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ABSTRACT: A complex deposition process of high-temperature Process 1: Process 2:
superconducting (HTS) thin films and coated conductors is Formatio@f\ e ®Format\cn§f9\ /@
usually optimized by concentrating on the crystalline quality of the *°g }‘i YBCO unit el g': /@
material, thus getting the best possible critical temperature and self-
field properties. However, most of the HTS power applications
that are based on coated conductors act at high magnetic fields,
and thus an alternative approach focusing on the formation of an
optimal network of columnar flux pinning centers is more
reasonable. Therefore, we systematically show how a lengthening
of the deposition distance produces perfectly aligned and distinctly
longer self-assembled BaZrO; (BZO) nanorods within the — 2
YBa,Cu;04,, (YBCO) matrix. This method unambiguously STUDAINAL NN
enhances in-field properties such as pinning force, critical current

density, and its isotropy along the YBCO c axis. The experimental results, especially formation of the ¢ peak where the relative length
of the nanorod is a key issue, are confirmed by the vortex dynamics simulations. Finally, we present a semiquantitative model
governing the formation of nanorods that explains the experimentally observed improved nanorod growth as a function of the
deposition distance via the associated variation of the fractional partial pressure between atomic species within the laser plume.
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B INTRODUCTION splay of columns of the nanorods within the YBCO matrix.”~”
In nanorods such as BZO, the BZO volume concentration
calculated from the dimensions of the nanocolumns formed in
the resulting YBCO/BZO film has been concluded to be
considerably higher, even more than 5-fold, than that in the
original target.g_lo

The crystallographic goodness of the YBCO film is not the
only major factor, although it clearly has the most important
relevance for the self-field critical current density J.(0).'""?
Also, the superconducting properties at high fields together
with the maximal flux pinning properties need to be
optimized''?'* especially when fulfilling the requirements in
future coated conductor and HTS electrical power application
technologies. Because, during the deposition process, the
target—substrate distance is very critical for getting the correct

Pulsed-laser deposition (PLD) is a thin-film growth technique
in which the laser—target interaction, formation of laser
plasma, and its shock-wave propagation together with the film
growth mechanism form a very complex physical phenomen-
on." The versatility of the method in growing films of almost
any kinds of compounds makes PLD one of the most powerful
techniques in high-temperature superconducting (HTS) thin-
film and coated conductor technologies, which again are used
as basic construction units in most of HTS electric power
applications.”” Especially, PLD has the capability of reproduc-
ing the source composition of even multielemental compounds
such as YBa,Cu;Oq,, (YBCO) when the deposition conditions
and thus the system growth parameters are optimized.
Furthermore, when the YBCO target is doped with artificially
produced and self-assembled pinning centers (APCs), the ——
structure of APC depends on the material and growth Received: ~September 14, 2022 =
temperature. A columnar APC structure is observed in a Accepted:  November 14, 2022
high lattice mismatch (LM) system such as BaZrO; (BZO)/ Published: November 25, 2022
YBCO (9%) but not in systems where LM is lower, as with

Y,0; nanoparticles (2.5%)." Growth kinetics have been

observed to play a crucial role in controlling the length and
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stoichiometry on the surface of the substrate, we have to
perform a balancing act between two issues: on the one hand,
the distance where YBCO grows crystallographically must be
as perfect as possible, and, on the other hand, the BZO
nanorods, which are solid and continuous along the out-of-
plane direction of the YBCO matrix, need to be optimized.
Especially, during propagation of the laser plume, the plasma
emission and its interaction with the background gas aftect the
stoichiometry of the ejected flux as well as the particulate
formation and their coalescence when the deposition distance
is increased.'”'® The deposition distance is also strongly
related to the oxygen pressure during the deposition because
the collisions between the plume particles and the background
gas are influenced by the specific heats of the elements, thus
forming a critical distance above which the proportion of
smaller })articles decreases and larger particulates start to
appear.”” "’

