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z direction. (b) Sample assembly in a plastic straw with gelatin capsules,

vacuum grease, and sewing thread. Adapated from [124]. . . . . . . . . .. 63
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At the left, schematic representation of the sample space region inside the
magnetometer, where one can identify the DC field coils (more external),
AC field coils and detection coils. The signal from the detection coils is
compared to the applied signal by a lock-in and ploted as the in-phase and
the out-of-phase components of the susceptibility as a function of the tem-
perature, for instance, in the right panel. Kindly yielded by Prof. Maycon
Motta, GSM, UFSCar. . . . . . . . . . . . .
(a) Schematic representation of the Faraday-effect. A polarized light beam
coming from the left passes trough a transparent material, with an aprecia-
ble Verdet constant V', along the distance d. The angle alpha is proportional
to the induction field in the material, B. (b) Indicator structure. (c) The
spontaneous magnetization in the MO layer used in this work is parallel to
the film surface, and an out-of-plane magnetization component takes place
when the indicator is subject to a perpendicular applied magnetic field (H),
produced by a set of Helmholtz coils. Adapted from [61]. . . . . . ... ..
(a) Photograph of the MOI facility at GSM, UFSCar, Brazil. (b) Schematic
illustration of the MOI experimental setup. Adapted from [128, 61]. . . . .
(a) Cooling system components of the Montana Cryostation used in ULg
MOLI: a closed-cycle cryogen-free cryocooler (1), a variable speed helium
compressor (2), the cryostat and sample chamber (3), the laptop with user
interface (4), and control unit (5) [129]. Panel (b) shows, schematically,
the main components of at MOI setup. The coils to apply of the external

magnetic field (not shown) are installed surrounding the sample chamber. .

(a) Mean pixel intensity versus applied magnetic field for the standard
angle between the analyzer and the polarizer (= 4° clockwise). (b) The
same angle, but rotated counterclockwise from the orientation of complete
crossing. (c) a larger angle, &~ 10°, in which more light can pass through

the optical system. All the pictures are shown as they were taken by the
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camera. The white bar below the panel al is the scale bar for the MO images. 72

Examples of MO images taken at 7 = 15 K with (a) H = —48 Oe; (b)
H = 48 Oe. The yellow lines in the middle of both panels indicate the
position where the intensity profile graphs were taken, both curves are in

the same scale. . . . . . .
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(a) Schematic illustration of the data cube made of a stack of images and
a column vector through its pixels across different fields. The yellowish
pixels on the top of the first image represent the scanned pixels til the one
highlighted in yellow, to illustrated the scanning protocol. (b) A plot of
the data collected as a function of H. The 16 points on the inset indicate
where in the image the column vector were taken to make the parabola-like
graph, where we used circles for the data and lines for the fitting. All the
data were taken at T = 15 K, and applied fields ranging from H = —48 Oe
to H=48 Oe. . . . . . .« e
Positive branch of the inverted parabolas; for the same 16 points presented
in Figure 49(b), whose localization is represented on the inset. . . . . . ..
(a) Raw MO image of the Nb thin film taken at 4 K and 10 Oe. The
yellow line indicates where the intensity profile of panel (b) [left axis| was
obtained. (c¢) Converted image in which each pixel represents the value of
B. at that location; the field profile along the yellow line is shown in panel
(b) [right axis]. . . . . . . . ..
Calibrated magneto-optical images of a 30 nm thick rectangular Nb film,
after a ZFC procedure and then under an applied DC magnetic field of (a)
10 Oe; (b) 22 Oe; (c) 44 Oe; (d) 115 Oe and finally decreasing the field
down to (e) 80 Oe. The yellow line at the bottom of each image is the
region over which the profile was calculated (avarage of 15 profile lines of
pixels). The zigzag features in the images are magnetic domain walls in
the MO indicator. . . . . . . . . . . ...
Calibrated magneto-optical images of a 30 nm thick rectangular Nb film,
after a ZFC and after a maximum applied magnetic field of 125 Oe. The
field was then decreased to (a) 53 Oe, and (b) 32 Oe. At the right-hand
side of each image, (a’) and (b’) show B, profiles of images (a) and (b),
respectively. The yellowish bar at the bottom of each image is the region
over which the profile was obtained. The zigzag features in the images
come from the MO indicator. . . . . . . .. ... ... ... ... ...,
Calibrated Magneto-Optical images of a rectangular Nb film 30 nm thick,
after a zero-field-cooling procedure and after a maximum magnetic field of
125 Oe as applied and then decreased to (a) 47 Oe, (b) 34 Oe, (c) 25 Oe,
(d) 11 Oe, and (e) zero. Panels (a’) to (e’) show B, profiles of the respective

