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Overview

Large scale application of superconductivity, such as energy transport, superconducting
magnets, engines, generators, etc., require superconducting materials with a critical current
density, J,, greater than 1 MA/cm? and a high irreversibility line. In order to fulfill these
requirements, the only way is to avoid the vortex motion, which is responsible for energy
dissipation in a type I superconductor (SC). Up to date the method used to block the vortex
movement is their pinning on normal impurities present in a superconductor, the so-called
conventional pinning. This type of pinning relies on the tendency of the vortex normal core
to attach itself to regions in the superconductor where superconductivity is suppressed, in
an attempt to minimize the overall system energy. For this reason, normal zones within the
superconductor are artificially created in different ways, such as ion implantation, surface
decoration or artificially introduced nanoparticles. In the past decade numerous research
groups have addressed the problem of magnetic pinning in superconductors. The relevance
of this subject lies in the possibility of attaining large, temperature independent pinning
forces of vortices in type II superconductors, through the interaction between the vortex
flux and the magnetization of magnetic structures, i.e. ferromagnetic films or ferromagnetic
micro-, and nanostructures (FM), situated in the proximity of the former. In the present
thesis we focus on the study of several magnetic systems for magnetic pinning applications
in YBayCu3zO7 (YBCO) thin films. The choice of the YBCO superconductor for our studies
was motivated by the fact that currently a consistent part of the high field applications use
this material for its high critical temperature, 92 K, which makes it economically viable for
technological applications.

The present thesis is structured as follows. In Chapter 1 an overview of current litera-
ture reports in the field of magnetic pinning is given. The focus of this review was magnetic
systems that are similar to the ones that we study throughout the thesis. The particu-
larity of the up-to-date literature is that most of the studies of magnetic pinning concern
low-temperature superconductors. Our approach, to use high temperature superconductors,
i.e. YBCO, present an interest both from a theoretical and a practical point of view. Such
experiments open the possibility to investigate the role of magnetic pinning on the ther-
mally activated flux flow and related phenomena. On the other hand, the control of the

superconducting properties by magnetic modulations could represent a step towards new



magneto-superconducting devices.

The experimental techniques that were used in the framework of the thesis are presented
in Chapter 2. A description of the deposition methods, pulsed laser deposition and dc
magnetron sputtering is given, together with the structural, morphological and magnetic
characterization techniques. Special attention has been devoted to the description of the
X-ray diffraction methods as they play an important role throughout the thesis.

In our choice of ferromagnetic materials for pinning applications we have chosen two
classes materials. The first is the doped rare earth manganite LagggSro33MnO3 (LSMO),
while the second is represented by Co and Permalloy (NigoFego, Py). Our studies of epitaxial
LSMO thin films are presented in Chapter 3. They consist of a study regarding the opti-
mization of the film growth process and a detailed study of oxygen incorporation effects in
epitaxial LSMO layers. With respect to the overall goal of the thesis, we have shown that
by controlling the growth mode of LSMO, highly regular LSMO nano-islands on SrTiO;
(STO) substrates may be produced. Thermal treatment in oxygen atmosphere of the STO
substrates induces the formation of atomic terraces. The steps represent nucleation centers
for the LSMO film, so that after the deposition, the film consists of regular nano-islands ar-
ranged along the substrate step edges. Upon the deposition of the superconducting YBCO
on top, two effects are to be expected with respect to flux pinning: the first consists in
the creation of dislocations in the YBCO film at the sites were the LSMO nano-islands are
present, while the second is the creation of a modulated stray magnetic field of the structures
having the same spatial periodicity as that of the islands.

Divalent ion doped rare earth manganites are known for their strong connection be-
tween their structural, magnetic and electric properties. Behind this relation lies the double
exzchange interaction between Mn ions in the Mn?**-O-Mn** bond, mediated by the simul-
taneous transfer of an e, electron from Mn*" to an O?~ ion and from O*" to Mn*". In
this picture oxygen plays an important role, as it is directly involved in the double exchange
mechanism. Also, it has been show that if oxygen in found in excess in the LSMO lattice
it produces additional hole doping, i.e. produces additional Mn** valence ions, as well as
cationic (La, Sr, Mn) vacancies. From the above considerations, it can be seen that oxygen
content plays a crucial role in determining the physical properties of LSMO thin films. In
order to evaluate these effects, we have performed a systematic oxygen incorporation study
by annealing LSMO thin films in different mixtures of Ar:O, flowing gas. High resolution
x-ray diffraction measurements were used to quantify the effects of oxygen incorporation on
the crystalline structure of the films. Also using a numerical model we have simulated the
w-scan diffraction data in order to describe the effect of vacancies on the structure of the
LSMO film. This last point represents an original approach in the study of excess oxygen
incorporation effects. In order to support our assumptions based on the diffraction data, as

well as to depict a more accurate physical picture of the processes involved, we have also




performed the magnetic characterization of the samples, by means of SQUID measurements.
From the chemical composition point of view, XPS analyses were employed to trace the evo-
lution of the Mn and O ion concentration in the different annealing gas mixtures. Electrical
measurements were performed using the four probe method and the results were interpreted
using the variable range hopping regime.

The study of magnetic stripe modulated films for flux pinning is presented in Chapter 4.
We have fabricated metallic thin films, Co and Py, exhibiting parallel weak stripe domains.
The films were deposited on Si (111) single crystal substrates at room temperature. In or-
der to stabilize the stripe domain pattern, we performed a study of the films with varying
thickness. It is known that perpendicular magnetic anisotropy, the cause behind the stripe
domain formation, stabilizes only for thicknesses exceeding a critical value. An interesting
aspect of the films is that as the thickness increases so does the periodicity of the magnetic
stripes. This is an important result as it allows for the study of the influence of the super-
conducting properties on the YBCO layer as a function of the field modulation periodicity.
Films with weak stripe domain structures also present the so-called rotatable anisotropy.
This type of anisotropy refers to the fact that if an external field is applied in any in-plane
direction, the in-plane component of the magnetization will align itself in the direction of
the applied field, and will remain as such even after the field is removed. This phenomena
allows for the study of the magnetic flux pinning as a function of the stray magnetic field
having different orientations with respect to the current direction in the superconducting lay-
ers. The magnetic studies on the films were performed by magnetic force microscopy, MFM
and vibrating sample magnetometry, VSM. An interesting case of ferromagnetic film with
true perpendicular anisotropy is the case of epitaxial Co thin film grown on Al;O3(0001)
substrates. A short study was dedicated to this structure, but due challenges related to
the epitaxial Co film growth on YBCO layers, this subject was analyzed only as a proof of
concept. A further step in magnetic modulation consists in the micro and nanostructura-
tion of magnetic structures. Optical lithography and ion beam etching were used for the
fabrication of magnetic objects on the micron scale. An important part of the work in this
field was devoted to the technical aspects of the above techniques and to the optimization
of the overall microfabrication process. As the dimensionality of the magnetic objects is
decreased, border effects, i.e. closure domains, begin to play the leading role in determining
the domain configuration. We studied the evolution of the domain structure with decreasing
the object lateral size. As far as nanostructuturation process is concerned, we have employed
an alternative lithographic process, with respect to the ”classic” techniques such as e-beam
lithography. This consisted in the use of self-assembled polystyrene beads, with diameters of
hundreds of nanometers, as a lithographic mask for nanofabrication. After the deposition of
the magnetic film and removal of the spheres, triangular magnetic features of a few hundreds

of nanometers were defined on the substrate. Depending on their thickness we were able to




stabilize a magnetic dipole type structure of these objects, as well as vortex-like configuration
of the magnetization. This method may prove itself to be valuable if large scale applications
of magnetic pinning are envisioned.

The last chapter of the thesis, Chapter 5 is concerned with the actual integration of
the FM structures presented in the previous chapters in bi-layered structures with YBCO
superconducting films. A brief account is given on the preparation of epitaxial YBCO films
deposited by pulsed layer deposition on STO(001) substrates. Two categories of structures
are analyzed. First, we present the LSMO/YBCO structures, were the ferromagnetic film
represents the bottom layer while YBCO is epitaxially grown on top of it. High resolu-
tion x-ray diffraction measurements were performed in order to establish the influence of
the modulated LSMO surface on the structural properties of the superconducting films.
The morphological evaluation of the samples was performed by means of AFM. The su-
perconducting properties of the structures were analyzed using VSM measurements at low
temperatures. Our studies reveal that a two component pinning mechanism is present in the
YBCO films: a classic mechanism, due to the defects created in the superconducting film by
the particular morphology of the LSMO layers, and a magnetic pinning component arising
from the stray field gradients produced by the LSMO nano-islands. As far as the metallic
films are concerned, Py layers were deposited on top of the YBCO films. Because of the
fact that the electric transport properties were determined performing I — V' measurements
at different temperatures, lithography was employed in order to define structures having
a precise geometry. The results of the I — V' characteristics and critical current density,
J. , measurements for different magnetic configurations are given. A 20% increase in J,
was recorded for the parallel configuration of the magnetic stripes to the current in the su-
perconductor, with respect to the perpendicular configuration, confirming thus the pinning

potential of weak stripe domains for magnetic SC vortex pinning.
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Chapter 1

Magnetic flux pinning in

superconductors

In the past decade numerous research groups have addressed the problem of magnetic
pinning in superconductors. The relevance of this subject lies in the possibility of attaining
large pinning forces of vortices in type II superconductors, that are temperature indepen-
dent, through the interaction between the vortex flux and the magnetization of a magnetic
structure, 7.e. ferromagnetic films, ferromagnetic micro-, or nanostructures.

Large scale application of superconductivity, such as energy transport, superconducting
magnets, engines, generators, etc., require superconducting materials with a critical current
density, J,, greater than 1 MA/cm? and a high irreversibility line. In order to fulfill these
requirements, the only way is to avoid the vortex motion, which is responsible for energy
dissipation in a type II superconductor. Up to date the method used to block the vortex
movement is their pinning on normal impurities present in a superconductor, the so-called
conventional pinning. This type of pinning relies on the tendency of the vortex normal core
to attach itself to regions in the superconductor where superconductivity is suppressed, in
an attempt to minimize the overall system energy. For this reason, normal zones within the
superconductor are artificially created in different ways. These zones coexist with the natu-
ral occurring normal regions arising from inherent growth defects, such as grain boundaries,
dislocations and the presence of secondary phases. Several ways of externally inducing nor-
mal regions in superconductors have been demonstrated. They include: irradiation by swift
heavy ions, artificially introduced regular arrays of holes, artificially introduced nanoparticles
that create columnar defect in superconducting films, or surface decoration of the substrate
upon which the superconducting film is grown. Examples of artificially induced pinning
centers are given in Figure 1.1.

Bulaevskii et al. [24] argued that the maximal energy /unit length of the vortex, available

for non-magnetic, ”classic” pinning is the condensation energy of the Cooper pairs in the
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Figure 1.1: (a) Electron micrographs of Sn®’* irradiated YBCO single crystal. The tracks
are seen to consist of discontinuous columns of highly damaged or amorphous regions (Taken
from [3]); (b)Scanning transmission electron microscope (STEM) dark field micrograph of cross
section and planar view for a YBCO-BZO (5 mol %) film (Taken from [4]).

volume of the vortex core, that is

[ H? TS
U, = <8ﬂ) et = (&w) , (1.1)

where H, is the thermodynamic critical field, £ is the radius of the vortex normal core, 1.e.

the superconducting coherence length, ®, the elementary flux quanta, h/2e, while Ay, is the
London penetration length. Considering that the penetration length varies with temperature

as

1
T, -T

with T, being the superconducting critical temperature, one can observe that the pinning

AL ~ (1.2)

potential, U,,, decreases linearly with 7', reaching zero at 7.. In the case of HTS (high
critical temperature superconductors), where one would like to take advantage of the high
T., and set the operating temperature as close as possible to this limiting value, typically
at the nitrogen boiling point, 77 K, thermal fluctuations tend to destroy pinning at a rate
proportional to exp(U,/kgT). From the above considerations it can thus be observed that
classic non-magnetic pinning becomes ineffective at high temperatures making it difficult to
imagine practical applications of HTS materials.

In this context, magnetic pinning may be a valid alternative for effective vortex pinning
applications, as the pinning potential created by a magnetic structure, in this case displaying

a stripe domain structure varying along the z axis, is expressed as [24]:

Upp = P M () d,, (1.3)

ds being the superconducting layer thickness and M (z) the magnetization value, which, ne-

glecting the domain wall contributions, takes the values of +=Mj. Even though the above
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1.1. Flux flow and energy dissipation

expression of the pinning potential is calculated for a particular case of magnetic configura-
tion, the point it stands for may be generalized to any magnetic distribution, and it is that
magnetic pinning potential is independent of temperature. Of course, the Curie tempera-
ture of the ferromagnet has to be high enough so that there is no significant variation of the
magnetization with temperature, in the superconducting regime. This fact makes this type
of pinning as the ideal case of superconducting vortex pinning, suitable for high temperature
superconductors.

In the present chapter we set out to give an overview of the literature data on the the
ferromagnetic/superconducting (FM/SC) hybrid structures. Even though the focus of the
present thesis is the study of magnetic pinning in YBCO/FM structures, the overview is not
limited strictly to these systems, as the majority of the studies performed so far are dealing
with low temperature superconductors, Nb, Pb, Al, etc... Two major classes of systems
will be covered: the first is represented by SC/FM structures in which the ferromagnet is
a continuous layer, displaying different magnetic configurations, stripe domains and bubble
domains. The second is represented by structures in which the FM layer is laterally struc-
tured in arrays of micronic and submicronic arrays of particles. Due to the reduced lateral
size the magnetic state of the particles may be tuned to be a single domain or exhibit a
magnetic vortex configuration. A systematic classification of the different FM/SC struc-
tures published so far in the literature can be found in Ref. [13]. Also, in the next Section
of the Chapter a brief account is given on the relation between the vortex flux flow regime
and energy dissipation within type II superconductors. This section was included in order
to emphasize the importance of flux pinning in superconductors. A more detailed account

of the vortex state and dynamics is given in Appendix A.

1.1 Flux flow and energy dissipation

It is known that in type II superconductors the external magnetic field penetrates in
the superconductor in form of elementary flux quanta, ®,. The flux quanta is carried by
a co-called vortex, theoretically predicted by Abrikosov [1]. The vortex is comprised of a
normal core, having the width of the order of the superconducting coherence length, &, and is
surrounded by superconducting region in which a supercurrent, J(r), generates the magnetic
field of the flux quanta. The radius of the superconducting region, the superconducting tube,
is of the order of the penetration length, A\. A schematic representation of the Abrikosov
vortex is given in Figure 1.2a. Because of the repulsion force that exists between vortices,
they arrange themselves in a triangular lattice, called the vortex lattice. The vortex lattice is
in equilibrium until the only circulating currents in the superconductor are vortex currents.
If in the superconductor a current, J, is injected by external sources, each vortex is subjected

to a Lorentz force per unit length f;, = J x ®gi,, as it is shown Figure 1.2b. The Lorentz
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1.1. Flux flow and energy dissipation
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Figure 1.2: (a) The model of an Abrikosov vortex; (b)The contour (C') of integration for
Farady’s law.

force due to the current J will cause the vortices to move with a velocity u, in the xz-direction
(perpendicular to the current). The variation of the flux in the contour C'is the total number

of vortices which enter in the contour in a time At multiplied by ®:

AP = dyn,u,bAL (1.4)

where n, is the vortex density. According to Faraday’s law, the voltage across the contour
will be:

dd
U=— = dyn,uzb. 1.5
== a, (15)
It is important to be noted that the induced electric field E = B x v is parallel with the
current density J. Because the current is in the same direction as the voltage difference,

there must be power dissipated equal to U1,

P =UI = I®gn,uzb (1.6)

Since the flux line motion dissipates energy, it can be described in terms of a viscosity. The
vortex motion is assumed to be damped by a force proportional to the velocity, f, = nu,,
where 7 is the viscosity. The drift velocity of the vortex line can be obtained by equating

the Lorentz force to the friction force, f; = f,, resulting

_ J¥o

. (1.7)

Uy
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1.2. Magnetic flux pinning in hybrid SC/FM bi-layer structures

Combining the equations 1.5, 1.7 and taking into account that £ = U/b, results in a linear

relation between the electric field and the current density, similar to the Ohm’s law:

E = pffJ, (18)
where,
B,
P == (1.9)

is called fluz flow resistivity. The microscopic calculation of the viscosity gives the value [3]

B @gan

o, is the electrical conductivity in the normal state. Using this relation, the flux flow

(1.10)

resistivity can also be written as

B
b1 = ot (111)

1.2 Magnetic flux pinning in hybrid SC/FM bi-layer
structures

As mentioned in the Introduction of the present chapter, Bulaevskii et al. [24] showed
that in the case of SC/FM structures, with the FM layer exhibiting stripe domain struc-
tures, effective magnetic vortex pinning potential is generated by the domain stripes. The
stripe domain structure consists of alternating magnetic domains in which the magnetiza-
tion, perpendicular to the film surface, points upwards and downwards. Thus, for strong
perpendicular anisotropy magnetic films, such as Co-Pt, Th-Fe or hexagonal Co films, within
each domain the magnetization has its saturation value, =M, in the case in which the exter-
nal applied magnetization field is less than the coercive field, H...,. Equating the magnetic
pinning force, calculated from the pinning potential 1.3, as U,,,/l, with [ as the domain
width, to the Lorentz force acting on the vortex line, stemming from the transport current

in the SC layer, J®yd,/c, gives a rough estimate of the critical current

J, ~ cMy/L. (1.12)

It can be seen that within the model proposed, the critical current density, J., increases
as the perpendicular component of the magnetization, M, increases, justifying the use in
magnetic pinning experiments of FM structures that exhibit strong or weak perpendicular

anisotropy. Using 1.12 one finds an estimate of 107A /cm? for J, in the case of My=50 emu,
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() (b)

Figure 1.3: (a) 20 x 20 mm? MFM images of stripe domains in permalloy (Py) film after
applying and turning off an H=1 kOe parallel magnetic field along the directions indicated by
the arrows; (b) Magneto-optical images of flux entry for a NbSes single crystal, see details in
text, with the Py stripe domains oriented at 45deg (top), parallel (middle) and perpendicular
(bottom) to a surface edge. The double-line arrow shows the preferential flux entry direction
coinciding with the direction of the stripe domains in the Py. Taken from [5].

and for fields inferior to H,., with H applied perpendicularly to the film plane.
Vlasko-Vlasov et al.
NbSe; single crystal, having 7,=7.2 K, upon which a 0.8 um thick permalloy, NiggFeyq (Py),

—

5] studied the vortex entrance and exit patterns in a 20 pm thick

was grown. The MFM images of the Py top layer, Figure 1.3a, show magnetic domains that
are formed by parallel stripes with an alternating out-of-plane component of the magnetiza-
tion. The particularity of thick Py films that exhibit stripe domain patterns is the so-called
rotatable anisotropy, which means that the in-plane orientation of the stripes can be easily
modified with the help of a relatively low magnetic field, in the order of hundreds of Oe,
without affecting the parallel character of the domains. In order to study the influence of
presence of the magnetic domains and their orientation on the entrance and exit patterns
of vortices in the SC, three different stripe configurations were prepared. They included a
parallel, perpendicular and 45° orientations with respect to the sample edge. An external
magnetic field, perpendicular to the sample surface, H,, for vortex generation was also ap-
plied. Three main results are shown in Figure 1.3b. The bright contrast corresponds to the
normal induction, B.,, associated with the local vortex density. As it can be seen, in all three
cases the bright stripes are oriented preferentially along the direction of the stripes, denoted
by the white arrow. The lower left dark line represents a scratch oriented perpendicular

to the reference surface edge. This result was interpreted as a consequence of the pinning
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Figure 1.4: (a)Magnetization curve of the 2 pm-thick Permalloy film as a function of magnetic
field applied perpendicular to the film surface. The insets show the MFM images of the same
film in (a) H=0 mT, (b) 10 mT, (c¢) 40 mT, and (d) 300 mT perpendicular magnetic field
at room temperature; (b) Magnetic field dependence of the critical current density for several
temperatures. Taken from [7].

provided by the stripe domain walls. Vortices parallel to the stripes, without being impeded
by the presence of domain walls, i.e. variations of the magnetization, which leads to the
additional pinning force, are able to move "freely” and hence the parallel direction becomes
preferential for vortex motion.

Belkin et al. [7] studied the influence of the relative orientation of the Py stripe domains
on the the superconducting properties of a 80 nm thick MoGe superconducting film having
the T.=6.2 K. The entire structure consisted of the MoGe film a 30 nm SiO, capping layer
and, on top, a 2 um Py film. The role of the SiO4 spacer layer was to prevent any proximity
effects between the FM and SC layer and to isolate only the magnetic coupling between the
two. Generally speaking, magnetic coupling between a FM and SC layer is considered to
consist of the interaction of the magnetic stray field with the SC layer. MFM studies of the
top Py layer, Figure 1.4a, revealed the fact that at higher values of the external magnetic
field a "bubble” type domain structure is stabilized. The critical current densities, J,,
were determined for two configurations of the stripe domains at different fields for different
temperatures, Figure 1.4b. The two cases consisted of two different orientations of the stripe
domains with respect to the current passing through the superconductor. One corresponded
to the case in which the stripes were aligned parallel to the current, while the second consisted
of a perpendicular configuration of the two. If we consider the two cases at 5.9 K, we can
clearly see that in the case in which the current, j, flows parallel to the magnetic stripes (black

squares) the critical current is considerably larger, note the logarithmic scale in Figure 1.4b,
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1.2. Magnetic flux pinning in hybrid SC/FM bi-layer structures

than the critical current evaluated when j flows perpendicular to the stripes, in the low field
part of the evaluation. This situation can be understood if we consider the findings presented
before, [5], namely that the superconducting vortices may move without any opposition from
the magnetic stray field created by a strip domain structure, if this displacement is performed
along the stripe direction. This is so because of the absence of any stray field gradient along
the displacement direction of the vortices, that would give rise to a force and, hence, to
flux pinning. When the 5 is directed along the domain stripes, the Lorentz force acting on
the vortices is directed perpendicular to the stripes and so the vortices will tend to move
accordingly in this direction with respect to the magnetic domains. This situation will
correspond to one in which the pinning force will be large as the vortices will be trapped
by the stray field variation produced by the domain walls, corresponding thus to a high J.
value. On the contrary, when the current flows perpendicular to the domains, the Lorentz
force will act parallel to them so that the motion of the vortices will not be obstructed by the
presence of the magnetic pinning potential. As a consequence the critical current density will
be lower in this case (empty red squares). An interesting situation occurs at perpendicular
field values situated above 30 mT. As it can be observed in this field range, the critical
current densities, corresponding to the two different stripe orientations, tend towards the
same values. This fact is attributed to the nucleation of the bubble domain structure and to
its isotropic nature, which in turn leads to an isotropic pinning potential. Because from the
magnetic pinning potential point of view all directions are equivalent, there is no difference
between the values obtained for J. in the two cases.

Another magnetic system that has been studied in relation to its influence on supercon-
ducting films, is the Co/Pt multilayered system. It is known that these structures exhibit an
out-of-plane magnetic anisotropy. Lange et al. [27] studied hybrid structures that contained
14 nm of alternating Co/Pt [Co(0.4 nm)/Pt(1.0 nm)]yo layers and a 60 nm Pb film, 7,=7.23
K separated by a 10 nm Ge spacer, used as an insulating layer to prevent proximity effects.
The main results obtained in this study are summarized in Figure 1.5. The authors intro-
duced a parameter, s, that is defined as the fraction of magnetic moments that are pointing
upwards, m > 0, relative to the total number of magnetic moments, in order to describe
different remanent states of the Co/Pt system. The critical current density evaluation was
done by performing M (H) measurements on the superconductor, taking into account that
the amplitude of the M (H) signal is directly proportional to J., as shown in the Bean critical
state model. This model will be dealt with in more detail in the final chapter of the present
thesis, in which results on magnetic pinning in YBCO thin films are discussed. Figure 1.5
(a) and (d) show the MFM image of the demagnetized state and the corresponding M (H)
curves for this state and for the s = 0 state, i.e. for the FM film fully magnetized in the
opposite direction. The results show a higher critical current in the case of the s = 0 state

than for the demagnetized one. This somewhat surprising effect is explained as a conse-
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Figure 1.5: (a)(c) MFM images (5x5 pm?) at room temperature and H=0 of the Co/Pt
multilayer in different magnetic states: (a) after demagnetization, (b) after magnetizing the
sample in a perpendicularly applied field H=-10 kOe—+0.83 kOe—0 (s=0.15), and (c) H=-10
kOe—1.10 kOe—0 (s=0.95); (d)-(f) Magnetization measurements of a type-II superconducting
Pb film covering a Co/Pt multilayer. Taken from [27].

quence of the domain structure present in the demagnetized film that creates alternating
stray fields above the magnetic domains which in turn suppress the order parameter in the
SC and also may lead to the creation of vortex-antivortex pairs connecting the domains with
opposite magnetization and result in an overall reduction of J.. This situation is reflected
by the reduction of 7, to 7.04 K in the case of a demagnetized FM. Figures 1.5(e) and (f)
show that when m > 0 the bubble domains in Figure 1.5(b) provide magnetic pinning of
vortices when H > 0, resulting in an enhanced amplitude of M for positive values of H.
On the contrary, for m < 0, Figure 1.5(c), effective pinning is achieved for H < 0 as it can
be seen from Figure 1.5(f). This asymmetry can be understood if one considers that the
interaction energy between the magnetic field of SC vortices B and the magnetic moments,
m, in the FM may be of attractive nature if B and m have the same polarity and repulsive
in the case for which the two have opposite polarities. Magnetic measurements also point
out that effective pinning is achieved for bubble domains that have a smaller size and lower
densities. The amplitude of M, in the lower curve of Figure 1.5(f), is increased by a factor
3 when compared to the reference s = 0 case and by a factor of 2 with respect to the middle
curve, s = 0.7. As in the demagnetized state, it is apparent that larger magnetic bubbles
having higher densities, associated with a reduced SC order parameter, counteract efficient
vortex pinning and lead to low M amplitudes, i.e. low J. values.

The FM domain walls (DWs) interaction with the SC vortices has been studied in detail
by Goa et al. [9]. The structure that has been studied by this group consisted of a FM
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Figure 1.6: (left) Experimental procedure: A magnetic domain wall in a FGF is passed above
a vortex in a superconducting sample. The interaction between the two can cause the vortex
to move if the interaction force is large enough. (right) Results for two samples with different
thicknesses. In the d=30 pum sample, only small changes in the vortex positions are observed
from before (a) and after (b) a pass of the domain wall. In the d=10 pum sample, all initial
vortices (c) are swept away with one pass of the domain wall (d). Taken from [9].

bismuth doped ferrite garnet film (FGF) 0.14 pm thick, which was brought very close to the
surface of a 30 pm and 10 pm thick cleaved NbSes single crystal. A movable Bloch domain
wall was used to study the interaction with the SC vortices. The displacement field of the
DW was B=0.1 mT. Magneto-optical imaging was employed to study the vortex structures
present within the SC layer. The principle of the experiment is summarized in Figure 1.6
(left panel). The results of the study are presented in Figure 1.6 (right panel). In the
"before” images 1.6(a) and (c) the vortex structure is present within the SC layer. After the
DW is displaced above the studied area of the d=30 pum thick SC, only a slight, few microns,
displacement of the vortices is noticeable. This means that the force acting between the
DW and the SC vortices, f,, is smaller than the intrinsic vortex pinning force, f,. Since the
total pinning force decreases with the decreasing the sample thickness, a lower f, is expected
for the 10 pum thick SC crystal. As it can be observed from Figures 1.6 (c¢) and (d) after
the DW is passed over the selected area, no vortices are any longer visible. This situation
corresponds to f,, > f,. In conclusion this study clearly demonstrates that DW within FM
layers can act as effective pinning centers for SC vortices as the DW-vortex interaction force
surpasses the intrinsic pinning one.

As far as HT'S materials are concerned, the studies that have been performed on FM/SC
bi-layer hybrid structures also confirmed the additional pinning force provided by the FM
layer. Zhang et al. [10] studied a Prgg;Sro33MnO3 (PSMO) and a YBCO heterostructure
in order to identify the influence of a FM manganite on the YBCO pinning characteristics.

Doped rare earth manganites are a well known class of materials that exhibit, for optimum
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Figure 1.7: (upper panel) Hysteresis loops for both samples obtained at 62K and 70 K,
respectively. The applied field is perpendicular to the film plane. (lower panel) Field-dependent
AM extracted from the hysteresis loops obtained at different temperatures for the YBCO single
layer (open symbols) and the YBCO/PSMO bilayer (solid symbols). Taken from [10].

divalent ion (Sr, Ca, Ba) doping regimes x ~0.33, ferromagnetism and metallic conductivity
in the HTS critical temperature range. This fact doubled by an excellent lattice parameter
match with YBCO, recommend these materials as ideal candidates for FM/SC studies. As it
will be shown in a later Chapter of the present thesis, the magnetic anisotropy of manganites
is highly controllable and can be tuned to vary from out-of-plane uniaxial to four-fold in-
plane, as a function of the lattice strain. In their choice of the substrate, SrTiOz (STO),
Zhang et al. stabilized for the PSMO layer an in-plane anisotropy. In Figure 1.7 (top panel)
the M(H) curves of the FM/SC bilayer and of the SC reference layer are shown at 62 K
and 70 K. Also in the irreversible magnetization part AM is extracted, Figure 1.7 (bottom
panel), at different temperatures close to 77 K, in order to give a measure of J. (AM  J.).
It can clearly be seen that the presence of the FM layer provides effective pinning of the
vortices present in the YBCO layer, as at every temperature studied AMpy/5c > AMpyy.
Since the magnetization of the PSMO layer is confined to an in-plane direction because of
the magnetic anisotropy, the question that arises is which component of the magnetization
provides magnetic vortex pinning. The authors pointed out that this effect might come from
the out-of-plane component of the magnetization present within the domain walls. It is
important to notice that magnetic pinning is still effective even at high temperatures where

thermal fluctuations are expected to surpass the pinning potential barrier.
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In accordance with the predictions made by Bulaevskii et al. [24], that a FM film with
perpendicular anisotropy produces an important flux pinning in the SC layer, Jan et al.
[11] fabricated a FM/SC heterostructure in which the FM layer was comprised of 0.9 nm
Pt/0.2 nm Co alterantions that were deposited on top of a 180 nm and 500 nm thick YBCO
layers grown on (001) LaAlO3 (LAO) single crystal substrates. A 1.5 nm Pt spacer layer was
intercalated in the SC/FM sequence. The MFM image of the CoPt multilayer is shown in
Figure 1.8(left panel). The typical maze-like pattern with high contrast between domains of
opposite polarity is observed, characteristic for films that have an out-of-plane anisotropy.

The out-of-plane coercive field is ~600 Oe. The middle panel shows the J.(B) dependence
for all the samples studied. The measurements were performed at 86 K. The difference
between the J,. for the YBCO films with and without the top CoPt structure at 75 K and
86 K as a function of the perpendicularly applied magnetic field is plotted in Figure 1.8
(right panel). The results on magnetic pinning of the YBCO vortices may be summarized
as follows: first, the enhancement of J. is higher at 86 K than at 75 K, indicating that
intrinsic pinning is still dominant over magnetic pinning at lower temperatures. Secondly,
the "boost” in J. is most significant for fields between -600 Oe and 600 Oe, with a maximum
at 0 Oe, while it decreases for the higher field range. Taking into account the coercive field
value of the FM layer, we see that for larger field values, when some of the domains expand,
while others shrink, the domain contribution to magnetic pinning diminishes. Also, a higher
J. value is observed for the thinner 180 nm sample than for the 500 nm thick one. This is
explained by a greater penetration of the magnetic field in the thinner films, giving rise to an
enhanced magnetic pinning. Lastly, an important observation is that at 86 K the magnitude
of the critical current density is ~10 times lower than the predicted one. The explanation
comes from the random DW pattern which facilitates the vortex movement along domain
boundaries. From this perspective a highly ordered stripe domain structure, as the one
present in Py films, shown in Figure 1.3a, is bound to produce a more effective pinning due
to its anisotropic nature.

Alternative FM layers have been considered for magnetic pinning applications of YBCO
thin films. One of these consists of BaFe;5019(BFO), barium hexaferite. This compound
has a hexagonal lattice and, when grown epitaxially, it stabilizes an uniaxial out-of-plane
magnetic anisotropy. Also, the lattice is excellently matched to the YBCO lattice and
also to ZrOy-Y203(YSZ), yttria-stabilized zirconia, a well established buffer layer material
for YBCO film growth on different substrates. These two characteristics, crystal lattice
match and out-of-plane anisotropy, offer the possibility to use BFO thin films to provide
magnetic pinning sites for YBCO layers. Garcia-Santiago et al. [12] fabricated a FM/SC
heterostructure consisting of a YSZ (001) substrate upon which a BFO/YSZ/YBCO sequence
was grown. The BFO layers were 100 nm and 80 nm thick, while for the YBCO layer the

thickness was chosen as 100 nm, respectively. From field cooled (FC) and zero field cooled
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Figure 1.8: (left) MFM image of a multilayer CoPt on YBCO, showing maze-like domain

structure with uniaxial perpendicular magnetic anisotropy; (center) .J. vs.
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measurements for 500 and 180 nm YBCO films at 86 K with and without CoPt multilayer
applied; (right) Difference of J. (with and without CoPt layer applied) vs. B||c transport
measurements for 500 and 180 nm YBCO films at 75 and 86 K. Taken from [11].
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Figure 1.9: Irreversibility lines (in a reduced temperature representation) extracted from
ZFCFC data for samples YBCO (solid circles), YYBY 100/100 (solid squares), and YYBY
100/80 (open triangles). Taken from [12].

(ZFC) magnetization curves performed below the superconducting critical temperature, the
irreversibility line (IL) of the YBCO layer was deduced. The meaning of the irreversibility
line is discussed in the Appendix. The result is presented in Figure 1.9 for the FM/SC
structures, as well as for a reference YBCO film. It can be observed that for the bi-layers the
ILs are shifted upwards with respect to the reference YBCO film. This is an indication that
the the pinning is more intense in the bi-layers. Again, the reason for the additional pinning

resides in the presence of the perpendicular magnetic structure with stripe-like domains.

1.3 Magnetic flux pinning in SC/FM structures with

periodic arrays of FM micro,- and nanostructures

A particularly relevant topic in the study of SC/FM structures is the case in which the FM
component of the system is comprised of regular arrays of micro,- or nanostructures. Besides
the practical aspect of magnetic flux pinning, these type of systems offer the possibility to
study collective phenomena related to the periodicity of the magnetic arrays, the so called
commensurability effects, as well as the superconducting vortex-antivortexr pair generation
[13]. Although the wealth of results concerning this topic, both theoretical and experimental
are overwhelming, we will limit our discussion to only a few cases that are most important
for the main topic of the present thesis, magnetic pinning of superconducting vortices.

In the case of a magnetic dipole-superconducting vortex system, Carneiro [28] expressed
the interaction free energy term as being

1
Gint = _im() : Bm(Rd) — g - Bv(Rd)a (113)
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Figure 1.10: The spatial dependence of the energy of a single vortex in a field of point
magnetic dipole: (a) vertically magnetized and (b) horizontally magnetized. Taken from [13].

where the first term is the interaction term between the magnetic moment of the dipole,
my, and the magnetic field at the dipole’s site, Ry, produced by the superconducting screen-
ing currents, B,,. On the other hand, the second term accounts for the vortex and magnetic
dipole interaction, which in turn consists of two terms: one which is due to the interaction
between the circulating supercurrents of the vortex and the magnetic moment of the dipole,
and the other due to the magnetic stray field of the vortex and the dipole. Both contri-
butions are found to be equal and represent half of the second energy term in 1.13. The
first term, due to the Meissner currents induced in the superconductor, is always positive
and thus gives rise to a repulsive force between the SC and the FM dipole. This interaction
term is responsible for the well known magnetic levitation phenomenon. The other part of
the energy represents the actual pinning energy, denoted by the authors as U,. An expres-
sion was calculated by Carneiro [28] for the angular dependence of U, for two cases: one in
which the magnetic moment of a point dipole is considered to be oriented out-of-plane, and
another for which the moment was considered to lay in the in-plane direction, with respect
to the SC film surface. The results are shown in Figure 1.10. It can be seen that in the
case of a perpendicular magnetic moment the interaction with a SC vortex is purely of an
attractive nature, while for an in-plane magnetic moment, the interaction is both attractive
and repulsive, depending on the position of the vortex. However, it is clear that in both
cases magnetic pinning is feasible.

By their own claim, Martin et al. [15] were the first to study the pinning interaction
between the vortex lattice and a periodic array of submicrometric magnetic dots. Their
experimental structure consisted of triangular lattice array of circular ferromagnetic dots
(Fe or Ni), having a diameter of 200 nm, and a lattice constant that varied between d=
400 - 600 nm, Figure 1.11a. A thin superconducting Nb film having a thickness of 100 nm

was deposited on top of the dots. Resistivity measurements were performed on the this
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Figure 1.11: (left) SEM image of a triangular array of Fe magnetic dots fabricated by e-beam
lithography on a Si substrate. The lattice constant is d=600 nm and the Fe dots have a radius
r=100 nm; (right) Field dependence of the resistivity of a Nb thin film with a triangular array
of Ni dots (d=410 nm), measured at T=8.2 K and with J=2.5x10* A/cm?. Inset shows the
position of the minima B, versus the index number n. The solid line is a fit to the expression
B,, = nABy with ABy=141+4 G. Taken from [15].

SC/FM structure at 8.2 K below the critical temperature of the Nb film. The results are
shown in Figure 1.11b. It can be observed that the particularity of the p(B) measurement,
where B is the perpendicular applied field, is the existence of evenly spaced local minima,
separated by a constant field spacing ABy. It is well known (see Appendix) that the lattice
parameter of the vortex lattice, in the case of a triangular lattice, is ag = (%)1/4 (®y/B)/?,
where @ is the elemental flux quanta and B is the applied magnetic field. Upon calculating
the vortex lattice spacing, ap=413 nm=+6 nm, the authors found excellent agreement with
the lattice parameter of the magnetic dot array, d=410 nm=+10 nm. The authors pointed
out that this finding implies that the resistivity minima appear when there is an integer
number of vortices per unit cell of the array of magnetic dots. When this situation occurs
it is referred to as the two lattices (vortex and magnetic dot) being commensurate, hence
the term commensurability effects. As far as the physical interpretation of the resistivity
minima is concerned they are attributed to the pinning effect of the magnetic dots on the
vortex motion. When the commensurability conditions are met, the pinning strength is
maximum, so that vortex motion is impeded, reducing thus energy dissipation within the
superconductor and thus an electrical resistivity drop. Within the same study also p(B)
curves were also recorded for several angles, 6, between the surface normal and the applied
field. Tt was found that the field separation, ABy(f), scales well with a 1/cos(#) in the sense
that ABy(0) = ABy(0)/ cos(f). This proves that the relevant quantity for flux pinning is the
perpendicular component of the field and, as a consequence, only the number of vortices/unit
cell of periodic array is important.

Van Bael et al. [16] studied the influence of the magnetic configuration of Co rectangular
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Figure 1.12: (a) (a) and (d) MFM images recorded at room temperature in zero field of
a (2.7x4.0) pm? area of the island lattice, containing six magnetic islands. (a) shows the
magnetic response of the islands before applying a magnetic field. The magnetic image of
a similar area of the sample in the remanent state, after magnetic saturation in a magnetic
field of 10 kOe pointing upwards, is given in (d). The suggested remanent magnetic domain
configurations of the islands before and after magnetization are schematically presented in (b)
and (c), and in (e), respectively. (b) Upper half of the magnetization loop M vs. H/H; at
T/T.=0.97, for a 500 APb film on a triangular lattice of Au/Co/Au dots (period 1.5 ym) before
(filled symbols) and after (open symbols) magnetizing the dots, and for a reference Pb (500
A) film (line). (c)Schematic presentation of the stable vortex configurations (dots) at integer
matching fields for a triangular lattice of pinning centers (open circles). Taken from [16].
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nanostructures on the vortex pinning in a thin superconducting Pb film. The whole structure
consisted of a Au(7.5 nm)/Co(20 nm)/Au(7.5 nm) sequence on top of which a 60 nm Pb
film was deposited. The Co dots consisted of 360 nm x 540 nm rectangles. Their magnetic
domain configuration was studied by MFM. Figure 1.12a shows two magnetic configurations
that have been prepared for the magnetic pinning study. The first represents a demagnetized
state with possible configurations of the magnetic moment schematically shown on the left.
The other is the magnetized state in which the magnetic nanostructures are in the mono-
domain state, represented on the left. M (H) loops were performed in order to quantify the
influence of the different magnetic states on the flux pinning characteristics of the dots on the
Pb vortices. As a reminder, the amplitude of M is directly proportional to the critical current
density, J., and thus to the flux pinning strength. The results are shown in Figure 1.12b and
were measured close to T, = 7.2K. In the case of the dipole configuration, the ”magnetized”
state there is evidence of strong pinning, and also of the afore mentioned commensurability
effects. The spikes in the M (H) curve correspond to integer multiples of the matching field
Hi. The matching fields are the external magnetic fields for which the magnetic dot lattice
and the vortex lattice are commensurate, Figure 1.12c. H; represents the field for which the
dots and vortices are perfectly matched. The M (H) measurement for the demagnetized state
show a lower pinning strength, but still the commensurate M spikes appear. The difference
between the two, besides the net magnetic moment, lies also in the stray field generated by
the dots. Thus the difference between the two pinning potentials lies also in the contribution
of the magnetic stray field to the overall magnetic flux pinning. The reference single Pb
layer exhibits the lowest M (H) signal, demonstrating thus the effectiveness of the magnetic
interactions in determining high J. superconducting films.

