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1 Survey

More than ten years after the unprecedented research effort stimulated by the discovery
of high-temperature superconductivity in the Las_. Ba.CuO compound by Bednorz and
Miiller [1] in 1986, the interest for this field remains very intense due to the fascinating
physical properties exhibited by the high-temperature superconductors (HTS). One of
the most remarkable and intriguing aspects of these superconductors, besides their high
transition temperature, is perhaps what dec Gennes called ‘... the beautiful saga of the
vortices ..., 4 saga raised by the incredible richness of vortex behavior in the mixed state
of HTS [2].

Cuprate superconductors

The new class of superconductars, initiated by Bednorz and Miiller, is designated as high-
temperature superconductors which, up to now, amounts to cuprate superconductars since
all these compouunds embady over-, under- or aptimally doped CuQ; planes [3]. Their
physical properties differ from the ‘conventtonal’ low-temperature superconductars in a
number of properties, the most relevant of them being their high transition temperaturc
Te, short coherence length £, large penetration depth A and layered crystalline structure,
We shall discuss the structure and physical properties of these cuprates in Chapter 3
where we will in particuler focus on the Y, BayCuyO7 (YBCO) compound. It is howcver
important to point out that these cuprates form a new kind of metal as a consequence
of their layered structurc. This peculiarity results in a confinement of the electrons to
the conducting copper-oxide planes so that these materials exhibit & poor conductivity
along the third dimension perpendicular to the layers. The properties of HTS seem to
originate from a new type of correlated motion of the electrons whose microscopic origin
is still under debate {see e.g. Ref. 3-5). In the quest for an answcr to this problem, an
important point is the established consensus about the asymmetric nature of the order
paramcter in these compounds [6].

Vortex matter

High-temperature superconductors exclude an externally applied magnetic field up to a
first critical field B,;, ahove which the magnetic field is able to penetrate in the form of
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2 Snrvey

an array of flux lines or vortices, each carrying one flux quantum ¢y = hf2e. The non-
superconducting zone bearing the flux quantum constitntes the core of the vortex and is
surrounded, in the plane perpendicular to the field, by circulating supercurrents extending
radially over a distance ), called the magnetic penetration depth. As the externally
applied magnetic field reaches the upper critical field B,g, the lattice spacing between the
vortices in the superconductor is small enough so that the vortex cores do overlap and
spperconductivity gives way to a normal metallic behavior. The superconductaor is said to
be in the mixed state when the externally applied magnetie field lies between B, and B.,.
It torns out that the magnetic field and temperature cange over which the superconductor
is in the mixed state covers a large part of the B — T phase diagram, thereby encouraging
researchers to investigate and understand the behavior of the vortices in the HTS.

One particolar feature of vortices in superconductors is that a current flowing throngh the
superconductor gives rise Lo a Lorentz force on each vortex and tends to bring them into
motion. The key point here is that & moving vortex produces dissipation, thus weakening
the superconductivity in the material. Wheter the vortices will move or not depends on
the situation encountered in the supercondnctor. The physies of vortices is in fact rather
complex and is governed by the compctition between different energies:

s The repulsive interaction between vortices favors an arrangement of the vortices into
a perfect vortex lattice: the vortex erystal;

¢ The combination of a high transition temperature, stroug anisotropy and short
coherence length contribute to increase the effect of thermal fluctuations in the
HTS. In particular, thermal energy will favor a vortex liguid by causing the flux
lines to fluctuate and wander around their equilibtium positions;

o Superconducting thin films or crystals are not perfect and contain, to diffcrent
extents, structural impcrfeetions which lead to pinning of the flux lines. Pinning
is expected to bring disorder in the arrangement of the fux lines, thus {avoring a
disordercd solid of vortices;

e The layered crystalline structure of cuprates is the cause for the anisotropic behavior
of these componnds. In particnlar, a flux line in such a superconductor can be
pictured as a stack of pancake vortices, each pancake laying in & superconducting
plane. The coupling energy between the pancakes, monitored by the anisotropy and
the vortex density, will thus determine the discrete or continvous nature of the flux
lines in the superconducior.

These four ingredients, temperature, vortex interaction, pinning and coupling between
layers, are responsible for the appearance of a remarkable variety of voriex hehaviors, the
existence of liquid and solid vortex phases representing one of the most interesting aspects
of the problom.

At low temperatures, a well-ordered phase does build-np in clean superconductors: the
vortex lattice. As temperature increases, the vortex lattice melts into a vortex liquid via



a first order phase transition [7]. This was confirmed experimentally hy the obscrvation
of a jump in the internal energy of the vortex system deduced from magnetization and
ealorimetric measurements [8,9].

Superconducting samples, and in particnlar thin films, exhibit crystallographic defects
meaning that disorder in the vortex arrangement will have to be taken into account. The
presence of disorder in the vortex medium leads to reconsidering the existence of a true
superconducting phase at low temperatures. However, in contrast to the Kim-Anderson
flux-creep model [10], where the vortices are thermally activated over the pinning harriers
as soon as the temperature T or the current density j are non-zero, Fisher et al. [11]
suggest the existence, in a disordered vortex medium, of a true superconducting phasc at
low temperatures, the vartex-glass phase, separated from a bigh temperature vortex-liquid
phase by a continuous phase transition at a temperature T = T,. The dimensionality of
the vortex medium is expected to play a major role since in a 2D vortex system, the
model predicts Ty = 0 whereas T, > 0 for a 3D vortex medium.

Motivations and outline

The study of vortex matter thus appears as very attractive and promising due to the
wide range of physical phenamena likely to be abserved. The superconducting properties
of HTS arc strongly influenced, presumably dominated, by the behavior of the vortices
over a wide region of the phase diagram. This strongly contrihutes to the interest in
the study of vortex motion in HTS, in particular because of the major importance of
a proper understanding of the dissipation processes in type 1l superconductors, duc ta
the large potential for technical application of these materials. Moreover, the vortices
in supereonductors turn out to be a highly accessible model system for the behavior of
one-dimensional interacting objects subject to disorder. The prevalent use of the words
‘vortex matter’ emphasizes that the behaviar of vortices is comparable in complexity to
conventional atomic matter.

This document is organized as follows. We start in Chapter £ with the description of some
phenomenological and theoretical aspects of superconductivity . After a brief introduction
on the phenomenon of superconductivity, we foeus on the flux line lattiee in type II
supereonductors and describe the effects of the temperature and disorder an its praperties.
The praduction and characterization of the samples is described in Chapler 3, where we
first review the basic crystallographic properties of the ¥} BagCuy(Oy_s compound. A
brief deseription of the Pulsed Laser Ablation method, used to grow our films, is then
given, followed by a discussion of the properties of the layers as determined by X-ray
diffraction (XRD} and Atomic Force Micrascopy (AFM) analysis. Chapter { is devoted
to the deseription of the measuring technique and the tryostat. Our main interest in
this work was to study the properties of the vortex system by means of an ac induetive
measuring technique which allows to measure the linear response of the vortex system, i.e.
the response in the limit of low driving currents. In order to probe the existence of possible
phase transitions in the vortex medium, measurements should be carried out far large time



4 Survey

and length scales and weak perturbations of the vortex system. This induetive technique
appears to be an interesting tool, sinee it allows contactless measurements of the linear
respense of the vortex medium at not too-high frequencies. The results are presented in
Chapter 5 where we start with an overview of the behavior of the data and summarize
the main features observed. Chapter 5 continues with a seetion where the problem of the
maguetic penetration depth is treated. We then present the analysis of the data in the
high temperature regime where we discuss the problem of the thermally activated vortex
motion. In the next section, we present a scaling analysis of the data in the search for
some evidence of the existence of a true phase transition between a vortex-glass phase
and a vortex-liquid phase in our films. We then introduce the coneept of "frozen’ vortex
liquid to explain our observations in terms of a dynamic erossover rather than a phase
transition. Finally, we end this chapter by giving a phenomenological description of the
behaviar of our data based on the assumption that the vortices can be regarded as a
viscoelastie medivm. In Chapter 6, we summarize and comment onr main results and
present the general eonclusions of this work.



2 Theoretical and phenomenological aspects

This chapter smnmarizes a few theoretical aspects of the superconductivity phenomenon.
After a short historical introduction, the Ginzbnrg-Landan theory is briefly discussed.
The next and main part of the chapter reviews the basic properties of the mixed state
in type il snperconductors. First the elastic properties of the perfect Aux-line lattice and
the effect of thermal fluctuations are discussed. The influence of material imperfections
resulting in pinning of the flux lines is then presented with an emphasis on the properties
of thin films. The importance of thermal fluctnations as well as pinning, disorder and
anisotropy lead to a rich variety of vortex phases in high temperaturc snperconductors
{HTS) which will lead to sketch out phase diagrams in some particular cases. A final
scction deals with the dynamic response of the vortex lattice.

2.1 Superconductivity

A first successful description of the supcreonducting transition was given by Gorter and
Casimir in the early 1930’s |12]. Their two-fluid model assumed the existence of two
types of electrons in the superconductors, the normal electrons behaving approximately
like electrons in normal metals and the superelectrons exhibiting special properties, in
particular the possibility to carry current withont resistance. The fluid of supcrelectrons
(superfinid) is perfectly ordered, has no entropy and can carry no heat. Below the super-
conducting transition temperature T;, the superfluid density increases while the normal
electron density falls down. Sinec both the normal and superfivid electrons conduct in
parallel, the dc electrical conductivity becomes infinite and the heat conductivity falls to
zero at T=0.

Daring the same period, F. and H. London were the first to write down the two elec-
trodynamic eqnations describing the fundamental properties of supercondnctors: perfect
conductivity and perfect diamagnetism {13]. An electrical field E in the superconductor
will cause an acceleration of the superelectrons, as expressed by the first London equation

a7 2
—J.. - ne€ 5
a m,

{2.1)

where n, is the density of electrons, m, the mass of an electron and 7 the current density.
This means that after a short pulse of electric field the system will be left with a snpercur-
rent which will not decsy thus allowing perfect conductivity. The second equation shows

5



G Theoretical and phenomenological aspects

that a superconductor placed in a magunetic field will screen this magnetic field over a
very short distauce called the London penetration depth Ap(T) = (m./pon.e?)/% The
equation reads

VB = E (2.2)

:-'-’l =

In fact the superconductor does not only screen an applied magnetic ficld but it will
expel it if the field is applied above the superconducting transition and then the system
cooled down. Meissner and QOchsenfeld were the first to observe this property of perfect
diamagnetism in 1933 [14).

The picture developed with the two-fluid model found a microscopic justification when
Bardeen, Cooper and Schrieffer developed their BCS theory in 1957 [15]. The theory is
based on the idea tbat, in supercondueting metals, a weak attractive force arises between
electrons nesr the Fermi level. The consequence of this attractive force is that the Fermi
sea is no longer stable and, below T, the fundamental state is a new macroscopic quantun
state where part of the clectrons near the Fermi energy appear bound in pairs {Cooper
pairs). The internal motion of one palr is supposed to have no angular momentum which
forces the spins of the elecirons to be antiparallel. As an ordinary metal can have electron
and hole excitations with a definite momentum ki , the paired state, like the usual Fermi
sea, can have single-particle excitations which are electron-like above the Fermi level or
hole-like below it. These single-particle excitations (or quasiparticles) are still fermions
but differ from normal electrons or holes. The main difference is the occurence of an
energy threshold below which the particle excitations can not be created. If the binding
energy of a condensate pair is 24, we will need an equivalent energy to break up a pair.
The minimum excitation energy required to create a single-particle excitation is thus A,
This energy is called the energy gap and is expressed by A(T)/A(D) = 1.74(1 —(T/T.)*)'/?
near T, with A{D) = 1.76kyT; [7].

We saw that the pairs are all in the same orbital state. Moreover, each pair has the same
center of mass motion. This center of mass motion can be described by a center of mass
wavefunction ¥(7), the superfluid wavefunction, which is the same for cach pair. The
normalization of this wavefunction is to make ¥* ¥ equal to the density of pairs n,. This
interpretation allows to write down the current density! in the usual quantum-mechanical
form 7, = 22 (U VP — PV¥°), in the absence of magnetic field (see for instance Ref. {5]}.

2.1.1 Ginzburg-Landan theory

Before the BCS theory was elaborated, V. L. Ginzburg and L. D. Landan proposed a
theory of the superconducting transition {16] based on an earlier theory of Landan (see
e.g. [17]) which allows a description of phase transitions in general. This Ginzbnrg-Landau
(GL) theory is phenomenological in the sense that it accounts for some geners! features

""F'he current density is the product of the charge transporied by one carrier times the vohime density
of cartiers times the velocily of the charge carricers.



2.1. Superconductivity 7

observed in supercondnctors without invoking a microscopie description. Therefore it re-
msing very general and can be applied to the euprate superconductors® where the question
of the microscopic theory remains open.

Phase transition

Landau notieed that many phase transitions involve an ordering process (one of the states
is ‘more symmetric’ than the other) and that an order parameter can be defined, like the
muognetization in ferromegnetic systems. It can be shown by thermodynamical argn-
ments [5] that, when a phase transition oecurs, one of the free energy functions is the
same for both phases. In the particular case of superconductivity, the Gibbs free energy
G(T, B) is a good choiee since the independent variables are in that case the temperature
T and the magretic field B (and the pressure which we shall not consider here} which
are experimentally controlled quantities. Depending on the behavior of the derivatives
of the free energy, the transition will be called first- or second-order (or higher) phase
transition. 1f the first-order derivatives of the free energy are different in both phases,
then the transition is called first-order. In that case, both phases have distinet internal
strneture and the phase transition hes a non-zero latent heat. If the first-order deriva-
tives are continuous, the phase transition has no latent heat and is called second order or
continnous. Physical quantities proportional to higher-order derivatives of the free energy
(like the compressiliility} may present discontinunities. At the transition temperature T,
no distinetion between the ordered and disordered phases can be made since both phascs
present, the same structure. Ginzburg and Landau used this model to deseribe the su-
percondncting transition near T, choosing & complex order parameter U(F) = {¥|ef(?)
normalized in such a way that UV equals the density of superelectrons n,. They as-
sumed that the free encrgy density could be expanded in powers of n, and (T — T}, and
limited the expansion to second order terms: f(n,, T} = fo(T)+a(T)n, + %,B(T)nf in the
absence of magnetic field, where f,, is the normal-state free energy density. To ensure a
minimum of the frec energy below T, 3(T") must have a positive constant term. Ignoring
higher-order terms, 3 can be taken as a positive constant and @ o< {1 — %) since it must
be zero at T.. At the equilibrium state, 8F/8n, = 0 and we have n, = —a/B x 1 —1¢,
where £ = T/T, is the reduced temperature.

Free energy

When they applied Landau's theory to the superconducting phase transition, Ginzburg
and Landau realized that the free energy could not only depend on powers of ¥ but also
on spatial derivatives of ¥ in non-uniform situations, thus letting not only the amplitude
but also the phase of the order parameter play a role in the expression for the free energy.
Ginzburg and Landan proposed the following expression for the free energy [5]

2Abrikesov applied this theary to type 11 superconductors in the late 1950 {18] and Gor'kev showed
in 1959 thal the GL theory was a limiting case of the 3CS theory [19].
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1 /- 2 - 1
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where F, is thc normal-state free energy and 5 is the local magnetic induetion due to
the flowing supercurrent in the superconductor. The first integral runs over the volume
V of the snperconductor whereas the second is over all space. The electric field reads
= —~0A/8t + Vy/e where 4 is the vector potential in the London gauge and 4 is the
electmchemlcal potential’, Both plysical qnantities B and E are gauge invariant.

Predictions

The most likely value of the order parameter in the superconducting phase can be found
by minimizing the GL frec energy. By separately minimizing the free energy with respect
to small variations of {F) and magnetic ficld B, one can dednee the Ginzburg-Landau
equations. Inside the supercondnctor, we have

ﬁ(_m\:‘r + 26470 + (o + ST V)T = 0 (2.4)

where m = 2m, is the mass of a Cooper pair. The bonndary condition is given by
(—ikV, + 2eA,)¥ = —iki¥ /b, where b is a real constant and the index n denotes the
direction perpendicular to the surface. This first Ginzburg-Landau equation is non-linear
in ¥ and shows how the order parameter varies in space.

The second Ginzburg-Landau expression is concerned with the supercurrent J. defined
by J, = V A B/pg and reads

2 -
T = @(m T - 9V8) - %A\Im (2.5)

The Ginzburg-Landau equations predict the same electromagnetic behavior as the London
equations, but, intreduce two characteristic length scales. The first is the GL penetration
depth A which is related to the London penetration A, depth by

AL{T)
V2

wherc & = livp/(7A(0)) is the BGS coherence length (see below) and I is the mean free
path of the electrons. The second length scale is a measure of the typieal distance over

mf3
)\{T) = [l + {0, 74&0}0!{2 m {26)

IFrom thermodynamical arguments, it appears that the electrochemical potential i (the sum of the
clectrostatic potential and the chemical potential which, at T = 0, is the Fermi energy) rather than the
electrostatic potential is more suited to describe how the electrons flow in a metal [5]. A current can
appear due to a potential difference or due 1o a gradient in the concentration of the charge carriers.
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which the order parameter ¥ varies and is called the coherence length £(T). The GL
coherence length is related to the BCS coherence length & by

p h?
£(T) = 0.746(T)(1 + 0.75&/1)"/2 = STl (2.7)

The London theory can be obtained from the GL theory in the limit £ -+ 0.

Type I and type IT superconductors

In 1957, Abrikosov noticed that the GL equations had periodie solutions for the arder
parameter &(7) and the magnetic field B(#) in the superconductor when the ratio & = M€
was large [18]. He interpreted this solution as a flux-line lattice, the zeros of ¥ correspond-
ing to the maxima of B thus defining the centers of the flux lines. The ratio « is called
the Ginzburg-Landau parameter and charaeterizes the type of solution one can obtain
from the Ginzburg-Landau equations and therefore the behavior of the superconductor.
If & < 1/+/2 the superconductor is called type 1 whereas for & > 1/+/2 the superconductor
is called type 11. Type I superconductors undergo & frst order phase transition to the nor-
mal state as the field is raised up to the thermodynamic eritical field B.. This transition
is nccompanied by a an abrupt drop in the magnetization. In type 1I superconductors,
the Meissner state persisis up to a first eritical field H, above which the Bux starts to
penetrate in the superconductor. This is due to a sign change in the energy associated
with the interface of a normal zone and & superconducting zone. The wall energy per
unit area can be estimated by the expression poH (T)(E(T) — Ap(T))/2. When A, > &,
it is energetically favorable for the system to allow for the ereation of normal zones in
the superconductor. Thus above H,y, we have the so-called mixed state (or Schubnikov
phase) where the magnetic lux penetrates in the form of flux lines carrying each one flux
quantum ¢ = h/2¢. The magnetization starts to decrease at H,; and becomes zero at the
upper critical field H.; where the system turns normal via a continuous phase transition.
The upper critical field is reached when the lattice constant aq (the inter-vortex distance)
is of the order of the coberence length £. In terms of A and £, the expressions for the
eritical fields read

Ba(T) = 22 ,(@) BAT) =

- o
~ 2mI(T) C\ET)

Boo(T) = TET)

o
BT @8

Fluctuations of the order parameter

We have seen that Ginzburg and Landan use an expansion of the free energy in powers
of the order parameter. In phase transitions of order higher than one, fluctuations of the
amplitude of the order parameter become important near the transition temperature [5]
with the consequence that the above approach is no longer valid near T.. Landau’s theory



10 Theoretical and phenomenoclogical aspects

of phase transitions is & mean field theory, which means that the order parameter has
to represent an equilibrium response to an average local field. This is not the case any
more wheu the order parameter undergoes strong amplitude fluctuations. A second-order
phase transition will therefore show a behavior which departs from mean-field behavior
close to T,. We thus have to be aware of the fact that very close to T, Ginzburg-Lnndau
theory should not be applied. The typical length scale for the amplitude Auctuations of
the order parameter is given by the size of the Cooper pairs. If the pairs are very large,
as in conventional (type I) superconductors, the order parameter appears sveraged over
a huge volume and the effects of fluctuations remain negligible up to a few pK of T, In
cuprate superconductors, which are extreme type It supereonductors, the pairs are smaller
which increases the effect of the fluetnations iu these systems. The width ATy = |T; =T,
of the regime where fluetuations hecome important can be estimated by assuming that
Ty is reached when the Huctuations of [¥| become of the arder of |¥] iiself (Ginzburg
criterion)*. The normalized width AT} /T, reads

|Tf _Tcl _ _ 1 F'O'TkBq:: ! -2
T =6i= 3\ mmmeg) ~ 07 o AT (2.9)

where G; is the Ginzburg number which amonnts basically to the ratio of the thermal
energy divided by the condensation energy in a volume £3(0). Using the values v = 5,
T. = 92K, A{0) = 14004 and £(0) = 15A suited for YBCO, we get [Ty = T| = 1.1K. The
quantity -y is the anisotropy of the superconductor defined in the next paragraph.

The order parameter also fluctuates in the presence of moving vortices in the supercon-
ductor and we refer the reader to the next section for the subjeet of vortices.

2.1.2 Anisotropy

fn order to apply the Ginzburg-Landan theory to cuprates, we still need to account for
the anisotropy of these superconductors. This can be done by introducing effective masses
for the electrons moving along the different axis a, b and ¢ of the superconduetor. Sinee
the anisotropy in the ab-plane is very small for YBCO (the lattice constants along the a
and b axis differ by less than 2 %), we set m, = m, = my,. The anisotropy parameter is
defined by

2 2 '
] n, _ A4:‘ (éah)
=— =] ={=] >1 2.10
Y Moy (Aab) Ec ( }
The expressions for the lower and upper critical fields depend on the orientation of the
applied magnetic field B, and are given by

*Sec: for example [7,20] for critical fluctuations and [11,20,21] for he Ginzburg criterion.
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)

(Ea along ¢ axis) = —&In(nab) B

C p—
a7 4xdl, 27 2mgl, 21
;3 b _ o a_ G0
(B, along ab plane) BY = T }‘Cin(,/nabn,_) By = T {212}

whereas the thermodynamic critical field is independent of the applied field orientation
and is given by

Bo_ % _ ¢
¢ Zﬁﬂﬁab)!ab 2\/577&)'::

(2.13)

Continnous versns discrete description: the Lawrence-Doniach model

The anisotropic Ginzburg-Landan theory provides a description in terms of continuous
anisotropy which is valid as long as the variation of the order parameter along the ¢ axis
is smooth enongh. If the anisotropy strongly increases, the discreteness of the structure
becomes televant and the superconductor shonld be considered as a stack of superconduc-
ting layers weakly conpled by Josephson tunneling as proposed by Lawrence and Doniach
(LI} [22,23] in 1971. In fact the anisotropic GL and Lendon theories are contained in the
L.D) model as limiting cases when the coherence length along the ¢ axis £, is mnch larger
than the interlayer spacing s [24]. In the discrete approach, the order parameter ¥, (z.y)
is defined for each layer n and the free energy reads [7,24]

1 [ 2 o R
F= szfs (a|\D,,|2 + Eﬁiw,,r* - mm:,, - t?w,,ﬁ -3

mcszl
- [ Blav
2o

where the snm runs over the layers, the first integral over the surface of each layer and the
second integral over all space. The last term in the surface intcgral depends only on the
phase difference ¢, — o, of the order parameter between two adjacent layers when all
|T,| are equal, which indicates the Josephson nature of the coupling between the layers.
The continnous approach remains suited for YBCO because of its relatively weak aniso-
tropy. On the other hand, for BiySr;Ca,Cus0y (BSCCO), for instance, the discrete
approach has to be used since its anisotropy, as measured by v, is ten to forty times
larger than YBCO’s. To get a feeling of the discreteness or not of a system, one can
compare the cohcrence length £{T) to the spacing s between supercondncting layers.
When £, < s and for a the magnetie field applied parallel {0 the ab plane, the discrete
description should be applied [7,25).

‘Du - "Ilu—1 |2) ds

(2.14)
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From isotropic to anisotropic description: scaling rule

A useful scaling rule allowing to map the guantitics known for the isotropic case to the
anisotropic cese has been proposed by Blatter et ol [7,21,26]. They first introduce the
rescaled coordinates, vector potential and magnetic field

z
. _ ¥
A=A, Ay = Ay A=A,
B, =+E, By,=~B, B e 3

where a quantity g in the rescaled isotropic system is denoted by 4. For an applied
magnetic Reld parallel to the ¢ axis, & quantity € in the anisotropic case can be deduced
from the {(known} expression of @ in the isotropic case using ihe scaling rule

Q(III T: Eab? )‘abr 7) = SQQ(H: 7T1 fab: Anb)

where the scaling parameter is sg = 1/ for a volume, energy, temperature or action and
sg =1 for a magnetic ficld parallel 1o the ¢ axis. This mapping remains vakid as long as
the continuous anisatropic GL theory can be applied.

2.2 Properties of the mixed state

The properties of the flux lattice have been extensively deseribed in the literature, see
for example the reviews by G. Blatter ¢t ol [21] and E. H. Brandt {24]. One should
alse remember the important work by Campbell and Evetts [27] where many aspects of
the flux-line lattice properties were already discussed. Since we deal with an anisotropic
compound in this work, we shall write the expressions for the anisotropic case when
necessary. Furthermore, we will only consider the particular case where the external
applied field B, is parallel to the ¢ axis of the superconductor. The geometry we are
interested in is depicted in Fig. 2.1.
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Figure 2.1: Geometry of the problem.

2.2.1 Flux lines

A flux line® is an elastic abject which has a one-dimensional character. The existence of a
line tension for the vortex comes from the coherence of the flux line along the z axis and
describes the elastic response of the vortex line. The definition of a line tension thus looses
sense i the limit of very large anisotropy. For vortices along the z axis {perpendicular to
the superconducting plane) and for wavelengths 1/k > A, the line tension, given by the
sum of the contributions from the kinetic encrgy of the supercurrents plus the magnetic
field energy [7], reads

& = ealn(han/Ean) (2.15)
)
where ¢ = ﬁ%\fm [J/m] {2.16)

The gquantity € in the above expression is a basic energy scale (per unit length} which
will appear in many expressions involving vortices and their interactions. A more formal
definition of a single vortex line consists in describing this object as a topological excita-
tion of the supereonductor characterized by a line singnlarity in the phase of the order
parameter [21]. The phase of the order parameter changes by 27 along a closed curve
encircling once the vortex line. 1n the core region extending a length £ away from the
singularity, the order parameter drops to zero. Circular screening currents proportional
to the phase gradient arise in a region extending a distance A away from the singularity.
The total flux threading the flux line is the flux quantum d¢.

5The expressions vorfez or voriezr line will be used as well to refer to a flur fine.
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The interaction energy Ep, between two vortex lines is repulsive. Taking two infinitely
long vortices separated by a distance r1s in the limit of interest & = A/£€ 3 1, this energy
can be caleulated by evaluating the effect of the screening currents of the first, vortex line
at the location of the second vortex line. The expression reads [7,28]

2 n
B = gtk () i (217)

where Ko(r12/)) is a zeroth-order modified Bessel function which behaves like In{A/r2)
when 7 < ) and decays essentially like e ™12/* at large distances [28].