The effect of the deposition distance and laser frequency in
the PLD process on the growth of undoped YBCO films has
been previously studied.”””' Increasing laser frequency was
observed to promote the formation of dislocations within the
YBCO matrix, and thus the optimal frequency turned out to be
field-dependent.”’ The general optimization of the laser
frequency for more complex systems, such as doped YBCO,
is considered to be rather difficult to address because of the
complex and difficult-to-predict effects of laser—target
interaction and growth dynamics on the substrate. On the
contrary, the deposition distance is far more easy to optimize
because it can be considered somewhat independent of the
other deposition parameters. In addition, the effect of the
deposition distance can be addressed with simple plume
propagation and film growth models as done in ref 20, where
the deposition distance was observed to have a clear optimum
value with respect to the superconducting properties of the
resulting undoped YBCO film in the wide field range.
However, the effect of the deposition distance has not yet
been systematically studied in the presence on self-assembled
dopants, such as BZO. The deposition distance, in particular,
can be considered to have a significant effect on the assembly
of the nanorod structures due to the expected variation of
partial pressures associated with different atomic species within
the plume. In this work, we study how the deposition distance
affects the nanorod assembly in the BZO-doped YBCO film.
The effect of the obtained APC nanorod structure on the
superconducting properties is magnetically and resistively
investigated, and the results are compared with the molecular
dynamics (MD) simulations to better understand the role of
size, shape, and number of APCs on the angular-dependent
critical current density. Furthermore, we present a quantitative
model that explains the experimentally observed differences in
the nanorod assembly within films deposited at different
distances from the target.

B EXPERIMENTAL DETAILS

The 4wt % BZO-doped YBCO targets were manufactured by the
standard solid-state method using a final sintering temperature of
920 °C."*** The thin films were prepared by PLD on (100) SrTiO;
(STO) substrates using a 308 nm XeCl excimer laser and varying a
distance between the target and substrate in the range of 25—45 mm.
All of the other PLD parameters such as the deposition rate,
deposition temperature, and oxygen pressure were fixed during the
deposition. The details of the PLD system and the deposition
parameters have been given elsewhere.”®

The crystallographic properties, including formation of the YBCO
and BZO phases, were determined by X-ray diffraction (XRD)
measurements with a PANalytical Empyrean diffractometer in the
Bragg—Brentano mode. With the thin films, the incident X-ray beam
was collimated with a Bragg—Brentano mirror using a L 4° divergence
slit and 0.04 rad Soller. With the target, a 0.3 X 1.3 mm microbeam
collimator was used with the mirror. A PIXcel was used as a detector.
The thicknesses of the films were measured by X-ray reflectivity
(XRR). The surface morphology and elemental composition of the
target as well as thin films were examined by scanning electron
microscopy (SEM; FEI Apreo S field-emission scanning electron
microscope with Schottky-type electron gun from Thermo Fisher
Scientific) and energy-dispersive spectroscopy (EDS; Ultim Max
Large Area SDD, Oxford Instruments). The EDS elemental maps
were taken with a 10 kV acceleration voltage and a 0.80 nA beam
current. Formation of the BZO nanorods was investigated by bright-
field scanning transmission electron microscopy (BF-STEM; JEOL
JEM 2200FS) using a 200 kV operating voltage. The samples for BF-
STEM were prepared by cutting a cross-sectional lamella via the
focused-ion-beam technique in a FEI Nova 600 Nanolab dual-beam
scanning electron microscope using the in situ lift-out procedure with
an Omniprobe extraction needle.”

