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Abstract

The undoped and 4 wt% BaZg@BZO)-dopedReBa,CusO;_5 (Re = Y and Gd)
(ReBCO) high temperature superconductor (HTS) thin films were made by psise la
deposition (PLD) method on SrTIQSTO) (100) substrates from targets of nanosized
grains. Their structure and superconductivity properties were studibc-ray diffrac-
tion (XRD) and magnetisation measurements. The pinning poténiiabs determined
by resistivity measurements in temperature activated flux-flow (TAFF) rediime ir-
reversibility field B, was determined with resistivity studies, as well as the magnetic
field angle dependence of resistivity was investigated at high temperaiinesesults
show that the optimum deposition temperature was lower;,C86r GdABCO compar-
ing with 745 C for YBCO. The best obtained critical current densiti&ss, were higher
for undoped GdBCO than for undoped YBCO at 10 K, as well as at 77h€.BZO
doping enhanced thé. at low temperatures and at high fields, where the enhancement
was higher for BZO doped GdBCO, either at low temperatures or high temypes.
The Uy and By, were improved for both the materials by BZO dopingBn|| ¢ but
decreased iB | c-direction. Also,U, was lower for undoped GdBCO than YBCO in
B 1 c-direction. The reason for this was explained by distortion of the Clagers,
lowering the intrinsic pinning. The undoped GdBCO was found to be moreosiotr
than YBCO, similarly the doped materials were more isotropic than undoped amnes
high temperatures.

The growth mechanism and pinning properties of YBCO/BZO multilayers were
systematically studied. The results show that the pinning and structurartiespde-
pend on the YBCO and BZO layer thicknesses, hence the structure sieaojdimised
for desired thin film properties. The multilayer structure with very thin multilayeas
the only one that could match the properties of BZO doping with one mixed tdigjst.
would result in alignment of the BZO particles in quasi-layers.

The observed aging effect of GABCO was systematically studied. Tleecrmuct-
ing properties], and.J. with magnetisation measurements, and the structural proper-
ties with XRD were determined for uncoated and Au-coated GdBCO and YBEiGg
measured in one month intervals for five months. An x-ray photoelectrartrepeopy
(XPS) study was also made for fresh and seven months old GdBCO thin filplean
order to study the oxygen content in the bulk near surface. The oridire@fging effect
was attributed to oxygen release.
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List of Abbreviations and Symbols

AFM
BE
BzO
CcC
FWHM
GdBCO
HTS
PLD
ReBCO
SC
STO
TAFF
XPS
XRD
YBCO
YSZ
a,b

a,b,c

atomic force microscopy

binding energy (keV)

BazrG;

coated conductor

full-width at half-maximum, i.e. the peak width
GdBaCusOr7_5

high temperature superconductor

pulsed laser deposition

ReBaCus;O7_5 (Re =Y, Pr, Nd, Sm, Eu, Gd, Ho..)
superconductor

(100) oriented SrTi©

temperature activated flux-flow

x-ray photon electrons spectroscopy

x-ray diffraction

YBa,CusO7_s

yttrium stabilised zirconium

length and width of the rectangular film in Bean model (m)
lattice parametersi()

magnetic induction (T)

accommodation field3* < By

irreversibility field

matching field i.e. the field where number of vortices matches the number of gisit@s
Lorentz-force

pinning force

applied magnetic field (A/m)

critical field

lower critical field of type Il superconductor
upper critical field of type Il superconductor
current (A)

intensity of (00) (I = 4, 5 or 7) reflection in XRD
critical current (A)

critical current density (A/c)



k,m,n number of layers, and number of shot pulses, respectively

M’ real part of ac-magnetisation (&in

Te lattice coherence length (nm)

T critical temperature

T substrate deposition temperature

To fitting parameter (K) in equation (11) on page 35 and in equation (12) on §&g
pinning potential

Q exponent in equation (4) on page 3

153 exponent in equation (13) on page 46
oxygen deficiency

Aw the full-width at half-maximum of a rocking-curve

Er pinning energy

€0 vortex energysg = [¢o/(47\)]?

(C] rotation angle in degrees

0 Bragg angle in degrees

A London penetration depth

19 coherence length

p resistivity (Qcnv)

PN normal state resistivity(Qcnr)

10) rotation angle

b0 magnetic flux quantumy 2.07 - 10~1° Wb

X susceptibility

P tilt angle

w rocking angle
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1 Introduction

1.1 Superconductivity
1.1.1 Basic properties

Superconductivity was first found in Leiden in 1911 by Heike Kamerlingh€3, when
he was measuring the resistivity of mercury. He discovered that at 4.jig%sKhelow
boiling point of liquid He, which is 4.2 K, the resistivity of Hg dropped to zetg. [
This temperature is called the critical temperatlie Zero resistivity is the first of two
criterion that a superconductor must fulfil.

The second criterion is the perfect diamagnetism which means that thepsusce
bility, x, of the superconducting material has to be exactly -1. In other wordsga ma
netic field cannot penetrate a superconductor. This phenomenon istballiissner—
Ochsenfeld effect, after its discoverers [2].

The argument of a magnetic field not penetrating the whole supercond8€pis
not exactly valid. Actually, the magnetic field can penetrate a small length onttaes
of the SC. This is called the London penetration dept[3]. It can be easily derived
from Maxwell’'s equations just by presuming zero resistivity and ped&chagnetism.
Although the model is simple, it explains the Meissner—Ochsenfeld-effect.

Moreover, the perfect zero resistivity and diamagnetism apply only tataicdype
SC’s, and since they are the first ones discovered, they are calledpthemg SC's.
Above the critical field H. they have a normal resistive phagg&, has the temperature

dependence:
T\ 2
H.(T) = H.(0) [1 — <Tc>

where H.(0) is the critical field at absolute zero [4}l. is typically rather small, and
hence this class of materials has no applications of interest.
For applications, type two SC’s are more interesting, since they have twactritic

; 1)

fields, H.; and H., where the upper one can be huge, even hundreds of Teslas. The
temperature dependence of both is similaffoin equation (1) [4]. The lower critical
field is rather low, and in thermodynamic sense it is lower tHamf the type one SC's.
Below H.; the Meissner-state with no magnetic field inside the SC exists. BetiWgen
andH.. is so called mixed state, where magnetic field can penetrate the supercogductin
media by forming vortices i.e. fluxons, which have a constant value of niadhe i.e.
a flux quantumpy = h/(2¢) = 2.07 - 10~1° Wh.

In case of weak or no pinning, the distance between vortices is highek itaather



low fields, therefore the vortices do not interact with each other. Therydttices are
randomly distributed and the phase is calledagex liquid[5].

As the magnetic field and hence the number of vortices is increased, thesavilt
align hexagonally in case of no pinning, since the vortices repel each dtieephase is
called asv/ortex lattice]5]. Also, if the current density is also applied, the vortices start
to move, due to the Lorentz-forcE;, = J x B. The movement of vortices dissipates
energy which is seen as a voltage indicating an ohmic resistance, heneedhesistive
superconducting state is lost. At high magnetic fields, relatively high tempesaand
with Fy, = 0, the temperature fluctuation cause the lattice to melt, the order is lost,
therefore the phase is calledrtex liquid too.

1.1.2 Flux pinning

Usually, some pinning sites are present, and these pin the vortices with pfonieg

F,. Such pinning sites are for example point like defects. Fpheof a single point-

like pinning site is rather small, but a vortex can adjust within a network of gikat-
pins to gain pinning force to overconig, with expense of elastic energy. However,
they trap only a fraction of the vortex, and therefore they are congldeeak pinning
sites. At relatively low temperatures, the pinning force is much larger fhathe vor-

tices are trapped to pinning sites, therefore the long range aligned vdgttes is
distorted, and vortices have only a short range alignment, hence the ishaaled as

the vortex glasphase. As the magnetic field or temperature is increased, the pinning
force becomes smaller than the Lorentz-force which although still dominategite
temperature fluctuations, and the alignment of the vortices is lost, hencedke {zh
called thepinned liquidphase. The cross-over of these two latter phases is separated by
irreversibility line H;..(T) or temperature;,.(H). Below this line a zero resistivity is
reached with small currents and a hysteresis is present in magnetisatiaireneasts.

As the magnetic field is further increased but is still lower tti&n, the vortices start

to flow freely, since the temperature fluctuations dominate éygthence this vortex
phase is called thitux-flowregime.

The pinning sites are considered strong, if a point-like pinning site canénalastic
deformation in the vortex lattice or if the pinning site extends to the whole vortgthen
Correlated pinning sites can be such as planes and rods. In low tempesiaon, the
vortices will pin to a free, strong pinning sites until the magnetic field reacteesdh
called accommodation field

B 4e,

= B 2
2 2 (2)

2



whereB, = ngg is the matching fields, is the pinning energy (or potential), aagl

is the vortex energy scaley = [¢o/(47\)]? [5]. Above B* the plastic and collective

pinning takes place. In experimental papéd$,is usually defined by criterion [6, 7]
Jo(B*)
Jc(0)

=0.9. 3)
Above B* the J, can be described with power law
Jo(B) = A(T)B*™), (4)

where A(0) is proportional toJ.(0), which is usually a decade smaller than predicted
depairing currenfi.(0) due to the non-perfect pinning [8]. In literature, there are pre-
dictions of separate regions giving differeris. Nelsonet al. predictede = —0.5 in
intermediate magnetic field range by presuming that only small fraction of veidiee
pinned directly, whereas the rest are pinned by shear interaction witightrpinned
vortices. This is called thplastic pinning[5]. In high magnetic field rangey = —1.0
was predicted by assuming collective pinning of a vortex bundle. Van dek & al.
predicted a similarr = —0.63 for intermediate field range and the same= —1.0

at high field range [9]. Also, Blattest al. have predictedv = —0.5 for strong pin-
ning [10]. In addition to the former, Klaassenal. also stated that samples with high
defect density have a negative tendency (') with temperature [11].

The largea =~ —0.2 for BZO doped YBCO has been described theoretically by
Paturiet al. [12]. They used a model where columnar defects form a triangular lattice
which creates a potential well whose height is compared with elastic enfigylattice
(the energy loss which is due to distortion of Abrikosov-lattice). Then,gunvortices
are those whose distance to a pinning site is low enough to overcome the elasty. e
In this model, the critical current is simply proportional to the pinned—ungirvaetex-
ratio. Thus, the higl is due to highB, (proportional to number of defects) and a high
pinning potential of the non-randomly aligned defects.

1.1.3 Temperature activated flux-flow (TAFF)

The pinning force of pinning sites correspond to a potedfjabr barrier which vortices
need to cross in order to depin. At the spin glass statd/thean be considered infinite,

and the resistivity is zero with low enough currents as stated in the prewatiors

Just above the melting temperatuig,, the temperature activated vortex movement

is high enough to allow the vortices to creep over the barrier, but theytidreosind

to pinning sites, and hence this regime is called the temperature activated flux flow

3



(TAFF), or ordered vortex liquid. In addition, the pinning potential is alsedieed with

the Lorentz-forcefy, = J x B, by potentiall';, = J x BV,r,, whereV., is the volume of
the flux bundle, and, is the range of the pinning potential [13]. The resistivity depends
linearly on the current but exponentially on the temperature:

p = posexp (—U/T), (5)

wherepy ¢ is a prefactor term and is usually three decades higher than the norisal res
tivity, and U is the potential. In this model/ is presumed to b& oc H2(¢)£™(t) [14],
wheren is the dimensionality of the vortex system, ang- T'/T. is the reduced tem-
perature. Thermodynamifl, « (1 — t), and¢ « (1 — t)‘% [5], hence it is obtained

U = Uy(1—t)4, whereq = 2—n/2[13,15]. For YBCQy is 1, thereford/ = Uy(1—t).
Thus, the activation enerdy, can be estimated with an Arrhenius plot

U, U, U
lp=Inpy— = =lnpos + = — =, (6)

whereln pg is the limit whenl /T — 0, andUj is the slope in the logarithmic vis/T’
plot and is considered temperature independent [16].

1.2 Pinning sites
1.2.1 Natural pinning sites

A superconducting material has usually a spectrum of defects whichctas ginning
sites. Their strength depends on their geometry, and those which candreqrtix at
its whole length are considered strongest [5].