Magnetic dot arrays having perpendicular magnetization have also been studied. Van
Bael et al. [17] prepared 400 nm [Co(0.3 nm)/Pt(1.1 nm)];o squares. A 10 nm Ge spacer
layer was deposited on top of the FM structure to avoid any proximity effects on a 50 nm
Pb (SC) film. Scanning Hall probe microscopy was employed in order to study the magnetic
signal generated by the magnetic dots and SC vortices. Their study revealed that if m > 0
and H > 0, i.e. have the same polarity, the SC vortices are positioned at the dot sites.
In contrast, if the two point in opposite directions, m > 0 and H < 0, the vortices are
located in the dot interstitial sites. The two vortex configurations lead to different pinning
characteristics. While in the case of a parallel configuration strong pinning is expected, in the
antiparallel configuration a weaker interaction is expected since the vortices’ positions are
shifted towards the dot interstices. These assumptions, backed by energetic considerations,
were confirmed by M (H) measurements, Figure 1.13. Indeed, when the magnetization points
outwards, m > 0, a high value of AM is registered in the positive H range, while it is rather
small for negative H. On the contrary, for m < 0, strong pinning is detected for negative

values of H, while weaker pinning corresponds to positive values of the external field. Similar
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Figure 1.13: M (H/H;) magnetization curves at different temperatures near 7, (7.00 K open
symbols, 7.10 K filled symbols) showing the superconducting response of the Pb layer on top of
the Co/Pt dot array with all dots aligned in a positive (left panel) and negative (right panel)
sense. H1=20.68 Oe is the first matching field. Taken from [17].

results were obtained by Lange et al. [27] and were presented in the previous Section.

As far as HTS materials are concerned, the results on magnetic pinning using arrays of
magnetic dots are not nearly as many or as detailed as in the case of low T, thin films. Yeh et
al. [18] performed both numerical calculations as well as experimental studies on arrays of Ni
dots deposited on top of YBCO thin films. In their calculations they used material constants
of the two. The calculations were also performed under a matching field condition, in the
sense that they considered that to each magnetic dot there is a corresponding SC vortex.
The interaction force is taken to be the force that acts on the magnetization of a dot, by
the magnetic field created by the vortex. The result of the simulation is presented in Figure
1.14a where the interaction, pinning, force is given as a function of the lattice parameter of
the triangular lattice of magnetic dots. The results indicate that the interaction force is zero
if the vortex lies underneath the center of the magnetic dot, while the attraction, pinning,
force is at a maximum when the vortex is placed at the edge of the dot. In the middle point
between to magnetic elements, the force is zero, while it becomes repulsive if the mid-point
is passed since the vortex is attracted by the adjacent dot. The authors argue that the force
curve presented in the top panel is an idealization and that it is subjected to decrease due to
factors such as imperfect lithographic process on the dots or modifications on the magnetic
material parameters due to lateral structuring. Also, temperature plays an important role
as the coherence length within the superconductor increases with increasing temperature.
The effect of a higher coherence length is illustrated in Figure 1.14a (bottom panel). As a

conclusion of their theoretical approach the authors predict that close to T, the magnetic
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Figure 1.14: (a) Pinning forces calculated for (a) £ = 2 nm and (b) £ = 30 nm. (b) IV
curves under various fields for the reference sample (open symbols) and for the sample with
magnetic dots grown on top (solid symbols). The measurements were performed at T,-5.5 K.
Taken from [18].

pinning force and the normal, core, pinning force might have the same amplitude.

For the experimental part of the study, a special technique was employed in order to
deposit the magnetic nano structures on the thin YBCO SC film. This technique uses a
so-called nanochannel glass (NCG), which is a material having hollow cylinders of ~30 nm
in diameter, form a hexagonal lattice with a lattice constant between 400-625 nm, in order to
transfer a regular array of dots onto a substrate. In the present case NCG was used to deposit
ordered Ni dots on top of the YBCO film. A reference single YBCO film was also grown
for comparison. The evaluation of the magnetic pinning strength was performed by tracing
I —V curves on the two samples at different temperatures. Since the T, of the two YBCO
films was different, measurements were performed at fixed temperature intervals lower than
the respective critical temperatures. Figure 1.14b shows the I — V' characteristic of the two
samples at 5.5 K below T, in order to avoid differences related to th existence of different T,
values, at three different field values. It can be observed that all the curves corresponding
to the sample having Ni dots on top (solid symbols) are shifted towards higher values of the
current. This situation corresponds to a higher pinning strength exerted by the magnetic
dots on the vortices. The shift may be understood as follows: for small currents passing
through the SC layer the Lorentz force is low so that no vortices begin to flow, so that the
voltage drop is zero. As soon as the current increases to a point in which the Lorentz force is
strong enough to depin the vortices, a voltage drop is registered. In consequence, the higher
the current for voltage onset the higher the pinning force and the critical current density.
With respect to the case at hand, at all temperatures the measurements were performed,
improved pinning forces were observed in the sample with FM dots over the simple SC layer.

Even though commensurability phenomena have not been observed, the study shows that
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even for HT'S thin films, periodic arrays of magnetic particles lead to an enhancement of the

pinning potential and as a consequence of J..

1.4 Résumé de chapitre en francais

Le chapitre introduit les phénomenes d’ancrage magnétique des vortex dans les supracon-
ducteurs de type II. Le mouvement des vortex dans ce type de supraconducteurs implique
la dissipation de I’énergie. Ainsi, I'ancrage des vortex représente une nécessité impérative en
vue des applications potentielles pour le transport d’énergie sans perte. Typiquement, deux
types d’ancrage sont utilisés: intrinseque ou topologique, par des défauts artificiellement in-
troduites dans la structure cristalline du supraconducteur, et plus récemment, extrinseque via
des champs magnétiques localisés générés par des nanostructures magnétiques. Ce deuxieme
type d’ancrage est particulierement intéressant car il est indépendant de la température. Cela
est possible dans la mesure ou 'aimantation, ainsi que 'intensité du champ de fuite généré
par un nano-objet constitué d’'un matériau avec une température de Curie bien supérieure a
la témpérature critique du supraconducteur, resteront quasiment constantes dans l'intervalle
de température ou le supraconducteur sera utilisé.

Dans la premiere partie du chapitre on explique la limitation de I'ancrage topologique
dont lefficacité tend vers zéro lorsque la température se rapproche de la témpérature cri-
tique Tc du supraconducteur. Par la suite, on explique l'intérét de 'ancrage magnétique en
exemplifiant le cas particulier d'une nanostructure magnétique de type bande perpendicu-
laire (perpendicular stripe), pour laquelle dans une fenétre en température autour de Tc les
propriétés magnétiques et micromagnétiques sont pratiquement constantes.

L’ensemble du chapitre présente une analyse bibliographique a jour (state of the art)
dans le domaine de ’ancrage magnétique des vortex dans les supraconducteurs de type II.
Deux classes des structures de type systeme ferromagnétique (FM)/supraconducteur (SC)
sont analysés. Dans la premiere classe, le film ferromagnétique FM est continu et les nanos-
tructures magnétiques sont représentées par des modulations périodiques de 'aimantation
sous forme de bandes alternées a aimantation perpendiculaire. La deuxieme classe des struc-
tures FM /SC implique des nanostructures magnétiques obtenues par la réduction de la taille
latérale a partir d’un film magnétique continu, en utilisant des techniques de lithographie.

Le deuxieme paragraphe du chapitre introduit les concepts de base nécessaires a la
compréhension des phénomenes de dissipation de ’énergie liée au mouvement des vortex
dans un supraconducteur. Nous montrons que le mouvement de flux des vortex dans le SC
de type II peut étre assimilé a une résistivité et ainsi qu’une loi de type Ohm pourra étre
écrite.

Le paragraphe suivant présente des exemples de la littérature sur I'ancrage des vortex

dans des structures bicouche de type SC/FM. La couche FM est continue et elle comporte
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des modulations périodiques de I’aimantation par des structures de type bandes magnétiques
perpendiculaires (i.e. structure de type weak-stripe dans le cas du Permalloy). Les premiers
deux exemples présentés sont basés sur des films SC de type II a basse température cri-
tique: NbSey et MoGe. Par 'analyse électrique de la densité de courant critique ces études
démontrent clairement 'efficacité de I'ancrage magnétique. Le courant critique augmente
dans une échelle logarithmique lorsque les bandes magnétiques sont orientées parallelement
a la direction du courant électrique dans la bande supraconductrice. Ceci démontre que
le mouvement des vortex, sous 'influence d’une force de type Lorenz perpendiculaire a la
direction du courant, est bloqué par la modulation périodique de ’aimantation parallele a
la direction du courant. I'ancrage des vortex se réalise par le champ de fuite perpendiculaire
a la surface du film généré par les parois de domaine qui séparent deux domaines adjacents
d’aimantation up-down.

Une autre étude utilise comme systeme magnétique I'alternance multicouche (Co/Pt),,
et le Pb comme couche supraconductrice. L’analyse du courant critique est faite par des
mesures magnétiques de type M (H) en utilisant par la suite le modele de Bean. L’influence
directe des parois des domaines sur les vortex dans le SC a été analysé dans une structure
de type ferrite de Bi/NbSe2. En déplacant par un champ magnétique externe une paroi de
type Bloch on observe I'influence directe sur le mouvement des vortex dans les SC. L’analyse
bibliographique effectuée et présentée dans ce chapitre montre que relativement peu d’études
ont été réalisées sur des systemes a base de supraconducteurs a haute température. L’un
des rares exemples trouvé dans la littérature montre, via une analyse magnétique (cycles
d’hystérésis), les effets d’ancrage dans une bicouche Prg 67519 33MnO3/YBCO. Un autre ex-
emple discute des résultats similaires observés dans des structures de type (Co/Pt),,/YBCO
ou 'ancrage magnétique des vortex est démontré par des mesures électriques. Un dernier
exemple présenté dans ce paragraphe du chapitre illustre les résultats obtenus pour un
systeme complexe de type (BaFe;2019/ZrO5-Y503)/YBCO. Par une analyse magnétique
de type Field Cooled-Zero Field Cooled (FC-ZFC) les auteurs de I’étude déduisent la ligne
d’irréversibilité du supraconducteur et démontrent que l'ancrage des vortex dans les struc-
tures bicouches étudiées est bien plus efficace que dans une couche d’YBCO unique. Ils
expliquent ces résultats par 'influence directe du champ de fuite perpendiculaire dans les
structures magnétiques utilisés (de type perpendicular stripe).

Le quatrieme paragraphe du premier chapitre introduit le concept de I’ancrage magnétique
dans des structures de type SC/FM constitués par des réseaux d’objets ferromagnétiques
micro et nano-structurés. On montre que 'effet d’un dipole magnétique sur un vortex supra-
conducteur est double. Une premiere composante de I'interaction dipole-vortex est de type
répulsif. Ceci explique le phénomene bien connu de la 1évitation. Une deuxieme composante
de l'interaction est de type attractif et d'un point de vue analytique a une forme tres simi-

laire & celle qui donne l'interaction entre une pointe MEM (Magnetic Force Microscopy) et
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un champ de fuite généré par la nanostructure mesurée. Cette interaction attractive sera
responsable de I’ancrage magnétique d'un vortex par le dipole magnétique.

Apres cette analyse phénoménologique, le paragraphe présente des exemples issus de
la littérature avec des études concernant l'interaction entre un réseau des vortex SC et
un réseau périodique des nanostructures magnétiques (réseau triangulaire de nano-objets
circulaires de Fe et Ni). L’intérét majeur pour ce type de structure réside dans le fait que
le parametre de réseau des vortex SC peut étre modulé par le champ magnétique externe.
Ainsi, une situation toute particuliere apparait lorsque ce parametre devient commensurable
avec le parametre de réseau des nanostructures magnétiques. Les mesures de résistivité
électrique effectuées dans des systemes de type Nb/nanostructures Fe et Ni montrent les
effets de commensurabilité entre les deux réseaux via des minima locaux de la résistivité en
fonction du champ. Lorsque les deux réseaux sont commensurables, 'efficacité de I'ancrage
magnétique sera maximale donc la résistivité de flux-flow du SC minimale. Dans la méme
étude, une analyse angulaire de la résistivité démontre encore une fois clairement que la
quantité importante pour ’ancrage magnétique est la composante perpendiculaire du champ
de fuite. D’autres analyses similaires présentées dans ce chapitre ont étés effectuées dans des
systemes de type (Au/Co/Au)/Pb, ou les effets d’ancrage magnétique ont étés démontrés
par une étude corrélée MEM (Magnetic Force Microscopy) - M(H). Par la suite, dans des
structures de type (Co/Pt),,/Pb, des mesures de microscopie Hall & balayage ont été utilisées
pour extraire les signaux magnétiques générés par les structures magnétiques et les vortex
et montrer ainsi leur interaction réciproque et les effets d’ancrage magnétique.

Comme pour les systemes SC/FM a base de films FM continus, 1’analyse bibliographique
démontre que le nombre d’études impliquant des supraconducteurs a haute température reste
pour l'instant relativement limité. Toutefois, nous présentons quelques exemples trouvés
dans la littérature. Un premier exemple comporte des réseaux de Ni sur YBCO. Dans ces
systemes, les mesures expérimentales ont été confrontées avec des calculs micromagnétiques.
Meéme si les effets de commensurabilité du réseau magnétique et celui des vortex SC n’ont pas
été démontrés, les résultats de 'analyse démontrent clairement 1’augmentation du potentiel

d’ancrage par le réseau magnétique périodique.
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Chapter 2

Experimental Methods

2.1 Thin Film Deposition

2.1.1 DC Magnetron Sputtering

One of the techniques that were used for thin film deposition was the DC magnetron
sputtering technique [1]. The working principle behind this method is the creation of a
plasma and the acceleration of the ions in the plasma towards a cathode, called target,
made from the material one wishes to be deposited onto the substrate. The accelerated
ions transfer their kinetic energy upon impact, to the atoms forming the target, resulting
in the phenomena known as sputtering, which consists in the ejection of the target atoms
with a certain kinetic energy. This process in not chemically selective, in the sense, for
example, thermal evaporation is, as it is a process that does not occur at thermodynamic
equilibrium. However, selectivity manifests itself in the different sputtering yields of the
different atoms composing the target, i.e. the ratio of the number of target atoms ejected
from the target to the number of ions incident on the target. The sputtered atoms are
adsorbed on the substrate surface, leading to film growth. In the case of DC sputtering,
the plasma is created applying a high voltage in a region in space, called the dark space, in
which low pressure gas is present. Typically, the gas pressure is situated in the mTorr range.
Because the target is negatively polarized, gas ions, commonly Ar", are accelerated towards
the target. Besides sputtering, other processes take place at the target surface depending
on the ionic energy, such as ionic implantation, secondary electron emission or ion retro-
reflection, Figure 2.1b. Secondary electron emission is a phenomenon that is crucial to the
plasma formation. Secondary electrons in their path collide with atoms in the gas filling
the evaporation chamber. If the electron energy is higher than the ionization energy of the
atoms, ions are formed, which will consequently be accelerated towards the target, while the
resulting electrons are free to participate in other collision processes. If, on the contrary, the

electron energy is lower than the ionization energy, during collision the transferred energy
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Figure 2.1: (a)Principle of operation of a DC magnetron sputtering deposition system; (b)
Processes that occur at the target surface (Taken from [1]).

will cause the electrons in the atom to jump on a high energy level, and then through
relaxation go back on the initial state. The latter is usually an optical transition, i.e. the
emitted photons have the energies corresponding to frequencies in the visible domain, and
is responsible for the characteristic color of the plasma. Because the sputtering yield is very
low, film growth rate in a classic DC sputtering set-up is very low. In order to increase the
deposition rate, a series of methods were developed in order to increase plasma density and
obtain more efficient sputtering. Among these, probably the most used is the magnetron
sputtering set-up Figure 2.1a. This method uses electron precession in a magnetic field to
increase their path length allowing them to participate in more collision processes and thus
producing more Ar* ions and a higher density plasma, which will produce higher sputtering
yields. The plasma density obtained by magnetron sputtering is of 0.03% as opposed to
0.0001% in a classic configuration. Also, the use of magnetron sputtering, allows for the use

of lower gas pressures, between 0.01-1mTorr.

2.1.2 Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a deposition technique that has evolved in close relation
with the advances in the domain of oxide thin films growth, in general, and of high temper-
ature superconducting thin film deposition in particular [2]. Pulsed laser deposition consists
of directing a pulsed laser towards a target made of the material one wishes to deposit. The
result is the ablation of small portions of the target, when appropriate laser energy density
is achieved. The central feature of PLD is the so called plume. The plume is a result of
the laser-target interaction and consists of a mixture of the atomic species ejected from the
target. The plasma observed at the target surface is a consequence of laser absorption by

the expelled atoms. The thin film deposition process by the PLD technique is summarized
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Figure 2.2: (a) Schematic presentation of the pulsed laser deposition technique (Taken from
[2]), (b) PLD set-up used to grow the YBCO thin films (ENEA-Frascati).

in Figure 2.2a. The characteristic of this method, which recommends it to be the method of
choice in the growth of multi-cationic thin films, is the ability to perform a stoichiometric
transfer to the film of the target material. This is achieved by performing a non-equilibrium
ablation of the target material. The non-equilibrium nature of the ablation is determined
by the laser fluence, which is defined as the laser pulse energy/focal spot area. If the laser
fluence is high enough as to overcome an ablation threshold, that is the energy of the pulse
is higher than that needed for thermal evaporation, non-equilibrium ablation is attained.
Also, in this process laser wavelength is important as it determines the absorption of the
laser energy by the target.

We have used the PLD deposition method to grow YBay,CuzO; (YBCO) thin films. The
set-up was located at the ENEA-Frascati Laboratories in Italy, Figure 2.2b.

2.2 Photolithography and Ion Beam Etching

Optical lithography or photolithography is a microfabrication process in which a pattern
imprinted on a mask, called photolitographic mask, is transfered to a substrate covered with
a thin layer of photoreresistive material. This transfer is achieved by exposing the mask
to radiation, which in turn impresses the corresponding regions of the photosensitive layer,
as illustrated in Figure 2.3. The unexposed parts of the resist are then removed using a
developing fluid. It is to be noted that the processes described above is valid when using

a positive photoresist, otherwise, in the case of a negative photoresist, the exposed parts of
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Figure 2.3: Schematic presentation of the photolithografic and ion beam etching processes
(adapted from [3])

the resist are soluble and are removed by the developer. Also, in our case, resist is deposited
on a substrate upon which we have already grown the films that we desire to structure. The
next step of the lithographic process consists in actually defining the pattern onto the thin
films. This can be achieved either by chemical route, or, as in our case by ion beam etching.
Ion beam etching, illustrated in Figure 2.3, consists removing the film from the areas that
are not covered by the resist, by accelerating Ar™ ions toward the film. The ion remove parts
of the film upon impact in by sputtering, a process descried in more detail, in Section 2.1,
dedicated to thin film growth techniques.

As far as the hardware is concerned, we have used a SUSS Microtech MJB4 Mask Aligner
for photolithography, and a home-made ion beam etching set-up, equipped with a Kauffman
ion gun. The sample holder in the ion beam etching chamber allowed for continuous rotation
of the sample, around an axis perpendicular to it, so that it ensured uniform etching. The
sample holder also permits for rotations so that the samples make a certain angle with
respect to the ion trajectory, which allows for selective etching.

In the present thesis the masks were used to define the superconducting layer into stripes
of well know geometrical dimensions, so that quantitative analysis of the electric transport
related physical quantities, such as electrical resistivity, p, and critical current density, J.,
could be performed. Also photolithography was employed in order to structure magnetic
dots on top of the superconducting stripes, so as to study the interaction between the
magnetic structures and the vortices within the superconducting material. The design of
the lithographic masks constituted a part of the present thesis. The mask drawings were
performed with the aid of the Layout Editor software [4].
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Figure 2.4: High resolution X-ray diffractometer (Adapted from [6]).

2.3 High Resolution X-Ray Diffraction

The present thesis is mainly focused on the growth and characterization of epitaxial
thin films and epitaxial heterostructures. Epitaxial thin films represent thin films of high
structural order, deposited on top of single crystal substrates. As in the case of x-ray
diffraction measurements on powder, polycrystalline films, etc., structural information is
extracted from the position, intensity and width of Bragg peaks. However, special optics need
to be employed in order to measure epitaxial thin film system, as very closely spaced peaks,
which appear in the diffraction pattern of epilayer-substrate systems, need to be resolved.
X-ray diffraction in this configuration is referred to as high resolution X-ray diffraction
(HRXRD). The precision Ad/d by which interplanar spacings may be determined is given
by [5]:

MM
d )\ tan 6’

where A\ is the spectral width of the radiation and ¢ is the beam divergence. In order

(2.1)

to attain low Ad/d values X-ray diffraction optic elements are used. They are described
in the following Section. The next Sections are dedicated to describing different types of
measurements and the information that they provide on the structural characteristics of the

epitaxial thin films.

2.3.1 HRXRD Diffractometer

For the X-ray diffraction measurements of our epitaxial thin films we have used a Bruker
AXS D8 Discover diffractometer equipped with high resolution optic components. The high
resolution configuration consisted of a Goebel mirror and a Ge monochromator, as tube
optics, and a channel cut analyzer or a variable slit set-up on the detector. This configuration

is schematically presented in Figure 2.4. The Goebel mirror [5], also known as laterally
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Figure 2.5: Symmetric (left) and asymmetric (right) X-ray diffraction measurements on
epitaxial thin films.

graded multilayer mirror (LGMM) is an X-ray optics component designed for reduction of
the beam divergence, §. The device is constructed as an ellipse segment, having the X-ray
tube in the ellipse focus. The mirror consists of an alternating multilayer structure, having
the layer period adapted in such a way that the Bragg condition is fulfilled for all incidence
angles of the divergent X-ray beam. In this way the beam exits the Goebel mirror as a parallel
beam, with a divergence of only a few 0.01°. Next to the Goebel mirror a monochromator
is mounted. In our case it consists of two Ge crystals, that are positioned in such a way
that the beam exiting the mirror suffers a double reflection on them. Additionally, they are
disposed in such a way that the incident angle is the Bragg angle of the (220) planes for the
Cu Kay wavelength. In this way the only wavelength exiting the monochromator is the one
corresponding to Cu Kay, reducing thus the wavelength spread, A\ of the X-ray radiation.
Additional filtering is also provided by the analyzer monochromator that functions under
the same physical principles as the monochromator, with the only difference being that the

scattered beam suffers a triple reflection on the Ge crystals.

2.3.2 Symmetric and asymmetric X-ray diffraction measurements

In the case of X-ray diffraction on epitaxial thin films, symmetrical 20/w (w~20/2)
permits to gain information regarding the distance between the planes that are perpendicular
with respect to the surface normal of the single crystal substrate. Hence, considering the

epitaxial relation between the film and the substrate, according to Bragg’s diffraction law:

2dhkl sinf = nA (22)
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Figure 2.6: Symmetric 26/w diffraction pattern around the (002) planes of a LSMO epitaxial
thin film (L) and of the STO single crystal substrate (S). Additional diffraction fringes (F) may
be observed (see text).

the distance dpg between the (hkl) planes can be determined. It can be observed that in
the case of a (000) fiim|| (001) supstrate €pitaxial relation, performing a symmetric measurement
only gives access to the out-of-plane lattice parameter, as shown in Figure 2.5(left). In
order to be able to measure the in-plane lattice parameters, asymmetrical measurements
have to be performed, Figure 2.5(right). These consist in measurements in which w # 260/2,
around crystal planes that are not parallel with the substrate orientation, e.g. (h0l), (0kl)
or (hkl). Even though Figure 2.5, refers to the situation where epitaxy is determined by
(007) fitm || (001) supstrate, the principles of symmetric and asymmetric measurements can be ap-
plicable to any type of film-substrate epitaxial relation. However asymmetric measurements
can be hindered by geometric factors, such as w being less than zero, for the diffraction con-
dition to be fulfilled. An example of a symmetric 20/w scan performed with a diffractometer
equipped with high resolution optics, as described in the previous paragraph, is shown in Fig-
ure 2.6. The measurement was performed around the (002) peak of a thin Lag gsSro.33MnO3
(LSMO) layer deposited on top of a SrTiOz (STO) (001) single crystal substrate. In this
particular system (001) iz ||(001)sypstrate. Besides the substrate and layer peaks, additional
peaks may be observed. This fringing comes from the fact that the high structural quality of
the films determines a Frauhoffer-like diffraction of the x-ray radiation, where the slit width
is the actual film thickness. In this way, one is able to determine the film thickness from the
angular spacing of two adjacent fringes. The fringing can only be observed if the density
of crystalline disorder associated with dislocations, mosaicity, surface roughness, etc., is not

too strong.
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Figure 2.7: Reciprocal space of a single crystal substrate and an epitaxial film.

2.3.3 Reciprocal Space Mapping

Reciprocal Space Mapping is a high resolution X-ray diffraction measurement technique
in which one measures an area of the reciprocal space, around certain Bragg reflections.
This is achieved by a combination of w and 20/w (symmetric or asymmetric) scans. One
can imagine diffraction measurements in the k-space, where k is the X-ray wave vector. The
result of such a measurement is Q=k;-k;. Because of this relation, k-space is also called
Q-space or moment transfer space. The relation with the traditional w and 26 variables is

given by
Q. = klcos(0 — w) — cos(0 + w)] (2.3)
Q. = k[sin(0 — w) + sin(0 + w)],

where x and z represent directions in the sample reference frame. If Q is a reciprocal space
vector, then the Ewald selection rule is fulfilled, so that we would obtain diffraction on a
certain crystal lattice plane family. In Figure 2.7 we have represented a fictitious reciprocal
space of an epitaxial film (gray) superimposed on the substrate reciprocal space (black). The
film growth is determined by the (001) iz || (001) supstrate relation. In a Reciprocal Space Map-
ping experiment one would measure an area of the reciprocal space, like the one represented
by the dark gray rectangle of Figure 2.7. Since this kind of measurement is a combination of
linear measurements, it provides simultaneous information on the lattice parameters of the
substrate and film, the strain of the film and also on the texture, or mosaicity of the film.
X-ray reflection is limited for w taking values between 0 and 26, light gray region in
Figure 2.7. Outside these values, instead of reflection one would obtain a transmission of

the X-rays through the sample, as the incident or exit beams would be situated below the
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Figure 2.8: w-scans (rocking curves) around the (001) and (002) peaks of epitaxial thin LSMO

films deposited on STO(001) substrate (open circles) and the corresponding simulation (red
line).

sample surface.

2.3.4 Epitaxial thin film texture characterization

Epitaxial thin films are formed of highly oriented crystallites. However, these crystallites
have a slight misorientation both in the out-of-plane direction, as well as in-plane, which
both determine the film’s texture. The epitaxial quality of a thin film is reflected by the
angular distribution of crystallites in the two afore mentioned directions. For each direction
there is a specific measurement method which quantifies the respective angular distribution.

In the out-of plane direction the measurement of the angular distribution is done by per-
forming the so-called "rocking curves”, or w-scans. This type of scan is done by positioning
the tube and detector at an angle 26, corresponding to the plane family parallel to the film
surface, and then measuring the intensity varying w, around the 6 value. In this way one is
really measuring the out-of-plane angle distribution of the crystallites of the film. Usually,
the parameter that describes the epitaxial quality is the FWHM of the obtained distribution.
An interesting feature, observed in many epitaxial thin film, systems is the two-component
rocking curve, as the ones presented in Figure 2.8. As it can be seen the peak exhibits a
profile comprised of a narrow, high intensity component corresponding to the coherent scat-
tering part of the radiation, and a broad, low intensity component, corresponding to a diffuse
scattering part. The presence of the diffuse scattering component stems from the existence
of distorted regions, of limited spatial extension, in the films. These regions are situated

around defects such as dislocations, grain boundaries, chemical inhomogeneities, etc. The
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Figure 2.9: X-ray reflectometry measurement on a LSMO epitaxial thin film deposited on a
STO(001).

coherent part originates from the long-range order, inherent in high-quality crystalline struc-
tures. Quantitative information regarding the spatial and statistical properties of the strain
field, as well as regarding the in-plane coherence length, ”crystallite” size, can be deduced
from the numerical simulation of such w-scans [7]. With respect to the in-plane distribution
of crystallites, ¢-scans (not shown here) are used to describe their angular distribution in this
direction. As in the case of w scans, this measurement is performed by setting the 26 angle
to a plane, that in this case corresponds to a plane that is not parallel to the film surface, but
also has an in-plane component. Besides the in-plane angular distribution, performing such
kind of scans on both the film and substrate, provides also the epitaxial relation between
the two.

2.3.5 X-Ray Reflectometry (XRR)

X Ray Reflectometry is an non-destructive technique that allows the investigation of thin
films in relation to their thickness, composition and roughness. It consists of performing an
X-ray reflection experiment around the total reflection angle, also called the critical angle.
A typical XRR measurement is shown in Figure 2.9, performed on a thin layer of LSMO
deposited on an STO substrate. As it can be seen for angles that are smaller than the
critical angle the intensity of the reflected radiation is maximum as one would expect since
there is no refraction in the film. As the critical angle is surpassed, the intensity decreases
as refraction occurs. The typical features of an XRR measurement are the fringes visible at
low 26 angles. The origin of the fringes stems from the interference of the radiation reflected
from the film and the radiation that is reflected from the substrate, at the film-substrate

interface. The condition for a constructive interference between the two is that the difference
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in optical path of the two rays be an integer of A. This requirement is the analogous of the
Bragg relation, where the distance between the crystal planes, in case of the latter is replaced
by the thickness of the film in the case of the former. Thus, from the distance between two
consecutive intensity maxima, one can calculate the film thickness accordingly. Also, it can
be noticed that the critical reflection angle is dependent on the material of the thin film. This
is due to the fact that the refraction index, n, is material dependent, and more specifically
is dependent on the material density and the electronic density. The critical reflection angle
and the refraction index are connected by Snell’s law. In this sense, XRR is considered to
be a technique that may be used for compositional studies, through the measurement of
the critical reflection angle. As far as thin film and interface morphology characterization
are concerned, the overall intensity decay of the reflected X-ray radiation is related to the
surface roughness through dispersion. Roughness, understood as large deviations of the film
surface normal on a lateral scale of a few nanometers, leads to the dispersion of the reflected
radiation which in turn leads to a more rapid decay of the radiation intensity as a function
of the incidence angle. Fitting of the XRR measurements on the deposited films, in order to
extract quantitative information about the film thickness and morphology, was performed
using the LEPTOS software.

2.4 Atomic Force Microscopy

Atomic force microscopy is a very powerful technique used to provide quantitative infor-
mation about the surface topography of thin films. The principle behind this technique is
to use the forces that act between a small probe and the studied surface, when the two are
very close or in contact with each other, in order to trace the topography of the surface. In
practice this is achieved using an experimental set-up that is summarized in Figure 2.10a.
The simplest operation mode of an AFM is the so-called contact mode, in which the probe,
i.e. tip, is brought into contact with the sample surface and, by means of piezoelectric drives,
it is moved in the z-y, surface in-plane direction. As the tip moves, it is deflected, together
with the cantilever, by surface irregularities. The deflection amplitude, which is in fact a
profile line of the surface, is measured by a reflecting a laser beam from the cantilever into
a set of four photodiodes. The topographic information is thus transformed into an electric
signal, which is in turn used to recreate a surface image on a display, providing at the same
time information for the feedback loop controlling the tip movement. Although simple, the
contact operation mode has some drawbacks. Because the tip and surface are in contact,
this may lead to the damaging of the tip, creating artifacts and degrading image resolution.
Also, the surfaces that have been exposed to air tend to form a thin layer of water and
other contaminants on top. An AFM tip touching the contaminated surface will cause the

formation of a water meniscus. The surface tension thus created provides an additional force
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Figure 2.10: (a) Principle of operation of an AFM; (b) Cantilever and tip.

that influences the deflection of the tip, and thus the out-come of the AFM measurement.
To prevent tip and sample damage, but most importantly to increase image resolution and
provide the possibility of imaging fluid surfaces, the dynamic modes of AFM were developed.
As opposed to the static, 7.e. contact mode, in the dynamic regime the cantilever is oscillated
at, or near the resonance frequency. The oscillation parameters of the cantilever are then used
to provide topographical information about the surface. Depending on the parameters used
to provide for the feedback loop there are two separate dynamic modes: amplitude modulated
mode (AM-AFM) and frequency modulated mode (FM-AFM). Besides the difference in the
feedback parameters there is another fundamental difference between the two modes, which
consists in the region of the Lennard-Jones potential in which they operate. The Lennard-
Jones potential is tip-surface interaction potential as a function of the distance between the
two. It is composed of two terms: a repulsive and an attractive component. The repulsive
interaction is of short range and stems from the Pauli repulsion as the electronic orbitals
of the tip and surface overlap. The attractive long range interaction is due to the Van der
Waals forces which are a sum of dipolar interaction forces, the most common of which being
the London dispersion force, which is the interaction between instantaneous, self-polarized,
dipoles [8]. It is quite clear that in the static, contact regime, the AFM operates in the
repulsive branch of the interaction potential, corresponding to very small separation of the
tip and surface. The amplitude modulated mode is also known as intermittent contact mode
or the Tapping mode. The name comes from the fact that the cantilever oscillates above
the sample and then lowered until it comes into contact with the surface, experiencing thus
only intermittent contact with it. Consequently, this mode operates both in repulsive and
attractive branches of the potential. As the tip is lowered its oscillation amplitude is reduced.
During the operation the controller acts as to maintain the oscillation amplitude constant.
In the frequency modulated mode, or the non-contact mode, the tip oscillates at a certain

height above the surface, experiencing only the attractive van der Waals forces. The presence
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Figure 2.11: Lennard-Jones interaction potential.

of the interaction potential produces shifts in the resonance frequency of the cantilever. In
this mode, the controller is set to maintain a constant oscillation frequency. The non-contact
mode is operated in vacuum and it’s the method that produces routinely atomic resolution
images. However, the most common techniques for thin film surface investigations are the
Contact and Tapping modes. Throughout the present thesis the AFM images were obtained

in the contact or Tapping mode, unless specified otherwise.

2.4.1 Magnetic Force Microscopy

Depending on the nature of the tip and the surface under investigation, the principles
of the AFM can be used to probe other forces that appear between the two, besides the
van der Waals forces. Such forces include electric, magnetic or friction forces, and they give
rise to additional modes of AFM operation. When dealing with magnetic thin films, one
can have access to the magnetic domain structure by performing AFM measurements using
a tip that has a magnetic coating and measuring the magnetic interaction force between
the magnetization of the tip and the stray field of the domains within the film. This AFM
mode bears the name of Magnetic Force Microscopy, MFM. The operation of the MFM is
summarized in Figure 2.12a. First, the tip traces the topography of the surface (1) and
then it is raised at a certain distance above the sample (2), retracing the same line scan,
(3). As it is shown in Figure 2.12b, van der Waals forces are short range, while magnetic
interaction is long range, so in order to eliminate the van der Waals component of the tip
sample interaction, the tip is raised above the surface where only the magnetic force is

present. Finally, the tip is then lowered (4) to proceed to the next line scan.
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Figure 2.12: (a) Principle of operation of an MFM in the Interleave mode, adapted from [9];
(b) Magnetic and Van der Waals forces as a function of the tip-sample distance. Taken from
[10].

2.5 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is an analysis technique which allows for the
qualitative and quantitative determination of the electronic structure of materials. The
physical phenomenon that lies behind this technique is photoemission. Essentially, photoe-
mission is the process in which electrons are emitted from a bulk material after absorbing
the energy of photons of an incident radiation beam, represented by X-rays, in the case of
the XPS. This phenomena is described, from the conservation of energy point of view, by
the Einstein equation:

hv = B}, + ¢s + Ej(k), (2.4)

where ¢g represents the sample work function, Av the incident photon energy, which for most
of the XPS systems lies in the 1-10 keV region. F}, is the photoelectron kinetic energy and
EE(k) is the binding energy of the electron. The binding energy is given by Koopman’s
theorem as

Eg(k) = Et];t - Efot (2-5)

That is to say, the binding energy represents the difference between the system in the initial
state and the energy of the system in the final state, which has one electron less. Since every
chemical element has a unique electronic structure, the electrons will be emitted having
specific kinetic energies. In photoelectron spectroscopy, one analyzes the kinetic energy of
the emitted electrons, from which the binding energy spectrum of the electrons is determined.
The determination of the binding energy from the corresponding kinetic energies of the
expelled electrons is schematically presented in Figure 3.37. In the case of solid samples,
as was the case for our thin film structures, electrical contact is made between the sample
and the spectrometer. This ensures that the sample and spectrometer are in thermodynamic

equilibrium, so that the electrochemical potentials or Fermi levels are equal [11]. An electron
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Figure 2.13: Energetic representation of the XPS operation principle. Adapted from [11].
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difference of ¢gpec — @, Figure 3.37. Hence, the spectrometer will measure a different kinetic

having ;. at the sample surface, passing to the spectrometer will feel a potential energy

energy, Fii,, given by the expression

Ekin == E]izn + (‘bS - ¢spec) (26)

Substituting the above relation in Equations 2.4 and 2.5 will yield the binding energy as
a function only of the kinetic energy measured by the spectrometer and the spectrometer

work function, which eliminates the need of knowing the sample work function:
hv = Eg(k) + Egin + Gspec (2.7)

From the obtained binding energy spectrum one can determine quantitatively the chemical
composition [12], C;(%), with an accuracy of approximately 0.5 at.%. This is achieved by
determining the normalized area of each peak, which is the actual area of the peak divided

by correction factors, as in the expression below

, Area of Photoemission Peak
Normalized Area = , —— — . (2.8)
Relative Sensitivity x Transmission Function

Normalized Area;

Ci(%) = — (2.9)
> Normalized Area;

=1
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The actual concentration is the ratio between the normalized area of the peak corresponding
to a certain element and the sum of all the normalized areas of the rest of the measured
peaks. From a qualitative point of view, an XPS analysis can also give information on the
chemical state of the ions within a sample, hybridization or the chemical environment around
a certain ion. This is achieved due to the existence of binding energy shifts, the so called
chemical shifts. The effect consists of a modification of the electronic structure, and thus of
electronic binding energies, of an ion when, for example, it participates in a chemical bond.
The bond rearranges the electrons, thus modifying the Coulomb interaction among electrons
and between the electrons and nuclei, changing their respective energies. This results in a
shift of the energies of the electrons, i.e. chemical shift. Since the shift is sensitive to its
particular cause, one can evidence for example oxidation within the sample or other chemical

state variations.

2.6 Vibrating Sample Magnetometry

Vibrating Sample Magnetometer is an instrument used for measuring the magnetic prop-
erties of samples, and its operating principle is based on the electromagnetic induction prin-
ciple, as described by the Lenz law. From the experimental point of view, the magnetic
sample one wishes to characterize is placed between the poles of an electromagnet, as shown
in Figure 2.14a. The sample is mounted at the end of a quartz or plastic rod, which in
turn is fixed on a vibrator head. The vibrator is used in order to induce in the sample a

periodic, vertical movement. As the sample vibrates a magnetic flux variation is created,

Vibrator

Oscillator| Head Drive
U=Usin(mt)
Lock-in
Amplifier Sample
U,.=U,_sin(ot+r/2) I
Pickup coils ©
Electromagnetic Coils ==

(a) (b)

Figure 2.14: Principle of operation of a VSM (a) and (b) schematic view of a first order
gradiometer.

which induces a voltage on the coils, called pick-up coils, placed in the vicinity of the sample.
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As the sample is vibrating with the frequency set by the vibrator, v, the flux is oscillating
with the same frequency, which results in an induced voltage which is 7/2 out of phase with
respect to v. A lock-in amplifier is used to measure only this signal, 7/2 out of phase with
a reference signal, the signal of the vibrating head. The induced signal is proportional with
the sample’s magnetic moment. In order to establish a link between the magnetic moment
and the induced voltage, a calibration is required to be performed on a known sample, which
is typically a Ni sphere. An additional feature of the pick-up coils is that they are connected
in a 1 order gradiometer configuration, Figure 2.14b so as to eliminate any parasitic voltage

signals induced by electromagnetic noise.

2.7 SQUID Magnetometry

The Superconducting Quantum Interference Device, or SQUID, is the most sensitive up
to date magnetic sensors, achieving resolutions of several fT. The high resolution makes the
SQUID the sensor of choice when dealing with magnetic systems with low magnetic moment,
such as thin films. The principle of operation of such a device is based on two features of
the superconducting state. One is flux quantization and the other is the electrical charac-
teristics of Josephson junctions (tunnel junctions having superconducting electrodes). The
characteristics of the Josephson junctions, Figure 2.15, are given by the so called Josephson

relations, which give the expressions for the current passing through and voltage across such

a junction:
Jj=Jesing (2.10)
h Op
v=——.
2e Ot

In the above expressions, ¢ is the phase difference of the superconducting wave function
across the junction, while J. is the critical current density of the junction. Flux quantization
is a phenomenon that appears when a superconducting ring is placed inside a magnetic field.
It can be shown that the magnetic flux inside the ring takes only integer values of &y, a

quantity know as the fundamental flux quanta. In other words:
d h P (2.11)
= nN—="n . .
2e 0

When placed inside a magnetic field, the phase variation of the superconducting wave func-
tion across a Josephson junction, interrupting a superconducting ring, is given by the ex-

pression:

P
2 = 21— — ¢, (2.12)
P
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Figure 2.15: Schematic representation of a Josephson junction

where ® is the magnetic flux within the ring. Taking into consideration the above expressions,
one can arrive to the Josephson expression for the current, when the junction is under the

influence of an external magnetic field, namely:

j = Jsin(2r—) (2.13)
D

The SQUID configuration which will be dealt with in this section is the so called DC-
SQUID. Such a device consists of two parallel Josephson junctions, a and b, as presented in
Figure 2.16a. The external magnetic field, which is to be determined, creates a magnetic
flux, which in turn, similarly to the expression presented earlier, leads to a phase shift in the

two junctions, equal to:

)
P = oy =2m g (2.14)

The total current passing through the device is given by:

o
I'=1+ I, = I,sin(p,) + Iysin(yp) = I sin(p,) + I sin(@, — 2775) (2.15)
0
The total magnetic flux through the ring in Figure 2.16a, is given by the sum of the

external magnetic flux and the flux created by the screening current, ¢
S=,,+ L1 (2.16)

Considering that the inductance L, of the loop is small, we find that the flux is given just by
the external magnetic field component, ®.,;, simplifying greatly the further analysis of the

device. For a given external magnetic flux, the maximum of the current through the device
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Figure 2.16: (a) Schematic representation of a DC SQUID (Adapted from [13]); (b) Maximum
current through a DC SQUID as a function of the external magnetic flux (Taken from [13]).

is obtained for a phase difference of

T T Dy
G 2.17
Pa= 5T T, (2.17)
This value yields a value of maximum current of
q)ecu
I = 1| cos(==2)] (2.18)

Do

where we have considered a symmetric configuration in which I, = I,. This law, presented in
Figure 2.16b, is at the core of the DC SQUID field sensing mechanism, linking the external
flux of the external magnetic field, which is to be measured, to the current passing through
the device.