Flux motion When a current density 3 7 flows in the supercondnctor, a vortex line feels a
Larentz force (per unit length) fi = doJ ATi where i is a unit length vector directed along
the z axis (parallel to the flux lines). The vortices thus move transverse to the current and,
assuming a displacement velocity 7, an electric field £ = 74 B parallel to the current will
be indneed [10,29], giving rise to dissipation in the superconductor. The dissipation arises
from two effects contributing roughly equally [24]. First, the eddy currents snrrounding
each flux linc have to pass trough the normal core which will lead to dissipation. The
other source of dissipation is linked to a delay effect for the order parameter to recover at
places in the superconductor where a vortex core has passed by [30].

2.2.2 TFlox lattice

We come now to the properties of the whole set of the flux lines: the Aux lattice. As
the magnetic field penetrates the supercenducter above H. in the form of flux lincs,
an organized flux lattice forms and if the superconductor is perfect (homogeneous, no
defects), the result will be a triangnlar Abrikosov vortex iattice corresponding to a con-
figuration of the vortices where the energy is minimized. The lattice constant is given
by ap = (2¢0/V3B)/? = (2/v3) ey where ag = /go/B. b real snperconductors,
however, the fux lattice is distoried by thermal fluctnations, structural defects and ex-
ternal electromagnetic forces. These constraints, when not too strong, can be regarded
as perturbations in which case the flux lattice can be treated as an elastic medium in
metastable equilibrinm. Assuming that the magnetic field is applied along the z axis,
the distorted flux lattice can be parameterized with a two-component displacement ficld
R, z) = 6{2) = Filz) - = {(uis(%)iuiy(2)) measuring the displacement of the ith
vortex from its ideal position R, (X5 Y:) = (ni/(3an /2; (2m; +-n;)a, /2) where n; and
m; are integers [21]. The elastic energy de(ﬁ') of the distorted state is given by (21, 24]

Fe!nat(ﬁ) = ;] (2 )3 l‘ua(k)q’nﬁ{k)uﬁ( L ] (2]8)

with ®,4(k) the elastic matrix of the vortex lattice and (k) the Fourier transform of
#:(z). The indices eppearing twice in the equation are summed over. Thc integration
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runs over the Brillouin zone fimited in the plane by k = |&| < |Epz| = V= /ap and along
the z axis by k, < 2w /€. The elastic matrix is related to the clastie moduli ¢;; for nniaxiat
compression, ¢4 for tilt and cgs for shear deformation by

Bop = (e (K} — cocYeaka + Saploss(k? + k2) + cas(K)K2)] (2.19)

in the local continunm limit of the theory holding as long as k < kgz. The elastic energy
density in the local limit reads ¢ {Vi)? + coe(V 15)° + cee(8:8)%, where V| = (8,; —8,).
This limit may be used as long as the nearest-neighbor distance aq satisfies ag > A. When
ag becomes smaller than A, the vortex-vortex interaction extends beyond the nearest-
neighbors and the clastic moduli e, and ¢4 become dispersive (nonlocal limit). In the
anisotropic case and for ag < Ay, we have [21,24]

- B? 1 14 A2%2
enlk. B) = o mT KZ) + ALKE [1 F Aﬁbk?] (220)
- B? 1 -
By =2 (kB 221
(244(,0, ) }tnl+A3(k£+k;)+A3bk3+ 44( 3 ) ( )
B¢
cos(B) ol _ = % [N/ (2.22)

16rppAl, 4l

"The second term ¢55(k) in the expression for the tilt modulus is the isolated-vortex con-
tribution and corresponds to the single vortex line tension as the interaction between
vortices vamishes when the magnetic field goes to zero [31]. In this limit, ¢4 — ¢} and
& = aicly. The line tension comprises two terms

(2.23)

k2 In(l + k2X2
El(kz) = Zi':iln( Y ) o ﬂ( = ab)

T+ k262, k22,

arising from the Josephson coupling and the electromagnetic conpling, sec below. In the
case of a straight flux line (k, = 0}, the line tension is given by Eq. (2.15). A more
complete description ean be found in Ref. 21 and Ref. [24)].

The above analysis is based on the anisotropic Londaon theory and applies for B < 0.28,,
and A../€u > 2. The extension of these expressions to higher felds brings, among others,
a correction factor {1 — B/Bg)~'/* providing the vanishing of the elastic moduli when
B — B. The dispersion is obscrved mainly for the compression and tilt moduli whereas
the shear modulus remains independent of &k as long as B £ 0.28,. An estimate of the
relative importance of the moduli at zero temperature and in the non-dispersive limit
vields c1y fegs = €44/ cs6 = 10° which essentially means that the easiest deformation taking
place in a vortex lattice will be shear. A first approximation depicts thus the vortex lattice
as essentially incompressible and untiltable.
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Displacement of one vortex line in the flux lattice

In a perfect, stable Abrikosov lattice, each vortex experiences a zero net force. 1f we
displace laterally a voriex by a distance 6z from its equilibrium position (Fig. 2.23, this
vortex will experience a restoring force f, proportional to the displacement (provided
dx/og < 1). When the maguetic field B verifies B, <« B < Bg, the restoring force per
unit length can be written [7,27]

fr=Kéz =3 $oB
HomA?

bz = 4\/?:%& [N/m] (2.24)
0

where K is the restoring force constant. This expression is ecbtained by taking into account
only the nearest neighbors of the displaced vortex.

Z A
Y
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Figure 2.2: Dcformation of a fluz line. Left figure shows o lup view of the vorter lattice at
z = z5. The displaced vortes is ai the position (z = (;y = 0). Right figure shows q lateral view
corvesponding to the plane y = 0.

If the vortex is stiff (‘raw spaghetti'}, the whole vortex line is displaced. But if the vortex
is soft. (‘cooked spaghetti’), then only a segment of the vortex line may be displaced. The
typical length of the displaced segment will thus depend on the elastic properties of the
flux line. Let ns estimate this length for the geometrical sitvation depicted in Fig. 2.2. A
displacement of the flux line by an amplitude ug = lL.tan(fp)/2 = [.dp/2 at z = 0 implies
an energy increase ¢/ of the deformed vortex line due to the restoring force exerted by
the surrounding vortices and due to the stretching of the line (we assnme that the line
energy of the vortex does mot depend on the angle 8¢ which is true for small angles,
see for instance |21]). The line energy of the vortex reads E; = ¢l, whereas the lateral
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displacement increases the vortex length by I, = L.{6)?/2. The energy increase §£; due
to the stretching of the line is then given by 6E, = (8E,/81,)d!,, yvielding §E) = 2eudfl..
The increasc in energy 6E. due to the restoring force is given by the integral of the
restoring energy Ku?(z)/2 from z = 0 to 2 = ./2, where u(z) = Ldp/2 — zdp. The
integral has still to be multiplied by a factor of two accounting for the total vortex length.
We obtain §E, = Kl.u3/6. By minimizing the total energy increase §E; + §E, due to
the lateral displacement of the vortex with respect to I, one can deduce the optimal
deformation lcogth 197t for the vortex line

1/2
17 2(3]_?) (2.25)

In the anisotropic case and with & GL parameter suited for YBCO (Mg /€ = 100}, we
obtain

o982 o B0 (2.26)
Yoy

1t is interesting to mention that a non-zero line tension ¢ for a vortex mcans that this
vortex can be scen as an elastic string which is not at rest but undergoes some stretching
force ¢; exerted on it. The ‘spring constant’ ¢/ of the vortex along the z axis will thus
depend on its length { since the line tension is constant. The consequence is that a long
vortex (I > I97) will be softer than a shart one (I < 177,

Flux lines versus pancakes

So far, we have assumed that vortices can be described as continuous objects which is
true as long as the anisotropy is not too large. In very anisotropic superconductors, the
use of the LD model becomes necessary. As sketched in section 2.1.2, this model treats
supercondnctivity within the layers via the GL theory and the current j; between adjacent
layers vig the Josephson effect. The structure of a vortex in different geometries has been
investigated: isolated thin film [32], stack of uncoupled layers (75 = 0) {33-35) and stack of
coupled layers (5, > 0) [33,34]. In fact, in strongly anisotropic snpercanductors, & vortex
directed along the ¢ axis may be regarded as a stack of two-dimensional pancake vortices
located in the superconducting planes linked by Josephson strings threading through
the insulating layers. These pancake vortices interact with each other in the ab plane
(intraplane interaction) and along the ¢ axis (interplane interaction). Two pancakes in
the same layer will repel each other whereas the force exerted by a pancake on another
pancake in a different layer will be attractive (see for instance [25]). This means that if
one pancake vortex is placed in each layer, the zero-temperature configuration is a siraight
stack of pancakes aligned parallel to the c axis.

The nature of the coupling along the ¢ axis has two origins. First, each layer is electro-
magnetically conpled to the others since screening currents appearing in the nth layer
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in response to a vortex core located in the nth layer will also set up within the neigh-
boring layersS. The second coupling arises from a non-zero phase difference of the order
parameter between the nth layer end its two adjacent neighbors. A Josephson current j,,
originating from this phase difference, will appear hetween the adjacent layers.

If the intraplane interaction energy is much larger than the interplane coupling, the pan-
cakes are nio longer aligned along the ¢ axis. The crossover to a two dimensioual behavior
of the vortices is governed by the magnstic field 5, since the interaction energy between
pancake vortices in the piane depends on the inverse lattice spacing squared” ag? = B/¢yq
whereas the interplane coupling is field independent (see Eq. 2.14) [7]. Both energies will
be equal at the crossover field Buy given by (11,34,36]

da

TE 52

Bl = (2.27)
Abave By, the pancakes are no longer correlated along the ¢ axis and the system is 2D.
A numerical estimate for YBCO yields a dccoupling Field of the order of B, whereas for
BSCCO, we get. By &= 1T. 1t is thus appropriate to use & continuons description for the
vortices in YBCO for intermediate field regimes.

2.2.3 Thermal Auctuations

Thermal fluctuations are considerably enhanced in HTS not only due to the high transition
temperature but also to the important anisotropy o = m./m,, which softens the flux
Iattice, Combined together, these two effects produce an effective fluctuation temperature
T.ss = «1. which may become of the same order of magnitude as the characteristic energy
in the superconductor eqaq |21). The ratio of these two quantities can be expressed in
terms of the Ginzburg number which measures the importance of thermal fluctuations as
we saw in Sec. 2.1.1. As a consequence, thermal fluctuations may melt the Sux lattice
over a rather large temperature interval in tbe B — T phase diagram.

Amplitude of single flux line fluctuations and entanglement

The mean-squared thermal displacement of a flux line can be estimated within the lincar
clasticity thcory by ascribing an average energy kgT/2 to each elastic mode of the flux
lattice [24]. The calculation of < |ili(2)]* >u, where < ... >4 denotes an average over
all thermal fluctuations, is the main difficulty in the problem and has becn performed by
several authors [21, 34, 37-39). We stress again that anisotropy, as well as non locality
{27 /k < )), enhance the effect of thermal fluctuations.

In the case of a single flux line, we can write kgT' ~ ¢ A3 where Ay = (< |[G{2)[? >m)"/?
is the root mean square distance traveled perpendicular to the z axis and {, the length of

6The vector potential A in a given tayer n depends on the gradiemt Vi, of the phase of the order
parameter in each layer i,
"We can nuse here the same restoring force constant as in Ser. 2.2.2, but taking [, = 5.
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the vortex line. In the case wlhere ! is limited by the thickness d of the superconductor,
the expression for A4 can he written 40

By kuTAL(T)d ( 11 )"
A= . ab =A=-= 298
T ROl (2.28)

T T,

where A} = 8n%yy kp A%, (0)d/ (Pin[Aa(0)/£.4(0)]). The explicit temperature depen-
dence of A4{T) has been calculated using the Ginzburg-Landau expression for Ag(T")
whereas the anisotropy has been introduced using the scaling rulc described above (Sec.
2.1.2). It thus appcars that collisicns between adjacent vortex lines will be important
whencver A,y < ag, which will lead to an entanglement of the vortices. The crossover tem-
perature T.,; between an cntangled and a discntangled flux-line lattiee can be estimated
for different fields by setting Ag(Tiw) = ao which implies

I Ao NI
- +— 2.29
Tnnt (U-(}(B)) Tt: ( )
2.2.4 Melting

At the moment, a detailed theory for the three dimensional flux-lattice melting does
not exist [41,42]. Estimates of the melting temperature T, are based on melting criteria
and/or computer simulations [43-45]. A useful approach to estimate T,, is the Lindemann
criterion which provides reasonable estimates of the solid-liquid transition temperature
in various materials, scc for instance Ref. 41 and references therein. Lindemann pro-
posed [46) that the melting of a crystalline lattice occurs when the root mean square
thermal displacement of its components hecomes comparable to a fraction ¢y, of the lat-
tice constant. This approach assumes wave-vector independent elastic constants for the
vortex lattice [40] and is thus valid in the local limit of the clastic theory where 2n/k 2 A
The melting criterion reads

<¥(Ty) >=clad (2.30)

with the Lindemann number ¢, satisfying ¢;, =2 0.1 — 0.2 in classical systems (see e.g. Ref.
4] and references therein). Values up to ¢;, = 0.4 have been reported for HTS [38,43].
In the intermediate regime 0.1T < B < 10T, the Lindemann number was found roughly
constant, ¢ = 0.2, from Monte-Carlo simulations [43}. A melting line B,(T) for a 3D
vortex lattice can be derived in the following way. Thermal fluctuations will produce
flux line wandering and distortions. Since we have estimated the energy increase 4E of a
distorted flux line in Sec. 2.2.2, we can estimate the melting temperature of the lattice by
equating the energy JE{I°"} t0 kgT. Assuming that melting oecurs when the Lindemann
criterion u? = ¢} af is fulfilled, we find
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From the above expression, one deduces for the anisotropic case

4 $oel
Vo Pk TRNG(T)

This expression holds for magnetic ficlds verifying B, < 0.2B,, so that the vortex ceres
do not overlap. The temperature dependence of B,, is governed by the femperature
dependence of X,4(T") and follows roughly B,,(T") o (1 - T/T.)? using the GL expression
for Au(T). In fact, a simple power-law behavior turns out to be insufficient to describe
the melting line over a large range of magnetic fields and temperatures. It is more a
convenient way to describe the melting line rather than a real physical fact. Expressions
which go heyond this simple power-law dependence were calculated and can be found n
Ref. 21,38 and 47.

With reference to our experiment, the above expression may be written in terms of an in-
verse inductance by assuming, in analogy to the B = 0 case, L™(T, B) = (ug)%,(T, B)/d)~.
At T =T,,, we obtain

B.{T)=

In{AapfEab) (2.32)

1 3P ykgTe d 172
ITmB) . 4 &E aolB) (1”()‘“"/5“3) (2:33)

This expression allows a direct comparison with the data. Tt should be noted, however,
that differences emerge in the nnmerical prefactor (up to & factor of 5} between the
expressions proposed in the literature |11, 38,39, 48).

Since the ahove expressions are qualitative due to the phenomenclogical nature of the
melting criterion, we understand that the prefactors are not of major importance here,
Furthermore, the value of ¢, is not precisely known, thus adding to the uncertainty of the
numerical estimates that can be obtained from these expressions.

2D melting

in & two dimensional vortex lsttice, at T' > 0, pairs of edge dislocations are spontancously
nucleated [21,24]. Such edge dislocations interact logarithmically with each other leading
to the existence of a Berenziski-Kosterlitz-Thonless-type transition [49] in the system.
As the temperature increases, the system undergoes a dislocation-mediated (BKT-like)
melting at a temperature [50,51]

dafyces _ deh
41rk5 39\/51?2}.10’{3A§b

2D _
Te =

(2.34)
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for a film of thickness d. The thickness of the sample should be replaced by the interlayer
spacing s for a very anisotropic superconductor. To be accurate, one should multiply
the melting temperature by a factor A < 1 accounting for the renormalization of the
shear modulus cgs due to the presence of bound dislocation pairs in the vortex lattice,
sec Ref. 21 for instance). Notice that T30 = 720 when d & ag /7 for ¢, = 0.1 [24] which
corresponds to the critcrion giving the crossover field sbove which the flux lines deconple
into pancakes (see See. 2.2.2).

2.2.5 Thio films

For a very thin superconduector where d < A, the screening of the flux gnantum carried
by the vortex cannot be achieved any more over the distance A because of the reduced
thickness of the sample. The screening currents will thus circulate over a larger distance
Aoy Eiven by Ap = 2hg/d for our geometry, with the consequence that vortices will
interact logarithmically np to distances reaching A.;; instead of M., see e.g. Ref. 32 and
Ref. 52. lu the limit of very thin films, when d — 0, the interaction between pancakes
will remain Joganthmic up to arbitrarily large distances [32].

2.3 Pin mechanisms and disorder

The pinning of Aux lines emerges basically from local variations of the order parameter
(core interaction) and of the eirculating superenrrent (magnetic interaction) linked to the
presence of defects in the structnre of the superconductor. The energy of a flux line
passing through a defect will be affected and a resulting attractive force will tend to pull
the flux line back to the defect position, an energetically favorable position. The defects
deviate from the surronnding material by having different density or clectron-phonon cou-
pling resulting in a local variation of the value of T,. Defects may also induce variations
in the electron mean free path by increasing the electron scattering, which will affect the
value of k& = A/§ [53). Perturbations of the snpercurrent result from large inclusions,
boundary conditions or thickness variations of the snperconductor. Snch perturbations
have a fong range intcraction and are mainly relevant close to My [52,53]. According to
Ref. 54, the pinning energy in this case is expected to be typically £ times smaller than
the pinning energy resulting from smaller defects of typical size £, apart from the pinning
due to thickness variations of the snperconductor which we will discuss below. We thus
expect that pinning in YBCQ films, where « = 100, will be mainly due to defects with a
typical size of the order of the coherence length and to thickness variations of the layer.
1t should be noted that a periodic and rigid flux-line lattice will not be pinned by any
random collection of pinning centers since the rigidity of the lattice will prevent it from
accommodating to the underlying array of pinning centers. Pinning in that case might
only occur in the case of a commensurate distribntion of the flux lines and the pinning
centers. The vortex lattice is however not perfectiy rigid and the paths of individual
flux lines will deviate from their equilibrium position in the periodic Abrikosov lattice
to lower their energy by pessing through favorable pinning sites. This distortion of the
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flux-line lattice will occur when the increase in efastic energy of the flux lattice due to its
deformation is weaker than the cnergy gain provided by pinning.

In the following, we discuss the main type of defects which we expect to play a role for
the pinning of the vortices in our films.

2.3.1 Point defects

We treat here the case of point defects which represent an uncorrelated pinning source
in the film. Departure from stoichiometry and interstitials will locally affect the super-
conducting order parameter because of the very shart coherence length in HTS. Oxygen
vacancies are known to occur in YBCO and represent the typical candidate for a point
defect acting as a weak pinming center and distributed close to randomly in the mate-
rial. Since in the HTS the order parameter beiween tbe superconducting CuQ; layers is
strongly suppressed [55], pinning will be essentially due to oxygen vacancies in the CuO,
layers.

A quantitative estimate of the pinning force due to an insulating point defect can be made
following the work of Thucneberg et al. [56] by assuming that piuning by oxygen vacancies
is due to an enhancement of electron seattering. The pinning potential is assumed to follow
a negative Gaussian profile and, for an isolated vortex, the restoring force f(r) can be
written as [53,56,57|

$olr) = 23 fymnr e~ (2.35)
{1

where r is the distance from the defect in the ab plane, rp = 0.81€(T) and fpma: i5 the
maximum pinning foree given by

_ 102 BYT)nD®
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Here, D is the typical size for the diameter of an oxygen vacancy and these expressions
are volid as long as £ < rp. It is interesting to notice that we have f(r) < 0.01f, for
r/ro > 2.5, meaning that the pinning will not be effective at distances r exceeding 2£{T).
An estimate for YBCO using D = 2.6A (see Sec. 3.1.1) yields a maximum pinning force
Jomaz 2 5 - 107N gt zero temperature, This value decreases by a. factor of about 50
when the temperature is 10% below T, ~ 90K

The density no of oxygen vacancies per unit arca is not exactly known in our films. As an
approximation, we use the value ng & 3.5-10'""m™? found for BSCCO single crystals {58].
This corresponds to about 1 vacancy for 77 oxygen atoms, since the density of oxygen
atoms for both CuQ, layers® in the YBCO compound is about 2.7 - 10"*m=2, Taking a
core surface of about 7£€2, we aobtain an approximate value of two oxygen vacancies per
vortex core in YBCO,

8We assimilate here the two CuQ; layers to a single ‘thick’ supercondueting layer for simplicity.
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Collective pinning

As described above, pointlike defects like oxygen vacancies will pin the flux lines in a
superconductor. However, the effect of one single point-defect will not be very strong
and the local displacement of a fiux line due to such & defect will certainly be much
smaller than aq [53] meaning that, at a first glanee, we do not expect tlie vortex lattice to
be strongly distorted. However, the presence of a large density of point pinning centers
may result in a somewhat different conclusion depending on the elastic eonstants of the
vortex lattice. The problem of the summation of the pinning forces was addressed by
Campbell and Evetts [27) but the eoncept of collective pimning was first introduced by
Larkin and Ovchinnikov [39] in 1979. They based their approach on the assumption that
the supereonductor’s volume can be subdivided into correlation volumes within which
the distortion of the flux-line lattice is not too large, whereas larger distortions, of the
order of the lattice constant ag, appear between such domains. Larkin and Ovchinnikov
introduced two characteristic length scales to describe this effect. The corrclation length,
or eollective pinning length, L. measures the ‘coherence’ of a flux line along the field
direction. A flux-line segment of length smaller than L. may ke considered as almost
straight whereas a flux-line segment of length larger than L. will exhibit a pinning in-
duced deviation from the straight line at least of the order of the lattice constant. The
transverse eollective pinning length R, measures the distance up to which the positional
long-range order of the vortex lattice is preserved. Weak disorder thus induces & gradual
breakdown of the order in the flux-line lattice.

The two collective pinning lengths, L. and A, can be estimated by minimizing the net
energy change §F of the vortex lattice, where 8F is the sum of a positive contribution
due to the elastic distortion energy and a negative contribution resulting from the energy
gained by accommodating to the point defects. We first consider the point defects and
define the pinning strength W = n,, < f? > where n, = no/d is the number of defects
per unit volume with d, the thickness of the supereonductor, and < f2 >~ fZ /2 is
the mean square force acting ou a flux line due to a point defect [54]. Furthermore,
while adding the pinning forces due to each defect, we have to remember that the pinning
eenters are distributed randomly which results in a ¢otal pinning force increasing with the
square root /N, = /. V. of the total number of pinning centers. The total (macroscopic)
pinning foree F, can be written

~ fpmut /217172 .
F, = 2—=n /*V, N 2.36

where fomaz is the maximum {microscopic) pinning force.
The expression for the net energy change per unit volume can now be written

1 ” g a 2 z 7 £
p ) ) ) e




24 Theoretical and phenomenalogicul aspects

where we consider a displacement of the correlation volnme V; over a distance v = £, be-
cause the range of the microscopic pinning force is typically £,. In the nontocal coptinnum
approximation, ihe above expression turns out to be somewhat uneasy to handle [21] and
we restrict the discussion here to the local (non-dispersive} linit. By minimizing Eq. (2.37)
with respect to R, and L,, we can deduce the expressions for the correlation lengths

oty p WG, (2.38)
L% E T T

From these expressions, we can observe that the correlation volume V, = R2L, will de-
crease as the elastic moduli decrease (softer vortex lattice) or as the density of pinning
centers increases.

In a very thin film or for a strongly layered supercondnctor, the correlation length along
the ¢ axis is limited by the thickness d of the sample or the inter-layer distance s. In this
limit, the vortex appears as a rigid object and the contribution from the tilt modulus can
be dropped. For the total force in an area (R*P)? we find

Fipy Lfy"‘_a‘in}/“dlﬂﬂiﬂ i~ {2.39)

The expression for the net energy change per unit area can be written

2
§E = Cﬁﬁd(RED) fp\j/lg.‘t lfﬂdlfi(;;;j) (240)

where we assumed that the correlation area is defined in the 2D case by setting v = ag
instead of u = £, [7]. Minimizing Bq. (2.40} with respect to B2 allows to deduce the
in-plane collective pinning length for a very thin film

R¥® = ,‘,/2_2‘*‘“ agd'/? (2.41)

pmazx

As stressed by Tinkham [7], the abave expressions account only for elastic deformations
of the vortex latticc whereas, in real vortex sysiems, plastic deformations of the lattice
(dislocations) are expected to appear and will strongly influence the positional order in
the lattice. In conclusion, the above discnssion provides a useful description of the effect
of a large number of randomly distributed point defects, but the expressions given above
should be regarded as gualitative.
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2.3.2 Extended defects

We will see in Chapter 3 that numerous screw dislocations and terraees appear in super-
condueting YBCO thin films grown by laser ablation, giving rise to thickness variations
of the film. Valleys in the thickness profile of the layer will act as pinning regions for the
vortices allowing them to lower their energy. The maximum pinning foree per unit length
due to thickness modulation can be estimated by [57)

f,n 2“,%‘111 (N/m] (2.42)

where §d/d is the relative thickness variation, I, the average distanee between two valleys
and ¢, the line energy of a vortex.
Besides the thickness modulation effect, screw dislocations will give rise to another pinning
cffcct since their cores can be considered as a noncondueting cylinder of typical diameter
£.:(0). For a single flux line directed along the noncondncting core of the screw dislocation,
the pinning force per unit length can be estimated by [57]

2
foa 1.35-{3-5(—715@(0) [N/m] (2.43)
Ho

using the same formalism as for point defects. For YBCO and at T = 0, we obtain
typically fog = 1.73- 1073N/m.
Planar defects like twin planes may also appear in YBCO films. However, twins form
low-angle grain bonndaries (see e.g. [60]) and are not expected to affect noticeably the
superconductivity in the layer [57].
We shall notiee that, in contrast to the previous section where point defects are an uncor-
related souree of pinning for the vortices, the defeets described in this section represent a
correlated pinning source which implies the existence of a (‘statistical’) matehing field B,
at which the number of extended defects will he equal to the number of vortices. When
the flux line density exceeds the density of these extended defects, the motion of the excess
flux lines is expected to be determined by the shear properties of the flux lattice.

2.3.3 Dislocations in the vortex lattice

Up to now, we have mainly eonsidered elastic deformations of the flwe-line lattice due to
thermal fuetnations or disorder. Plastic deformations however also appear and sirongly
influence the behavior of the vortex lattice. The importance of disloeations in the flux-line
lattice for the layered superconductors was spotted by Feigelman et ol [34) and, almost
simultaneously, by Vinokur et al. [36]. Both papers deseribe the thermally activated nuele-
ation and motion of edge dislocation pairs in a 2D vortex lattice. Each pair of dislocations
carries a flux proportional to the spatial extension of the pair R, [34]. Consequently, the
motion of dislocation pairs in the vortex structure results in a motion of vortices and leads
to dissipation in the superconductor. In fact, the motion of a dislocation pair is equivalent
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to the motion of a vortex row constrained between two edge dislocations of opposite sign.
The characteristic energy barrier associated with the creation of such plastic deformations
in the vortex lattice can be estimated by {21,34,36]

20 o, Q8 ( %0 2.44
Uﬂ 417“(5) {2.44)

@ s g
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for small dislocation pairs of extension ~ ap, which produce the dominant contribu-
tion [36]. The quantity s is the interlayer spacing. Such dislocation pairs can bc seen as
vacancies or interstitials in the vortex lattice. It should be noticed that the above expres-
sion holds for pancake vortices. For a very thin film of thickness s < d < min(l,; L),
the Aux lincs appear to be very rigid and we expect a quasi-2D vortex lattice. In some

sense, the vortices appcar as thick pancakes of thickness d and the intcrlayer spacing in
Eq. (2.44) above must be replaced by the thickness of the film.