The linear defects such as screw dislocations are introduced in the thirr@imhg
and they act as strong pinning sites [11,17]. Because these disloatmne in growth
island boundaries during the film preparation, they have nonrandoitiopgsin the
film. That is why they result in plastic pinning«(= —0.5) instead of collective pinning
(« = —1) as in single crystals with randomly distributed correlated defects [17]. The
high density of such pinning sites in thin films is one of the reasons why thesoare
sidered one of the most promising material for the coated conductor (Gf@gdton.

Twin boundaries form ilReBCO thin films on cubic substrates like STO, when the
tetragonalReBCO material undergoes a phase transition to orthorhombic as it is cooled
at a sufficiently high oxygen pressure from above ®D@ the room temperature [18].
The nucleation of twin domains occur in separate islands, and as the temgédsatu
reduced, the islands grow in size. Thdor b) (a < b) axis of a twinning island can

4



align either along: or b axis of the substrate, therefore the twin domains have a ran-
dom alignment. As the perpendicularly aligned twin domains meet, a twin boundary is
formed. The twin boundaries are rather strong pinning sites, since thgyarar and
can trap the vortex within its whole length, i, is perpendicular to the twin plane. In
other geometries, the vortices may channel through the twin planes withoirigin

A stacking fault is an extra layer parallel to bag&iplane [19]. Such an extra layer
can be a Cu—O-layer in YBCO [19, 20] or a Gd-layer in GABCO [21].

There are also a number of other lattice defects which can act as a piitemgsh
as antiphase boundaries, mis-aligned grains, voids etc. A list of sudecslis given
in reference [19] and [22].

A method to increase the number of the natural pinning sites is to use a target with
nanograined material for pulsed laser deposition (PLD) [23—-25] slible@n shown that
the particle size is smaller in the plume and on the substrate, and hence the.higher
than in conventional targets of micronsized grains is attributed to them. Futher
using a nanograined target material enables full relaxation of the odimdnilc stress at
lower thin film thickness than with targets with micronsized grains [25, 26}ein26]
it was speculated that the twin boundaries tend to form in growth island boesdbut
in ref [25] the transmission electron microscopy (TEM) did not suppott thence the
defects responsible for high. are some other correlated, linear defects, like disloca-
tions.

1.2.2 Artificial pinning sites

There are additional methods to enhance pinning artificially. One possibilityirisato
diate a superconducting thin film or a single crystal with light ions [27-2%jeavy
ions [29, 30], where the light ones create point-like defects in the materibhaavy
ones correlated, strong pinning sites. A cheaper and more suitable wiayge scale
thin film manufacturing is the use of substrate with nanodots, such as AgT&#]
nanodot does not allow stoichiometric, superconducting material to groweah and
hence a correlated pinning site is formed. Yet another way to emerge caldefeats is
to use miscut substrates in thin film growth [20]. In addition, the pinning ptigsecan
be improved by introducing precipitates inside the superconducting matersaiciAa
method is the multilayering.

In multilayering, a non-superconducting layer is usually deposited insid&@he
The used materials are such agO§ [32—-34], CeQ [35-38], Y211 [39], YSZ [40],
transition metals (Ti, Zr, Hf, Ir) [41,42], and BaZg(BZO) [43], and mixing supercon-

5



ducting materials likdzeBCO (Re = Gd, Nd, Eu and Dy) [44,45], and even a ferromag-
netic material [46]. The best enhancement has been achieved withlayas; whose
thickness does not allow forming of a complete layer. This will result in nartiqulates

or precipitates [32-34, 37, 39-41, 43]. The particulates themselvesdes pinning
sites, but multilayering can also increase the amount of disorder [45]teess §39]

in the superconducting material. If complete or almost complete layers aredptinge
superconducting properties do not enhance or they even decB24s€He critical tem-
perature tends to decrease as the layer thickness increases [3248442], the same is
seen forJ.(B = self field), as well as widening of the transition [32, 34, 40]. In contrast
to the former, Haugaet al. did not detect decrease @f andJ.(B = self field) with
BZO [43], the reason might be that they used a stoichiometric material, thetaZr
and other transition metals do not poison the superconducting properfiesasthe
case of Hinischet al. [41]. The enhancement of. in magnetic field was determined
by the thickness of the non-superconducting material as well as by thed¢sglof su-
perconducting material [39,40]. In addition, tligimprovement was more pronounced
at low temperatures for multilayered films than for films without multilayering, in com-
parison to high temperatures, i.e. 77 K [37,41,43]. By varying these tigkrtbsses, a

J. enhancement can be achieved in the low, intermediate or high magnetic figd ran
depending of the two thicknesses [32, 39, 41-43]. The situation is the feammaulti-
layers consisting only of SC'’s: the enhancement of superconductipgpies depends
on the layer thicknesses [44]. Also, an improvement of the irreversibility &g, was
seen for multilayering [34, 40]. A development of correlated pinning sit@s seen for
BZO (or YSZ), and Hf, which reduced anisotropy &f in the magnetic field rotation
measurements [40, 41]. InsteadQs improved the random pinning [33]. One of the
advantages of multilayering is also the possibility to grow thicker films with an actual
increase of critical current. [36].

Another way is to add precipitates in the target material directly. As in the multi-
layering case of transition metals, YSZ and BZO, the precipitates align alornggtkie
introducing correlated strong pinning sitesiEBCO material is doped with BZO (or
YSZ or ZrG,, which both react withReBCO material to form BZO) [25, 43, 47-55],
YbsTaO;, G TaO;, YBayNbOs [56], or gold [57,58]. Therefore, the angular depen-
dence in magnetic field becomes more isotropic [47,48,52-54]. This is doe wide
c-axis peak which is concluded to originate from the correlated defeaeeth as in
multilayering, the nanorod does not completely consist of BZO particlethegpacing
is filled with YBCO [59]. Increasing the BZO-doping decreasesfthand.J.(0 T) [43,

6



YBa20u3O7,X Y8320u307_x . °  Tc(on set)
orthorhombic Pmmm tetragonal P4/mmm (c) L ® To(zero)

[ 3]

Tc (K)

Figure 1. The orthorhombic (a) and tetragonal structure (b) of YBCK), gnd theT.
vs oxygen deficiency of a YBCO thin film (c) [62]

49]. However, an increase df is seen at non-zero magnetic fields [47,48,52-54]. The
doping level determines the field range where fhés improved, and an optimum is
found with 3.9 wt% of BZO in YBCO [49]. The radius of a single BZO-narbdbes

not grow with doping level, instead their number increases [49]. Furthe;nsome
additional dislocations are also found in vicinity of BZO nanorods, whiabably
increase the pinning [25]. The pinning potentiél], is shown to increase with BZO-
doping level [16]. Irreversibility temperaturg,, or field B;,, depends on the BZO-
doping level as well, and hence the optimum level depends on the déxired higher
doping giving higheB;,..

1.3 Structure of REBa,Cuz0;_;

The ReBaCuwO7_s (Re =Y, Pr, Nd, Sm, Eu, Gd, Ho..) (ReBCO) group of ma-
terial was initially found by Wuet al. in in 1987, as they investigated Y-Ba—Cu-O
composition [60]. Later it was found that the actual superconducting oangpwas
YBa;Cw;O;_5 (YBCO). Since then, almost all of the rare-earths have been swapped to
the Y site. YBCO has a superconducting phase, if oxygen deficiercy.6, and it has
an orthorhombid®mmm structure (figure 1(a)) [61]. With lower oxygen contents, the
structure becomes tetragorfad /mmm (figure 1(b)) and non-superconducting.

The behaviour of th&, is presented in figure 1(c) for thin films. This peculiar de-
pendence ofl. oné, i.e. the three plateaus, has been explained by reducing oxygen
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deficiency destroying holes [61, 63, 64], which act as charge cawfesuperconductiv-
ity. The ordering of the oxygen in basal planes, i.e. Cu(1)-O(1)-glas@lso shown to
form oxygen or vacancy chains, an ordered alternating oxygeanegdattice [65].

1.4 YB&CuzO,_s vs. GdBagCU3O7_5

The unit cell and the structure are the same for YBCO and @@B#0;_; (GdBCO),
only the ionic radius is different: 1.01A for Y3+ and 1.053 for G~ [66]. This re-
sults in an easier cation disorder for Gd and Ba than for Y and Ba, betheisadius
of Gt is closer to B&" (= 1.35 A) [67] than to Y3+, This results also in a slightly
higher stability for YBCO than GdBCO, since a smaller cation radius results rehig
stability [66, 68]. The lattice parameters have also minor differences. B&CY the
lattice parameters are:= 3.817 A, b = 3.883 A, andc = 11.633 A, and for GABCO:

a = 3.859 A, b = 3.885 A, andc = 11.759 A [69]. However,T, does not depend
heavily on the rare-earth [70] (only Pr and Ce result in a non-supduming ReBCO
phase), and that is one of the reasons why the superconductivity isutgttibo the
CuO-layers. For thin films, th&. is slightly higher for GdABCO than YBCO [71-74].
That might be a reason why thg and B;,, are higher for GdBCO than for YBCO
at 77 K [52-54, 73, 74, ]. The highek and B;,, are also suggested to originate from
extra defects, which Takahasttial. were not able to identify in ref. [75], but in sub-
sequent publications they identified extra stacking faults [52, 53], whashaenfirmed
by Haberkornet al. [21]. The latter group also identified a stacking fault as an ex-
tra Gd-layer, which agrees well with the cation disorder. Some screw diglos are
also found in GdBCO, but their number is lower than in YBCO [74]. Due to the d
fects, GABCO is also shown to have more isotropic magnetic field angle dapmndf

J. [52-55, 74, 76]. In addition, the volume aforiented grains does not grow as fast
with the increasing film thickness as in YBCO in conventional film growth sses,
causing much smaller degradation.gffor thicker films, and hence the critical current
increases faster in GABCO [53, 54, 76]. GABCO has been also sfgdggrown with

an in-plume-PLD method, allowing up to three times faster film growth with improved
transmission properties [77,78]. The drawback of the GdBCO thin films istikerved
aging effect, which reduces thk with time [79].

1.5 Motivation

The pinning properties determines the superconducting properties of tedahaven
more thanT,. Therefore, pinning in high temperature superconductor (HTS) material
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has been under heavy investigation after their discovery. Recentlysisi@vn in our
group, that ablating thin films from the nanosized target material has esth#me pin-
ning of YBCO [25, 51]. To strengthen this argument, a series of YBCGQCetargf dif-
ferent densities were made and studied in paB&}. [

To enhance the pinning properties of YBCO and in order to find the besingin
properties possible to achieve by BZO-multilayering, a set of different mydtisaand
nanorod-type BZO was grown inside the YBCO in pap8][ The growth mechanism
was also investigated.

As it has been shown previously, the substitution of Y by Gd has increthsed
pinning properties of YBCO structured HTS materials. In addition, as merntiabeve,

a higherJ. has been achieved in YBCO by using a target material of nanosized .grains
Therefore, GABCO thin films were deposited from a nanograined targetrialaTo
further increase the pinning properties®BCO material, GABCO was doped with 4
wt% of BZO which is known to be the optimal doping level in YBCO. To investigate
the pinning properties of GABCO, the structural and superconductmgepy study
was made in papeP[l], and the work was continued with resistivity measurements in
paper P5].

An aging effect has been discovered in GABCO [79], but it has nen lsgstemat-
ically studied. To find out the origin and the nature of the aging, a systematicatiag
sation and structure investigation was made in pap4y. [



2 Experimental details

2.1 Sample preparation

All the precursor powders, which are the initial target materials, are matteetsol-gel
method. At the starting point, all the materials are nitrate salts in water solution. The
precise molar amount of each component, Y or Gd, Ba, and Cu, are mixethéng
The citric acid is added so that the pH of the solution is 5. Then, the solutiomeis dr
in 80—90C for 20 hours or until it gradually has formed a gel. The dried powder is
slightly ground, and then calcinated first at 3G0for 20 min, then at 725 for 2
hours. This step is often repeated to ensure the purity of the matelaln the other
hand, this step has been also done in a slightly different way, wheregueace either
calcinated at 790C for 14 hours or at 78@ for 96 hours, after that the powder is
slightly ground and deoxydised in flowing Ar in 100 kPa at #Gdor 24 h, and then
cooled down to 40TC in oxygen atmosphere where it is annealed for 4 h [80]. In each of
these routes, nanosized grain-size is retained as well as the phaselheipurity and
grain-size of the precursor powder were checked with x-ray diffra¢XRD) by 8 —26-
scan. For GdBCO, the route is basically the same but some adjustmentsded.reeg.
temperatures and treating times have to be modified. For BZO-doped matemals, th
exact wt% of starting material, that is Ba and Zr, are added to starting solatioh,
the targets are treated similarly as the undoped ones. The precurs@rp@se pressed
into pellets at=340 MPa, then sintered at 90D for a short while. The YBCO targets in
[P2], T1-T4, were sintered at 83G—900 C for 15 min, to get different target densities.
The undoped and BZO-doped GdBCO targets were sintered aC3@0oxygen flow

for five hours. A subsequent long term oxygen treatment was sometiradech& get

the orthorhombic phase of the target material.