The magnetic measurements were carried out with a Quantum
Design Physical Property Measurement System (PPMS) system,
where the onset critical temperatures, T, were determined from the
alternating-current (ac) magnetization curves. The magnetic field
dependences of the critical current densities, J.(B), at 10 K were
determined from the opening of the hysteresis loops using the Bean
model for rectangular films.”® The angular-dependent transport
properties were measured using a horizontal rotation option of the
PPMS. The measurements were made in various magnetic fields at a
temperature of 40 K with a 0—360° angular range using 3° steps. The
measurement temperature of 40 K was chosen to be far enough from
T. but still meeting the temperature requirements for technological
applications."**® The angular-dependent critical current densities
around the c-axis peak were modeled by MD simulations.””**

B RESULTS AND DISCUSSION

Propagation of the Laser Plume. Figure 1 shows a
schematic illustration of how the visible laser plume propagates

Distance Zr/Y Zr/Cu
(mm) (%) (%)

25 4.8 1.6
Q)\c,‘z’/ 35 4.6 1.6
/
Target \6’? 45 3.9 _1'2 Sample holder
A \\  Substrate
[°) . LN \ R B
® . & @ °® ® .
= *
35;m 45 mm

25 mm

Figure 1. Elemental ratios of Zr/Y and Zr/Cu calculated from the
quantitative elemental analysis of 4 wt % BZO-doped YBCO films
deposited at different target—substrate distances (table). The figure
shows a schematic illustration of how the visible laser plume is
propagated in proportion to the substrate distance from the target.

in proportion to the substrate distance from the target. In an
earlier optimization,'' the zero-field superconducting prop-
erties of the undoped YBCO films are the best when the tip of
the visible plume is close to the substrate surface, around 35
mm in our PLD system. To investigate the formation of BZO
and its presence in the formed nanorods at different target—
substrate distances, we investigated the elemental ratios of Zr/

Y and Zr/Cu calculated from the quantitative elemental
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analysis of BZO-doped YBCO films. On this basis, we can
obtain from the table of Figure 1 that the number of Zr atoms
in comparison with Y and Cu atoms in the plume seems to be
constant up to the distance of 35 mm, above which the ratios
of Zr/Y and Zr/Cu start to decrease slightly. This could give
an assumption that the BZO/YBCO ratio is moderately
decreased in the plume at the highest deposition distance.
However, we do not expect a significant difference of the
nominal contents in the formation of the YBCO and BZO ratio
at various deposition distances, and the differences in the
superconducting properties are more dependent on the
deposition rate and related growth mechanisms.

Growth of BZO within the YBCO Lattice. The
crystalline quality of the films was characterized by XRD,
and the most important results are collected in the inset table
of Figure 2 and also in the Supporting Information (SI). As can

0.05 Sample A6(°) Aw(°) To(nm) ““ “
09 125 012 026 163 A
T35 041 030 14.1 BZ0 (002)
T45 021 047 92
Z 0.04 |
c
=
& 0.03
S
g 0.02
0.01
42 42.5 43 43.5 44 44.5 45
26 (°)

Figure 2. Relative XRD intensity ratios of the BZO (002) and YBCO
(005) peaks that give BZO concentrations of 1.96, 2.00, and 2.03 wt
% for YBCO films deposited at different target—substrate distances of
25, 35, and 4S5 mm, respectively.

be seen in Table SI, the out-of-plane lattice parameter c is
slightly lengthened from the nominal value of 11.68 A, clearly
most at the longest deposition distance of T4S. In addition, the
20 peaks as well as the rocking curve in the @ direction are the
broadest in T45, indicating evident variation in the unit cells
and shortened coherence (r.) along the out-of-plane direction.
Because the intensity ratio I(005)/I1(004) (Table S1) is well
below 20 for all of the samples, we can conclude that the
oxygen concentration is on the optimal level.””