Besides the SQUID sensor itself, commercial SQUID devices, Figure 2.17, include a so
called flux transformer. The flux transformer consists of two connected superconducting
coils, one for signal pickup and one for coupling the signal to the SQUID loop. A magnetic
flux caught by the large pickup loop produces a circulating current, which in turn creates a
magnetic flux in the input coil coupling it to the SQUID loop. Because of the low inductance
value of the SQUID, it is difficult to couple directly the magnetic flux to the loop without the
use of a flux transformer. In addition, another advantage of the use of a flux transformer, lies
in the particular geometry of the pickup loop, second order gradiometer, Figure 2.18 (lower
panel), which allows for magnetic measurements of magnetic samples in magnetic fields, by
discriminating between the two magnetic sources (sample and field).

The SQUID system used for the measurements that are presented in the current thesis

was a Quantum Design MPMS, a model which allowed for magnetic characterizations in
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Pickup coil Input coil SQUID

Flux transformer

Figure 2.17: Schematic representation of a SQUID measurement set-up.

Figure 2.18: Illustration of an RSO measurement with a small amplitude. (a) Shows the ideal
SQUID response for a dipole and (b) shows the movement of the sample within the SQUID
pickup coils. Taken from [14].

magnetic fields up to 7 Tesla. The temperature range for the sample measurement was
between 2.5 - 400K. A distinct feature of this system was the fact that it included a phase
sensitive measurement, by inducing a small amplitude, periodic displacement of the sample.
The sample movement results in an AC signal that is detected by the DC SQUID sensor
by performing phase sensitive measurements. This feature is called Reciprocating Sample
Option (RSO) and it allows for sensitivities of up to 1 x 1078 emu. The RSO feature
can perform two types of measurements. One is the RSO Center Scan, while the second,

illustrated in Figure 2.18, is the RSO Maximum Slope Technique.
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2.8 Résumé de chapitre en francais

Ce chapitre introduit les techniques expérimentales utilisées dans le cadre de cette these.
Le premier paragraphe présente les principes et les spécificités de la technique de pulvérisation
cathodique DC et celle des dépots par ablation laser a impulsions (PLD). Le deuxiéme para-
graphe illustre les principes de la photolithographie et de la lithographie optique.

Dans le paragraphe suivant nous introduisons la technique de diffraction des rayons X
a haute résolution. Les différents types de configurations de mesure sont discutés : 26 /w,
la cartographie de I'espace réciproque, la technique de caractérisation de la texture dans les
couches minces épitaxiées, la réflectométrie X.

Le paragraphe suivant introduit la microscopie a force atomique et ses différents modes
et options de mesure (mode contact, mode tapping, mode de modulation en fréquence et en
amplitude, le mode lift/interleave dédié a la microscopie de force magnétique).

Dans le paragraphe suivant nous introduisons les principes de la spectroscopie de photoémission
des photoélectrons X et ses différentes options d’analyses. Les derniers deux paragraphes
expliquent les principes de fonctionnement pour deux types de magnétometres utilisés pour
effectuer les mesures magnétiques sur les films élaborés dans le cadre de cette these. Le pre-
mier type de magnétometre est le magnétometre a échantillon vibrant (VSM). Le deuxieme
est le magnétometre SQUID (abréviation de 'anglais : Superconducting Quantum Interfer-
ence Device). Une attention toute particuliere a été portée au fonctionnement du SQUID,
étant donné le cadre spécifique de cette these qui se situe a la frontiere entre magnétisme et

supraconductivité.
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Chapter 3

Elaboration and characterization of

epitaxial La;_,Sr,MnQO3 thin films

In the present Chapter the elaboration and characterization of thin epitaxial films is
presented. Due to their structural compatibility with YBCO thin films and their ferromag-
netic nature at low temperatures, LSMO thin films represent a straightforward choice in
studying the magnetic pinning of vortices in YBCO layers. An up-to-date overview of the
scientific literature concerning LSMO thin films is given, focusing on issues that are relevant
in the context of magnetic pinning. Growth studies of LSMO thin films are also presented
with detailed morphological, structural and electrical characterization. An important result
of our studies is represented by LSMO thin films having a modulated surface morphology
which will be considered in the elaboration of LSMO/YBCO bi-layers for pinning studies
in YBCO films. The last Section is devoted to the study of oxygen incorporation effects in
LSMO thin films. This topic is of particular importance in the field of doped manganites,
as the oxygen content in these systems strongly affects their physical properties. Although
a widely studied topic, an original approach based on the numerical simulations of LSMO
w-scans was adopted, in order to characterize the structural effects of oxygen incorporation
on the LSMO lattice.

3.1 Introduction to La;_,Sr,MnQO;

Divalent ion doped rare earth manganites having the formula R;_,A,MnOj3, where R
is a rare earth such as La, Nd, Pr and A is a divalent substitution ion, Sr, Ca, Ba, have
been intensely investigated in the last decade due to their so-called ”colossal magnetoresis-
tance effect” (CMR) and their theoretical 100% spin polarization [1]. The two exceptional
features recommended these materials as an obvious, strightforward choice in the elabo-

ration of magnetoelectronic, 7.e. spintronic, devices, such as magnetic sensors, magnetic

o8



3.1. Introduction to Laj_,Sr, MnOs

tunnel junctions for MRAM (magnetic random access memory) applications, or magnetic
read heads for hard-disks. Among the plethora of materials that enter the category of doped
rare earth manganites, Lag 66510, 33MnO3 (LSMO) is thought to be the ideal candidate for the
above applications, having the highest bulk Curie temperature, ~360K. Various aplications
using LSMO thin films have been published so-far, including magnetic tunnel junctions [2],
spin valve structures [3, 4], bolometers [6] or Schottky barriers [5]. Even though promising
results were obtained, up to now LSMO failed to be incorporated in commercial sensors or
tunnel junctions. One of the reasons for this is the high sensitivity of the LSMO transport
and magnetic properties around room temperature [7]. Another is the difficulty in obtaining
high quality LSMO surfaces and interfaces. It has been shown that in a LSMO/STO/LSMO
tunnel junction, a crucial role in determining its magnetoelectric response, is played by the
termination layers of LSMO at LSMO/STO interfaces [8].

3.1.1 Structural properties

Lanthanum manganite, LaMnOg, crystallizes in a perovskite-like structure that is nearly

cubic. Pervoskite structures are determined by the so-called tolerance factor, ¢, defined as:

_ (A +1(0)
V2(r(B) +r(4))

where r is the ionic radius of the three constituent elements A, B and O of the ABO;

(3.1)

lattice. This tolerance factor has a value comprised between 0.89 and 1.02 for slightly
distorted prevoskite structures and 1 for the cubic perovskite. The latter is schematically
presented in Figure 3.1. In the case of LaMnOgs, La occupies the corners of the lattice,
while Mn is placed in the center of an O octahedron. The octahedral surrounding of Mn
plays an important role in determining some of the physical properties of doped LMO. Upon
doping, Sr occupies the La corner sites. Strictly speaking, for a Sr doping level of 2=0.33%,
Lag g6Sr9.33MnO3 has a rhomohedral crystal structure. For partcical purposes however, the
structure is often regarded as being pseudo-cubic, having the pseudo-cubic lattice parameter
a=3.873 Aand angle of 90°+~ =90.26° [9, 10].

When LSMO is epitaxially grown on different single crystal substrate, its structure suffers
distortions that modify its crystal structure. Doped manganites are a class of materials in
which the structural, magnetic and electric properties are closely related, so it is important to
understand the structural response of LSMO when subjected to different substrate induced
strains. The most common substrates that LSMO has been grown upon are: SrTiOs (STO)
[15, 10, 17, 23, 18, 19, 20], LaAlO3 (LAO) [21, 22, 23], MgO [11], NdGaO3 (NGO) [12] and
(LaAlO3)3(SroAlTaOg); (LSAT) [13, 14]. Recently, in the attempt for LSMO integration in

the semiconducting industry, thin films have also been grown on STO buffered Si substrates
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Figure 3.1: Unit cell of the perovskite-like lattice of LSMO.

[16]. The misfit parameter, , defined as

5= M, (3.2)
as

gives the substrate and lattice mismatch, in the case of substrates having cubic lattices.
If the misfit parameter is positive, like in the case of LAO(001) substrates, 6=0.022, the
film is subjected to compressive strain in the in-plane direction. If on the other hand, ¢
has a negative value, the case of STO(001), 6=-0.008, the film grows under an in-plane
tensile strain. Of course, the above considerations refer to epitaxial LSMO layers grown
pseudomorphically on the respective substrates. Having a positive Poisson ratio of v=0.4
[71] the resulting LSMO lattices on LAO and STO will consequently be tetragonal, having
in the first case ain—piane < Qout—of—plane. I the case of the tetragonal LSMO films grown on
STO(001), Gin—piane > Qout—of—plane- 10 general, throughout the manuscript we will denote
Qin—plane @8 SIMPLy @, and @out—of—piane @s c. If the substrate lattice is not cubic, for example
in the case of NGO which has an orthorhombic lattice, LSMO grown on NGO (110) will
experience different in-plane lattice strains, leading to an orthorhombic distortion of the
lattice. The latter case will also be dealt with in the Section concerning the magnetic
anisotropy of epitaxial LSMO thin films.

Another contribution to the lattice distortion comes from the Jahn-Teller effect. Schemat-
ically presented in Figure 3.2 the Jahn-Teller effect in doped manganites consists in the de-
formation of the MnOg so as the degeneracy of the e, levels is lifted. The decrease of the
electronic energy is greater than the increase in the elastic energy stored in the deformed

state of the octahedron, so that this deformation is energetically favorable.

3.1.2 Magnetic Properties

The magnetic properties of manganites is determined by the specific exchange interactions

that occur between Mn ion spins. These interactions are mediated by the oxygen ion, or

60



3.1. Introduction to Laj_,Sr, MnOs

Mn MnO, MnO,+J-T

ion
K e el B
4 ¥ AJT

—_— d

—\CC
. d,,
t2g dzx'dyz

Figure 3.2: Jahn-Teller distortion of the MnOg octahedron and the corresponding e, energy
level modification. Adapted from [24].
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Figure 3.3: Schematic representation of the double exchange mechanism. Taken from [33].

more precisely by the overlap between the d Mn orbitals and the p O orbitals. Superexchange
interactions take place between Mn ions having the same valence state, Mn®*, or Mn** in
Mn-O-Mn bonds. Without going into details the superexchange interaction stabilizes an
anti-ferromagnetic spin configuration in the case of Mn*"-O-Mn**, whereas it may be either
ferromagnetic or anti-ferromagnetic in the Mn3T-O-Mn®** bond. The latter is the case for
the LSMO end member LaMnOg, in which both states F and AF coexist.

Divalent ion doping of end member rare earth manganites, such as La?* doping of
LaMnOs, creates Mn** within the compound, forming thus Mn?**-O-Mn** bonds. In order
to explain ferromagnetism in LSMO, Zener [25, 26] proposed the so-called double exchange
interaction between Mn** and Mn** ions. It consists of the simultaneous transfer of e,
electron from a Mn** ion on the O p-orbital and from the O p-orbital to an empty e, level
of a Mn** ion. Hund’s rule coupling is a very important factor in determining the double
exchange interaction. Hund coupling consists in the parallel spin alignment of the e, elec-

tron to the three core ty, electrons of Mn®**. Anderson and Hasegawa [27] have shown that
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Figure 3.4: The magnetic and electric phase diagram of the Laj_,Sr,MnO3 compound, as
measured by Urushibara et al. [28].

the probability of the e, electron transfer in the case of strong Hund coupling is ¢, sin(6/2),
where 6 is the angle made by the core ts, electron spins of neighboring Mn®** and Mn** ions.
The e, electron transfer to an adjacent Mn** free e, level is favored if the core ¢, electron
spins are parallel for both Mn ions. This coupling has a crucial importance of the electric
characteristics of LSMO, and doped manganites in general, and is schematically presented
in Figure 3.3.

Urushibara et al. [28] constructed a magnetic and electric phase diagram of LSMO as
a function of the Sr doping z, i.e. of the Mn** ion concentration with respect to Mn3*.
Their result is shown in Figure 3.4. As the doping concentration increases the magnetic
order changes from anti-ferromagnetic to ferromagnetic, at xt=0.33 having the highest Curie
temperature, T¢~360 K. For z <0.1, LSMO becomes an antiferromagnet below the Neel
temperature of ~150 K.

Kubo and Ohata [29] treated the double exchange interaction from the quantum mechan-
ical point of view, writing the Hamiltonian as composed from an intra-atomic exchange term
related to Hund coupling and a electronic transfer term, proportional to a transfer matrix
element, t;;. The M(T') dependence deduced from statistical considerations is presented in
Figure 3.5a. Good agreement with experimental data can be observed, Figure 3.5a. Boschker
et al. [30] interpreted their magnetization data using the Weiss model for ferromagnetism
with the Brillouin function. Figure 3.5b shows the theoretical curves for different values
of the total angular momentum, J. The best fit was obtained for J=4, an intermediate

value between the quantum mechanical picture, J=1/2, and the classical one, J — co. The
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Figure 3.5: (a) M(T) curve calculated within the quantum mechanical mode proposed by
Kubo and Ohata [29] (solid line), experimental data obtained on Lagg2Pbg 3sMnO3 (circles)
and M(T) curve calculated with the Heisenberg model (dotted line), for comparison. Taken
from [29]. (b) M(T) curve of a LSMO epitaxial thin film and the corresponding fit, see text.
The continuous lines represent the fits for different values of J. Taken from [30].

authors argue that this result could originate from spin wave excitations.

An important effect that is in close relationship with the electron transfer between the
Mn?* and Mn** is the Jahn-Teller effect. The Jahn-Teller effect is present in the case of
Mn3* ions and it consists of a deformation of the oxygen octahedron surrounding them. The
deformation consists of an elongation of the octahedron along a certain axis which modifies
the crystal field sensed by the metallic ion. The change of crystal field affects the the energy
levels so as to lift the degeneracy of the two e, levels, by splitting them into states symmetric
in energy to the initial value. The single e, electronic energy is thus reduced. In an double
exchange type electron transfer from Mn3* to Mn** the Jahn-Teller octahedron distortion is
”displaced” to the new Mn®". The electron and lattice distortion travel together and form a
quasiparticle called Jahn-Teller polaron. In this case, and in metallic manganites in general,
the Jahn-Teller effect is dynamic and results in an average distortion of all Og octahedron.
In the case of LMO, where only Mn®* ions are present, the effect is static and long-range.

We have presented above some of the key factors that determine the magnetic and elec-
tric properties of doped manganites. Other contributions arise from: Heisenberg magnetic
coupling between the nearest-neighbor localized spins and Coulomb interaction among e,

electrons.
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Figure 3.6: Field-cooled temperature-dependent magnetization at 5 Oe of
250ALag 67Sr0.33MnO3 epitaxial films grown on (a) (001) LaAlOs, (b) (001) SrTiOs |,
(c) (001) LSAT, and (d) (110) NdGaOgs substrates. The responses were measured along
three symmetry directions. The directions with respect to the substrate are: for (a) and (b),
in-plane [110] (open circles), in-plane [100] (closed circles), and out-of-plane [001] (triangles),
and for (c) and (d), in-plane edge directions (circles), and out-of-plane (triangles). Arrows
indicate the spin reorientation transitions. Taken from [23].

Magnetic Anisotropy

The magnetic anisotropy of doped manganites in general is an example of the close rela-
tionship that exists between the structural properties of the compounds and their magnetic
properties. According to the structural phase of a manganite an array of different magnetic
anisotropies can be stabilized. In the present section we will limit our literature overview
to the case of thin films, as thin films are the main concern of the thesis. Also, thin films,
due to their intrinsic nature, are systems in which the crystal structure is highly modulable
through the choice of substrate and of the deposition conditions, allowing for a thorough
assessment of the influence of the lattice structure on magnetic anisotropy.

Tsui et al. [23] studied the effects of substrate induced strain in LSMO thin films de-
posited on (001) STO, LAO, NGO and LSAT. Their results are presented in Figure 3.6. They
measured the magnetization as function of temperature for three crystallographic directions:
two in-plane, [110], [100] and one out-of-plane, [001]. In the case of LSMO epitaxial films
deposited on LAO, Fig. 3.6a, the magnetization along the in-plane directions of the film rises
abruptly as the temperature is decreased and reaches a peak value at 200K, temperature
beyond which both in-plane magnetization values decrease. The out-of-plane magnetization,
on the other hand, increases rather linearly as a function of temperature. The larger in-plane

magnetization down to 200 K indicates an in-plane easy axis originating from demagnetiza-
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Figure 3.7: Reciprocal space maps around the (a) (204),, (b) (024),, (c) (204). and (d) (024).
LSAT reflections of the 40 nm thick sample grown on a smooth substrate. In (a) and (c) the
dissimilar spacing of the (260), and (620), LSMO reflections is clearly observed while in (b)
and (d) satellites are present next to the (444), and (444), LSMO reflections. Magnetization
loops with the field aligned with 3 high symmetry directions (f) and (g) remanence versus field
angle dependence. Taken from [14].

tion effects. The behavior below 200 K suggests the existence of a perpendicular anisotropy
having the [001] easy axis. This conclusion is supported by the M-H loops, not shown here.
As far as the film grown on STO (001), Fig. 3.6b, as the temperature drops, the magneti-
zation dependence of along [110] parts with the magnetization along [100] around ~250 K,
suggesting a biaxial anisotropy, having easy axes the [110] in-plane direction. For the films
grow on LSAT and NGO, respectively, the results show similar behavior of the two. Both
films have a biaxial anisotropy along [110] directions and an additional uniaxial anisotropy
superimposed, along [100]. In the case of (001) LSAT, Boschker et al. [14] show that the
presence of the uniaxial anisotropy is due to the orthorhombic structure of LSMO epitaxial
films. The orthorhombic structure is determined by recording reciprocal space maps around
the asymmetric substrate and film peaks in positive and negative configurations. Rema-
nence measurements were recorded for different field orientations, Figure 3.7g. The results
show a strong uniaxial anisotropy axis along [001] direction, as the maximum in the mag-
netization remanence is located a 0° and 180°, respectively. Local minima are also observed
originating from a low biaxial anisotropy along [110]. Anisotropic substrate induced strain
can also cause the growth of orthorhombic LSMO films. This is the case when LSMO is
grown on (110) NGO [12]. The film-substrate lattice mismatch along the [110] direction
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Figure 3.8: MFM images of Lag7Srg3MnOj3 thin films, taken in zero applied field at room
temperature, on various substrates of (a) LAO, (b) NGO, and (c) STO. The scan size is
4pmx4pm. Taken from [20]. MEFM images of LSMO thin films deposited on LAO (d) substrates
recorded at RT without an external field. The scan size is 5umx5um. Taken from [22]. (e)
AFM image with a NiCo MFM tip shows the surface steps on a 20 nm Lag 75rg.33MnO3 film
on a SrTiOs substrate. The scan size is 4pmx4pm in an applied magnetic field of 5.6kA /m.
Taken from [31].

is of -0.47% and -0.70% along [001], both lying in-plane. The XRD measurments used to
determine the directions of the crystal axes of the NGO, the structure of the LSMO film
and the corresponding lengths of the lattice vectors, reveal that the film grows coherently on
the substrate, resulting in different lattice parameters along the two directions. This lattice
parameter anisotropy leads to the formation of an in-plane uniaxial magnetic anisotropy
having the [110] direction as an easy axis. Different magnetic anisotropy configurations give
rise to specific magnetic domain configuration patterns. Dho et al. [20] studied the influence
of strain-induced magnetic anisotropy on the magnetic domains of epitaxial LSMO thin films
deposited on (001)LAO, (110)NGO and (001)STO substrates. The MFM images obtained
on the three systems are shown in Figure 3.8(a)-(c). It can be seen that in the case of the
LSMO thin films that are subjected to in-plane compressive strain, as is the case for LSMO
grown on LAO and NGO, the domain pattern takes the form of stripes. Stripe domains
are characteristic for films possessing an out-of-plane magnetic anisotropy. In the case of
the films deposited on (001)LAO the stripes are arranged in a maze-like pattern, while in
the case of the domains of the film grown on (110)NGO the stripes are parallel and are
aligned along a well defined direction. The authors point out that this behavior is due to
the fact that LSMO is isotropically subjected to a tensile strain when deposited on LAO,
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while in the case of an (110)NGO substrate the strain manifests itself on only one direction,
thus giving rise to an in-plane structural anisotropy. The uniaxial compressive strain results
in a preferential in-plane axis responsible for the alignment of the stripes. For the LSMO
films grown on STO, the tensile strain determines a biaxial in-plane magnetic anisotropy
which fixes the magnetization of the film parallel to the surface plane. This arrangement
results in the so-called feather-like domain configuration. This pattern is described by the
absence of strong magnetic contrast in the MFM images and relatively large magnetic do-
mains. The feather-like domains were also observed on epitaxial LSMO thin films deposited
on (001)STO substrates by Desfeux et al. [22]. However, as far as the LSMO thin films
grown on (001)LAO substrates are concerned, they found that the maze-like character of
the domains was replaced by a bubble domain configuration, Figure 3.8d. Both patterns are
characteristic of films with out-of-plane magnetic anisotropy. The observation of the bubble
domains was attributed to the structural transition that occurs in LAO at the LSMO growth
temperature.

Houwman et al. [31] did not observe the typical feather-like domain structure of LSMO
thin films grown on (001)STO substrates. In their MFEM study they employed soft NiCo
covered tips, which had a low coercivity (~0.16 kA/m). Thick coated NiCo tips were found to
be the ideal choice in imaging LSMO samples as they had a sufficiently high magnetic moment
so as to detect a measurable signal and a sufficiently small coercive field not to disturb the
magnetic features during scanning. Figure 3.8e presents an MFM image obtained on a 20
nm thick LSMO thin film. The domain pattern described as a checkerboard configuration
consisting of bright rectangular regions separated by dark stripes. As it has been shown
before, the magnetization of LSMO thin films lies in the in-plane direction of the film,
while at the domain border the magnetization is oriented in the out-of plane direction. The
authors argue that the out-of-plane orientation of the magnetization is due to that fact
that the perpendicular uniaxial anisotropy is not totally annihilated by the in-plane biaxial
anisotropy.

Another important role played on the magnetic anisotropy of LSMO thin films is the
vicinal step formation on the substrates upon which LSMO is grown. Mathews et al. [18§]
deposited LSMO thin films on vicinal (001)STO substrates. Angular remanence measure-
ments indicate the existence of an uniaxial anisotropy having the easy axis parallel to the
vicinal steps and a hard axis perpendicular to them, Figure 3.9a. Substrate terraces induce
magnetocrystalline uniaxial anisotropy in thin films because of the presence of broken bonds
at step edges [32]. Perna et al. [19] studied the evolution of the uniaxial anisotropy as a
function of the substrate miscut angle. For a 2° miscut angle both a biaxial and an uniaxial
anisotropy are present in the film, Figure 3.9b upper graph. As the miscut angle is increased
to 4° the number of steps increases so that the uniaxial anisotropy is dominant over the

biaxial one, as can be seen from Figure 3.9b, lower graph.
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Figure 3.9: (a)Remanence vs. in-plane field angle of a 25 nm thick LSMO film at room
temperature (bottom panel). Arrows denote easy and hard directions. AFM image of the
same film (top panel) with the step direction #=133+5°. The gray scale range is from 0 to
2nm. Taken from [18]. (b)Angular dependence of the normalized remanence magnetization
(M} g=Mg and M| g=Mg) of 120-nm-thick LSMO films grown onto a vicinal 6,=2° and
0,=4° STO(001) surfaces. The right panels show the corresponding polar-plot representations
of M| - Note that different scale is adopted for the 2° miscut film. Taken from [19].

3.1.3 Electric Properties

The electric properties of LSMO are in direct correlation with its structural and magnetic
properties. In the present Section we will give a brief account of the electrical behavior of
Lag 6510.33MnO3 and doped manganites in general, referring to the mechanism of metallic
conduction and their insulating character above the metal-insulator transition temperature,
the different models that are used in modeling their respective electric properties. Also an
overview is given on probably the most spectacular property of doped manganites, colossal
magnetoresistance (CMR).

As it could be seen from the magnetic and electric phase diagram proposed by Urushibara
et al. around optimum doping £=0.33, in the ferromagnetic state LSMO has a metallic char-
acter, while above the Curie temperature, in the paramagnetic state the electrical behavior is
insulating. Metallic conduction in the ferromagnetic state can be readily understood within
the framework of the double exchange model, and strong Hund coupling. Ferromagnetic
order within the material results in the alignment of the ¢y, core spins. With the core spins
aligned, the e, electron which is transfered between Mn ions, reaches a maximum transition
probability, ¢ = ty, and thus gains a "free electron”-like delocalized character. It is then
evident that these electrons are the ones that participate in the electric transport giving it
a metallic character. On the other side, as the temperature rises towards the critical Curie

temperature, the core spins tend towards a thermally induced disorder, which in turn causes
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Figure 3.10: (a) Comparison of the magnetic localization model 3.3 with data measured on
a Lag7CagsMnQOs thin film. The three curves are fits obtained using magnetizations from a
Brillouin function with §=3/2 and S=oo (large spin clusters) and the double exchange model
[29] , taken from [38]; (b) p(T') and M R(T) dependencies for a thin Lag g75rg 33 MnO3 epitaxial
film and the corresponding fit using Eq. 3.4, taken from [30]; (¢) Temperature dependence of
the normalized resistivity of Lag g9Pbg 31MnOs (circles) and the corresponding fit (line) using
Eq. 3.5, taken from [29].

a decrease of the e, electron transfer rate. The decrease of electron mobility results in the
increase of the electrical resistance and the insulating behavior at high temperatures, i.e.
T>1Tc.

Several models were developed in order to quantitatively describe the the electrical char-
acteristics, electrical resistivity vs. temperature, p(7"), of LSMO in different temperature
regimes. For the high temperature range in the paramagnetic regime, 7' > T, these models
include the common thermal activation law, small adiabatic polaron hopping or Mott’s vari-
able range hopping, VRH. Each of these mechanisms has a precise physical foundation [33].
In the case of the thermal activation law Zhuang et al. [34] have shown the existence of a
pseudogap at the Fermi level in the paramagnetic phase. The concept of polaron has been
introduced in 1959 by Holstein [35] to describe charge carriers that are ”clothed” by a lattice

distortion. A polaron is said to be in the adiabatic limit when the charge carrier can hop
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to an adjacent site which, in the virtue of thermal energy, has suffered the necessary lattice
distortion [42]. The Holstein polaron theory is constructed in the following approximations
[39]: i)polaron hopping is always taking place to the nearest neighbor site; i) all lattice
sites are equivalent; ii1) polaron-polaron interaction is neglected, the theory describes a non-
interacting polaron gas. On the contrary, in the variable range hopping model, the lattice
sites are not equivalent due to the chemical environment, and also to magnetic disorder, in
the case of doped manganites in the paramagnetic region. Additionally, charge hopping is
not fixed to the nearest neighboring Mn sites.

At its origin Mott proposed this model for doped semiconductors [36, 37]. Qualitatively,
this model can be understood as follows, random distribution of the divalent doping elements
within the crystal lattice determines a redistribution of energy levels through an alteration
of the crystal field from Mn site to site. If the thermal energy of the system is high enough
to permit the electrons to jump to an adjacent lattice site, which is presumed here to have a
higher energy, due to the crystal surrounding, the electron will act accordingly. If however,
the energy difference between states is higher than kgT', the electron will hop to a farther
site for which the energy of the empty state lies within the thermal energy range. The
electron thus hops to an energetically suitable site, hence the name variable range hopping.
Viret et al. [38] used an adapted VRH model to describe the the transport properties of
different mixed valence manganites. Their model takes into consideration the localization of
carriers not only due to chemical disorder but also on magnetic disorder which is induced as
the temperature reaches T, coming from the ferromagnetic region. The expression for the

resistivity under these assumptions is:

In(p/poc) = {[To(1 — M/M,)*)/ T}/ (3.3)

One can see that the the magnetic localization term becomes important as the magneti-
zation decreases and so electrons are trapped on local ferromagnetic regions, in an overall
imperfect ferromagnetic order. Electron hopping is thus governed both by chemical disor-
der induced level energy difference and by the magnetic disorder. Taking into account the
double exchange theory, the electron will jump to a site for which the transfer probability
is maximum, i.e. the core spins of the two sites are parallel. Figure 3.10a show the results
obtained by the authors on Lagg7Cag33MnO3 thin films. The best result is obtained the
double exchange model of M(T) developed by Kubo and Ohata [29]. As the temperature is
higher than T, the magnetization is zero, and so the classic VRH model describes electronic
transport. Sun et al. [39] circumvented the hypotheses of the polaronic model, which are to
strict to be useful with respect to the doped manganites, by developing a so-called VRH of
small polarons. Good results were obtained in interpreting the p(7") data on some manganite

systems.
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As far as the low temperature regime is concerned, besides the magnetic VRH model
described above, other mechanisms have been proposed. Although not the first, Boschker et

al. [30] describe the low temperature part of the resistivity as:

p(T) = po + aT? + bT°, (3.4)

where pg is the temperature independent impurity scattering term, the 72 term describes
the electron-electron scattering, while the 7 term represents electron-phonon scattering.
Other scattering mechanisms include the electron-magnon scattering, described by Kubo
and Ohata [29] as being proportional to 7%2. Their model also took into consideration the

electron-electron scattering:

p(T) = po + aT? + T2, (3.5)

Figure 3.10 shows the three different low temperature models.

Sirena et al. [40] a used the VRH model in order to determine the T parameter in
LSMO epitaxial thin films that suffered oxygen implantation. Ty was used as a measure
of structural disorder induced by the implantation. As expected, the level of disorder and,
consequently, Tj increases, as the irradiation current density increase. Good agreement also
exists between the resistivity data and the model used by Boschker et al. [30], Figure 3.10b.
On the contrary, the expression proposed by Kubo and Ohata [29] fits resistivity data only
in the low temperature end, departing from the data as the temperature increases, Figure
3.10c.

Dagotto et al. [41] in their extensive review of transport properties of colossal magne-
toresistance materials, stress out the key role played by the existence of inhomogeneities.
The authors argue that the ground state of manganites has the tendency towards phase
separation which involves the co-existence of metallic ferromagnetic and antiferromagnetic
charge and orbital ordered insulating domains. Other reviews that concern the transport

properties of doped manganites include the ones by Salomon and Jamie[42] and Ziese[43].

Colossal Magnetoresistance, CMR

Colossal magnetoresistance represents the property of mixed-valence manganites that
triggered the impressive body of work concerning this class of materials. Magnetoresistance
ratio is defined as AR/R(H) = (R(0) — R(H))/R(H), where R(0) and R(H) represent
the electrical resistances in zero field and an applied field, H. Although magnetoresitance
had been observed for the first time by Searle and Wang [44] in La;_,Pb,MnOg, the truly
colossal magnetoresistance ratio has been determined by Jin et al. [45] in Lag g7Cag33MnO3
as being an impressive 127,000%, corresponding to more than 1000-fold change in resis-

tance, Figure 3.11. An impressive MR ratio of 10°% was obtained by Xiong et al. [46] on
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Figure 3.11: Temperature dependence of the resistivity in magnetic fields corresponding to
Laj_,Sr,MnO3 at x=0.175. Taken from [47].

Ndg 7Srp3MnOg thin films. The phenomenology of CMR can be qualitatively be understood
within the framework set by the double exchange interaction. As previously shown, the
double exchange mechanism consists in the transfer of an e, from a Mn*" ion to a Mn*"
ion via an O?~ ion. This transfer is governed by the relative spin orientation of the core
tag of the two Mn ions. As the temperature rises towards the Curie temperature, the spins
tend towards the paramagnetic disorder so that electronic transfer is empeded leading to a
resistivity increase. Applying a magnetic field in the temperature range around 7T, the core
spins align themselves along the field and so electronic transfer is favoured, decreasing the
electrical resistivity. The resistivity decrease can be dramatic and thus the term of colossal

magnetoresistance.

3.2 Elaboration and characterization of La;_,Sr,MnQO;

epitaxial thin films

The present section gives an account of the deposition and characterization of thin
Lag 66510.33MnO3 (LSMO) epitaxial films. The main goal of our research, is the optimization
of the physical properties, i.e. morphological, structural and electrical, of the LSMO thin
films, in order to make them suitable for the desired purpose, magnetic pinning in HTS.
Also, we have set out to understand various aspects of LSMO thin film growth processes

that are relevant to the films’ subsequent properties.
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Figure 3.12: 1pmx1pum AFM images of the LSMO thin films deposited at different substrate
temperatures.

The LSMO epitaxial thin films were deposited by dc magnetron sputtering in an Ar:O,
(3:1) gas mixture at a total pressure of 40 mTorr, from a stoichiometric, 2 inch Lag 66510 33 MnO3
target. The magnetron was operated at 25 W. The substrate was heated to the deposition
temperature (650 °C - 825 °C) at a rate of 10 °C/min in a background pressure around
1077 Torr. After the deposition the films were cooled down in 520 Torr of oxygen and an-
nealed in-situ at 550 °C for half an hour. Annealing at 550 °C was included in order to
simulate the deposition of the LSMO/YBCO heterostructure, since it is known that YBCO
thin films need annealing in this temperature range in oxygen to stabilize the orthorhombic

superconducting phase.
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3.2.1 Morphological properties of LSMO thin films

It is well known that the deposition parameters are strongly correlated with the growth
mechanisms of thin films which in turn affect the film morphology. In our study regarding
the morphology, we have mainly focused on the role of the following parameters: substrate

temperature, film thickness, substrate morphology and target-substrate distance.

The role of substrate temperature on the morphology of the films

In order to perform this study we have chosen four deposition temperatures: 650, 750, 800
and 825 °C. All the other parameters of the process were kept constant. The thickness of the
as deposited films is of about 25 nm, as evaluated from XRR data. In Figure 3.12 we present
the as obtained AFM images of the samples grown at the different temperatures. As it can
be seen the surface of the film grown at 650 °C is formed of small and relatively independent
grains. This can be attributed to the fact that at low deposition temperatures the mobility
of the ad-atoms on substrate surface is reduced leading to a 3D growth mode in which cluster
formation is favored. As the temperature is increased to 750 °C the surface evolves in a way
that clusters appear to be larger in size and they are interconnected among themselves by
the layer immediately below. However, this interconnection layer is not continuous and holes
can be seen uniformly spread on the surface. The presence of these holes is an indication of
the growth mode, studied in more detail in the next section, which can be either a Stranski-
Krastanov combined layer by layer and island growth, or pure island growth with coalesced
grains, favored by the higher deposition temperature. Increasing the temperature to 800
°C and 825 °C, respectively, further increase of grain size is observed, accompanied by a

decrease in the number of holes present on the film surface.
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Figure 3.13: (a) Number of grain counts versus grain area and the log normal distribution fit
for the LSMO film deposited at 750 °C; (b) Grain size evolution as a function of temperature.
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Table 3.1: Morphological parameters of the LSMO films deposited at various temperatures.

Temperature RMS roughness P-V distance

(°C) (nm ) (nm )
650 1.18 6.81
750 111 7.48
800 0.83 5.8
825 0.89 3.66

In order to study the evolution of the size of surface grains, a parameter which best
describes the evolution of the surface as a function of temperature, we have employed a
thresholding technique to measure the grain surface. Thresholding implies a choosing a
relevant height limit for a AFM image and considering that any surfaces that have a height
higher than the selected threshold represent the grains in the film. In the case of LSMO
thin films, Figure 3.12 the use of this simple algorithm is justified by the high uniformity
of the film, in the sense that no waviness of the film is present, combined with a very
clear surface grain separation. The results were then fitted using a log-normal distribution
function, Figure 3.13a, in order to determine the mean grain area. The results of the fits
are given in Figure 3.13b. A linear increase of the grain size is observed as function of
the substrate temperature. However, no coalescence of the surface grains occurs within the
studied temperature range.

As far as typical morphological parameters, RMS roughness and peak-to-valley distances,
they are summarized in Table 3.1. Both film roughness and maximum height values show a
decrease as deposition temperature is increased indicating higher morphological quality. This
suggests that a further increase in film quality can be obtained if the substrate temperature

is further increased. This further increase is limited by technical issues.

The role of film thickness on the morphology of the films

The main goal in studying the morphology as a function of film thickness is to determine
the growth mechanisms of the LSMO epitaxial layers on STO (001) substrates. For this
purpose we have prepared four films varying their respective thicknesses by adjusting the
deposition time and measuring thicknesses of the resulting films by X-Ray Reflectometry
(XRR). The times chosen were: 0.1 h, 0.5 h, 1 h and 2 h corresponding to thicknesses of
7 nm, 30 nm and 56 nm. The XRR measurements are presented in Figure 3.14. For the
film deposited for 2 h the lack of oscillations in the reflectometry curve prevents us from
estimating its thickness. However, fitting the existing data with a linear function, a 110 nm
thickness was estimated for the 2 h deposited film.

The AFM images are presented in Figure 3.15. In the 7 nm thick film, the surface
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Figure 3.14: (a) Typical XRR curve for the LSMO thin films and the curve fit used for
thickness determination; (b) XRR curves for LSMO thin films of various thicknesses.

exhibits a grainy structure, with the top grains, having approximately 1nm in height, not
coalesced. This however does not permit us to drawn any definitive conclusion about the
growth mode of the LSMO films. The layer by layer growth is excluded from the start,
since grains are formed on the surface, leaving us with the two other mechanisms of film
formation, Volmer-Weber, three-dimensional mode and combined layer by layer and island
growth, Stranski-Krastanov mode. The problem with the latter is that the critical thickness
of the transition from two-dimensional growth to a three dimensional one is typically of
about one or two monolayers [50]. Since the holes present in the film have a maximum
height of 2 nm it is impossible to distinguish whether we are dealing with a layer by layer
followed by island growth mechanism or a pure island growth mode with the bottom islands
coalesced.

Further increasing the film thickness grain coalescence is enhanced, Figure 3.15¢, leading
to a large grain structure. At the highest value of the thickness grain size is reduced by the
enlargement of the surface of the holes, Figure 3.15d present on the surfaces of the films. It
is to be noted that the holes were observed for all the films studied. The presence of the
holes is intrinsic to growth mechanism, their evolution however is related to a well-known
phenomena in thin film processes, that is the shadowing effect [50]. Shadowing comes from
the fact that particles arriving on the surface do not have a trajectory perpendicular to the
film but are incident under a certain angle, which leads upon increasing film thickness, to a
preferential distribution, giving thus rise to an increase in the depth of the holes. This can
be observed from the evolution of the peak-to-valley distance as it increases with thickness.
In summary, two competing effects are observed: one is the coalescence of the grains and the
other is the shadowing effect. While the first tends to reduce the number of holes, evident for
the 30 nm and 56 nm films, in which the number of holes decreases by about 30% from 159
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Figure 3.15: lpmx1lpym AFM images of the LSMO thin films deposited for different times
corresponding to different thicknesses (a) 7 nm, (b) 30 nm, (c) 56 nm and (d) 110 nm.

Table 3.2: Morphological parameters of the LSMO films having different thicknesses.

Film thickness RMS P-V distance Threshold Nr. of Holes Perentage

Roughness Criterium of Total Area
(nm) (nm) (nm) (nm) (70)
7 0.29 2 1 92 43.4
30 1.3 6.6 4 159 13.9
56 1.67 9.75 4 106 7.1
110 3.45 19.82 9 124 16.4
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Figure 3.16: (a) Typical processed image for number of hole determination; (b) The variation
of the percent of the surface covered by holes as a function of film thickness. The line between
pints is to guide the eyes.

to 106 holes, the other leads with the increase in peak-to-valley distance and the enlargement
of the hole area. The percentage of the film area ”covered” by holes reaches a minimum
of 7.1% at 55.7 nm only to rise again for the 110 nm film up to 16.4%, suggesting the
predominance of shadowing. To better illustrate this we have applied the same algorithm as
the one presented in the previous section to determine the number of holes and the percent

of the total area that they occupy. Figure 3.16 presents the results of this analysis.

The role of substrate treatment on the morphology of the films

For a better control of film morphology and a better understanding of the deposition
processes many groups have performed a surface treatment of the STO (001) [51, 52] sub-
strates in order to reveal the step structure of the substrate surface and obtain a uniform
TiOs termination layer. We have treated our substrates for 10 sec in a NHy buffered HF
solution, and then annealed them at 950 °C for 12 min. in flowing oxygen, 15 1/h. AFM
investigation of the as treated (001)STO surface is presented in Figure 3.17a. As it can be
seen, after the thermo-chemical treatment of the substrate surface, atomically flat surfaces
are present. On top of the as treated substrate we have deposited an approximately 25 nm
thick LSMO film at 800 °C. The AFM image of the resulted film is presented in Figure
3.17b. For comparison, the film presented in Figure 3.12c¢ is a film deposited under the same
conditions on an untreated STO substrate. The morphological features exhibited by the two
films are similar, and they were discussed in the previous section. The difference comes from

the arrangement of the grains present at the films’ surface. In the case of the untreated
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Figure 3.17: (a) Treated STO(001) surface, image shows steps revealed after treatment; (b)
LSMO thin film deposited on top of the treated STO substrate, presented in (a); (¢) LSMO
grain (blue) periodicity and STO step (red) periodicity coincide.
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Figure 3.18: (a)LSMO film grown at a target-substrate distance of 5.5cm. Surface shows
grains separated by deep ( 20nm) crevasses. (b) 3D image of the film reveals columnar growth
of the grains, typical of zone I of the SZD.

substrate they are randomly distributed on the surface, while on the substrate they arrange
themselves along the step surface, and their lateral dimensions are of the order of magnitude
of one step, as shown in the image presented in Figure 3.17c. This periodicity is a suggestion
that the nucleation and growth process are step-mediated, that is adatoms migrate to step

sites and nucleate grains which in turn grow up to the step’s edge [53].