A pulsed laser deposition (PLD) method was used for thin film growth. Thex las
was XeCl ¢ = 308 nm) excimer type. SrTiQ(STO) (100) single crystals were used
as film growth substrates. The substrate temperafiyreyas varied between 626—
765°C for the growth condition optimisation for GABCO, and the optimum was found at
700°C, whereas the optimum was 745-780C for undoped and BZO-doped YBCO.
The pressure in the chamber was 300 mTorr of flowing oxygen duriny &alation.
Energy densities of 1.8 J/&m2.1 J/cm and in-axis geometry were used so that the
tip of the plume just reached the substrate, when substrate-target dist@asnd® mm.
The single layered (in contrast to multilayered) films were fabricated withcbtage
of target, and 1500 or 1800 pulses were always shot, if not otherwiaéaned, with
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Figure 2. Types of multilayer structurésx [YBCO(m pulses)/BZOf pulses)] used

in [P3]. Layer thicknesses of YBCOh{) and BZO () and number of bilayerg vary

in structures M-YB1-5 as mentioned in the text. The single-element multilayer 20 x
[YBCO(100 pulses)/YBCO(20 pulses)] (M-Y1) as well as the convergiaundoped
nanostructured YBCO (Y1) and 4% BZO-doped YBCO (YB1) films were entud
comparison.p3]

repetition rate of 5 Hz, and the calibrated film growth rate wa@s’ﬁulse, resulting in
150-180 nm thick films depending of pulse number and growth conditions tfiok-
ness was enough to produce structurally fully relaxed films [25]. For tHélayered

film study, 2400 pulses were shot for each film, in order to get the same fdkntksses.

k x [YBCO(m pulses)/BZO(n pulses)] multilayers were deposited in the same, opti-
mised conditions, only the pulse numbeis= 50 — 2400 andn = 0 — 50 as well as the
layer numbek = 1 — 40 were varied, see table 3 on page 19 and figure 2. All the films
were oxygen treateih situ slightly belowT; in 1 atm oxygen pressure for ten minutes,
after that the thin films were slowly cooled to an ambient temperature.

For aging investigations, a GABCO and an YBCO thin film were made with PLD.
Both the films were split, and one half was gold-coated (Au-GdBCO and BGQ®)
whereas the other half was left without coating (uc-GdBCO and uc-YBCTBe Au-
coating was made by sputtering at the room temperature, and the thicktiesg\afcap
layer for the Au-YBCO was 50 nm, and a thicker layer, 100 nm, was spdttar® the
Au-GdBCO film to compensate for the higher surface roughness. Bottiintewere
kept in ambient air, and x-ray diffraction and magnetisation measuremergsmasie
at one month intervals for five months. In addition, an uncoated GdBCO filsmeale
for x-ray photoelectron spectroscopy (XPS) studies which were nadeffesh and a
seven months old film.
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Figure 3. A schematic illustration of Bragg-angletilt angle), and rotation anglé.

For resistivity measurements, a ffn wide pattern was etched for the four-point
measurements: the patterns were made by the photolithography, and theaberial
was removed with phosphorus acid. The soldering was done by mechatapging
indium onto the contact pads.

2.2 Characterisation methods
2.2.1 X-ray diffraction

The structural characterisation of the films was made by XRD measuremeémds us
Philips X'Pert Pro diffractometer with Schultz goniometer. The used radistamKo-

line of copper. A Ni filter was placed into incident beam optics to reduce tiemgity

of CuKp-peaks, and a parallel plate collimator, and a 0.&8trance slit were added
into diffracted beam optics. Also, 0.04 rad Soller-slits were inserted into lbegims.
For powder diffraction, 0.5anti-scatter slits and 0.04 rad Soller-slits for incident and
diffracted beams, and for diffracted beam, a crystal monochromator vtmth aper-
ture were used.

To check the phase purity of the thin film&,— 26-scans in (00 direction were
made. The texture of the films was studie@@t= 27.8°, corresponding the (102)-peak
of YBCO and GdBCO and & = 30.8°, corresponding the (110)-peak of BZO.

The twin structure of the films was checked from the (212)/(122)-peakih
are in vicinity of (20,,¢) = (56.0°,73.0°,26.5°), whered is the Bragg angley
is the tilt angle and is the rotation angle (figure 3). The volume wbriented grains
was determined from intensity ratios @f andc-axis oriented (102)-peaks, where the
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(27.7°,56.7°,0°) corresponds to the-oriented grains and27.7°,33.3°,0°) the a-
oriented grains. Hence the peaks have well separatadgles. The ratio is defined
asl,/(I, + I.), wherel is the geometry corrected intensity of a respective peak.

The geometry correction, which can be done either by adjusting the iregeaiits
or by mathematical calculations, is needed in the intensities, if the peaks hizremdif
tilting anglesy’s [81]. As v increases, the diffracted intensity fitting inside the receiv-
ing slits reduces, because the intersection of the sample surface ancithelenges
its shape and orientation. Also, in the case of a thin film, the tilt increasespdiosor
but whereas in a thick slab the decrease of absorbing volume compehsdteseased
intensity, in thin films the x-rays easily penetrate the whole sample at any tilts (since
penetration depth of x-rays may be up to 100—200 and the thickness of a thin film
is only hundreds of nanometres) [81, p. 143-147]. This change oftéesity can be
calculated or empirically determined [81, p. 143-147]

2.2.2 Magnetisation measurements

The superconducting properties of the films were determined with magnetigadian
surements which were made with Quantum Design Physical Properties fdessu
System (PPMS). The magnetic field was always applied along-thés and perpen-
dicular to the film surface. The onset valuelgfwas determined from the real part of
ac-magnetisation, where frequency (113 Hz) not commensurable wittz 50 iHains
current, and ac-field of 1 mT was applied without any external dc-field.

dc-magnetisation hysteresis loops were measured in a field rangg@ df< B <
8 T. From the obtained loops, the critical curreht, was estimated with Bean model [82—
84J.
J. = A7nir1r(Bi)

~a(l —a/(3b)V’ 0

wherea andb (a > b) are the length and width of the rectangular filvh,is the vol-
ume andAm;,(By) is a half of the opening of the hysteresis curve th&Asnirr =
|m(B+) —m(B_-)|. The J. is presumed field independent in Bean model [82, 83], but
still it gives a good estimation [85]. However, it has to be pointed out that/theb-
tained with a magnetisation method should not be compared Jyishobtained with
transport measurements, since the magnetisation gives an averagecowveota film,

the transport measurements give thefrom a small part and its voltage criterion (the
voltage which indicates normal state resistivity) is different [85].
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2.2.3 Atomic force microscopy

The surface morphology of a sample was determined by an atomic force otipeos
(AFM), ParkScientific AutoProbe AFM/EFM/STM/MFM. In this work, the salled
contact mode was always used, which means that the tip of AFM touchesirthie s
ple, and a given, constant force (50 pN) is maintained as the tip is swethesam-

ple. The root-mean-square-roughnesses (rms-roughnessesjaiated from areas of
given size, and only the rms-roughnesses of the same, given sizenapaied. For film
thickness, a step or a 50m wide stripe was etched, and its height was measured with
AFM. Also, for resistivity measurements, the actual width and height ofttifgesvas
measured by AFM.

2.2.4 X-ray photoelectron spectroscopy

The x-ray photoelectron spectroscopy (XPS) measurements weletiaaut by Dr. Sari
Granroth in Materials Research Laboratory in University of Turku. XRS spectra
were collected by Perkin-Elmer PHI 5400 spectrometer using Mgddiation (1253.6
eV). The pass energy of the analyser of 89.45 eV, and take-off ahg® were applied
for core-lever spectra measurements. The base pressure wag 2ra0n® Torr during
the measurements. The binding energy (BE) scale calibration was madmgyhesC
Ls core-levelin the thin film sample and the standardif),, (BE=83.98 eV) reference
line.

2.2.5 Resistivity measurements

The resistivity measurements were made with the PPMS. The applied cuaeritOv
pA in the results presented irPf|, although lower currents were also investigated.
The resistivity versus temperatuyg,l’), measurements were started at 110 K, and the
temperature was slowly reduced, 1 K/min above the transition, 0.2 K/min in the vicinity
of the transition, and 1 K/min below the transition until the measurement was ended
well below the transition at 50 K. Th&(T") curves were obtained at magnetic fields of
0,0.1,0.5,1...8T, in both, parallel and perpendicular directions wiheet toc-axis.
The magnetic field was always perpendicular to the current i.e. the maximuentizo
force configuration.

The resistivity versus rotation angle in an external magnetic figlé), were mea-
sured at constant fields (0.5, 0.75, and 1 T) and constant temperatbeemaximum
Lorentz force configuration was again used.
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Figure 4. The XRD26-scans of the T1-4 target$7)

3 Results and discussions

3.1 Influence of target density

The XRD-patterns of four YBCO targets prepared at different tentpexs are shown
in figure 4. Some minor wiggling can be seen nedt BOT1 and T2 indicating some
impurity phases, but the peaks are too small for identification, and ther#éfertar-
gets are practically phase pure. Furthermore, since the targets arenoradbd same
source powder, these impurities should not influence the film properties sifilar
peak widths indicate similar grain size in the targets, and moreover, a cgraiiisize
analysis with the Rietveld refinement indicates also only small variation of 2615
(table 1). The target grain size grows from T1 to T4, but it is not expetttat such
a small variation affects the film properties, although the grain size hassheam to
influence the film properties [12,86,87], but in those cases the gramgference was
wider: micrometres vs. nanometres. The sintering temperaturé<asitd 875C did
not result in much target density increase, but above a threshold tenmeethe density
grows fast. Our results indicate, that 15 min at 900n air was enough for the target
to became denser without a significant grain size growth. The sinteringlovasalso
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Table 1. Properties of the targets. The relative density is calculated fthebretical
density of 6.375 g/crh [P2]

Target T1 T2 T3 T4
Sintering temperatureC) 850 875 887 900
Target grain size (nm) 25 36 39 43
Target density (g/cH) 41 41 43 50
Relative density (%) 63.5 63.8 66.9 78.6
Polishability (%) 21.7 229 313 613

below 850C and above 90, but the results did not differ from the data presented
herein. This agrees with previous sintering studies [88, 89]. The sigtefithe targets

in oxygen atmosphere was also tried, and pure YBCO was achieved,gbsihtikring
time for denser targets were much longer than in air. The sintering in Ar rdsalgev-
eral impurity phases i.e. BaCyQY,03 and CuO in the target, which is in accordance
with the measured phase diagrams [90].