In a 3D vortex lattice, the situation is somewhat different because the creation of an
object cquivalent to the dislocation pair in 2D {a dislocation loop) requires an infinite
energy in the thermodynamic limit [21], unless Ry = 0, duc to the fact that dislocation
loops cannot carry flux in the vortex system. This situation arises because of the absence
of magnetic monopoles and due to the one-dimensional character of the flux lines [21,27].
A calculation of the energy barriers associated with plastic deformations of a 3D vortex
lattice can be performed by considering that the relevant excitations involve, as for the
2D case, deformations of the fux lattice on 2 length scale oy [61] and by assuming defor-
mations of the vortex lattice in the form of double-kinks. The energy cost for nucleating
such a defect in the vortex lattice can be estimated in the same way we estimated the
energy increase of a displaced flux line in Sec. 2.2.2. We consider the same geometry as in
Fig. 2.2 but we assume = lateral displacement ©» = ag independent of 2. The total energy
increasc 0Ey, is given, again, by the sum of the increasc in energy duc to the stretching
of the vortex line §&; and the increase in energy due to the restoring force dF,. In the
anisotropic case, we obtain the expression

2 Ak 19.4
S Eppf Aap) | 194 2.
§E ann[’r'm(fub) + " ] (2.45)
for a double-kink of length [%*. We have to be careful with this calculation since the
displacemcnt « reaches ag in which case the expression for the restoring force might not
be appropriate any more. Nevertheless, we obtain in this way a reasonable estimate for
the energy cost of such a deformation in the vortex lattice. This energy barrier was first
estimated by Geshkenbein et al. [61) who found Up = €gag/y. The energy increase  Egy
can be uscd as an approximation for the plastic barriers in the vortex medinm and we
shall assume
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UP = 2%‘-’2171 (?) o B2 (1 - %) (2.46)

ab <

Since {7 represents the encrgy necessary to displace a vortex line segment on a seale ay,
it corresponds in fact to a reconnection barrier in the picture where the relative motion
of the vortices takes place via cutting and reconnection of the flux lines.

2.4 Vortex phases

After reviewing the influence of thermal fiuctuations and pinning on the Aux-line lattice,
we look more closely in this section at the different vortex phases that can build up in the
mixed state of a HTS. Fig. 2.3 shows on the left the mean-field phase diagram for a type 11
superconductor. A sketch of a pheromenological phase diagram suited for YBCO is also
shown in the right part of the figure. Due to the presence of disorder, the vortex lattice
is expected to turn into a truly supercondncting phase (p{7 — 0) ~— 0) named vortex
glass as proposed by Fisher and coworkers [11]. We shall discuss the specific properties
of this phase in the next paragraph. At low magnetic fields (low vortex density) or high
temperatures, the vortex medinm appears as a vortex liquid®. Both phases, glass and
liquid are separated by a melting line T,(B) as shown in the figure. The vortex liquid
phase can be scparated into a pinned vortex liguid regime and an unpinned vortex liquid
regime. In the former case, the barriers impeding vortex motion still play a role and
the resistivity will be of the form p(j — 0) = poe=“/*57) whereas in the latter case, a
free Aux-flow regime takes place (p(j — 0} = py). Finally, the upper critical field line
is shown which marks the onset of enhanced diamagnetism in the superconductor. It is
however not expected to be a sharp phase transition.

2.4.1 Vortex glass and flux creep

Pinning, and in particular random point pinning, leads to the destruction of long-range
positional order in the vortex lattice. Fisher ef al. [I1} suggested that such a vortex state
where the vartices are fixed in a random pattern is a new thermodynamic vortex phase.
The condition for this phase to be a true superconducting state being the existence of a
long-range order in the phase of the order parameter which is associated with the fact
that vortices stay immobile. This is equivalent to saying that the barriers impeding vortex
motion have to become arbitrarily large.

Let us briefly discuss the vortex dynamics in this regime. The classical picture for the
motion of vortices in a pinning potential is based on the competition between the Lorentz
force and the pinning force as described by Anderson and Kim in their flux creep theory
[62]. Due to thermal activation, vortices (or vortex bundles) can jump independently over

9The presence of weak disorder in the vortex system will force a vortex solid to turn into a glass
whereas a vorlex liquid will remain a liquid {21}
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Figure 2.3: Left: Mean-field phase diagram for a HTS. The normal state is separated from he
mized stale by the upper eritical-field line Ho{T). The lower eritical-field line Ha(T) separates
the mized state and the Mcissner phase. Right: Schemalic phase dingram for o HTS with
moderale anisotropy (YBCO) [£,21).

the potential barriers U. The presence of an applied current leads to vortex motion, causing
o resistivity p oc e¥/*sT  For g large enough applied current, the effective activation
barrier goes to zero and a current dependence of the form U(F) = Ua(1 — j/j.} was
assumed [21], with j. the critical current density. In the single vortex limit {low magnetic
fields), the Lorentz foree experienced by the vortex is jgpL. while the pinning force is
given by Uy /€. We use here the pinning length scale L, predicted by the eollective pinning
model and the fact that the range of the pinning force is typically £ for point pimming,
The critical current s reached when both forces are balanced, yielding j. = Us/{doL£).
A recasonable estimate for j. can be made by assuming that the pinning energy U) must
be of the order of the elastic energy increase due to the streching of the voriex line (see
Sec. 2.2.2), meaning that we can write Uy = 2¢£%/L.. The critical current density in the
single vortex himit then reads j. = 26£/{¢pL2).

The current dependence praoposed above for U () is satisfying as long as individual pinning
of the vortex lines is considered but is no longer valid in the collective pinning picture
end in the limit of low currents. It can be shown that the energy barrier in the collective
creep picture at low currents (see [61] and references therein) is of the form*?

Y The arguinent implics the caleulation of the optimum distance traveled by a vortex segwent, between
two metastalie states, see Ref. [21). This caleulation is based on the condition that the energy gain due
to the Lorentz force must balance the distortion and pinning energies of the vortex. 1t appears that for
eurrents j < 7, the condition is fulfilled for displacements of the order of £, As the current density
decreases, the Lorentz force decreases and two favorable metastable states appear to be separated by
larger distances. This tneans that, at tow current densities, vortex motion implies the displacement. of
larger vortex segments over louger distances, As a conseguence, probing the vortex medinm at low enrrent
densitics results in exploring the snperconductor over large distances,
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UG) = Uo(%)" (2.47)

where ¢+ < 1. In the single vortex pinning regime, g = 1/7 [21]. From this expression,
one immediately sees that the resistivity p o< ezp|—Up /{kgT) - {(j./7)¥] in the limit § — 0
becomes exponentially small at low temperatures in contrast to the conventional creep
theory where U(5 — 0) = Uj, The vortex state in the picture of collective pinning
thus exhibits a regime with zero linear resistance at low temperatures which Fisher and
coworkers [11] identified as a new true thermodynamic phase named vortex glass. It is
interesting to notice that the screening current circulating in the superconductor still
follows a logarithmic time decay as in Andcrsons’s original work. In the limit of small
currents j < j., we have [21]

(1) zjc[ ;;Fln(%)] * )

where ; is a characteristic timie scalc in the problem, see for instance the discussion in
Ref. (21], p.1350.

The dimensionality of the vortex system is here of some importance, since the phase
transition to a vortex-giass state for a 2D vortex medium is expected to occur only at
T = 0 [11] rather than at a non-zero transition temperature T, > 0. In fact, the presence
of weak pinning can lead to a vortex-glass phase in a 21} vortex medium as long as elastic
deformations of the lattice are involved [34,63,64]. The presence of disiceations, and
even small dislocation pairs of extension o being equivalent to a point defect in the Aux
lattice, will naturally lead to a thermally activated flux flow regime since the motion of
such dislocations in the 2D flux lattice results in flux transport. In 3D, the problem
is somewhat different since the vortex-glass state appears stable with respect to such
dislocations [34]. Introducing additional vortices into one plane would require an infinite
energy in a 3D vortex medium [21,34). This corresponds to the fact that dislocation loops
in the flux lattice have to lie within the gliding planes of the edge dislocations composing
the loop and thus do not add or remove flux from the system. This was pointed out
by Campbell and Evetts [27] and justified by geometrical considerations. This particular
point marks the main difference between & 2D and a 3D vortex medium in the present
context and justifies why a true thermodynamic vortex-glass phase can exist in 3D below
a non-zero transition temperature T, and only at T' = 0 in 2D. The basic reasons for this
situation to appear are first, that vortices are one-dimensional objects and second, that
a flux line cannot end in the superconducting material since magnetic monopoles are not
physical objects.
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2.4.2 Vortex liquid and thermally-activated flux flow

Close above the glass melting line T, ( B}, the vortex liguid is still very viscous and exhibits
a thermally activated resistivity p oc e~Y/%8T where the energy barricr U is associated
with the therually activated plastic motion of the vortex structure and does not depend
on the current density [61,65, 66]. This TAFF {thermally-activated flux fow) regime
is in fact a limiting case of the Kim-Anderson flux creep theory [62] in the limit of
small driving forees (small currents) and for current-independent energy barriers. As
the temperature increnses, the effective barriers for vortex motion decrease and pinning
is na longer relevant. A flux-low (FF) regime takes place where the resistivity can be
written p = pyy =~ p,B/Bp [67). We shall discuss the dynamics of the vortex liquid in
more details in the next section.

2.4.3 Transition from a vortex glass to a vortex liquid: definitions and pre-
dictions of the vortex glass theory

Fisher ¢t al. {11} assume a continuous phase transition of the vortex system at T, and
describe it by means of scaling arguments. The static and dynamic features of the tran-
sition ean be described by a vortex-glass correlation length £, and & relaxation time 7,
which both diverge as the temperature of the transition is approached. The expressions
read

Sug = Eupall = T/TH|™ (2.49)
Tog = &5y (2.50)

where the two exponents v and 2 arc referred to as the static exponent and the dynamic
exponent, respectively,

The complex ac linear conductivity o{w) = [d( 4 2wL)]™" describing the respanse of the
system in the vicinity of the eritical regime at low frequencies can be written [11,68]

z42-0
a(w) = Un(éjﬂ) Si.(wr,,g) (2_51}

where D is the dimension and Sg(wry,) is a universal function defined sbove (+) and
below (-) T,
The phase of the conductivity ¢, defned by o = |a|¢*® is given by [11}

Tz—1

¢0(Tg) = E p

(2.52)

at T,.
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2.5 Vortex dynamics

We turn now to the problem of characterizing the electromagnetic response of a IITS in
the mixed state for the geometry depicted in Fig. 2.1. The response of the superconductor
will depend on the dynamical behavior of the vortex medium. We first need the quasi-
stationary!! Maxwell's equstions, valid inside and outside the superconductor

L = 8B

A= —— .
Y ? = (2.53)
VAB =y (2.54)

The knowledge of the relation between the electrical field and the current density is our
main interest here. In the particelar case where the harriers U inhibiting vortex motion in
the superconductor are negligible, the vortices are free to move {unpinned vortex lignid)
and Ohm’s law'? reads

B=pyi (2.55)

where pgr = pn B/ By is the flux-Bow resistivity [67] aud p, is the normal-state resistivity.
The viscosity 1 of the vortex medium is given by n = B%/p;; [67).

More generally, the resistivity p will depend on the frequency, the temperature, the mag-
netic field and the current density.

2.5.1 Linear response: thermally-activated Aux Aow

For a vortex system above the melting temperatnre, the activation barriers remain finite
in the small current-density limit. The vortices form a vortex liquid or, hetter, a pinned
vortex liquid. In such a thermally activated regime, the velocity of the vortices can he
written in the form & = Toe~U/F7 [21] and it is related to the electrical field by E = A B.
As a result, the vortex liquid develops a diffusive dynamics where the resistivity is

p o< pyye=tikaT (2.56)

This regime was described by Kes et ol [69) and is referred to as the TAFF (thermally
assisted flux flow) regime. The electrodynamics of a superconductor in this regime is

equivalent to the clectrodynamies of a normal metal with an exponentially small resistivity
[70].

11 The wavelength of the electromagnetic ficld 27afw musi be targe compared to the sample dimensions,
which is easily verified in our case. Our highest frequency is 100kHz cfw 2 500m 3 10~ %m.

2We shall remember that in the HTS, we have £ << [ << A, where ¢ is the clectron mean free path.
The HTS are thus in the local limit where Ohm's law holds, sce for instance Ref. 5, p.180.
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Using Maxwell's equations, we can derive a linear diffusion equation of motion for the
magnetic field [69,70]

- p — -
B =—AB 2.57
B = {2.57)
with the diffusion constant I} = p/pu,. We are interested in the particuiar case where the
total external applied magnetic field B is the sum of a large static magnetic field plus
a small ripple of angular frequency w = 2af, i.e.. B = By + pphy, with jugh, /By < 1.
Assuming a time dependence o e*! for Eac , thie diffuston equation becomes

P -
hae = M——iwﬂhuc (2.58)

This equation defines an ac penetration depth A, for the magnetic field

2= 2.
w = i (2.59)
which is related to the skin depth § = {p/{pow)]V? [71] by A2, = —i42
For a thin superconducting film, we can write the sheet impedance of the film Z, = p/d

iw#ﬂ)‘gc(w: T B)
d

The caleulation of the complex penetration depth A, results in caleulating the flux ve-
locity by solving the equation of motion for the vortices in the supercondnctor. A general
equation describing the vortex motion should acconnt for the vortex inertia effects, the
viscosity of the medium, the existence of pinning in the sample, the elastic restoring force
due to the other vortices, the driving force and finally the thermal fluctuations. Such an
equation, however, has not been solved yet for any vortex displacement 4. We thus have
to perform a few approximations in order to find a solution for the vortex velocity in the
superconductor. In particular, the vortex inertia term may be dropped away as long as
the frequency of the driving current is well below the gap frequency w,, see e.g. [72,73).
Since w, &= 10" Hz in the cuprates, this contribution will not be refevant for us.

Z,(w,T,B) = (2.60)

2.5.2 Equation of motion for the Brownian model

In the particular case where vortices are independent from cach other and execute an over-
damped brownian motion in a sinusoidal piuning potential, the one-dimensional equation
of motion for ane single vortex reads [74, 75]
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0z + 8, U(z) = Fp(t) + Fr(t) (2.61)

The first term is the viscous drag as defined in the Bardeen-Stephen theory [67] where
n = Bgy/(2nthp.}. The second term represents the pinning of the vortices by the
sinusoidal potential U/(x} = Ug(l — cos(2mz/lp)) where I, is the characteristic distance
between two pinning ecnters. The driving force Fi(t) = 3.(t}¢y due to the presence of a
current 7,(t) in the superconductor is the third term and the effect of thermal fluctuations
is accounted for by the fourth term which is an uncorrelated stochastic thermal force
satisfying (Fr(t)Fr(0)), = 2nkgT6(t) where (...); indicates averaging over time.

In the overdamped limit, the ac vortex mobility 4, can be derived from Eq. (2.61) above
and the sheet impedance Z, = ¢oBu, reads [74,76)

Iy 2o /kpT) + (wr)?

Ry= Ry 1+ () (2.62)
1 — iU fkgT)

where I, is a modified Bessel function of order n and v a characteristic time for the
relaxation of the vortices given by

oM IUs/ksT) ~ 1
41‘(2U0 Io(Uu/kBT}Il (Uﬂ/kBT}

(2.64)

In the limit where the pinning barrier Uy is much larger than kgT, the sheet resistance
is proportional to e~2Y0/%aT  pg expected for & pinned vortex liquid. When the barrier
is much smaller than kg7, the vortices can diffuse more essily and a flux flow regime
appears {unpinned liquid). It is interesting to notice that, in tbe limit of low frequencies
{wr < 1) and for low tomperatures where the contribution from the Bessel function [y
becomes exponentially small, the sheet resistance exhibits an w® frequency dependence
whereas the inductance is frequency independent [74].



3 Production and characterisation of the samples

The first section of this chapter is devoted to the general properties of the cuprate super-
conductors with an emphasis on the ¥1 Ba,Cua(;_; compound. In the second part of the
chapter, we describe the deposition technique used to grow our layers. In the third part,
we summarize the characteristics of the laser ablated films obtained by X-ray diffraction
(XRD) and Atomic Force Microscopy (AFM),

3.1 The Y, Ba;Cuz0;_; compound

Superconductivity in the ¥; BayCusO7_s compound [77] was spotted at the very beginning
of the incredible outburst of passion generated by the discovery of superconductivity
in the lanthanum based cuprate {Lay_;Ba,CuQy) by Bednorz and Miiller in 1986 [1).
These two compounds were joined by other cuprates based on hismuth, thallium and
mercury to form the family of the perovskite-type superconducting cuprates. All these
compounds are characterized by a layered structure, a carrier density typically ten times
lowet than in copper and a very short cohcrence length €. Their erystallographic structures
are typically tetragonal or orthorhombic and contain one, two or three CuQ; planes
perpendicular to the ¢ axis which contain the charge carricrs responsible for the clectronic
properties of the material. The fact that these charge carricrs are localized in the CuOs
planes explains the anisotropic properties of thesc ecompounds in both the normal and the
superconducting state. Their relatively low carricr density increases the electromagnetic
penetration depth A. The very short coherence length found in the cuprates has basieally
two consequences. First, fluctuations of the order parameter will strongly affect the
supercondueting properties of these cuprates as discussed in section 2.1.1 of Chapter 2.
Secondly, defects like oxygen vacancies, screw dislocations (SD) and grain boundaries
will act as local normal regions perturbating the superconductivity more strongly than
in conventional superconductors where the long-range cohcrence length helps smaoothing
the effects of crystalline disorder. We should finally notice that cuprate superconductors
are very sensitive to carrier doping and often require non-stoichiomectric eompositions
to ensure the superconducting phase to build up. The highest T, value tends thus to
correlate with an optimal doping, i.e. optimal density of charge carriers. Fig. 3.1 (left)
shows the phase diagram of YBCO as a function of doping. The value of T}, appears
also correlated with the number of copper-oxygen planes in the unit cell and is maximum
for three Cu; planes in the bismuthates (BirSryCanCtne1Opage, n = 0,1 or 2) and
thallates (TlyBayCa,Ctiny1 Ogr0n).
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Figure 3.1: Left: Sketch of the doping phase diagram for Y BaaCusO, [78. Right: c-aris
parameter as o function of the oxygen conteni [79].

3.1.1 Crystalline structure and general properties

The Y, BayCus0, compound exhibits a tetragonal siructure below an cxygen doping of
z = fi.4 which transforms to orthorhombic as the oxygen doping is raised. In the for-
mer case, the oxygen atoins are randomly distributed in the hasal plane of the structure
whereas in the latter superconducting phase, the oxygen atoms order themselves to form
Cu—O chains directed along the b axis (see Fig. 3.2). This structural transformation dis-
torts the unit cell by stretching the b axis relative to the a axis thus forming a rectangular
basal plane. The Cu(}; planes straddling the ¥ planc are sandwiched between two planes
containing Bae and O. A slight puckering of the CuQ, planes appears as shown in Fig.
3.2. Finally, the basal and top planes cansist of partially filled —Cu— 0 — Cu— 0O~ chains
directed along tbe & axis. Tte cheins are totally filled up when z = 7. The oxygen is thus
the cause f{or the tetragonal to orthorhombic siructural transition in the YBCO and the
crystalline lattice parameters depend on the oxygen doping as shown in Fig. 3.1 (right).
The optimum doping is reached at about § = 0.1 or = 6.9 where we have @ = 3.818,
b = 3.884 and ¢ = 11.683, see c.g. [80]. The structure of the Pr-substituted componnd,
PrBa;Cu;0; (PBCO), is very similar to that of YBCO. We natiee that superconductiv-
ity occurs at typically 90K in many rare-earth {(R) substituted RBa;CusC; compounds
where R can be for instance Nd, Sm, Eu, Er or Dy [81}. It seems that superconduetivity
may appcar in PBCO at about 80K under certain circumstances as observed by 7. Zou et
al. [82). However, this compound behaves as an insulator in our experimental conditions.
We finally mention the existence of two other yttrium-based supercondueting compounds,
Y BayCuyOg and YoBa,Cur;Oy5 which have a T, between 80K and 90K

The yttriom and barium atoms appear to be basically eompletely ionized in their respec-
tive locations [28] with their remaining electrons bound in localized states thus having
a negligible role in the electron dynamics. The electrical conduction properties depend
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Figure 3.2: Crystatline structure of the Y1 BagCugQr unit cell. The planes in the left smaller
unit. cell indicate the pyramidal coordination of the copper in the CuQs plane [28].

principally on the electrenic states of the Cu and O atoms within the planes and the
chains. The hale carrier density is abont n ~ 6 - 10°' carriers/cm® [83] which corresponds
ronghly to one carrier (one hole) per unit cell volume. Sinee oxygen doping of Y BayCuz Oy
adds principally & atoms in the Cu( chains whereas the oxygen content of the CuQ,
layers does not change usnally, it appears that the chains havc an essential effect on the
electronic properties of the conducting CuQ, planes. The chains can actually be seen as a
charge (hole) reservoir for the Cu0; planes. When the doping correspands to one hole per
unit cell, the compound is an antiferromagnetic insulator as depicted in Fig. 3.1. As the
doping is raised, the antiferromagnetism disappears to be replaced by a superconducting
state and the optimum T, is reached when the mean number of holes per nnit cell is about
1.15 [4]. This value of about one hale per unit cell can be dednced by ronghly looking
at the charge balance of the nnit cell in the case z = 7 for instance. Assuming a 2+
oxidation state for the copper (see Table 3.1), the top CxQ plane containing two chains
is charge balanced as is the Barium plane Be) which contains one oxygen. The main
charge unbalance comes thus from the block formed by the two Cu(y planes and the
insulating ¥ plane. This block counts the extra hole we are looking for since the yttrium
iz in the 3+ oxidation state. This reasoning is thus somewhat oversimplified since the
valences of the copper atoms in the planes {Cu(2)) and in the chains {Cu(1)) depend on
the doping as well as on the distances between the Cu(2) atoms and the O(2), O(3) and
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0(4) oxygen atoms [84]. 1t is finally worthwhile mentioning that the curve describing the
valence of the Cu(2) cations as a fanction of  [84] has ronghly the same shape as T, versus
T meaning that it might be more appropriate to consider the effective hole number per
unit eell rather than the oxygen content to understand the behavior of T, in the particular
ease of YBCO.

Element Y Pr Ba Co O
Oxidation state 3+ 3+ 24+ 2+ 2-
lonic radius [A] 0.94 ~1.04 134 072 1.32

Table 3.1: Usual oxidation states ard epproximale ionic redii for the clements involved in the
YBCO and PBCO compounds {28, 85).

The presence of chains in the YBCO unit cell leads to a conductivity in the b direction
about, twice as large as the conductivity in the a direction for a twin-free YBCO single
crystal. This effect will however not be relevant in our case since we cannot exclude the
presence of twins in thin films. The relevant anisotropy will be for ns the anisotropy
4% = m,/my, between the in-plane properties of YBCO and its properties along the ¢
axis. The quantities m,, and m, are the cflective masses of the carriers in the b plane
and along the ¢ axis respectively. Slightly above T, we have p./pq == 100 [28]. Tahle 3.2
suminarizes some of the relevant qnantities for the YBCO compound.

Transition temperature  Anisotropy  Penetration depth  Coberence length  Critical field

T, =~ 03K EXy <7 Aab & 14004 Lop =~ 1GA B.(0} = 1.04T
Ac = B400A £ 34 B (0) = 38mT
Ba(0) = 130T

Table 3.2: Parameters for bulk YBCO [21, £8].

The resistivity along the ab plane g, exhibits a linear temperature dependence above T,
as would do a normal metai like copper where the temperature dependent part of p is due
to the scattering of the charge carriers by the phonons'. The problem here is that in a
normal metal, the carrier density does not vary with temperature whereas in the cuprates
the carrier density varies not only with doping but also with temperature. At optimum
doping, the carrier concentration depends linearly on the temperatore which implics an
unusval scattering rate proportional to 72 |5).

"The resistivity of a netal can be approximated by p = pg + ppa({T) whore gy is the temperatire
indepexndent contribution from the impurities and other imperfections in the crystal structire and ppy is
the contribution from the phonons (28). The teinperature dependence of pp; comes basically from the
rempersture dependence of the scaliering rale of the electrons by the phonons. A1 high tempersiures
(T * ©p), p is propartional to T wharens at low temperatures (T' < 8p), we have p ot 7% where 8 is
the Debye temperature,
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At the time, the understanding of the electronic properties of cuprates is still under debate
and starts with the fundamental unsettled question of the exaet mechanism which leads
to the pairing of the electrons in the cuprates {see for instance {4,5] for reviews).

3.1.2 Thin films

Supercondueting very thin films are usnally sandwiched between layers of PrBayCusOq_s
or Pr,Y, ,Bu,CusO;_s thus forming trilayers as will be deseribed in the next section.
The top and bottom PBCO layers act most probably as hole dopants for the YBCO
layer [86]. The value of T, in the films gradually decreases with decreasing thickness,
mast likely due to the enhanced effect of phase fluctuations of the superconducting order
parameter in the layer.

Lower eritical field and demagnetization factor We know that the Meissner state persists
until the external applied field reaches the lower critical field B,,. This is true for an
infinite eylinder in a parallel magnetic field. For a less favorable geometry, one has to
account for the geometry of the sample via the demagnetization factor N. For very flat
samples, the lower critieal ficld will be strongly reduced and the effective lower critical
ficld B., can be expressed hy the equation B, = (1 — N)B,. For a thin circular film of
radius w and thickness d, the demagnetization factor for a field applied perpendicular to
its surface is given by 1 — N == m/4.d/w (see e.g. Ref. 28, p342}. If we use this expression
to obtain a rough estimate of 1 — N for our thicker flms (w = lem and d =~ 10004},
we get 1 — N & 8- 10™% This gives a lower critical Reld B, =~ 3- 10777 instead of
B, 7 38mT for bulk YBCO (sec Table 3.2 above). This means that the earth magnetic
Field (= 5-10757") is strong enough ta bring the sample into the mixed state. An estimate
of the demagnetization factor for a square thin film based on the expression used by Fiory
et al. [87] yields an even smaller value: 1 — N = 8- 107"

3.2 Pulsed laser deposition of Y; Bay;Cus(O;_; thin films

We used a conventional laser ablation technique to grow our YBCO layers [88]. The
method consists in sending a short laser pulse on a target of Y BaaCusO.. The en-
ergy of the pulse is absorbed by the target surface which first melts locally and is then
evaporated in the form of a highly-forward directed stoichiometric plasma plume. The
evaporated material is collected on a substrate heated at the appropriste temperature.
Sinece no discharges are involved in this technique, the deposition process can be carried
out in an oxygen environment which is required for our ceramics. This technigue allows
a good film-to-film reproducibility, an accurate stoichiometry transfer from the target to
the substrate and single-phase c-axis oriented films can be relatively easily produced. The
good physical properties (sharp and high transition temperatures) shown by tbe samples
render this technique well suited for our needs. 1t is however clear that the choice of the
substrate, the deposition temperature, the ablation energy and other similar parameters
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will have to be carefully adjusted before an optimal film quality can be reached.