3.2.2 The influence of target-substrate distance on the morphol-

ogy of the films

Studies performed on LSMO thin films grown on STO (001) by PLD have demonstrated
that film morphology dramatically depends on the target-substrate distance during the film
deposition. Haghiri-Gosnet et al. [54] , using Structure Zone Diagrams proposed by Thorton
[84], have shown that LSMO switches from a zone T morphology to zone II with exceptional
flatness, upon the reduction of the target-substrate distance (dr_g). Following their con-
clusions, we have reduced the dr_g from 8.5 cm to 5.5 cm. The result is presented in the
Figure 3.18. Film quality is very poor with respect to the film deposited at 8.5 cm away
from the target. This could be caused by a high deposition rate which causes grains to grow
very fast leaving large holes in the film, as illustrated by the high peak-to-valley distance,
21 nm. The film morphology suggests a columnar growth (Fig. 3.18b), which is typical for

zone I of the structure zone diagram.
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Figure 3.19: (a) Typical 20/w-scan of a LSMO thin epitaxial film grown on STO (001)
substrate;(b) w-scan of the (002) LSMO peak.

3.2.3 Structural properties of epitaxial LSMO thin films
General structural properties of LSMO epitaxial thin films

A typical 26/w scan for a LSMO film grown on a STO(001) substrate is shown in Figure
3.19a. The XRD pattern exhibits only (00/) LSMO reflexions indicating that the LSMO film
grows epitaxially on the substrate. The w-scan on the (002) LSMO peak has a FWHM of
0.04°, as determined from a Gaussian fit of the profile, demonstrating an excellent out-of-

plane alignment of the film. The w-scans, revealed also the presence of two satellite peaks,
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Figure 3.20: ¢-scan around the (103) peak of STO and LSMO show a [100]¢||[100], in-plane
orientation relationship.
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Figure 3.21: (a) 20/w-scan around the (002) peaks of the STO substrate and the LSMO film,
respectively, deposited at different temperatures. (b) Evolution of the out-of-plane parameter,
¢, as a function of the deposition temperature. The uncertainty in the lattice parameter, c,
evaluation was deduced from Eq. 2.1.

not shown in Figure 3.19b, which will be discussed in a following paragraph. In order to
determine the in-plane orientation of the epitaxial LSMO thin films with respect to the STO
substrate, we have performed ¢-scans on the (103) peak of LSMO and STO, respectively.
A typical ¢-scan is shown in Figure 3.20. As it can be seen, the film-substrate orientation
relationship is [100];[|[100];. The mean FWHM value of the ¢-scan peaks is of 0.08° for
the STO substrate and of 0.1° for the LSMO film, determined by averaging the FWHM
of the four peaks in Figure 3.20. The small difference between the FWHM values of the
substrate and film is an indication of the high degree of in-plane orientation of the LSMO
film. The 20/w and ¢-scans have revealed that the LSMO films are epitaxially grown on
STO (001)with a (001)[100]¢][(001)[100], epitaxial relationship.

Evolution of the structural parameters of LSMO thin films as a function of

deposition temperature

It has been established that the structural parameters of the LSMO thin epitaxial films
are highly sensitive to a series of deposition parameters. One of them is the substrate on
which they are deposited, which because of lattice mismatch, causes different types of strains
in the film. This is due to the fact that, upon growth, the film tends to adapt its lattice
parameters to those of the substrate. For example, for films deposited on LaAlO3 substrates,
which have a lattice constant smaller than that of LSMO with a mismatch of -2.24%, the
strain is compressive, while on the other hand, in the case of SrTiO3 the mismatch is 0.41%
yielding a tensile strain in the films. Besides substrate induced strain, the oxygen content of

the film strongly affect their structure, as will be shown later in this Chapter. The oxygen
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Figure 3.22: Reciprocal Space Maps of the STO//LSMO substrate-film system, around the:
a) (002) and b) (103) peaks.

stoichiometry is controlled by the partial oxygen pressure during deposition, post-deposition
annealing and substrate temperature. Also, it has been shown that film thickness influences
the structural behavior of the films, since the structural parameters tend to relax to their
bulk value as the thickness is increased.

In order to study the influence of the deposition temperature on the lattice parameters
of our films, four LSMO films were deposited at 650, 750, 800 and 825 °C, in the conditions
mentioned in the previous chapter. The 26 /w-measurements of the LSMO (002) peak are
presented in Figure 3.21a, together with the evaluation of the out-of-plane lattice parameter,
¢, Figure 3.21b. It can be observed that there is an abrupt decrease of the lattice parameter
from 3.882+0.002 A, for the film deposited at 650 °C, to 3.86740.002 A, for the film deposited
at 750 °C. This can be explained by the fact that increasing the deposition temperature the
oxygen content increases. In turn, this leads to a transformation of the valence state of
the manganese ions from Mn3** to Mn**, according to the valance balance. However their
respective ionic radii are different: Mn3* has a radius of 0.07 nm, while Mn** has a radius
of 0.05 nm. The decrease of the lattice parameter induced by the change of the valance
state of manganese is only partially compensated by the increase caused by the absorption
of an O?~ ion in the lattice, leading thus to a net decrease of the lattice parameter [56]. As
the deposition temperature is further increased an increase of ¢ is observed. This increase
has been previously observed by Sun et al. [57] when annealing Lag gsCag33MnOj3 films in
vacuum, and it was attributed to oxygen release. This effect was more pronounced in films
deposited on STO substrates as the lattice mismatch was higher in this case. In view of these

observations, we may suppose that high deposition temperatures, 825 °C, and relatively low
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Figure 3.23: (a) Rocking curves around the LSMO (002) peak for films deposited at different
temperatures, showing that twinning occurs between 650°C and 750°C. (b) h-scan, indicating
the periodic nature of film twinning and a scheme representing periodic twinning of a film, (c.

deposition pressures, 40mTorr, prevent the attainment of desired oxygen stoichiometry, and
thus an increase of the out-of-plane lattice parameter. Another interesting observation is
that in the diffractogram of the film deposited at 650 °C, the higher order diffraction fringes
are not visible for lower values of 26. This fact could arise due to structural inhomogeneities
of the film and were previously reported on Ir thin films [58]. The hypothesis is sustained
by the R vs. T measurements which indicate a double transition temperature for this film.

As far as the in-plane lattice parameter is concerned, in order to determine its value, we
have performed studies on the (002) and (103) lattice planes. They consisted in mapping
the reciprocal space around the respective reflections. The results for the film deposited at
800 °C are presented in the Figure 3.22. The (103) peak of LSMO has the same in plane
position as the (103) STO peak. This is an indication that the LSMO film is fully stressed
in plane. Thus, the lattice constant is equal to that of the substrate, 3.905 A. This is found
to be true for all the other samples. A distinct characteristic of our maps consists in the

presence of two satellite peaks. Their origin is investigated in the next Section.
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Periodic twinning of LSMO thin epitaxial films

Upon performing w-scans around the LSMO (002) peak, in order to determine the out of
plane distribution of film crystallites, two satellite peaks were observed around the central
peak. The evolution of the peaks as a function of deposition temperature is presented in the
Figure 3.23a. At 650 °C, these peaks can be barely observed, while at 750 °C they are clearly
visible. These peaks originate from the existence of out of plane twinning of the LSMO thin
films. Besides the elastic, normal, strains that are due to the lattice parameter mismatch
of the film and the substrate, there is another type of distortion in coherent LSMO films,
elastic shear [9]. This distortion is due to the rhombohedral symmetry of LSMO at room
temperature, when it is deposited onto a cubic substrate, which is the case of STO (001).
The contribution in elastic energy that results from the mismatch in the magnitude of lattice
parameters can be diminished by the formation of misfit dislocations at the film/substrate
interface. The distortion related to shear strain can be reduced by the formation of structural
domains with an alternating sign of shear [59]. These structural domains can also be called
twins since the crystallographic orientation of neighboring domains is similar to that of twins.
However, Gebhardt et al. [59] made a distinction between a periodic microtwinning of the
films and tilted twin domains. The first, due to their periodicity, give rise to satellite peaks
which emerge with a constant in-plane momentum transfer Ak, irrespective of the diffraction
plane, implying periodic height modulation. This behavior is encountered in relatively thin
films, up to 30 nm. In thicker films, the situation is different, in the sense that the tilted
lattice planes evolve into large, tilted domains. They give rise to the observation of twinned
peaks, but their position varies according to the lattice plane investigated. In order to
elucidate the nature of the observed satellite peaks, we have performed reciprocal space
scans in the h-direction, h-scans on the (001), (002) and (003) planes. Our measurements,
Figure 3.23b, reveal that the position of the additional peaks does not vary as a function
of the lattice plane investigated, suggesting that our film has been subjected to periodic
twinning, represented schematically in Figure 3.23c. This result is somewhat to be expected
since we are dealing with films having around 25 nm in thickness. In order to determine the
direction in which the periodic twinning takes place we have performed w-scans at various
values of the ¢ angle, which is the angle between sample orientation and in-plane axes [100],
or [010]. The results, Figure 3.24a, are indicating that the twinning occurs both in the [100]
and the [010] directions. Each of the two branches observed in Figure 3.24b correspond to
one of the twinning directions, Figure 3.24c. Similar results, have been previously obtained
by Pflanz and Moritz [60] in their theoretical study of surface faceting. However, in our case
it is clear that we are not dealing with surface faceting since the additional peaks have the
same position, namely (002). We do not exclude the possibility of film twinning occurring

in the plane of the film [59, 61], but our measurements do not permit to draw us such a
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Figure 3.24: (a) Rocking curves around the LSMO (002) peak along the [100] and [010]
crystallographic directions. (b) Rocking curves around the LSMO (002) peak, with different
in-plane orientation of the film, revealing the twinning directions of the film. (¢) Diagram of
the reciprocal space of the STO//LSMO substrate-film system, with periodic twinning of the

film.
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Figure 3.25: Normalized Rvs.T measurements of LSMO thin films deposited at various tem-
peratures.

conclusion, since we are studying the films on the out-of-plane direction. Further studies
have to be carried out in order to determine a link between twin domains and electric and
magnetic properties of our films. As we have stated previously, these properties are highly
dependent, due to their origin, to structural features of the film. Other studies could include
the influence of film thickness, and substrate temperature on crystallite twinning, as we have
observed that high substrate temperatures favor twin formation. Also, Jin et al.[61] have

shown that films tend to relax, by twin formation as their thickness increases.

3.2.4 Electrical characterization of LSMO epitaxial thin films

In order to evaluate the transport properties of the deposited LSMO thin films we have
performed R(T) measurements on our samples, in the 80-340 K range, using the four probe
technique. No lithographic process was performed on the films prior to their measurement.
Transport characteristics are crucial to the evaluation of film properties, as the presence of
a metal-insulator transition is an indication of the ferromagnetic-paramagnetic transition.
Also, lattice strains induced by substrate-film lattice mismatch, film thickness, oxygen con-
tent and so on, are intimately related to the magnetic and transport properties, because of
the mechanisms that generate ferromagnetism and metallic conductivity in such systems.

For our preliminary electrical study, shown in Figure 3.25, we have chosen to investigate
the role of the deposition temperature on the temperature dependence of resistance, linking
this behavior to the structural findings presented in the previous chapter. As it can be

observed from Table 3.3, the variation of the metal-insulator transition temperature, Ty,

87



3.2. Elaboration and characterization of Lay_,Sr,MnQOs epitaxial thin films

Table 3.3: Variation of the metal-insulator transition temperature and out-of-plane lattice
parameter as a function of the film deposition temperature.

Deposition Temperature Metal-insulator transition Out-of-plane
temperature, Ths lattice parameter, ¢
(°C) (K) (A)
650 260 3.882
750 311 3.867
800 310 3.872
825 303 3.877

defined as the temperature for which the maximum in resistance is achieved, closely follows
the behavior of the out of plane lattice parameter, ¢. As ¢ decreases from 3.882 Ato 3.867
A, there is a dramatic increase in the transition temperature from 260 K to 311 K. Also an
interesting feature on the R(T) dependence for the film deposited at 650 °C is the presence
of kink, around 200 K, which is an indication of the presence of a second transition, having a
lower transition temperature, due to the existence of a secondary phase(s). This dependence
confirms the hypothesis stated in the paragraph concerning the structural analysis of the
films. As the deposition temperature is increased from 750 to 800 °C, the transition tem-
perature remains relatively constant, approximately 310 K. It is to be noted that the lattice
parameter exhibits only 0.13% increase. For the film deposited at 825 °C, the increase of
¢, is accompanied by decrease of the transition temperature to 303 K. Sun et.al. [57] argue
that annealing in vacuum leads to the release of oxygen which, besides expanding the lattice,
leads to the decrease of Ty;7, as Mn** changes to Mn3T. As stated before, it is our belief
that the deposition of LSMO films in relatively low pressure, 40 mTorr of argon and oxygen
mixture, at high 825 °C, temperature may cause oxygen release which leads to the observed
behavior.

The preliminary study presented above is an indication that the electrical properties
of LSMO thin films are highly sensitive to deposition conditions, which in turn determine
the structure of the films, and especially to the stabilization of the oxygen stoichiometry.
Oxygen content dependent electrical properties are expected since the metallic conduction
mechanism as well as ferromagnetism are determined by the presence of O?~ ions in the
lattice. In order to quantify systematically the influence of oxygen content on the physical
properties, in the next Section we have performed annealing studies of LSMO thin films in

different O5:Ar gas mixtures.
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3.3 Oxygen incorporation effects on La;_,Sr,MnOQO; epi-

taxial thin films

From a chemical point of view La;_,Sr,MnOj is substitutional solid solution, in which
divalent Sr’* ions substitute trivalent La3* ions at their respective lattice sites. In the end
member LaMnQOj3, the manganese ions have a 43 valence state. Upon substitution with
divalent ions, e.g. Sr, Ca, Ba, the Mn?* state changes to Mn** in order to preserve the
overall charge balance. The resulting Mn** /Mn3* ratio corresponds to the doping degree,
i.e. to x/(1 — x), so that the chemical formula can be written as La®" Sr2*Mn3*Mn{t 0%~
or, alternatively, as (La’*Mn3t043);_,(Sr>*Mn?+037),.

Introducing Mn** valence ions in the crystal lattice, plays a crucial role in determining
the physical properties of the compound. Namely, through the mechanism of double ex-
change, first described by Zener [25, 26], the extra electron present in Mn®*", occupying a
e, energy level, can be transferred to a neighboring Mn*t e, empty level, by means of a
double exchange of electrons mediated by the O~ ion present in a Mn**-O?~-Mn?** bond.
Anderson and Hasegawa [27] have shown that electron transport is a function of the relative
angle between the ”core” ty, electrons of the two Mn ions. This fact, corroborated with the
Hund coupling that exists between the e, electron and the three ty, electrons, explains the
existence of a ferromagnetic metallic state and a paramagnetic insulating one for optimum
doped manganites. Also, one of the most interesting properties of doped manganites, colossal
magnetoresistance, can be explained within the framework of the double exchange model, as
an external magnetic field acts as to align the ¢y, core spins, enhancing e, electron mobility,
determining thus a dramatic electrical resistance drop, ~1000%, i.e. colossal, in the vicinity

of the Curie temperature, Jin et al. [45].

3.3.1 La;_,Sr,MnOQOj3,,; defect model

Roosmalen et al. [62] published a series of articles concerning a defect model for LaMnOs
when it is subjected to an excess in the oxygen stoichiometry, d. From neutron diffraction
data, thermogravimetry, titration methods and charge balance they have constructed a model
in which the presence of an excess in oxygen concentration leads to the formation of an equal
number of La and Mn vacancies accompanied by a change in the Mn valance state from +3
to +4, increasing thus the overall Mn** /Mn3* ratio. The defect equation reaction that they

proposed was:

" "

d
LaMnOs + 502 — (Lally 3)(Mn3_pyMns,0,3) O3 4. (3.6)

From the above equation, it can be seen that an excess d of oxygen produces cationic va-

cancies, on La and Mn sites, denoted by [J. Both type of vacancies have the same charge,
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3+, symbolized by . Besides vacancy creation, the presence of extra oxygen in the lattice
produces Mn** ions, Mn®. The Mn?* ions are denoted as Mn°®.
The Roosmalen equation can be rewritten in the conventional Kroger-Vink notation, the

standard in expressing defect reactions as:

3 " "
6Mnp + 502 — Vi + Vi, + 6MnS,,, + LaMnOs. (3.7)

In equation 3.7 vacancies are marked as V' and the corresponding negative charge, ”’. Also,
Mn3* is considered to be "neutral”, so that Mn** has only one extra positive charge, e.
Equation 3.7 does not change the results of Roosmalen et al. [62] as the result of excess
oxygen is the same, i.e. creation of equal amounts of La and Mn vacancies and creation on
Mn** ions. In their papers Roosmalen et al. [62] also studied the effects of excess oxygen
incorporation in Sr doped LMO, La;_,Sr,MnQOj3. As is to be expected, qualitatively the

results are the same as in the case of LMO:

"

3 " " 1"
6 Mnp, + 502(9) = Vg + Vagn + Via + Vs, + 6Mnjy, + Lag—q)STa MnOs, (3.8)

that is, cationic, La, Sr and Mn, vacancies are produced and also supplementary Mn** ions.
In the case of LSMO, the Mn?™/Mn3* ionic ratio is = + 2d/(1 — = — 2d).

From the above studies the main conclusion that can be drawn is that there are two
mechanisms that can alter the hole doping in LSMO: the first is straight forward by divalent
ion doping, while the second is by creating an oxygen excess in the LSMO lattice. However,
the latter has side effects in terms of lattice defects, as vacancies are created within the crystal
strucutre. In the present Chapter we set out to investigate the effects of oxygen incorporation
in epitaxial LSMO thin films deposited on STO (001) substrates. We study the influence of
oxygen on the structural, magnetic and electric properties. An original approach is proposed
in the evaluation of the structural effects that excess oxygen produces in the film lattice.
Using the model proposed by Boulle et al. [76] the measured two-component rocking curves
were simulated in order to extract the correlation length of and mosaicity created by the
oxygen induced cationic vacancies. As it will be seen LSMO thin films are quite susceptible
to oxygen incorporation and their properties may suffer important variations with the oxygen
content. In order to obtain reproducible films for more sensitive applications, like tunnel

junctions or spin valve systems, a systematic study of these effects is necessary.
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3.3.2 Overview of oxygen incorporation effects in doped lanthanum

manganites

The electric, magnetic and structural properties of epitaxial manganite thin films can be
modified by the amount of oxygen doping and additionally by means of the lattice distortion
caused by the mismatch between lattice parameters of the film and those of the substrate,
respectively. For example, a whole range of magnetic anisotropies in LSMO thin films have
been stabilized changing the substrate on which the films were grown: on LAO (001) the
films are subjected to compressive strain that lead to an out of plane magnetic easy axis, Dorr
[55], on STO (001) the film is subjected to tensile strain and it exhibits biaxial anisotropy
Suzuki et al. [65], while recently, on NGO (001) and (011) there have been reports of uniaxial
in plane anisotropy, Boschker et al. [12]

In doped lanthanum manganite thin films oxygen content plays an important role in
determining their physical properties as it acts both on the Mn**/Mn3* ratio as well as on
the lattice distortion, modifying the ¢/a ratio, usually through the alteration of out-of-plane
parameter, ¢, as the in-plane parameter, a, matches the one of the substrate for film thick-
nesses that are situated below the critical value at which relaxation occurs. There have been
papers that have tried to distinguish between the two effects by depositing films on different
substrates and varying the oxygen pressure during deposition and by post-deposition anneal-
ing. Sakai et al. [64], have deposited LaggSrg4MnO3_4 thin films on STO (001) and LAO
(001) substrates at 750 °C varying the oxygen pressure during deposition and subsequent
oxygen annealing from 0.3 to 300 mTorr. They found there is a limiting oxygen pressure
around the value of 3 mTorr above which the lattice easily incorporates oxygen. For oxygen
deficient samples, oxygen incorporation results in an improvement of structural quality, as
the FWHM of the rocking curves decreases with increasing the oxygen content. This fact is
consistent with the findings of Sirena et al. [78], which pointed out that in the films that
have oxygen vacancies and are subjected to oxygen annealing, their respective coercive fields
decrease as the number of oxygen vacancies decreases. The coercive field of magnetic films
is sensitive to structural defects, as the latter act as to pin domain walls. Another inter-
esting fact pointed out by Sakai et al. [64], is for the LSMO film deposited on LAO (001)
where they found a Mn** content of 0.175, for which, from the phase diagram determined by
Urushibara et al. [28], the film should have been an antiferromagnetic insulator. However,
the film exhibited a metal-insulator transition, a phenomenon which the authors attributed
to the substrate induced compressive strain on the film. For under-doped manganite thin
films (x<0.3), Murugavel et al. [68], conducted an extensive study on La;_,Ca,MnOs,
La;_,Ba,MnO3; and LaMnO3 deposited on STO, LAO and LSAT substrates. After depo-
sition they performed an annealing of the films in flowing oxygen at atmospheric pressure

at temperatures varying from 750-900 °C. In all their samples they observed a systematic
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increase of the metal-insulator transition temperature, T ;7, with the increase of the anneal-
ing temperature. All of the measured T);; were higher than the temperatures reported in
the literature for bulk samples having the same doping level. They concluded thus, that in
the under-doped regime, the enhancement of the transition temperature is not related to the
substrate induced strain, as in the case of Sakaiet al. [64], but rather to an oxygen excess
that increases the Mn** /Mn3* ratio, as pointed out by Dabrowski et al. [70]. An increase
in the Mn ionic ratio corresponds to an increase in the hole doping level.

Prellier et al. [67], have studied the properties of La;_,Ca,MnOj thin films, varying x
from 0.1 to 0.5, annealing them in pure oxygen and pure argon at 800 °C for 10 h. As
confirmed by Murugavel et al. [68], in the under-doped regime there is quite a dramatic
increase of Ty, from 240 K to 270 K, for the as-deposited and oxygen annealed film. The
saturation magnetization value is 3.75 up for the as-deposited films, and it decreased to 3.59
up after oxygen annealing. Again, this decrease has been ascribed to the increase of Mn**
content, as oxygen incorporation created cationic vacancies. The transition temperature
increase is not as evident for the sample having a doping level of x =0.5. The authors
noted that oxygen annealing produces a shift in the magnetic phase diagram of the oxygen
annealed samples compared to that of bulk material, as high transition temperatures can be
achieved at lower concentrations of Ca, by means of excess oxygen in the lattice. Another
interesting fact pointed out in the paper is that temperature alone, for the samples annealed
in argon, changes only to a little extent the transition temperature of the film with respect

to the as-deposited one.

3.3.3 Experimental

The LSMO epitaxial thin films were deposited by means of DC Sputtering on (001)
SrTiO3 (STO) single crystal substrate in a mixture of Ar and O, with a 3:1 ratio at a total
pressure of 40 mTorr, from a stoichiometric, 2 inch Lag gsSrg 33MnQO3 target. The deposition
was performed at a substrate temperature of 650°C. During cooling, at a rate of 10°C /min.,
an additional annealing sequence was performed at 550°C for 30 min. in 520 Torr of oxygen
atmosphere. In order to study the oxygen incorporation effects in LSMO, the film was cut
into pieces of about 5x5 mm? which were subsequently annealed at 900°C for 1 hour in flow-
ing annealing gas comprised of an Ar and Oy mixture in a (100%-x):x ratio, with x taking
the values 0%, 3%, 10%, 25% and 100%. The structural, X-ray characterization of the films
was carried out using a Bruker AXS D8 Discover diffractometer in a high resolution X-ray
diffraction (HRXRD) configuration. The magnetic characterization was performed using a
Quantum Design SQUID magnetometer. The Mn?>*/Mn?" of the samples was determined
by X-ray Photoelectron Spectroscopy of the Mn 2p core level lines. Ar™ ion etching was

performed in order to remove contamination layers. The samples were subjected to consec-
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utive etchings until, by performing an additional milling, the measured spectra remained
unchanged in shape and intensity. Morphology characterizations were performed by means
of AFM microscopy in the Contact mode. Electrical measurements were performed in a

cryogen-free set-up using the four probe method.

3.3.4 Results and Discussion
Morphologic characterization

The morphologic characterization of the samples was performed by means of AFM in
the contact mode. For the measurements we have used the so-called ultra-sharp tips having
the tip radius of ~2 nm. The results for as deposited and annealed samples are shown in
Figure 3.26. The morphology of the as deposited film is characterized by the presence of
surface grains. The root-mean-square, RMS, roughness is around 2 A. This very low value
is typical for low crystal quality thin films, which is to be expected for the as deposited
film, which was grown at 650 °C. As the annealing process is performed, the microstructure
changes completely. All the films exhibit a terraced surface, with steps having different
widths and edge shapes. A particular feature is present on the surface of the 0% and 3%
oxygen annealed films. It can be seen that in both cases small grains may be observed on
the otherwise flat step surface. These outgrowths have been studied extensively by Moreno
et al. [66] on chemically deposited LSMO thin films on STO(001) substrates. HR-TEM and
EELS analyses have shown that the outgrowths were La-Sr oxide (LSO) nanoislands. They
argue that within the body of the film a phase separation of two dissimilar crystalographic
structures occurs. The formation of the nano-islands is seen as the result of the minority
phase diffusion towards the surface of the film. This mechanism can be supported for the 0%
O, annealed film, for which we will show from M(T) measurements that there is, most likley,
a distribution of phases that coexist within the film. For the 3% O, film the explanation may
not be as straight forward. It can be seen from the AFM images that the two morphologies
are not similar, as in the case of the 3% film the steps are not very well defined, so that the
surface grains may constitute a prelimiary stage towards step formation. The 10%, 25% and
100% oxygen annealed films display the terraced surface without any out-croppings. The
edges of the terraces have a different shapes, ranging from rounded features to sharp edges,
as is the case of the 100% film. From these images it is impossible to draw any quantitative
conclusion with respect to the variation of the edges’ shapes. However, qualitatively, we
suspect that the driving force behind this evolution is the change of chemical composition
of the films, oxygen content wise, which in turn determies a change of the surface energies.
A variation of the surface energy may give rise to different step formations.

As a conclusion, our study reveals that upon annealing, irrespective of the annealing

gas composition, the poorly defined film morphology evolves into a terraced surface. Pure
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Figure 3.26: 2umx 2um AFM images of the as-deposited and annealed films
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Ar annealing results in outgrowth formation on the step surface, which may originate from
an inhomogeneous film phase. Minority phases may diffuse towards the surface leading to
nano-island formation. Also, different gas compositions lead to a different oxygen stoichiom-
etry films, which in turn, modifying the film surface energies results in different terrace edge
shapes. From the device application point of view, where defect free, chemically pure surfaces
are required, our study helps define the appropriate annealing conditions window for good
morphological quality films, for 900 °C annealing, oxygen concentrations of the annealing gas
above 3%. However, steps widths of ~100 nm may be too narrow for heterostructure appli-
cations, such as spin valves or tunnel junctions, as at the step edges dislocations may form.
These defects may subsequently act as scattering centers which reduce the spin coherence

length, crucial for developing effective spintronic devices.

HRXRD characterization

20 /w Scans

Figure 3.27 shows the evolution of the 26 /w scans of the (002) LSMO peak for the different
compositions of the annealing gas. All curves could be fitted with a simple semi-kinematical
film /substrate model [69]. It turned out that the film and substrate diffract coherently
indicating a high structural quality of the films. The film thicknesses are in the 29-31 nm

range and the films roughness is less than 1.2 nm. As the oxygen content of the annealing

)

2

STO (002)
LSMO (00

Log Intensity (arb. units)

44 46 48 50
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Figure 3.27: 260/w scans around the (002) peaks of the LSMO films and STO substrate for
different values of x=0%, 3%, 10%, 25% and 100% (balck) and the corresponding simulated
curves (red).
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Figure 3.28: Reciprocal space maps around the (103) peaks of the STO substrate and LSMO
thin films annealed in (a) 0%, (b) 3%, (c¢) 10%, (d) 25%, (e) 100% oxygen.
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Figure 3.29: LSMO thin films lattice parameters evolution as a function of the oxygen content
in the annealing gas.

gas increases one can observe a tendency of the (002) LSMO peak to shift towards higher 26
values, indication of a decrease of the out-of-plane LSMO lattice parameter, c. The decrease
of ¢ is generally regarded as an indication of oxygen incorporation in the LSMO lattice, as
the Mn®" valence state changes to Mn*", which has a lower ionic radius [56]. Dabrowski
et. al. [70] suggested that the decrease in the lattice parameter can be also ascribed to the
creation of vacancies in the lattice due to the excess of oxygen. On the other hand, the
observed evolution of the ¢ parameter might also be due to an evolution of the state of strain
of the film. In order to discriminate between both contributions we recorded reciprocal space
maps around the (103) LSMO and STO reflections. In Figure 3.28 is shown the reciprocal
space map for the films annealed in pure argon and argon and oxygen mixtures. As it can be
seen, the peaks of the film and substrate have the same value of h, namely 1, indicating that
the two lattices are perfectly matched in the in-plane direction, having the lattice constant of
the STO substrate, 3.905 A. In all cases the films are fully strained and the corresponding in-

plane strain is e,, = (asro — a4, ) /a5 . The strain free parameter of LSMO is denoted

abudk o, so as to distinguish it from the measured (strained) values a and c. Since the same
result was found to be true for all the annealed samples, this is a clear indication that the
observed evolution of the ¢ parameter is solely related to compositional changes, namely
oxygen content. The influence of the oxygen content on the in-plane and out-of-plane lattice
parameter is presented in Figure 3.29. We deduce the influence of the oxygen incorporation
only, i.e. without the effect of strain, according to a%%,, = (¢ + veasr0)/(1 + v»), where
V5 is the biaxial Poisson’s ratio which is related to the uniaxial Poisson’s ratio through
vy = 2v/(1 —v). In the case of LSMO we have v = 0.4 [71], and the parameter ¢ is obtained
either from the reciprocal space map (Figure 3.28) or from the 26/w scan (Figure 3.27).

It can be seen that the strain free lattice parameter decreases as a function of the oxygen
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content in the treatment gas, following two regimes. The first, up to 10%, is characterized
by strong decrease of the lattice parameter, indicating a pronounced oxygen incorporation
effect in the film lattice. In the second regime, from 10% to 100% oxygen content, the lattice
parameter exhibits only a slight decrease. The overall behavior is similar with the random-
defect model in LSMO[72] in which the abrupt decrease corresponds to oxygen incorporation

in the oxygen deficient phase, while the mild decrease is due to oxygen over-doping.

w Scans

The w-scans around the (002) LSMO peaks of the annealed samples are presented in
Figure 3.30. All peaks exhibit a profile comprised of a narrow, high intensity component
and a broad, low intensity component. The two-component rocking curves of epitaxial
thin films have been observed in a wide variety of thin film systems [73, 74, 75]. The
presence of the diffuse scattering component stems from the existence of distorted regions
(of limited spatial extension) in the film. These regions are situated around defects such
as dislocations, grain boundaries, chemical inhomogeneities, etc. The defects are therefore
sources of heterogeneous strain in the film, opposed to the growth related homogeneous
strain. The coherent part originates from the long-range order inherent in high-quality
epitaxial films. Quantitative information regarding the spatial and statistical properties of
the strain field, as well as regarding the in-plane coherence length (”crystallite” size) can be
deduced from the numerical simulation of such w-scans [76] in form of the defect correlation
length, &, and the level of disorder, 0.

Miceli et al. [85] were the first to propose a phenomenological theory of the two-

Log Intensity (arb. units)

T ¥ 1

-1.0 -0.5 0.0 0.5 1.0
Ao (deg.)

Figure 3.30: Rocking curves around the (002) peak of the annealed LSMO thin films (black)
and the simulated curves (red).
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Figure 3.31: Plot of the displacement-difference correlation function o(x) versus x for different
values of the width parameter w. Decreasing w results in a more abrupt transition from the
correlated to the uncorrelated disorder regime. The asymptotic behaviours for z < &(o(z) =
Ooo(x/€)) and for z > (o (x) = 0 ) are shown as grey lines. The z-position of the intersection
of the two asymptotic lines correspond to the defect correlation length, &.

component profiles. They distinguished between two cases, one of weak disorder, in which the
width of the diffuse scattering peak is related to the defect correlation length, AQ, = 27 /¢,
and a strong disorder case, where the width of the diffuse scattering peak, expressed as
a function of the scattering vector @),, is given by the strain, or mosaicity of the defects,
AQ,; = wh, w being the mosaicity, while h is the length of the reciprocal lattice vector. The
use of this approach is limited to the two extreme cases of disorder, so that in an intermedi-
ate case £ and w cannot be evaluated separately. Also, a separation of the two components
of the rocking curves, through fitting algorithms may lead to an erroneous evaluation of the
diffuse scattering component through the arbitrary choice of the fitting functions (Gaussian,
Lorentzian or Voigt).

In order to overcome these shortcomings, Boulle et al. [76] proposed the direct mod-
eling of experimental diffraction profiles. The proposed scattering model makes use of the
Levy-stable distribution function in order to describe the statistical properties of the strain
fields. Also, the effects of the finite size domains, i.e. crystallites, over which the diffrac-
tion process is coherent, are taken into account. The spatial properties of the of the strain
field, responsible for the occurrence of the of the two-component profiles are described by
the so-called displacement-difference correlation function, o(x). This function is defined as
o(z) = {[u.(x) — u,(0)]?), where u,(z) is the deviation from the average lattice position,

along the normal direction, z, with respect to the film surface, at point . The authors

99



3.3. Oxygen incorporation effects on Lay_,Sr, MnQOs epitaxial thin films

0.30
1@ 114 ~
_0.25 \ £
%D 1 @ . Eﬁ
~ 412 ©
> \ =
- ° E
o | =
§ Ll
- —
0.15 l—-"““"'. 10 S
/
| m ]
e
() 1 S S — 8

0 20 40 60 80 100
Oxygen Content in Gas (%)

Figure 3.32: Evolution of the mosaicity and correlation length of the defects, as obtained by
fitting the rocking curves around the (002) and (001) peaks of the LSMO films.

propose the following form of the correlation function:

o(1) = o {1 — exp [— @) I/w] }Hw . (3.9)

In Equation 3.9, £ is the correlation length, meaning that for x < & the lattice displace-
ments, u,(z), are correlated, while for z > &, the displacements are uncorrelated. As a
consequence, the correlation length corresponds to the spatial extension of the strain field
created by defects. The parameter w, represents the transition width between the correlated
and uncorrelated regimes. The different dependencies of o(x) on w are shown in Figure 3.31.
H depends on the nature of the disorder and takes the value of 1 in the correlated regime,
for which the characteristic strain created by the defect is obtained to be €,, = 0,./¢, also
referred to as the mosaicity.

In the present case a good agreement between the calculated and the observed curves
could be obtained assuming a Gaussian distribution of strain and crystallites having a par-
allelipipedic shape. The strain field is characterized by the in-plane correlation length &,
below which the lattice displacements are correlated, which in the case of a symmetrical
reflection, correspond to the root-mean-squared (r.m.s) rotations, i.e. the mosaicity. This
mosaicity gives rise to the diffuse peak. Above the correlation length &, the displacements
are uncorrelated so that the mosaicity drops down to zero, which gives rise to the coherent

peak. The correlation length & can be regarded as a "mean distance” between defects [77].
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The simulation of several (00) reflections is necessary in order to determine the different
parameters entering the model. We here used the (001) and (002) reflections. Finally, it is
to be noticed that the w-scan of the film annealed in 10% oxygen could not be simulated
properly with the described model, as it exhibited an additional signal, giving rise to two
shoulders indicated by the arrows in Figure 3.30. The presence of such distinct features in
epitaxial LSMO thin films has been attributed to the presence of periodic microtwinning
[59]. The evolution of the mosaicity and the correlation length as a function of oxygen con-
tent are presented in Figure 3.32. Starting from z = 3% the correlation length of the defects
decreases, while the mosaicity increases. This evolution can be interpreted as follows: as
oxygen incorporation in the film lattice increases, due to higher oxygen concentration in the
annealing gas, a greater number of cationic vacancies form, according to the defect model
(1). These vacancies act as defects, locally distorting the lattice, giving rise to the diffuse
scattering component of the rocking curves. As the defect density increases the mosaicity
increases, i.e. the strength of the defects increases. Concomitantly, the distance between
defects decreases, i.e. the extension of the distortion field of an individual defect is reduced

by the presence of adjacent distortions.

Magnetic properties

In order to demonstrate the validity of our interpretation we have conducted a series of
magnetic measurements, as well as a XPS investigation on our samples, from which we have
evaluated physical quantities that are dependent both on oxygen and defect concentration,
such as Curie temperature, T¢, the coercive field and the Mn3*/Mn?" ionic ratio.

The temperature dependence of the magnetization, M(T), for the annealed films is
presented in Figure 3.33. From the derivative of the M(T) curves, the ferromagnetic-
paramagnetic transition width was investigated, taking as a parameter the full-width-at-
half-maximum (FWHM) of the dM/dT peak around the inflexion point of the M(T) curves,
Figure 3.34a. The behavior of the FWHM also suggests the existence of the two oxygen in-
corporation regimes, in agreement with the structural studies. Thus, for the films annealed in
up to 10% oxygen concentration, the FWHM decreases, i.e. the ferromagnetic-paramagnetic
transition becomes narrower as a function of temperature. This behaviour can be ascribed
to an evolution of the films towards a low defect density and possibly oxygen stoichiometric
phase. The large FWHM value of the 0% oxygen content annealed sample is an indication
that the film exhibits multiple magnetic phases, having different Curie temperatures. These
phases could in turn come from the existence of slight local compositional and/or structural
variations within the film. It is to be noted that such local inhomogenities can hardly be
evidenced by the HRXRD measurement, which might explain the contradiction between the
high value of the coherence length, determined from the w-scan, and the value of FWHM of
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Figure 3.33: M(T) curves for the annealed samples; Curie temperature evolution as a function
of the oxygen content in the annealing gas (inset).

dM /dT peak, in the case of the film annealed in pure argon. On the other hand, for oxygen
concentrations above 10%, a slight increase of the FWHM is noted. This trend can be inter-
preted as the effect of oxygen over-doping which creates cationic vacancies in the film crystal
structures. Taking into account the above considerations, we can conclude that in the first
regime oxygen annealing acts as to homogenize the films into a single phase with recovered
oxygen stoichiometry, while the second regime is governed by uniform oxygen incorporation
in the single phase films, leading to oxygen over-doped, La_z)Sr,MnOs3, 4films.

The Curie temperatures were determined by linear extrapolation of the M(T) curves
around the inflexion points and are presented in the inset of Figure 3.33. A pronounced
increase of T is observed from 278 K, corresponding to the film annealed in Ar, to 307
K, for the film annealed in 10% oxygen, as the structure evolves to a single phase possibly
having stoichiometric oxygen content. Above 10% oxygen content, the increase is slower,
reaching a maximum value, for 100% oxygen annealed film, of 309 K. The slight increase
observed above 10% oxygen content, suggests a hole doping effect of oxygen excess in a sub-
optimum (x <0.33), cationic, i.e. strontium, doped phase. A similar effect was also observed
by Murugavel et. al. [68] in their studies of oxygen annealing effects on cationic under-
doped La(_;)Ca,MnOj3 films, where the dramatic increase of the metal-insulator transition
temperature, Ty;7, from 240K for the as-deposited to 270K for oxygen annealed film was
ascribed to the effective hole doping originating from oxygen excess in the film lattice. The
lack of the exact Sr concentration value of our films prevents us from making any quantitative
evaluation of the amount of excess oxygen in the annealed films, based on the Ty value.

There have also been results [70] on oxygen incorporation effects in LSMO, in which above
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Figure 3.34: (a) Full-width-at-half-maximum (FWHM) of the dM/dT peak around the in-
flexion point of the M(T) curves; dM/dT curve for the 10% oxygen annealed film (inset);(b)
Evolution of the coercive field and of the Mn?*+ /Mn** ratio, determined by XPS measurements,
as a function of oxygen concentration of the annealing gas.

a certain oxygen doping level, due to the induced structural defects, the Curie temperature
experienced a decrease. However, it seems that in our case, this critical level of doping is
not attained.

As far as the coercive field of the LSMO films is concerned, Sirena et. al. [78] studied the
effect oxygen incorporation in LSMO thin films, which were initially oxygen deficient, on the
coercive field. They concluded that upon oxygen annealing, the coercive field of the films
decreases. Considering domain wall pinning on structural defects as the main mechanism
of coercivity, they attributed their result to the fact that oxygen incorporation in oxygen
deficient samples results in a reduction of the number of oxygen vacancies, i.e. structural
defects, leading thus to a reduction of coercive field. The evolution of the coercive field as a
function of the annealing conditions is given in Figure 3.34b, evaluated from hysteresis loops
performed at 5 K. The coercive field decreases from a value of 80 Oe for the argon annealed
sample, to 35 Oe, for the film annealed in 3% oxygen. The coercive field in case of the 10%
film is close to this value, 36 Oe. For the 25% and 100% oxygen annealed films the value of
the coercive field increase to 55 Oe and 64 Oe, respectively. Following the arguments used
by Sirena et. al. [78], we can explain the decrease of the coercive field by the structural
evolution of the LSMO thin films towards a single, low defect phase, up to 10%. For the 25%
and 100% the increase of the coercive field is related to the increase of the defect density

due to oxygen over-doping, as revealed by the decrease of the coherence length, Figure 3.32.
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Figure 3.35: Resistance vs. temperature dependence of the annealed samples. (inset) Mag-
netization and resistance temperature dependence of the 10% oxygen annealed film.