The maximum obtained density for the nanograined target (T4) was apatety
80% of theoretical value. It is clearly less than the density of targets oéapgins,
but the value agrees well with value of very fine powders [88]. On therdband,
sanding of the nanograined targets is harder: although the less degests,tail—T3,
were more powder-like than T4 whose density is 80%, their sanding felathe as for
microngrained target whose density is about 90%. To quantify this, altéogets were
sanded with sanding papers graded 240, 800, and 1200 in resped@rdor the same
amount of time. Then, the proportion of the shining area of the targets wersumesl
with optical microscopy. This is called a polishability, and it is included in tablarices
the grains are more attached to the denser targets, less grains are dieliathg the
sanding, and only on the attached grains a reflecting surface is polihedurface
of the targets was also imaged after the laser ablation with optical microsdapg. &
wavy pattern, with size of 2(dm was seen, and since it is typical of target surfaces shot
with similar laser fluency [91, p. 97], the surface feature did not depentthe target
density.
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Table 2. Structural and superconducting properties of the filgk [

Sample F1 F2 F3 F4
T.(K) 885 887 883 893
J(10K,0T) (MA/cn?) 39.2 320 222 29.9
B* (10K) (mT) 64.7 60.7 1085 75.9
Thickness (nm) 153 150 160 152
rms roughness (nm) 395 396 336 268
1(005)/1(004) 119 111 129 111
FWHM (005) () 0.320 0.313 0.333 0.324
Aw (°) 0.242 0.222 0.255 0.240
re (NM) 17.6 192 167 17.7

3.2 Surface roughness

The surface roughnesses of the films were measured with AFM. THesrekthe films,
F1-F4, made from targets with different densities, T1-T4, (see sectigraBe shown
in the table 2; the roughnesses were calculated from measured are&sawfc?10um?
by taking an average. The roughnesses of these films is clearly smallehéhan-axis
made films from micronsized targets of any density [92—94]. This can Heiegd by
the nanosized grains in the target [87]. The film roughnesses in our fépend on the
target density, as it can be seen in table 2. This agrees with the earliis regere
targets of tetragonal and orthogonal phase are compared [92,ribtha smoother
surface of a tetragonal phase is explained by its higher density.

The results for surface roughnesses of undoped and optimally Bp@ddsingle
layered YBCO (Y1 and YB1, respectively) as well as multilayered YBC@BAmMs
(M-Y1, M-YB1-M-YB5) are shown in table 3. The roughness of the krigyered,
undoped YBCO film is two times higher than that of the conventionally BZO-dope
YBCO film, YB1. This can be explained by the partial change of the growthhmec
anism [96]. The undoped YBCO grows as the island type, but introduzirgZO
inclusions results in a more two dimensional type of growth. This is probaldytalu
increased mobility of adsorbed atoms, which leads to smoother surfages [93

The rms-roughnesses of undoped and BZO-doped GdBCO films w&ferr as
measured from x 5 um? areas. These roughnesses are higher than in YBCO films made
from T1-T4 targets (table 1), and undoped YBCO film, Y1, and BZO-dopgBCO,
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YB1, also they are higher than the values found in literature for GABC(0[B7 The
BZO-doped GABCO had higher roughnesses than undoped onejarsditrcontradic-
tion with the lower roughness of YB1 than Y1 (table 3). However, BZOatb@dBCO
target was far less dense (4.1 gfgry 60%) in comparison to undoped one (5.5 glem
~ 80%), and therefore the density difference, which is discussed abgrpkains the
contradiction. Nevertheless, the surface morphology of GdBCO bdsetli§ slightly
rougher than that of the YBCO films.

The single element multilayered YBCO, M-Y1, shows higher roughnessttiean
single layered pure YBCO, Y1 (see table 3). This can be explained by theased
vertical alignment of particles because of relatively long holding time betweelay-
ers, and therefore the basic units have more time to move to the energetically more
favourable sites [39, 98]. On the contrary, in YBCO/BZO multilayers, M-MtY4,
the surface roughness is smaller than in single layered one, and it is im2+8nge,
and in M-Y5 the roughness is 4.7 nm (table 3). The results show that if theCrB
layer is thin enough, the surface is very smooth and does not dependomticé BZO
layer thickness. A similar effect has been seen earlier [44,99]. Thibe@xplained by
development of planar and linear defects as well as edge dislocatioresrauttlayer
interface boundaries [45, 99]. These defects compensates the misrhatBlc@ and
BZO layers and therefore release the strain producing smooth suriacedltilayer M-
YBS5, the both YBCO and BZO layers are thicker than in the other multilayerstatd
is why they grow in a island mode like structure, which results in surfacehenigg.
This phenomenon is well described in literature [39, 100, 101].
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Table 3. The number of pulses of the YBCO layerand the BZO layern, as well as number of bilayers in single element and
multilayers ofk x [YBCO(m pulses)/BZOf pulses)] and structural properties measured by AFM and XRB]. [

Sample Y1 YB1 M-Y1 M-YB1 M-YB2 M-YB3 M-YB4  M-YB5

m 2400 2400 2400 100 100 100 50 250

n 0 0 0 20 5 3 2 50

k 1 1 1 20 20 20 40 8
Roughness (nm) 6.5 3.5 7.3 2.5 2.2 2.7 2.6 4.7
YBCO c-axis

Peak 1 (nm) 1.163 1.171 1.165 1.175(48) 1.167(54) 1.166(96) 1.168({9B66(85)
Peak 2 (nm) 1.161(48) 1.162(44) 1.143(2) 1.202(1) 1.165(13)
Peak 3 (nm) 1.200(4) 1.199(2) 1.193(2) 1.205(1)
Peak 4 (nm) 1.223(1)
BzO (110)

FWHM (°) 1.304 1.443 1.713 1.920 1.705 0.992
Rocking curve

YBCO (005)

FWHM (°) 0.214 0.247 0.292 0.882 0.357 0.340 0.325 0.630
re (NM) 19.873 17.243 14.563 4.834 11.936 12.528 13.098 6.759
BZO (002)

FWHM (°) 0.305 0.567 0.414 0.377 0.379 0.704

re (NM) 12.500 6.724 9.209 10.113 10.059 5.415
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Figure 5. The2d-scan of Au-GdBCO. A development of some impurities can be seen
with time. [P4]

3.3 Film structure
3.3.1 Phase purity

The phase purity of the films was checked with- 26-scans (Bragg—Brentano-scans)
of (001)-peaks that is the direction perpendicular to the film plane. An example bf suc
a measurement is shown in figure 5. None of the films except the gold-aBd&aoO,
Au-GdBCO, showed impurity peaks at any point in the analysis. The fkes6dBCO

did not show any impurities either, but some minor impurity phases developetméh
(figure 5).

3.3.2 alc-oriented grain fraction

The volume ofa-oriented grains was determined from (102)-peak, which has a clear
separation of the- andc-orientation imjy-angles as discussed above in the section 2.1.
All the YBCO films in this work had the-oriented grain volume less than 1%. This is

in accordance with earlier results, where it was suggesteditbeented grains grow

in the substrate—film interface, because the substrate surface hasrddowerature

in the beginning of the deposition due to the higher emissivity of a clean steébsira
comparison to an ablated substrate [26, 102]. In multilayers, YBCO groatigally
completelyc-oriented on BZO layers, too. The GdBCO films have higher volume of
a-oriented grains than YBCO films, that is 3—4 %. In comparison to coateductord
films, our films had slightly more-oriented grains [53,54] and less or similar amount in
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comparison to films on single crystal substrates [73,97,103,104].@@$epsome of this
amount is also due to the lower substrate temperature in the beginning of thetubep
However, the relatively thin GABCO films have mar@riented grains than YBCO. The
difference can be qualitatively explained by longeaixis parameter of GABCO than
YBCO [69], which results: parameter to be closer to triple value of lattice parameter
of STO. This would lead to lower strain of the lattice, and the correctly grotticda
would not be as much energetically favourable in GdBCO as in YBCO. Runtire,
the optimum(; is 50°C lower for GABCO than for YBCO, which can also explain the
higher volume.

Thea-oriented phase is stable, it was seen that its volume does not grow with time
in GABCO within eight months, which was expected.

3.3.3 Twinning and in-plane structure

The twinning and in-plane structure was studied by two dimensional X&D¢)-
scans. For all the single layered, undoped YBCO, a typical twinningavihlit of 0.9
was always found (figure 6). Similar structure was found for unddp@8CO as well.
This kind of four peak system (inset of figure 6) has been seen in YB&er, where
the ¢-splitting was attributed to twinning [26, 105, 106], and it occurs in films grown
e.g. on cubic substrates like STO to release the strain produced by anfigithrelax-
ation (see section 1.2.1 for more details). Adding BZO-nanoparticles amdrods has
been shown to decrease thesplit [49] but to increase the FWHM of the peaks, indi-
cating increased stress [25, 26], which points to an influence on a tielaxd strains
caused by the transition from tetragonal to orthorhombic. The BZO-dagainges more
severe decrease of tlgesplit and also a widening of the (212)-peaks in GdBCO than
in YBCO, therefore a similar, 4 wt%, BZO-doping has more effect on GdBTia@
situation is partly different in YBCO/BZO-multilayers since thick enough, 20am
more, BZO layers (M-YB1 and M-YB5) result in a completely merged, brpadk
(figure 6). A similar phenomenon has been seen in YBCO grown on Mg6trstib,
where a rather large lattice mismatch causes low-angle grain boundariethandrys-
talline defects [105, 107].

There is no major change in (212)/(122) peak separation and width infaihyg o
measured samples with time, but in careful two dimensional Gaussian peak-fits d
scribed in more detail for undoped and BZO-doped YBCO [26], a smatbnéng of
the peaks is seen in GABCO with time. This probably originates from the relaxattio
the stresses by oxygen release that is discussed in more detail in sectoar@l3.3.6.

21



7| Mv1
c
S
£
S
2| M-YB
[
>
o
o
M-YB2

Figure 6. Lineplots inp-direction over the (122) peaks for all single and multilayer
structuresA¢ is the angle between the maxima of the peaks related to peak splitting
due to twinning. The inset on left upper corner shows the whole (222)(feak set

for sample Y1. P3]

3.3.4 Texture

The texture of undoped and BZO-doped single layered YBCO and GdfB{®Gilms
was investigated by scanning the (102) peak avand¢, whereAy = A¢ = 3° (fig-
ure 7). The results show that undoped and BZO-doped GdBCO aréwieited, simi-
lar to respective YBCO films (not shown). The texture measurement of BZQ)-peak
(inset of figure 8) shows that BZO has been well textured inside the @JB@f@terial
and thed — 26-scan of that peak (figure 8) indicates that BZO grows perpendiculbeto
film plane. Hence, the BZO grows cube-on-cube inside the GABCO mateaidier, it
has been shown in our group for YBCO that textured BZO grows in rmatsd25, 108],
and in literature, for GABCO that BZO grows in nanorods [52, 53, 56ls[ the BZO
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Figure 7. XRD pole figures of the GABCO (102) peak where distance fhe origin is
the tilt angley and the polar angle is. Undoped GdBCO (a) and BZO-doped GdBCO
(b) films are well textured.H1]
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Figure 8. 2&-scan of BZO doped GdBCO film. (110)-peak 4t ()=(45°,0°) shows
that dopant grows cube-on-cube in GABCO. The inset shows the gote Bf the BZO

(110) peak. P]]

grows most probably as nanorods in our GABCO thin films, too, even thoogieM
data are available for our samples. Also, the magnetisation measuremense¢see
tion 3.4.3 on page 33) confirm this.

3.3.5 Lattice parameterc

The lattice parameterwas calculated from (005) peak in the case of multilayer films,
Y1, YB1, M-Y1, and M-YB1-M-YBS5 (table 3 on page 19) from (004)ch{®05)-peaks

in case of the films made from targets of different densities F1-F4 (table ghga
17), and for uc-YBCO, Au-YBCO, uc-GdBCO and Au-GdBCO (fig@k by fitting
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Figure 9. The development of the lattice parameteith time. [P4]

the Bragg equation
2dsin 20 = nA, (8)

whered is the spacing of the plangsis the Bragg-angle; is the order of the reflection
and)\ = 1.54178 A is the wavelength for Culk. The lattice parameter of films F1—
F4 is 1.168 nm, and it is a little bit higher than for Y1 (1.163 nm), but lower than
for uc-YBCO (1.175 nm), though all these values are close to the latticenpaea of
bulks (1.167 nm) [61]. There are many reasons where these difesenay originate.
First is the difference of the methods (one peak vs several peaksg Wieecalculation
made from several peaks allows an elimination of some error paramet&;p[1¥59].
Second is the misalignment of the instrument which is the most important factor if
determining the lattice parameters [109, p. 359], and which is very difficuteap
equivalent for such a long period of time in which these measurements waee d
Thirdly, the lattice parameters depend on the oxygen content, growth corsditich as
substrate temperature, substrate material, and total and partial oxygsanerduring
the deposition, and further on the crystal defects [62]. Indeed] {liiigure 13 on page
31) of Y1is higher than th&; of F1-F2 (table 2 on page 17) indicating a better oxygen
content [61, 62] which will lead to a shorterparameter [62], although the origin of
both might be the difference in structural defects, too. However, lsecthe uc- and
Au-YBCO as well as uc- and Au-GdBCO are split from the same original filimes
longerc-parameter of Au-layered films (figure 9) indicates oxygen releaseation of
defects during sputtering; though the change in oxygen content ishdyotiw reason
for this as discussed in the section 3.3.6, and further, there is no sighificange

in disorder as seen from (212)/(122) peak widths as mentioned in the rs&cB(.
The lattice parameter grows with time in Au-GdBCO, whereas for rest of the films
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it remains constant (figure 9), which can be explained by change gferxgontent or
number of crystal defects, but as in the previous case, the oxygemedefi is a more
probable explanation.