The thicknesses of the films were extrapolated from the
thickness of the thinnest 45 mm film, which was measured with
XRR to be 122 nm. The extrapolation was done by scaling the
thicknesses with the YBCO XRD peak intensities after
correcting for the increasing absorption with increasing
thickness. The obtained thicknesses of 122, 200, and 365 nm
for the 45, 35, and 25mm target-to-substrate distances,
respectively, are in good agreement with the average
thicknesses seen in the transmission electron microscopy
(TEM) images (see below). The BZO concentrations of the
films were calculated by comparing the theoretical intensity
ratio of the BZO (002) and YBCO (005) peaks with the ratio
of the corresponding observed intensities (Figure 2). The
theoretical intensities were corrected using single-crystal
Lorentz, polarization, absorption, and Debye—Waller factors.>®
On the basis of the XRD results, the obtained actual
concentration of crystallized BZO is 2.0 wt % for all of the
films. Interestingly, the mosaicities of both the YBCO and
BZO phases, calculated from their rocking curves, decrease
with decreasing target-to-substrate distance, which is in
contrast with what one would expect when a film relaxes
through defect formation with increasing thickness. This
opposite behavior can be explained by decreasing surface
mobility with increasing distance, which promotes more defect
formation during the growth process and thus affects the
number of vortex pinning centers in the film.

The microstructure of the BZO-doped YBCO films
deposited at different distances was characterized by STEM,
and the collection of cross-sectional BF-STEM images is
presented in Figure 3. Contrary to our previous optimizations,
where hardly any parameters effect the size of the nanorod,
especially the nanorod diameter,'>'**" the deposition distance
seems to have a great impact on the diameter and the tilting
angle of the nanorod, as can be seen in Figure 3 and Table 1.
In conclusion, the average diameter of the nanorod in the T2S
film is about 8.6 nm, while in the film deposited at the longest
distance of T45, it is only 4.6 nm, being reduced almost by half.
The average length of the nanorod stays almost constant up to
the distance of 35mm, above which the rods lengthen
distinctly.

The most dramatic change can be observed in the growth
direction of the nanorod, where with the shortest deposition
distance T2S, the average tilting angle is almost 40° from the
direction of the YBCO c axis. As can be seen in Figure 3¢, in a
film of the longest deposition distance of T45, the nanorods
are markedly oriented in the out-of-plane direction, clearly
producing the most optimal flux pinning network in the film
within the studied deposition distance range. However, even in

Figure 3. Cross-sectional BF-STEM images of the YBCO films deposited from the 4 wt % BZO-doped YBCO targets at different target—substrate
distances of 25, 35, and 45 mm. The white arrows indicate the BZO nanorods.
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Table 1. Collection of the Obtained BF-STEM Results for BZO-Doped YBCO Films Grown at Different Deposition

Distances”
sample thickness (nm) diameter (nm) length (nm) splay (deg) nanorod density of YBCO/BZO (%)
T25 395+ 5 8.6 + 3.6 52.7 +15.1 36.9 + 20.6 45.6/54.4
T35 210 + S 59 + 1.0 57.8 + 14.1 9.1 £37 54.0/46.0
T45 94+ 5 4.6 + 0.6 76.1 £ 5.1 7.1 + 5.6 67.5/32.5

“The parameters are the film thickness as well as the BZO nanocolumn diameter and length, the average tilting angle in relation to the YBCO ¢ axis,

and the volume percentages between the YBCO and BZO nanorods.
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Figure 4. (a) Normalized ac magnetization as a function of the temperature and magnetic field dependencies of ], determined from the hysteresis
loops at 10 K (inset) for BZO-doped YBCO films deposited at different target—substrate distances. (b) Pinning force F, values as a function of B.
The curves are fits to eq 1, producing the maximum pinning forces for the BZO-doped YBCO films deposited at different distances, as collected in

table form in the figure.

this film, a distorted area of thickness ~ 20 nm next to the
interface can be observed, and thus well-aligned nanorods start
to grow above this. When looking at the volumetric ratio
between the YBCO matrix and BZO nanorods in Table 1, it is
obvious that the nanorod density decreased with increasing
deposition distance from above 50% at T25 to 32.5% at T4S.
Because we have earlier demonstrated by XRD that the
amount of crystallized BZO is independent of the deposition
distance of ~#2% but, on the other hand, the relative Zr ratio
measured by EDS is only slightly decreased with increasing
deposition distance, being close to the nominal 4% value
(Figure 1), the difference between the BZO content and
nanorod density is more likely related to the composition of
the nanorods, where distorted YBCO is also composed in the
nanocolumns.*>~**