Electrical characterization

The electrical characterization of the samples consisted of resistance measurements. The
measurements were performed as a function of temperature in the 10-280 K range. The re-
sults are shown in Figure3.35. As it was to be expected the critical metal-insulator transition
temperature was not reached. All the curves exhibit the characteristic resistance increase
as the temperature tends towards T);;. As it was mentioned in the introduction to LSMO
chapter, this part of the R vs. T curve is referred to as metallic, even though the behavior
of the resistance is not strictly linear even for low temperatures, e.g. 0-100 K. The Figure
3.35 inset demonstrates the close relationship that exists between the magnetic and electric
properties of the LSMO thin films. As the magnetization decreases, due to the thermal fluc-
tuations, the resistance of the sample rises. This behavior can be qualitatively be understood
within the double exchange model. This was already reviewed in the introductory chapter
so that we will only briefly touch upon it. Thermal fluctuations act as to produce disorder
of the core t, spins. The e, electron delocalization, responsible for metallic conduction, will
be thus impeded as it depends on the relative angle between the ¢3¢ spins, in the sense that
electronic transfer probability is maximum for parallel core spin alignment.

Several models are used for the quantitative interpretation of the p(T) data. Recently,
Sirena et al. [40] have used the VRH model to describe their data obtained on LSMO epi-
taxial thin films that were subjected to oxygen ion implantation. They use the ”classic”
VRH model, without taking into consideration magnetic disorder, to interpret the low tem-

perature resistivity values. Their assumption is justified, as magnetization can be assumed
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as constant in the low temperature range. The potential fluctuations due to the presence of
defects tend to localize the electrons, described by a 1) = 1y exp(—ar) wave function. The

resistivity expression as a function of temperature of the VRH model is:

p = poexp(Ty/T)7. (3.10)

T, is a term proportional to o, the inverse of the electron localization volume. Accordingly,
Ty is a measure of the disorder in the system. Of course, the disorder is due to the random
distribution of the dopant within the lattice, but is assumed to be constant for all the studied
samples. Ton implantation is also a source of disorder, so that the evolution of T is a measure
of the effects of ion implantation. As the ion density increases the defect density increases
so that T increases as a sign of the localization volume decrease. Following the arguments
proposed by Sirena et al. [40] we set out to investigate the R(T) obtained on the annealed
LSMO films in order to evaluate the influence of the oxygen induced defect creation on the
localization volume of the e, electrons. In our endeavor we used the modified VRH model
proposed by Viret et al. [38] in which the magnetic contribution to the potential variation
is also taken into account. The model, having the expression given below, allows for fitting
in wider temperature range than the original VRH model, which is an important advantage,
since in our study the measurements were not performed at temperatures lower than 10K,
where only structural effects are present. The resistivity expression according to this model,

also given in the introductory chapter on LSMO, is:
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Figure 3.36: (a) Experimental data and fit according the variable range hopping for the 25%
oxygen annealed film; (b) T( variation as a function of the oxygen content of the annealing
gas.
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p = poexp (%[1 — (M/MS)Q]) ! . (3.11)

Figure 3.36 presents the result obtained by using the model above to interpret the R(T")
experimental data. Although good agreement between theory and experiment exists in the
higher temperature range, for low temperatures a slight discrepancy seems to exist between
the two. The fit shown in Fig. 3.36a is the best obtained on this set of samples. The overall
poor fitting results point to the conclusion that the conduction mechanism in our films is
more complex and probably is a superposition of different contributions. This conclusion is
also supported by the results of the T, parameter estimation, obtained from the fits. Its
variation is completely the inverse of the expected behavior. From the 3% O, annealed
sample to the 10% one, where according to the previous analyses oxygen incorporation acts
as to homogenize and possibly to restore its stoichiometry, Tq increases. This increase means
that « increases as well, so that the localization volume decreases. On the other hand, up to
the 100% film, Ty decrease. This variation contardicts our measuremts which have indicated
defect formation due to oxygen over-dopping, which would lead to an increase of Ty, i.e. a
stronger localization of the carriers.

As a conclusion, although a qualitative agreement exists between the magnetic VRH
model and the measured R(T) curves, quantitatively important differences exist between the
two. This fact leads to erroneous evaluation of the T parameter, and hence any attempt

for disorder quantification from the resistance data proves to be fruitless.

XPS characterization

The composition of the samples was analyzed by X-ray Photoelectron Spectroscopy
(XPS) of Mn 2p and O 1s core-levels lines combined with controlled Ar+ ions etching of
samples. The etching was performed in order to remove the contamination layers and to
avoid the surface effects on manganese and oxygen ions concentrations respectively. The
samples were subject of consecutive Ar ions etchings until, for each sample, by doing any
additional sputtering the spectra remained unchanged in shape and intensity The excitation
was made by using the Al anode of the X-rays source (hv = 1486.3 eV). CASA software was
utilized to deconvolute and fit the experimental data.

As an example the XPS recorded spectra of Mn 2p core-level doublet for the sample an-
nealed at 3% O2 together with the corresponding deconvolutions and fitted curve are shown
in Figure 3.37a. As one can see the deconvolution was performed using two components
corresponding to Mn3* and Mn** states respectively, each having additional satellite peaks
around 645 and 658 eV. The low energy peaks (A) belongs to Mn3" ions while the higher
energy peaks (B) are attributed to Mn**. The restrictions used for fitting the Mn 2p XPS

spectra concern the relation between the areas of the two components, namely A, /o = Asz/2/2,
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Table 3.4: XPS Results.

0% Oz 3% Oy 10% Og  25% Oy 100% Oq

Mn** /Mny, 0763 0567  0.167 0203  0.318
O(A)/Oix 0784 0587 0180 0211  0.303
up/fu. 3236 3433 3833  3.796  3.696

the rations between (3/2) and (1/2) linewidths which were set between 1.05 - 1.25 and the
doublet separation which was restricted to ~11.8 eV [79, 80, 81, 82, 83].

The deconvolution of the O 1s core level line of the same 3% O2 annealed sample can be
seen in Fig. 3.37b. Here the large peak labeled C is attributed to the oxygen contamination
originating from various sources lake: oxide of the Mo support, adsorbed oxygen onto the
conductive carbon tape which was used to ensure the neutrality of the sample, etc.

The outer shell orbital of an oxygen ion connected to some Mn** neighbor ions is much
more delocalized that in the case of the Mn3* neighbor ions due to the double exchange
interactions specific to the perovskite manganites. A stronger electronic delocalization of the
outer shells splits the XPS O 1s core level peak to lower binding energies (”less negative”
charge) as compared to the O 1s core level of an manganese ion connected mainly, statistically
speaking, to some Mn®" type neighbors. In the last case one have a much localized charge
cloud at the oxygen position which, in turns, appears to be "more negative” that the oxygen
ions with delocalized electronic clouds. Therefore, the peak labeled B can be attributed to
the O%~ ions connected to Mn3" ions while the peak labeled A can be seen as belonging to

oxygen ions bound primarily to the Mn** ions.
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Figure 3.37: XPS measurements of the Mn®*, Mn?* (a) and oxygen (b) with the correspond-
ing fits.
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The integral intensities were calibrated by using the real sensitivity, transmission and
electronic mean free path factors. In Table 3.4 the Mn*" concentrations are presented,
together with the oxygen ions concentrations connected to the Mn** ions. One can observe
a quite good concordance between the values determined from XPS line analysis of Mn 2p
and O 1s core levels respectively. The last row shows the calculated magnetic moments in
Bohr magnetons (up)/formula unit (f.u.), based on Mn**/Mn?" concentrations, as resulted
from XPS data.

The existence of the oxygen over-doping regime is thus confirmed by the XPS measure-
ments. From the fitting of the obtained XPS spectra the Mn** /Mn** ionic ratio in the films
was determined, Figure 4.6. A decrease of the ionic ratio is observed starting from the 10%
oxygen annealed film. This is in good agreement with the previous findings, in the sense
that the increase of the Mn** ionic fraction is due to the presence of excess oxygen in the
film lattice [62]. The origin of the increase of the ionic ratio, for the films annealed in 0%
and 3% oxygen, remains unclear, even though the high concentration of Mn** in the 0%
film can be attributed to the fact that the film is a mixture of LSMO phases, and therefore
Mn** rich regions may exist within the film.

The results of the studies regarding the oxygen incorporation in LSMO thin films have
been the subject of a publication, T. Petrigor Jr. et al., Oxygen incorporation effects in
annealed epitaxial Lay_, St MnQOs thin films, J. Appl. Phys. 109, 123913 (2011).

3.4 Résumé de chapitre en francais

Ce chapitre est consacré a 1’étude d’un systeme magnétique de type pérovskite qui
présentera une tres bonne compatibilité structurale en termes d’épitaxie avec le YBayCu3zOxs.
Cela est tres important vis-a-vis de l'objectif scientifique de cette these concernant la réalisation
des systemes hybrides d’interface entre un film magnétique et un autre supraconducteur.

Le systeme choisi dans notre étude est le systeme épitaxial La;_,Sr,MnO3(LSMO). Le
chapitre est structuré en trois grandes parties: une introduction générale, un paragraphe
consacré a la croissance et aux études structurales et cristallographiques et un dernier para-
graphe consacre a une étude tres détaillée sur les effets de I'incorporation de I'oxygene sur
les propriétés des films épitaxiales de LSMO.

L’introduction présente, par une ample étude bibliographique, des généralités sur les
propriétés structurales, magnétiques et électriques du LSMO. Dans ces systemes les inter-
actions de double-échange, moyennés par 'oxygene, gouvernent les propriétés magnétiques
et électriques. Une transition de type métal isolateur accompagnée d’une transition ferro-
magnétique-paramagnétique apparait, au-dela d'une température critique 7, qui est directe-
ment corrélée a la qualité structurale des films et a la stchiométrie précise en oxygene. Tou-

jours dans cette introduction, des aspects concernant les propriétés d’anisotropie magnétique
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des films de LSMO sont discutés.

Un deuxieme paragraphe contient une présentation détaillé de la croissance des films
de LSMO élaborés dans le cadre de cette these ainsi que les résultats des études de car-
actérisation structurale (cristallographie et morphologique) et du transport électrique de ces
films. Les films de LSMO étudiés ont été élaborés par la pulvérisation cathodique (DC) sur
un substrat de SrTiO3. Selon les études faites le substrat est chauffé a une température
comprise entre 650 et 825 °C. Les films sont déposes dans un mélange de Ar:Oq (3 :1) & une
pression de 40mbar. L’étape finale consiste dans un refroidissement sous oxygene suivi d’un
recuit a 550°C pendant une demi-heure. Le dernier recuit est introduit dans la séquence
de I’élaboration pour le cas ou un film de YBayCu3zO7; sera déposé ultérieurement sur le
LSMO, sachant que dans la phase de 1’élaboration du supraconducteur un recuit a 450 °C
sous oxygene sera nécessaire afin de stabiliser la phase supraconductrice avec une structure
orthorhombique.

La caractérisation de la morphologie des films de LSMO a été effectuée par la micro-
scopie a force atomique en utilisant un microscope AFM modele Veeco Dimension 3100. Les
propriétés structurales ont été déterminées avec un diffractometre de type Bruker AXS D8
Discover dans une configuration de haute résolution. Un premier résultat de notre analyse
montre le role de la témpérature du substrat sur la morphologie des films. Un deuxieme
parametre important pour la morphologie est ’épaisseur du film. L’objectif principal de
I’étude sur la dépendance de la morphologie de I’épaisseur du film a été la détermination
des mécanismes de la croissance épitaxiale du LSMO sur les substrats de SrTiO3(001). Un
troisieme parametre important pour la morphologie est la topologie de la surface du sub-
strat. Des traitements chimiques et thermiques spécifiques appliqués au substrat nous ont
permis d’induire des structures périodiques de terrasses. Ce terrassement du substrat est
particulierement intéressant permettant l'induction, par un mécanisme magnétostatique de
type dipolaire, des propriétés d’anisotropie magnétique dans les films magnétiques déposés
ultérieurement sur les substrats. Un dernier parametre, identifié comme important pour
la morphologie des films de LSMO, est la distance substrat-cible pendant la pulvérisation
cathodique.

Les études par AFM sur la morphologie des films ont été accompagnées par des études
treés détaillés de diffraction X (mesures 26-w, rocking curves, réflectométrie, cartographie de
I'espace réciproque). Ce type d’étude montre I’évolution des parametres structuraux des
films de LSMO en fonction de leur température de croissance, le "twinning” périodique des
films de LSMO, etc.

La derniere partie du deuxieme paragraphe du chapitre présente des résultats de la
caractérisation électrique des films de LSMO. Les mesures de la variation de la résistance
électrique avec la température montrent clairement le régime de transition métal-isolateur et

la dépendance de la température critique des parametres clefs de I’élaboration des films. La
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température critique augmente avec I'augmentation de la température de recuit. Cependant,
une température trop élevée (825 °C) sera responsable d’une détérioration des propriétés des
films. Une piste préliminaire qui se dégage pour expliquer cette détérioration, traduite par
une réduction de la T, s’oriente sur l'influence de la steechiométrie de 'oxygene dans le
LSMO, élément clef pour les interactions de double échange.

Ainsi, dans le troixieme et dernier paragraphe du chapitre, nous présentons les résultats
d’une étude exhaustive concernant les effets de 'incorporation controlée de 'oxygene sur les
propriétés magnétiques des films de LSMO intimement corrélés avec leur structure cristal-
lographique. Ce paragraphe développe le mécanisme des interactions de double échange et,
par une étude bibliographique, le role de I'incorporation de I'oxygene dans les manganites de
lanthane. Le paragraphe continue avec la stratégie expérimentale concernant la préparation
proprement dite des échantillons de LSMO avec une concentration variable en oxygene. Cette
derniere est obtenue par un traitement thermique spécifique a 900°C pendant une heure dans
une atmosphere d’oxygene (mélange de Ar et O2 (100%-x):x avec x= 0, 3, 10, 25, 100%).
La caractérisation magnétique des films a été effectuée avec un magnétometre SQUID (
(Quantum Design) a I’Université Henri-Poincaré de Nancy. Le rapport Mn®*™/Mn*t a été
détermine par des mesures de Photoémission de Photoélectrons X sur les niveaux de coeur
Mn 2p.

La caractérisation en diffraction X de type 20/w scans et la cartographie de I'espace
réciproque permettent d’observer et d’extraire I’évolution des parametres structuraux et du
stress dans les films en fonction de leur contenu x en oxygene. L’analyse expérimentale de
type rocking curve corrélée avec la simulation numérique des w scans permetent d’extraire
I’évolution de la longueur de corrélation dans le plan et du champ de déformation. Ces
parametres, également reliés a la densité et la distance moyenne entre les défauts structuraux
dans les films de LSMO sont controlés par la stcechiométrie en oxygene modulable via le
parametre z. Nous démontrons une anti-corrélation entre 1’évolution de la longueur de
corrélation des défauts, qui décroit avec l'augmentation du taux d’oxygene x dans le gaz
pendant le recuit, et la mosaicité qui présente une variation opposée. Ce type d’analyse
structurale a été suivie par une analyse magnétique concernant la variation en température de
l'aimantation. A partir des courbes M(T'), nous avons étudié la transition ferromagnétique
- paramagnétique: la température de cette transition et la largeur en température de la
transition. L’évolution de ces deux parametres avec le taux d’oxygene z lors du recuit a été
intimement corrélée avec I’évolution des parametres structuraux des films. Dans ces analyses,
la stoechiométrie des films de LSMO en fonction du parametre x a été déterminée par XPS
qui montre 1’évolution du contenu en oxygene dans le LSMO en fonction du taux = qui varie
de la sous-stoechiométrie en oxygene vers le sur-dopage. L’analyse XPS permet également
de quantifier le rapport Mn3* /Mn**, important pour expliquer I'évolution des propriétés

électriques et magnétiques gouvernés par les interactions de double échange moyennes par
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I'oxygene.

Au dela des analyses structurales et magnétiques ce dernier paragraphe présente les
résultats des mesures électriques (résistance en fonction de la température). Les courbes
R(T) ont été ajustés avec un modele théorique (modele VRH) qui rend compte du mécanisme
de super-échange, de la localisation et de l'influence des fluctuations thermiques sur la
résistance dans le pérovskite LSMO. Dans ce type d’analyse, on voit clairement la corrélation
directe entre les mécanismes du magnétisme par super-échange et ceux de la conductibilité
électrique.

Le chapitre est clot avec des conclusions et perspectives en soulignant I'importance des
études effectués sur le LSMO pour la philosophie générale de cette these, orientée vers la
réalisation des systemes hybrides avec les supraconducteurs. L’analyse tres détaillée effectuée
ici sur la densité des défauts structuraux dans le LSMO présente une importance majeure
pour la réalisation des systemes d’interface LSMO/YBaCuO. Des structures de LSMO de
morphologie modulée vont jouer le role des centres d’ancrage ou pinning intrinseque pour

les vortex dans la couche supraconductrice d’YBayCuszO; adjacente.
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Chapter 4

Magnetic structures with

perpendicular magnetization

As seen in Chapter 1, in order to effectively influence the superconducting properties
of a superconducting film in a superconducting/ferromagnetic thin film heterostructure, it
is important that the ferromagnetic part, be it thin film or micro/nano structure, exhibits
an out of plane component of its magnetization. In the last decades, due to the develop-
ment of spintronics and the need for attaining ever increasing storage densities in magnetic
recording media, there has been a wealth of literature regarding magnetic thin films and
structures that display out-of-plane anisotropy. Among these, materials that exhibit a low
out-of-plane anisotropy, such as Permalloy or textured Co thin films, represent an interesting
class of magnetic materials for magnetic flux pinning in superconductors (SC), as they do not
require special deposition conditions, such as elevated deposition temperatures, templates
for epitaxial growth, etc. Besides their structural readiness for incorporation in SC/FM
structures, these materials posses two remarkable magnetic properties that additionally rec-
ommend them in the afore mentioned applications. They are weak stripe domain structure
and rotatable magnetic anisotropy, the latter being a direct consequence of the former. Weak
stripe domains represent an important topic in the context of magnetic pinning in super-
conductors as they give rise to a periodic pinning potential of the SC vortices when aligned
parallel to the current passing through a superconductor. In the perpendicular configuration
the domain stripes constitute guides for the vortex motion and no pinning is expected.

In the present Chapter we analyze the physical conditions for which the stripe domain
configuration is stabilized in Permalloy an Co thin films. Structural and magnetic measure-
ments, both on a macroscopic and a microscopic scale, are used to characterize the stripe
domain configuration in these systems. Epitaxial Co films are also studied as they represent
the case for which a true out-of-plane anisotropy is present, unlike their textured counter-

part for which the magnetization is not purely oriented perpendicularly to the film surface,
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4.1. Permalloy (NigoFey) thin films

(b)

Figure 4.1: (a) Weak stripe domain structure of Permalloy thin films. Taken from [1].
(b)Weak stripe spin configuration, as proposed by Chikazumi [2].

but at a certain angle. The fabrication of Permalloy and Co micro,- and nanostructures
is also presented. Detailed account of their fabrication (optical lithography and ion beam
etching) is given. An alternative lithographic method for the patterning of nanometric dot
arrays is described. MFM characterization is used to analyze the different magnetic states

(multi-domain, dipole, magnetic vortex) of the as obtained structures.

4.1 Permalloy (Nig)Fey) thin films

The out-of-plane uniaxial anisotropy, Ky, can be induced in thin films, above a critical
thickness, by growing the films at an angle with respect to the incidence of the evaporated
or sputtered atoms [2]. This geometry allows for a columnar growth of the films which de-
termines the out-of-plane orientation of the anisotropy. Perpendicular anisotropy can also
originate, as for Permalloy (NijFe(_), v=19-21 at.%) thin films, from a negative magne-
tostriction constant correlated with an in-plane tensile strain of the films. In this case the

anisotropy constant is given by the expression [1]:

KU = §ASO'7 (41)

where )\ is the magnetostriction constant and o represents the strain of the film.
As early as the mid 1960s, groups studying Permalloy thin films [1] found that above a
certain film thickness, t., a stripe domain structure was stabilized, as shown in Figure 4.1a.
In order to describe the observed domain structure, Saito etal. [1] proposed a spin config-
uration in which adjacent spins are deflected by a constant angle #, resulting in a triangular-
like, zig-zag, distribution of the spins along an in-plane axis of the film. Chikazumi [2]

proposed a sinusoidal deviation of the spins from the surface of the film, Figure 4.1b, de-
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4.1. Permalloy (NigoFey) thin films

scribed by:
, x
0 = 0y sin (27TX> : (4.2)

in which x lies in the plane of the film, perpendicular to the average spin axis and A is the
wavelength of the spin variation, i.e. width of the spin domain. Because of the fact that the
spins are not oriented perpendicularly to the film surface the domain stripes are also referred
to as weak stripes. Other spin distribution models include the one proposed by Murayama [3]
in which the spin configuration is calculated using a variational method. In the following, an
outline of the Chikazumi [2] derivation of the domain width A is presented. Essentially, the
derivation consists in expressing the relevant magnetic energy terms, anisotropy, exchange
and magnetostatic, as a function of the maximum deflection angle #, and minimizing the
expression with respect to A. All the energy terms were averaged over one wavelength. The

magnetic uniaxial anisotropy energy term expressed in terms of 6 is:
o (T
E, = — Ky cos (5 — (9) (4.3)

Upon averaging, the anisotropy energy per unit area is found to be:

co = —Kub? <sin2 (27r§)> h= —%KUegh, (4.4)

h being the film thickness. The average exchange energy per unit area of the system is shown

to be: ,
00 22
Eer = A < (&) > h = TGOAh, (45)

where A is the exchange stiffness constant. Because the spins make an angle 6 with the film
plane, there is a finite density of magnetic charge, w = M,sin# at the surface of the film,

which in turn leads to a magnetostatic energy term expressed as:

MQ/\G(% 9 T M?2\G?
= —0 (g 2 _>> — s770 4.
c AT o <s1n ( D 87 o (4.6)

Combining the three energy terms leads to the expression of the total energy

1 272 M2\
— e+ em=|—=Kyh+=—Ah == ) 65, 4.
E=¢€q+Eext+¢ < 51U + 3 +87T/~LO> 0 (4.7)

Minimizing Equation 4.7 with respect to A gives the expression for the domain width as:

_ 3 MUAh
A=Admw —2M3 (4.8)

Similar dependence of the domain width on the film thickness was obtained by Saito etal.
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Figure 4.2: (a) Flux-closed character of the stripe domains. (Taken from [4]), (b) Micromag-
netic simulation of Py stripe domains. Taken from Ref. [6]

[1] using their triangular spin configuration:

22\ 23 7 Ap\ 23
(%) (58) )

In the model proposed by Murayama [3] additional degrees of freedom were added to the spin
direction. It can be noticed that in the previous two models that were presented, the spin
direction only varies in one in-plane direction, #(x), perpendicular to the magnetic stripes.
The authors allowed for a variation of the angle 6 in the out-of-plane direction, 0(z, z), as
well. Also, they introduced an new angle, denoted as ¢(z, z), which describes a deflection of
the spins in the plane direction of the film. Their calculations led to a different expression
for the stripe period:

A= V8h (7‘(2 (K + 27TM52)) . (4.10)

A
K2nl?
Hubert and Schaefer [4] stress out the flux-closed character of the stripe domains in the case
of thin films having a low out-of-plane anisotropy, summarized in Figure 4.2a. 2D numerical
calculations of the spin configuration for Permalloy thin films exceeding the critical thickness
have also been reported in literature [6]. These simulations confirm the existence of closure
domains at the film surface and also a vortex-like character of the stripe domains in the
plane perpendicular to that of the film surface. Figure 4.2b presents such a result.

Permalloy films exhibiting stripe domain structure posses a characteristic hysteresis cycle.
In Figure 4.3 such a loop is presented, together with the corresponding domain patterns.
The magnetization curve consists of a linear magnetization (rotation branch) decrease and
a steep switching at small fields. The small hysteresis observed in the rotation branch is due
to the slight difference in stripe period, which is dependent on the magnetic history of the
film.

A direct consequence of the stripe domain pattern is the phenomena referred to as ro-
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4.1. Permalloy (NigoFey) thin films
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Figure 4.3: Hysteresis curve of a 1.6um thick Permalloy film with corresponding domain
patterns (Taken from [4]).

tatable magnetic anisotropy. It consists of a reorientation of the magnetic stripes along the
direction of an externally applied field. This effect leaves the hysteresis cycle unchanged with
respect to the direction of the applied magnetic field. This phenomenon may be understood
as follows. When applying a relatively small field parallel to the film surface in a different
direction than that of the stripes, the magnetization rotates. However, this rotation cre-
ates additional magnetostatic energy, as magnetic charge appears at the domain boundaries.
If the field is strong enough, in order to avoid magnetostatic energy build-up at domain

boundaries, the stripe domains align themselves along the direction of the external field.

4.1.1 Magnetic force microscopy of stripe domain patterns

This paragraph discusses briefly the principles of the magnetic signal detection in mag-
netic force microscopy experiments. We focus on the explanation of the magnetic contrast
in case of a perpendicular stripe domain structure. In our explanation, we use the detec-
tion method which is sensitive to the force gradient by the resonance frequency shift of an
oscillating cantilever [8]. The force gradient between the tip and the sample modifies the
spring constant of the cantilever and consequently its resonant frequency: an attractive force
softens the cantilever spring constant inducing a lower resonant frequency. Because to its
scalar nature, we refer to F’' = dF,/dz as the force derivative rather than the force gradient.
Different models are used in the literature to model the interaction between a magnetized
tip and a magnetic structure. In the particular approach where the tip consists of a point
dipole m = (mg, my, m,), one can demonstrate that the derivative of the force between
the tip and a stray field H(H,, H,, H,) generated by the spatial distribution of the sample
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4.1. Permalloy (NigoFey) thin films

magnetization is given by the following equation [9]:

O*HY

Y022

0*H}

0’ H*
F/ d B
022

mag = Mg 822 +m

+m (4.11)

Therefore, one can immediately see that if the tip magnetization has only a z perpendicular
component m = (0,0, mz), the force derivative will be proportional only with the second
derivative of the z component of the stray field generated by the non-uniform distribution

of magnetization:
0*H:
0722

The response of a perpendicular magnetization media constituted by adjacent up and down

, —_—
Fmag =m,

(4.12)

domains can be obtained using a simplified model in which the tip is treated as dipole and
the transitions between the domains are considered to have a finite width w. For a single
transition centered at x = 0 in a magnetic layer of thickness h, we assume that within the

film the magnetization profile is given by [10]:

M, 0
M, | = 0 (4.13)
M, —2M,arctan (£) H(z),

where H(z) is the Heaviside function,

H(2) = 1 if 0<z<h (4.14)
0 elsewhere .

The magnetization current density is calculated as the divergence of the magnetization:

—

p(z,y,2z) ==V -M(x,y,z) (4.15)
The magnetic potential verifies the Poisson equation from electrostatics:
Ad = —4mp(x,y, 2) (4.16)
Once solving the Poisson equation, we can immediately deduce the stray field vector as:
]7; (x,y,2) = =VP(x,v,2) (4.17)

It can be seen that the stray field comes only from the zones where the divergence of the
magnetization is nonzero (basically the domain wall region, because in a domain the mag-
netization is constant and therefore, p(z,y, z) = 0).

If we follow the strategy defined by the equations 4.15-4.17 starting from the magnetiza-
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4.1. Permalloy (NigoFey) thin films

tion profile defined by 4.11, we get the vector stray-field:

" (z4-h4w)?+22 ) |

H: 2M, In (#Hw) - ) :

HY | = 0 ;with 2> 0 (4.18)
z -1 zh

H; —arMtan ! (et )

In this equation, the origin of z is taken at the surface of the film (shifted by h with respect
to the initial figure). Therefore, z > 0 represents the vertical distance above the surface of

the sample. From the stray field vector, the z component of the second derivative of the

stray field %25 can be derived as being:
2 17 N 22— (z+w)? . 22— (z+h+w)? }
aagd M, [(m?Jr('erw)Q)2 (2 +(s+htw)?)”
oh | = 0 (4.19)
0?H%
_SMS z+w - z+w+h
0z* .I' ((:p2+(z+w)2)2 (:v2+(z+w+h)2)2

with 2z > 0. Now, we would like to model a series of transitions as the superposition of

individual periodical (period p) transitions according to:

+oo
— n—>
HTOTAL(x7y7 Z) - Z (_]-> Hd(x —np,vy, Z) (420)

The expressions 4.12, 4.19 and 4.20 can be used to calculate the force between the tip and
the periodical perpendicular magnetization domain wall structure.

Following the above described formalism we have performed numerical calculations,
for different values of material parameters. We present here the results corresponding to
M,=1420 emu/cm? (corresponding to Co), the transition width w=100 and 150 nm (reason-
able values corresponding to [9], the film thickness h~=200 nm and the periods of the stripe
structure p=100, 150 nm. The following Figures illustrate the numerical results. From the
results presented, Figures 4.4, 4.5, one can see that the magnetic signal comes from the tran-
sition region (domain wall) where the divergence of the magnetization is nonzero. However,
in the center of the wall, M, H,, 9*H,/0z* cross the zero value and the stray field detected
by the MFM tip is spread over the adjacent domains. Therefore, the white/dark contrast
measured by the MFM tip will localize adjacent up/down domains. It is important to note
that the MFM tip is not probing the stray field of a domain where the magnetization is con-
stant but stray fields of domain walls whose maxima and minima are localized on adjacent
domains. An interesting situation appears when p/h ratio increases (the domain period is
larger than the film thickness). The result is illustrated in the Figure 4.6. Here one see that

for p/h<1 the signal has a sinusoid form, where the zero always locates the position of the
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(a) Arctangent magnetization profile (b) The z component of the stray field
M. (x) defined by eq. 4.11 for a perpen- corresponding to the magnetization pro-
dicular magnetization media. The red file M.(z,y,2=10 nm)(blue curve) and
curve correspond to a transition width M, (z,y,2=100 nm)(red curve).

w=150 nm and the red one to w=100 nm.
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(c) The z component of Hy obtained from the (d) The z component of the second derivative
superposition of periodical field profiles given of the stray field corresponding to a sign transi-
by eq. 4.20. The blue curve corresponds to a tion up-down perpendicular domain structure.
period of 100 nm and the red one to p=150 nm The blue (red) curves correspond to z=50 nm
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Figure 4.4
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4.1. Permalloy (NigoFey) thin films

(a) (b)
Figure 4.5: Density plot representation of the 82H§’toml (a) for p=100 nm, (b) p=150 nm.
Following the equation 4.12, the force between a magnetized MFM tip and the magnetic dis-
tribution will be proportional to this quantity. This result will roughly qualitatively simulate

the MFM contrast of a perpendicular magnetization stripe structure.
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Figure 4.6: z component of the second derivative of a total stray field corresponding to a
periodical perpendicular stripe domain wall structure. The green curve correspond to a period
of 300 nm for a film thickness of 300 nm (p/h=1) and the red curve to p=450nm, h=300nm

(p/h=1.5).
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4.1. Permalloy (NigoFey) thin films

Figure 4.7: z component of the second derivative of a total stray field corresponding to a
periodical perpendicular stripe domain wall structure. The green curve correspond to a period
of 300 nm for a film thickness of 300 nm (p/h=1) and the red curve to p=450nm, h=300 nm

(p/h=1.5).
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Figure 4.8: Normalized total stray field (red curve) and corresponding 82H§’toml for h=300
nm, p=450 nm (green curve).

domain walls. For p/h>1, from the superposition of signals local minima appear which adds
supplemental amplitude modulation on the measured signal 9>H, /92

However, even in this case, the position of zeros always localizes the position of the
domain walls. Aside the p/h dependence, the results illustrated above depend on the film
thickness value h. By reducing the h value, the critical p/h where additional modulation
appears is pushed forward. The above analysis is meant to demonstrate that the second
derivative of the z component of the stray field may have a complex spatial modulation.
An accurate quantitative analysis of the periodical domain wall structure width represents
a quite difficult task.

We focus now on the signal dependence on the z value (defining the tip lift distance above

the sample when measuring the MFM signal). To do this, we performed calculations of the
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4.1. Permalloy (NigoFey) thin films

TOTAL Hz and d2Hzfdz2(x,y,z=50nm)

Figure 4.9: 9H;"" for h=100 nm and p=100 nm (p/h=1) black curve, p/h=2 red curve,
p/h=3 blue curve.

second derivative of the field in two distinct cases: isolated DW separating two domains
with opposite perpendicular magnetization (single transition) and periodical structure of
DW (perpendicular stripe structure). In the case of the single transition, one can see that
the width of the dark/white contrast depends on the z value. The larger is z (scan lift
value), the larger would be the bright/dark contrast width. One could naively extrapolate
these results and anticipate that the analysis of the domain wall width in a periodical stripe
structure will be influenced by the scan lift value used for the MFM analysis. This would
be a very bad thing for the experimental analysis of the MFM images because different
scan lift values in different scan (often varied to optimize the amplitude/quality ratio of the
measured signal) would influence the measured DW width. However, we demonstrate from
our simulation that when periodical signals coming from periodical transitions superimpose,
the width of the bright/dark contrast does not depend on the scan lift z value. For the
periodical stripe DW structure, as expected, even if the amplitude of the measured signal
(stray field) decreases with increasing the tip lift (z position) the x position of zeros (locating
the DW) remains unchanged. This invariance of the DW width on the lift distance is very
important when estimating the DW width from MFM images taken at different lift values.
However, despite of this invariance an accurate quantitative analysis still remains a difficult
task. As shown by Rugar et al. [9] by changing the angular orientation of the MFM tip
from perpendicular (the case modeled here) to highly tilted position, the character of images
changes significantly. Moreover, the imaging resolution depends on the tip quality (size,
shape, etc.). One always convolutes the shape of the measured object with the shape of the
tip (in MFM analysis the stray field of the magnetic object with the one of the tip). It is
important to underline the distinction between the resolving power of the MFM probe and

the sharpness of the stray field distribution. Even in case of a point-dipole tip (Delta Dirac
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Figure 4.10: 82H§’t0ml for a single transition corresponding to a scan lift value z=10 nm (red
curve and (a)) and z=100 nm (green curve and (b)).

TOTAL Hz and d2Hz/dz2(x,y.z)

Figure 4.11: 82H§’t0tal for h=100 nm at different z values above the surface z =30, 50, 100
nm (red, blue, black curves). One can see that by increasing z the amplitude of the signal
decreases but the position of zeros remains unchanged.
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10um

(a) (b)

Figure 4.12: MFM image taken on longitudinal magnetic storage media with a straight tip
oriented perpendicular (a) and at an oblique angle of about 20° (b) with respect to the sample
(taken from Rugar et al [9]).

probe function), the width of the measured field distribution will be finite and on the order
of the spacing between the probe and the sample. Therefore, for a maximum resolution the
scan lift distance should be minimized as much as possible. Moreover, as demonstrated by
Rugar et al. [9], the resolution depends strongly on the tip size In applications where very
close, adjacent domains have to be resolved, special tips are designed in the called cantilever

geometry, Figure 4.13b.

4.1.2 Permalloy thin film growth

Permalloy films were grown on Si(111) single crystal substrates by dc magnetron sput-
tering. The deposition was performed at room temperature in 0.9 mTorr of flowing Ar
atmosphere. A 2 inch sputtering target was prepared in house by plasma arc melting, hav-
ing the NiggFeyo nominal composition. The base pressure in the chamber was ~ 2x 10~® Torr.
In order to avoid oxidation of the films during growth, prior to the deposition the vacuum
chamber underwent baking routines in order to degas the chamber walls, with temperatures
reaching values higher than 100 °C. The film thicknesses considered for our studies varied
from 6 nm to 720 nm determined from X-ray reflectometry (XRR). The structural prop-
erties were determined by X-ray diffraction in a grazing incidence (GIXRD) configuration.

Magnetic properties were characterized by VSM and MFM imaging.

4.1.3 Structural Properties of Permalloy thin films

The structural properties of thick Permalloy films, i.e. with thicknesses exceeding the
critical thickness for stripe domain formation, are very important because they determine the

out-of-plane anisotropy, as seen from Eq. 4.1. Because of the high resolution configuration of
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Figure 4.13: (a) Force derivative point responses calculated for a point dipole measured
object and two MFM tip geometries: point dipole and realistic finite size geometry (taken from
[9]), 2o is the tip to sample spacing. (b) SEM image and schematic picture of a cantilever used
for high resolution MFM images (taken from [11]).

the X-ray diffractometer, and in particular due to the triple-bounce Ge (220) monochromator,
the incident radiation intensity is strongly attenuated. Therefore, higher angle peaks were
not recorded, as their intensity was too low for any practical purposes. Only the (111)
NiggFey peaks were recorded for different film thicknesses in the range in which stripe domain
configuration is expected (270, 460 and 720 nm). For example, in Figure 4.14a the (111)
peak is shown for the 270 nm thick Py film. In order to accurately determine the peak
positions, the peaks were fitted with pseudo-Voigt functions. The pseudo-Voigt function is
a linear combination of a Gauss and a Lorentz function. It represents a good approximation
of the Voigt function, which is a convolution of the two peak functions. The expression of

the pseudo-Voigt function is written as:
pV () = nl(z) + (1 - n)G(z), (4.21)

where L(x) and G(x) represent the Lorentz and Gauss functions:

L(x) _ and G(z) = exp [— In(2) (x - x°>2] . (4.22)

() w

As it can be seen from Figure 4.14b that there is little variation in the position of the
peak position for the different thicknesses. Magnetic measurements indicate that the films
are under a tensile strain, so that the crystal lattice of the films suffers a tetragonal distortion.
Since we do not have access but to one diffraction peak, no quantitative determination of the

film lattice parameters can be performed. However, the invariance of the (111) peak position
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Figure 4.14: (a) Recorded (111) peak for the 270 nm thick film (black) and the correspond-
ing pesudo-Voigt fit (red), AI represents the difference between the pseudo-Voigt fit and the
experimental data; (b) Position of the (111) peaks as a function of film thickness.

is an indication that no variation of the magnetic anisotropy is to be expected, since in this

thickness range there is no variation of the magnetostriction coefficient, As[5].

4.1.4 Magnetic Properties of Permalloy thin films

The normalized magnetization cycles for the 6 nm, 62 nm and 125 nm thick films are
shown in Figure 4.15. The magnetic field is applied in the in-plane direction of the film. The
magnetization along the easy axis has a square shape as a function of the applied field, while
the loops along the hard axis of magnetization are more tilted resulting in a lower value of the
remanent magnetization. The shapes of the cycles are typical for films possessing in-plane
anisotropy. Also, from the above loops we can draw the conclusion that in this thickness
regime we are well below the critical thickness for weak stripe domain pattern stabilization.
This conclusion is also supported by the MFM measurements, not shown here, which do not
display any magnetic contrast. This is to be expected for Py films in this thickness range,
which have domains of the order of ~1mm [6].

As the thickness of the films is increased beyond 270 nm, the hysteresis curves change
dramatically, Figure 4.16. The magnetization dependence on the externally applied field has
the characteristic shape of the films that exhibit weak stripe domains, as the one presented
in Figure 4.3. The magnetic field was applied parallel to the film surface plane. The linear
decrease of the magnetization from saturation is observed with a small hysteresis, together
with the steep switch of magnetization. In order to test the expected rotatable magnetic
anisotropy, the cycles were performed applying the magnetic field in two different perpen-
dicular directions. No modification of the loops were observed, proving thus the existence of
rotatable anisotropy. Figure 4.16d presents the thickness dependence of two characteristic

magnetic quantities, the magnetization at remanence, M,, and the in-plane saturation field,
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Figure 4.15: Hysteresis curves along the easy (blue) and hard (red) axes of the (a) 6 nm, (b)
62 nm and (c) 125 nm thick Py thin films.

ol

sat- As the film thickness increases, the magnetostatic energy of surface charges decreases,

allowing for the perpendicular anisotropy to manifest by an increase of the deviation angle
of the spins, 6, with respect to the film surface plane. This increased deviation leads to a
decrease of the in-plane magnetization remanence. Consequently, the larger magnetization
perpendicular to the film plane leads to a higher in-plane saturation field. With respect to
our goal to fabricate/study hybrid interface SC/FM systems for vortex pinning, higher
values are expected to have a more pronounced influence on the superconducting properties
of the bottom SC layer. Concomitantly, as it has been calculated in Eq. 4.8, an increase
of film thickness also leads to an increase of stripe periodicity, i.e. domain width. In the
following we present the results of MFM measurements on the films’ domain structure and
how it is affected by the film thickness.

The domain structure of the films having thicknesses of 270 nm, 460 nm and 720 nm
are shown in Figure 4.17. As it can be seen the expected stripe domain configuration is
present. Extracting a profile from the above images allows for an evaluation of the stripe
wavelength, A, and accordingly, of the domain width, d = A/2, Figure 4.18. The domain
width variation as a function of thickness has also been calculated according to the three
models presented in the preceding paragraphs. For the calculation, the physical parameters

entering the domain width expression were taken from Ref. [6], so that M, = 826 emu/cm?,
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Figure 4.16: Hysteresis loops of the (a) 270 nm, (b) 6460 nm and (c) 730 nm thick Py thin
films. The shape of the loop is typical for films having weak stripe domain configuration; (d)
Variation of the normalized remanent magnetization, M, /My, and of the in-plane saturation

field, H! as a function of Py film thickness.
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Figure 4.17: (5pumx5um) MFM images of the (a) 270 nm, (b) 460 nm and (c) 720 nm thick
Py films.
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Figure 4.18: Domain width of the 270 nm, 460 nm and 720 nm thick Permalloy films. Domain
width variation as a function of film thickness, calculated according to the three different models
presented in the text.

the out-of-plane anisotropy constant, Ky = 5 x 10? erg/cm?, while the exchange stiffness
constant was taken to be A = 1 x 107% erg/cm. Comparing the measured results with
the three models, it is noted that the initial model of stripe domains, proposed by Saito
et al. [1], in which the spin direction varies perpendicularly to the stripes in a zig — zag
as a function of position, is the worst approximation to the domain width value. A sine
variation of the spin direction yields a better approximation of the domain width. Yet, the
best results are found using the model proposed by Murayama [3]. Because of the fact that
their model allows for the highest freedom in spin ordering, allowing for a variation of the
spins with respect to all the coordinate axes, they are able to take into account the presence
of closure domains at film surface. As it could be seen from the numerical simulations run
on low out-of-plane anisotropy thin films, the model proposed by Murayama is the closest in
describing the actual physical picture in these systems, and thus yields the most satisfactory
result in predicting the domain width dependence on the film thickness.