Where all the single layered films showed only narrow single peaks, the meitilay
ing (M-YB1-M-YB5) broadened and made the peaks asymmetric, andseseparate
peaks could be fitted to a peak complex. Ehgarameters of the fitted Gaussian curves
(with percentage shown in parenthesis) are given in table 3 on pageh&Scolum-
nar defects, or nanorods, lengthen thgarameter, which can be related to the ordered
structure of the strain and dislocation observed previously [25, 43hdmultilayers
where the thickness of the BZO layers is rather large in comparison to theOYi8¢
ers (M-YB1 and M-YB2), a clear additional peak is seen. This peakshéged to a
lower angle, which indicates a phase with a longgrarameter. The-parameter re-
duces as the BZO layer thickness decreases, and this can be attributedawehed
stress in BZO-YBCO boundaries of thinner BZO-layers. In M-YB5, tH&CO layer
is relatively thick, and the two lattice parameters are close to the theoretical one

3.3.6 Peak intensity ratios for oxygen content determination

As stated above, the length of lattice parametdoes not directly indicate the oxygen
content of a thin film. However, Yet al. in [62] discovered that the the intensity ratios
of (001)-peaks depend only weekly on the factors disturbingctparameter discussed
above. Therefore, the intensity ratios can be used for an absoluterxpmtent esti-
mation for YBCO. The intensity ratio of (005) and (004) should be well be&2évand
the1(005)/1(007) above 5.5 in order to have oxygen deficieacy 0.1in YBCO [62].
However, cation substitution will redudé005)/1(004) intensity [110, 111], so the ra-
tio should be also above 12.5 to have cation substitution less than 2 %. Thailgrst
is fulfilled for all the YBCO films « 16 for multilayer films, see also table 2, p. 17
and figures 10 and 11). The F1-F4 films do not fit in the second boyritierefore a
slight cation substitution may have occurred in all these four films. The gessition
substitution should not have an effect on the magnetisation results, sineithis al-
most the same for all these four films (table 2, p. 17). The1¢005)/1(004)-ratio of
the multilayer films indicate that the variation of thgparameters does not result from
the reduced oxygen content but the stress in BZO-YBCO interfacésasssded in the
previous section.

The oxygen content does not seem to change in YBCO samples with time, but in
uc-GdBCO films there is a clear abrupt change between the intensity ratiaiimeeas
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ratio. [P4]
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Table 4. The lattice parameters afi(©05)/7(00!) intensity ratios for YBCO and
GdBCO. The (¥=Gd) indicates the substitution of Y with Gd for calculations, and
(GdeY) respective substitution for Gd.

YBCO GdBCO (Y=Gd)BCO (Gd=Y)BCO

a (A) 3.8599  3.85118 3.85118 3.8599

b (A) 3.9003  3.88642  3.88642 3.9003
c(A) 11.67535 11.64215 11.64215 11.67535
1(005)/1(004) 17.5 23.9 31.3 10.4
1(005)/1(007) 5.85 2.96 2.87 5.9

ments for initial and one month old sample, but no further significant charige la
(figure 11). Also, a similar behaviour can be seen in Au-GdBCO. The stetial re-
duction of 1(005)/1(007)-ratio (from above 5.5 to below 3) would indicate a change
of § ~ 1 which would mean that the sample has become non-superconducting within
one month, but that is not seenlh measurements (figure 14, p. 34). Therefore, it is
clear that the intensity ratios calculated for YBCO do not hold for GdBC@t ®why

we have theoretically estimated thg05)/1(004) and(005)/1(007) intensity ratios

for YBCO and GdBCO powders withUE.LPROF x-ray diffraction pattern fitting pro-
gram [112]. The used lattice parameters were good fits for respectivdgp patterns
and they are presented in table 4. The simulations dave5)/7(004) = 23.9, and
1(005)/1(007) = 2.96 for GABCO, and for YBCO 17.5 and 5.85, respectively (table 4).
To estimate further the effect of Gd on the ratios, we swapped the retteeagions (Gd

< Y). The GdBCO lattice gave(005)/1(004) = 10.4, andI(005)/1(007) = 5.9

with Y, and the YBCO lattice with Gd 31.3 and 2.87, respectively (table 4). Tiwero
1(005)/1(004)-ratios of GABCO lattice in comparison to the YBCO lattice may origi-
nate from the Gd—Ba-substitution [110, 111]. These results indicaté {0@i) /1 (004)
should be near 30, ant{005)/1(007) above 2.9 for highly oxygenised and minimally
cation substituted GdBCO. All the GdBCO films in this work seem to have a gopd ox
gen content and some cation substitution. For BZO-doped samplégitie /1 (004)-

ratio is usually smaller for YBCO and higher for GdBCO ah@05)/1(007)-ratio

is smaller for both in comparison to the undoped material. This indicates that BZO-
doping has an effect on the ratios, since the results for BZO-dopediatatentradict
each other, and nothing certain can be stated with the available data. Thiatiaihc

of the reall(005)/1(00!)-ratios vsd is not possible with the current data, since the
determination ot parameter should be done for a spectrum of samples with different
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Figure 12. Broadening of the YBCO (005) rocking curve in differelm fstructures.
FWHM values of these curves are also listed in table 3 on the pag@3]9. |

oxygen content, which is necessarily needed because the peak inteargtresult of
interference, and therefore they are very sensitive to even minotivara c.

Furthermore, the Au sputtering seems to have an effect on oxygen tastell,
since the-parameter is larger (figure 9), tli€005) /1(004) higher, and/ (005)/1(007)
lower for Au-coated samples in comparison to uncoated ones (figurallLitidicating
a reduced oxygen content in the Au-coated samples.

3.3.7 Line-widths

The full width at half maximum (FWHM) values are typically 0°3@r pristine YBCO
and GdBCO (see for example table 2, p. 17 and figure 10) and slightly fadéne
BZO-doped films, 0.360or more. These are only slightly wider than the instrumental
width, indicating a very smab-lattice parameter variation.

In YBCO/BZO multilayers, the YBCO (005) peak gets narrower as the thgkne
of the BZO layer decreases (table 3 p. 19). Also, the BZO (110) peztnies broader
as the BZO layer thickness reduces, and an extra broadening of BHY) [pkaks is
observed when the BZO layers is few nanometres thick. This indicates atidistior
the cubic BZO lattice. Separation of size broadening from the strain moagis not
possible in practice.

28



Table 5. The rocking curve full width at half maximum values, initial criticaireat
densities,J., and initial critical temperatures of uncoated-YBCO (uc-YBCO), gold-
coated YBCO (Au-YBCO), uncoated GdBCO (uc-GdBCO) and goldenh&dBCO
(Au-GdBCO) thin films. P4]

uc-YBCO Au-YBCO uc-GdBCO Au-GdBCO

Rocking curve (005) width°j 0.25 0.25 0.20 0.20
Initial .J, at 10 K (MA/cn?)  31.1 15.1 26.0 18.1
Initial J. at 77 K (MA/cn?)  2.16 0.85 3.15 1.83
Initial T, (K) 89.0 89.0 91.5 91.5

3.3.8 Rocking curves

The out-of-plane structure has been studied by XRD rocking cuwesdn in fig-
ure 12). The FWHM of the (005)-peaks are usually 0-2126 (table 3, p. 19 and ta-
ble 2, p. 17) for undoped YBCO and 0°x®.20 (table 5, p. 29) for undoped GdBCO.
This indicates that GABCO has a similar or better out-of-plane structure.

From the rocking curve values, a quantitative analysis can be made yatig
the coherence length [113]: L

Te = ;m, 9)
whered is the lattice parametet; [ is the order of the Bragg reflection in question and
Aw is the FWHM of the rocking curve. All the single layered YBCO films (table 2,
p. 17 and table 2, p. 17) have higher than the threshold value of 10 nm for a good
film [113]. Because in GABCQJ and! are similar to all the YBCO and films antlw
is lower, we can conclude that the of GABCO films (table 5) is above that threshold
value, too, and therefore the quality of all the pristine films is good in this work.

The Aw of YBCO (005) slightly increases and decreases when YBCO is BZO
doped (table 2, p. 17), but because thé more than 10 nm, the ordering, and therefore
the film quality, is high. The\w of multilayers with thick BZO layer is broad, which is
usually connected to a strong mosaic spread [114]. Also, as stated #im(@05) peak
broadens as the BZO layer becomes thicker. This agrees well with eadidtswhere
the out-of-plane alignment enhances as the number of layers incrdésd4%]. The
broadening ofAw or the shortening of. is small with increasing thickness of the thin
BZO layers, but with thick BZO layers, thAw widens and-. shortens significantly,
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which usually results in wider resistive transition widths and reduféx[113, 116].

As it can be seen in table 3 on page 19 the decreasing trend of tfi&d’ BCO correlate
well with trend ofr. in BZO with reducing BZO layer thickness, therefore the thin BZO
layers give a better-axis alignment in comparison to the thicker and more distant ones.
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Sample T¢ (K) AT, (K)
YL = 914 2.8
YB1 = 89.6 29
M-Y1 90.6 2.1

M-YBL - 880 28
MYB2 < 893 23
M-YB3 888 24
M-YB4 < 890 36
M-YB5 —~ 89.6 6.9/'

M / M(75 K) (arb. units)

75 éO 55 éO
T(K)
Figure 13. Normalised ac-magnetisation as a function of temperature fopaddnd

BZO-doped YBCO layers and YBCO/BZO multilayers. The inset table shoaverket
critical temperaturd, and transition widt\7,, = 799% — 710% values. P3]

3.4 Superconducting properties
3.4.1 Optimisation of GABCO thin film growth with PLD

All the undoped GdBCO films fabricated @&= 625—765°C had T, higher than 90

K, and theJ. values were higher than 10 MA/émat 10 K and zero field, and higher
than 1 MA/cn? at 10 K and 3 T. Hence, the deposition temperature is not as crucial for
GdBCO as it is for YBCO, where belo, = 700°C theT. decreases abruptly [87].
The optimisation of the GABCO was done in order to achieve higheat 10 K. The
optimum temperature was 700, which is lower than for YBCO for which it is 74&.

The optimum energy density of the laser pulse depended on the targett@epthe
softer BZO-doped GdBCO target had a lower optimal energy density treahatd
target of undoped GdBCO. This is reasonable, because the grain®fhtarget are
more easily detached than in a hard one.

3.4.2 Critical temperature, T,

The T, was determined from the onset value of the real part of the transition in the
ac-magnetisation measurements at O T and as an onset in the resistivity enezrsisr
(figure 22 on page 45). The typical of undoped YBCO determined by magnetization
method is 88-91 K and is slightly higher, 90-92 K for undoped GdBCO. Thatlitee
indicates a highef, for GABCO, too [73, 74]. The variation df. probably originates
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from different oxygen contents of the films [62] or structural defet19][111]. The typ-

ical T of 4wt% BZO doped YBCO and GdBCO is 90 K, and 87 K, respectivelyalt h
been seen that the BZO-doping decreasedtha YBCO [49], which is in agreement
with these results (see also figure 13). The transition width is definied asiperature
difference of 90% and 10 % values of the complete transitish, = 790% — 7.10%,

AT, is typically 1.7-2.8 K for undoped YBCO and 1.8-4.8 K for undoped GdBCO.
As the T, the transition widths depend on the oxygen content and the structural de-
fects [110, 111]. The BZO-doping also widens the transitions, the widthg fwt%
BZO-doped YBCO and GdBCO are: 2.7-2.9 K and 4.1-7.1 K, respectively

The resistivity measurements are in line with the inductive measurements, only the
onsetl.’s are slightly higher, 92.2 K for undoped YBCO, 93.0 K for undoped GAdB
92.2 K for 4 wt% BZO-doped YBCO, and 93.2 K for 4 wt% BZO-doped GdBGin-
ilarly, the transition widths are narrower, 0.65 K, 1.3 K, 1.7 K, and 3.3 K fwtaped
YBCO and GdBCO, and BZO-doped YBCO and GdBCO, respectivelis tan be
explained by the current percolation, which means that the currenttfiedsest path
across the film which consists of the material with the best superconductpgrnes.