calibrated images. . . . . . . ...
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(a) Mean pixel intensity vs. applied magnetic field for a 30 x 30 px? region
far from the sample, indicated by the yellow square in panel (e) of Figure
54. (b) Inset showing the noise level for regions far from the parabola
minimum and (c) around the minimum. . . . ... ... 00000 L
(a) Raw MO images of the Pb thin film and indication of the profile shown
in panel (b) where the field profiles are plotted using two different scales:
Intensity of the light at the left (arbitrary units, a.u.) and local magnetic
field (B) at the right. (c) Converted MO images. For all images the tem-
perature is 4 K, and the applied field is indicated in the image. . . . . . . .
Flux avalanches in the Pb thin film using an artificial color scale for visu-
alization of both negative and positive fields. All the images were captured
at T= 2.48 K. The first image of the first row (I-A) starts with H = 2 Oe
and advances to its right (I-B, I-C, ...) as the increase of H is indicated
at the bottom of each panel, until the maximum of 47 Oe (II-A). In the
second row is the decreasing field, down to —47 Oe (III-E). . . . . . . . ..

AC susceptibility vs temperature for all films investigated (a) and for dif-
ferent applied magnetic fields H for the bi-layer system (b). The y axis
is normalized by ¢, which is the Meissner plateau value for the in-phase
component of the AC susceptibility for each sample. The frequency (f)
and the amplitude (h) of the AC excitation are indicated in each panel.
Heo versus reduced temperature ¢ = T/T,. for Nb15, NbN60 and the
Nb/NbN bi-layer, showing the extrapolated upper critical field at T =
0 K. e
DC magnetization as a function of the applied magnetic field at t = % =
0.3. The noisy response at low fields observed in all samples corresponds
to the occurrence of magnetic flux jumps. . . . . . .. ...
Mean intensity level of the whole MO image taken at 7' = 15 K (above
Te of all samples) as a function of the applied field. The field range where
this Chapter is focused (close to zero) has only one single value of pixel
brightness for each field. . . . . . . . .. ... ... . L.
Column (a) shows MO images for each studied samples at ¢ ~ 0.3 and
H = 4 Oe. The zig-zag-like features in the images are related to domain
walls in the indicator film. (b) H-t diagram showing the thermomagnetic
instabilities regime as a function of the reduced temperature; (¢) MO images

taken at t =~ 0.5 and H =85 0e. . . . . . . . ..

Xvil

91



63

64

65

66

67

(a)-(e) A sequence of quantitative MO images of the bi-layer system, for
different applied magnetic fields, after a ZFC procedure, at T = 3.5 K.
At the bottom of each panel the B, profile is shown, averaged from 40
lines delimited by the translucid yellow bar identified in panel (a). (f)
Differential image obtained by subtracting (c) from (d), which shows the
first anti-avalanche and an orange halo surrounding it. The field variation
AB is indicated by black circles, (i) inside the halo, (ii) outside the halo,
and (iii) inside the avalanche. (g) Differential image between panels (e)
and (d), where the second anti-avalanche crosses the first one. The color
scale indicates that the trapped field increased in some regions where the
avalanche branches cross each other. The dashed lines in panels (f) and (g)
are indications of the sample edges. . . . . . . . . ... ... ... ... ..
(a) MO image of the Nb15 sample, after a ZFC procedure down to 2.405
K and after decreasing H from 46 Oe to 7 Oe. (b) Anti-flux avalanche at
H =6 Oe. (c) the matrix difference between the anti-avalanche image and
the previous image, (¢) = (b) — (a)., where a halo can be seen around the
black anti-avalanche. MO images of the NbN60 were taken at T' = 4.8 K
in decreasing fields, H = 16 Oe (d) and H = 15 Oe (e). Panel (f) is the
matrix difference between the later two images. . . . . . . .. ... .. ..
Description of the halo structure. (a) Differential image obtained by sub-
tracting (d) from (c) panels of Figure 63(f). Averaged AB profiles taken
from the translucent gray bars, passing through (b) the anti-avalanche, (c)
the halo, and (d) outside the halo. . . . . . . .. ... ... ... ......