As far as rotatable magnetic anisotropy is concerned, Figure 4.19 shows the orientation of
the domain stripes in a remanent state after the application of an in-plane field along different
directions. The value of the applied field was set at 650 Oe in order to ensure saturation of
all the studied films. As it can be observed, the stripe domains align themselves along the
direction of the applied magnetic field and do not change their orientation after the field is
removed. The rotatable anisotropy feature of low out-of-plane anisotropy magnetic thin films
is essential for the study of the influence of a periodic magnetic field on the superconducting
properties of SC thin films, as it allows for a systematic modulation of the stray magnetic
field produced by the FM layer [7].
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Figure 4.19: Rotatable anisotropy. Different magnetic stripe orientations correspond to the
direction of the applied magnetic field (white dotted arrow) for a 464nm thick Py film.

4.2 Cobalt thin films

Over the last decades, cobalt thin films have been the subject of intensive studies, as
they exhibit a wealth of magnetic properties suitable both for technological applications,
as well as for fundamental studies regarding the magnetism of thin films. These properties
are dependent on internal factors, such as crystal structure, film thickness, etc., or external
factors, as the nature of the substrate the thin films were grown upon, the morphology of
the substrate, capping layer, etc.

As we have mentioned in the beginning of this chapter, in order to create an effective
flux pinning it is important to locally create a magnetic field that is perpendicular to the
superconducting layer surface. This local field will interact with the magnetic vortices within
the SC film exerting a pinning force on the latter, preventing them to move and thus,
produce energy loss. The requirement for a perpendicular magnetic field can be met by
depositing a magnetic layer or magnetic structures (micro-, or nano-,) having perpendicular
anisotropy on top of the SC layer. The stray field thus produced by the magnetization
lying perpendicular to the film surface, will then represent the magnetic pinning field. The
effective uniaxial anisotropy constant, Ky ¢y, responsible for the out-of-plane orientation of

the magnetization, can be written as [12]:

Kyepp = 2w Dy M2 + Ky + Binee + 2K, /t, (4.23)

where the first term represents the magnetic dipolar energy contribution, the second repre-
sents the magnetocrystalline anisotropy constant, B,,.c represents the film strain contribu-
tion to the overall anisotropy constant, while the last term is the surface anisotropy term.
Thus, one can alter the anisotropy of a thin film in a wide variety of ways, acting on the
structural properties of the film and the strain of the film which in turn is determined by
the substrate, buffer/capping layers and the thickness of the film. In the following, we will

briefly touch upon the above parameters and how they influence the magnetic state of Co
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Figure 4.20: Angular dependence of the magnetization direction vs. thickness of Co(0001)
thin films deposited on Au(111) single crystal substrates. Taken from [15].

thin films. A thorough review of the issues presented above is given by Vaz et al. [12].

Kowalewski et al. [13] studied the magnetic anisotropies of fcc Co(001) thin films, in
the atomic mono-layer (ML) thickness range, deposited on Cu(001) single crystal substrates.
They found that the epitaxial Co thin films were subjected to a in-plane tensile strain, which
resulted in a compression of the lattice along the surface normal. The resulting face centered
tetragonal lattice had a profound influence on the magnetic properties of the Co(001) films,
namely it led to the stabilization of an out-of-plane magnetic anisotropy, which would not
have been physically possible in the undistorted cubic lattice. The thickness dependence of
the effective uniaxial anisotropy constant was found to consist of a constant term and an
additional ~ 1/t term, where ¢ represents the film thickness. LEED studies revealed that
above 4 ML the strain present in the Co films is constant with film thickness so that no
thickness dependence was to be expected for the magnetoelastic term of the anisotropy. The
1/t dependence was thus attributed solely to the surface contribution term, Eq. 4.23. In
order to assess the relative contributions to the effective perpendicular anisotropy constant,
of the magnetocrystalline constant and of the strain induced magnetoelastic term, Vaz et.
al. [14], studied Co/Ni/Cu(001) structures. Their option for these systems was determined
by the fact that the Ni film lattice relaxes to its bulk lattice parameters above a certain
thickness, while Co grows pseudomorphically on Ni. Thus, by varying the thickness of the
Ni film one can modify the strain state of the Co film. This permits a coherent study of
the influence of strain on the perpendicular anisotropy of Co thin films. Results show the
existence of a large second order magnetocrystalline term that is not dependent on the film
thickness and that the perpendicular magnetic anisotropy was not influenced by strain.

An important phenomena observed in a variety of thin films is the so-called spin reori-
entation transition, SRT, in which the magnetization easy axis switches from out-of-plane

to in-plane direction with respect to the film surface. This transition occurs above a critical
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Figure 4.21: M-H curves with the magnetic field applied parallel and perpendicular with
respect to the film surface for the (a) 10nm, (c) 25nm and (e) 50nm thick films. Corresponding
3umx3um MFM images of the demagnetized (b) 10 nm, (d) 25 nm and (c) 50 nm thick films.
Taken from [18].

thickness, tsrr, and can be understood as being the result of the competition between the
surface and volume contributions to anisotropy. If we neglect the strain term in the expres-
sion of the effective anisotropy constant Eq. 4.23, the expression of the critical thickness,
tsrr, is given by

tsrr = —2K,/(2rM? + Ky), (4.24)

where we have considered that in the case of thin films the out-of-plane demagnetizing factor,
D,,, is approximately unity. Allenspach et. al. [15] studied the evolution of the magnetiza-
tion direction vs. film thickness , on epitaxial hexagonal Co(0001) thin films deposited on
Au(111) single crystal substrates. As can be seen from Figure 4.20, the transition from the
out-of-plane direction, = 0°, to the in-plane direction, # = 90°, of the magnetization takes
place within a less than 2 ML interval.

As the film thickness is further increased, Kittel [16] predicted, based on energetic
arguments, that for magnetic thin films having strong perpendicular magnetocrystalline

anisotropy, Ky, the magnetization may switch from the in-plane direction, as we have seen
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Figure 4.22: Positive field branch of the perpendicular M — H characteristics of a 150nm
thick Co film.Taken from [18].

in the case of Co(0001)/Au(111) thin films, back to the out-of-plane direction. For hexagonal
Co thin films the critical thickness for the above transition was estimated to be around 30
nm. Donnet et.al. [17] conducted a study of epitaxial hep Co thin films deposited on Ru
buffered mica substrates, around the critical thickness predicted above. Indeed, they found
that for a thickness of 40 nm, a weak stripe domain pattern is observed. This pattern was
found to be similar to the pattern described in the previous Section, for Py films, as first
proposed by Saito et. al. [1], in which the magnetization describes an out-of-plane oscillation
around an in-plane direction. For 60 nm thick films, the stripe configuration persisted, but
in this case, the observed domain structure consisted of "true” up and down orientations of
the magnetization vector with respect to the film surface. Hehn et.al. [18] also conducted
an experiment in which the thickness of epitaxial Co layers was varied from 10 nm to 500
nm. Their structures consisted of Aly03(1120)//Ru(20 nm)/Co(t>1 Onm)/Ru(5 nm) layers.
Figure 4.21 shows the evolution of the hysteresis loops and corresponding domain structure,
analyzed by MFM, for 10, 25 and 50 nm thick Co films.

As it can be seen from Figure 4.21(a) the magnetization lies in the in-plane direction
of the film, as no hysteresis is observed in the perpendicular M-H loop in the case of the
10 nm film. As far as the domain structure is concerned, large domains, ~1 pm, can be
observed, Fig.4.21(b). The transition towards a perpendicular magnetization occurs at 25
nm as alternating dark and bright stripes can be observed, Fig.4.21(d), corresponding to
a weak stripe configuration of the magnetization. For the 50 nm Co film, Fig.4.21(e), the
perpendicular hysteresis loop exhibits a typical shape for thin films having alternatively
up and down stripe domains, in which the magnetization in the middle of the stripe is
perpendicular to the film. The same shape of the cycles was found to persist for the rest

of the thickness range, up to 500 nm. Figure 4.22 presents the positive field part of the
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Figure 4.23: (a) Parallel demagnetized, (b) perpendicularly demagnetized and
(c)perpendicularly magnetized states of a 500 nm thick, epitaxial Co thin film. Taken from
[18].

perpendicular M-H loop for a 150 nm thick film, for which the perpendicular direction
of the magnetization is expected. Hehn et. al. [18] correlate the different parts of the
loop with the magnetic domain configuration of the films. At saturation, as it is to be
expected, all the spins are oriented in the filed direction, so that no magnetic contrast is
illustrated in the corresponding figure. As the magnetic field is decreased, a sharp drop in
the magnetization can be observed. This singularity at Hy marks the nucleation of magnetic
bubble domains having the magnetization within them point in the opposite direction. Hy
is consequently named the nucleation field. Further decreasing the applied magnetic field,
results in an increase of the bubble radius, 7.e. a shrinkage of the bubble lattice parameter.
The authors argue, citing on of the references included in the text [19], that above a certain
bubble radius, the domains start to elongate assuming an elliptical shape. Elliptical domains
represent the intermediate stage towards stripe domain configuration, even though in some
cases the repulsive interaction between bubbles impede stripe formation [18]. As the last
step in their description, the authors point out the reversal of the magnetization upon the
applying a negative perpendicular magnetic field.

For the MFM analyses several magnetic states of the samples were prepared. In Figure
4.23 three of these states are presented. Figures 4.23 (a) and (b) represent the demagne-
tized states of the films. The demagnetization procedure consisted of sweeping the external
applied magnetic field from positive to negative values, while simultaneously reducing its
value. Figure 4.23(a) represents the parallel demagnetized state, in which the field was ap-
plied parallel to the sample surface. The result is a magnetic stripe domain pattern, having
the stripes aligned to the direction of the field. The stripe orientation is a consequence of
the magnetization parallel component minimizing Zeeman energy in the initial stages of the
demagnetization process, when there is a field-induced parallel component of the magneti-
zation. As far as the perpendicular demagnetized state is concerned, the domain structure

is still characterized, by locally parallel stripe domains, but because the field was applied
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perpendicularly, there is a new degree of freedom in the orientation of the magnetization,
so that the magnetic stripes form a labyrinth-type structure. The last image, Fig. 4.23(c)
correspond to a perpendicular magnetized state, in which the sample was saturated perpen-
dicularly and the analyzed at remanence. The result is the observation of elongated domains

that stem from the bubble domains formed initially at high fields.

4.2.1 Co thin film growth

As in the case of the Permalloy films reported in the previous section, Co films were
deposited by means of dc magnetron sputtering technique at room temperature on Si(111)
substrates, covered by a native SiOs layer. The sputtering gas was argon which was main-
tained at a pressure of 0.9 mTorr throughout the deposition process. The same chamber
degas routine has been employed in order to ensure a low contamination of the films during
growth. The deposition rate was estimated to be of ~0.1 nm/s, from XRR measurements.
XRD analysis show that within the studied thickness range, the films posses a hexagonal
structure with a [0001] out-of-plane texture. Also, an epitaxial 150 nm thick Co film was
deposited onto a Al,03(0001), c-cut sapphire, single crystal substrate. In order to avoid the
oxidation of the Co film an approximately 5nm thick Ru film was deposited on top of the Co
film as a capping layer. Both the Co and Ru layers were deposited at 400 °C. Prior to the
deposition the substrate underwent a degassing procedure which consisted of an annealing
step at 550 °C for half an hour.

4.2.2 Magnetic properties of Cobalt thin films

M-H loops for the thicker, 246 nm, 340 nm and 493 nm Co films are presented in Figure
4.24. Tt can be observed from the parallel cycles that all the three films exhibit a behavior
that is quite similar to the thick Permalloy films presented in Section 4.1.4. Reducing the
field from saturation there is an almost linear decrease of the magnetization, while in a
negative field a sharp switch of the magnetization occurs. A stronger hysteresis is observed
in the linear part of the magnetization in the case of the Co films than in the case of the
Py ones. We may conclude that the relatively thick textured Co thin films posses a weak
stripe domain structure, most likely due to the out-of-plane anisotropy induced by the film
(001) texture. The existence of an out-of-plane magnetization in these films is confirmed by
the perpendicular M-H loops, in which, for all the films a hysteresis is present, indicating
the existence of a domain pattern with a perpendicular component of the magnetization.
As in the case of Py films, the maximum deflection angle of the spins, 6y, with respect to
the surface plane of the film, increases. This increase leads to a reduction of the in-plane
component of the magnetization, so that the parallel remanent magnetization decreases. As

a consequence, saturating the magnetization in-plane becomes energetically more costly, so
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Figure 4.24: Parallel (red, left and lower axes) and perpendicular (blue, right and upper
axes) hysteresis cycles of textured Co films having the indicated thicknesses, (a) 246 nm, (b)
340 nm and (c) 493 nm; (d) Variation of the normalized remanent magnetization, M, /M, and
of the in-plane saturation field, H. L‘ as a function of Co thickness.

the in-plane saturation field increases accordingly. The variation of the two parameters as a
function of thickness is shown in Figure 4.24d.

As far as the epitaxial Co thin film grown on Al,O3(0001) substrate is concerned, the
hysteresis cycles, both parallel and perpendicular, are shown in Figure 4.25. The two loops
are typical for epitaxial Co thin films having stripe domains with the magnetization within
the domains laying in the perpendicular direction with respect to the film surface. In the
in-plane magnetization cycle, at saturation all the spins lie in the plane of the film. As
the external field is decreased, stripe domains are formed, with spins being deflected at a
certain angle away from the in-plane direction. At remanence, the spins are perpendicular
to the surface, the remanent magnetization originating solely within the domain walls. After

the switch of the stripe orientation, the magnetization process proceeds symmetrically. The
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Figure 4.25: Parallel (a) and perpendicular (b) hysteresis cycles of the 150 nm thick Co film,
(inset) saturation field and bubble nucleation filed are indicated.

perpendicular cycle has been described in detail in the introduction of the present Section.
In summary, referring only to the high field end of the M-H loop, there are two characteristic
fields, describing the magnetization phenomena. The saturation field, Hy, is defined on the
branch of the loop coming from low fields, as the field at which all the bubble domains are
annihilated. The other field quantity is defined as the bubble nucleation field, H,, where
spontaneous bubble domains appear. The decrease of the applied field leads to an elongation
of the domains.

The domain structure of the thick textured Co films is presented in Figure 4.26. As it
was expected from the shape of the corresponding hysteresis curves, the films exhibit stripe
domain patterns. Similarly to the thick Py films, the stripe period increases with increasing
film thickness. The weak stripe domain configuration of the Co films suggests that rotatable
anisotropy should be present in these systems. Indeed, all the films exhibited this property.
In Figure 4.27 we present the MFM images obtained on the 246 nm thick film after being
subjected to three different orientations of a magnetic field of about 650 Oe. It can readily
be seen that the magnetic stripes orient themselves along the field direction. However, slight
branching of the domains can be observed. This may be due to the fact that the value of
the applied field is lower than the saturation field, ~2000 Oe.

The parallel demagnetized state of the epitaxial Co thin film, Fig. 4.28a does not dif-
fer significantly, from the MFM analysis point of view, from the textured films. Alternating
bright and dark parallel stripes form the microscopy images in both cases. In the perpendicu-
lar demagnetized state, however, the perpendicular field allows for an arbitrary arrangement
of the magnetic stripes. This fact leads to the formation of chevron-like stripes, and an
overall labyrinth domain structure, typical for perpendicular magnetization Co thin films,
Figure 4.28b.
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Figure 4.26: (5umx5um) MFM images of the (a) 246 nm, (b) 340 nm and (c) 493 nm thick
Co films.

Figure 4.27: Rotatable anisotropy. Different magnetic stripe orientations correspond to the
direction of the applied magnetic field (white arrow) for the 246 nm thick Co film.
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Figure 4.28: (5 pumx5 pm) MFM imagnes of the (a) parallel and (b) perpendicular demag-
netized states of the 150 nm thick epitaxial Co(0001) thin film.
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4.3 Magnetic micro,- and nanostructures

In the previous Sections of the present Chapter we have shown that continuous magnetic
thin films can be prepared in such a way so as to obtain a strong modulation of the mag-
netization, through the stabilization of the stripe domain configuration. Periodic stripes of
alternating "up” and "down” orientation of the magnetization with respect to the film sur-
face plane are expected to provide a strong pinning of the SC vortices, as shown in Chapter
1, when these alternations are oriented perpendicularly to the direction of the vortex mo-
tion. Magnetic micro,- and nanostructures, such as regular dot arrays, provide an additional
degree of freedom to the modulation, as they are subject also to a topographic periodic-
ity, given by the specific pattern of the arrays defined by lithographic techniques. In these
sense, even the sole presence of such structures in the vicinity of SC films may give rise to
a pinning potential of the vortices, as demonstrated by Hoffmann et al. [23] in their study
of a Nb film deposited on top of a regular array of non-magnetic Ag dots. The flexibility in
defining different configurations of dot lattices coupled with their respective magnetic con-
figurations produce commensurability effects. These effects consist in resonant changes of
the magnetoresistance of the SC layer, p(H..), with the appearence of equidistant minima
having a period in H determined by lattice constant of the magnetic dot arrays. Also, these
minima are visible in the field dependence of the critical current density, J.(Hy), or in the
magnetization curves, M(H,,;). These effects are explained considering a strong magnetic
pinning potential exerted by magnetic dots on the SC vortices and coupled with a structural
match between the dot and vortex lattices. Thus, when the condition that an integer num-
ber of vortices per magnetic unit cell is fulfilled, a maximum number of vortices are pinned,
producing resistivity minima or .J. maxima of the SC film. The field dependence of these
effects is explained by the fact that the vortex lattice parameter is field-dependent. Because
of the fact that the vortex lattice is triangular strong commensurability effects are produced
by triangular dot lattice.

Lateral structuring of the magnetic films into micro or nanostrucutres also influences
their magnetic configuration, so that the magnetic state of the film will be altered when it
is patterned into dot structures. Jubert and Allenspach [24] constructed a phase diagram of
the magnetic states of circular nanometric dots as a function of their thickness and diameter,
based on micromagnetic simulations. The results are shown in Figure 4.29. The disk diam-
eter and film thickness are given in terms of the exchange length, A\ .., = \/W,
with A..., being the exchange constant and M, the saturation magnetization. As it can
be seen by varying the lateral size an thickness of the dots one is able to stabilize different
magnetic states: in-plane single domain (IPSD), vortex (V) and out-of-plane single domain
(OPSD). Carneiro [28] calculated the interaction energy between a SC vortex and an in-plane

and out-of-plane magnetized dipole showing that different attraction interaction profiles ex-
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Figure 4.29: Single domain-vortex boundary for disks of different diameters and thicknesses
with varying uniaxial anisotropy, K. Lines correspond to a proposed analytical model, while
dots to micromagnetic simulations. Taken from [24]

ist between the dipole and the vortices in the two cases. Larger, micronic, dots that may
be able to accommodate a multi-domain magnetic configuration are also interesting in the
study of FM/SC structures as their net magnetic moment may be tuned by magnetizing
the sample in a filed lower than the saturation field [25]. Also larger dots may be able to
stabilize ”giant” vortices that are able to carry more than one flux quantum [25].

In view of the above arguments, it can be seen that within the context of FM/SC het-
erostructures, magnetic micro,- and nanostructures present a special importance as they can
produce effective magnetic pinning that can be modulated both by the dot lattice as well as

their magnetic state.

4.3.1 Micro,- and nanostructures elaboration techniques

In the Experimental Methods chapter of the present thesis a brief overview of the micro-
structuration techniques was given. The main focus of the overview was to introduce the
reader to the general principles behind the techniques used in the fabrication of microstruc-
tures, by means of optical lithography and ion beam etching. In the following paragraphs we
will be addressing specific issues of the two methods, that have risen during the elaboration
of the magnetic objects presented in the present Section. An account is also given of the
elaboration of magnetic nanostructures using self-assembled polystyrene nanospheres.

Optical lithography was used in order to transfer the different motifs defined on a mask to
the photoresist covered films. A variety of modes are used for photolithography process that
are determined by the resolution that one wants to obtain. Because the smallest features on
the masks were circles that measured 1 ym in diameter, which is a dimension close to the
specified resolution limit of the mask aligner, <0.8 pum, for a ultraviolet wavelength of 400

nm, the hard contact lithography mode was chosen. In the hard contact mode, the mask
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Figure 4.30: Image of the 2um dot array after the exposure and developing of the photoresist.
Holes are visible in the center of all the dots.

and the substrate are brought into contact and an additional N, flow inserted below the
substrate so as to further press substrate onto the mask. The substrate was covered by a
layer of about 1200 nm thick Microposit Shipley 1813 photoresist. The exposure time was
set at 4 s in order to ensure a 160 mJ/cm? exposure dose.

In order to test the lithographic process various motifs were selected for lithography.
These consist of circles (dots) having 20, 10, 5, 2 and 1 pm in diameter, squares with the
same dimensions, as well as 2.5 um wide stripes. For the large 20 and 10 pum circles and
squares no particular feature could be noticed after the lithography. However, for the 5 and
2 pm diameter circles a hole in the center of the circles could be observed after the resist
development, as shown in Figure 4.30. The holes in the middle of the dots arise from that
specific region being illuminated by the radiation. This fact is due to the phenomenon known
as Poisson’s spot. A monochromatic plane wave F(7,t) = Eyexp(ikz) exp(—iwt) incident on

a disk of radius a, as illustrated in Figure 4.31a, gives rise to an intensity in the point P,

2
2 Z

1) =B

The variation of the relative intensity as a function of the distance z from the circle to

(4.25)

the point P is represented in Figure 4.31b, for different circle diameters. It can clearly be
seen that for diameters less than 5 pum the intensity of Poisson’s spot is not negligible at
distances of ~1 pum, the photoresist thickness, leading thus to an exposure of the photoresist
in the center of the circle and consequently the removal of photoresist in that particular area
upon development. Minimizing or complete elimination of this effect is crucial in obtaining
uniform circular magnetic dots of micrometric dimensions, and several approaches are used
for solving this problem. The first, which is the most straightforward, is based on the
expression of the intensity, I(z), Eq.4.25, and consists of minimizing the mask/substrate
distance, z. For this, the uniformity of the photoresist thickness is very important, as any
thickness inhomogeneity results in a greater overall mask/substrate distance. This issue is

especially sensitive when dealing with small area substrates, as the ones used in the current
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Figure 4.31: (a)Schematic representation of the Poisson’s spot formation. The results of a
numerical simulation of this phenomenon is also given. Taken from [20]. (b) Representation of
the relative intensity of the Poisson’s spot as a function of distance from the mask, for several
dot diameters.

work, in which photoresist spinning leads to the creation of a thickness difference between
the border and the center of the substrate. The thickness homogeneity was improved in our
case by a high spinning rate of the photoresist, 5000 RPM. Reducing z can also be attained
by the particular lithography mode that is used. It is evident that it is best to operate in the
contact modes, that include the soft contact, hard contact and vacuum contact. In the soft
contact mode the substrate is brought into contact with the mask, without any additional
forces being exerted. In the hard contact mode, an additional push is exerted by a flow of
Ny on the substrate towards the mask. The vacuum contact mode gives the best results in
terms of resolution, as it creates vacuum in the space between the mask and the substrate in
addition to the Ny flow. However, this mode was not employed for the lithography process
as it posses additional difficulty in the mask/substrate alignment. Another technique to
circumvent the formation of Poisson’s spot is in the initial design of the mask, in the sense
that the circle figures are replaced by polygons so as to impede the formation of constructive
interference at the center of the projected image. As this approach meant the redesign of
the mask, it was not adopted. Future developments using this approach are envisaged.

Ton beam etching was employed as a final step in defining the desired magnetic microstruc-
tures. As mentioned in the Experimental Methods chapter, IBE is a technique that consists
in bombarding the film parts that are not covered/protected by the photoresist, while the
covered areas remain unaltered. A high quality patterning requires an uniform ion beam
over a large area. A Kauffman-type ion source was used. To avoid sample surface charge
build-up, especially on insulating samples, a tungsten filament is placed at the outer side of
the gun, for thermal emission of electrons that ensures overall charge neutrality of the beam.

Proper operation of the gun requires the determination of a few key process parameters.

Here we present the determination of the optimum Ar gas flow and of the accelerator voltage.
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Figure 4.32: (a) Ion beam current, I, as a function of the Ar flux. (b) Ion beam current, I,
variation as a function of the accelerating voltage, V. The electron backstreaming limit is also
indicated.

Figure 4.32a presents the beam current variation as a function of the Ar flow. It can be
observed that for high values of the gas flow the beam current increases slowly, while for
lower values of the flow it decreases rapidly. The optimum gas flow is the approximate value
where the rapid decrease of the beam current starts [21]. A gas flow below this value would
result in an excess of the discharge power needed to maintain the plasma, while a higher
value, as seen in the graph, brings only little change in the ion beam current intensity. As
a consequence a value of 6 sccm Ar flow was used in all the etching experiments. The
accelerator grid of the ion gun, besides accelerating the Ar™ ions also prevents the inverse
flow of the neutralizing electrons into the ion gun. The gun is positively biased and its
walls are the anode for the plasma discharge, thus attracting the emitted electrons. This
phenomena is know as electron backstreaming. In order to eliminate this effect the accelerator
voltage must be kept above a certain value, the backstreaming limit. The backward flow of
electrons is equivalent to an additional flow of Ar* ions, and thus the critical voltage for
which an increase of the ion beam current is observed represents the limit for the backward
flow of electrons, i.e. the backstreaming limit. For a true readout of the ion beam current
the accelerator voltage must be kept above this limit. In the present work the accelerator
voltage was taken to be 110 V, Figure 4.32b.

In Figure 4.33 we present the results of lithography and IBE in the structuration of dots
having 1, 5 and 10 gm. The topography images were obtained in tapping mode using a
magnetized MFM tip. The topography and magnetic signals were acquired within the same
scan run. The relative poor definition of 1 ym dots is not a consequence of the imaging mode,

even though the slight smearing of the dots is due to the magnetic interaction between the
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Figure 4.33: AFM images and corresonding profiles of th 1, 5 and 10um diameter Py dots.

tip and the dot’s magnetization. Upon a more careful analysis of the mask that was used
to define the dots it can be seen that on the mask itself the dots have irregular shapes that
deviate from the circular shape. The irregularity of the dot shape may be due to the chemical
nature of the mask’s substrate, which is soda lime. It is known that the best resolution for
masks features of micron and sub-micron size are obtained on quartz substrates. Quartz has
a low thermal expansion coefficient, 0.5 ppm/°C, as opposed to soda lime, 9.3 ppm/°C, so
that in the process of mask manufacturing, in which e-beam or laser processing is involved
the defined features are not subjected to thermal deformation. This permits defining sub-
micronic patterns. In the case of the 5 ym and 10 pym dots the circular shape is very well
preserved after lithography and etching. The profile analysis of the dots reveals well-defined
sharp-edged features with widths close to the specified values 5.22(5) pm and 9.91(10) pm
in the case of the higher diameter circles. The height of the dots is close to the predicted
film thickness of 350 nm, indicating a good control of the etching process. In the case of the
1 pum dots their profile indicate a trapezoidal shape with the bottom base having 1.14 pm.
The surprising feature of these structures is the low height value of 184 nm.

The self-assembly of colloidal polystyrene nanoparticles serves as a ”lithographic” mask
for producing sub-micronic features. The basic steps in producing nanometric structures
using this technique is schematically illustrated in Figure 4.34. A monolayer of self-assembled
nano-beads is deposited onto a substrate. The assembly of the polystyrene colloidal particles
is achieved by depositing a thin layer of spheres by passing a so-called deposition plate above
the substrate at a certain angle. At the intersection of the deposition plate and the substrate
resides the colloidal solution, which is spread on the substrate by moving the deposition plate

across the substrate at a certain velocity. The evaporation of the dispersion medium provides
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Figure 4.34: Schematic representation of the nanostructure formation using self-assembled
PS nanospheres as a lithographic mask. (a) Self-assembly of spheres on a substrate, (b) Thin
film deposition, (c¢) Sphere removal.

the drive force of the assembly process. This particular assembly mechanism is known as
”convective assembly”. Additional information regarding this process and the particularities
of the experiments that were used in the present thesis can be found elsewhere [22]. A film, in
our case Co, is deposited on top of the spheres. Part of the film will be deposited directly on
top of the spheres while part of the film will fill the interstices formed by the bead assembly.
The final step consists in removing the spheres and thus the film that has been deposited
on top, by means of sonication in toluene. After this step the nanostructures are defined on
the substrate, Figure 4.34c.

Figure 4.35a illustrates the SEM picture of 450 nm self-assembled polystyrene spheres.
The picture reveals the single layer structure of the ”"film” and also some typical packing
faults that appear as dark lines on the image. These faults represent a frequently encountered
defect in these type of structures and it translates, after the film deposition, in the existence
of metallic stripes besides the nanostructures. The stripes can be observed in both the inset
in Figure 4.35a, as well as in Figure 4.35b, where a thin film of Co was deposited and then
removed. As far as the remaining nanostructures are concerned, the inset in Figure 4.35b,
reveals uniform structures having thicknesses of about 13 nm. The AFM images do not show
clear triangular shaped dots, therefore a mean lateral dot size was estimated to be ~200 nm.
A problem that has been encountered in the lithographic process using nanospheres is related
to a difference between the deposited film thickness and the actual height of the as obtained
nano-dots. Because the fact that the flux of the sputtered atoms is not parallel but has
a certain degree of divergence, shadowing effects due to the highly irregular surface of the
self-assembled spheres, lead to a diminished height of the dots. Differences of several tens of
nanometers have been observed between the expected height, corresponding to the equivalent

film thickness, and the actual measured height of the nanostructures. This problem may be
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Figure 4.35: (a) SEM image of 450nm in diameter PS spheres, (inset) gold nanaostruc-
tures. (b) Co nanostructures obtained using self-assembled PS sphere lithography, (inset)
nanosturcture profile shows uniform structures.

overcome by reducing target-substrate distance during the film growth process. It can be
observed that as a consequence of the particular packing of the PS spheres, the resulting
hexagonal-like magnetic nanostructure lattice is similar to the triangular vortex lattice in
SC films. Moreover, from geometrical considerations the lattice parameter of the magnetic
structure may be modified by using PS spheres of different diameters, as a = Dgppere/ V3,
where a was taken to be the dot lattice parameter, while Dgppere is the diameter of the nano-
spheres. In view of these facts, the use of this alternative lithographic method may prove to
be very useful for performing studies on the commensurablity effects between a magnetic dot
and vortex lattices. Canpean et al. [26] have shown that if a reactive ion beam etching, in a
mixture of Ar and O, is performed on the PS spheres, the result is a reduction of the sphere
diameter. The reduction of the sphere size results in a physical decoupling of the spheres. If
after this procedure a film is then deposited on top and then the spheres are removed, the
result will be a continuous film having an ordered array of holes in it, referred to as anti-dots.
Arrays of CoPt anti-dots have been proven to produce significant magnetic vortex pinning
in Pb films, part of CoPt/Pb structures [27]. Also commensurability effects were observed
between the anti-dot and vortex lattice visible in M(H) loops. As a conclusion PS sphere
lithography represents a versatile alternative in defining different arrays of sub-micronic

magnetic structures that can be used in elaboration of FM/SC hybrid structures.

4.3.2 Magnetic properties of the micro,- and nanostructures

In this section we will address the magnetic properties characterization of the Py mi-

crostructure and Co nanostructure, whose elaboration has been described in the previous
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Section. The characterization was performed by means of MFM. Figure 4.36 presents the
magnetic images of circular, 350 nm thick Py dots having a diameter of (a)10, (b)5 and (c)1
pm. For the 10 pm dots, the diameter is well above the stripe domain width, estimated to
be around 300 nm, according to the model proposed by Murayama [3]. As a consequence,
the disks exhibit a well defined striped domain pattern. The stripes that are situated at
the center of the disk have the same orientation and are very much similar to the case of
a continuous film. As the stripes are closer to the edge of the microstrucutres, they tend
to curve along the side of the dots, so as to prevent any magnetic charge build-up at the
edges, and so to reduce the magnetostatic energy of the system. These closure domain-type
structures have a limited spatial extension with respect to the overall area of the dots. As
the diameter of the dots is reduced to 5 pm, even though this dimension is still considerably
higher than the domain width, the stripe pattern is almost entirely pertaining to the closure
domains. As a consequence the MFM images of the 5 um dots is composed of alternating
bright and dark concentric circles. Again, locally the parallel stripe order is maintained.
However, this is not the only domain configuration that can be observed. Another domain
pattern that is observed, resembles the one present in the 10 pum structures. It consists of
straight magnetic stripes in the center and elongated circles at the edges as closure domains.
It can be noted that the surface ”covered” by the closure domains is much larger than in the
10 pum case, reaching 100% for the circular stripe pattern. In view of the evolution that was
observed so far, the domain pattern for 1 um dots is not surprising. As the diameter of the
microstructures is reduced towards the limiting value of the stripe width, the competition
between the anisotropy and magnetostatic energies results in the formation of stripe domains

in the form of concentric rings, corresponding to two magnetic domains, Figure 4.36¢ (inset).

8.0um '

Figure 4.36: MFM images of (a)10 pym (40 pmx40 pm), (b) 5um (40 pmx40 pm), (¢) 1p m
(20 pmx40um), Py dots.
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Figure 4.37: MFM images of Co nanostructures having different thicknesses: (a) 20 nm
(magnetic dipoles) and (b) 12 nm (magnetic vortices).

Co nanostructures were obtained using the polystyrene nanosphere lithography described
previously. A 170 nm and 40 nm thick films were deposited on a nanoshpere patterned Si
substrate. After lift-off, triangular Co structures remain on the substrate. Even though
a large difference in the deposited film thickness was prepared, the height of the nano-
structures in the case of the two films did not differ significantly. In the case of the 40
nm thick film, the mean height of the magnetic structures was of 12 nm, while for the
thicker 170 nm film, the resulting dots were of only 25 nm high. The large difference in
the expected value of the height of the dots and the actual one is due, as mentioned in
the previous paragraph, to the shadowing effect produced by a divergent beam of sputtered
atoms and also by the large height of the spheres (450 nm), which accentuates these effects.
The MFM analysis performed on the two films are shown in Figure 4.37. For the 25 nm
high structures, the dots are in a mono-domain state, Figure 4.37a. The MFM contrast is
typical for such a structure which is essentially corresponding to a magnetic dipole. If the
initial film thickness is decreased, the magnetic configuration of the nanostructures changes,
as can be seen in Figure 4.37b, into a vortex-like spin configuration. The MFM contrast is
typical dots in this configuration, haying a bright center and the rest of the dot exhibiting
a darker shade. Of course, upon reversing the out-of -plane direction of the magnetization
of the magnetic vortices, the resulting image would be the negative of the image presented
in Figure 4.37b. As shown in the introductory remarks of the tis Section, Jubert et al. [24],
based on micromagnetic simulations constructed a phase diagram for ferromagnetic dots,
Figure 4.29. Their diagram took into consideration the diameter and thickness of the dots
as a function of the exchange length A\, = \/W . In the case of Co, the saturation
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magnetization is M,=1.424x10° A/, while the exchange constant is A.z,=30x107'2 J/m,
yielding an exchange length A=4.85 nm. In units of A..., the dots thickness was 2.5, in
the case of the 12 nm thick dots, and 5 in the case of the 20 nm dots. The mean lateral
extension of the dots, 200 nm, corresponds to 41 A...,. According to the diameter-thickness
phase diagram, Figure 4.29, both dots should have been in the magnetic vortex state, and
moreover the behavior predicted by the phase diagram is that for thicker dots the vortex
state becomes more stable for a larger range of dot diameters. Our findings point out a
different behavior, in the sense that thicker structures are found to be in the single domain
state. Although no concrete explanation was found for this trend, we suspect that the
particular shape of the dots, in our case triangular, may play an important role in modifying
the magnetic phase diagram. The results presented in Figure 4.29 were calculated for circular

magnetic dots.

4.4 Résumé de chapitre en francais

Dans ce chapitre nous présentons 1’élaboration et la caractérisation des couches minces
magnétiques a aimantation perpendiculaire. Pour les applications aux systemes hybrides
d’interface avec un supraconducteur il est important que la couche ferromagnétique continue
ou structurée présente une composante perpendiculaire de ’aimantation.

Dans la premiere partie du chapitre une introduction fait un rappel des propriétés micro-
magnétiques des films de permalloy (NiggFeq) qui présentent une configuration magnétique
de type weak-stripe et des propriétés d’anisotropie rotatoire. Nous présentons une anal-
yse de la configuration de I'aimantation weak-stripe selon quelques modeles analytiques
utilisés dans la littérature. Par la suite, nous montrons les résultats expérimentaux obtenus
sur les films de NiggFegy élaborés au laboratoire. Ces films ont étés déposés sur des sub-
strats de Si(111) couverts par une couche amorphe d’oxyde de Si native par la technique de
pulvérisation cathodique. Les dépots sont faits a la température ambiante dans un vide de
base de 2x1078 Torr. L’épaisseur des films a été variée entre 6 et 720nm. Les propriétés
magnétiques ont été caractérisées par la magnétométrie VSM (a I’échelle macroscopique)
et la microscopie a force magnétique (a 1'échelle microscopique). Avant la caractérisation
magnétique, de maniere systématique les films ont été caractérisés d’un point de vue struc-
tural par les techniques de diffraction X (réflectométrie X pour l'épaisseur et XRD pour
la cristallinité, parametres de maille). La morphologie (rugosité) a été déterminée par les
mesures de microscopie a force atomique (AFM).

L’analyse magnétique par VSM montre I’évolution progressive des propriétés magnétiques
macroscopiques avec 'augmentation de ’épaisseur du film. Au-dela d’une épaisseur critique,
les cycles d’aimantation mesurés correspondent a des configurations magnétiques de type

weak-stripe, qui représentent une modulation périodique de ’aimantation avec une com-
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posante perpendiculaire orientée alternativement vers le haut et vers le bas par rapport a
la surface du film. Par ailleurs, dans ce régime d’épaisseur nous démontrons ’apparition de
I’anisotropie rotatoire. L’analyse micro magnétique par MFM confirme ’apparition de la
configuration weak-stripe. Les images MFM montrent des bandes de contraste noir et blanc
dont 'analyse permet d’extraire des informations sur la largeur de domaines magnétiques
adjacents et I’évolution de ce parametre avec 1’épaisseur du film magnétique. Les résultats
de notre analyse sont bien décrits dans le cadre d’un modele analytique caractéristique aux
structures de type weak-stripe.

Un paragraphe suivant est dédié a 1I’étude de propriétés structurales, magnétiques et
micro-magnétiques des films minces de cobalt. Ces films constituent une autre alterna-
tive pour des structures magnétiques a aimantation perpendiculaire, toujours dans l'idée
de les interfacer avec un supraconducteur a haute température, pour envisager le pinning
extrinseque des vortex supraconducteurs via le champ magnétique perpendiculaire. Comme
pour les films de permalloy, nous avons tout d’abord effectué une analyse de 1’évolution des
propriétés magnétiques avec 1’épaisseur du film de Co. En utilisant une analyse basée sur
la littérature nous expliquons l'origine et la stabilisation du régime a aimantation perpen-
diculaire et de la structure micromagnétique de type perpendicular-stripe et ses propriétés
magnétiques caractéristiques a I’échelle macroscopique et microscopiques. Par la suite, nous
introduisons les résultats obtenus sur les films de cobalt élaborés dans le cadre de cette
these. En fonction du type de substrat utilisé, deux types des films de Co on été élaborés.
La premiere classe de films, déposés sur du Si(111) oxydé naturellement est texturé. En
revanche, lorsque le Co est déposé sur des substrats de A1203(0001) et apres un traitement
thermique de recuit, le film obtenu est monocristallin. Au dela d’une épaisseur critique,
ces films présentent une anisotropie perpendiculaire qui conduira a une structure micro-
magnétique sous forme de bandes périodiques constitués des domaines a aimantation per-
pendiculaire up/down. Comme pour les couches de permalloy, la période des bandes et la
largeur des domaines sont modulées par ’épaisseur du film magnétique. Ce chapitre con-
tient également un paragraphe dédié a la modélisation analytique du contraste magnétique
spécifique aux structures de type bande a aimantation perpendiculaire. Cette modélisation
permet de mieux comprendre l'origine du contraste de parois qui séparent les domaines per-
pendiculaires dans une structure de type périodique et d’identifier les parametres critiques
qui influencent la largeur des bandes du contraste noir et blanc mesurés expérimentalement
par MFM.