Deposition-Distance-Dependent Superconducting
Properties. As can be seen in the main panel of Figure 4a,
the magnetically measured onset T is the highest at ~86 K and
the transition is the sharpest in the T3S film, as was also
optimized earlier when the most important criterion of the
YBCO film was crystallographically as good as possible.”” The
critical temperature is slightly decreased in the T25 film, but T,
is clearly diminished in the T4S film. The similar decreasing
trend in T, with increasing deposition distance can be observed
in resistivity measurements of the same samples, albeit the T
level is clearly higher because the current can find an optimal
path through the YBCO matrix.

Degradation of the superconducting properties under the
low-field range as a function of the deposition distance was
previously observed for undoped YBCO films,” where the
authors comprehensively discussed this effect by considering

various plume propagation and film growth models. The
degraded superconducting properties are evidently a result of
the poorer crystalline quality of the films deposited at longer
distances, which was ultimately explained by decreased kinetic
energies of the atomic species arriving at the substrate. At
lower kinetic energies, the reaction time of the adatoms on the
substrate is increased, resulting in distorted nonuniform film
growth. We want to further point out that the observed
degradation of T, for the T4S film is not related to variation of
the oxygen concentration within the YBCO lattice, as shown in
Table S1.

When looking at the shapes of the J.(B) curves in the inset
of Figure 4a, one can obtain a clear similarity in the T2S and
T3S samples, although the level of ] in T3S is roughly 50%
higher in the whole magnetic field range up to 8 T. Instead of
this, the J.(B) curve of T4S follows approximately but slightly
below the J.(B) curve of T3S, but a clear crossover in the
curves can be seen around the magnetic field of 3 T. This is in
line with the remarkably higher pinning force values above 3 T
determined by the formula F,(B) = BJ.(B), as shown in Figure
4b. The maximum pinning force values F, .., shown in Figure

p,max
4b were calculated by fitting the F, data to the function® ™’

E(B) _ (p+q)”_lpq[ B ]p(p+ q i]q
(1)

q
Pi),max q Bmax P Bmax

where p, B,,,, and F, ., are kept as free fitting parameters and
q is fixed to 1.1, as obtained earlier for BZO-doped YBCO.””
The increased flux pinning properties such as F, ., and J.(B)
at high fields in the T4S film can be explained by the relatively

straight and lengthened BZO nanorods with optimal nanorod
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Figure S. Angular-dependent J.(6) curves measured at 40 K and in various magnetic fields from 1 to 8 T for samples T2S (a), T35 (b), and T4S
(c). The angle value 6 = 0° corresponds to the YBCO c axis, and the values § = —90° and +90° correspond to the ab plane. (d) Relative difference
in the c-axis peak of the J.(0) curves measured between samples T4S and T3S at 40K and in different magnetic fields.

diameter that maximally pin the vortices along the YBCO ¢
axis, 13143839

The angular-dependent J.(0) curves measured at different
magnetic fields for samples T25, T3S, and T45 are collected in
Figure 5. When comparing the results in films deposited at
different distances, we can see that the absolute J. value
through the whole angular range dramatically increased with
increasing deposition distance, being more than 3 times greater
in T4S than in T2S. This means that the change in the growth
mechanism, where particularly slow growth leads to a relatively
thin final film, seems to produce superior flux pinning
properties. Although the absolute J. is increased, the shape
of the curves between T25 and T3S are almost identical. In
sample T4S, the shape of the ab peak remains the same as that
in T3S, but along the YBCO ¢ axis at 0°, a peak starts to form
at 4 T, especially when compared with the samples T25 and
T35, where a relatively clear dip is visible along the YBCO ¢
axis. This is fully in line with the structural properties shown
earlier, where the nanorod alignment is greatly improved at the
highest deposition distance of 45 mm. Similar behavior has also
been observed in HTS films irradiated by heavy ions, where
the defects parallel to the ¢ axis produce a sharp and relatively
narrow c-axis peak in J.(@) and the direction-dispersed defects
clearly broaden and lower the formed c-axis peak of J.().*~*
Therefore, we have shown here that, although the optimal
deposition distance for crystallographically perfect YBCO is
shorter, the improved flux pinning properties can be obtained
when the target—substrate distance and thus the effective laser
plume are longer. This issue is discussed in more detail in the
following section.