Schematic illustration of the crystallographic structures of both the sub-
strate and superconducting film of V3Si. The blurred region between the
two materials is intended to represent the buffer zone. . . . . . . . ... ..
(a) AC susceptibility versus temperature for the V3Si film, at remanent
field (H,em), showing the broad normal-superconducting transition. (b)
[sothermal DC magnetization versus applied magnetic field taken at 2 K,
7 K and 12 K, for a V3Si film. For lower temperatures and H > 10 Oe, the
noisy behavior is the signature of flux avalanches. Inset: Lower threshold
field for thermomagnetic instabilities at 7 K. (¢) DC magnetization versus
applied magnetic field for temperatures ranging from 7" = 2 K to T =
9.75 K. For ease of viewing, curves taken at different temperatures have
been shifted vertically. The colored background (magenta) illustrates the

region where thermomagnetic instabilities take place. . . . . . . . . . . ..
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Magneto-optical images taken after a ZFC procedure at constant temper-
atures (a) T'= 251 K, (b) T'=7.00 K, and (¢) T"= 12.0 K. The applied
fields are H = 10 Oe, 20 Oe, 30 Oe, and 46 Oe. The * and ** marks on
the top right panels, are for images whose brightness and contrast were
adjusted to have a better visualization. The yellowish line in the last panel
shows, approximately, the place where the sample was cleaved for the next
MOI measurement, presented in the next figure. . . . . . . . . . . ... ..
Magneto-optical images of the cleaved sample, taken after a ZFC procedure
at constant temperatures (a) 7' = 2.42 K, (b) "= 7.00 K, and (¢) T =
12.0 K.The applied fields are H = 10 Oe, 20 Oe, 30 Oe, and 46 Oe, as
indicated on the left . . . . . . . . . ... ...
(a) SEM image of the V3Si surface, where the roughness of the sample is
evident. Panels (b) and (c) are examples of SEM cross-section images of
the same film, but in different positions along it, showing the thickness
variation. . . ... L. L e e
Calculated thickness as a function of the position on the surface of a sister
sample. The inset exemplifies an EDS spectrum in which the ratio between

the intensity peak of Si and Al was used to obtain the calculated thickness.

Schematic representation (out of scale) of uniform (a) & (c) and wedge-
shaped (b) & (d) superconducting thin films at T < T¢, and Hey < H <
Heo perpendicular to the substrate surface, for a sample with constant .J,
partially penetrated by magnetic flux. The reddish regions represent the
portions of the film where the magnetic field has penetrated. Panels (c, d, g
& h) are illustrations of the expected response in a MO-imaging experiment
for the full penetration state at higher fields. The applied field H is larger
in panels (e) and (f), where one has full penetration. The dashed diagonal
lines in (h) highlight the deviation of the d-lines from the center. . . . . . .
Schematic representation of a constant thickness film (a) & (c), with a
Jo gradient from left to right. Panels (b) & (d) are for a wedge-shaped
superconducting thin film whose J¢ is also not constant, but is inversely
proportional to the thickness. All the panels are for T' < T, and Hep <
H < Hgo perpendicular to the substrate surface. The reddish regions