In the multilayers, thel. reduces with the increasing BZO content, which can be

related to the ratio of the YBCO and BZO layer thicknesses. This is also selkgre

a decrease df; occurs in Y211/Y123 [117] and YBCO/CeQnultilayers [35], and a
similar decrease with the increasingQj3 layer thickness [32,34], also in Ti, Zr, and Hf
transition metals [41], and YSZ quasi-multilayers [118]. The transition widtiaras
almost the same as the BZO layer thickness increases for thin BZO layees the
BZO-layers become thick, the transition widens dramatically for samples M-aff84
M-YB5. The low temperature tail of the transition of the films with thick BZO-layers
particularly of M-YB5, indicates a reduction of the superconducting erigs of a
fraction of YBCO layers.

The explanation fofl, variation depends on the doping systems. For example, the
transition metals form additions into the CuO planes [41], and the YSZ partiaily da
ages the YBCO due to the chemical reaction to form BZO [118], but addi@; Y
reducedl. because of the lattice mismatch, which might result in a charge transfer from
the conducting CuO-planes to the Cu—-O chains [34]. However, the BZOY&CO
phases are in balance in our multilayers, and no impurity phases were detgttte
XRD, therefore the most probable mechanism is the strain effect at théasgsi{44].

This also agrees well with the XRD results where different lattice parameiens
found (table 3, p.19), which indicates strain. In case of M-YB5, the stoésyBCO
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layers deposited on thick BZO layers can be estimated by using elasticity thedry
approximating the tensile stress[119]:

ATAI
dyBco’

o = E(ayBco — aBz0) (10)

whereF is the Young's modulus of the layer at room temperatufg are the thermal
expansion coefficient of the layerAT is the temperature variatiod)! is the lattice
mismatch and! is the thickness of each layer. The following values are inserted to
equation (10):E = 210 GPa for pure YBCO on STO [120fypco =~ 13.4 x 1076
K1 [121], apzo ~ 7.13 x 1076 K=1 [122], Al ~ 0.35 nm between YBCO and BZO,
dyco ~ 25 nm, the change between deposition and room temperaiifez 700

K. These values estimated the stres®s1.3 MPa. Such a high stress can distort the
CuO-planes and widen the transition (figure 13) [44, 123]. For other mydtita the
situation is more complicated since the BZO layers are very thin. In their cakstibe
mismatch and thermal expansion cannot be calculated from YBCO and Bié@edites
because the interfaces may not be continuous and well formed.

The change of the real part of ac-magnetisation with time is presented in figure
for undoped YBCO and GdBCO as well as for Au-coated YBCO and GodBThe
decrease df. and widening of the transition can be seen in Au-coated GdBCO. They
both originate from oxygen deficiency, which was shown in the sections &8l 3.3.6.
Its effect is clear, since thé&. decreases from initial 91.5 K to 66.5 K in five months.
Also, the transition width widens from\T,. = 3.3 K to 14.6 K in five months. This is
in accordance with [62], where it has been seen for YBCO that theiticanbroadens
as the oxygen content decreases. Also the transition widths of Au-c¥&e® and
GdBCO broadens in comparison to uncoated ones. This suggests tlaaeayth lower
T, has evolved on the top of the film. Therefore, sputtering seems to havéeah i
the oxygen content as well, as it can be seen in the increapathmeter lengths (see
section 3.3.5 and figure 9), increas€005)/1(004)-ratio and reduced(005)/1(007)-
ratio (see section 3.3.6 and figure 11, p. 26). According td/themeasurements, there
seems to be no or very minor oxygen release in the uc-GdBCO and both ¥B@ifles
(figure 14).

3.4.3 Critical current density, J.

All the critical current densities/.’s, were calculated from inductive data with Bean
model described in the section 2.2.2. Thés of the YBCO films, F1-F4, ablated from
targets with different densities, are shown at 10 K and 70 K in figure d%tea/, values
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Figure 14. The real part of ac-magnetisatiafi and its time dependence in uc-YBCO

(a), Au-YBCO (b), uc-GdBCO (c) and Au-GdBCO (dR4

at 10 K and zero field are presented in table 2 on page 17.JThas a similar behaviour

in the whole measured temperature region, 10-80 K. It can be seen tisaiatiering

of the J..’s at low fields disappears completely at high fields, and all the films have the
same dependence at high magnetic fields. This means that the nature andtidistof

the pinning sites are probably the same in all the films.

There is also no change in the form of tliecurves, which is the low field plateau
and curve shape at high fields, for all the undoped and uncoated-oodted YBCO
and GdBCO with time (figure 16). Hence, this confirms that the pinning stritias
not changed, which is in accordance to the XRD measurements of (Z22Mieak
that did not show any major changes with time. Therefore, the reductioly wfith
time in uc-YBCO, uc-GdBCO, and Au-GdBCO (figure 16(b), (c), and,(d also due
to the oxygen release as it has been discussed in previous sectiortticion of J.
is seen in uc-GdBCO for the first two initial months, but the decrease segurathe
subsequent months (figure 16 (c)). There is some minor variatigp iofthe last three
months, which is similar to YBCO, where some variation can be also seen (fiure
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(a)); however, the abrupt decrease of thebetween measurements done for the two
and three months old sample, is probably due to a split or scratch that egpmar
the surface of the film on that time. The small variation might originate from some
interaction with air. In Au-GdBCO the reduction is fast: from 18.1 MAfcto 1.01
MA/cm? in five months (figure 16 (d)). The sputtering also has an effect on/tie

both materials (figure 16 and table 5), p. 29).

In paper P1] the J.(10 K, O T) of the undoped GdBCO is higher than in YBCO
which was ablated for the same work to compare the results of GdBCO with YBCO
As it can be seen in figure 17 (a), undoped GdBCO has a hittean YBCO below 1
T and at 10 K, similarly at higher temperatures (see figure 17 (b)) JI{#K, OT) of
undoped YBCO agree well within papd?1] and [P4] but the value is lower in paper
[P4] than in paper P1] for undoped GdBCO (table 6). To ease thecomparison in
paper P1], the J.(77 K, 0 T) was estimated with an equation

Je o exp(—=T1"/Tp), (12)

where T is the fitting parameter, and it estimat2@dVA/cm? for both the undoped
material (table 6). In papePH], the J.(77 K, 0 T) for YBCO was similar to the value
in [P1], but higher for GABCO (table 6). So, th&’s of YBCO agree well between
these two papers, but there is a small discrepancy in case of undoBdCsd his
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Table 6. The/.(0 T) values at 10 K and 77 K for various YBCO and GdBCO films.

YBCO GdBCO Paper
J.(10K,0T) (MA/cn?) 31.1 26.0 P4
J(77K,0T) (MA/cn?) 2.16 3.15 P4
T, (K) 89.0 91.5 P4
J.(10K,0T) (MA/cn?) 30 33 P1]
J.(77 K, 0 T) (MA/cn?)  ~ 2 ~ 2 [P1]
T. (K) 90 91 P1]

YBCO+4wt% BZO GdBCO+4wt% BZO
J.(10K, 0 T) (MA/cn?) 13 49 P1]
J(77K,0T) (MA/cn?) =~ 2 ~ 0.2 [P1]
T, (K) 90 87 P1]
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show the absoluté.(B) values. P1]

contradiction might originate from higli, of the GdBCO film made for papePf]
(table 6): it wasz 92 K whereas thd, of undoped GdBCO was 91 K. This suggests
that undoped GdBCO grown for papét]] contains more defects or stronger pinning
sites giving highet/. at low temperature, but these defects reducé/thend therefore
the J. is decreased at high temperatures [124].

The best BZO-doped GdBCO film hati(10 K, 0 T) = 13 MA/cm?. This value
was lower than the extraordinary high(10 K, 0 T) = 49 MA/cm? in BZO-doped
YBCO fabricated for comparison (figure 17 (a) and table 6). Since th@mgrproper-
ties are similar at high magnetic fields but there is some variatio(ih T) for the set
of films made from the targets of different densities (see the text aboviggame 15), it
is concluded that thd.(0 T) depends on the quality of the superconducting properties
(such as carrier density etc.) of the material, not the pinning propertieseftine, the
normalised/.’s are used to ease the comparison of the pinning properties in figure 17.
The interpolation with equation (11) at 77 K estimated MA/cm? and2 MA/cm?
for BZO-doped GdBCO and YBCO, respectively (table 6). The latteeegyuvell with
recent value found in literature for BZO-doped YBCO [43]. The lgwof BZO-doped
GdBCO is result of the lovi. (table 6). The BZO doping enhances thefield de-
pendence at high fields and low temperatures, and hence this strertjinégpothesis
that BZO grows as nanorods in GABCO as in YBCO. Furthermore, the 4 vd@%- B
doping is more effective in GABCO than in YBCO (figure 17) at fields highan 0.8
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T. At high temperatures the BZO-doping does not improve the pinning, anaiteven
worsen the properties of the GABCO by loweringTheThis result is in agreement with
recent results, where 4 wt% BZO-doping was observed to be mostiefféc YBCO
at low temperatures [49, 51].

The fact that BZO-doping is effective at low temperatures, also holds B#i©
multilayering, as it can be seen in figure 18. To ease the discerning of feecdifes
between the films, the black contour lines represent congtavdlues of 10, 5, 2, and
0.5 x 10'° A/cm?. The YB1 and M-YB4 have the best values in the whole temper-
ature range. However, the undoped YBCO is the best material at high retumes and
in the low magnetic field range. The thick BZO-layers, M-YB1 and M-YBH@ess
the superconducting properties and pinning force, which is seen akietian of the
J. at all the measured fields and temperatures (figure 18) [44]. This is ordartce
with the structural measurements (section 3.2 and table 3, p. 19) where smsath
face produces highef., and therefore it can be concluded that the surface pinning does
not play an important role in pinning of multilayers [125,126]. Further, @seiits show
that the variation in the-parameter lowers thé. especially in the samples of thick
BZO-layers, M-YB1 and M-YB5, and thus the stress formed between jfegdaloes
not induce defects that are strong pinning sites. Also, a correlation eetiveand lat-
tice coherencey,, is found, and therefore the thickness of a single layer is important
if thicker multilayer films are desired. Thus, a optimisation of the multilayer structure
must be done for finding an optimal pinning structure simultaneously at the tataper
and magnetic field needed for the particular application.

In order to compare the shapes of thig B) curves at different temperatures, a
double logarithmic line fitting was made with power law equation (4) on page 3. The
lower limit of the fit is the accommodation field which is defined from equation (3) o
page 3, see section 1.1.2 for more details. The upper limit is the crossosgong
pinning and flux creep, which is seen as a change of the slope in the lineatife
double logarithmic plot (figures 17(a) and 21(a)). The change in thespaiging and
the small step inJ.(B) at 1 T in figure 17 is due to the change in the magnetic field
scanning rate, and it has no effect on the fitedalues.

The B*(T')-curves have a negative curvature (figures 19, 20(a), and)2iaxh is
also seen in literature, ref. [127]. Also, tli#’s can be described with an exponential
law:

B*(T) = Bel=T/T0), (12)

where the characteristic temperatedescribes the decrease ratefwith increas-
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ing temperature [127,128]. The fit paramet&sandTy are listed in table 7 for mul-
tilayered films. It should be noted that the direct comparison ofhs in table 2 on
page 17 and table 7 and figures 19, and 20(a) should not be domeisksiirstly, the
magnetic field scanning rate and data point spacing are not the same fer&iifa) as

for rest of the presented data, and secondly, because the data in &éablexdrapolated

to 0 K. However, theB* values of all the measurements can be related by values of
undoped, single layer YBCO thin films of each measurement, since they shavdd
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Table 7. Values of accommodation field at O and characteristic temperatufg

calculated from the fits to equation (12) for different multilayer structJr3].
Sample Y1 YB1 M-Y1 M-YB1 M-YB2 M-YB3 M-YB4 M-YB5

Bj(mT) 117 296 89 222 167 147 298 77
To(K) 29 21 30 30 24 23 21 38

almost the same properties even though the different methods result in stiiffethgnt
values.