We want to further address the question of whether the
seemingly improved nanorod growth in T45 could result from
the remarkably lower thickness of the associated film when
compared with the other samples. This is not the case because
the J_ values of BZO-doped YBCO films have shown to remain
approximately constant as a function of the film thickness in
the range associated with this work.*> Moreover, the BE-STEM
images of T2S and T35 clearly show distorted nanorods
already below 100 nm thickness (T4S), suggesting a major
difference in the assembly process of the nanorods between the
samples. These remarks support our conclusion that the longer
deposition distance indeed improves the nanorod growth
despite the observed differences in the film thickness.

Increased c-Axis Peak and Flux Pinning at High
Fields. Here, we concentrate on the difference between
samples T3S and T45 because the growth of the nanorods is
greatly disturbed in sample T2S, and thus this deposition
distance is obviously too short for depositing good-quality
films for various applications. On the basis of the STEM results
collected in Table 1, we can conclude that when increasing the
deposition distance from 35 to 45 mm, the average nanorod
diameter is decreased from 5.9 to 4.6 nm and their length is
increased drastically from 27% to 81% of the total thickness of
the film. In addition, the volume ratio of the nanorods is
decreased with increasing deposition distance, leading to the
fact that the volume of the nanorods from the whole volume is
decreased from 50% to 33%. The effect of the nanorod
diameter and especially its length and density are summarized
in Figure 5d, where the c-axis peak is clearly increased in
sample T4S5, especially up to a field of 6 T, being roughly equal
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to the magnetic matching field determined from the estimated
nanorod densities from the TEM images. This means that the
APC nanorod growth and thus the flux pinning properties
along the YBCO c¢ axis are unambiguously improved when the
film growth mechanism is slower and the particle density in the
laser plume is lower, as realized at a higher deposition distance
than is usually optimized for the crystallographically optimal
YBCO. Therefore, we can conclude that the deposition process
for improving the plateau area of the J.(B) curve should be
different in comparison with the optimization of the flux
pinning mechanism in the high-field range.

In order to study whether the improved J. can be attributed
to the increased pinning performance of the thinner but more
elongated nanorods of T45 compared with T3S, we simulated
the vortex-dynamics-limited ].() for pinning structures,
mimicking the observations of the BF-STEM images for the
corresponding samples presented in Figure 3. The applied
simulation is a MD-based model that is briefly introduced in
Figure S2, while a detailed description and extensive validation
is presented in the Supporting Information in ref 44. The
simulations were conducted using a 150 X 150 X 40 nm? sized
grid, with a total of 21 distinct vortices. A single vortex was
modeled as a chain of 10 adjacent particles (Figure S2). The
pinning structure for T3S was modeled as randomly positioned
stacks of three adjacent pinning site particles separated by a
distance of 4.5 nm along the ¢ axis of YBCO. The nanorods
were assigned with a radius (R = 2.95 nm) corresponding to
the results obtained from the BF-STEM images. The total
number of aforementioned nanorods (N) was calculated using
the observed average nanorod separation (5 = 6 nm), resulting
in N = A/(R +5)* = 280. Correspondingly, the pinning
structure for T45 was modeled using stacks of eight pinning
site particles with R = 2.3 nm and 5 = 9 nm, resulting in N =
176. The pinning structures for both T35 and T4S are
schematically illustrated in Figure S3.