represents the portions of the film where the magnetic field has penetrated.
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(a) Scheme of a vacuum chamber for pulsed laser deposition with a moving
shutter to obtain a film with a staircase-like thickness. Theses steps are in
the range of dozens of microns along 5 mm. (c) Optical image of the as-
deposited film. Panels from (d) through (i) show magneto-optical images of
the MoGe sample. The first image was substracted from the all the others,
just after the ZFC procedure down to Tp,se = 2.44 K. The thickness
variation has its maximum at the top edge and its minimum, close to zero,
at the bottom edge. . . . . . . . . . .
From (a) through (d), MO image vs. applied magnetic field after a ZFC
procedure in a Pb-Ge wedge-shaped superconducting thin film. (e) Optical
image of the sample, showing its shape and surface. (f) and (g) are matrix
subtractions, where the brighter shades of gray indicate places where the
B field increased, while the contrary happens at darker locations. . . . . .
Schematic representation of the diffuse-shadow method to produce
nanoscaled wedge-shaped thin films. Both Ge and Pb crucibles share the
same negative current lead. The thickness of the deposited Pb in the dss
(dark gray layer) is larger than in the substrate-holder because it is closer
to the vapor source. The objects are not to scale. . . . . .. .. ... ...
Simulation of a Pb-Ge deposition using a comb-like diffuse shadow shutter.
The areas fully protected from the Pb source are shown in blue, and the
pink region have both Pb and Ge. The shutter is closer to the substrate-
holder in (a). The longer thickness gradient is expected when the shutter
is closer to the crucible (b). The shape of the shutter is shown in (c), where
each tooth is 4 mm wide, separated by 4 mm. . . . . . .. ... ... ...
(a) First version of the dss. Photographs of the top part of the chamber (b)
and (c), taken just after the deposition of a 300 nm thick layer of Pb and
a protective layer of Al, 20 nm thick. The red dashed rectangle indicates
the position of the deposited specimen. . . . . . . ... ... .. ... ...
MO images of a cleaved sample with a wedge-shaped Pb film. The left
column, from (a) through (f), shows images from which the very first was
subtracted, taken after a ZFC procedure down to Tp,se = 2.39 K. The right
column shows images at the same fields, although using the differential
approach, detailed in Chapter 3. The applied magnetic field H is shown in
the central column. Thickness variation is indicated by the gray wedge at
the top. . . . . . e
MO images of a wedge-shaped Pb film at 2.46 K and remnant field, after a
field cooling procedure, Hrc = 50 Oe. One can clearly see the morphology

diversity of the avalanches across the sample. . . . . ... ... ... ...
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(a) Schematic representation of a shadow mask (or stencil mask) on a vapor
deposition with a single source. The mask is far from the substrate for
allowing the shadow visualization. The black region surrounding the sample
is totally protected from the vapor. (b) Two different sources of materials:
Pb as red and Ge as blue. The black region is protected from both vapor
sources. The red regions have Pb only, and the blue regions have Ge only.
All pink regions present Pb covered by Ge. . . . . . . . ... .. ... ...
Photographs of the top part of chamber, containing the substrate holder
and the masks, for a larger distance hg between the dss and the substrates
(a) and for the shortest distance achievable (b). To facilitate the identifi-
cation of the dss shadow, the dss fingers are numbered. The meaning of hg
is sketched in (c), and in (d) the 3D CAD image of the dss. . . . . . . . ..
(a) Picture of the chamber as soon as it was opened, where the rectan-
gular sample is indicated by a yellow arrow. The blue dashed line is a
guide-to-the-eye of the center of the diffuse shadow. (b) Photograph of the
rectangular sample without the shadow mask, but still in the position it
was deposited. (c) the sample mounted in the MOI cold-finger, with its
thinner edge pointing down. The black bars close to panels (b) and (c)
indicate the wedge orientation. . . . . . . . . ... .. oL
Thickness measurements (step mode) of the Pb + Ge layers close to the
thinner edge (a) and close to the thicker edge (b) of the rectangular sample.
The plateau in y = 0 coordinate is the Si substrate. . . . . . .. ... ...
Values of thicknesses measured along the longer side in the retangular sam-
ple (a). (b) Optical image of the sample with the positions where the AFM
images (c) through (g) were taken. . . . . . .. ... ... ... ... ...
Thickness as a function of the position along the longer edge of the 7 mm
long rectangular sample. . . . . . .. ..o
Thickness as a function of the position in the rectangular specimen (a),
the atomic % of each one of the three main elements (Ge, Pb, and Si) (b),
and an EDS spectrum obtained from the thinnest part of the rectangular
sample (c). The acceleration voltage was 5 kV. The longer edge of the film
is7mmlong. . . .. ..
Pb/Ge ratio versus thickness. . . . . . .. ... ...
MO images of the smooth flux penetration for the rectangular sample, at
T = 4 K, for increasing H: (a) 1 Oe, (b) 5 Oe, (c) 8 Oe, (d) 20 Oe, (e)
46 Oe, (f) 56 Oe, (g) 80 Oe, (h) 110 Oe, (i) 150 Oe; and one decreasing
field (j) 116 Oe. The black vertical bar at the left side of panel (a) is a