Terraces and screw dislocations |89, 90] appearing in the films are a consequence of the
growth mechanism of these pulsed-laser ablated films. As the thickness of the layer
increases, its surface roughness will increase as well, The formation of precipitates [91,92]
appearing at the surface of the layer is another particularity of this technique. Those
precipitates may exhibit various forms (droplets, needles) and composition (CuQ, Y203,
...} They may condense during the expansion of the plasma plume or may be directly
grabbed awny from the target during the impact of the laser pulse.

3.2.1 Description of the system

The light source that we use is a KrF Excimer laser supplying pulses with a maximum
energy of about 650mJ and typical duration smaller than 25ns at a wavelength of 248nm.
The purity of the gas mixture is improved by a liquid nitrogen cold trap. The laser
beam is first diaphragmed in order to select a beam area where the light amplitude is
homogeneously distributed. The light is then foeused by a 300mm lens through an anti-
reflection coated window onto the target in the vacuum chamber. Twelve different targets
are mounted on a rotating drum which allows to grow alloys or muitilayers involving
various compounds. The targets are pressed ceramic disks which are glued with silverpaste
onto rotating copper holders. A periodical polishing of the surface of the targets will avoid
the formation of holes which alter the shape of the plasma plume.

Substrate end buffer loyer Among the different substrates [93,94] currently used for the
growth of YBCO films (sec Table 3.3), we have chosen monoerystalline {100) oriented
§rTi0; (STO) substrates. These substrates are well lattice-matched to the YBCO ce-
ramic thus favouring epitaxial growth. The other advantage relies on the values of the
linear thermal expansion coefficient oy, of both STO and YBCO which are close to each
other. This last parameter i3 important to avoid thermally induced strain or microgracks
in the layer that may arise due to the large temperature gradients undergone by the sam-
ple: above 1000K during the deposition down to 4.2K during the measurements. The
STO substrates have a large dielectric constant {see for example [95]) which may cause
some trouble for radio-frequency applications at low temperatures due to ac dielectric
losses. The dimensions of the substrates are 10mm x 10mm x 0.5mm and their crys-
tatlographic misorientation is expected to be smaller than 0.5°. The parallelness of the
surfaces is better than 2% and the surface roughness is of the order of Inm as observed
by AFM (see Ref. [96] and Fig. 3.13 on page 52).

The mismatch between the unit cell of YBCO and the STO substrate is expected to cause
an expansion of the YBCO unit cell along the a and b axis while it will be slightly com-
pressed along the c axis. These effects are expected to change the value of the transition
temperature. However, in the ease of YBCO, an expansion of the unit cell along the a axis
results in a decrease of T, whereas an expansion along the & axis will produce an increase
of T, with dT./dp, ~ —2.0K/GPa and dT,./dp, ~ +1.9K/GPa {97]. The two veriations
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Materisl Y BaaCusOy PrBasCusz0y  SrTi0; MgO  LuAiOg Si
(orthorhombic} {orthorhombic)  (eubie)  (eubic)  (cubic)  (diamond)

erystalline a =382 e = 3.90 =391 =421 a=3%78 a=543
parameiers [}\] t=73.80 b =192

c=11.68 c=1LT7l
nismatch [%] 1.4 1.4 9.2 1.9
o [H78 K7 0.85-1.3 0,04-1.0 0.85-1.1 1.0 0.38
€ 3.7 300 9.6 16 12

Table 3.3: Properties of the grown compounds and of common substrates at 300K . We give the
crystalline parmmeters, the misfit to {a+5)/2 of YBCO, the linear thermal expansion cocfficient
oy and the diclectric constant €, (1kHz). From Refs. 85,94,

will thus roughly compensate. Along the ¢ axis, we have d7./dp. ~ 0.3K/GPa and the
effect is much weaker. Furthermore, the elastic strain in the layer will be accommodated
by the formation of misfit (screw and edge) dislocations above a critical thickness of typ-
ically 100A to 2004 [92,98]. Far thin films however, the effect of the mismatch between
the substrate and the film may still affect the value of T.. We thus grow a buffer layer of
{PBCQO) prior to the YBCO deposition which has proven to be very useful for ultra-thin
film growth [86,99,100}. Finally, we usually cover the YBCO film with a PBCO layer
typically 8 unit cells (u.c.) thick, which has the function to prevent oxygen diffusion out
of the film. This was done systematically for the films with thicknesses below 100A.

The case of silicium among the substrates is particular since the growth of YBCO layers
on Si substrates appears very atiractive for industrial applications but encounters various
problems. The thermal expansion coefficient of Si is three to four times smaller than the
one of YBCO leading to strong thermally induced strain in the layer. Another problem
arises from the interdiffusion of §i in the YBCO layer. A buffer layer appears ncoessary
and good results were obtained with yttrinm stabilized zirconate (YSZ, ~ 9% of Y)
ablated from (Y203)0.00(ZrO3)00, polycrystalline targets [101].

Substrate snounting The sample holder is a stainless steel plate clamped between two
copper blocks which are connected to a water cooled electrical feedthrough. The sample
is mounted at the center of the plate and fixed hy two thin stainless steel sheets screwed
to the sample holder. A thermocouple is placed below the sample and is kepi in position
by an stainless steel plate which is screwed together with the sheets holding the sample.
Between the sample holder and the substrate, we insert a thin Az shect which will ensure
a good thermal contact between the substrate and the sample holder and improve the
homogeneity of the substrate temperature. The distance between the substrate and the
surface of the target is typically 45mm. The position of the sample holder is carefully
adjusted in order to be well centered in the plume which is crucial to avoid thickness
gradients in the film.
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Depaosition and growth mechanism Once the substrate is cleaned and mounted on the
sample holder, we evacuate the deposition chamber down to about. 10-*mbar and clean the
targets after having masked the substrate. The substrate is then heated to the deposition
temperature close to 760°C and kept at this level during typically one hour to properly
outgas the chamber and the substrate. This also allows to evaporate a thin Ag layer on
the background of the substrate which favours the thermal contact between the sample
holder and the substrate. After that, we admit molecular oxygen in the chamber up to a
pressure of about 0.2mbar. When the temperature is eorrectly stabilized, we start to fire
the laser on the desired targets at typieally two pulses per second. During the deposition
process, the energy of the laser beam is limited to about 100mJ/pulse in the vacuum
chamber as messured with a pyroelectric deteetor. The size of the spot on the target
extends to about 10mm? which results in a typical laser fluence of 1.J/(pulse - om?). The
temperature homogeneity of the sample is controlled during the deposition process with
an optical pyrometer.

Frank-van der Merwe Volimer-Weber Stranski-Krnsunov

Figure 3.3: Sketch of the basic cpilectic growth forms. Lefl: layer-by-loyer growth; center:
island growth; and right: layer-by-layer growth followed by islands nucleation and growth,

The superconducting properties of the films will be very sensitive to the microstructure
resulting from the growth mechsnism due to their very short coherence length. The
type and amount of defects as well as the surface roughness play here r crucial role,
The different forms of cpitactic growth depend on the strain energy in the layer and the
bonding between the depositing species {called adatoms) and the substrate. Fig. 3.3
illustrates the epitactic growth modes which are basically [98,102]: layer-by-layer growth
(Frank-van der Merwe), island growth (Vollmer-Weber) and initial layer growth followed
by island nueleation (Stranski-Krastanov). Layer-by-layer growth means that the major
part of one growth layer is completed before the next layer is nucleated (2D growth). This
will only occur if the interaction between the film atoms and the substrate atoms is very
strong. If the misfit between the substrate and the layer is non-zero, the layer-hy-layer
growth will take place up to a limited thickness determined by the build-up of strain in
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the layer. Dislocations will then appear and an island growth mode will take place. When
the interaction between the substrate atoms and the layer atoms is not very strong, the
species arriving at the surface of the suhstrate will form small clusters which will then
grow laterally and vertically (3D growth).

Dcepositing films with thicknesses less than 100A is clearly somewhat tricky due to surface
roughness and film connectivity problems. We thus expect percolation cffects to appear
in these films and we will see in Chapter § that we may quantify these effects from the
value of the penetration depth extracted from the inductive measurements of the layers.

Sintering After the deposition is completed, the temperature is decreased to 500K in
about ten minutes while the oxygen pressure is raised to lbar. The sample is then sin-
tered at 500K duriug fifteen minutes before the temperature is finally decreased to room
temperature in twenty-five minutes. This step of the deposition process is crucial since,
during this time, the film undergoes the structura! phase transition bringing it from the
insulating tetragonal structure to the superconducting orthorhombic structure (see Fig.
3.4, left). This phase transition is driven by the oxygen which diffuses in the film and
forces its structure to become orthorhombic above z = 6.5. The oxygen diffusion takes
place mainly along the defects of the film and the presence of twins or dislocations in the
layer will greatly reduce the time necessary for the oxygen to diffuse through the entire
sample thickness. Since the oxygen diffuses mote rapidly in the ab plane than along the ¢
axis (Fig. 3.4, right), the presence of terrasses will help to decrease the sintering time of
our layers. We summarize the main deposition parameters of some selected films in Table

3.4.
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Figure 3.4: Left: Oxygen partial pressure versus growth temperature for ¥ BeyCusO, and
tetragonal-orthorhombic trensition line at z ~ 6.5, see [103, 104} for a more detailed phase
diagram. Right: Orygen diffusion consianl as a funetion of sintering temperature for in-planc
(Dab) and out-of-plane (D) diffusion [105, 106]. The time t = d2/D necessary o oridize o
d = 10004 thick fitm is shoum on the right axis of the plot.
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Sample 8618 5607 38612 35610 5604 S606 5269 S609 5615 5472

135 134 136 135 135 135 ~20 135 1.3 1.1
15 24 24 a7 47 93 ~400 980 930 1100

~1 2 2 4 4 8 ~ 34 84 84 94
140 210 210 470 470 470 - -

93 93 33 93 93 93 - - -
250 330 330 610 610 660 ~400 980 980 1100

=T - B

Table 3.4: In this table we give the deposition rate r [4 /pulse), the thickness d [A] of the YBCO
layer, the number n of YBCO unit cells, the thickness b fA} of the PBCO buffer layer, the
thickness t [A] of the PBCO top loyer ond the total thickness dy [A] of the film for ten selected
fitms. The name of the films which were systematically measured are bold face.

3.3 Characterisation of the films

In this section, we summarize the informations that we could gather on our films from
X-ray diffiraction, atomic force microscopy and resistivity measurements.

3.3.1 X-ray analysis

After having grown a film, we directly probe its cristalline structure by means of X-
ray diffraction (Philips PW3020 diffractometer in the Bragg-Brentano configuration), see
Fig. 3.5. The X-ray copper tube is operated at a tension of 30kV for a heating current of
the filament of 20mA. The X-ray beam is not monachromatic and comprises basically the
three copper lines: ko, ke and kB with respectively A, = 1.5405A, A, = 1.5443A
and Mg = 1.3922A. A Ni filter mounted at the tube shield exit allows to attenuate the
contribution from the f-line. We will thus use the mean value A, = {2hq, + Aka,)/3
for the wavelength of the X-rays since the intensity of the ko, contribution is about
twice the intensity of the koo contribution. It is however clear that, in order to know
precisely the value of & diffraction peak, it would be necessary to deconvalute the peak
into the two contributions of the ke, and kes lines using for example the Rachinger
algorithm [107]. Another point which we should keep in mind is that the geometrical
properties of the diffractometer will introduce aberrations into the pure diffraction profile
rendering it esymmetrical and causing a broadening of the peaks and a displacement of
their centers [107]. This basically means that working with experimental peak profiles
whithout unfolding the pure line profile will not allow accurate determinations of the
interlayer spacing d, or of the effective thickness d.; of a layer [107] but will still allow a
comparison of these quantities obtained from different films by the same procedure.



3.3. Characterisation of the films 45
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Figure 3.5: Left: Geometry of the X-ray diffractometer. Right: (102} and (108) planes in the
YBCO unit cell,

Scans

A typical § — 28 scan is shawn in Fig. 3.6 where the different peaks are identified. The
peak position yields the distance d; between two adjacent diffracting planes by using the
Bragg relation

2, sin{8) = nA, (3.1)

for ench value of 26. However, the peaks are affected by the aberrations mentioned above
and n better way to obtain the value of d; consists in plotting the value of d; dedueed for
each diffraction peak as a function of a power of a trigonometric function of theta (typically
tan(f)) sinee the main aberrations can be expressed in terms of a power of tan{#) [107].
The plot should be linear and the value of d; is given by the ordinate intercept of the
curve where tan(f) = 0. From the behavior of the bare suhstrate diffraction peaks, it
appears that a tan{6)~? dependence is suited for our diffractometer whereas behaviors
following tan(f)~' - cos(f) are possible in other cases. We obtain a lattice parameter of
3.90544 for the substrate in good agreement with the expected value of 3.905A. We used
only the higher order peaks to deduce the value of d; ignoring the (003),(006) and (009)
diffraction peaks from tbe films scans since their shape might be slighltly affected by the
substrate (100), (200) and (300) diffraction peaks. In our case, d; = ¢ and we obtain
an estimate of the c-axis parameter of our layers. We notice in Table 3.5 that we obtain
c-axis values greater than the bulk value of 11.68A which is peculiar since we would rather
expect a value smaller than the bulk value as stated in Sec. 3.2.1. Such 'large’ values
were previously observed in our ipstitute and have also been reported in Ref. 108 where
d, > 11.70A was found for YBCO thin films. It is still unclear at this point whether these
observations da really tell something about some peculiar behavior of the YBCO unit eell
in the layers or whether this effect is just an artifact without physical meaning. However,
we have to he awarc that, for the thin layers, this value of d; represents essentially the
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value of the ¢ axis for the PBCO eompourd due to the presenee of the PBCO buffer
layer. Since both c-axis values are slightly different for the two compounds, the value of
d; remains somewhat qualitative.
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Figure 3.6: 8-28 scan of sample STO472.

The pole figures (off-axis scans) prohe the texture of the layers. They allow to check the
c-axis epitaxy and reveal the presence of phases with different orientations {a axis or ¢
axis}. We have chosen two family of reticnlar planes, (102} and (103), for which the Bragg
condition is fullfiled for 26 = 27.88° and 26 = 32.81° respectively. The peaks in the pole
figures around the axis defined by the (103) planc have a greater intensity which is useful
for samples with very low thicknesses. These seans provide four peaks (see Fig. 3.7) when
the sample is correctly c-axis oriented at approximately the same ¢ values for each peak
since our experimental resolution does not allow to differentinte hetween the peaks due
to the (10f) and (01{) planes (the values for 7. are 56.33° {102}, 56.81° (012) and 45.02°
(103) and 45.54° (D13), see Fig. 3.5, right). We can abiain a rough estimate of the mean
value for the in plane lattice parameter of the film a,, = {a + b)/2 using the expression
tan(y.) = (c/z)/a,, for a pole figure of axis (107).
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Figure 3.7: Pole figure of sample STO610 around the azis perpendicular to the (103) plane.
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Figure 3.8: Left: Hlustration of the disorder correlation in a layer. Right: Sketch of SD growth
spirals or pyramids ezhibiting o single screw dislocation in their center.
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The presence of stacking faults, limiting the lateral coherence of the layer, will decrease
the intensity of the peaks in the pole figure. The naturc of these faults, or more generally,
the nature of the crystal disorder in the layer, can be better prabed by rocking curves (2
scans). For this fype of scan, the 26 angle valne is fixed while the Q angle is varied in the
range [# — a; 8 + a} where o is typically 1°. It is interesting to examine the shape of the
diffraction peak for such scans.

Hf the diffracting planes extend up to a typical distauce s, (see Fig. 3.8), then the rocking
curve is expected to present a Lorentzian profile [108]. A nice example of such a profile
is shown in Fig. 3.9 (left) where we plot a rocking curve measured for the (005) YBCO
reflection of sample ST'O606. When the disorder in the layer is due to a random mosaic
structure {granular disorder) as shown in Fig. 3.8, the statistical distribution for the
(small) angles da is uncorrelated in space {typically oc e(~%/20)°) and the peak is expected
to follow a Gaussian proKle [109,110]. What we observe most commonly is an intermediate
profile as illustraied by the {005) YBCO peak of sample STO607 (Fig. 3.9, right). A pure
Gaussian profile would indicate a strongly disordered Rlm whose pole figure is poorly
contrasted (low intensity and broadened peaks). To be fully reliable, however, this type
of analysis should rather be performed on corrected scans accounting for the inodified
shape of the peaks due to the presence of aberrations.
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Figure 3.9: Lorentzian (solid line) and Gaussian {dotied line) fits to rocking curves for two
samples. Left: STOR0G, 8 u.c. Right: STO6O7T, 2 w.c.

Depasition rate

The calibration of the deposition rate for the two compounds we deposited was deduced
from the satellite peaks showing up for multilayers grown by alternating the two materials.
The period of the multilayer A is deduced from Bragg’s law and reads

A= (m - 'ﬂ.) " A:
T 2{sin(8,) — sin{f,))

(3.2)
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where m and n denote the diffraction order of the satellite peaks {Fig. 3.10). By growing
at least two multilayers with different sequences, we can deduce the deposition rate for
each compound. Far the last series of samples we grew (#600 and larger), we had rates
of 1.35A /pulse for YBCO and 1.55A fpulse for PBCO.
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Figure 3.10: Satellite penks observed around the (002} YBCO roflection for the multilayer SL598
(9 z (4184 PBCO + 844 YBCO)) + 484 PBCO).

3.3.2 Atomic force microscope characterization

The study of our layers by means of Atomic Force Microscopy (AFM or SPM) performed
at the University of Bern {clectrochemistry group, Prof. H. Siegenthaler), with the help
of Dr. A. Daridon, gave us an insight into the microstructure of our layers.

Since the lattice match of YBCO to STO is relatively good (strong substrate-adatoms
interaction}, screw dislocations are expected to appear only after several unit cells, ouce
the strain in the film has build up enough. Screw dislocations may however appear more
rapidly if the miscut between the layer and the substrate is non-zero. Moreover, additional
screw dislocations as well as stacking fanlts will be generated upon islands coalescence or
meeting of two separate growth fronts having a vertical offset or inclined surfaces. On the
other hand, the density of screw dislocations will decrease as the growth temperature of
the film is raised since the microstructure will relax towards a thermodynamically more
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favorable flat surface. A decrease by a factor of three in the density of screw dislocations
has been rcported between substrate growth temperatures of 750°C and 780°C [102,111).
Fig. 3.12 shows AFM scans on samples STO574 and STO575, about 1300A thick, reveal-
ing a very rough structure where terraces, holes and precipitates appesr. By varying the
deposition parameters, we conld decrease slightly the surface ronghness® of the thick sam-
ples as well as the density of spirals as shown by the scans of sample STO615 {Fig. 3.13}.
The surface roughness reaches here about 160A although sample STO61S is still about
1000A thick whereas we had roughnesses of 5004 and 60DA for samples STO574 and
STO575. The surface roughness of the scanned fiims is shown in Fig. 3.11 {left). These
values are obtained from the 10umz10um images which are the largest scans we per-
formed. The roughness of the suhstratc as reccived from the manufacturer was about
lnm. We noticed that the numher of outgrowths in 3TO574 was smaller by a factor
of abont four as compared to $TO575, which may be attributed to the shorter distance
between the sample and the target for STO574. This last point would favor the picture
that precipitates form in the plume during the time of flight from the target to the sub-
strate and are not only directly grabbed away from the target. It is however important to
notice that the oxygen partial pressure will play some role in this process. In particular,
oxides will form more easily if the oxygen partial pressure is too high, see for instance [113].
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Figure 3.11: Lefi: Roughness of the surface obtained from 10pumz10um scans, The value for
sample STO810 1is spotlt by an increased unceriainly due to the presence of a huge precipitate
in the scan area. Right: Density of growih islands .

From these images, it appears that for thick (typically 1000A or more) Alms deposited
directly on the STQ snbstrate, we have a strongly marked screw dislocation mediated
island growth mechanism. The screw dislocations lead to the formation of spiral istands

?We refer here to the roughness avernge S, defined as §, = - o TR0 |z(zk, 9e)} where n and

m are the number of pixels in each direetion of the scan, sre J. F. Jorgensen [112] and references therein.
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7d Rapen+ Bpcpa Foore (RAB-CD) {3.3)

P ln[?) 2 RBC.DA
The correction factar f,,, [114] depends on the ratio of the measured resistances and the
geometry is sketched in Fig. 3.15 (left). The resistive measurements on samples STO607,
STO0610 and §TOE615 were performed using the geometry shown in Fig. 3.15 (right). The
contacts were made with indium wires (0.3mm diameter) pressed on the sample and the
current was [ = 0.1mA. For this peometry, the resistivity reads

_Udv

P= T (3.4)

where { is the distance between the voltage probes and d the thickness of the sample. The
length of the voltage probes corresponds to the width w of the sample.

In the figure inserted on the right, we describe how the val-
ues T, T and T, are deduced from the resistivity curve.
Teo is the intercept of the highest slope line along the tran-
sition with the axis y = 0. Ty is roughly the onset temper-
ature where the resistivity curve deviates from the linear
behavior above the transition. And finally, T, 15 the tem-
perature at which both linear fits cross. The width of the transition AT is taken as the
difference T, — T,p. We obtain T.o values in agreement with the values reported in the
literature, see for instance Refs. 115,116.

Resistivity

Temperatore

+V 4

Figure 3.15: Geometries used for the resistive measurements.

For an optimal oxygen doping, we expect a linear temperature dependence of the resis-
tivity in the normal state for the YBCO compound up to 300K. For an underdoped
{overdoped) sample, the resistivity curve will depart from the linear behavior and bend
npwards (dawnwards), see for example [117]. In Fig. 3.16 (right), we can abserve a slight
upwards curvature for the resistivity curve of sample STO615 revealing a weak underdop-
ing of the sample which may depress the transition temperature. Despite the PBCO top
layer, the resistivity of samples STO607 and STOG610 goes to zera (Fig. 3.16, left}). We
thus assume that the curves are still representative of the properties of the YBCQ layer
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and extract T and p, as described above. A summary of the numerical values for the
quantities defined here can be found in Table 3.5 on page 56.
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Figure 3.16: Normalized resistivity of STOGOY, STO610 and 570615 (left} as a function of
temperature. The straight dotied line in STO615 plot (right) emphasizes the bending of the curve
which reveals a slight underdoping in oxygen.
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Figure 3.17: Left: Inductive (1kHz) and resistive transitions for sample STO607. The tempera-
ture of the peak in Re(8V) is referred to as Ty Right: comparison of the resistivily as measured
with the inductive ond the resistive method for sample STO615.
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3.3.4 Iuductive measurements and comparison to resistivity curves

A good way to determine the existence of coarse-grained domains in a sample is to perform
an inductive measurement of its superconducting transition. A sample containing large
domains weakly connected will usually exhibit shonlders in its inductive transition since
the domains become superconducting at different temperatures. The inductive technique
has proven to be very sensitive to such problems [118] and constitutes thus our final test
1o decide whether a sample will be systematically measured or not. The inductive curves
Im(8VY and Re(8V) for sample 8TOG0T are shown in Fig. 3.17, as well as the resistive
measurement. We also show the resistivity of sample 3T(O615 as obtained from the
inductive and the resistive methods. We observe a temperature shift of abont 0.5K which
is included in the tolerance of the temperature sensors used. The inductive transitions are
clean and confirm the reliability of these films. We may suspect weak percolation effects
in the 2 n.c. film due to the slight break appearing in the imaginary part of the signal §V
at T~ 28K. We will sec in Sec. 5.2.1 thai percolation effeets increase as the thickness of
the sample decreases.

Finally, we report in Fig. 3.18 the values for the temperature T}, of the peak in Re(6V)
as a function of the thickness for some samples.
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Figure 3.18: Thickness dependence of Ty, at f = 1.03kHz for the samples of Table 8.4 on
page 44. The dotted line is a guide to the eye.

3.4 Summary

Table 3.5 summarizes the main physical parameters of the films we measured systemati-
cally. Sample STQ615 is added to complete the lacunar informations for sample STO472.
We report the approximate values for the height c of the unit cell. The values for samples
STO607 and STOG10 are due to both the YBCO and the PBCO contributions because
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of the presence of the PBCO buffer layer. The values for the transition temperature Ty,
the transition width AT, the normal state resistivity py and the resistivity pioox are ob-
tained from the resistive measurements. We finally indicate the temperature of the peak
in Re(8V) at [ = 1.03kHz obtained fromn the inductive measnrements in the absence of

magnetic field as well as its width at half maximum AT,

Nanmie # u.c. ¢ am T AT T, &% PN p(100K)
B A (KK (K] (Kl (sem] (uem]
10472 94 11.60 399 ~91¢ - 3004 032 - -
STO615 84 11.69 392 904 1.1 885 <0l 150 40
STO269 ~26 11.67 388 891 ~12 B4.2 0.4 - 330
STOGID 4 11.68 388 73.7 119 634 1.7 265 280
STOGOT 2 11.68 3.88 483 188 385 4.5 350 390

Table 3.5: Summary of the main parameters measured for selected samples (see text). °The
value for this sample is an estimate bosed on the value for sample ST0615.



4 Cryostat and measuring technique

In this chapter, we describe the experimental setup which was developed to perform the
measurements presented in this work. The eryostat comprises a commercial *He dewar
which can contain up to 30 liters of liquid helium allowing an autonomy of about 60 hours
in its current configuration. The main insert dips directly in the *He bath and holds a
stainless steel pot where a supcrconducting coil is wounded as illustrated in Fig. 4.1. We
will first discuss the problems of temperature control and magnetic Seld. The measuring
method is then presented in Sec. 4.2 and further details concerning the cryostat and the
measurement, system can be found in appendix A.

4.1 Cryostat

The main insert of the cryostat has evolved from its original design during this work. After
measuring the first film (STO269) with the original setup [119-121], we reduced the mass
of the sample holder and improved the contact with the cold source. The thermal inertia
of the system could thus be lowered to measure sample STO472. A final modification
made it possible to extend the temperature ramps down to 4.2K which was necessary to
measure the thinner samples STOG10 [122] and STO607. During a measurement, the pot
is evacuated down to 10" *mb and works as an inner vacuum chamber. A thin-wall stain-
less steel tube connected to the ‘He bath through an impedance separates the vacuum
chamber from the sample chamber, The thermal homogeneity in the sample chamber is
ensured by the presence of *He gas admitted through the impedance. The temperature
of the gas admitted in the sample chamber is measured by a diode thermometer and can
be adjusted if necessary .