The simulated J.(0) curves for T3S and T45 are presented
in the main panel of Figure 6. The simulations are in good
agreement with the experimental observations presented in
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Figure 6. Simulated vortex-dynamics-limited J.(0) for T3S and T4S,
respectively, normalized by the maximum ], obtained for T4S. The
values of the data points represent the average of three statistical
repeats, while the error bars correspond to the associated standard
deviation. Inset: Difference between the simulated ].(6) curves for
T45 and T3S presented in the main panel to make a better
comparison with the experimental results shown in Figure 5d.

Figure 5 because the ¢ peak cannot be observed for T35, while
it clearly emerges for T45 as the field is increased. The
difference between the simulated anisotropy curves for T45
and T3S is further illustrated in the inset of Figure 6, which
clearly resembles the corresponding experimental observations
presented in Figure Sd. Thus, we conclude that the
experimentally observed increased pinning performance of
T45 results from better elongation of the BZO nanorods
despite the decreased radius.

Improved BZO Nanorod Growth as a Function of the
Deposition Distance. We have done an extensive review of
literature related to the PLD process in order to explain why
increasing the deposition distance improves the nanorod
growth. To our knowledge, no rigorous experiments of
theoretical study exist that would directly address this issue.
However, applying several generally accepted ideas and
theories related to different stages of the PLD process, we
have managed to generate a semiquantitative model that
reliably explains the observed results.

As a first approximation, we consider only single atoms, or
ions, that are ablated from the target material and reach the
substrate without being part of any chemical reactions in
between. The probability that such an ablated atom gets
attached to the top of the preexisting cluster on the surface of
the substrate is governed by the associated Gibbs free energy
(G), which tends to be minimized under constant pressure and
temperature.’ The Gibbs free energy has the pressure
dependence "

P
G(P) = —kT In| —
®) n[Po] 2)

where P is the partial pressure associated with the ablated
atoms and P, is the constant vapor pressure of the cluster. G
decreases as a function of P, meaning that the probability that a
particle attaches to a specific cluster increases when the partial
pressure for that specific atomic species is increased.

We will generalize the above conclusions to the formation of
unit cells on the substrate. We consider two different processes
relevant to the formation of nanorods illustrated in Figure 7.
The first process is the formation of a BZO unit cell on top of
the preexisting BZO cluster on the surface of the substrate. It is
intuitive to assume that the probability of this event is
correlated with the partial pressure of the ablated Zr atoms

Process 2:

/@

Process 1:

Format|o§2f\ /@Formatlon of
BZO éwét cell "‘ YBCO unit cell "

\*@@

BZO
cluster

BzO
cluster

Substrate

Figure 7. Schematic illustration of the two considered processes
governing the formation of nanorods. In process 1, a BZO unit cell
forms on top of the existing BZO cluster located on the surface of the
substrate. The probability of this process correlates with the partial
pressure of the ablated Zr atoms. In process 2, a YBCO unit cell forms
on top of the existing BZO cluster. The associated probability
correlates with the partial pressure of the ablated Cu atoms in the
vicinity of the substrate.
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(P,) in the vicinity of the substrate because Zr is the lightest
metal element in the BZO unit cell and is not present in
YBCO. The other considered process is the formation of a
YBCO unit cell on top of the BZO cluster, which, in turn, is
correlated to the partial pressure of the ablated Cu atoms
(Pcy), where Cu is the lightest element within YBCO and
absent in BZO. The ratio between the probabilities of the
above-mentioned processes is what ultimately decides the
quality of the nanorods formed. That is, increasing the
probability for the formation of YBCO on top of the BZO
cluster intuitively results in poor-quality fragmented nanorods,
while decreasing the associated probability will lead to the
desired well-elongated nanorods. In summary, one ultimately
has to address the ratio P;,/Pc, in the vicinity of the substrate
in order to study nanorod formation as a function of the
deposition distance.