pictorial representation of the thickness variation along the wedge. . . . . .
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At left, MO image showing the flux penetration of the rectangular sample
also shown in panel (c) of Figure 89, at 7' =4 K and H = 8 Oe. The
translucid yellow bars indicate the regions where the profiles shown in the
graph on the right were taken averaging 52 pixels vertically. . . . . . . ..
MO imaging after a ZFC at T' = 2.57 K (a) H =5 Oe, (b) 14 Oe, (c) 32 Oe,
(d) 66 Oe, (e) 150 Oe, the maximum field. Images taken for decreasing fields
are shown for (f) H = 116 Oe, (g) 88 Oe, (h) 36 Oe, (i) zero, and (j) -4 Oe.
The thicker edge is at the top of the image, and the thinner on the bottom,
as indicated by the triangle in panel (a). The black smudge in the left of
all images is a piece of vacuum grease released from the assembly during
the cooling process. The sample area is ~2 x 7mm?. . . . . ... ... ..
Schematic representation of a H-J- diagram for the wedge-shaped Pb thin
film, at 7'=4 K (a) and 7' = 2.57 K (b), based on Yurchenko et al. [153].
The blue dashed line represents the increasing field experiment at constant
temperature for the thicker edge of the rectangular sample, whereas the
red dashed line represents the same experiment, but for the thinner edge.
(a) Location of the three squared samples in the substrate-holder just after
the deposition. The wedge was planned to be aligned to the edges of the
squares by positioning properly the shadow masks. Detail of the sample
S1 (b), S2 and S3 (c) and the places where the EDS spectra were taken.
The thickness variation is illustrated in panel (b) for all the three squared
samples. The sample S1 (b) is upside-down compared to its position in (a),
to make the thinner edge points to the right side. . . . . . .. . ... ...
MO images of the wedge-shaped thin film of square borders, S1, at T" =
5.5 K and increasing field (a-d), after a ZFC. Decreasing H after reaching
150 Oe, panel (e) shows the image at H = 66 Oe. The critical temperature
obtained at the MOI setup is 6.5 K. . . . . . .. .. ... ... .. ....
MO images of sampels S2 and S3, for increasing field (a-c) and decreasing
field (d-f), after a ZFC. The critical temperature obtained at the MOT setup
iIsH.6 K. . . .
MO images of the avalanche regime in sample S1. The sequence begun
aftera ZFC at T'=242 K. . . . . . .. ..
MO images of samples S2 and S3, both at the same temperature T' =
2.45 K. S3 has less thickness variation than S2, but both show more anti-