The sample is placed on a sapphire cylinder bearing a heater and comprising a carbon-glass
resistor (CGR) which remains reliable in the presence of a magnetic field. The sapphire
cylinder is pressed against the Stycast matrix embodying the coils system through two
nickel-hrass screws. We mounted another temperature sensor (PT-100 series) along the
Stycast for contral purposes. The whole system is connected to the top-load tube by a
sapphire rod -

For measurements starting above 355, the exchange gas is kept at ambiant pressure. To
start the measurements at lower temperatures, we decrease the pressure in the sample

chamber which sets up a *He gas flow around the sample holder. A decrease of the

o7
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Pot

“He bath

Impedance (*He admission)
Inner vacuum chamber
Exchange gas
Superconducting coil
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Heater
Diode

el AR

. Sapphire

10, Plexiglass

11. Coils embedded in stycast
12. PRT

i3. CGR

14. Screws

Sampie holder

Figure 4.1: The pot bearing the superconducting coil and the sample holder,



4.2, Mcasuring technique 59

e ' H
pressure by ahout 10Qmbar is enough to allow measurements down to 6K. Some care was

taken to ensure an overall temperature reproducibility of better than 50m K between 6K
and 80K far the measurements of the thinner films.

4.1.1 Magnetic field

A description of the supercondueting coil can be found in appendix A. It is however
important to note here that the magnetic field produced by the coil in the persistent mode
decays as a function of time according to B{t) = By - e~/"8 where 75 is a characteristic
time. This is due to a small contact resistanee in the cireuit in which the persistent current
flows. A decay of the magnetic field shifts the superconducting transition of the sample to
higher temperatures and this effect becomes very noticeable after a few hours already. To
limit this effect, we readjust the value of the magnetic field at least once a day and perform
a temperature correction for each measured curve. For sample ST(0472, the temperature
correction was based on the observation of the temperature shift of the superconducting
transition as the magnetic field decayed with time. Assuming that the temperature follows
the same type of law as the magnetic field does, we can determine the decay constant of
the field as a fitting parameter in a plot of the logarithm of the superconducting transition
as a function of time. The calibration constant wbich links & magnetic field shift to a
temperature shift of the transition can then be obtained again as a fitting parameter. The
mounting of a Hall sensor in the stainless steel pot allowed us to enhance the reliability
of these corrections for samples STO610 [122} and STOB07. The calibration can now be
done for each magnetic field chosen and for each sample individually. The superconducting
transition of the sample is measured for a given magnetic field and measured again for
the same field decreased by two percent. This yields us the calibration constant linking
the magnctic field shift. to a temperature shift. The decay constant of the field is deduced
from the Hall voltages measured at the beginning and at the end of each curve.

4.2 Measuring technigue

The superconducting transition of the sample is measured by means of an inductive tech-
nique [123] which was first applied to superconducting thin films by Fiory and Hebard
[87,124]. This technique is the causin of the ac susceptibility technique used commanly
for bulk samples. The system is composed of a drive coil enclosing an astatically wound
detection coil. The drive coil catries an ac current ereating an electramagnctic ficld Eu(t)
at the surface of the sample. As a consequence, a screening current rises in the sample
(below T7) inducing a voltage drop &V at the terminals of the detection coil. The basic
principle of the measurement relies on the fact that the mutnal inductance of the drive
and detection coils is modified by the presence of the sample. If the detection coil is well
balanced, the signal vanishes when the sample is absent. The amplitude of the signal
&V is maximuin when the conductivity of the sample is maximum which happens at low
temperatures. We are thus sensitive to the screening properties of the sample. The phy-
sical quantity that we extract from these measurements is the complex sheet (ar surface)
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conductivity of the sample. The study of bulk samples with this method is delicate sinee
the signal depends esscntially on the surface properties of the material. For thin films
however, the screening cutrent circulates in the whole thickness of the sample and if the
film is thin enough, we can assume a uniform current distribution through the sample.
This measuring technique presents a few adventages. Firsi, no contacts are necessary,
allowing to keep the surface of the sample in its primitive state and avoid problems due
to thermal voltages. An other advantage is the good sensitivity achieved using a lock-in
detection technique. We can measure inductances down to about 10p#7, corresponding to
an impedanee of about 60n{} at a frequency of 1£Hz. Thanks to this sensitivity, we ean
use very low excitation corrents and thus explore the linear regime where the response of
the system is directly proportional to the excitation level.

We apply a de external magnetic Held H in order to have vartices in the sample, the
total Beld being then H+ hoo(t). The presence of the ac held h,,c( ) at the surface of
the sarnple disturbs the arrangement of the flux lines and leads 1o a redistribution of the
local magnetic induction and carrent density in the sample. The local variation of the
induction 48 is given by 08 = V ASA where 54 = A B according to [125]. The quantity
1 represents here the vortex displacement field. Using veetor operations, the expression
for 65 can be written

$B=—BV.i+(B- V)i~ (& V)B

where ((E ‘ ﬁ)ﬂ), =3 Bja%ju,-. The lirst two terms are related to the elastic eompres-
sion and tiit properties of the fiux Iattice respeetively {126} and the third term hecomes
unegligible in the hmit §8 < pohg. < B [127]. Adding vortices to the lattice (by meaus of
ﬁqc) will thus, a priari, lead only to compression or tilt deformations of the vortex lattice
but no shear. The presence of defeets in the film however, will lead to a pinning of the
fhux lines {see See. 2.3). And in that case, shear deformations of the vortex arrangement
may also appear. In fact, due to the relative strength of the elastic moduli, we expect that
shear deformations of the vortex lattice will be much more easily driven than compression
deformations or even tilt deformations in our particular ease, see See. 5.1.3.

The elastic properties of the vortex lattice will thus play an impartant role in determining
the response of the film in the mixed state. This basically means that the measared volt-
age 3V caused by the loeal flux change carries information about the dynamie properties
of the vortex lattice which is our main interest here.

4.2.1 Geometry

In Fig. 4.2, we show a sketch of the coil assemmbly whose geometrical parameters can be
found in Table 4.1. The ac magnetic field produced by the drive coil can be estimated
at the center of the coil, clase to the surface of the sample. Using the parameters of
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Table 4.1 and for a driving current of 7uA, we obtain poha = 2.0 1073T (0.2m()} which
is a relatively small value (see ¢.g. [128-130] for comparison) garanteeing a linear response.
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Figure 4.2: Left: Sketch of the coils. Right: Geometry of the experiment.

Drive coil Receive coil
Radius Rp=2mm Rrp=12mm
Distance hetween turns dhp =0.2mm Shg = 25um
Number of turns Ny =22 Np=28
Distance first turn/sample  hp=03mm  hp =0.1~hp
Estimated inductance 1.2pH 2.5uH

Table 4.1: Parameters of the cotls. Al room temperature, the resistances of the coils measured
af the top of the insert are TQ1 for the drive coil and 34§} for the reccive eoil, The imductances
of the coils are ginen by L = powRE flaNoke twhere l, = Nodh, and ks depends on the ratio
2Rafla, kp = 0.7, kg = 0.4, see for example [151]. We assume a magnetic permeability of g = 1
for the Stycast.

4.2.2 Electrodynamics of the system

When a time-varying electromagnetic field is present at the surface of a metal, the skin
effect theory is usually employed to describe the behavior of the metal. The electromag-
netic field will decay below the surface as e™*/¢ where § is the complex skin depth and
depends on the tesistivity p of the metal and the angular frequency w of the oscillating
electromagnetic Reld. The expression for § is given by
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P

b=, /-

WMlin

The metal thus exhibits a characteristic surface impedance Z, defined by the ratic E/H
of the electric and magnetic fields at the surface of the sample: Z, = p/§ = dwped. When
the sample is & thin film, the skin depth is replaced with the thickness d of the sample
provided d is much larger than 4 and much sinaller than the width and the length of the
sample. The sheet impedance may then be written

5 = RC(P) + ifm(p) (4_1)

Zy =
Ry +iwlhy = 7]

Onr system measures a conductivity o = 1/p rather than a resistivity. In fact, the voltage
that we collect is complex and the out-of-phase component /m(dV) is a measure of the
screening efficiency (thus the superfluidity) of the sample whereas the in-phase component
Re(6V') measures the dissipation in the sample. While fm(dV) decreases monotonically
when the sample is heated np from the supercondncting state to the normal state, Re(dV')
rises from zero, then exhibits a maximum at a temperatnre T, and then returns to a small
value « d/p, at high temperature (see Eq. (4.12) below).

Calculation of the induced voltage

In order to work out the relationship between the measnred voltage §V and the sheet
impedance Z, [123], we first need to calculate the sheet current density K, = jd induced
in the sample by the drive coil. From this result, we will then caiculate the induced
voltage 3V appearing at the terminals of the deteetion coil. Due to our geometry, the
use of cylindrical coordinates 7 = (r,, 2} is a natural choice. The surface of Lhe sample
defines the plane z = 0 and the £ axis coincides with the symmetry axis of the coils. We
assume a e*" time dependence for the fields and the driving current.

The first important approzimation is to treat the sample as a two-dimeusional object in
the xy planc. This is adequate if the sheet, current density K, is constant alang the z axis
over the whole thickness d of the film, a condition which essentially translates to 7, = 0.
This approach is valid for YBCO films with thicknesses verifying d < A [87). As stressed
by S. J. Turneaure et el [132], the finite size of the sample does not affect significantly
the mutual inductance of the system and one can assume an infinite size for the sample
to perform the caleulations as long as the sample is typically twice as large as the drive
coil diameter. Mesurements of Nb films with different sizes an geometries confirm this
statement [133). The second approrimation consists in assuming that the current density
is isotropie in the xy plane.

The electrical field E in the sample is related to the sheet impedance by
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E(r,z=0)= Z,K,(r,z=0) = —iwA(r,z = 0) (4.2)

where A is the vector potential. Using Maxwell’s equations where we neglect the displace-
ment, current in Ampére's law

o= . - 0B
D=0 NE=—
v v 5

we can express the relationship between the vector potential and the sheet current density.
This expression is valid above and in the sample and reads, in the Coulomb gauge VA = 0,

—V2A(r, 2) = poR.{r)8(2) + poj{r, 2) (4.3)

The current density is scparated in two terms accounting respectively for the response
of the film K, and the direct contribution jp(r, z) from the drive coil. To perform the
integration of Eq. (4.3), we rewrite it in Fourier space using cylindrical coordinates

Q-"'—‘ (qfaquz):

(¢ + qz)A(é} = __A(Qn z=0)+ mﬂp(rﬂ (4.4)

The Fourier transform of the vector potential can be written [32,124]

= 1 =~
A(ql!z = 0) = E/A(Q)dq.:

and E(é) is given by Eq. (4.4). This integral can be solved with the residue method [32]
and yields

= K —i
Kdq)=- .‘;D_(‘J:; %)

uow

The current, density distribntion jp(r, 2) generated by the drive coil can be written

Np-1

o(r.2) = Ip8(r — Rp)¢ Y _ 8(z — hp — ndhp)

n={
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with @ = (—sin(p), cos{ip), 0). In Fourier space, the expression reads

= . ik 1 — g~ #¥pa:bhp

Ip(§) = =2rilpRpdi{q Rp)e™" iy

The expression for the sheet currenl density transformed back in the real space is thus
given by the integral

—qthp e—NDQﬂshD

R(r) —IDRDf dfi’a—e"-"“‘— (QtRD)Jl(qt")

,un u

— e~ —qrékp (4 5)

We can now calculate the voltage 6V indnced at the terminals of the receive coil by the
current in the sample. We neglect here any contribution which would arise from 8 bad

compensation of the receive coil. Using Ampére’s law, we write the electric ficld 6 in
Fourier space as

The voltage is obtained by the path integral of the electric field along each tnm of the
receive coil. In real space, we find

Fr(q}Fp {q:)
1+¢= L&

o tw

V(2,) = iwlome / da, (4.6)
Li]

where the functions F,(g) depend only on the geometry of the coils:

1 e—hoqlahn

Fa@) = RadilgRo)e " ——— {4.7)

Eq. (4.6} establishes the relationship between the measured voltage 6V and the sheet
impedance of the film in a non-trivial way involving the geometry of the system. The real
and imaginary parts of the voltage depend both on the real and imaginary parts of the
sheet impedance. To obtain an exact value for Z,, we have to calibrate the system and
use a numerical inversion procedure which is briefly deseribed in Sec. 4.2.3.

A non-exact but easier method to extract the sheet impedance derives from the peaked
shape of the geometrical function M(z) = Fr(x)Fp(z). We approximate M{z} by a
é-function centered at 5 = x,, which yields

Ry pioh ViRe(8V)
e 2. BV (4.8)
Ly=

soht (v,,fm(W) 1)

TRVE (4.9)

28m
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where V,, is defined below. Due to this particular shape of the geometrical function,
we equivalently say that the system sclects mainly wave vectors verifying 1/q, = (hp +
hr}/Zm = 1.4mm for our system.

In the low temperature limit, the sheet impedance of the sample is essentially inductive:
Z, = iwl, and thus Re(§V) = 0. In this strong screening limit, the mutual inductance
change depends only on the geomelry of the system and we have

I(V)(T ~ 0) = Vi, = iwlpmp [ dg:Fala) Fola) (4.10)
(]

which is truc if 2q.L,/po <€ 1. The characteristic inductance M, = uy/{2q,) >~ 0.9nH
is an important parameter here. The ratio L,/M, , depending on the properties of the
sample and the coils, will settle whether the system actually reaches the strong screening
limit. Using Eq. (4.9), we can write the relationship between the imaginary part of the
signal and V,;, as

Ves

V) = 17

{4.11)
ldentifying L, t0 Ly = ppA?/d and using the appropriate values for A and d, we find
Im{éV) =~ 0.8992 V,, for the thickest film (STO472) and Im(6V) =~ 0.85V,, for the
thinner flm (STO607). We thus nnderstand that a thin film will not induce a signal
reaching the geometrical value, whereas a thick films will, in the limit of our experimental
resolution. This justifics why we deduce the value for V,, from the thick films measure-
ments. This calibration makes it possible to adjust the parameters of the coils for the

calculation of V,, with Eq. (4.10), the most uneertain parameter being the distance from
the receive coil to the sample. For our system, we find M,, = V,./(wip) =~ 286rH.

When the sample is in the noermal state, the sheet impedance is essentially resistive with
Z, = R, and Im{6V) = 0if the detection coil is perfectly balanced. The relation between
the real part of the signal and V,, derived from Eq. (4.8) reads

W

Re(8V) = Viu M-

(4.12)
At small enough frequencies and for large enough normal state resistances, Re(6V'} will be
negligible. If we use the values from Table 3.5 on page 56 for the normal state resistivity,
we get Re(§V) = 4.1-107%V,, (STO472) and Re(6V) =~ 3.9.1077V,, (STO607) for the
less favorable frequency (w/2r = 100kH 2).

In practice, the balancing of the receive coil is not perfect which adds a constant con-
tribution to the imaginary part of the signal. This contribution is substracted from the
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signal before the numerical inversion is performed. When necessary, we also perform a
phase correction of the signal which allows to adjust the level of Re(61'} at low and high
temperatures.

The relative uncertainty AL,/L, on the inductance is smallest when [, is equal to the
characteristic inductance M, (Fig. 4.3} whereas the relative nncertainty for the resistance
increases lincarly with R,. From Eqs. (4.11} and (4.12), we can write

AL, (1+L/M.)* AIm{sV)
L, LM, Vi
A(R,/w)  Rfw ARe(§V)
Rjw ~ M, V,

where AIm{éV) o ARe(§V) < 1%V,, at f = 1kHz and B = 1.07.
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Figure 4.3: Relative uncertninties AL/ L, and A{R,[w)/{R,/w)} &5 a function of L, and R,fw,
respectively, for AIm{dV) = ARe(8V) = 1%.

4.2.3 Numerical inversion

To extract the real and imeginary components R, and L, of the sheet impedance of the
film from the measured response expressed by Eq. (4.6), we first define the complex
dimenstonless variables {87,123]
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m = jmle®= = (§V/V..)*
u = jule™ = m/|m|* - 1
I = 1| = (22, / (ipphu))*

which allow to get rid of most of the geometricel parameters. Next, we bnild two tables
containing the values for |u| and 8, as a function of |{| and ), covering the range of interest
for % Since |I| is 2 smooth monotonous fonction of [u], we cen exchange the role of these
two quantities by interpolation. This yields a table for |{| (T1) and a tablc for 8, (T2)
as a function of |¢| end 6;. Knowing the data (ju| and 8,), we cen extract a value for &,
from table T2. The value for |{| is then easily derived from table T1.

4.2.4 Sheet impedance

To properly characterize the electrical response of the sample to an exiernal electro-
magnetic excitation, we shouid take inte account the contributions from the superflnid
{cooper pairs}, the normal electrons and the moving vortices [134]. The contribution from
the normal electrons is assumed to be propartionnal to the time derivative of the contri-
bution from the superelectrons [134,135] with the proportionality factor wly /Ry where
Ly = poA?/d end Ry = pn/d. As long as w < Ry /Lz, the contribution from the normal
electrons can be ignored which is the case for our measurements since Ry /L), ~ 10'°Hz
for our samples. In the absence of magnetic field, the sheet impedance reads

Zs = twky

As the magnetic field is raised, vortices will enter in the sample and their motion will give
rise to 4 resistive and an inductive component. We thus write the sheet impedance as

2, =R, +iwl,

At that point, the sheet impedance ought to be written as the sum of a contribution
from the superfluid background iwL, plus a contribution from the vortices Z, yielding
Z, = Zy+iwky [134]. However, the contribution from the moving vortices will be generally
dominant in the expression for the sheet impedance, unless the applied magnetic field is
very low,

We shall mention that writing the sheet impedance 2, = R, +iwl, consists to consider the
equivalent circuit of the sample as a resistance R, in series with an inductance L,. Models
usually meake predictions for the conductance rather than the impedance of the system
studied. Since conductances have to be added, the sheet impedance should be written in
its parallel-equivalent real and imaginary parts: 2! = R P4 (iwl,)! where R, ! and
{#wL,)™" represent the real and imaginary parts of the sheet conductance G, = 1/Z,.
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Simple slgebra allows to write R, and L, as a function of the measured quantities R,
and L,. We have thus to decide whether we talk in terms of conduetance ot impedance
when eomnparing the data to the predictions of 2 model and use the correet quantities.
For instance, in the spirit of a two-fluid model where the supereconductor is deserihed
as a dissipative channel in parallel with an inductive channel, it is natural to adopt a
deseription in terms of conductances rather than impedanees. It is worth mentionning
that the quantity L;’ ts in fact a measure of the macroseopie supercondueting phase
coherence in the sample. What is important to realize is that the differenees between the
seria} and parallel quantities (R, and R, or L, and I} appear at low temperatures for
the resistance and at high temperatures for the inductance. Let us consider the case of
the resistance to understand this. In the serial ease, the resistance R, has to vanish when
the temperature tends to zero since the response of the sample is essentially inductive
at low temperatures. In the parallel case, the resistance Ry, has to become very large in
order to let the inductive channel become the most favorable path. This explains why the
resistances R, and R, will become very different from each other at low temperatures.

4.2.5 Electronics

The internal oseillator of the lock-in (EG&G 5210) is used to set up the current in the
drive coil. A 1k} metal film resistor Jimits the eurrent to typically 7uA. The signal
induced at the detection coil terminals is directly fed into the lock-in for frequencies
above 10kHz. For lower frequencies, we use a low impedance transformer {PAR 1901) to
amplify the signal 100 times before detecting it with the lock-in. The amplification factor
remains stable although the resistance of the detection coil (socurce resistance scen by the
transformer) varies slightly with temperature from 112 up to 6{1 between 4.2K and 90K
The resistance of the drive coil does not increase significantly in the same temperature
interval (1,502 to 2.50). We measured the background noisc in a typical detection cirenit
using a spectrum analyzer (HP3562) and found it to be of the order of 20nV/ v/ Hz between
100H z and 100kHz. For a typical time constant of 1s and a 124dB/ect filter roll-off, we
have an equivalent noise bandwith of 0.125H z (see for instance Ref. 136). We thus expect
a noise of & few nV (= TnV) on the signal whereas we intend to measure signals of about
10nV at 1kf{z. It appears quite ¢learly that a lock-in detection technigue is necessary (o
perform these measurciments.

The imaginary and real part of the signal are read by a computer via an AD converter
whereas the temperature of the CGR sensor is read via a GPIB bus. The temperature
controller (DRC 91CA) monitors the sensors mounted ot the sample hoider and ensures
the heating of the sample with a PID control loop. More details can be found in |119-122],
The measurcments of sample STO610 at high frequencies (f > 30kHz) let appear an
undesirabe background signal above the transition temperature. Such signals are known
to appear nsually when eddy eurrents cirenlate either in the sample whan its normal state
resistance is weak (which is not the case here since Ry = py/d 2 1082 for all the samples,
see Sec. 3.4) or in metallic elements close to the sample as, for instance, the metallic can
in which the CGR thermometer is enclosed. A parasitical tension may thus be induced
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at the terminals of the detection coil. This signal appears only at high temperatures
when tlie filin reaches the normal state and does not affect significantly the data when
the sample is superconducting.



5 Results and discussion

In the first section of this chapter, we summarize and comment the general behavior of
the raw and inverted data. On the basis of the observations done and by estimating a
fow forces relevant for the vortex dynamics, we give a Rrst qualitative description of the
behavior of the vortex medium in our films. In the next sections, we present and discuss
more specific nnalyses of the data and start with the extraction of the penetration depth
from the measurements performed in the absence of magnetic field. Sinee we are dealing
with very thin films, we address, in the same section, the question of the cxistence of a
BKT phase transition in our layers. The behavior of the data in the high temperature
regime is revicwed in the next section where wc focus our attention on the activation en-
ergy and its dependence on the magnetic field. A crossover is observed which we interpret
85 & thickness and magnetic field driven crossover from a 3D behavior of the vortices (soft
voriices} to a 2D behavior {stiff vortices). We then investigate whether the voriex medium
ins our Rlms undergoes a true thermodynamic phase transition from a vortex-liquid phase
to a vortex-glass phase by means of a scaling analysis of our data. The sketchof a B T
phase diagram for the vortex system is then proposed as a mean to prescnt a partial
synthesis of our observations and to point out some problems of interpretation. A way
to clarify the situation is suggested in the next section and consists in explaining the
behavior of our data in terms of a crassover from a pinned vortex ligqnid to a collectively
pinned, frozen vortex liquid. Finally, we present an alernative phenomenological descrip-
tion of the vortex dynamics in terms of a crossover from a plastic response of thc vortex
medinm at high temperatures (liguid-like state) to an elastic response (solid-like state)
at low temperatures. The description consists in considering the vortices as a viscoclastic
medium which will behave as a liquid or as a solid depending on the time scale at which
the system is investigated.

5.1 General trends

We first comment the curves for fm(8V) and Re(3V) for the dierent films measured as
a function of temperature, for different magnetic felds and thicknesses. We then present
the inversed guantities, the resistance and the inductance, as a function of temperature
and frequency.

71
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5.1.1 Measured voltage

The typical behavior of Fm{§V) and Re(6V) as a function of temperature is illustrated
in Fig. 5.1 where we plot the curves obtained for sample ST0472 at various frequencies
(left, B = 2.0T} and fields (right, f = 1kH{z). The first point is that the transition is
shifted towards higher temperatures as the frequency w = 27 f increases. We interpret
this behavior by arguing that the system, at the time scale {w™') of the experiment,
becomes less sensitive to the long time-scale fluctuations of the order parameter as the
probing frequcncy increases. The consequence is that the superconducting state persists
up to higher temperatures.
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Figurc 5.1: Temperature dependence of Im(8V) and Re(8V) (sample STO472) for different
frequencies ot B = 2.0T (left) and for different magnetic fields ot f = L.O3kH z. The frequencies
in the lefi plol are w/2m = 113Hz, L.O3kH z, 15.5kH: and 98.8kHz from lefi o right. The
magnelic fields in the right plot awre B = 2,657, 2.07, 1.0T, 0.5T, 0.25T and 0T, from left to
right.

When we increase the magnetic field, superconductivity in the film is weakened by the
prescnee of vortices, whieh translates into a decrcased transition temperature and an
enlarged f7e(dV) peak. We shall keep in mind that the earth magnetic field {~ 50uT) is
strong enough to bring the sample into the mixed state as mentioned in Sec. 3.1.2. This
basically means that our films are always in the mixed state and that there is qualitatively
no difference between measuremnents performed with or withont a dc background field,
apart from the density of vortices in the sample. The notation ‘no B’ in the graphs means
that the measurement was done in the presence of the background magnetic field only.

As the thickness of the film is decreased, the superconducting transition temperature
decrcases and the width of the transition increases. Fig. 5.2 shows the imaginary and
real parts of &V for four films es a function of temperature at 1kHz in the absence of
magnetic field (left) and for B = 1.0T (right).
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Figure 5.2: Temperature dependence of Im(8V) and Re(dV) for samples STOGOT (244),
STO610 ({84), STO268 (~ 4004) and STOL72 (1100A) ot 1kHz in the absence of applied
field (left}) and for B = 1.0T (right).

5.1.2 Inverted data: resistance and inductance

After measuring the voltage §V, we use the procedure described in Sec. 4.2.3 to exiract
the sheet impedance

Z, =R, 4wk, = (R + (L))" = G}

of the film. The behavior of R, and L;] as a function of the inverse temperature for
different frequencies is shown in Fig. 5.3 and Fig. 5.4 for samples STQ472 and STO610.
The data are shown up and down to the temperatures where the noise starts to increase
strongly. We plot L rather than L' since L;' is the quantity which represents better
the supercondncting properties of the sample measnred. Indeed, L7 ! is related to the
imaginary part of the conductance G, = Z;* thraugh L' = wIm(G(w)).

The scattering of the data increases significantly as the real and imaginary curves approach
zero or when Im{#V') is close to the geometrical saturation value at low temperatures, see
Sce. 4.2.2. Since the resl part of the signal is closely related to the resistance of the film
(Eq. (4.8)), the temperaturc zone where the resistance is well defined extends roughly
to thc width of the Re(6V) peak. The same argument holds for the inductance, related
to the imaginary part of the signal (Eq. (4.9)), where the useful temperature domain is
determined by the width of the transition in Fm(éV'). We shall however stress that the
useful temperature domain for the inductance extends to much lower temperatures for
very thin films since these films do not screen the ac drive field as well as the thick Rlms
do, with the consequence that Jm(§V'} will not reach the geometrical saturation value.

Starting at low temperatures where the behavior of both the resistance and the induc-
tance is weakly temperature-dependent, we enter a regime where the resistance increases
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very rapidly whereas the inverse inductance decreases also rapidiy, signaling that super-
conductivity is being supressed in the sample. Plotting the resistance as a function of the
inverse lemperature (Arrhenius plot of the resistance) reveals that, at high temperatures,
the resistance is proportional to e~YA/#8T where Up is an activation energy which does not
depend on the frequency but varies with the magnetic field. The inverse inductance as a
function of the inverse temperature shows the same type of thermally activated behavior
at high temperatures, following eV+/*87 where the activation energy Uy, is also frequency
independent.
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Figure 5.3: Temperature dependence of R (left} and L;' {right) for sample STO472 at
B = 0.25T. The frequeneies are 117THz, 1.03kHz, 10.ThHz and 98.8%H :.
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Figure 5.4: Temperature dependence of R, (left) and L;‘ (right} for sample STOGIO at
B = 0.01T. The frequencies are 113H z, 1.05kHz, 10.3kHz and 098k H z.