La derniere partie du chapitre présente les propriétés micromagnétiques des structures
de taille latérale réduite, réalisées par des techniques de lithographie. La réduction de la
taille latérale de 'objet magnétique ouvre une voie supplémentaire pour le controle des ses
propriétés micromagnétiques. Par les techniques de la lithographie optique et la gravure

ionique seche, nous avons élaboré des structures magnétiques de formes circulaire avec des
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dimensions caractéristiques dans la gamme 20, 10, 5, 2, 1 microns. Les analyses par la mi-
croscopie a force atomique fournissent les informations sur la forme et les dimensions exactes
des objets lithographies, alors que I'analyse simultanée par MFM nous donne leurs structure
micro-magnétique. Afin d’obtenir des objets magnétiques de dimensions sub-micronique,
une technique de lithographie a base des billes nanométriques de polystyrene a été utilisé.
L’analyse micromagnétique détaillée sur I’ensemble des structures de taille latérale réduite
montre la possibilité du controle de la configuration de I’aimantation par I'effet de la forme
et de la taille de 'objet magnétique. L’une des configurations micromagnétique partic-
ulierement importante pour les systemes d’interface avec le supraconducteur est celle des
vortex magnétiques. Nous discutons, sur la base d’un diagramme de phase, la possibilité de
stabiliser cette configuration et par la suite nous démontrons sa réalisation expérimentale
dans des nanostructures de Co de taille nanométrique.

Le chapitre s’acheve avec une discussion sur le potentiel d’intégration des structures
magnétiques a aimantation perpendiculaire a base de Py et Co, dont les propriétés magnétiques
sont modulées par 'effet de la dimensionnalité, dans les systemes d’interface avec un supra-

conducteur. Un tout dernier paragraphe présente les conclusions et les perspectives.
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Chapter 5

Ferromagnetic /high temperature

superconductor hybrid structures

In the present Chapter we set out to investigate the influence of the FM layers on the
pinning properties of YBCO thin films. From the systems suitable for this purpose that were
considered in the previous chapters, we have chosen two systems. The first is represented
by LSMO thin films with strongly modulated surface morphology. The LSMO thin films
were prepared so that, due to the intrinsic growth mechanism, they are formed of highly
ordered arrays of grains. A two component pinning mechanism is expected to affect the
vortex motion in the YBCO layer. A normal pinning mechanism due to the defects induced
in the YBCO thin film by the LSMO grains and a magnetic pinning mechanism, given by
the ferromagnetic nature of LSMO at low temperatures. Detailed morphological, structural
and magnetic studies are employed to assess the different pinning mechanisms. The second
FM system considered is represented by Py thin films exhibiting a stripe domain structure.
Rotatable magnetic anisotropy allows for the orientation of the magnetic stripes in different
configurations with respect to the current flowing in the YBCO film. Two orthogonal con-
figurations were studied. Electrical measurements were employed to confirm the magnetic

pinning mechanism originating from the magnetic modulation of Py thin films.

5.1 LSMO/YBCO hybrid structures

As it was shown in the overview of LSMO studies, this material is ferromagnetic, has a
half-metallic character, and thus a high degree of spin polarization, exhibiting at the same
time a metallic behavior in the temperature range where ferromagnetism exists. The Curie
temperature of LSMO is also the highest among doped rare-earth manganites, exceeding
room-temperature. Also, there is a good structural compatibility between the lattices of
LSMO and YBCO. These facts recommend LSMO as a suitable candidate in the realization
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YBCO

@@%@@%

STO (001)
LSMO

Figure 5.1: Schematic representation of the LSMO/YBCO hybrid structures. Pinning is
expected to arise from columnar defects (dotted lines) induced by LSMO nano-islands, and
from the magnetic moment and stray field created by the particles.

of FM/SC structures having YBCO as the superconducting layer. LSMO/YBCO bi-layers
have been elaborated in order to study FM/SC proximity effects, spin polarized current
injection in YBCO films and also magnetic pinning of the ferromagnetic LSMO on the SC
YBCO vortices. From more practical point of view, LSMO layers have been considered
to be used as a single buffer layer for YBCO deposited on metallic substrates (NiW) in
superconducting tape fabrication. As opposed to the usual buffer layer architecture, which
consists of several insulating oxidic materials, LSMO has metallic conduction at the working
temperature of YBCO. A good electric contact between YBCO and the metallic substrate
would ensure a current relieve in the case that regions in the YBCO layers transit to the
normal state, preventing the quench development in the superconducting tapes. For all the
above reasons we have decided to tackle the subject of LSMO/YBCO in order to enhance
the pinning characteristics of the YBCO film making use of the modulated morphology of
the LSMO films and of the fact that LSMO is ferromagnetic.

In the Chapter 3 we have shown that when a LSMO film is grown on a terraced STO
substrate, highly ordered nanoislands are formed. These islands are aligned along the step
edges, resulting in a periodically modulated surface. The idea behind our study is to make use
of these modulations, i.e. surface decoration, in order to induce dislocations at the respective
island sites in the top YBCO layer that is deposited afterwards. Hence, the modulated LSMO
surface would induce an ordered array of columnar defects, i.e. dislocations, in the YBCO
film. These defects will act as pinning centers for the normal core of vortices within the
superconducting film. Because the fact that LSMO is also ferromagagnetic, magnetic charge
will build up on the sides of the nanoislands, producing thus a periodic stray field structure.
This stray field will interact with the magnetic moment of vortices within the YBCO film
producing thus an additional, magnetic, pinning. The hybrid LSMO/YBCO structure is
expected to show strong pinning characteristics, resulting in high critical current density, J,,

and high irreversibility fields. Figure 5.1 illustrates the driving principle behind our study.
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This Section is structured as follows: in the beginning a brief review of the surface dec-
oration techniques used to enhance vortex pinning is given. The experimental procedure of
the fabrication of LSMO/YBCO structures is presented. A detailed account of the morpho-
logical and structural properties of the YBCO thin films epitaxially grown on LSMO buffered
STO (001) substrates is also addressed. A particular emphasis is placed on the morphology
properties of the terraced STO substrates and the deposited LSMO nano-islands. Structural
characterization is also discussed, with attention being placed on the influence of the parti-
cles on the (001) YBCO w-scans, interpreted with the aid of the model described in Chapter
3. The Section ends with the evaluation of the YBCO pinning characteristics as derived

from magnetic measurements.

5.1.1 Surface decoration and vortex pinning

In the quest for increasing the pinning force exerted on the superconducting vortices
several paths have been followed throughout the years. Some of them have been briefly
reviewed in the introductory section of the first Chapter. Surface decoration has been em-
ployed quite recently, in the last decade, as an alternative method for vortex normal core
pinning. In principle it consists of growing nanometric islands on a substrate prior to the
superconducting thin film deposition. Upon growing the superconducting film on the as pre-
pared template, one dimensional, columnar defects are expected to form in the SC film at
the sites of the nano-islands. Studies have been performed in order to quantify the effect of
the islands on the pinning characteristics of the SC layer, as a function of the material used
for decoration (Ir, Ag, Y503, CeOs) and as a function of the morphologic properties, such
as grain lateral size distribution, grain height and areal density. To better understand and
interpret our results we will briefly touch upon some of the main results found in literature.

Mele et al. [9] have used PLD in order to grow Y;O3 nanoislands on TiO, terminated
STO(001) substrates. Varying the number of laser pulses that hit the Y,Oj3 target, the
authors were able to modify the size and density of the dots. In order to find a causality
relation between the islands and the amount of defects the chemical etching method proposed
by Huijbregtse et al. [20] was used. This procedure consists in immersing the YBCO films
in a Br/ethanol solution for a brief period of time, ~10 s, and then analyzing the YBCO
surface. The solution acts mainly to etch the areas around the dislocations present in the
films, and thus create the so-called etch pits. A good agreement was found between the areal
density of nanoislands and the etch pit density. Therefore, nanoislands act effectively to
produce columnar defects in the YBCO films and thus enhance flux pinning. J. evaluation
demonstrated that for the surface decorated samples a stronger pinning is present, which lead
to higher critical current densities than in the case of the bare YBCO films. Sparing et al.

[10] used an alternative method for Y203 nanoparticle surface decoration. The method, inert
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Figure 5.2: (left) TiOy terminated SrTiOs substrate with Y203 nanoparticles after heat
treatment in 0.7 mbar O2 at 750°C; (right) J.(B) dependence for a standard off-axis YBCO
film and a YBCO film on a substrate decorated with 1654 particles/um? for B||c at 77 K.
Taken from [10].

gas phase condensation process, allows for the independent control of the particle size and
density, a feature which is not achievable by the common deposition methods, such as PLD
or sputtering. Also, the proposed method allows for a much narrower grain size distribution
than in the case of the afore mentioned deposition processes. Areal densities varying from
120 to 4200 particles/um? of Y503 nanoparticles were prepared on TiO, terminated STO
(001) substrates. The particle diameter was reported to be of 8 nm. As far as the island
height, in the initial deposition process, performed at room temperature, a value of about 9
nm was recorded. However, upon annealing in oxygen at a temperature equal to the YBCO
deposition temperature, 750 °C, the height was reduced to about 1 nm. The J. values
revealed the fact that there exists a critical particle density for which pinning becomes more
efficient than in the case of a single YBCO film. Substrates with island densities exceeding
~1500 particles/um? show significant improvement of .J, and a shift of the maximum pinning
force to higher field values, 3 T. No change, however, in the flux pinning characteristics
were observed for the samples of lower island densities. A typical AFM image of a Y503
decorated STO substrate is presented in Figure 5.2, together with a J.(B) measurement
for a YBCO film grown on an un-decorated substrate and for a YBCO film grown upon a
1654 particles/um? decorated substrate. Stronger flux pinning is observed in the case of the
decorated substrate.

Other studies include decoration with particles of different materials. Metal particles
are especially suited for these kind of experiments, since the difference between the surface
energies of metals and the oxide substrates lead to a three-dimensional growth of the former,
yielding uniform, disordered arrays of nanoislands on the substrates. Aytug et al. [11]

reported STO substrate decoration with Ir particles. TEM studies did not reveal the presence
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Figure 5.3: 10pmx10pum AFM image of the YBCO film deposited directly on the STO (001)
(inset) detail of a grain grown around a screw dislocation, (b) 2umx2um image of YBCO
crystallites, the scale was modified in order to distinguish the stepped characteristic of the
grains.

of any columnar defects, however planar defects were observed together with a secondary,
BalrOgs, phase at the interface between the Ir crystallites and the YBCO film. This phase is
most likely the consequence of a chemical reaction between Ir and YBCO. A strong pinning
enhancement was observed for the SC films deposited on decorated substrates. This is an
indication that the induced normal, non-superconducting, secondary phase zones acted as
pinning centers for the SC vortices.

As a conclusion, the studies above reveal the possibility of using surface decoration as an
effective method of enhancing the pinning force in SC films. The studies also show that in
order to produce additional pinning, the morphology of the nano-islands have to meet some

morphological criteria in order to act as effective pinning centers.

5.1.2 Experimental procedure

The LSMO/YBCO bi-layers were deposited on STO (001) single crystal substrates. Prior
to the deposition the substrates were etched in a NH, buffered HF solution, in order to en-
sure a uniform TiO, termination layer. Subsequently, a thermal treatment was performed
on the substrates in 15 1/h flowing O, in order to stabilize the terraced surface of the
substrates. This procedure has already described in Chapter 3 of the present thesis. Differ-
ent temperatures were used for substrate annealing varying from 950 °C to 1200 °C. This
variation was due to poor reproducibility of the annealing effects on the substrate surface
terrace structure. More details are given in the paragraph dedicated to STO substrate mor-
phology. Subsequently the LSMO film was deposited by DC sputtering. The film growth

was performed at a substrate temperature of 800 °C in a mixture of Ar and O, in a 3:1
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Figure 5.4: (a) 26/w-scan on the YBCO film and (b) w-scan around the (005) reflection of
the film.

ratio at an overall gas pressure of 40 mTorr. After the deposition the samples were cooled
at room temperature in 3/4 atm of Oy, with a dwell at 550 °C for 1/2 hour. The LSMO
film thicknesses as determined from XRR measurements were approximately 1.5, 3, 7 and
35 nm. The top YBCO layer was deposited using PLD, from a stoichiometric YBay,CuzO7
target. The laser used on the deposition equipment was a XeCl excimer laser (A=308 nm)
at a repetition rate of 10 Hz and a laser fluence of 120 mJ/cm?. The deposition was carried
out at a substrate temperature of 850 °C in 290 mTorr of Oy. As in the case of LSMO
films, cooling was performed in 3/4 atm of Oy with a 15 min. dwell at 450 °C. Under these
deposition conditions, the YBCO film thickness was of 70 nm.

5.1.3 Single YBCO film

In order to better evaluate the influence of the LSMO layers on the top YBCO films,
a single test YBCO film was deposited directly on a STO(001) substrate. No additional
thermal treatment was applied to the substrate prior to the film deposition. AFM was used
in order to characterize the film surface. The results are shown in Figure 5.3. Results show
a uniform surface with the presence of few defects, Figure 5.3a, such as cracks and large
particulates, i.e. droplets, the latter being inherent to the ablation process used for the film
deposition. A typical feature of YBCO films is the presence of crystallites that grow around
screw dislocations, Figure 5.3a (inset) and 5.3b. The crystallites show a stepped structure,
with a step height of ~1 nm, close to the ideal out-of-plane lattice parameter, c=11.6804 A.

The XRD structural characterization reveals that the YBCO film has grown epitaxially
on the STO(001) substrate, as only the (00l) peaks are present in the diffraction pattern

shown in Figure 5.4a. No other secondary phases or grains oriented with the a-axis oriented
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Figure 5.5: (a) M (H) cycles of the YBCO film measured at different temperatures, (b) J.(H)
dependence for 10, 40 and 70 K calculated using 5.2 from M (H).

perpendicular to the substrate were detected in the 26 /w-scan. One of the parameters used
in the evaluation of the quality of the epitaxial growth is the FWHM of the out-of-plane grain
distribution, i.e. w-scans (rocking curves). The FWHM of the w-scan, performed around
the YBCO (005) peak, Figure 5.4b, was of 0.085°. The low FWHM value indicates minimal
out-of-plane grain dispersion a sign of the high epitaxial quality of the films.

The magnetic field dependence of the critical current density, J.(H), at different tempera-
tures was derived from M (H) measurements, Figure 5.5a. Magnetic measurements represent
an alternative to the electrical measurements used for J. determination, that require no pat-
terning or contacting of the sample [12]. Because a superconducting sample shields itself
from the external magnetic field, H, a compensating magnetization, M, is produced by the
ring currents in the sample. Bean [13] suggested that it is energetically more favorable for
a SC to shield itself with the highest current density, which is the critical current density,
J.. Therefore, since M is produced by J., one can evaluate the critical current density from
a magnetization cycle. However, to do so, the evaluation of the irreversible part of the
magnetization, M;,, is needed. M, is given by:

M, — M_
—

where M, and M_ represent the magnetizations recorded from 0 — H,,q,., M, and from

My = (5.1)

H,ow — 0, M_, respectively. The relationship between the magnetization M and J. was

calculated, using an approximation to the Bean model, in the case of rectangular SC samples
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Figure 5.6: (a) 2.5umx2.5um AFM image of the terraced STO substrate used for the de-
position of the 1.5 nm LSMO film, (b) Profile extracted from a STO terraced substrate with

uniform TiOs termination, good agreement is observed between the STO lattice parameter
3.905 Aand the step height, 3.7 A

as:

My —M_
w (1= %)

where w and [ are the width and length of the sample. The calculated critical current density

variation as a function of H for the YBCO film are given in Figure 5.5b for three different
temperatures. As a point of reference, the calculated critical density, in a 0.1T field at 70 K,
was of 1.57 MA /cm?. This figure is typical value for YBCO films deposited on single crystal

substrates under the above field and temperature conditions.

5.1.4 Morphology of the LSMO/YBCO structures

The morphologic properties of the LSMO/YBCO bi-layers have been studied by means of
AFM in the Contact mode and SEM. In the following paragraphs we give a detailed account
of the surface properties starting from the bare STO substrate, LSMO films and finally the
top YBCO film in the hybrid structure. As it was seen in the above literature overview,
morphology plays an important role in determining the flux pinning response caused by

surface decoration.

STO substrates

In order to obtain STO (001) terraced substrates, having a single lattice plane termi-
nation, TiO,, the substrates underwent a thermal and chemical treatment described in the

" Experimental procedure” Section of the present Chapter. The presence of atomic steps
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Table 5.1: Annealing temperatures, time and step height for each STO (001) substrate upon
which a specific LSMO layer was deposited.

LSMO thickness Temperature Annealing time Step height

(nm) (°C) (hours) (A)
1.5 1000 1 10.7
3 950 0.2 4.1
7 1000 1 3.6
35 1200 1 3.8

in the substrate ensures that LSMO grains are distributed in an orderly fashion along the
surface steps, since step corners constitute preferential grain nucleation sites. On the other
hand, a uniform chemical composition of the substrate surface yields a uniform LSMO grain
growth. A uniform grain size is desired as we would like to ensure the creation of uniformly
distributed sites, in order to attain efficient vortex pinning. In defining the optimum thermal
treatment for the STO substrates prior to film deposition, difficulties have been encountered
related to a poor reproducibility of different annealing procedures. As a consequence a dis-
persion of the annealing parameters (annealing temperature and annealing time) exists for
the STO substrates prepared for LSMO deposition. The different parameters do not pro-
duce dramatic changes in the substrate surface landscape, however, the substrates are not
identical. Therefore, in order to be able to interpret morphology data on the deposited films,
a good characterization of the substrates is necessary.

Figure 5.6a presents the surface of the STO (001) substrate annealed at 1000 °C for 1
hour used to deposit the 1.5 nm thick LSMO film. The surface steps are clearly defined. As
opposed to the other prepared substrates, the steps are discontinuous and also the mean step
height was estimated to be of 10.7 A. This fact is surprising since the STO lattice parameter
is a=3.905 A. Therefore, the step height includes 2 and a half lattice parameters, which
means that the termination layer may not be always consisting of TiO, planes, but also SrO
layers [9]. For the other substrates the STO terrace edges are continuous while the step
height is around the expected value. Figure 5.6b shows a profile for one of the substrates,
for which the mean step height, 3.84 A, close to the STO lattice parameter. Table 5.1
summarizes the annealing temperatures and times, together with the step height values. It
can be observed that, except the 1.5 nm sample, all the other substrates have almost the
same step height. Differences between samples arise in the shape of step edges and terrace

width, not shown here.

LSMO films

Figure 5.7 shows the AFM images obtained on LSMO thin films deposited on terraced
STO substrates together with a distribution of the grain size for each individual film. The
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Figure 5.7: 1.5 pmx 1.5 yum AFM images of the LSMO films grown on STO(001) terraced

substrates (a), (c), (e), (g), and grain size distributions of the LSMO surface grains (b), (d),
(£), (h).
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Figure 5.8: (a) Areal density and equivalent diameter evolution of the LSMO grains as a
function of film thickness, (b) Mean height distribution of the grains as a function of LSMO
film thickness.

grain size distribution was evaluated using the Gwyddion software in which the watershed
grain identification routine was implemented. As mentioned before, the watershed algorithm
finds local minima in an inverted (negative) AFM image in order to find the grain location
and size. As a parameter of the grain size we have used the diameter of a circle having
the same projected surface as that of the grains. A log-normal distribution function was
employed to fit the various grain size distributions, for which a median value, pu, of the
equivalent diameter was calculated. While most of the grain distributions obey well the
log-normal law, in the case of the 7 nm film, the distribution seems to be comprising of two
different contributions. This may be explained by the larger step widths of the substrate
the 7 nm LSMO film was grown upon. It is known that step corners are energetically
favorable for grain nucleation, however, due to the increased terrace width, a non-negligible
number of grains begin to form on the terraces, away from the corner sites. Even though the
corner grains are more developed than the rest of the grains, for this film thickness, grain
coalescence has not yet set into place, so that two distinct categories of grains exist, yielding
two different grain size distributions.

Grain coalescence prevents one from being able to control independently the particle
size and density when using traditional physical vapor deposition techniques for surface
decoration. As it can be seen in Figure 5.8a as the film thickness increases, as expected, the
size of the grain increases. At the same time the particle, i.e. grain, density decreases from
432 particles/um? for the 1.5 nm film to 92 particles/um? for the 35 nm film. This means
that no new grains nucleate with increasing film thickness, but rather the grains originating
from the initial stages of film growth coalesce, reducing thus the number of particles per unit

area.
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Table 5.2: Morphology parameters of the YBCO thin films deposited on LSMO.

LSMO thickness  Areal Density  Median grain size RMS roughness

(nm) (particles/pum?) (pm) (nm)
1.5 257 0.256 24.7
3 227 0.284 43.4
7 361 0.315 28.2
35 575 0.091 12

As far as the particle height is concerned, its mean value as a function of the film thickness
is given in Figure 5.8b. The value was estimated from height profiles extracted from AFM
images. The mean height value is lower than the estimated film thickness for all of the
four samples. This fact is an indication that the growth mode of the LSMO films on the
STO substrates, is a mixed 2D and 3D mode. A continuous film layer grows on top of
the STO substrate, after which independent grains nucleate. The grain height increases as
the thickness increases up to the point when the grains touch each other. This situation
corresponds to the 35 nm LSMO film. The evaluation of the grain height, from profiles
taken along a substrate step leads to an under estimation of the grain height, as the AFM
tip does not touch the substrate, because of the grain size. Therefore, we have evaluated the

mean grain height taking inter-step profiles.

LSMO/YBCO bi-layers

The AFM images of the 70 nm YBCO films grown on top of the LSMO layers presented
in the above paragraph are given in Figure 5.9. It can be noticed that, contrary to the single
YBCO film, all the YBCO layers pertaining to the FM/SC structure, show the presence
of outgrowths on their surface. Since all the YBCO films were deposited under the same
conditions, a study of the grain features was performed in order to see if there is a correlation
between the morphology of the LSMO bottom layer and the YBCO surface morphology. As
in the previous paragraph the grains were identified and their size distribution fitted with a
log-normal function. The areal grain density and RMS roughness was also evaluated. The
results are given in Table 5.2. No correlation whatsoever could be identified between the
evolution of the morphology parameters of the two films. Taking into consideration that
for all the LSMO films, the grain height is lower than the film thickness so that a continuous
film covers the entire STO substrate surface, we may conclude that the presence of YBCO
particles are an effect of YBCO growing on LSMO, irrespective of the morphology of the
latter. This conclusion is supported by the morphology of the YBCO surface deposited di-
rectly on STO, for which, no surface grains were observed, except for large particles inherent
to the deposition method, PLD. Aytung et al. [15] have reported a similar finding on YBCO
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Figure 5.9: 10umx 10pm AFM images of the YBCO films (a), (c), (e), (g), and grain size
distributions of the YBCO surface grains (b), (d), (f), (h).
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(a) (b)

Figure 5.10: SEM images of a (a) LSMO layer deposited on a Ni substrate and (b) YBCO
layer deposited on the LSMO/Ni structure. Taken from [15].

grown on LSMO films initially deposited on Ni metallic substrates. As can be seen in Figure
5.10. The LSMO surface deposited on the metallic Ni substrates, Figure 5.10a, reveal a
smooth surface, with an additional influence from the grain boundaries of the Ni substrate.
Even if the LSMO surface does not show any particular height modulation, the YBCO sur-
face, Figure 5.10b, taken within the perimeter of a substrate grain, show the formation of
outgrowths similar in size as the ones shown in the previous Section. Therefore, we may
indeed attribute the surface characteristics of YBCO films to the LSMO buffer and not to

it’s particular morphology.

5.1.5 Structural properties of the LSMO/YBCO structures
YBCO/LSMO bi-layers

The 26 /w scans for the YBCO films grown on top of LSMO layers of different thicknesses
are presented in Figure 5.11a. XRD patterns indicate that all of the YBCO films have
grown epitaxially on the STO//LSMO template, as only the (00l) peaks corresponding to the
YBCO layers are visible. From the measurements presented, a [001]y pco||[001] Lsamo||[001]sro
out-of-plane epitaxial relationship was deduced. No presence of any YBCO crystallites hav-
ing the a axis oriented perpendicularly on the LSMO layer was observed from the diffraction
data. The out-of-plane lattice parameter, ¢, of the YBCO films was determined from the
angular position of the (005) peak. The results are shown in Figure 5.11b.

In order to quantify the influence of the LSMO decorated substrate surface on the sub-
sequent structural properties of YBCO, the (002) and (005) w-scans were fitted using the
model described in Chapter 3. The model developed by Boulle et al. [14] is used to model the
two component rocking curves, in order to determine the correlation length and mosaicity of

the defects present within a thin film. In the present case we assume that the LSMO grains
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Figure 5.11: (a) Diffraction patterns of the LSMO/YBCO bi-layers; (b) Evolution of the
out-of-plane lattice parameter, ¢, of the YBCO films as a function of the LSMO film thickness.
The red point indicates the value of ¢ for the YBCO film deposited directly on an STO (001)
substrate.
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Figure 5.12: (a) w-scans around the (002) and (005) peaks of the YBCO layer deposited on
the 35 nm thick LSMO film, together with the corresponding simulations (data points were
removed for clarity); (b) The correlation length and mosaicity of the defects within the YBCO
film, extracted from the w-scan simulations.
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lead to formation of defects in the YBCO layers. These defects act as pinning centers for the
SC vortices, so that their structural characterization is important for the further interpre-
tation of the superconducting transport properties of the YBCO films. The w-scans around
the YBCO (002) and (005) peaks were fitted well by the used model. For exemplification,
Figure 5.12a shows the recorded rocking curve and the corresponding simulations. From
the simulations the correlation length and mosaicity of the defects were determined and are
presented as a function of LSMO film thickness in Figure 5.12b. It can be seen that as the
thickness of the LSMO layer increases the correlation length of the defects increases. The
correlation length of a defect represents its spatial extent in the crystal lattice. Short correla-
tion length are an indication of the presence of a large number of defects in the lattice as the
spatial extent of the defects is limited by the presence of adjacent defects. On the contrary,
when fewer defects are present in the lattice, each defect is able to extend more within the
crystal. Hence the correlation length may be regarded as being inversely proportional to the
defect density present within a film. The values of the correlation length in the YBCO films
indicates that for the film deposited on a 1.5 nm thick LSMO layer has the lowest value,
and thus the highest number of defects is present within the SC lattice. As the thickness
of the LSMO layer increases, the correlation length increases indicating a decrease in the
number of defects. If we consider the areal density of the LSMO grains, a direct influence of
the surface grains is observed on the defects present in the YBCO films. For a high density
of grains, as is the case of the 1.5 nm LSMO film the highest defect density in the YBCO
layer is recorded. As the LSMO layer thickness increases, the areal grain density decreases
and so does the number of YBCO defects, corresponding to an increase of the correlation
length. As far as the mosaicity is concerned, it may be interpreted as the root mean square
strain of the defects. The evolution of mosaicity as a function of the LSMO film thickness
indicates that as the LSMO grains grow, the mosaicity of the defects within the YBCO layer
increases. It may be observed also that the height of the LSMO grains correlates well with
the evolution of the mosaicity. Even though the areal density of grains is higher in the case
of thinner LSMO films, the corresponding mosaicity of the YBCO defects is lower, due to
the reduced LSMO grain height. An interesting case is that of the YBCO film deposited on
top of the 35 nm LSMO film. In its case, the high mosaicity is related to the height of the
grains determined from inter-step profiles, as the intra-step grain height is lower than that
of the grains pertaining to 7 nm film. We may thus conclude that the mosicity is related to
the holes in the LSMO film, which is otherwise almost continuous. We will address again

this issue in the discussion paragraph of this Section.
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Figure 5.13: (a) Field cooled (FC), zero field cooled (ZFC) M (T') curves for the YBCO film
deposited on the 35 nm LSMO film; (b) Oxygen stoichiometry of the YBCO thin films and
critical temperature, T, as function of the LSMO thickness.

5.1.6 Superconducting properties of LSMO/YBCO structures
Superconducting transition and critical temperature

From the FC and ZFC M(T') measurements the critical transition temperature of the
YBCO films was determined. Figure 5.13 shows a typical M(T') curve measured on the
YBCO film deposited on the 35 nm LSMO film, together with the evolution of T, as a
function of the thickness of the LSMO template. As a first remark it can be seen that
all of the T, values are situated below the recorded value for the single YBCO film, 89.68
K. It is well known that the critical temperature is correlated with the out-of-plane lattice
parameter, ¢, through the oxygen concentration. Cava et al. [16] deduced a relation between

the oxygen content in YBCO and c¢. There expression is:
c=12.771 — 0.1557x, (5.3)

where z is the YBCO oxygen stoichiometry, 7 in the ideal case. Using 5.3 we have calculated
the oxygen content in the YBCO films. The results are given in Figure 5.13b. For compar-
ison, results on the single YBCO film are also given. A remarkable feature of the oxygen
content evolution is the very good correlation with the T, in the sense that the two exhibit
almost identical behavior as a function of the LSMO thickness. This strong correlation sup-
ports the hypothesis that the ¢ lattice parameter varies due to the oxygen content in the
films and not due to different in-plain strain states induced by the LSMO buffer. Cava et al.
[17] have shown that indeed T increases as the oxygen content reaches its ideal value, 7. In

the case of the single YBCO film, even though its oxygen content is similar, even a bit lower,
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than that of the YBCO film deposited on the 35 nm thick LSMO layer, its T, is almost 1K
higher than that of the latter. This may be explained by a higher structural quality of the
single SC film, demonstrated by a lower value of the FWHM of the w-scan around YBCO
(005) peak reflection. In the case of the bi-layer the FWHM was 0.3°, while for the single film
it was only of 0.08°. The origin of the different oxygen content in the films is still unclear.
Some authors [18] suggest that different film morphologies influence the oxygen loading of
the CuQO, chains during cool-down and result in a change of the superconducting properties
of the YBCO. The morphology parameters of the YBCO films, given in Table 5.2, do not

show any correlation with the calculated oxygen content in the YBCO films.

Critical current density and irreversibility fields

The J.(H) dependencies, as derived from M (H) cycles, are shown in Figure 5.14. The J.
curves for the bare YBCO film were also included for comparison with the buffered films. It
can be seen that all of the J, values for the YBCO layer within the hybrid structures lie be-
low the values of the corresponding single YBCO film. Aytug et al. [15, 19] using secondary
ion mass spectrometry (SIMS) analyzed the composition profiles of Ni/LSMO/YBCO struc-
tures. The result is shown in Figure 5.15. The measurements reveal that there exists a Sr
contamination of the YBCO layer at the YBCO/LSMO interface, as signal coming from Sr
is still present in the YBCO layer. As in our case the authors did not observe any significant
modification of the transition temperature, but instead a decrease of J. was observed. As
being the case, it is impossible to evaluate the vortex pinning characteristics of the LSMO
template on YBCO by comparison to the YBCO single film, based solely on the current
density values, since the two systems are not equivalent from a chemical point of view. For
a more relevant analysis on the pinning characteristics of the two systems, the irreversibility
field temperature dependencies and pinning forces are determined.

Comparing the different J. results obtained on the YBCO films deposited on LSMO, it
can be seen that the highest values were measured for the LSMO(35 nm)/YBCO bi-layer
at all temperatures for all the magnetic fields. In the case of the other films, J. values vary
so as we cannot form a strict hierarchy in order classify these samples according to their
respective flux pinning strengths. From a morphological point of view, the separation of the
LSMO(35 nm) from the others is supported by the fact that while for the thinner films the
surface is composed by independent grains, in the case of the thickest film, the grains are
fully developed so that they occupy the entire step width. This fact leads to the formation of
holes between the grains pertaining to different steps. Along the same step because adjacent
grains touch each other, the surface modulation is not as pronounced, the intra-step ”height”
was evaluated as 1.11 nm, even lower than the mean grain height in the case of the 7 nm

LSMO film, which was of 1.14 nm, Figure 5.8b. The situation is different across steps, as
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Figure 5.14: J.(H) dependence of the YBCO films at (a) 10 K, (b) 40 K and (c) 70 K
calculated from the respective M (H) loops.
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Figure 5.15: SIMS measurements on Ni/LSMO/YBCO structures. The arrow indicated Sr
contamination of the YBCO layer. Taken from [19].

the surface modulation is stronger because of the hole formations. The mean grain height
evaluated from profiles taken across the steps, inter-step, was considerably higher, 3.2 nm.
The large difference suggests that the high J. value for the YBCO film deposited on top of
the 35 nm LSMO layer is due to defects generated by the holes in LSMO. This assumption
is backed by the mosaicity around the defects in the YBCO film grown on LSMO (35 nm).
The mosaicity is equivalent to the strain around the defect, so that higher mosaicity means
higher strain and ”stronger” defects, that produce the highest YBCO lattice alteration. One
would naturally expect strong flux pinning from defects having the highest mosaicity, which
is the case for the LSMO(35 nm)/YBCO structure. Moreover, the low RMS roughness value
of YBCO in this case suggests that YBCO grows smoothly on the large LSMO grains, so
that defects are indeed formed at the hole sites.

The irreversibility field, H;,.. was estimated by linear extrapolation of the Jo P HY4 versus
H curve to the horizontal axis [21]. The results are presented for the single YBCO film and
the YBCO grown on the 35 nm thick LSMO film, Figure 5.17. Although the critical current
density of the single YBCO layer is higher than for YBCO/LSMO structure, H;,., is higher
for the latter in the high temperature range. The observed H,,., temperature dependencies
for the two samples can be explained taking into account the presence of two contributions
to the pinning mechanism in bi-layer structure: a classic temperature dependent pinning
mechanism on normal defects and an additional temperature independent magnetic pining.
In the low temperature range, where the contribution of the classic pinning is dominant,
the two irreversibility fields have practically the same value. This suggests that the classical
pinning is the same in both samples. On the contrary, as the temperature is increased the
irreversibility field of the single YBCO layer has a steeper decrease with respect to the YBCO
film grown on the 35 nm LSMO layer. The higher values of H;,,. of the YBCO/LSMO super-

conducting structure confirms the existence of the magnetic pinning contribution, relevant
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Figure 5.16: AFM image of the 35 nm thick LSMO film. Color scale and inverse watershed
hole determination results mark the holes in red to emphasize the location of the holes.

in the high temperature range, where classic pinning energy, (®o/87\1)?, tends towards zero
as T' — T.. The origin of the magnetic pinning can be understood taking into account the
morphology of the 35 nm thick LSMO film, as shown in Figure 5.16. The LSMO surface
may be described as consisting of a continuous film having regular hole arrays along the
STO substrate steps. This situation corresponds to the magnetic antidot arrays studied by
Raedts et al. [23] in connection to the pinning properties of a Pb film. The presence of anti-
dots in the LSMO film produces a magnetic field gradient around the hole regions, which in
turn results in a magnetic vortex pinning force. This mechanism is valid in the high applied
magnetic field range, H > Hg, . This explains the high J. values of the YBCO/LSMO
superconducting structure, with respect to the single YBCO film in the high field range.
Another effect of the hole presence is the formation of structural defects in the YBCO film,
as supported by X-ray data simulations. However, the low, 90 holes/um?, density, which
is approximately equal to the induced structural defect density, cannot be responsible for
the high irreversibility line observed in this sample. As it was shown by Sparing et al. [10]
effective pinning enhancement is produced by a density of defects one order o magnitude
higher than the one present in our case.

The magnetic field dependence of the density of pinning force (F, = J.B) contains
information about the pinning mechanism, as shown by [22]. The normalized pinning force,
f = F,/Fymax, versus the reduced field, h = H/H,.,, dependence typically overlap at
different temperatures when a single pinning mechanism is present. In Figure 5.18 the f(h)
curves are shown for both the YBCO film and the YBCO grown on the LSMO (35 nm) layer.
With respect to the YBCO film, Figure 5.18a, the f(h) curves for different temperatures are
significantly more separated in the case of the YBCO/LSMO bi-layer, Figure 5.18b. This
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Figure 5.17: Irreversibility field, H;.., temperature dependencies for the single YBCO film
and the YBCO film deposited on the 35 nm thick LSMO thin film.
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Figure 5.18: Normalized pinning force, f = F,/F}, mas versus the reduced magnetic field
h = H/H,,, for the single YBCO film and the YBCO film deposited on the 35 nm thick LSMO

thin film, at different temperatures.
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Figure 5.19: Schematic view of the principle behind the magnetic pinning using stripe do-
mains.

indicates the presence of an additional pinning mechanism. This result confirms the existence
of the magnetic pinning mechanism, as suggested by the irreversibility field temperature

dependence.

5.2 YBCO/Permalloy Structures

In the introductory chapter of the present thesis it has been shown that the stripped
magnetic domain configuration of a FM film can produce an effective vortex pinning in a
SC film, integrated in a FM/SC hybrid bi-layer structure [24]. Vlasko Vlasov et al. [§]
studied the entrance and exit patterns of vortices in a SC/FM structure, with the FM
Py layer exhibiting a stripped magnetic structure. Their study revealed that vortices move
preferentially along the magnetic stripe. This situation arises due to the fact that no variation
of the magnetization occurs along a domain stripe, and therefore there is no magnetic force
acting on the SC vortices. Belkin et al. [7] have shown that by controlling the orientation of
the magnetic stripes with respect to the current passing through the SC layer an anisotropy
in the flux pinning characteristics is present. A higher critical current density of the SC
layer is measured when the current passing through the SC layer is parallel to the magnetic
stripes of the FM. The Lorentz-type force acting on the vortices tends to displace them in
a direction perpendicular to the stripes. The periodic modulation of the magnetization will
act on the vortices so as to pin them, resulting in a higher depinning critical current density,
J.. The situation is presented schematically in Figure 5.19. It is to be noted that so far,
most of the of the studies regarding the vortex pinning effect of the stripe magnetic domain
of the FM layer in a FM/SC structure were performed on low temperature superconductors.
Similar experiments on high temperature based FM/SC bi-layers are of interest both from a
theoretical and practical point of view. Such experiments open the possibility to investigate
the role of magnetic pinning on the thermally activated flux flow and related phenomena.
On the other hand, the magnetic field control of the superconducting current by means

of the relative orientation of the magnetic stripes, could open up the way towards hybrid
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Figure 5.20: (a)Optical image of a Py stripe (bright) deposited on top of a YBCO stripe (not
visible) for electrical measurements; (b) Schematic diagram of the four-probe method used for
J. determination.

magnetic/superconducting devices, operating at liquid nitrogen temperature.

5.2.1 Experimental procedure

In order to study the influence of the the modulated domain structure on vortex pinning
in high temperature FM/SC structures we have developed YBCO/Py bi-layer structures.
Because of rotatable anisotropy, which permits the rotation of the magnetic domain stripes
with a relative weak magnetic field, together with the possibility of modulating the stripe
periodicity by the film thickness, highly recommend the use of Py thin films in studies of
the influence of periodic magnetic structures on the magnetic pinning of SC vortices.

The deposition of the YBCO film was performed by means of PLD in the same condi-
tions as were reported in the previous Section. As far as the Py film is concerned it was
deposited by dc sputtering at room temperature in a 1 mTorr Ar pressure. The film thickness
was evaluated at 300 nm by extrapolation from XRR measurements performed on thinner
samples.

After the whole stack was deposited, in order to perform electrical measurements and
J. evaluation, patterning of the bi-layers was needed to define a precise geometry. Optical
lithography and etching processes were used in patterning the sample. A first mask was
used to define a Py stripe after which a Ar ion beam etching was used to remove the Py film
leaving just 40 pm wide Py stripe on the YBCO film. A second mask was used to define the
YBCO stripe and contact pads. The excess YBCO film was removed by chemical etching
(a nitric acid-deionized water solution in a volume concentration of 3/1000). A gold thin
films was deposited on the contact pads in order to ensure good electrical contact with the

measurement leads. The result of the patterning process is shown in Figure 5.20a
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Figure 5.21: (a) AFM image of a 300 nm thick Py thin film deposited on a YBCO film, the
characteristic YBCO features are still visible after the Py deposition; (b) MFM image on the
Py (300 nm), weak-stripe domains are clearly visible.
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5.2.2 MFM on the Py film

After the deposition of the Py film, MFM images were acquired in order to characterize
the magnetic stripe domains. The topography image of the FM film, Figure 5.21a, shows
that the Py film copies the surface features of the YBCO layer. As a consequence droplets
and the a-axis crystallites that were present on the YBCO film are visible in the topography
of the Py film. As far as the magnetic image is concerned, after applying an external field in
a desired direction, parallel stripes are visible, characteristic of thick Py films, as discussed
in Chapter 4. The stripe domain width was evaluated from the stripe periodicity to be of
~230 nm. We have used a 600 Oe magnetic field produced by a permanent magnet to orient

the stripes in an in-plane direction.

5.2.3 Superconducting properties of the YBCO/Py structure

The critical current density of the YBCO layer was determined by electric measurements,
recording the I-V curves. The critical current density was derived from I-V characteristics
using a 1 ¢V /cm criterion. The electrical measurements were performed using the four-probe
technique. A critical point in these type of measurements is the contact resistance which
may generate excessive heat from the bias current. In turn the thermal energy may shift
the temperature of the sample and cause temperature gradients at the contacts and in the
superconductor. To avoid these unwanted effects, a Au film was deposited on the patterned
YBCO contact pads.

In order to evaluate J. for different orientations of the magnetic stripes, the domains
were aligned with a 600 Oe field generated by a permanent magnet in the two direction,
parallel and perpendicular to the bias current. The results of the J.(T") measurements for
the two configurations are given in Figure 5.22a. As it can be seen, in the high temperature

range, T" > 60 K, the critical current density is higher for the parallel oriented stripes. As
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Figure 5.22: (a) J.(T) dependence for the two magnetic stripe configurations, parallel and
perpendicular to the measuring current; (b) The relative variation of J. in the two configura-
tions.

argued above, this is to be expected as the vortex motion is hindered by the presence of
a modulation of the magnetization along the direction of the vortex motion, which gives
rise to a magnetic force which causes the magnetic pinning of vortices. On the contrary,
in the perpendicular case, the vortex motion takes place along the magnetic stripes, where
no variation of the magnetization occurs. For a better quantification of the effects of the
magnetic modulation on the pinning of the vortices, in Figure 5.22b we have calculated the

variation of the critical current densities in the two cases, as

AJ (%) = Jepara = Jepers 4. (5.4)

Jc,para

It can be seen that as the temperature increases so does A.J.%, reaching a maximum value of
20% at 80 K, corresponding to J,=0.17 MA /cm?. The increase of the difference between the
two configurations with increasing temperature is due to the fact that magnetic pinning is
temperature independent, while conventional pinning strength decreases with temperature,
see Chapter 1. As the temperature increases, the difference between the two configura-
tion increases, suggesting that at low temperatures pinning is mostly due to the intrinsinc
mechanisms, grain boundaries, dislocations or secondary phases, while at high temperatures,

magnetic pinning becomes dominant, giving rise to the observed increase.

