re-
sult of Ref. 5. In the paper, for the sake of simplicity, we use
Eq. (A3) instead of the full Eq. (A2). However, as noted
above we cannot limit ourselves to small angles and, gener-
ally speaking, the trapping angle may be quite large
(#,t*»40° in our case). The error due to use of Eq. (A3) can
be estimated as follows: At 0~4O° Eq. (A2) gives
e r / e ,=0 .24 , whereas Eq. (A3) gives e r /e;—0.35, which is
suitable for our implication of Eq. (A3), since we consider
exponential decrease of er. Also, as shown in Ref. 5 in a
system with anisotropy e, the trapping angle is enlarged by a
factor of 1/e.
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Part S3 - Superconductivity 2: HTS - Vortices (experiment)

Observation of Defect-Independent ab-Plane Vortex Dynamics in YBa2Cu3O7
Single Crystals with the Third Harmonic Transmittivity Measurements*
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Anisotropic vortex dynamics of YBajCusO? single crystals with heavy-ion induced parallel and canted columnar
defects are investigated and compared with that of the as-grown single crystals. Novel vortex dynamics are observed
when magnetic field is applied close to the ab-plane (H X c). The amplitude of the third harmonic transmittivity
exhibits a secondary peak at lower temperatures in addition to a sharper peak at higher temperatures. The possible
relevance of this observation to the theoretical model of "smectic crystal" to vortex-liquid phase transitions is discussed.

1. INTRODUCTION
In the vortex system of high-temperature supercon-

ductors(HTSs) with correlated columnar defects, there
exist two types of anisotropies, one arises from the vor-
tex pinning by columnar defects extended, the other from
the intrinsic vortex pinning due to the periodic struc-
ture of the copper-oxide layers (ab-plane). A Bose-glass
model[l] and a splayed-glass model[2] have been pre-
dicted for YBCO single crstyals with parallel and canted
columnar defects, respectively, for applied magnetic fields
nearly parallel to the c-axis of the sample. Experimen-
tal evidences supporting these models have been provided
by both dc and ac electrical transport measurements and
critical scaling analysis[3].

Recently Balents and Nelson have proposed an
anisotropic vortex phase diagram for vortices pinned
by the periodic layered structure[4). According to this
model, upon cooling, the vortex liquid first condenses
into a smectic liquid crystal phase through an XY-like
transition, and subsequently freezes into a more ordered
vortex crystal/glass phase at lower temperatures. The
smectic liquid crystal phase is found to be stable upon
strong point disorder(4|.

In this work, we present our experimental obser-
vations of ab-plane vortex dynamics in YBCO single
crystals with the third harmonic transmittivity(T' =
1 + /xox',T" = fiox") measurements. The results will
be discussed in the context of the Balents-Nelson theory.

2. EXPERIMENTAL
The experimental technique involves using a minia-

ture Hall probe under the sample and in the center of an
ac excitation coil to pick up the magnetic induction of
the sample. The details of the setup have been described
elsewhere(5|. A rotatable dc magnet enables the varia-
tion of the angle (9) between the c-axis of the sample
and the dc magnetic field. Two samples have been inves-

tigated, one with columnar defects parallel to the c-axis
and the other with two sets of columnar defects canted
relative to the c-axis by ±7.5°. The columnar defects are
created by Pb ion irradiations at GANIL Cean. France.
The matching fields for both samples are 6.2 kG. All the
measurements are field-cooled measurements.

3. RESULT & DISCUSSION
The amplitude of the third harmonic transmittivity

(|7Vf3|) as a function of 8 for the sample with parallel
columnar defects is plotted in Fig.l(a) and Fig.l(b), re-
spectively. The anisotropic vortex response is manifested
by the distinct difference in the |7//3| signals for the field
aligned nearly along the c-axis (0 = 0°) from that nearly
in the ab-plane (9 = ±90°). Similar data are obtained
for the sample with canted columnar defects except that
these two special angular regions where distinct features
occur are more confined. For comparison, Tn3 -vs.- T for
H || c and H L c are shown in Fig.2 for both samples.
In contrast to a single peak in |TH3| for H || c, a broad
secondary peak appears at lower temperatures for H _L c.

Such a secondary peak in ITW3I has been observed
earlier in twinned as-grown YBCO crystals for H J_ c as
reported in Ref.5. The explanation provided in Ref.5 was
based on the concept of ac field penetration such that in-
creasing ac excitation currents reduce the strong-pinning
Campbell regime, thereby enhancing the nonlinear re-
sponse of the third-harmonic signals. This concept is also
consistent with our observation in this work. However,
questions remain whether this secondary peak reflects the
thermal fluctuation effects near a phase transition or a
crossover. From our previous transport measurements,
an XY-like vortex phase transition has been observed for
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H _L c at temperatures near the onset of the first peak in
|TH3i(3j. Therefore we propose, as illustrated in Fig.3(a),
that the onset of the first peak at TJS of IT//3] is related
to a second-order phase transition from a vortex liquid
to a smectic liquid crystal, as predicted by Balents and
Nelson's theory, and that of the second peak at T/x is in-
dicative of a crossover from the smectic phase to a vortex
crystal/glass phase.
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Fig.l: The ampltitude of the third harmonic .transmit-
tivity (|T«3|) versus the angle (6) between the applied
magnetic field (H) and the c-axis of a YBCO single crys-
tal with c-axis parallel columnar defects. The curves are
numbered in the order of increasing temperatures from
82.0 K to 91.5 K.
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Fig.2: The third harmonic transmittivity \THZ\ as a func-
tion of temperature for H ± c (main frame), and that for
H || c (inset).

Further support for this scenario comes from the de-
pendence of \TH3\ on the dc magnetic field (H) and the
frequency(/) at reduced ac excitation currents: Accord-
ing to Balents and Nelson's theory, the smectic phase can
exist over a broader temperature range if the pinning pro-
vided by the point disorder is stronger. Since columnar
defects provide strong point-like pinning to the vortices
in the ab-plane, and the pinning strength increases with
increasing field, the temperature interval between the two
peaks in \TH3 I increases with the increasing H as shown
in Fig.3, suggesting that the smectic phase extends over
a broad temperature range at hogher fields. Further-

more, as shown in Fig.3(b), the elasticity of flux lines
increases with increasing excitation frequency / , giving
rise to a more stable and therefore broader crystal/glass
phase. Finally, the fact that similar behavior exists in
twinned as-grown crystals for H \\ c also suggests that
twin boundaries provide another source of periodic pin-
ning potential. However, the same picture may not be
applicable to a highly twinned sample in which case the
periodic pinning potential is only local and the overall
vortex dynamics may be complicated by the random dis-
tribution of domains of different twin plane orientations.

0.04

0.03

0.02

0.01

0.00

0.04

0.03

0.02

0.01

0.04

K = 0.02

0.00

H-«.3kOe I
i

75 80 S5 90 95 ,

vortn
crftuVffr

T(K)
smectic

liquid cryilal J

H-12kOe

Vontt Li<|«id

•lor

0.00

H-l2kOe

Mia
75 95

Fig.3: The (a) dc magnetic field (H) dependence and (b)
ac excitation frequency (/) dependence of the amplitude
of the third harmonic transmittivity ITW3I.

4. S U M M A R Y
A secondary peak feature at low temperatures is ob-

served in the third harmonic transmittivity in YBCO sin-
gle crystals with parallel and canted columnar defects
The experimental observations can be qualitatively ex-
plained by Balents and Nelson's model which suggests
the existence of a smectic to vortex liquid phase transi-
tion in the presence of a periodic pinning potential.
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