By comparing theB* and other values in table 2 on page 17, it can be seerthat
correlates negatively td.(0 T), but positively to the structural values which represents
lattice faults (FWHM of (005) Aw, 7, 1(005)/1(004), and even thickness), but there
is no correlation to thd,. and the target density. This confirms that the enhancement
of superconducting properties of the films made from nanograined targetsnpar-
ison micronsized targets [25, 51] is due to the smaller grainsize. Therdferdattice
defects formed during the PLD ablation widen the XRD peaks and increaseithber
of pinning sites which is seen as highBF values. The increased number of defects
reduceJ. [11]. However, it is worth noting that the films F1-F4 have simifarfield
dependence, and thus the small variation/gf T) does not affect the applicability
of the films. In addition, if one wants to enhance the field properties at hilgls fiene
should change the pinning structure radically, e.g. by adding BZO ndsgsome other
perovskites or apply multilayering.
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The BZO-doping and multilayering indeed enhance the low field propertigseof
REBCO films, as it can be seen in figure 20(a) and 21(a) and table 7, wh&te B
nanorods improve th&* (and B;;) of YBCO and GdBCO, as well as thin alternating
BZO and YBCO multilayers, M-YB4. In addition3} is smaller in samples which do
not contain BZO-doping and in those where the BZO layers are extremeky g,
the B; of Y1 is higher than of M-Y1, where a relaxation occurs in each layee Th
results above agree with results where the increéseid associated with the high den-
sity of correlated defects [11,17,129]. The higligwvalues indicate gentler temperature
dependence of the pinning properties, which occurs in the thick YBCQOdayihout
disturbing dopant layers. ThB* values in figure 20(a) are lower than the others pre-
sented in this work, since the scanning rate and data spacing were Hitgvefialds in
magnetisation measurements, which results in underestimatiyi.dh GdBCO, the
B* is similar to the value in YBCO. The BZO-doping enhances Bieas it does in
YBCO, thus it confirms that BZO grows as nanorods in our GdBCO as itas f&r
YBCO grown from nanograined targets [25]. Furthermore, becagsmthease oB*
in BZO-doped GdBCO is steeper than in the respective YBCO film at low teatypes,
and because as stated above,.fhenhancement is more effective at 10 K (figure 17),
the BZO-doping is more effective in GABCO than in YBCO.

The power law (4) exponents,s, are presented in figures 20 and 21. Bhealues
of the films F1-F4 arex —0.5. Their similar values indicate that the target density
has no effect on the pinning structure, which was expected. Also, the e&d—0.5 is
typical to the undoped YBCO films [49] where the pinning structure consfdisin
plains and dislocations [8]. Furthermore, although d&fi&’) is usually temperature in-
dependent, but the films with high number of dislocations have a decreasiajure
with increasing temperature [9-11]. According to the figure 21(b) the mudtitagan
be categorised into three different groups of slightly different pinninglrarisms. The
structure of the thin BZO and YBCO layers, the M-YB4 film, is the only one which
induces similar pinning structure teaxis correlated BZO-nanorods in YBL1. In litera-
ture, it has been shown that the BZO nanorods have double volume in deorpto
the density of the BZO grains, which means that the half of a nanorod volome c
sists of distorted YBCO, but the BZO particles still alignchalirection [59]. Therefore,
the similara-values with BZO-doped YBCO indicates that the dense BZO network is
not only aligned horizontally but as well idirection of YBCO. A similara values,
—0.2——0.3, is also found in BZO-doped YBCO and GdBCO in figure 20. These val-
ues agree with those found in literature [33,48, 49]. This strengtherygothesis that
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BZO grows as nanorods in GABCO. In the multilayered films with relatively thic©B
layers, M-YB1 and M-YB5, thex has a decreasing trend with increasing temperature
whereas thev is temperature independent for rest of the films.

All these results show that there are several crossovers of pinningxis direction,
and it varies from strong individual pinning to weak collective pinning witmpera-
ture and magnetic field strength. Therefore, if the highest posdibkeneeded at low
temperatures and high magnetic fields, the BZO-doping should be appliedd®Y9B
GdBCO, the latter being slightly more tempting, or multilayering with thin alternating
BZO and YBCO layers, which is the only multilayer structure comparable to BZO-
doping. On the other hand, as it seems that the thin alternating BZO/YBCO mutilaye
produce smoother film surface, and this structure may allow a higherlioteciness
of the films without decrease of critical current density, allowing highigical currents
for thick films. However, the GABCO is also favourable for the thick film gigvand it
might be more desirable because of the simpler growth procedure.
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3.5 Resistivity of undoped and BZO-doped YBCO and GdBCO

3.5.1 Resistivity measurements in the temperature activated fluitow (TAFF)
regime

The resistive transition curves(T’), in both B || ¢- andB L c-direction are presented
in figure 22. The normal state resistivities are similar to those found in liter&bure
the undoped GdBCO [130] and YBCO thin films on STO [131]. The transitiorewe
narrower inB L cthanB || ¢ geometry because of the intrinsic pinning of the CuO
planes. In addition, the transition is narrower for the undoped samplesiparéson to
the doped ones.

All the measured data in the TAFF regime could be described with (6) (derive
on page 4). The obtained,’s are presented in figure 23. The highéy indicates a
higher pinning, and it is higher for undoped YBCO than for undoped GdBn both
the directions,B || candB L c¢. The BZO-doping decreaség in both materials in
the whole magnetic field range i L ¢ direction. The both mentioned lowering of the
pinning potential can be attributed to distortg@dplanes. In theB || ¢ direction, the 4
wt% BZO-doping increasds, in 1-8 T magnetic field range in YBCO, and the similar
doping has an increase 0f, only above 3 T in GABCO (figure 23(a)). On the other
hand, from the tendency of the curves one can estimate that the BZO-Gii2CO
has the highedt/; above 8 T. However, th& is lower for BZO-doped GdBCO than
for the rest of the films in the low field region. Therefore, BZO seems to@gstime
strong pinning sites or lower their pinning potential; these pinning sites maydheasu
twin boundaries [5] and dislocations [132].

The irreversibility field,B;,., is the field below which the vortices are trapped to
pinning sites so that the thermal fluctuations are not able to depin them. In ttisthe
B, is defined froml0~3 value of the normal resistivity just above the transition,=
p(94 K, self field), and it is shown in figure 24. ThB;,, of undoped GdBCO does not
exceed the values of YBCO in either of the directions. Also in Bhel ¢ direction,
the decrease dB;;, is gentler at high temperatures in undoped and BZO-doped GdBCO
than in low temperatures, which is not seen in the YBCO films. These phenaaeba
related to the more distorted-planes in GABCO than in YBCO, which is discussed in
more detail in the section 3.5.3. The decreasB;gfin the BZO-doped samples can be
related to the decrease Bf by 'poisoning’ of the superconducting properties with the
BZO-doping [49,133,134]. IB || ¢, at 3 T and below, thé;,, is higher for undoped
GdBCO in comparison to doped GdBCO at high temperatures (figure 2@a))he
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in B L ¢ (b). The lines are fits to the power law B, given in the text. P5]

other hand, the BZO-doping becomes effective above 3 T. In additierBZIO-doping
seems to be more effective d#,, in GABCO, since at high temperatures BZO-doped
GdBCO has the lowedsB;,,, but below 81.5 K it is opposite. ThB;,, of BZO-doped
YBCO does not exceed thB;,, of undoped YBCO at any point, and the reason for
this is the superconducting properties (narrow transition, ligh andU,), which are
better than in an earlier measured undoped YBCO sample in our groupA p@lwer
law [7,135]:

By  [1 — (T/Tw)]?, (13)

whereg is the free parameter afi{; is taken as the temperature, whékg. = self field,
because df, the B;,, is zero, could be fitted to all the data [5]. The fitting parameters
are listed in table 8. The vortex lattice melting theory preditts- 2, but usually it
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Table 8. The fitting parameters for power laid,, o [1 — (T/Two)]?, fits.[P5]

Sample T.o(selffield) (K) B(B | ¢) B(B L )
YBCO 90.8 1.50 1.35
GdBCO 90.6 1.27 1.34
YBCO+4wWt%BZO  89.3 1.23 1.38
GABCO+4Wt%BZO 87.0 2.18 1.39

varies between 1.35 and 1.45 [5]. Thén our undoped GdBCO in thB || ¢ direction

is smaller than 1.28 that is reported in reference [7], butBheg(77 K) = 7 T of our
sample is higher thaB;,, = 4 T of their sample; however, they probably have a different
criterion for B;,., therefore theB;,, values cannot be directly compared. In thel ¢
direction, of YBCO is higher thars of GABCO. The latter is the same as in [7], and the
B we determined is again higher than theirs. Becauseslavdicates higher isotropy,
which results in higheB;,, [136], low 5 is desired [137]. Hence, GABCO is more
isotropic than YBCO. The is decreased in YBCO but increased in GdBCO by BZO-
doping. At first, this would be in contradiction with the above, since undofi2g80

and particularly the BZO-doped GdBCO haBg, = 8 T at the highest temperature in
B || ¢, but they both have the highe$t in B || c-direction. However, the contradiction
may have arisen from the different upper critical fieldg,’s, the samples may have,
sinceB;,; is proportional taB.s [5]. Furthermore, the too high of BZO-doped GdBCO
may be also due to equation (22) not describing the high temperature digetlyemn
the B L ¢ direction, theg values of undoped GdBCO and YBCO are close to each
other. Theg’s are almost the same between the doped samples, too, buBiheire
slightly higher thans’s of undoped YBCO and GdBCO.

3.5.2 Resistivity vs. magnetic field rotation angley(©)

The normalised resistivity as a function of magnetic field angl®,) /pn, wherepy =
p(94 K, self field), for undoped YBCO and GdBCO as well as BZO-doped YBCO
and GdBCO are shown in figure 25. The curves were chosen so thabthelised
resistivities are close to each other in undoped GdBCO and YBCO as wiellths
BZO-doped ones. Since the resistivity of the samples depend on tempethtumea-
surement temperatures are also indicated. craris peak (at 99 is clearly wider for
undoped GdBCO than for YBCO (figure 25(a)), further, i{®) is more isotropic.
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Figure 25. The resistivity versus magnetic field angle of undoped YBQDGBCO

(&) and BZO-doped YBCO and GdBCO (b), wheredbrresponds td3 1 ¢ or to

B || ab-plane and 90 B || ¢. The applied magnetic flux density was 1 T. Since the
resistivity depends on the temperature, the curves were chosen soetmairthalised
resistivity would be close to each other in undoped YBCO and GdBCO, simitatie
case of the doped samples. The measurement temperature of the indivickes are
shown. P5|

That and a dip at 90in undoped GdBCO, are perhaps a result of the resistivity exceed-
ing the threshold value, which is seen in some YBCO samples [131]. Thed®ig
widens thec-axis peak, and increases isotropy (figure 25(b)). These resuaépefor
the BZO-doped GdBCO sample agree with thealues discussed in the previous sec-
tion. Furthermore, there is an agreement with the previbuseasurements at 1 T and
77 K [52-55], which show that the undoped GdBCO is more isotropic thaC@B
and that BZO-doping increases isotropy, although the lt@pds peak observed i,
measurements [8,12,52-55] is not seen in@@) measurements. It is due to temper-
atures higher than irreversibility temperaturg,, where the vortex lattice melts [138].
The increased isotropy in GABCO compared to YBCO has been attributed ¢attihe
stacking faults in GABCO [52], and increased isotropy in the BZO-dopedraks has
been related to the-axis correlated defects [52,53, 55].

3.5.3 Discussion

As already mentioned, the higher pinning potenti&l, and irreversibility field,B;,, in
undoped YBCO compared to undoped GdBCO and further, undopediatatarcom-
parison to doped ones, are explained by more intagilanes. In the former case, the
ab-planes of GABCO are distorted probably due to the extra stacking fauilth wasult
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in edge dislocations or wawb-planes [21,55, 74]. In the latter case, the BZO nanorods
create dislocations in their vicinity [25], which probably results in wataplanes, too.
The wavyab-planes have a lower pinning, because dhelanes have the pinning at
strongest when the magnetic field is exactly parallel to them, and therefioe zarts

of the wavyab-planes are not at such an optimum position. In non-paraiiglane the
vortex tends to align to the magnetic field or whatever is the lower energy pdthean
come staircase-like [139, 140], which result in a widgipeak atB || ab-plane. This is
difficult to determine unambiguously from thig-data available which show a widég-
peak for GABCO at 1 T and below [55,74], because the random pisitggplay a role,
too [139]. However, the data are in good agreement with the discugsedata above,
because there is a widgg peak for GABCO than for YBCO at 1 T and 77 K but at 3
T the widths seem to be very similar [74]. Hence the obsebigdnd B;,, result from

the wavyab-planes, and it is worth noting that probably the more isotropic behaviour
of undoped GdBCO and BZO-doped material in comparison to undopedOy&ies
not only result from the improvement of. in the c-axis direction but also from the
reduction of intrinsiazb-plane pinning.