avalanches on their right edges for decreasing field. . . . .. ... ... ..
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(a) Optical images of the four samples with the wedge aligned to the
square’s diagonal. (b) Schematic representation of the sample edges. (c)
The direction of the thickness gradient in the sample DS4. (d) Shadow
mask position and location at the chamber during the deposition. All the
squares have nominal area ~2 x 2mm?. . . . . . .. ... ... ... ..
Quantitative MO images of samples DS1-DS4, after a ZFC procedure down
to T = 5 K. The applied field is indicated below each panel. The critical
temperature obtained at the MOI setup is 6.8 K. . . . . .. ... .. ...
Geometrical parameters of the d-lines (labeled Dy to Dy of the DS4 sample.
Panel (a) shows the longer d-line, while (b) the shortest one. (¢) Geometri-
cal reconstruction of the DS4 with real sides (it is not a perfect square) and
the angle between the d-lines. The red dashed line in (c) shows the d-line

position for a uniform sample, while the orange line shows the measured

Schematic representation of a wedge-shaped thin film with the thickness
variation aligned to the sample diagonal. The colored circles mean the film
thickness: the highest points are in red, and the lower points are in blue.
(a) Representation of the two symmetric diagonals, in which a current line
changes its height as it needs to bend in the two highlighted corners. (b)
The thinner corner of the sample, at which the current finds a symmetric
track during its bending. . . . . . . ..o
Panels (a) through (e), MO images after a ZFC procedure at 2.47 K of
samples DS1, DS2, DS3, and DS4, in which there is a thickness gradient
aligned to the square diagonal in samples DS1 and DS4 (f). The black
smudge close to sample DS4 is due to dust in the optical window of the
cryostat during the experiment. . . . . . . . . .. ... ...
Panels (a) through (f), MO images as a function of applied field after a
ZFC procedure at T' = 3 K of samples DS1, DS2, DS3, and DS4. The
smudge close to sample DS4 is due to dust in the optical window of the
cryostat during the experiment. . . . . . . . . .. ... L.
HT diagram for the sample DS1 (a), and DS4 (b). The edges in which
each point belongs are indicated by the point: the top edge has triangles
pointing up, and so on. For both graphs, the instability region for the
top-left edges is represented in magenta, while the bottom-right edges are

represented in blue. . . . . ...
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Critical temperature measurement in the MOI experiment for the samples
DS1, DS2, DS3, and DS4. Images taken after a field cooling at H = 20 Oe,
down to T = 2.47 K, followed by a slow increase in temperature. The
temperature values as indicated, (a) 7' = 6.7 K, (b) T = 6.8 K, and (c)
T=69K. . .. . e

Schematic representation of the EO1 subsystems and components. . . . . .
(a) Blueprint of the external structure of the vacuum chamber, and (b) a
photograph of the chamber during a deposition process. . . . . . . . . . ..
[ustration of the substrate holder. The substrates are in mechanical con-
tact with the copper mass by the clip tip. A cross-section of the cooling
system is also shown. . . . . . . . . ...
3D representations of the shutters used in the thermal evaporator. . . . . .
[llustration of the electrical system in the vacuum chamber. Cables connect
the power supply to the external connector (a), which is bolted to the
positive current lead (b). The crucible shield (c¢) and the crucible (d) are
connected to one of the current leads. The crucible is also connected to the
negative current lead (e). Screws, nuts, and washers are not shown. The
blueprints at the bottom stand for (a) and (e) components. . . . . . . . ..
(a) Photograph of the Pb crucible inside the shield and the current leads.
(b) Me adjusting the external connector showed in Figure 110(a). (c¢) An
overview of the evaporator base, showing both the Ge and the Pb crucibles
at the center, and the optical window protection at left. . . . . . . . . . ..
(a) Blueprint of the electrical feed-through for the data cables of the QCM
and the thermometer. (b) Protection ring for the crystal, and (c¢) the QCM
CASE. . o o e e
Blueprint of the sub-assembly for the electrical current connection in the
vacuum chamber. . . . . ...
Blueprint of the internal current lead. . . . . . . . . ... ... ... ....