Fig. 5.5 shows the effect of the magnetic field on the resistance R, and the inverse parallel
inductance L;' for sample STOAT2 at a frequency of 1k z. Both the resistance and the
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inductance can be measnred over a wider temperature range when the field increases and
we observe a decrease of the slope in the high temperature regime meaning & decrease in
the activation energy. We also notice that the temperature T, of the peak in Re(§V) is
located roughly at the end of the thermally activated regime as shown for the curve at
1.07. The same plots are shown in Fig. 5.6 for sample STO607. Notice the mnch wider
temperature regime over which the data can be plotted.
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Figure 5.5: Temperature dependence of R, (left) and Ly U fright) for sample STO472 at 1kHz
for three values of the magnetic field.
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Figure 5.6: Temperature dependence of R, (left) and L7 (right) for sample STO607 ot 1kH =
Jor three values of the magnetic field.

We finally show the behavior of the resistance R, and the inductance I, as a funciion
of freauency f = w/(2r} at different temperatures (isotherms) in Fig. 5.7 and Fig. 5.8
for samples ST0472 and STQ610. We plot here I, rather than L, for ‘mathematical
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convenience', since L,{w) follows roughly a power-law behavior over the entire temper-
ature range considered while Ly(w) does not. Remember that L; and L, merge at low
temperatures while R, and K, merge at high temperatures (see Sec. 4.2.4).
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Fignre 5.7: Frequency dependence of the restsiance (loft) and the inductance {right) at varions
temperatures for sample STO472. The dotted lines are linear fits to the daia. The tempernture
step between two isotherms is 0.2K,
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Figure 5.8: Frequency dependence of the resistance (left) and the inductance (right) al various
temperatures for sarnple STO610. The dotied lines gre linear fits to the data. The temperciure
step between two isotherms is 0.5K.

In the crossover region around T, and over the frequency range explored in our measure-
ments, we observe power law dependencies R, o¢ w™? and L, o¢ w™t where the exponents
appear to be temperature dependent. At low temperatures, the exponent e, for the resis-
tance is close to 1 whereas the inductance is ronghly frequency independent {a, ~ 0). At
high temperatures, on the other hand, R, becomes roughly frequency independent. These
frequency dependencies give us some evidence for the existence of a glass-like phase of the
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vortex medium atl low temperatiires since one expects, neglecting logarithmic corrections,
R.(w) o w and L, w independent [11}.

5.1.3 Qualitative discussion

From the behavior of the data observed for the diffierent films, we can draw & qualitative
picture Jor the vortex medium behavior. As mentioned above, the resistance in the high
temperature regime follows B, oc e"Y/#a7 where U/ is a frequency independent activation
energy given by the slope of the graph. Here, the dissipation arises due to the thermally
activated motion of vortices (TAFF regime) which may occur either by depinning of tbe
vortices and/or the nucleation of edge dislocations or other plastic deformations in the
vortex lattice. The energy barrier I/ depends on the magnetic feld as can be noticed in
Fig. 5.5, where the slopes of the graphs decrease as the magnetic field increases. Such a
behavior is characteristic of a hiquid-like vortex medium. As the temperature decreases,
the mobility of the vortices (or equivalently, of the dislocations) decreases and we observe
a crossover, close to T),(w), to & regime where the resistivity becomes nearly temperature
independent. In this low temperature regime, we axpect a very viscous vortex liquid with
large characteristic time scales for the vortex motion. The question then arises whether
the vortex medium undergoes & genuine thermodynamic phasc transition into & solid-like
phase at low temperatures ar not. We shall discuss this point further ahead in this chapter.

At this point, it appears important to better understand the relative strength of the dif-
ferent forces relevant for the vortex dynamics in the sample. Table 5.1 gives the thickness
of the films, the transition temperature Ty and the temperature of the peak in Re(6V)
for a frequency of 1kHz at B = 1.0 We then report an estimate for the approximate
width G;T. of the region where thermal fluctuations become relevant, see Sec. 2.1.1. We
use here £,{0) = 15A and 4 = 5 The numerical values used for the penetration depth
are those found in the next section. It clearly appears here that thermal fluctuations will
be relevant over s wide range in temperature. This temperature range increases with de-
creasing thickness meaning that we expcet wider transitions for thinner films, as observed
on the data.

We then calculatc the clastic restoring force per unit length f, experienced by a vortex
displaced from its equilibrium position by a distance §z = aq/10. The estimate is per-
formed using Eq. (2.24) for a magnetic feld B = 1.07 and at zero temperature. We shall
remember that this ealculation holds for a perfect vortex lattice provided dz/fa; < 1. In
the next lines of the table, we repart estimates for the pinning force per unit length ex-
perienced by & vortex line in three different cases: for point pinning by oxygen vacancies,
for correlated pinning by the core of screw dislocation and FEinally, for correlated pinning
due to the thickness modulation of the film. We use the expressions given in See. 2.3
and calculate the estimates for T = 0. For samples STO472 and STO269, we make use
of the relative surface roughness observed by AFM for sample ST(0615 (Sec. 3.3.2). For
the average distance I, between two valleys, we take !, = 0.2um as obtained from the
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AFM analysis as well. Following the arguments of Sec. 2.2.3, we finally estimatc the
entanglement temperature T, of the flux lattice for two different magnetic fields. This
temperature is reached when the lateral wandering of the flux lines in the vortex lattice
reaches the lattice spacing ap {8t 1.0T, ay 2~ 455A). An estimate for the lateral wandering
Ag 8t T = T,(1kHz, 1.0T) is calculated using Eq. (2.28).

Quantity STQ472  5T0268 STOG610  STOGOT
Thickness [A] 1100 400 48 24
TwlK] 91.0 89.1 73.7 48.3
Tp(1.0T, 1k H2)| K] 84.92 80.95 57.90 21.65
O K] 1 12 19 37
Elastic restoring force |N/m] T=0 66-107° 61-107 3.8-10—° 14-10"
Pinning force [N/m] T=0 241077 22.1077 131077 049-107°
(point. pins})

Pinning force {N/m)] =0 62-107% 57.107% 34.10~* 1.3.10°¢

T
(screw dislocation eore)
Pinning force (N/m] T
(thickness modulation}

=0 9.9.107% 92-107% 22.10°% 0.38.10°%

Tent [K] B =001T 9105 88.9 73.67 18,2999
Tomt |K) B=10T 597 74.1 713 4820
Lateral wandering [um] T=T, 4.4 1.9 0.27 0.0044

Table 5.1 Numerical estimatcs of different quantities for the samples measured. The first four
lines give the values for a few parameters as oblained from the measurements. Unless staled,
the coleulations are done for ¢ magnetic fleld of 1.0T and assuming v = 5 and £,(0) = 154,
See text for delails.

From the comparison of the elastic restoring force and the different pinning forces at zero
temperaturc, we first realize that the vortex lattice will be distorted hy the defects present
in the structure of the sample. However, the strength of the pinning force is not so large
that we may expect independently pinned vortices. The interaction between vortices will
have to be taken into account when modeling the response of the vortex system in our
films. Since the calenlations are done for 8 magnetic field of 1.0T, we may wonder about
the situation at much lower ticlds wherc & gas of alinost independent vortices might form.
However, we are dealing with thin films and, as mentioned in Chapter 2, the effective
penetration depth in a thin film is given by Ay = 232, /d, which increases appreciably
the range of the interaction hetween vortices. The values of A.;;(0) for our different films
are typically larger than ium (see Table 5.2 in the next section). From these values, we
observe that the vortices in our films cannot be considered as independent vortices since
ag/Aery < 0.4 for all magnetic ficlds verifying B > 0.01T. Even the earth magnetic field
background will induce a large enough vortex density in the films, so that the interaction
between vortices can definitely not be neglected, except for the 11004 thick sample where
the ratio ag/A.sy is greater than 5.



5.2, Extraction of the penetration depth 79

It is however difficult to clearly establish which force can be expected to play 8 dominant
role in the vortex dynamics since the estitates for all forces per unit length do not appear
significantly different from each other. A tcntative statement might be to assume a ran-
dom distribntion of about equally efficient pinning centers in the samples. This may result
in a collective pinning of the vortex mediom if the pinning energy is small as compared
to the elastic restoring energy. We can check this by coming back to Eq. (2.37) giving
the net energy change per unit volume in the vortex medium due to a collective pinning
of the vortices. The energy scales can be compared by calculating the retio of the three
coefficients ¢, = cas/2 (shear), ¢, = c44/2 (tilt) and ¢, {pinning) of the strains (€,/R.)?,
(€w/Le)? and £/ R.. From Eqgs. (2.22) and (2.38), we obtain c,fc, = £as/A,, which
in our case verifies £,,/R, < 1, meaning that, at zero temperature, the pinning energy
is much smaller than the elastic shear energy (weak pinning). Using the epproximation
aa = B*/pg, the same process for the tilt energy yields' ¢,L./(R.c;) = &a/L. which
again verifies £.,/L. < 1 meaning that the pinning energy is alsc weak as compared to
the clastic tilt encrgy. It thus appears that a collective pinning picture might be snited
in our case. As already mentioned in Sec. 2.2.2, the ratio of the tilt and the shear moduli
verifies, at zero temperature, cqqfces & 1682 /s > 1. We may thus ignore tilt (and
compression) deformations of the vortex lattice in a first approximation.

Finally, we briefly comment the lateral wandering of the vortex lines induced by thermal
fluctuations at non-zero temperature. It is interesting to look at the values obtained for
the entanglement temperatures at two different magnetic fields for all the samples. It
clearly appears that the flux lines will entangle and reconnect in the thick films STO472
and STO269, at least when the magnetic ficld is high enough. For the thinnest films, on
the othier hand, the temperature region between Top,y and Ty is not very wide and even
almost zero for sample STO607. This appears rcasonable since short vortices are more
rigid than long ones.

5.2 Extraction of the penetration depth

In the absence of magnetic field, the surface impedance of the §lm is essentially given
by Z = iwly, where L; is the inductance related to the superfluid density, or kinetic
inductance, given by

2
ﬂu'\d(T) o ms

Lu(T) = -

(5.1)
where n, is the density of superconducting electrons, and m, their mass. We obtain
the penctration depth extrapolated at zero temperature A, (0} by fitting the zero-field
inductance. The first problem here is to choose the temperature domain over which the
fit has to be executed. We know that close to T, the GL approach is not valid any mare

Twe have 1o amplify ¢, by a factor L./R, in order to compare the same struins.
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due to fluctuations of the order parameter. In our case, we may reasonably think that
GL theory can be applicd up to the (low temperature} onset of the peak in Re(8V} since
this onset marks the temperature at which we start measuring significant resistivities.
This fixes the npper temperature limit for the fit. The temperature dependence of the
penetration depth is the mext problem. A quadratic dependence (x 1 — (T/T.)*, with
& = 2) for the inverse square penetration depth A~2(T') is generally well suited for YBCO
over a very large temperature range (see e.g. Ref. 7 and Ref. 137), particularly for YBCO
films. In our case, axtracting a precise temperature dependent penetration depth from
the thick films measurements is delicate becsuse the signal measured for these films at
low temperatures is very close to the geometrical saturation valne V, {see Sec. 4.2.2).
For these films, we will only derive estimates for A,{0) and T, assuming a = 2. For the
thinner flms STO610 and STO607, however, the signal is found to saturate a few pereent
below the geometrical value, which allows addressing the question of the tetnperature
dependence of Ay when T — Q.

Fig. 5.9 shows M7)? as a function of temperature. We perform a two parameter fit on
the curve using

M) = NT)Z0) [1 - (%)] (5.2)

with different values for the exponent rv. The best agreement is obtained for & = 2. An
exponent o = 4 would indicate a two-fluid like behavior whereas if we accept the possibie
presence of nodes in the superconducting gap (sec for instance [138] for a short review
of the possible unconventional pairing states in cuprates), the temperature dependence
is expected to be linear at low temperatures. A linear temperature dependence has
been reported for YBCO single crystals [139, 140] and for YBCO films [141,142] giving
substantial evidence for 2 non-uniform gap.

A linear fit to our data yields a curve which decrcases too quickly as shown in Fig. 5.9
and & quadratic behavior seems more appropriate. Such a behavior has been observed
by other groups for YBCOQ films (137,143, 144]. The physical origin for the change from
linear to quadratic dependence may be attribnted to the presence of scattering impurities
in the samples leading also to a reduction of the ratio A2,(0)/A2,(T) [143,145]. From the
experimental point of view, the temperature dependence of the penetration depth is thus
probably not a straightforward criterion to prove or not the existence of a non-nniform
superconducting gap in HTS,

Sample 8TO610 has basically two advantadges which render it particularly suited for a
dctailed analysis of the temperature dependence of the. penetration depth. The first one
Is precisely what was discussed abave, i.e. the saturation of the signal a few percent helow
the geometrical value V,, allowing to look at the temperature dependence of Ay, on a larger
temperature interval than for samples STO472 and STO269. Sample STOG07 would even
be better than STOG610 for this reason, but the second advantadge of STO61( is that its
transilion temperature is still shove TOK, thus offering again a large temperature interval
to explore whereas smnple STO6807 beoomes superconducting only below = 48K The
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Figure 5.9 Left: Inverse squared penetration depth as a funection of temperature for STOG10
in the absence of applied magnetic field. The line s a fil using Eq. (5.2) with o = 2. We obtain
Aap(0) = 35004 and T, = 79K . Right: Zoom on the same data showing the behavior of the fit
fora=1and a=4.

analysis of the other samples, and in particular of sample STQOG07, confirms a better
agreement, of the fits for o = 2, yielding the values for the penetration depth reported in
Table 5.2 below.

Sample d[ﬁ] TolK] pwliflem]  Ag{0) [A] Acrs(OHpm]

5TO472 1100 ~91 ~ 150 2500 % 400 11
5TO269 ~ 400 89.1 ~ 300 2600+ 400 3.2
5TC610 48 73.7 265 3400 + 250 48
5TQ607 24 483 350 5500 £+ 100 250

Table 5.2: Summary of some physical quantities for the different samples measurcd. Notation:
d, film thickness determined by the deposition rate; g, superconducting fransition temperature;
piv, normal state resistivity; Ap(Q), GL penetration depth in zero magnetic field extrapolated lo
zero temperciure; Aqr (0}, effective penetration depth (thin fitm): Agpp = 2}\3&/0‘,.

We have seen in Sec. 4.2.2 that the saturation level of I'm(8V) at low temperatures de-
pends on the penetration depth and the thickness of the sample. For a 11004 thick samnple
with A(0) = 2500A, the saturation level is less than 0.1% away from the geometrical
value. From the values for the penetration depth obtained above, we can now cstimate
the saturation fevels for the thinner films. Using A.(0} = 3400A and A,,{0} =~ 55004, we
expect fm(dV) to saturate respectively 3.3% and 15.3% below the geometrical value {the
percentage is given by {1 — Im{6§V}/V,,). From the fm(éV’) data, we obtain respectively
2.2% and 15.6% at the same frequency of 1kH = for hoth samples, which is in reascnable
agreement, with the estimates calculated above.
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5.2.1 Estimation of the percolation rate in the samples

A way to understand the rclatively high values we obtain for the penetration depth might
be percolation. Indeed, if a film is percolative, the eondunctivity will decrcase and the
sample will exhibit s larger penetration depth (A~? is proportional to the supetfluid density
and thus to the conduetivity). 1f A, is the value of the penetration depth which is not
affected by percolation effects {(homogencous material} and A7 the measured vaine of the
penctration depth, we expect the following behavior (sce for example Ref. 146)

Q 2 in

g‘b(T) 1- Pe
where i is the conductivity exponent, p, the percolation threshold and p the percolation
rate. To estimate the percolation rates, we consider here our filns as two-dimensional for
the percolation and assume a square geometry. For site percolation and using 4 = 1.3 [146)
and A2,(0) = 15004, we obtain the values given in Table 5.3. The percolation threshold
in this case is p, = 0.59 [146]. This estimate, however, does not account for the ‘natural’
increase in A2, (0} when T, decreases as described by the so-called Uemura prediction:
T, o A~2[147}. On the second linc of the tahle, we give the percolation rates estimated for
a value of AJ,(0} amplified hy a factor /T2 /Ty (T o2 92K} for each film accounting
for this correction which results in a shght decrease of the percolation effects for the
thinner films.

Sample STQ472 STO269 STO6I0 STO6OT
percolation rale p 0.78 0.77 .71 0.65
‘Usmnra eorrected’ p 0.78 0.77 0.7 0.68

Table 5.3: Estimatcd pereolation rates. The percolation threshold here is p, = 0.59

We obtain percolation rates which are 10% or more above the percolation threshold. The
choice hutween bond or site percolation is not evident, We know that our samples are not
constituted by disordcred superconducting grains (which would imply Josephson weak
links between the grains) but are well epitaxiaily grown., We may thus rather expect
superconducting domains which sre in direct contact with each other. Such a picture
favours a description in terms of site pereolation. Moreaver, we look at these percolation
effects in the zero temperature limit (Ap{T = 0)) where, if the superconductor is granular,
the coupling between the superconducting grains is maximum. This means that if bond
percolation was essnmed at high temperatures, site percolation may be more suited when
T — 0. For these reasons, we would herc prefer a site percolation picture. The values we
obtain show that such a description may, at least partly, account for the increase in the
penetration depth in our films.

The question then arises whether percolation may affect the vortex dynamics in our
samples. In fact, we may expect the percolation to induce 2 freqnency dependence in
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the activation energy for the vortex system in the high temperature regime [148] above
a crossover frequency given approximately by w, & 14Ryky;T /42, Since in our case, we
have typically w, 2> 10" Hz for all the samples, we do not expect relevant effects.

5.2.2 BKT prediction

Since we are dealing with very thin films, it may appear interesting to look at the
Berezinskii-Kosterlitz-Thouless (BKT) prediction [49] applied to superconductors [50] for
the thermally induced dissociation of vortex-antivortex pairs in a 2D system. At the
melting temperature, we have

1 _ BﬂeckBTBKT
L(Tgkr) &

where €. = 1 in the Kosterlitz-Thouless prediction and 1/L(T") corresponds in our case to
the measured quantity 1/L,(T).

(5-4)

Figure 5.10: Left: Inverse parallel inductance for the two thinner fims, STOG07 (244) and
ST0610 (48.4)_. as a function of temperalure at a frequency of 1.0kHz, On the plot is also
showm the real {dissipative) part of the measured voltage Re(8V) for both films in arbitrary
units, Right: Inverse parallel inductance for the twe thicker films as a function of lemperature
al the same frequency of 1.0kH z. In both cases, the dotted line is the BK'T prediction fore, = 1.

There is still a strong questioning about the existence of a true BKT transition in YBCO
films, see for example Ref, 149 and references therein. There are some limitations which,
a priori, make difficult the observation of such a transition in YBCO films [25]. The
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Figure 5.11: Left: Inverse parallel inductance of sample STOGIR as a function of temperature
Jor two frequencies. The BK'T prediction calculated for €. = 1 is the dotted line. Right: Same
plot for sample STOQL72 for two frequencies,

first difficnlty is to obtain an cxcellent homogeneity of the film, combined with a sheet
resistivity of the order of a few &Q, making it formally possible to distinguish between
the BKT transition governed by phase fluctuations of the order parameter and a usual
superconducting transition driven by fluctuations of the amplitude of the order parameter
[150]. Another problem is that percolation effects in the sample may lead to unwanted
one-dimensionnal effects altering the transition. Finally, the prescnce of free (unbound)
vortices producing dissipation in the sample may smooth the BKT jump and possibly
push it to lower temperatures. It is thus clear that before claiming the existence of a
true BKT phase transition in YBCO films, one must be very careful. Fig. 5.10 shaws
the inverse parallel inductance as a function of temperature at 1kHz for all samples. The
BKT prediction is drawn for ¢, = 1 (dotted line). We observe that the agreement of the
curves with the BKT prediction is better for the thin films which seems reasonable. The
frequency effect is shown for two films in Fig. 5.11.

According to the plots, the BKT scenario appears as a potential candidate, particularly
for the thin films, However, it must be pointed out that no true jump is observed and that
the curve starts 10 bend af temperatures lower than Tpir. We interpret this behavier as a
consequecnee of the presence of free {magnetic) vortices in the sample, causing a dissipation
background and smoothing the transition. Since a strong magnetic ficld does not change
deeply the shape of the transition, this encourages us to think that the magnetic vortices
play a important role and probably give rise to a contribution to tbe sheet impedance
which essentially dominates the overall responsc of the sample.
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5.3 High temperature regime: pinned vortex lignid

The activated behavior of the data in the high temperature regime commends an interpre-
tation of the vortex medium in terms of a pinned vortex liquid where the vortex motion
is thermally activated (TAFF regime).

5.3.1 Peak in Re(§V) as a function of frequency

As indicated in Fig. 5.5, the temperature T, of the peak in Re(8V) is located roughly
at the end of the linear region observed in the Arrhenius plot of the resistance. Since we
interpret this linear regime as characteristic of a vortex liquid, we may check that this
is still the case down to T,. At T = T, we have, in the presence of a magnetic field,
Re{dV) =~ Im(dV) = 0.25V,, as can be ohserved in Fig. 51. From Eq. (4.8}, we can
write R, &~ wpoh/z,,. Knowing the expression for the resistance in the high temperature
thermally activated regime allows to extract a prediction for T, as a function of frequency.
In the framework of the model where vortices execnte an overdamped brownian motion in
a sinusoidal pinning potential (see Sec. 2.5.2), we expect the resistance to be of the form
R = R 173 U(T, B)/kgT), By = RnB/ By being the sheet flux flow resistance and Iy the
modified Bessel function of order zero which results essentially in an exponential of the
form e~“(T8)%s7 Following the arguments of Sec. 2.3.3, we assume a linear temperature
dependence of the activation energy U(T, B) and we obtain [151]

__ U(B)/ks 5
Tolw) = _‘—_k_g?r: — in{w/wn) (55)

where wy & Ryp/(poh) and Up(B) = U(T =0, B). Fig. 5.12 shaws two such plots of T,
versus frequency for samples STO472 at B = 2.0T and for sample STO610 at B = 0.17.
The agreement of the data with the theoretical curve {dotted Yine} is reasonably good. To
perform the fits, we fixed the value of T, according to Table 3.5 and varied the values for
U(0, B) and wy. The activation energies U(0, B) obtained from the fits, 3.3 - 104 and
6.3 10°K for STO472 and STO610 respectively, are in agreement with the values inferred
from the stope of the Arrhenius plots which are 2.9- 10°K and 5.9: 10°K respectively. This
confirms our assertion that vortices are in a thermally activated regime at least down ta
Tp. The valnes for wy obtained from the fits may be compared to the estimates one can da
from Eq. (5.5) above. The fits yield wo = 7.5 - 10 Hz and wy & 6.5 - 10° Hz whereas the
estimates are 1.1- 10°Hz and 2.1- 10°H 2 for $T0472 and STO610 respectively. The huge
value for wy obtained from the it should not be taken too serionsly here since it enters
in a logarithm in the expression. A decrease of T, by five kelvins in the fitling expression
decreases this frequency by a factor of 107,
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Figure 5.12: Temperature Ty, of the peak of Re(§V) as a funclion of frequency for sample
ST0472 ot B=2.0T (lcfi) and sample STO610 at B = 01T (right}. The dotled line is n fit
using Eg. (5.5).

5.3.2 Activation energy

We obtain the activation energy from the slope of the tinear regime observed in the Ar-
rhenius plot of the resistance at high temperatures, for each frequency and magnetic
field. An example of such a plot is shown in Fig. 5.3. By varying the fitting region
in order to extract the meximum slope in the Arrhenius plot of the resistance for each
frequency, we deduce an upper estimate for the uncertainty of the activation energy of 5%.

We first plot, in Fig. 5.13, the values for the activation energies at two different magnetic
fields for all the samples as a funetion of the thickness d and the transition temperature
Tw. The values we observe are in agreement with those inferred from other works on
multilayers or YBCO films [152-155).
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Figure 5.13: Activation energy for the four films mensured plotted as a function of sample
thickness (left) and T;, (right) for two differcnt magnetic ficlds. The doticd lines are guides to
the eye.
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Fig. 5.14 shows the activation energy as a function of the magnetic field for sam-
ples §T0472 and STQ269 in a log-log plat (left). Linear fits provide a satisfactory
description of the behavior of hoth samples and we obtain slopes of —0.40 (§TQ472)
and —0.47 (ST0269), indicating a magnetic hield dependence of the activation energy
U(0,B) o« B and U{0, B) &x B~ for samples STQ472 and STQ268, respectively.
A lin-log plot of the activation energy for sample STO472 sliows the poorer agreement of
the data with a magnetic field dependence of the form U(0, B} « In(B).

This magnetic field dependence of the activation energy for the thick samples can be con-
sidered as compatible with the picture where the energy barriers U for the vortex motion
are associated with a thermally activated plastic motion of the vortex structure as de-
scribed in Sec. 2.3.3. Using the penetration depths 37%(0) = 25004 and A2®(0} =~ 2600A
obtained in Sec. 5.2, we can estimate a value for the prefactor Uy(T = 0,8 = 0) in
the expression for Uy(T, B). We obtain Uu(0,0) & 2.6 - 10°K and Uy(0,0) = 2.4 - 10*K
for samples ST0472 and ST0269 respectively. The fits yield, for STO472 and ST(Q269,
Ug(T' = 0,8 =0) = 3.7-10'K and U (T = 0, B = 0) = 1.9-10* K which is in quantitative
agreement with the estimates. Forcing a B~%% dependence for the fits, we obtain the val-
ues Ug(0,0)x = 2.9- 10' K and Uy (0,0}, == 1.8 10*K for samples STQ472 and STO269,
Equivalently, we can deduce the in-plane penetration depth for both samples and, nsing
the values from the fit forcing & 5% dependence, we obtain M0 oy = 24004 and
A209(0) sz =~ 3000A for samples STO472 and STO269 respectively. The picture adopted
to describe the vortex activation process in the thick films at high temperatures appears
thus reasonable.