5.3 Résumé de chapitre en francais

Le dernier chapitre de cette these présente des concepts, des bases théoriques ainsi que

des résultats expérimentaux préliminaires concernant les effets de pinning magnétique ex-
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trinseque et de proximité réciproque a l'interface supraconducteur - film magnétique. Une
attention toute particuliere est consacrée a la spécificité des vortex et leur dynamique dans
les supraconducteurs a haute température (HTCSC), par rapport aux supraconducteurs clas-
siques. Nous discutons les effets d'un champ magnétique d’ancrage sur les vortex de type
Abrikosov et Josephson, les effets de la température finie dans les expériences de pinning des
vortex dans les HTCSC.

Dans une deuxieme étape, nous exposons la problématique expérimentale. Apres la
réalisation et I’étude des systemes magnétiques qui présentent des propriétés micromagnétiques
modulables par l'effet de la dimensionnalité, nous avons réalisé des structures hybrides
d’interface avec le supraconducteur de haute température YBaCuO. L’accent a été mis
sur des structures de type LSMO/YBaCuO et NiggFeyy/YBaCuO, structurés sous forme de
linges bicouche pour pouvoir effectuer des mesures de transport électriques en température
variable. L’objectif était de démontrer I'influence directe de la couche magnétique, via les
champs de fuites associés aux nanostructures magnétiques, sur les propriétés électriques de
la couche supraconductrice (température et champ critique) et de démontrer les effets de
pinning magnétique sur les vortex dans la couche supraconductrice. Dans les systemes hy-
brides d’interface LSMO/YBaCuO les deux types de pinning, intrinseque (par les défauts
structuraux) et extrinseque (magnétique), on été étudiés. Cette partie de la these com-
porte une problématique tres complexe, entre la réalisation et la caractérisation des struc-
tures bicouche d’interface, les mesures magnétiques et électriques en température variable
et l'interprétation des résultats. A la fin de cette these, elle ouvre une large palette de

perspectives expérimentales et théoriques.
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Chapter 6
Conclusions and Perspectives

In the present Chapter we give a brief summary of the main results obtained throughout
the thesis together with a description of future work that will be pursued. The present thesis
is concerned with the elaboration and study of magnetic thin film structures that are suitable
for magnetic pinning applications in superconducting YBay;CuzO; (YBCO) layers. For this
purpose several magnetic thin films systems were fabricated, including LagggSr.33MnOg
(LSMO), NiggFey (Py) and Co. Also magnetic, Co and Py, micro,- and nanostructures have
been studied with respect to their magnetic pinning potential.

Our studies of epitaxial LSMO thin films consist in the optimization of the growth process
and a detailed study of oxygen incorporation effects in epitaxial LSMO layers. With respect
to the overall goal of the thesis, we have shown that by controlling the growth mode of
LSMO, highly regulated LSMO nano-islands on terraced SrTiO3 (STO) substrates may be
produced. Thermal treatment in oxygen atmosphere of the STO substrates induces the
formation of atomic terraces. The steps represent nucleation centers for the LSMO grains,
so that after deposition, the LSMO film consists of highly regular nano-islands arranged
along the substrate step edges. Upon the deposition of the superconducting YBCO on top,
two effects were sought after with respect to flux pinning: the first consists in the creation of
dislocations in the YBCO film at the sites were the LSMO nano-islands are present, while the
second is the creation of a modulated stray magnetic field having the same spatial periodicity
as that of the islands.

Divalent ion doped rare earth manganites are known for the strong connection between
their structural, magnetic and electric properties. Behind this relation lies the double ez-
change interaction between Mn ions in the Mn?*"-O-Mn** bond, mediated by the simulta-
neous transfer of an e, electron from Mn** to an O ion and from O?~ to Mn**. In this
picture oxygen plays an important role, as it is directly involved in the double exchange
mechanism. Also, it has been show, that if oxygen in found in excess in the LSMO lattice,
it produces additional hole doping, i.e. produces additional Mn** valence ions, as well as

cationic (La, Sr, Mn) vacancies. From the above considerations it can be seen that oxygen
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content plays a crucial role in determining the physical properties of LSMO thin films. In
order to evaluate these effects we have performed a systematic study by annealing LSMO
thin films in different mixtures of Ar:05 flowing gas. High resolution x-ray diffraction mea-
surements were used to quantify the effects of oxygen incorporation on the structure of the
films. Using a numerical model we have simulated the w-scan diffraction data in order to
describe the effect of vacancies on the structure of the LSMO films. This last point represents
an original approach in the study of excess oxygen incorporation effects. In order to support
our assumptions based on the diffraction data, as well as to depict a more accurate physical
picture of the processes involved, we have also performed the magnetic characterization of
the samples, by means of SQUID measurements. From the chemical composition point of
view, XPS analyses were employed to trace the evolution of the Mn and O ion concentration
in the different annealing gas mixtures. Electrical measurements were performed using the
four probe method and the results were interpreted using the variable range hopping regime.
The study regarding oxygen incorporation in LSMO thin films with an emphasis on the
effects produced by oxygen excess on the lattice structure, represents an original approach
to the subject. Even though oxygenation studies have been performed by other groups, our
approach using numerical simulations of w-scans to determine the structural parameters of
the defects, correlation length and mosaicity, has allowed the publication of our work, T.
Petrisor, et al., Oxygen incorporation effects in annealed epitaxial Lay_,Sr, MnQOs thin films,
J. Appl. Phys. 109, 123913 (2011).

Because of the strong correlation between the structural and magnetic properties of
LSMO films, as shown in the literature overview presented at the beginning of Chapter
3, these type of films are highly recommended for the study of magnetic pinning experi-
ments in YBCO thin films. For future work, studies regarding the stabilization of several
domain configurations (stripe, bubble, check-board) in LSMO thin films are envisioned in
a close relationship to the study of the influence of such domains on the magnetic pinning
characteristics in YBCO. In order to avoid mixing the effects of classic pinning, due to a
surface modulation of LSMO thin films and magnetic pinning, strategies of obtaining flat
LSMO film surfaces will be considered. One of the approaches is suggested by the evolution
of the LSMO thin film surface at high annealing temperatures. As it could be seen, flat
atomic terraces are formed upon annealing at high temperatures. Our studies have shown
that terrace formation is independent on the gas mixture used for annealing. Therefore a
high temperature, post deposition, in-situ, annealing sequence of the LSMO films before the
subsequent YBCO deposition will be addressed in a future study.

Magnetic thin films of Co and Permalloy (NiggFeyy) exhibiting parallel stripe domain
configuration for magnetic vortex pinning applications have been prepared. The films were
deposited on Si (111) single crystal substrates at room temperature. In order to stabilize

the stripe domain pattern, we have performed a study of the films with varying thickness.
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It is known that perpendicular magnetic anisotropy, the cause behind the stripe domain
formation, stabilizes only for thicknesses exceeding a critical value. An interesting aspect of
the films is that as the thickness increases so does the periodicity of the magnetic stripes.
This is an important aspect, as it allows for the study of the influence of the superconduct-
ing properties on the YBCO layer as a function of the stray field modulation periodicity.
Films with weak stripe domain structures also present the so-called rotatable anisotropy.
This type of anisotropy refers to the fact that if an external field is applied in any in-plane
direction, the in-plane component of the magnetization will align itself in the direction of
the applied field, and will remain as such even after the field is removed. This phenomenon
allows for the study of the magnetic flux pinning as a function of the stray magnetic field
having different orientation with respect to the current direction in the superconducting lay-
ers. The magnetic studies on the films were performed by magnetic force microscopy, MFM
and vibrating sample magnetometry, VSM. An interesting case of ferromagnetic film with
true perpendicular anisotropy is the case of epitaxial Co thin film grown on Al;O3(0001)
substrates. A short study was dedicated to this structure, but due to the challenges related
to the epitaxial Co film growth on YBCO layers, this subject was analyzed only as a proof
of concept. However, demagnetization routines performed in directions parallel and perpen-
dicular to the surface plane have indicated yet another possibility of magnetic modulation.
While the parallel demagnetization procedure resulted in a stripe domain configuration hav-
ing a highly anisotropic orientation, the perpendicular routine produced a more isotropic
stripe configuration. The two resulting domain structures are expected to have significantly
different effects in terms of magnetic vortex pinning, as the isotropic configuration allows
for a greater superconducting flux mobility. A further step in magnetic modulation consists
in the micro and nanostructuration of magnetic dots. Optical lithography and ion beam
etching were used in the fabrication of magnetic objects at the micron scale. An important
part of the work in this field was devoted to the technical aspects of the above techniques
and to the optimization of the overall microfabrication process (UV lithography and ion
beam etching). As the dimensionality of the magnetic objects is decreased border effects,
i.e. closure domains, begin to play the leading role in determining the domain configura-
tion. We studied the evolution of the domain structure with decreasing the objects’ lateral
size. As far as nanostructuturation process is concerned, we have employed an alternative
lithographic process, with respect to the ”classic” techniques such as e-beam lithography.
This consisted in the use of self-assembled polystyrene beads, with diameters on hundreds of
nanometers, as a lithographic mask for nanofabrication. After the deposition of the magnetic
film and removal of the spheres, triangular magnetic features of a few hundreds of nanome-
ters were defined on the substrate. Depending on their thickness we were able to stabilize
a magnetic dipole type structure of these objects, as well as vortex-like configuration of the

magnetization.
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Even though the subject of metallic magnetic thin films has been the subject of intense
scientific research over the last decades, perspectives for future studies arise when one con-
siders using the films for new applications, such as magnetic pinning in high temperature
superconductors. In order to produce effective magnetic pinning, magnetic films having
strong out-of-plane uniaxial anisotropy represent a viable solution for attaining this goal.
Epitaxial Co thin films, produced in the present thesis, have been demonstrated to have the
desired out-of-plane anisotropy axis. However, the need of epitaxy in order to stabilize the
desired anisotropy makes Co films difficult to incorporate directly in a Co/YBCO bi-layer
structure. An additional Al,O3 layer grown epitaxially on YBCO is under consideration
for future work, in order to promote the epitaxial growth of Co. Other systems such as
ThFe or ThCo are also being considered for this purpose, as they show a strong out-of-plane
anisotropy, even in the polycrystalline phase, making them suitable candidates for direct
integration in FM/YBCO structures.

As concluded in the previous paragraphs, magnetic Py and Co micro-, and nanostructures
have been fabricated using the UV lithography, ion beam etching and the self-assembly of
polystyrene nanospheres. With respect to the Py microstructures, MFM characterization has
shown that upon reducing the lateral size of the dots, effects related to the minimization of
the magnetostatic energy, i.e. formation of closure domains, become predominant. Circular
stripe domains have been demonstrated to form in dots having the diameter below 5 pm.
A more detailed magnetic characterization of these system is envisioned for future work,
in which we plan to control the specific magnetic remanent configuration of the dots by
inducing different magnetic histories. The different magnetic states of the microstructures
are expected to produce different magnetic pinning behaviors in the YBCO layers, such as
pinning of giant vortices, a sum of individual vortices, at each microstructure site. The effects
of the double periodicity (spatial and magnetic) will also constitute the subject of further
research. As far as magnetic nanostructures are concerned micromagnetic simulations will
be employed in order to construct a magnetic phase diagram in order to foresee the magnetic
configuration, vortex or single domain, of the as-obtained triangular structures with respect
to their physical dimensions, lateral size and height. This would enable us to prepare the
desired magnetic configuration and to integrate it in FM /SC structures for magnetic pinning
studies. Because of the specific hexagonal structure of the nanosphere assembly, hexagonal
arrays of magnetic structures were produced. This fortunate physical picture enables the use
of the nanostructured hexagonal arrays to study commensurability effects between the dot
lattice and the vortex lattice, since the latter also stabilizes in a hexagonal lattice. Another
very important aspect for future research will consist in the fabrication of anitidot (hole)
structures in the magnetic film and the use of the produced arrays for pinning studies. The
antidot structures will be prepared using an additional intermediate reactive ion etching

process. Reactive ion etching will act as to reduce the diameter of the nanospheres, so that
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after the subsequent film deposition and removal of the spheres, a regular array of holes will
exist within the film. From the magnetic pinning of SC vortices perspective, the presence
of holes in a magnetic film is more advantageous than a continuous film. This is so because
the at large magnetic fields, the magnetization of the film saturates, which leads to the
disappearance of any field gradients in the film that could act magnetic pinning sites. On
the other hand, the presence of holes in the film, ensures the existence of magnetic field
gradients around the hole edges even at saturation. Therefore, creation of hole arrays in
magnetic films with strong perpendicular anisotropy, ThFe, ThCo, represent in our opinion
the research path to follow for viable magnetic pinning applications.

The last chapter of the thesis is concerned with the actual integration of the FM struc-
tures presented in the previous chapters in bi-layered structures with YBCO superconduct-
ing films. A brief account is given on the preparation of epitaxial YBCO films deposited by
pulsed layer deposition on STO(001) substrates. Two categories of structures are analyzed.
First, we present the LSMO/YBCO structures, were the ferromagnetic film represents the
bottom layer while YBCO is epitaxially grown on top of it. High resolution x-ray diffraction
measurements were performed in order to establish the influence of the modulated LSMO
surface on the structural properties of the superconducting films. The morphological evalua-
tion of the samples was performed by means of AFM. The superconducting properties of the
structures were analyzed using VSM measurements at low temperatures. Our studies reveal
that a two component pinning mechanism is present in the YBCO films: a classic mecha-
nism, due to the defects created in the superconducting film by the particular morphology of
the LSMO layers, and a magnetic pinning component arising from the stray field gradients
produced by the LSMO nano-islands. To our knowledge the use of LSMO surface decoration
in ordered to produce both classic and magnetic pinning in superconducting YBCO films,
represents an original approach that will constitute the subject of a future publication. As
far as the metallic films are concerned, Py layers having stripe domain configuration were
deposited on top of the YBCO films. Because of the fact that the electric transport proper-
ties were determined performing I — V' measurements at different temperatures, lithography
was employed in order to define structures having a precise geometry. The results of the
I —V characteristics and critical current density, .J. , measurements for different orientation
of the stripes are given. A 20% increase in .J. was recorded for the parallel configuration of
the magnetic stripes to the current in the superconductor, with respect to the perpendicular
configuration, confirming thus the pinning potential of weak stripe domains for magnetic SC
vortex pinning. Even though the use of Py thin films exhibiting magnetic stripe domains for
magnetic pinning has been already reported for low temperature superconductors, no paper

exists, to our knowledge, on the pinning effects exerted on YBCO films.
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Appendix A

Vortex state and dynamics

Since the present thesis is mainly dedicated to the phenomena at the superconductor-
ferromagnet interface namely magnetic pinning of the superconducting vortices and related
phenomena, the aim of the present chapter is to introduce the basic concepts of type II su-
perconductivity and of the vortex state and dynamics in high temperature superconductors.
The concepts introduced in this chapter represent the theoretical basis for the understanding
and interpretation of the magnetic pinning phenomenon in hybrid interface systems between

high temperature superconductors and ferromagnetic structures.

A.1 Vortex state

A.1.1 Ginzburg-Landau equations

The phenomenological description of superconductivity is given by the Ginzburg-Landau

free-energy functional:

9gs = gn + /V
(A1)

where W (r) is the order parameter, A is the vector potential, B = V x A is the magnetic

1
dv+ | —B%dv,
v 2Ho

3
2 1 4 1 . 2
o (T) W[ + 5B (T) || +;2—mj|( ihV — 2¢A) U|

field and g, is the Gibbs free energy of the normal state. The Ginzburg-Landau parameter
a(T) = —a(0) (1 —=T/T,) is temperature dependent and changes sign at the transition
temperature, while 3 is taken to be constant in temperature. The m;, j=1,2,3, terms
are the effective masses along the main axes of the crystal. In the absence of a magnetic
field the solution of equation A.1 is |U|> = |a|/8. For T < T, the difference between
the energy of the superconducting and normal states is given by the condensation energy
—B?/2uy = —a?/283 , where B, is the thermodynamic critical field. B, is the smallest
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Figure A.1: Superconducting order parameter, ¥, dependence on the distance = from the
superconductor surface, in a superficial layer of width &.

magnetic field necessary to destroy the superconducting state. From the minimum condition
of the functional A.1, with respect to the order parameter ¥ (r) = |¥|exp (i¢) and the vector

potential A, result the equations:

omi  \° |w|?
§2(v+—A) U+0— ——0=0 (A.2)
o Wy
Uol? h
yelYo A+A=—— A.
T VXxVxA -+ 2€V¢, (A.3)

The relation A.2 and A.3 are known as the Ginsburg-Landau (GL) equations and determine
the spatial variation of ¥ (r) and A . In the absence of the magnetic field, the solution of

the first GL equation is

.
23

The solution of A.4 is presented in Figure A.1. As it can be seen, for x > ¢ the order

U = U, tanh (A.4)

parameter is Wy, while at the normal-superconducting interface (x = 0) ¥ (0) = 0. Thus,
the length & (T') from the first GL equation determines the distance over which the order
parameter can vary and is called the coherence length. In the terms of BCS microscopic
theory £ can be interpreted as the distance between two electrons of the Cooper pair within
the highly correlated superconducting electrons system.

As it will be shown in the Section A.1.3, the length A (7") form the second GL equation
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determines the scale of variation of the magnetic field inside the superconductor. This length
is known as London penetration depth or penetration depth. In terms of GL parameters

these lengths are given by

emy=—" __eg L (A5)
C2mla(T)] 1—T/T. '
and ﬁ .
2 . m m 2
N = e el N VT

A.1.2 Fluxoid quantization

One of the most important result of the GL theory is the explanation of the magnetic
flux quantization inside the superconductor. The integration of the second GL equation A.3

around a closed contour gives

7{ Fod o 7{ Adl = — f{ Vdl (A.6)

For the order parameter to be smgle valued the line integral of the phase ¢ around a closed

contour must be a multiple of 27 so that equation A.6 becomes
pod
o
where @5 = h/2e and ® = § Adl is the magnetic flux through the closed contour. The first

member of the left part of A.7 represents the magnetic flux created by the superconducting

PO dl+ @ = nd,, (A.7)

current. Thus, according to A.7 the total magnetic flux within a superconductor is quantized
and is a multiple of the flux quanta ®; = h/2e = 2.07 x 10~ Wb.

A.1.3 London equations

From the electrodynamics point of view the superconducting state is described by the

London equations:

o dJ
E = yug)\>— A.
Ko a7’ ( 8)
B = —uo)\QV X J, (A.9)
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Figure A.2: The variation of the magnetic field and coherence length at the N — S interface
(a) and the contributions to the Gibbs free energy of the superconducting region (b).

where J is the superconducting current density. The first London equation describes the
infinite electric conductivity, o — oo, of a superconductor and is similar to Ohm’s law for an
ideal conductor, where drag force acting on electron is zero. The second equation describes
the Meissner effect and is a consequence of the second GL equation for the case of a weak
magnetic field for which the spatial gradient of the order parameter can be neglected and,
as a result, Vo = 0. Considering Ampere’s law, V x B = ppJ, the Equation A.8 and A.9

can be written as

B
VB = VR (A.10)
L
and
9 J
L

In Cartesian coordinates these two equations correspond to the Helmholtz equations.
According to the equation A.10 the magnetic field decays exponentially inside the supercon-
ductor, B = Byexp(—z/)\) . The magnetic field penetrates the superconducting only in a
layer closed to the surface of thickness A, and therefore A is also called London penetration
depth. Inside the superconductor (z >> \) the magnetic field is zero, B = 0, in agreement
with the Meissner effect. The variation of the coherence length ¢ and the exponential decay
of the magnetic field are presented in Figure A.2 for a normal-superconductor interface. The
energy of the normal-superconducting interface has two contributions: the magnetic and the
condensation energy, as it is shown in Fig.A.2b. The excess of free energy of the super-

conducting region with respect to normal one, is the difference between the condensation
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Figure A.3: The B-T phase diagram for (a) Type I and (b) Type II superconductors.

energy and the magnetic energy. In the case of a rectangular shape approximation for & and
A (dashed curves in the Fig.A.2b) the interface energy is
1 2

in a thick layer closed to the surface and is zero inside superconductors.

A.1.4 Typel and Type II superconductors

If &€ > X the surface energy is positive, ¢ > 0, so that normal-superconductor (N-S)
interface is not in equilibrium. In this case, the whole superconductor will be either in the
superconducting or in the normal state. Such a material is called a type I superconductor.
For applied fields less than H. (T") a type I superconductor will completely expel the magnetic
flux and hence will find itself in the Meisner state, B = 0, exhibiting the properties of
perfect diamagnetism, y = —1. The B-T phase diagram of Type I superconductors is
shown in Fig. A.3a. On the contrary, when £ < X the surface energy is negative, o < 0,
and hence, the N-S interface is in equilibrium. Moreover, in order to minimize its energy,
within the superconductor a great number of S-N interfaces will form, and as a result,
the superconductor will have a domain structure. In this case the materials are known as
Type II superconductors. As illustrated by the phase diagram (Fig. A.3b) for a Type II
superconductor there are two critical fields H.; and H.,. For applied field strengths less than
H_; the superconductor exhibits the Meissner effect, while for the applied fields higher than
H_. the superconductivity is destroyed and the material becomes normal. For intermediate
field values, H., < H < H_, the superconductor is in a mixed or, vortex, state. In the mixed
state, the superconductor no longer exhibits the properties of perfect diamagnetism, so that
a finite amount of flux penetrates the volume of the superconductor. It was experimentally

demonstrated that in the mixed state the flux penetrates the type II superconductor in a
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Figure A.4: The model of an Abrikosov vortex.

discrete array of entities known as wortices. The vortices are a direct consequence of the
fluxoid quantization in the superconducting state, each vortex carrying a single flux quanta
CDO = h/2€

A.1.5 The Abrikosov vortex

The true explanation of the partial flux penetration in type II superconductors was
given by Abrikosov [1], who demonstrated that the GL equation has a periodic solution
for k = §/A > 1/4/2 . Abrikosov interpreted this solution as a lattice of parallel flux
line, now also called flux tube, fluxons or Abrikosov vortex line, each vortex line carrying
a quantum of magnetic flux &y = h/2e = 2,07 x 107> Wb. At the center of a flux line
the superconducting order parameter W (r) vanishes. The line ¥ (r) = 0 is surrounded
by abnormal tube of radius called the normal vortex core. In the closed superconducting
region of the vortex core a superconducting current, J (r), circulates, which generates the
magnetic field of the flux line. Actually, the superconducting currents circulate only in a
superconducting tube of radius A. The model of an Abrikosov vortex is presented in Figure
A 4. The distribution of the magnetic field in the superconducting region of the vortex line
is given by the Helmholtz equation A.10. Taking into account the cylindrical symmetry of
the vortex line and the boundary condition B (r) = 0 when r — oo, the flux density is given
by

205



A.1. Vortex state

v

A1 2 /A r/h

Figure A.5: The magnetic flux and the superconducting current density for a single vortex
as a function of radius from the center of the vortex core.

_Po_ T
B.(r) = o (5) 2 € (A.13)
Do KO (%) r<< f

2T \2

where the K,, is the m! order modified Bessel function. The superconducting current

density associated with this flux density can be deduced from Ampere’s law (V x B = poJs):

s B0 (5) =€

0 r<§;

J.(r) = (A.14)

Figure A.5 shows the exponential decay of both the flux and the current density in the
superconducting region of the vortex tube. In the normal region of the vortex line the flux
is constant, B (r < &) = (®g/27A?)K (/) ) and the current density is zero, J (r < &) = 0.

A.1.6 The vortex energy

The total electromagnetic energy associated with the flux line has two contributions: the

energy of the normal core, W,,, and the energy of the superconducting region, W,

1 2
W, =— B dv A.15
2t Vi ( )
and
1 2 1 5ao
Wi=—1|[ Bdv+ - [ poAJidv, (A.16)
2,LLO Vs 2 a

where V,, and Vj is the volume of the normal core and of the superconducting part of the
vortex, respectively. For a type II superconductor, A >> £, so the contribution of the normal

core can be neglected. The integration of relation A.16 leads directly to evaluating the energy
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per unit length of vortex as

g §

where K is zeroth order Bessel function.

A.1.7 The critical fields

For a type I superconductor, at a given temperature below T, the transition from super-
conducting to normal state at B, is a first order one, contrary to the type II superconductor
which undergoes a second order phase transition at B.,. For a second order phase transition

close to B.o, the order parameter is small and the first GL equation becomes:

1
5 10V + 2eA)’V = —a ¥, (A.18)

where the second order term in ¥ was neglected. This equation describes the motion of a
charged particle (¢ = 2e) in a magnetic field. The eigenvalues of the Schrédinger equation
above are

_mu,

2
Ep=—0n= 5+ (n—l—%)hw (A.19)

where v, is the velocity of the particle along the direction of the magnetic field and w =

2eB/m is the cyclotron frequency. The lowest energy level (v, = 0 and n = 0) is
1
E[) o 575&) = —Q, (AQO)

which corresponds to the maximum magnetic field,

ma d,
eh  2m&2

2 = (A21)
Thus, the GL Equation A.18 has a nonzero solution for ¥ and hence the appearance of the
superconducting state is possible only for B < B,s.

The lower critical field B.; corresponds to the thermodynamic limit above which it is
energetically favorable for vortices to penetrate the superconductor. The Gibbs free energy

which corresponds to the entry on n vortices per unit volume is

Ag:nw—BH:B(%—H), (A.22)
0

where w is the vortex energy per unit length and n = B/®, . The vortex state is stable if
Ag < 0. This condition is satisfied if the applied field H > H. = 3. Using A.17 for the
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Figure A.6: Two vortices placed in 71 and rs, respectively. The magnetic field is along z-axis.

vortex energy per unit length, one obtains

O A

Bu = 2
T g e

(A.23)

A.2 Vortex interaction and dynamics

A.2.1 Vortex interaction

The total energy of a two vortices, Figure A.6, separated by the distance Ar = ry — rq,

is a sum of the individual energies of the vortices plus an interaction term:

o2 £ o2 Ty — T
=2V _Ky (2 0K, [ 22— A.24
T N 0()\) HETTIE 0( A (A.24)

where the last term is the interaction energy between the vortices and is equal to ®7 mul-

tiplied by the field B (ry — r1) created by the vortex placed at ro and ”felt” by the vortex
located at r1. Because Ky (z) > 0, this energy is positive and, as a consequence, the vortices

repeal each other. The force of the vortex 1 on the vortex 2 is:

ow' o2 l
f = — = 0 B — 1
2ZT000 T 2ppns ! (A) .
where [ = 19 — ry and 4, = [/|l| is the unit vector of direction | . Considering that the

current of the vortex 1 at a distance [ = ro — ry is given by A.14,

0N [
Jo=—"7"K (- ]i A2
12 2\ 1 ()\) 1o (A.25)
the force between two vortices may be written as:
f12 = J12 X (I)(]iz, (A26)
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Figure A.7: The contour (C) of integration used for Fraday’s law.

where 1, = 1, X igp is the unit vector of the z-axis. This force is a Lorentz like force. It is
important to note that expression A.26 is a general one and is valid for any current flowing
in the superconductor. If the vortices have opposite vorticity , for example vortex 1 has the

vorticity 1, while the vortex 2 has -1, the interaction force is

P2 LY .
f12:—27w0/\3K1 3 ) (A.27)

Thus, the vortex-antivortex interaction is an attractive one.

A.2.2 Flux flow

The vortex lattice is in equilibrium until the only circulating currents in the supercon-
ductor are the vortex currents. If in the superconductor a current, J, is injected by external
sources, each vortex is subjected to a Lorentz force per unit length f;, = J x ®yi,, as it is
shown Figure A.7. The Lorentz force due to the current J will cause the vortices to move
with a velocity u, in the z-direction (perpendicular to the current). The variation of the
flux in the contour C is the total number of vortices which enter in the contour in a time At

multiplied by ®:
AP = dyn,u,bAL (A.28)

where n, is the vortex density. Faraday’s law states that the voltage across the contour is:

4o

U=

= Pon,ugb. (A.29)
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It is important to be noted that the electric field E = B x v is parallel with the current
density J. Because the current has the same direction as the voltage difference, there must

be power dissipated equal to U,

P =UI = I®gn,uzb (A.30)

Since the flux line motion dissipates energy, it can be described in terms of viscosity. The
vortex motion is assumed to be damped by a force proportional to the velocity, f, = nu,,
where 7 is the viscosity. The drift velocity of the vortex line can be obtained by equating

the Lorentz force to the friction force, f = f,, resulting

_ I
U]
Combining equations A.29, A.31 and taking into account that £ = U/b , results a linear

T

(A.31)

relation between the electric field and the current density, similar to the Ohm’s law:

E = pysJ, (A.32)
where,
B
P == - (A.33)

is called fluz flow resistivity. The microscopic calculation of the viscosity gives the value [3]

_ <I>(2)Un
2mE2’

o, is the electrical conductivity in the normal state. Using this relation, the flux flow

7 (A.34)

resistivity can be written as

B
Pis= BP0 (A.35)

A.2.3 Vortex pinning and critical currents

Externally driven current causes the vortices to move and, as a result, energy dissipation
in the superconductor. From a practical point of view, in order to transport high current
densities without any dissipation, it is necessary to prevent vortex motion. The prevention
of the vortex motion is known as pinning the vortices. The conventional way to pin a
vortex is to take advantage of the force exerted on the vortex at the boundary between a

superconductor and normal region Figure A.8. The presence of the vortex core in the normal
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Figure A.8: The vortex partially in the normal region.

region raises the free energy of the superconductor with

1
AG = —B*r€L.x, (A.36)
44t

where L, is the length of the vortex and B, is the thermodynamic critical field, B, =
dy/ 2\/5#5 A . The force on the core due to the normal boundaries is
oG 1

F=_"_= = __82 L, A.37
p ax 4/1/0 Cﬂ-g ( )

This force is in the negative z-direction, so as it acts to pull the vortex into the normal region.
In an energetic picture Figure A.9, the system tends to lower its energy by having the vortex
core in the normal region, rather than creating a normal core in the superconducting region.
The pinning force on the unit length of the vortex can be written as
_ %
327 g AZE

Usually, in a superconductor normal regions, having a low order parameter, are created

|fol = (A.38)

around defects such as: grain boundaries, dislocations, twins, off-stoichiometric regions, etc.
If the lateral extent of the defects is of order of coherence length £ they represent effective
pinning centers for the vortices. Since the Abrikosov lattice is rigid, if one vortex is pinned,
it tends to pin other vortices from its close vicinity. When an externally current passes

through the vortex lattice, the total force per unit length, acting on a vortex, is

ftot - fp + fL + f77 (ASQ)

In the case presented in Figure A.8 the forces and the vortex velocity are in the x-direction,
so that

Jrot = JPo — fp — nuy (A.40)

211



A.2. Vortex interaction and dynamics

By
L

)

=

r__
<
Y Y
(b) U=1/2p,B. n&’1
L) ® |

Figure A.9: From energetic point of view the vortex in vortex-normal system (a) can be
assimilated with a vortex in the potential well of finite height 1/2u¢ B27€2l (b).

In the steady state, f;ox = 0, so that the steady-state velocity is given by

Uy = % (Jdo — f,) (A.41)

The velocity is zero for f, = f,. The current density J. for which f; = f, is called critical

current density and is given by the expression

_
Pq

For J < J., the vortex velocity and the voltage drop are zero. On the other hand, for J > J.

Je (T) (A.42)

the Lorentz force becomes greater than the pinning force, f; > f, and the vortex moves

with a steady-state velocity given by A.41 creating a voltage,

U=pss(J = Ju)l (A.43)

where [ is the length of the sample in the direction of the current flow. Thus, for J < J,,
the transportation of the current takes place without energy dissipation, while for J > J,.
there is dissipation. In other words .J. is the maximum critical current density which can
be injected trough the supraconductor without dissipation. For practical applications it is
important to have a type II superconductor with a high critical current density, J.. To reach

this goal the only way is to engineer the pinning center density. However, the maximum
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Figure A.10: Schematic representation of the vortex bundle jumping over barriers between to
adjacent pinning centers. (a) Zero driving force. (b) Driving force due to the external current
favoring the jumps a ”downhill” direction.

critical current density can not be greater than the GL depairing critical current

dep — (I)O
¢ 3V/3mpgN2E

which is an intrinsic characteristic of a superconductor related to the energy of the Cooper

(A.44)

pair. For J > J%P  the kinetic energy is higher than the interaction energy between electrons
c gy g gy

from the Cooper pair, so that the pair is broken.

A.2.4 Thermally activated flux flow. Flux creep

At finite temperatures, due to the thermal energy, the vortex line can move even for
fr < fp, because there is a finite probability that the flux lines overcome the pinning energy
barriers. Thus, even for J < J.(0) = J, the vortex motion takes place and a resistive

voltage will be detected in the sample. This behavior is known as thermal flux creep, or
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simply flux creep. For the first time this behavior was measured experimentally for the first
time by Kim et al. [4]. They investigated the persistent currents induced in a tubular sample
by measuring the magnetic field created by these currents and they observed a logarithmic
decay of the magnetic field.

In order to explain the logarithmic decay of the superconducting currents, Anderson [5]
developed a flux flow model based on the thermal activation of vortices, Figure A.10. As
it was shown by Beasley et al. [6], due to the electromagnetic interaction between the flux
lines, any pinning center contains more than one vortex. Therefore, this model assumes that
flux creep occurs by bundles of flux lines, jumping between adjacent pinning centers. In the
presence of an external current .J, the barrier is reduced by a quantity BJVa, where V is
the volume of the vortex bundle and «a is the distance over which the vortex bundle moves.
The ”wash-board” model (Fig.A.10c) for the potential barrier leads to a net jump rate in

the direction of the Lorentz force given by the equation

U\ . JU
V=Uvy—V_=1)exp (_kB_T) sinh (JCOkBT) , (A.45)

where 1 is the frequency of the flux line jumps, which is in the range 105-10! sec™t. The

flux bundle will move with the velocity

U\ . JU
u = vd = yydexp (—]@—T) sinh (Jcok‘BT) (A.46)

where d is the distance between two pinning centers. The flux creep velocity will create an

electric field, £ = Bu, given by

E = Byyd exp <—l) sinh ( JU ) (A.A4T)

kgT JeoksT
The current voltage characteristic A.47 has three different regimes. For J > J., we have

a nearly ohmic dissipation regime, E = ps (J — Jo). For J << Jy, sinh JU/JokpT =~
JU/JokpT and the expression A.47 becomes

2p.U U
<kBT) exp ( kBT> J = prarrd, (A.48)
where
2p.U U
PTAFF = <kB—T) €xp (_kB_T) ) (A-49)

is called thermally assisted flux flow resistivity (TAFF). This Ohmic regime appears only
in high temperature superconductors. The TAFF regime was evidenced by several authors
[7, 8].

For external currents close to the critical current, J =~ J., the current-voltage character-
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Figure A.11: Schematic presentation of the current-voltage characteristics for 7' = 0 (blue
line) and at finite temperature (red line).

istic A.47 can be approximated as

J U
E = pcbfe>q3 [(}jzg ——‘1) 25;3;] . (}\.50)

Fisher et al. [9, 10] have experimentally determined that in the range of low tempera-
tures and magnetic fields the TAFF Ohmic regime is not valid for currents below a certain

characteristic value, J,. For J < J, the voltage depends exponentially on the current,

B(J) ~ exp[~(J,/ '] (A51)

where 0 < p < 1. To explain this nonlinear £ — J characteristic which appears in the range
of small current densities, where linear TAFF regime should be valid, Fischer [9, 10] proposed
the existence of a ”vortex-glass” phase below a characteristic temperature, T;. The vortex
glass state was for the first time predicted by Larkin and Ovchinnikov [11] which shows that
in the presence of a density of pinning centers the long range order of the flux lattice is
destroyed beyond a volume V., within which there is short-range order. The aforementioned

regimes are illustrated in Figure A.11.

A.2.5 Irreversibility line

Sometimes, it is more intuitive to represent the flux flow regimes in a magnetic field-
temperature (B — T') diagram, as it is shown in Fig. A.12a. At a given temperature, the
vortex flow regime depends only on the magnetic field. Thus, in the limit of low fields the

vortex glass phase is stable, in which the flux line are completely pinned. If the field is
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Figure A.12: The B—T diagram (a) and the equilibrium phase diagram for the vortex system

(b).

high enough, we have the flux flow regime. In a narrow range of magnetic fields, below
flux flow regime, the thermally assisted flux flow regime (TAFF) is stable. Both the flux
flow and the TAFF regimes have an Ohmic type F — J characteristics. Between TAFF and
vortex glass regimes there is a flux creep regime with an exponential £ — .J characteristic.
It is to be noted that, contrary to conventional superconductors, for high-temperature su-
perconductors, thermally activated flux flow regimes (flux creep and TAFF) are observed
in a large temperature and magnetic field range. This fact can be qualitatively explained
as follows: in spite of their low coherence length, high-temperature superconductors have a
higher condensation energy B?/2puq , therefore, the activation energy U ~ BZ&3/2u, of the
high-temperature superconductors has the same order of magnitude with that of a conven-
tional superconductor. Because the critical temperature of HTS is one order of magnitude
higher than that of conventional superconductors, it is clear that the thermally activated

~U/KBT will be exponentially more important in HTS.

process with rates proportional to e

The B — T diagram from Fig. A.12a leads to an equilibrium phase diagram for the
vortex system presented in Fig.A.12b. For B < B, the sample is in the Meissner state with
B = 0. If the magnetic field is greater the B.; the sample is in a vortex state. Due to the
presence of disordered pinning centers, the Abrikosov lattice is transformed into a vortex
glass phase with p = 0. Another characteristic of the vortex state is the irreversibility of the
magnetic and electrical properties. With the temperature increase, the short range order will
be destroyed, and above a certain temperature Ty, (B), called the melting temperature, the
vortex glass is transformed into a liquid phase. Close to the melting temperature the liquid
is still viscous and can be pinned (TAFF regime with prapr = (2p.U/ksT )exp (=U/ksT ).
For fields close to B, the vortex fluid has very low viscosity and the vortex can move freely

with p = ps( flux flow regime). In the liquid phase the vortex motion is reversible, but with
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energy dissipation. Therefore, the melting line is also named the irreversibility line, T},..(B).
In conventional superconductors, were the thermally activated processes are very weak, the
irreversibility line coincides with B.,. The magnetic field dependence of the irreversibility

line can be approximated [12] as

B~ {1 - TT—(CBT (A.52)

where n=1.2 for thin films and n=2 for bulk materials.

From a practical point of view, the irreversibility line is a very important parameter,
because it separates the dissipative from the non-dissipative regime in the B — T phase dia-
gram. For high field applications of HT'S, the T;,..(B) has the same role as .J, for conventional
superconductors. Therefore, the increase of the irreversibility line by means of artificial en-

hancement of pinning, <.e. magnetic extrinsic pinning represents a very important issue in
the field of HTS materials.
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Modulated magnetic structures for vortex pinning in high

temperature superconductors

The present thesis deals with the fabrication and study of hybrid, ferromagnetic/superconducting,
interface systems. Magnetic mezoscopic systems, whose magnetic properties were modulated by
the dimensionality (thickness and lateral size) of the systems was studied. Two types of struc-
tures were considered. The first consisted of perovskite-like epitaxial LaSrMnO thin films. We
have demonstrated the direct correlation between oxygen incorporation in the LaSrMnO lattice
and the evolution of its structural, magnetic and electric properties. A second class of magnetic
materials that has been studied consisted of transition metals (Co) and alloys (NiggFeap). We have
defined micronic objects from the as-deposited films, by means of optical lithography and ion beam
etching. These structures were then integrated to form an interface with thin epitaxial high T,
superconducting films: YBaCuO. The ultimate goal of the above studies was the control of vortex
dynamics within the superconducting layer by two mechanisms: the first, intrinsic, in which flux
pinning is achieved by structural defects within the superconducting film, and a second one, extrin-
sic, correlated with influence of the magnetic field modulations created by the adjacent mezoscopic
magnetic structure.

Keywords: supeconductivity, nanomagnetism, mezoscopic magnetism, lithography, supercon-

ducting vortex, micromagnetism, vortex dynamics

Structures magnétiques modulées pour le pinning dans les

supraconducteurs a haute température

Cette these porte sur la réalisation et I’étude de systemes hybrides d’interface entre une couche
magnétique et un supraconducteur. Tout d’abord, nous avons réalisé et étudié des structures
magnétiques mésoscopiques dont les propriétés magnétiques ont été modulées par l'effet de la di-
mensionnalité du systéme (épaisseur et taille latérale). Deux types des structures ont été considérés.
La premiere est constituée par des couches minces de pérovskite LaSrMnQO. Par une étude com-
plexe nous avons réussi a démontrer la corrélation directe entre 'incorporation de 'oxygene dans le
LaSrMnO et I’évolution de ses propriétés structurales, magnétiques et électriques. Une deuxieme
classe de matériaux magnétiques étudiés est constituée des métaux de transition (Co) et des al-
liages (NiggFegp). Les couches ont étés structurées par lithographie optique et gravure ionique sous
forme d’objets de taille micronique. Par la suite, ces structures ferromagnétiques ont été interfacées
avec des films minces constitués d’un supraconducteur a haute température : YBaCuO. L’objectif
ultime de cette étude a été le controle de la dynamique des vortex dans le supraconducteur par
deux types de mécanismes: intrinséque ou les centres de pinning sont les défauts structuraux dans
le film supraconducteur et un mécanisme extrinseque lié & I'influence des modulations du champ
magnétique généré par la structure magnétique mésoscopique adjacente.

Mots clés: supraconductibilité, nanomagnétisme, magnétisme mésoscopique, lithographie, vor-

tex supraconducteur, micromagnétisme, dynamique des vortex, supraconducteur a haute température.
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