We address the deposition distance dependence of P, /P¢,
by assuming that the dynamics of the ablated atoms is
governed by the Langevin equation*®

mv = —yv + R(t) 3)

where ¥ is the drag coefficient and R(¢) is 2 Gaussian random
force associated with zero mean resulting from interaction of
the particle with the background gas. The expectation value of
the velocity as a function of time can be solved from eq 3 by
neglecting R(¢#) and solving the resulting homogeneous
differential equation. Assuming that all of the ablated particles
obtain the same kinetic energy (E) from the laser—target
interaction corresponding to the initial velocity

v(t=0) = J2E/m along the direction of the ablation axis,

one obtains

v = Ee_ﬂ/’"
wle) \/Z )

This suggests that the velocities of the ablated particles
decay exponentially, the rate of which is substantially higher for
lighter elements. This further justifies the previously declared
assumption that formation the BZO and YBCO unit cells is
mainly correlated with the partial pressure of the ablated Zr
(my, = 91.2 u) and Cu (mc, = 63.5 u) atoms because they are
the lightest elements within the associated unit cells and thus
their partial pressures are most substantially limited for large
deposition distances.

When the ablated Zr and Cu atoms are modeled as an ideal
gas, the relative partial pressure between Zr and Cu can be
expressed in terms of momentum as"’

B _ mplvnd)

PCu mCu<VCu(t)> (5)

where the expected velocities are expressed by eq 4. Written
open, one obtains

PZr - My, e—yt(l/mz‘—l/m(:u)
PCu Mcy (6)

where t can be interpreted as the time it takes for the ablated
atom to travel from the target to the substrate. Thus, the time
dependence of P, /P, expressed by eq 6 also corresponds to
the associated dependence on the deposition distance. Because
my, > mc, the exponent in eq 6 is positive, and thus the
relative pressure P, /Pc, increases as a function of the
deposition distance. This results in an increasing probability

of BZO clusters being accompanied by BZO unit cells instead
of YBCO as the target—substrate distance is increased,
manifesting as the experimentally observed improved growth
of a BZO nanorod for larger deposition distances. This also
explains the decreased nanorod density with increasing
deposition distance, as observed by STEM.

B CONCLUSIONS

In this work, the effect of the deposition distance on the film
thickness, crystalline quality, superconducting properties, and
especially flux pinning in BZO-doped YBCO thin films is
systematically studied. On the basis of structural analysis, as
expected, the earlier optimized and hardware-specific deposi-
tion distance produced the best crystalline quality and thus also
the highest critical temperature. However, although the
concentration of the elements in films deposited at different
distances stays the same, defect formation in the YBCO lattice
and especially the growth mechanism of the self-assembled
BZO nanorods are greatly modified, totally affecting the flux
pinning characteristic and thus significantly improving the
critical current densities at higher deposition distances.

According to STEM analysis, at higher deposition distances,
the BZO nanorods are smaller in diameter, they are better
aligned along the YBCO ¢ axis, and their density is smaller, but
the foremost result is that the nanorods are relatively so much
longer that they are grown almost through the entire film. This
is only the case at the highest deposition distance, naturally
affecting the anisotropy of the critical current by forming a
clearly pronounced c-axis peak in the J.(0) curve, especially at
high magnetic fields. The formation of lengthened BZO
nanorods is also confirmed by MD simulations, where,
regardless of the decreased nanorod density, the straight and
long nanorods produce a relatively narrow but significantly
higher c-axis peak. In order to understand the mechanisms
behind the improved nanorod growth for larger deposition
distances, we created a semiquantitative model that explains
the experimentally observed features through variation of the
fractional partial pressure between atomic species within the
laser plume as a function of the distance from the substrate.
We have concluded that this variation results in a higher
probability of BZO unit cells stacking on top of each other as
the target—substrate distance is increased. On this basis, we
can conclude that tuning the deposition distance can be a
notable tool for manipulating the growth of APCs also in other
thin-film or coated conductor systems, which again may have a
major significance in future HTS power application tech-
nologies.
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