We turn now to the thinner films and start with sample ST(Q610. As can be observed in
Fig. 5.15, the activation energy shows a clear crossover in its magnetic field dependence at
about 1.07. In the high field regime, a power law fit yields a B~%5® dependence, whereas
in the low Feld regime, the dependence is B~%!3. The valne for the exponent in the high
field regime is again relatively close to —0.5 and we assume a plastic motion of the vortices
with the activation energy given by Eq. (2.46). A Bt of the data to a B~%% dependence,
yields a prefactor value Uy(0, 0}y = 4.6 - 10°K, whereas the numcrical value calenlated
by means of Bq. (2.46) is Uy(0,0) = 1.4 - 10°K. The value Uy(0,0); =~ 46 10°K
corresponds to a penetration depth A,,(0)5) = 6000A which is somewhat higher than
the value of 3400A obtained previously for sample STO610. The behavior observed in
the low field regime does not correspond any more to the same picture and we rather
propose to fit the data using Eq. (2.44) which gives the characteristic energy for plastic
deformations of a 2D vortex lattice. We thus attribute the crossover observed in the
magnetic field dependence of the activation energy to a dimensionel crossover from s 3D
vortex medium at high ruagnetic fields to a 2D vortex medinm at low magnetic felds. We
shall justify this assumption below. From Eq. {2.44), we thus expect a in(B) dependence
of the activation energy in the low field regime for sample ST0610. Fig. 5.15 (right)
shows a lin-log plot of the activation energy where we can observe a good agreement of
the data with the expected logarithmic behavier. However, the quality of the power law
fit (0, B) o B~"" is not really worse than the fit U7(0, B}  In(B). Therefore, even if
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the latter dependence appears better suited for physical reasons, a power law dependence
cannot be excluded on the basis of the data for sample STOB1C. This ambiguity is erased
once we look at the data for sample STO607 in Fig. 5.16. Indeed, we see that a power
law Kt provides a poorer agreement with the data than a logarithmic fit, eonfirming the
picture that the vortex medium appears essentially 21 in sample STO610 at low fields
and over the whole magnetic field range in sample STO607. From the fits, we obtain
Up(0,0) = 720K and Uy(0,0) ~ 140K for samples STOB1G (low Fields) and STO607
respectively. Nnmerical cstimates nsing Eq. (2.44) yield, respectively, Un(0,0) = 65K
and Uy(0,0) = 12K.
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Figure 5.14: Log-log plot (left) and lin-log plot (right) of the activation energy for samplcs
ST0472 and STOL269 as a function of magnetic field The doited line in the right plot is the
curve for o power law dependence of U(0, B) versus B as drawn in the left plot.

We shall point ont that, if we use the same basic encrgy scale as obtained for the 3D
case, 1.e. 2egin(Agp/Eqs) instead of ¢y, we would have to amplify the values caleulated
above by a factor ~ 9.2 which would vield approximately 600K and 110K for STOG10
and STOGO7 respectively, in betier agreement with the observed values, It thus appears
that a preeise estimate for the value of the activation encrgy in our films would require a
better knowledge of the exact structure of the vortex lattice defects. The important point
here is that the activation energy for the 2D case is expected to depend on the thickness
and the penetration depth of the sample according 1o U{0, B)Y o« d/22,{0). This means
that the ratio of the slopes obtained in the Jin-log plot of the aetivation energy for samples
STO610 (low fields) and STOB07 should be equal to the ratio d® °A2, (0% /{(d®7 A2, (0)5'0)
calenlated with the appropriate values for d and A, (0). The ratio of the slopes equals 5.1
whereas the ratio given by the expression right abave yiclds 5.2 which is quite satisfying.
We now propase an argument which gives further snpport to the picture of 8 dimensional
crossover of the vortex medinm in our films as discussed ahave. We have seen in Sec. 2.2.2
that a vortex pulled away from its equilibrium position is distorted over a typical length
{27 determined by the elastic properties of the flux lattice. Such a distortion is possible as
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Figure 5.15: Log-log plot (left) and lin-log plot {right) of the acttvation energy as a function of
magnetic field for semple STOR10.

long as the thickness of the film is Jarger than I2*. Once d < 19, the vortices appear much
stiffer and & vortex pulled away from its equilibrium position will not bend since it is not
energetically favorable. This means that, as long as d > I, we have soft vortices which
may entangle and reconnect with each other, whereas for d < (%', we have stiff vortices
appearing essentially as rigid rods. In the former case, the vortex medium appears as 3D
whereas it exhibits 2I) features in the Jatter case. Such a crossover will oceur for a film
thickness somewhat smailler than (2" say d = {2P/2. Taking {2 = ag/7, we obtain a
crossover field B, & 09T for sample STO610 using v = 5 in good agreement with what
we observe in the activation energy behavior.

1t is interesting to come back here to the short discussion of Sec. 5.1.3 about the entangle-
ment temperature estimated for the vortices in our samples. According to the numerical
estimates, we can expect that, for the thick films, the flux lines will entangte and recon-
nect in the high temperature regime (T" 2 Tp), at least for fields of about 1.07. This
corresponds pretty well to what we observe in the above plots for the thick films, since
the energy barrier used to deseribe the thermally activated vortex motion is a reconnec-
tion barrier. As the thickness of the sample decreases, the entanglement of the flux lines
appears at a temperature much closer to T and can be larger than T, mesning that
we have to expoct different mechanisms for the vortex motion in the high temperature
regime and thus different encrgy barriers. Again, this corresponds reasonably well to what
we measure since we observe different energy barriers in the thin films. It thus appears
natural to wonder if the crossover in the behavior of the activation energy does mark
the beginning of the entanglement of the Aux lines in sample STO610. An estimate of
the crossover field above which an entanglement of the flux lines is expected for sample
8TO610 yields B, = 807" at a temperature T = T}, situated in the TAFF regime. We
sec that this value is somewhat high when we compare it to the observed erossover field
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Figure 5.16: Log-log plot {left) and lin-log plot (right) of the activation energy as a function of
magnetic field for sample STOG07,

of 1.0T.

If one believes in the numerical estimates performed, it appears possible that the vortices
in the high field regime are no longer rigid rods, but are not yet entangled as they appear
in the thick samples. This means that we are not yet allowed to consider the energy bar-
rier as a reconnection barrier in this high Feld regime, which may expiain the discrepancy
between the calcuinted and observed values for the activation energy. We thus think that
a double-kink mechanism is not really suited for explaining the vortex motion in the high
field regime for sample STOG10 although we do not know what type of lattice defects
should be considered in this case.

‘We shall keep in mind that the numerical values proposed above for the crossover hields
and entangiement temperatures remain estimates and are not exact. The expressions used
involve prefactors which affect the numerical estimates, depending on the approximations
done. Nevertheless, we think that a description for the crossover feld, based on the
comparison of the thickness d of the sample and the typical length I°* for the distortion
of a flux line is reasonable. We thus interpret the observed crossover as a smooth borderline
marking the differcnce between stiff vortices (2D) at tow ficlds and soft vortices (3D) at
high fields.

5.4 Vortex glass to vortex liquid phase transition

The question of the existence of a true thermodynamic phase transition to a vortex glass
phase at low tempcratures is addressed here using the predictions of the vortex glass
theory proposed by Fisher et al. [11). The sheet impedance follows fram the expression
given in Scc. 2.4.3 for the conduetivity and can be written
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{ z42-0 :
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Writing @ = wry, = whyg|l — T/T,| ™%, we can rescale the sheet impedance Z, — Z in
oder to obtain

|N

2(@) = e T{T,|~42 = 87 (@) {5.7)

&N

where 57" is & universal function. This means that the ploy of the scaled sheet impedance
Z a8 a function of the scaled frequency @ for different frequencies, magnetic fclds or
samples should fall on a universal curve defined by the function 83'(wr,;) [156-159]. In
order to check the existence of such a universal behavior in the data for the complex sheet
impedance obtained from our films, we have performed a dynamical scaling analysis of
our data for samples ST0269 and STQ472 for D = 3, since we expect the vortex medium
to be essentially three-dimensionnal in these samples.

Sctting Z = R+ iwL, we can write the scaled resistance and inductance in the form

R= R,|1 = T/T,| e+ D) (5.8
g

L= Lt = T/T,| &2 5.9
g9

and the corresponding relations for the magnitude and phase angle of the impedance

Z =|Z)1 - T/T,|*+2-D) (5.10)
¢ = @ = arctan{wl,/R,) (5.11)

The analysis consists in finding a set of three parameters Ty, v and 2 which produce the
best collapse of the scaled quantities onto a single wniversal curve. Fig. 5.17 shows the
plots for the scaled resistance (left) and inductance (right) as a function of the scaled
frequency for sample STQ472 at B = 0.57. The same plot for B = 2.0T is shown in
Fig. 5.18. The data for eight frequencies do collapse on the same universal curve for the
critical exponents values v = 2.0 and 2 = 6.0. The same behavior is observed for sample
STO269 |158] with similar critical exponents. From the scaling analyses, we estimate
uncertainties of £0.5 and £1.0 on the exponents v and z respectively. The values for the
critical exponents found here are in agreement with those inferred from other works on
thin films [156, 160} but larger than the valunes found in single crystals |129, 157, 161].
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Figure 5.17: Scaled resitance (left) and inductance {right) for eight different frequencies es a
Sfunction of the scaled frequency for sample STO478 at B = 0.5T.
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Figure 5.18: Scaled resitance (lefi) and inductance (right) for cight different frequencies as a
funclion ef the scoled frequency for sample STO472 at B = 2.07".

Finding the values for the critical exponents and the temperature T, implies to test the
collapsing of the data by varying systematically the three parameters. One problem in this
procedure arises from the difficulty to estimate guantitatively the quality of the collapse
with a precise mathematical criterium, since the universal function behavior is only known
in the limits @ — ¢ and & — o0.

The predictions of the vortex glass model help to define a lookup domain for each para-
meter. We may for instance test the specific behavior of the resistance above T and of
the inductance below T} as predicted by the model. We have {7,120
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R(T) (T =T, T>T, (5.12)
L{M o« (T,-TyY T<T, (5.13)

It is however difficult to define precisely the range in temperature where these predictions
are valid [120] which renders this analysis somewhat uncertain. A solution might consist
in plotting the quantity (8nR/8T)" as a function of temperature which should produce
a straight line extrapolating to zero at T, with a slope {v(z — 1))™! as performed by
Gammel et al. [162,163). However, the necessity to smooth the data and perform a
numerical differentiation again affects the reliability of such a plot in our case. The
predicted behavior of the different physical quantities of the system in the limit T' — T}
or, equivalently, & — oo, will be more helpful for the determination, or for 8 consistency
check, of the values for the three parameters relevant for the scaling analysis.

The behavior of the resistance and the inductance, in particular, follows from the asymp-
totic behavior of S3' (&) in the limit T" — T, and we obtain, for D = 3,

R{T =Ty} ox wl='1/e {5.14)
LT = T} ox wi="V/* {5.15)

By plotting the isotherms of the resistance and the inductance as a function of the fre-
quency s&s shown in Fig. 5.7, we can extract the slopes sp and s;, of both guantities and
plot them as a function of temperature (Fig. 5.19). It is then straighforward to see from
Eqgs. (5.14) and (5.15), that the quantities 1/{1 — s5g) and —1/5;, should provide a value
for the dynamic eritical exponent at T" = T,. Fig. 5.19 (left) shows the siopes of the
isothermal lines for the resistance and the induetance for sample ST0472 at a magnetic
field of B = 0.57. The quantities 1/{1 — s,) and —1/s;, are plotted on the right-hand
side of the figure. The problem arising here is that both curves for the value of the critical
exponent z do not allow to determine univocally one pair {Ty; ) since they do not cross
or coineide at a given temperature. What we can deduce is a temperature range for the
value of T, by setting 4 < z < 7 as predicted in [11]. As ean be observed on the plot, a
typical value for T, would be T, =~ 85.5K. From the scaling analysis performed above, we
had T, = 85.3K and z =6.0.

In the limit T — T, the phase angle of the impedance ®{w) = arctan{wl,(w)/R.(w)) =
D{w) is expected to reach the value [11,68]

nz+2-D
T =T, = T (5.16)
This has the consequence that the cnrves for the phase angle as a function of (T/T,—1} are
expected to converge or even cross at T' = T at a phase value of m(z—1)/2z independently
of the magnetic field or the frequency. Since T, does not depend on the frequency, this
behavior is also expected directly in a plot of the phase angle as a function of temperature.
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Figure 5.19: Slopes of the isotherms for By{w) and L{w) for sample STO{72 at B = 0.5T (left)
and dynamic critical ezponent obtained from these slopes as o function of temperature (right).
The dolted lines indicate ihe theoretical limits for the value of 2.

Plois of the phase angle are shown in Fig. 5.20 where we draw & for different magnetic
fields (left) and frequencies (right} for sample STO472. The curves do converge as one
approaches T, but do not exhibit a clear crossing at T = Ty, Nevertheless, we can extract
a value for z from these plots which can be compared to the value obtained in the scaling
analysis or, assuming again, as a first approximation, a value for z verifying 4 S 2 <7,
we can deduce a temperature range for T, from the plot of the phase angle for different
frequencies (Fig. 5.20, right). We obtain in this particular case 85.5K < T, S 86.0K,
which is a bit higher than the value T, ~= 85.3K obtained in the scaling analysis. Using
this value for T, in the plot for the phase at various magnetie fields, we obtain z = 13,
which is too large. We see here that this type of analyis requires some compromise for the
scaling parameters since, satisfying all the predictions for the behavior of the data with
exactly the same scaling parameters appears somewhat non-trivisl.

An intcresting prediction of the vortex-glass theary concerns the frequency behavior of
the irreversibility temperature. The frequency-dependent onset of the irreversible effects
is marked in our system by the deviation of the data from the high-temperature linear
part in the Arrhenius plot of the resistance. As shown in Fig. 5.5, the temperature T,,(w)
of the peak in Re(dV) is located at the end of the TAFF regime and thus provides a
reasonable approximation for the irreversishility temperature of the the vortex medium in
onr fihns. In & system presenting some glassiness, we expect the irreversibility temperature
to eoincide with T}, in the limit w — 0. For £ = 3, the prediction of the scaling model
reads

(Tir{w) = Ty) oc w!/ (G- (5.17)

We report the curves for (Tp(w) — Ty} as a function of frequency in Fig. 5.21 and indicate
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Figure 5.20: Lefi: Phase angle of the impedance as a function of the normalized temperature
(T/T, = 1} for sample STO472 at five differeni magnetic fields: 0.257,0.57,1.0T,2.07 and
2.65T. Right: Phase angle as a function of temperature for sample ST0472 af four frequencies:
0.12kH 2, 1.03kH 2, 10.7hkHz and 70.7kH 2.

the values for the product »(z — 1) obtained from the inverse slope of the data. This allows
another consistency check of the eritical exponents values once the iransition temperature
is known. We obtain v(z -1} ~ 9.1 at B = 0.5T" and v{z — 1) ~ 8.8 at B = 2.0T whereas
we find v(2 —1) = 10.0 at B = 0.5T and v(z — 1) ~ 10.1 at B = 2.0T" from the scaling
plots.
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Figure 5.21: Freguency dependence of the difference (T,(w) — Ty) for sample STOL72 of mag-
netic fields ralues B = 05T fleft) and B = 2.07 (righi). The inverse slope of the linear fit
{dotied line) provides a velue for the quontity »(z —1).

Table 5.4 below summanzes the values for the critical exponents and transition temper-
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atures 7, obtained from the analysis described in this section for samples STO472 and
5T0269.

The case of a 2D voriex medium

We have seen in Sec. 2.4.1 that a 2D vortex medium will not, formn a vortex-glass phase
as long as T > 0, meaning that T2” = 0 once dislocations are present in the vortex
system. The absence of a vortex-glass phase at non-zero temperatures in very thin films
was clained by different groups (164,165]. It appears thus interesting to perform a scaling
analysis of the data for sample §T610 in order to check whether we observe a collapse
of the data or wot. On the basis of the analysis done in the high temperature regime,
we would, a priori, expect a difference between the behavior of the data at high fields
(B 2 1.0T) and at fow fields. What should in particnlar appear is a difficulty to produce
a scaling with the low fields data. Astonishingly, we observe in Fig, 5.22 that, for the set
of parameters T, = 64K, v = 2 and z = 6, the data for sample STO610 at 0.017 tend to
collapse as observed for the thick samples. This appears surprising since dislocations in
the vortex lattice are certainly present, meaning that we would expect T, = 0 if the vortex
medium is 2D. And on the basis of the analysis of the data doue in the high temperature
regime, the vortex medium appears 2D in sample STO610 at B = 0.01T. We shall discnss
this point in the next section.
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Figure 5.22: Scaled resitance fleft) and inductance (right) for siz different frequencies as a
Sfunction of the scaled frequency for sample STOG610 of B =0.01T.

Summary

The scaling analysis performed in this section provides good evidence for the existence of
a vortex glass to vortex liqnid phase transition in our thick films STO269 and STQ472.



£

5.5. Phase diagram and discussion 97

The values for the critical exponents found above are in reasonable agreement with the
values found in the literatnre for thin films [161, 166-169]. We have seen, however, that
the analysis is complex and allows several checks for the values of the scaling parameters.
Fullfilling all the predictions represents the main difficulty of the analysis and some dis-
crepancy appears between the results from the resistance and the inductance, see Table
5.4,

A scaling analysis performed with the data for sample STOG610 shows that we can achieve
a collapse of the data with similar critical exponents like for the thick samples, although
we would expect it impossible, at least at low magnetic fields since the vortex medinm
appears there essentially 2D. This raises the question of the interpretation of such a scal-
ing analysis.

B [T] | Scaling Analysis | Rs and L, at T}

LKl v 2| = z
STO269 1.00 716 20 6251 8.1
1.50 764 20 55|38 6.6

2.00 743 21 58|45 7.1
2.G5 734 2.0 55346 5.4
STO472 0.25 866 1.8 66|38 7.2
0.50 853 20 6.0]|4.2 9.5
1.00 83.7 18 67|34 74
2.00 815 1.9 63139 6.2
2.65 80.2 2.0 6031 7.1

Table 5.4: Phase transition temperature T, and criticel ezponents v and z as obtained from the
sealing analysis. The dynamic critical exponent : obitained from the slopes of the isotherms of
R, and L, is also reported.

5.8 Phase diagram and discussion

On the basis of the analyses performed in the previons sections, we can sketch a B— T
phase diagram for our films as shown in Fig. 5.23 and Fig. 524 for samples 3T0472
and STOG610. In Fig. 5.23, we plot, for two frequendies, the temperature T, of the peak
in Re(4V), which can be essentially identified as the frequency dependent irreversibility
temperature of the vortex medium. This is justified since Tp{w) marks approximately the
beginning of the deviation from the linear behavior in the Archenius plot of the resistance
thus defining the onset of the irreversible effects in the vortex system. The frequencies
are 98.8kHz (circles) and 1.03kHz (triangles). We can observe that, as the frequency
decreascs, the onset temperature for the irreversible effects in the vortex medium decreases
also, which is reasonable. If a vortex-glass phase builds up at low temperatures, we expect
this irreversibibity line 4o turn into a melting line in the limit w — 0 as expressed by Eq.
(5.17). Since we could deduce numerical valnes for 7,(B) from the scaling analysis, we
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plot here these values (squares) which form a line seperating the vortex-liquid phase from
the vartex-glass phase. It is interesting to perform a fit to this line using an expression
for the melting line based on the Lindemann criterion as described in See. 2.2.4. Using
Eq. (2.32) where we assume 7 = 5, Ag/£as = 100 and impose Ag(0) = 2500A as found
previously in See. 5.2, we obtain ¢f ~ 0.08 and ¢, ~ 0.07 for samples STO0472 and
STQ269, respectively, which is not far away from the expected value, typically between
0.1 to 0.2
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Figure 523: Phase diagram for sample STO472. We plot Tp{w, B) jor w/2n = 98.8kH:z
(circles) and wf2n = 1.03kH & (triangles). These lines mark essentially the frequency deperndent
onset of the irreversible behawvior of the vortices in the film. The squares are the values for Ty(B)
as obtained from the scaling analysis and represent the melting line of the vorter medium. The
dotted line is o fit to this melting line using Eq. (2.3%).

The phase diagram for sample STO610 is shown in Fig. 5.24. We plot T, (w) for
w/2r = 30.1kHz and w/2r = 1.03kHz which, again, mark the borderline between the
reversible and irreversible behaviar of the vortex medium for & given frequency. The
harizontal dotted line indicates the dimensional crossover of the vortex medium as de-
termined from the behavior of the activation energy as a function of the magnetic field.
We do not plat here a melting line since we do not know whether a melting temperature
daes exist or not. We may exiract a melting temperature from a scaling analysis as done
for the thick samples where the vortex medium is clearly 313, However, that would not
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make mnch sense since we expect T, = 0 for a 2D vortex medium. What does a non-zero
value for T, mean when it is extracted from a scaling analysis of the low fields data from

sample STO610 where the vortex structore is precisely expected to be 2D? We have to
understand what happens here.
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Figure 5.24: Phasc diagram for sample STO610. As in the phase dingram for sample STQ478,
e plot Tplw, B) for wf2n = B0.1kHz (circles) and w/2x = 1.03kHz (squares). The dotied

line indicafes the dimensional crossover of the vortex structure observed tn the high femperature
regime.

It is certainly important at this point to emphasize the fact that we are looking at the
dynamic properties of the vortex system. The probing frequency at which the response of
the system is measured determines a time window for the processes that may be observed,
depending on their characteristic time scales. Let ns estimate the time scale 7, for short-
scale elastic deformations of the vortex lattice. This time scale is given by 7, = n/{cwq®)
[21] where g is the typical wavevector for the deformation, cgg is the elastic shear modulus

and n = ¢3/(2n&%py), the viscosity of the vortex medium. Caleulating 7, ¢ = /ay,
we obtain 7, = 8upAlad/(wle.tl) = 1075 at B = LOT, using p, = 150uflcm and

Aab/Ean = 100. In this case, the response time of the vortex system is much shorter than
our experimental probing frequencies (102Hz - 10°Hz). This estimate holds essentially
for a vortex solid but is not true any more in the case of a very viscous liquid, which
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is characterized by two time scales, 7, and 75, where 7, is the characterisite time scale
for plastic deformations in the mediom. Associating an encrgy barrier Uy for the plastic
deformations of the vortex structure, the time 7,4 can be written Ty = rels/%eT [21].
Due to the exponential factor entering its expression, this characteristic time can becorme
much larger than our probing frequencies for energy barriers of a few thousand Kelvins
as we observe them. This means that, depending on the time scale at which the vortex
structure is investigated, we may (w™! > 74} or may not (w™' < 74) observe the plastic
deformations of the vortex system. We may thus he convinced to observe a vortex solid
whereas we in fact do observe a viscons liquid which appears frozen at our experimental
time scales. Since we do observe a slowing down of the dynamies in the low ternperature
phase, where the frequency dependence of the sheet impedance is very similar to what is
expected for a vortex-glass phase, this may explain why a scaling analysis does provide
some evidence for the existence of a phase transition between a vortex-liguid phase and
a vortex-glass phase, even in the ahsence of a true vortex-glass phase.

It may thus appear interesting to describe the flux-line lattice in our films as a viscoclastic
medium where the frequency effects described above appear naturslly. This is what we
try to do in section 5.7. However, before doing this, we supgest in the section helow
to interpret the observed slowing down of the vortex dynamics as a cousequence of the
collective pinning of the vortices at low temperatures.

5.6 The ‘frozen’ vortex liquid

In this section we propose an interpretation of the low temperature behavior of the vor-
tex medium in our films in terms of the collective pinning picture. We stress again the
importance of remembering that the vortex system is not only investigated at certain tem-
peratures and vortex densities but also at certain time scales determined by the probing
frequency w.

5.6.1 Usnal crystal and 2D vortex medinm

A perfect crystal made up of atoms or molecules is a solid. A real crystal however is
never perfect and, in the rigorous sense of the word, is no longer a solid. At any non-zero
temperature, a real crystal will embody a finitc density of point-like defects (vacancies,
interstitials) with non-zcro mobility thus providing the possibility for mass flow in the
crystal. From a practical point of view, it is clear that mest crystals behave as solids
because the time scales.at which the plastic low mediated by point-like defects takes
place are by far much larger than the life time of the real crystal itself.

The situation in a two-dimensional vortex system is in some sense quite similar. We have
seen in Sec. 2.4.1 that the existence of a vortex-glass phasc in a two-dimensional super-
conductor is in the rigorous sense impassible (I3 = 0). The random pinning potential
can indeed quench the motion of a 2D vortex medinm as a whole, as it does in the 3D
case. But flux transport in a 2D case can he provided by the motion of thermally nu-
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clested dislocation pairs {topologically equivalent to point defects for the smallest pairs
of extension ~ ag) which are present as soon as T' > 0 thus making a two-dimensional
vortex-glass phase impossible at any non-zero temperature, The gnestion is then: what
is the characteristic timescale 7,, for such defects to move in the vortex medium and how
does it compare to the time scale at which the system is probed ? Quite clearly, the nse
of a large probing time scale {w™' 3> 7,,,) will lead the experimentalist to deduce that the
vortex medium behaves as a lignid of vortices since moving dislecations will produce flux
transport. However at much smaller fime scales {w™! < 7.}, the quenching of vortex
motion due to disorder will be the dominant feature governing the response of the vortex
system. The system may then exhibit a glassy behavior if the vortices are collectively
pinned, as we shall see in the next section.

5.6.2 Dynamic response

One important consequence of the divergence of the energy barriers for vortex motion in a
vortex-glass phase is the fact that vortices become immobile so that the linear resistance
can go to zero. It is thus important to know how the position of a vortex changes as a
function of time. The temporal vortex autocorrelation function can be written

Cult) = ({7t - 70 — {F(D)D)a = ((E:(t) - Tl0))e}e

where 7;(t) = R+ @;{t), < ... > denotes an average over time and < ... >4 denotes an
average over disorder. B; is the position of the ith vortex in an ideal Abrikosov lattice
and #;(t) is the displacement of the same vortex from its ideal position due to thermal
fluctuations and disorder {pinning).

If we adopt the classical creep description for the vortex motion (see Sec. 2.4.1), we
expect C,(t) to be logarithmically time-dependent and, in analogy with a spin-glass system
[21,170], we can write [171]

{(@(t) G0N x tpr e ETr (m)

for t » ty where 4, is a characteristic time in the system and & < 1. Going now to Fourier
space and since C,(t) vartes logarithmically with ¢, we can use the 7/2-rule [170,172]

n T O
fut{w)| ~ wdln(tfte) Yooy
which yields
()] o 2o o

[ in( L))"+
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where Ju{w)] is the spectral density of the mean squared voriex displacement,

Quite generally, the time dependence of a physical quantity in a system submitted to
a small external perturbation (linear response} can be written in terms of a generalized
susceptibility x and a generalized perturbation force F whose time dependence is assumed
known [17]. This translates in our case to the relation w, = x(w)F, between the Fourier
companents of the vortex displacement and the periodical perturbation force of period
2 fw. Quite gencrally again, there exists e relation between the fluctuations of the phy-
sical quantities and the dissipation properties of a system experieneing a small external
perturbation {fluctuation-dissipation theorem). In our particular case, the fluctuations
of the vortex positions can be related to a dissipation process in the superconductor as
follows (see e.g. [17))

jui(w)] = pheT Im(x)(w) (5.19)

This expression is valid in the classical limit, i.e. as long as T > hw. Using Egs. (5.18)
and (5.19), we can deduce the expression for Im({x}{w)

1

Imn{x)w) = (5.20)

2& T [La.’fg (- ]]“’”’]

witp

The real part of x(w) can be obtained from I'm(y)(w) nsing the Kramers-Kronig relations.
Since we are dealing with functions varying logarithmically with t, we can again use a
w/2-rule [170,172] and write

9Re(x)

™00 = S Bn(1 fuwta)

yielding

1
(ka T)" (B tn ()"

Ref{x)(w) ~ Re(x)(0) - C (521

with C a constant,

Let us come back for a while to the sheet impedatice of the superconduetor. 1f we agsume
a time dependence of the form [E(tY = w(f) o< e for the vortex displacement field,
we have v, = iwy, = wwy(w)F,. Since v, = E,/B where E, is the electric field and
F,, = ¢pK,, where K, is the sheet current density, we have

Z{w) = iwBdoy(w) {5.22)
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using £, = Z(w)K,. The above cxpression allows to write the final equations for the
inverse sheet inductance and the sheet resistance in the low temperature regime [171]

1 1 CUy 1
oo~ Lo D B /wzo))”“) (5.29)
By(w) ox T Boua wh {5.24)

2 2kgTty (Ete—?fﬂ(l/wm))(l+u]

where L,(0) = BgoRe(x}(0).