The results above indicate that the same 4 wt% BZO doping has more effect on
GdBCO than on YBCO: at low field$]y, By, and.J. decrease more, but at high fields
Uy andB;,, increase more], increases more at low temperatures inkhé c direction,
and inB L ¢ directionUy and B;,, are reduced in the whole measured magnetic field
range. This can be partly explained by the 10 % higher weight of GdBCGnmparison
to YBCO, where the volume of the unit cell is only 1 % larger for GABCO than fo
YBCO, so hence the volume of the BZO would be higher in GABCO. Howelisr,
does not explain the whole difference. Since the lattice mismatch between@dB€
BZO (7.9 %) is lower than betwenn YBCO and BZO (8.4 %), it can not explain th
difference either. Thus, three different explanations have beesidemed:

1. The first one might be the easier cation disorder in GABCO than in YBIGCe s
the size of the GH" ion is closer to the size of Ba than of Y3+, If significantly
Ba poor regions, which would have significantly lovgrand.J. [97], are formed,
they could behave as pinning sites, which might be the case in SmBCO [137].

2. The second possible explanation would be the stress caused by @xXiQyavith
interplay of extra stacking faults. As was discussed in section 3.3.3 on2dage
the (212)/(122)-peak shows reduced relaxation by twinning and masssitn
BZO-doped GdBCO. The origin of this extra stress may be the extra stacking
faults present in GABCO [21]. Such a stacking fault can be an extriay®ul;
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which is formed due to the easier occurrence of the=Ba& cation disorder.
The layer causes a shift ¢f1/2)a, (1/2)b,0.15¢] [21] which produces stress,

if it is energetically favourable BaO layers to match between GdBCO and BZO.
The shift would have an influence enandb parameters, which would agree
with the results in section 3.3.3. Further, the increased stress might alstthéfe

T. and which has been observed earlier for YBCO in [141, 142] andeetes
therein. Furthermore, the shift or the strain might also produce splay @iite
nanorods, which could improve thi [143-145].

3. The final considered possibility is the oxygen deficiency, which is kntmwre-
duceT:, [61,62]. Thel(005)/1(00!) analysis in the section 3.3.6 on page 25 does
not undoubtedly strengthen this possibility, but does not rule it out eghérast
it is possible in some parts of the material.

Thus, all these tree explanations assumes a generation of hanosgabed reith re-
duced superconducting properties which behave as pinning sitesaimbsaaled phases
with reducedT;, and superconducting properties would explain the change of the slope
of Bj.-curve of BZO-doped GdBCO (figure 24(a)), since a changé&.iof a nano-
sized region would result in a contribution é#,, merged from all the nanophases with
different By,,'s, and that is why equation (13) does not describe the obsdsygger-
fectly. Also, the reduction df. would not only influence the pinning directly, but also
indirectly by changing the coherence lengthnear thel, [5], which has an effect on
pinning strength, since the optimum pinning site should have a sige of
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3.6 X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) measurements weretol@tedy the
oxidation state of Cu in fresh and seven months old, undoped and un€aaB«eiO thin
films. The initial measurement was made a day after the film deposition, and #élhe fin
measurement for the aged sample seven months later. To measure the bttknSu a
without surface contamination, the surface of both films were sputtered withiohs
with the same parameters for the both times until thes@ipurity signal was almost
completely vanished. The core-level spectra @i}2and O1s of the fresh ¢) and aged
(¢) GABCO are shown in figure 26. A fitting was done with Voigt line-shapeGiridey
background subtraction was applied to identify and confirm the diffexemponents
and their relative intensities. The peak positions agree well with reportiad] té6—
149], and the observed Cwy, main line and the Cu satellite feature show the known
structure of CuO and GO [146, 150]. The Cu ;5 spectrum consists of the CuO
and CyO photoemission lines with 1.2 eV binding energy (BE) separation, where CuO
is on the high BE side. The satellite structure above the 3, BE is characteristic
to CuO, and no such a satellite can be seen for samples containing or@y [CbO,
151]. A weakening of the CuO satellite with time suggest strongly that the anodunt
CuO has reduced. Indeed, the intensity rafie,6/Icu,0) Which was calculated from
the areas of CuO satellite and Cps2 signal of CyO for the fresh and aged sample
decreased from about 0.5 to 0.2. Also, two features can be clearlyedfoom the O

1s spectra of both the measurements (figure 26 inset). The feature at 523a¥ to
the Cu-O chains and planes, and the component at 531 eV higher BE salesied by
oxygen contamination [146, 148, 152]. Moreover, despite of the rehodihe carbon
contaminated surface layer by the sputtering, there is more oxygen contiaminghe
aged sample than in the fresh. This suggest that the oxygen can failjydiffisse into

the structure and is hard to remove. Thus, the aging effect can be seeteareasing
intensity of Cu2p satellites in the range 940-945 eV and as a narrowing of thepGy 2
spectrum which is due to CuO (€t) converting to CwO (Cu').

3.7 Discussion: the aging effect

As it was mentioned in the previous sections, the change in the pinning s&rwetar

be ruled out, and the time development of XRD, XPS, and magnetisation measure
ments are best explained by the oxygen release. Particularly,thed/(005)/1(000)-
estimations agree very well, because in both the methods, a steep charageirsse
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Figure 26. Comparison of Cep;,, core-levels and Cu satellite spectra of fresh and
aged GdBCO show that the amount of’Cthas decreased as a function of time. The
black line (residue) describes the difference between thgpGpectra of fresh and aged
samples. From the Os spectra presented in the inset of figure 26 it can be seen that the
oxygen contamination (high BE feature) is much higher for the aged GdB£3pite

the similar sputtering treatment of the sampl&=f] [

and Au-GdBCO for first 1-2 initial months, and no or minor change laterinmihese
two phenomenon strongly together. Singé05)/7(00) measures oxygen content, the
lowering of J., thus the superconducting properties, originates from the oxygerseelea
The reason for the oxygen release is unknown, but because therpbean is not
seen in YBCO, the probable explanation might be the extra stacking faulseantin
YBCO. The stacking fault might be for example an extra Gd-layer [21]ciwhesults
in an edge dislocations. The oxygen diffusion is very slow-ixis direction [153],
causing YBCO to be stable, but the diffusion is several magnitudes fasthe irb-
planes [153]. Since the oxygen diffusion is as fast through disoedefisplanes [154],
the edge disorders might act as channels for relative fast diffusioartsanGdBCO
surface. The studies, where YBCO was grown on (110) STO resultitigeish-planes
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to align perpendicular to the substrate surface, have shown similar adgug [@224],
and hence confirm this hypothesis. Moreover, it should be noted thpo#sibility of a
protecting layer development onto YBCO but not onto GABCO can be rulecimce
the Au capping should prevent the growth in both the materials, but the affjgng is
only seen for GdBCO.

The reason for oxygen release being faster in Au coated GdBCO in cizmpa
to GdBCO without coating is also unclear. Two explanations are considenedfirst
one is that Au may form islands on the films rather than grow smoothly layer—by—
layer, which is actually confirmed by the AFM measurements done for Aug&iB
The forming of such an island might create cracks inside the GABCO filmincgfiaster
oxygen release. This explanation is weakened by the fact that the spyitters been
done at room temperature, which would not allow Au to attach on GABCO fimyhe
other hand, this explanation is however supported by the sputtering haviefect on
GdBCO, in case if the charge distribution is not disturbed in the surfaceda@dBCO
by Au layer. The second possibility is Au acting as a catalyst in GdBCO, asiblen
seen for the carbon monoxide and hydrogen oxygenation at low tempesrdfiib5].
Furthermore, as it was showed in the sections 3.2, the GABCO has a higfaares
roughness than YBCO, and such a surface would result in poresosizad scale in
Au, which would grow the area of the reactive surface and improve tiadysaactivity.
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4 Conclusions

In this work, it was shown that the YBCO target density can be controllethégin-
tering at different temperatures, which have to be betweeA@%add 900C, and the
higher is the temperature, the denser is the target. In addition, undopeély BAO-
doped and a series of multilayered YBCO, as well as undoped and 4 wt%cGd#in
films were grown with nanograined targets by pulsed laser deposition or{0Psin-
gle crystals. It was shown that the increasing target density did notici#utae pinning
structure but decreased the surface roughness of the films. Thigtetaa the hypoth-
esis that the enhancement of pinning properties in films made from nanediasiead
of microngrained target originates really from grainsize.

The growth of GABCO thin films was optimised for PLD in terms of substrate tem-
perature;, and energy density. The optimised growth temperature wa¥780d en-
ergy density 1.8-2.1 J/chfor GABCO, whereas the optimum conditions were &5
and 1.8 J/crhfor YBCO. Good quality GABCO films could be ablated in wide temper-
ature range, 625-766, and therefore thé; is not so crucial for GABCO as for YBCO.
All the films fabricated for this work were well textured, and no impurity plsasere
detected for the fresh films. The twinning structure of GABCO is very similardb th
of YBCO. All the fabricated YBCO films had almost perfeebrientation, but the vol-
ume ofa-oriented grains was slightly higher in GABCO, which was explained by close
c-parameter value to triple value of the lattice parameter of STO, makiripntation
slightly more favourable for GABCO. It was also shown that the high'srare possible
for GABCO than for YBCO either at low or at high temperatures. It was sitgvn
that GABCO is more isotropic at high temperatures than YBCO, bt atab-planes
the YBCO had the best pinning potenti&l;, and irreversibility field,B;,,. Therefore,
the higher isotropy of GABCO originates from the lowered intrinsic pinninGwfO-
planes, which is probably result of the extra stacking faults distorting them.

The BZO was shown to grow cube—on—cube in GdBCO as it is the case i©OYBC
and therefore by taking into account the magnetisation measurements, bnfamed
that BZO grows as nanorods in GdABCO. The BZO-doping enhanced.tla high
fields and low temperatures in GABCO, similarly as in YBCO. The BZO-dopingemad
also YBCO and GdBCO more isotropic at high temperatures. However, titee B2 O-
doping level enhanced more the pinning propertiés Uy, B, B*) of GABCO at
high fields than those of YBCO. This agrees well with twinning structure beioge
affected by BZO doping in GdBCO than in YBCO. This phenomenon was exqua
by emerged nanophases with lowered superconducting properties, mvicoriginate
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from the cation disorder, extra stress, oxygen deficiency, or all ofi together.

The multilayering studies were carried out systematically by varying the laipér th
nesses. Therefore the growth process was determined indicating fleaemtifthick-
nesses of multilayers influence the growth mechanism and interlayer s&udtue
thicker BZO layers usually resulted in worse twinning, in—plane, and opiiaofe struc-
ture, as well as worse superconducting properties, except the teomgetlapendence
of power law exponenty, which was improved. The only multilayer structure which
had pinning properties similar to BZO-doped material was the one where the sultila
ers were thin and more closely packed. By choosing the right multilayer csitigpg
thick thin films can be fabricated with an actual increase of the critical curren

A worsening of superconducting properties of GdABCO was observtdtime,
where no such phenomenon was detected for YBCO. The aging wasnexplyy oxy-
gen release occurring via defects not present in YBCO. The Au-g¢datdi8CO thin
film manifested an even worse aging effect, and two possible explanatiemessug-
gested: the first is gold acting as a catalyst, and the second is gold prgduaoks in
the GABCO matrix.

Thus, if high pinning as possible is needed at high fields, undoped YBig@ed
at B || ab-planes should be used, but if high fields and isotropy at low temperattees
needed, BZO-doped GdBCO or closely packed, thin alternating multilayefB60O
and BZO would probably be the best choices, particularly, if a high otidensity or
thick films are needed.
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