The important aspect to realize from the above expressions is that the frequency depen-
dence of the resistance (R,(w) o w, neglecting the logarithmic corrections) and of the
inverse inductance (Lo (w) « w? i.e. w independent, neglecting again logarithmic cor-
rections) is very close to what we observe in gur experimental curves at low temperatures
(sec Figs. 5.7 and 5.8 on page 76 and Fig. 5.19 (left) on page 94). As mentioned in
Sec. 5.1.3, such dependences are expected from the vortex-glass model as well [11]. A
glassy dynamics can thus be observed although the system has not undergone s phase
transition to a true vortex-glass phase. Such an observation may explain why a scaling
analysis can still work in our case, at least partially, although the system does in fact not
undergo a phase transition to a vortex-glass phasc.

We can try here to make an ansalogy between a 2D vortex medium at very [ow temperature
and s window glass at room temperature. Remember that we may compare an ordinary
{3D) body compaosed of atoins to a 2D vortex medinm due o the one-dimensional nature
of vortices. There is a widespread belief that window glasses can flow at ambient tem-
perature. This is duc to the ‘old-wives tale’ that cathedral glasses seem to be thicker in
their lower part, suggesting a gravity-induced mass flow of the glass at room temperature.
As shown by E. Zanotto [173], this is not really true since the time scale required for such
a window glass to flow at ambient temperature exceeds the age of Universe. In fact, the
thickness variations observed in cathedral glasses like in Saint-Gatien (Tours, Franee) are
due to the hand fabrication processes and not to a flow of the glass [174]. However what
remains true is that, if the time scales at which such a flow may take place is very large,
it is not infinitcly large since the viscosity of the medium remains finite. This means that
if such a window glass is not a solid in the thermodynamic sense like & pure crystal, it
may be considered such at human time scales. The situation in a disordered 2D vortex
medium is similar in the sense that if the 2D system cannot undergo a phase transition
to a vortex-glass phase, it may still exhibit a very slow dynamics at low temperatures.
As a consequence, the time scale at which the system is probed determines the type of
behavior that will be observed, glassy or not.

We thus arguc that the crossover we observe in the resistance and the inverse inductance
at the frequency-dependent temperature T,(w) can be described as a crossaver between
a pinned vortex liquid (TAFF) and a collectively pinned, frozen vortex liguid {glassy
dynamics). Since such a description is valid for a two-dimensional vortex system as well
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as for a three-dimensional vortex system, it is nat surprising that, from a dynamical point
of view, a 2D and a 3D vortex medium appear quite similar aithough they are not from
& thermodynamic point of view.

5.7 Phenomenological approach for the dynamic response of the
vortex system

In this section, we present a tentative description of the vortex medinm mainly based on
the idea that vortices form a viscoelastic medium. We start with the equation of motion
for a vortex. The brownian model described in Sec. 2.5.2 provides a good description
of the vortex dynamics s long as the interaction between vortices is not relevant. We
have seen that the effective magnetic penetration depth is generally larger than the lattice
constant in our films, meaning that the interaction between vortices will certainly play a
tole in the dynamic response of the system. We are thus interested in knowing the linear
response of a system of interacting vortices subject to disorder and write therefore the
following equation of motion for the ith vortex

"au;t(t) + Vol (B + 5(0) + 3 Pgpontss = Folt) (5.25)

8

wliere the elastic tensor @5 reads ©og = (01 — c65}Va Ve + Sapless V72 + cea0?)], see
Sec. 2.2.2. This cquation is similar to Eq. (2.61) and we find agsin a viscosity term, a
pinning term and the term accounting for the driving force. The main differences are
the apparition of the elastic term and the disappearance of the term accounting for ther-
mal fluctuations. We thus investigate here the elastic response (small displacements) of a
pinned vortex lattice at low temperatures. We shall add by hand the effect. of temperature
later on.

The above equation of motion was solved by H. Beck and P. Martinali [175] for the case
of an incompressible {c); 3 cg6) vortex medium where the vortices can be considered
as rigid rods. The pinning barriers are assumed to be of two types, i.e. either strong
(s) or week {w) and distributed randomly with different probabilities p, and p,, where
p: = 1 ~py < pu. The density of weak pinning centers is thus assumed much Jarger than
the density of sirong pinning centers and the pinning wells are assumed to be parabolic for
both pinning types. The effect of the disorder ereated by the weak random pins consists
essentially in breaking the translational invariance of the vortex lattice and we adopt a
picture where the vortices arrange themselves in domains separated by dislocations in the
vortex system. The structure of the vortex lattice is thus essentially characterized by the
typical extension [, of such a domain in the ab plane, which corresponds to the typical
distance hetween two strong pinning centers. Considering only transverse mades in the
vortex system end using an effective medinm approximation, the sheet impedance of the
vortex medivm can essentially be written [175]
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ten(T)

B{w,T,B) = Byy-
WT.B) = Ryt i o7 B

(5.26)

where k, = 27/l,. Eq. (5.26) is a simplified expression for the sheet impedance. In
particular, it may appear surprising to have an expression itvolving only one single wave
vector k; for the response of the vortex system. This can be justified as follows. Let us
consider a vortex chain for simplicity. If the vortices are not pinned, an excitation of the
vortex medium with a length scale {, will canse the vortices to respond with a typical
wavelength I, as shown in Fig. 5.25 (left). If we now pin a few vortices and assume a
characteristic length scale [, for the distance between two pinning centers, the typical
wavelength for the response of the vortex system will not be I, any moare but I as il-
lustrated in Fig. 3.25 (right). This argument was discussed by J. Clem a few years ago
(in unpublished notes) and jnstifies the presence of a single dominant wavevector in the
response of the vortex mediom. In particnlar, the relevant wavevector ¢ selected by onr
measuring technique corresponds o a typical wavelength of a few millimeters as described
in Sec. 4.2.2. Since we expect I, to be of the order of a few thousand Angstroms, we
have g* < kZ and we can ignore the term cosq” in the expression for the sheet impedance.
On the basis of numerical estimates performed by H. Beck using the effective medium
approximation, it tnrns out that we can also neglect the term accounting for the contri-
bution from the weak pinning centers in the final expression for the sheet impedance.

/Wm\

l,= 10°m

Fignre 3.25: Left: chain of unpinned vortices. Right: the pinning of two vortices forces the
vortex chain (o oscillate at a typical wavelengih defined by I;.

Shear medolus

We can now turn to the problem of the shear modulus ¢4 of the vortex medium. The
presence of disorder-induced dislocations in the vortex lattice is expected to affect the
dynamical shear properties of the vortex medium [176, 177]. This effect can be ac-
connted for by renormalizing the shear modnlus with a freqnency-dependent, complex
factor e{w) = ¢(w) + " (w)
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cas — Coe/e(w) (5.27)

In the particular case of an unpinned 2D vortex medium undergoing a dislocation-mediated
melting (bringing the shear modulus to zero}, the renormalization factor accounts for the
effect of bound pairs of dislocations-antidislocations and is expected to vary weakly (log-
arithmically) with the frequency as described by Halperin and Nelson [50). Since we
do not have an expression for e(w) suited to our case, we will use as a first trial the
renormalization factor proposed by Halperin and Nelson

E'(W) = 56(1 + tu’(EC— 1))

€+ lln(ec - 1) (528)
" w -1 z
€ (w) = Efc (m) (529)

where ¢, is a constant close to 1 and 1, = In(1/wrp) with Tp(T) = ¢2d/{pnksT).

We want now to acconnt for the effect of temperature on the vortex system and assume
that the vortex medinm will gradually change its response from elastic to plastic as the
temperaturc increases. In other words, we expect that dislocations in the vortex structure
will start moving. Such a crossover between elastic and plastic response occurs in a
viscoelastic medium (or very viscous liquid). The behavior of such a system can be
described using an interpolation formula for the shear modulus [178]

<6

Cos = 1+‘!'/WTPI

{5.30}

where 7, is the characteristic time for the thermally activated plastic motion of the vortex
strncture, In the limit of high frequencies {wry > 1}, when we explore the system at
time scales smaller than 7, plastic deformations do not have time to develop and the
interpolation formula reduces to the ordinary shear modulus for the vortex lattice where
the system exhibits an elastic bchavior. In the opposite limit of frequencies (wry < 1),
plastic deformations will take place and the vortex medium behaves as a viscous liquid
with a viscosity proportional to Tuegs [21].

Sheet impedance

Coming back to Eq. (5.26), we assume that we can acconnt for the cffect of temperature
on the sheet impedance via the interpolated shear modulus. This results in the following
expression for Z,
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T,
Z, = Ryy- : {5.31)
W + elwi+1 i,
where
n L Up/kaT 7 “(23
T, = ——2=, Tp=T7e"W8, 7=.0—=
*T cgpdnz P P cpdn

and U/ is a typical energy barrier for plastic deformations.

Although this model is rather phenomenological, it reproduces quite well some aspects of
the vortex dynamics. Starting at high temperatures where (wr) ™' 3 |e(w)|, we obtain
two regimes defined by the relative values of 7, and 7, which correspond to the flux flow
(FF) and TAFF regimes. The expression for the sheet impedance reads

Z, = H”(l—kiwe'rs) (Ts) Tp(,FF) {532)
and
R, = RIIES’B_U”‘/’“ET (1. & Ty, TAFF) (5.33)
t
17:2 2 kT
s & Ryre T—E wl/RB: (3.34)

In the low temperature regime ({wry)™' <« |e{w)|) wherc the response is clastic, the
system behaves as a vortex solid. A numerical estimate for 7, using {, = 2. 107 "m yields
T = 2uoALIt/(n%2p,) = 107'°s. We are thus in the limit of low frequencies wr, < 1
and we can write

R, = R’ (w) (5.35)
L, = Byyrié (W) (5.36)

The frequency dependence predicted by this model for the resistance and the inductance
in the low temperature regime is very close to the observed behavior of the data at low
ternperatures. We refer the reader to Fig. 5.19 {left} on page 94 where we plotted the
slopes of the isothermal lines for the resistance and the inductance as a function of w far
sample STO472. Indeed, if we assume that both ¢'(w) and £’{w) depend only weakly on
the frequency, we have essentially that R, oc w whereas L, appears roughly independent
of the frequency, which is in good agreement with what is ohserved at low temperatures.
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Figure 5.26: Comparison between the monsured end caleulated behavior of the resistance and the
inverse inductance as a function of the interse temperature, The paramcters for the model curves
are Top = 885K, B = L.OT, f = 1.03kHz, &4(0) = 154, A,4(0) = 25004, py = 150uQem,
4 =5,d=11004 ande. = 1.5, Weused, = 20004 for the plot of the resistonce and [, = 10004
Jor the plot of the inverse inductance.

If we want to go further with the model, we have to make more assumptions. The first one
concerns the renormalization constant e{w), which we do not know?. As a first attempt, we
will use the expression of Halperin and Nelson written above. The second point concerns
the dimensionality of the vortex medium. Basically, Eq. (5.31) is expected to work for a
2D vortex system (stiff vortices). We assume here thal such an expression still holds for
a 3D vortex system and, taking UI:’,‘,D for the encrgy barrier, we calculate the enrves for
the resistance and the inverse inductance as a function of the inverse temperature. The
curves are shown in Fig. 5.26 together with the data for sample STO472 at B = 1.0T
and for f = 1.03kHz. We can see that, using reasonable parameters, the general trend of
the data is well reproduced.

It is interesting to notice that we can easily deduce a crossover temperature (or frequency)
between the low and high temperature regimes by setting (wy) ™! = |e(w)[ = 1. We obtain

Uw(0, B) /ky
Uptl0, B)/(k5Tr0) — In{w/wo)

where wy = wpn€L,(0)B /(21023 (0)¢o). This expression is similar to the expression which
was deduced in Sec. 5.3.1.

Tolw) =

(5.37)

2In a recent preprint [177], ). Feinberg proposes a sell-consistent expression for the renormalization
constant of the shear morlulus.
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The richness of voriex behavior in HTS renders the study of such materials very challeng-
ing. A correct interpretation of the different regimes or pbases observed is complex and
requires a good knowledge of the properties of the samples under test, hence the XRD
and AFM analysis performed on our layers {Chapter 3). The sheet impedance measure-
ments, performed with an ac inductive technique (Chapter 4), allowed to investigate the
dynamical response of the vartex system in our layers. We let temperature, magnetic field
and sample thickness vary in order to explore a substantial region of the vortex medium
phase diagram. By inducing only small driving currents in the lavers, we tried not to
perturbate the system too much, hoping to measure its response ciose to equilibrium.
The measurements revealed essentially two temperature regimes, independently of the
thickness of the layers.

In the high-temperature regime, we observe a thermally activated response of the vortex
systemn which manifests itself as a linear regime in an Arrhenius plot of the resistance or of
the inverse inductance {Sec. 5.3). This regime extends down roughty to the temperature
Tp(w). From these plots, we can extract the characteristic energy barrier U(T, B) for
vortex motion in this regime. This activation energy is temperature and magnetic field
dependent but does not depend on the probing frequency w. We observe an interesting
crossover in the magnetic field dependence of the activation energy in sample STO610
(48A thick) at a magnetic field of about 17. We argue that this crossover can be ex-
plained in terms of a dimensional crossover of the vortex medium and depends on the
vortex density and the thickness of the sample. This interpretation is based on the fact
that a long vortex is softer than a short one, the typical bending length scale {7 == ag/y
being essentially determined by the magnetic field strength. By comparing the sample
thickness with 12, we can determine a crossover magnetic field separating a high-field
regime where the vortices are soft (3D) from a low-field regime where the vortices are stiff
(2D).

At temperatures below T,(w), both the resistance and the inductance start to exhibit
a weaker temperature dependence as the system changes its dynamical behavior. Well
below T, the frequency dependences of the resistance and the inductance are found to be
compatible with the predictions for a vortex-glass phase. By performing an analysis of our
data in the framework of the vortex-glass model, we are able to scale our data and extract a
glass temperature T, and the critical exponents v and z characterizing the phase transition
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{Sec. 5.4). The valnes obtained for the critical exponents are in good agreement with those
reported in the literature for thin Flms but somewhat larger than the values found in single
crystals. However, when extending this scaling analysis to a much thinner film, at a vortex
density where the vortex medium is 2D, as deduced from the magnetic field dependence
of the activation energy, we noticed that we could also achicve a reasonable scaling of the
data. Sinct we know from the theory that T; is strictly zero in a 2D disordered vortex
medium with dislocations, we have to wonder whether our interpretation in terms of a
phase transition is correct or not. In fact the frequency dependence of the data at low
temperatures is compatible with the more general assumption that the vortex medium is
collectively pinned and exhibits a slow {(glassy) dynamics as in the collective creep picture
{Sec. 5.6). This leads us to claim that we observe a dynamical crossover from a pinned
vortex liquid to a collectively pinned, {dynamically} frozen vortex liquid rather than a
thermodynamic phase transition from & vortex-liquid phase to a vortex-glass phase.

At this point, the behavior of the vortex medium in our films appears very similar to the
behavior of & viscous liquid probed in different viscosity regimes. Remembering that a
very viscous liquid can appear as solid or as liquid depending on the time scale at which
1t is studied, we were tempted to apply such a description to the vartex system (Sec. 5.7).
The phenomenological approach proposed is probably not totally correct, ane of the more
serious problems being that the renormalization constant €{w), accounting for the cffect
of disorder on the shear modulus, is unknown. Nevertheless, the madel reproduces with
a certain accuracy the behavior of the daia, leading us to think that an interpretation of
the crossover observed in our data as & frequency-dependent crossover between a plastic
and an elastic response of the vortex system is not totally out of place.

1t may be interesting to come back to the phase transition which is expected to occur at
T, in & 3D disordered vortex system. Although we can deduce a glass lemperature T
from a scaling analysis, we do not observe in our data a siriking feature (kink or jump
for instance) allowing to determine the glass temperature 7} straightforwardly. Since we
perform dynamic measurements, the question arises about the possibility to approach
the dc limit by further decreasing the probing frequency w. From the behavior of the
Arrhenius plot of the resistance (sce Fig. 5.3 for instance), we may speculate on the
shape of these curves at lower frequencies and in particular wonder whether a kink in
the resistivity may appear at T = 7,. We can estimate the temperature dependent
frequency w, at which the vortex system crosses from a TAFF regime to a collectively
pinned regime by assuming that the crossover occurs when the energy barriers in both
regimes are comparable. From Eq. (2.47) and (2.48), the collective pinning energy can
be written {J = kgT'tn(1/(wiq)} in the casc of single-vortex creep in the collective creep
picture. Using U = Up{B)(1 - T'/T) for the activation energy in the TAFF regime, where
Uy(B) is obtained from the slope of the Arrhenius plot of the resistance {see Sec. 5.3.2),
we obtain

UnlE) ¢ 1 1
wig =6 Ty T {6.1)



1t it interesting to observe that the above relation can equivalently be written in terms of
a crossover temperature 7

Uo(B)/ka

U ]
E%“c + l"(w"l‘m)

Tolw) = (6.2)

which has the same form as Eq. (5.5).

We can caleulate the crossover frequency w; at the particutar temperature T = T}, for
a given magnetic field and compare it with our measnrement frequencies. Since T, is
not far from the lowest 7, ohserved (at w/27 = 100H 2), the crossaver frequency should
not be too far below 100H 2 For sample STO472 at a magnetic field of 2.0T, we get
fz = w,/(27) = 20/ z using T, = 81.5K obtained from the scaling analysis and the value
for £y extracted from & fit to Eq. (6.2} above. This estimate lcads to a few comments.
First, we performed measurements below 100H 2z and should have observed something in
the response of the layers if there was anything to observe, although the signal to noise ra-
tio was becoming poor. The second comment to the above discussion is that the crossover
frequency determined remains very approximate: the estimate is performed in the single
vortex limit and furthermore, if we take a T; two Kelvins below the value used above,
we obtain fy =~ 2.3mHz, four orders of magnitnde below 20Hz. 1t is therefore not elear
whether we might be able or not to observe experimentally some kink in the Arrhenius
plot of the resistance, if such a kink does occur. The problem presents, however, some
interest and it might interesting to further think about this question.

Finally, we would like to come back to the fact that we have measured the linear response of
the vortex medium and carefully avoided non-linear effects by limiting the amplitude of the
drive current. It may be, however, very interesting to look at the non-linear response of the
vartex system. The problem in this case is to find an inversion scheme for the data in order
to extract the sheet impedance of the sample. The issue is not simple but the interest is
certainly very strong since we might be able to investigate, for instance, the dependence of
the activation energy on the current density induced in the layer. Since the current density
determines the Lorentz force experienced by the vortices, such studies may more generally
help to improve the understanding of dynamical phenomena in the vortex medium and to
build a dynamical phase diagram which, besides temperature and magnetic field, would
include the force acting on the vortices [2]. Let us consider a vortex medium subject to
weak random pinning where plastic vortex motion does occur at low driving forces. This
is what we observe in our filins at high temperatures. Plastic vortex motion implies the
existence of velocity gradients between vortices in different parts of the sample [179,180].
Tt was predicted [44] that by increasing the driving force sufficiently, the pinning force,
responsible for non-uniform vortex motion at low driving forces, may be made negligible
leading to a uniform (‘elastic’} vortex motion in the supercondnctor (same average velocity
for all vortices). In other words, the existence of a dynamic phase transition between an
incoherent fiuidlike motion (plastic flow, amorphous vortex configuration) at low driving
forces and a moving crystal {elastic flow, the vortex system having recovered a crystalline
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order) at higher driving forces is claimed. Our inductive technique exploited at different
driving currents may be a very powerful tool for the investigation of such effects.
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Appendix A Experimental details

This Appeundix gathers some details about the cryogenic system used. A general view of
the cryostat is shown in Fig. A.l.

A.1 Inner vacuum tube and Hall probe

The inner thin-wall tube (diameter 22mm, length 101mm) is ended with a copper block
where the impedance is soldered. The impedance is & stainless-steel tube of external
diameter lmm and internal diameter 0.6mm. A heater {0.2mm NM — 36 copper wire,
Lakeshore} is winded at the top of the copper block and permanently anchored with
Stycast 2850FT. The temperature can be monitored by means of a diode sensor (DT-470-
SD-12A, Lakeshore, serial #D10110) fixed at the bottom of the copper black, alse with
Stycast 2850FT.

The transverse Hall probe {LHP-NP #268, Labertec Scientific) is mounted on a non-
magnetic {Arcap AP1, eompased mainly by 25 % WNi, 63 % Cu and 10 % Zn) support.
The center of the probe is 18mm away from the geometrical eenter of the superconducting
cotl. The control current we use is 100mA at all temperatures. The sensitivity given by
the manufacturer is 24.1mV/T at 300K. Table A.1 summarizes the obscrved sensitivities
for a control current of 100.0mA. The magnetic field value is obtained from the current
forced into the coil using the field to current ratio given by the manufacturer (see below).

B[T] 0.01 010 1.00 250
Sensitivity (mV/T] | 211 232 23.7 2338

Table A.1: Observed sensitivity of the Hall probe.

A.2 Snperconducting coil

Our coil was buil by Oxford Instruments. Its inductance is about 0.55H and the maxi-
mum magnetic field is 3T for & current of approximately 684. The precise field to current
ratio is 0.04417T/A. Fig. A.2 (left) shows the equivatent circuit for the magnet.

The superconducting switch has a typical resistance of 1002, A current of about 4bmA is
used to open the switch. An Allen-Bradley sensor {nominally 2702 at room temperature}
is mounted close ta the coil allowing to monitor its temperature.
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A plot of the magnetic field as a function of lateral displacement (see Fig. A.2, right) is
provided. The Hall probe is not mounted at the center of the coil and the magnetic field
value at the Hall probe location is estimated to be decreased by 0.8% at 3T

}.*He bath
2. Vacuum
3. Main tube
IZN 4. Current leads
 JEIR W 5. Head of the top-ioad tube
1 L 6. Wires feedthrough
4 6 1. Copper shieids
8. Swainiess steel pot
9. Security diodes
10. Superconducting coil

Figure A.1l: General view of the cryostal.
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Figure A.2: Left: Superconducting coil circuit. Right: Azial plot of the magnetic field for

B=30T

A.2.1 Calibration curve for the carbon-glass sensor

The carbon-glass (CGR) temperature sensor (CCR-1-2000, Lakeshore, serial #15267)
mounted in the sample holder has been calibrated in september 1995 from a reference
sensor (CCR #15235) calibrated by the mannfacturer. The resistance measurement was
done from 4.2K up to 120K and an interpolation table was calculeted. In order to insert a
calibration curve in the temperature controller, the temperature interval was divided into
four regions (I: 4.2K to 10K, step 0.5K, 13 points; 1I: 11K to 40K step 1.0K, 30 points;

111: 41.5K to 100K step 1.5K, 40 points; IV: 102K to 120K, step 2.0K, 10 points).

[ gp— .

CGR IC15287 |

7, T D

g ;

g" wl
y e S O

. L i i i

0 0 40 50 0

Temperamure [K]

Figure A.3: Resistance versus temperature curve for the temperature sensor CGR #15867.
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Experimental details

The 93 pairs of points obtained were inserted in the temperature controller in the form
(log(R),T) where R is here the resistance of the CGR in ohms and T' the temperature in
kelvins. The interpolated curve is shown in Fig. A.3 and Table A.2 gives the calibration
curve used for the temperatnre controller (Lakeshore DRC-91CA). The first line to be
entered is given at the top of the table. The points should lre entered with the same

numerical format as in the table.

Table A.2: Calibration curve for sensor GGR #15267. Resistance R is in ohms and lemperniure

T in kelvins.

Firsi line: 06,LOCGR1200C15267 ,N,95,

fog®) T ] log(R) T [logR] 7 | logiR) T | log(®) T
000000 490.9 | L.OSGTT 088.0 | 1.10110  G60.5 | 1.38574 0340 | 1.52378 0150
101675 1200 | 1.08084 0865 | 1.19908 058.0 | 1.39745 0330 | 1.87361 0140
102038 118.0 | 109499 0850 | 1.20697 0565 | 141021 0320 | 1.93021 0130
102401 1160 | 1.09951 0835 [ 1.21452 0550 | 142205 031.0 | 1.99483 012.0
102764 114.0 ] 1.10404  082.0 | 1.22356 0535 | 1.43741 0300 | 206970 011.0
108127 112.0 § 110856 O80.5 | 1.23250 0520 | 145219 0200 | 2.15747  010.0
108491 110.0 | 1.11340  ©79.0 | 1.24203 0505 | 1.46826 0280 | 2.20816  009.5
103921 1050 | 1.11838 ©077.5 | 1.25179 049.0 | 1.4850i¢ 027.0 | 2.26149 0090
1.0435]1 106.0 | 1.12336  076.0 | 1.26214 047.5 | 1.50260 026.0 | 2.32356 0085
104782 104.0 | 112852 O74.5 | 1.27298 0460 | 1.52265 0950 | 2.38853 008.0
105212 102.0 | 113403 073.0 { 128428 044.5 | 1.54320  024.0 | 246632 007.5
1.05642  100.0 | 1.13054 O71.5{ 1.20640 n43.0] 156481 023.0 | 2.64659 007.0
106000 0985 | 114505 0700 { 1.30000 041.5 | 1.58835 0220 | 264427 0065
106350 097.0 | 115121 0685 [ 132267 0400 | 1.61351 0210 | 275399 006.0
1.06717 0955 | 1.15737 067.0 | 1.33178  039.0 | 1.64002  020.0 | 2.57746  005.5
107092 094.0 | 116353 0855 | 134194 038.0 | 1.67000 019.0 | 302350 005.0
107477 0025 [ 1.17020 0840 | 1.35200 037.0 | 1.70344  018.0 | 3.20588 0045
1.07562 0010 | 117707 0625 | 1.36235 03G.0 | 1.73048  017.0 | 3.33681 0042
1.08257 089.5 | 118304 061.0 | 1.37405 035.0 | 1.7794 5 016.0 | 6.55360 000.0




Appendix B Activation energies

In the table below, we gather the values for the activation energies extracted in the high
temperature (TAFF) regime for the four ilms at different magnetic fields. The values are
given in Kelvins.

Sample B [T] [ U(0,B) [K] | Sample B [T] | U{D,B) [K]
0.25 | 65800
STO 472 (1100A) | 0.50 | 48100 | STO 269 (400A)
1.00 | 36600 1.00 | 19010
1.50 | 15660
2.00 | 28750 2.00 | 13960
2.65 | 24900 250 | 11960
0.01 | 75765 0.0 | 10482
STO 610 (48A) | 0.03 | 65049 | STO 607 (24A) | 0.03 | 894.83
0.10 | 5883.2 010 | 726.01
0.30 | 50738 030 | 547.44
070 | 442.74
100 | 41352 100 | 39146
150 | 34426 150 | 3267
200 | 29050 200 | 296.07
250 | 24133

Table B.1: Activation energies as o function of the magnetic field for the four samples investi-
geted. The uncertainty on U{0,B) is about 5%.
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