Brass parts for protection of the vacuum gauges. . . . . . . . .. .. .. ..
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Abstract

Vortex matter in superconductors has been the focus of research of both theoretical
and experimental groups around the world. When developing superconducting devices
patterned on thin films one should bear in mind that flux avalanches might occur for some
materials at a certain range of applied fields and temperatures. For example, technological
applications of NbN thin films may be threatened by the occurrence of magnetic flux
avalanches of thermomagnetic origin appearing in a large portion of the superconducting
phase. This work deals, in parallel, with two distinct superconducting thin film systems by
the technique of quantitative magneto-optical imaging: A bi-layered specimen composed
by overlapped layers of Nb and NbN and wedge-shaped superconducting thin films of
V3Si and Pb. AC susceptibility and DC magnetometry were used to characterize both
the single and multiple-layer films. Magneto-optical imaging reveals interesting features
of the dendritic flux avalanches in the bi-layer system, including halo-like patterns around
them, and crossing avalanches. The wedge-shaped systems opened a new way to tune
the critical current in the film and allowed us to study the resulting changes in the flux
penetration patterns along the film. The observation of flux avalanches reported here
implies that, as usual, attention to this feature must be given when films with variable

thickness and bi-layers are envisaged for possible applications.

Keywords: superconductivity, flux avalanches, superconducting bi-layer, wedge-shaped

thin films, thermal evaporation.
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Resumo

A Matéria de Vortices em supercondutores tem sido foco de pesquisas de grupos
tedricos e experimentais em todo o mundo. Ao desenvolver dispositivos supercondutores
litografados usando filmes finos, deve-se ter em mente que avalanches de fluxo podem
ocorrer para alguns materiais em uma determinada janela de campos e temperaturas apli-
cados. Por exemplo, aplicagoes tecnolégicas de filmes finos de NbN podem ser ameacgadas
pela ocorréncia de avalanches de fluxo magnético de origem termomagnética que apare-
cem em grande parte da fase supercondutora. Este trabalho trata, paralelamente, de dois
sistemas distintos de filmes finos supercondutores analizados pela técnica de imageamento
magneto-6ptico quantitativo: uma amostra de duas camadas de Nb e NbN e filmes finos
supercondutores de V3Si e Pb em forma de cunha. Susceptibilidade AC e magnetome-
tria DC foram utilizadas para caracterizar os filmes. O imagemanto de fluxo magnético
revela caracteristicas interessantes das avalanches de fluxo dendritico no sistema de duas
camadas, incluindo padroes do tipo halo em seu entorno e cruzamento de dendritos. Os
sistemas em forma de cunha abriram uma nova maneira de sintonizar a corrente critica no
filme e analisar suas consequéncias na distribuicao de fluxo dentro do filme supercondutor.
A observacao das avalanches de fluxo nestes dois sistemas implica que deve-se dar atengao
as caracteristicas aqui descritas quando a espessura variavel dos filmes ou bicamadas sao

planejadas para possiveis aplicagoes.

Palavras-chave: supercondutividade, avalanches de fluxo, bicamada supercondutora,

filmes finos em forma de cunha, evaporacao térmica.
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1 Introduction

From the early days of superconductivity - discovered by Heike Kamerlingh
Onnes in 1911 - to the prediction and experimental observation of the Josephson ef-
fect, in the 1960’s, decades of experimental work were necessary to fulfill the surprising
list of superconducting properties. Fascinating applications based on these properties are
always coming to light, proposed and realized by scientists and engineers. Nowadays,
superconductors are present in strong magnets for medical imaging, particle accelerators,
and aircraft electrical engines, as well as in the heart of quantum computers. These ap-
plications allow one to state that the superconductor technology is one of the bases for
the development of science.

Some of these promising technologies, such as magnetic field sensors and qubits,
are based on thin films. During their deposition, the thickness uniformity is an important
issue, but not easily solvable. In this context we address the question: how does the
thickness variation affect the superconducting properties of thin films? Furthermore,
overlays of superconductors are in the core of Josephson-junction architectures, but there
is still a gap in literature on the magneto-optical imaging of such bi-layered systems.

The present work deals with the study of bi-layered thin film superconductors
and nanoscaled wedge-shaped superconducting thin films; both addressed by quantitative
magneto-optical imaging. After a historical review in Chapter 2, this thesis shows in its
37% chapter the experimental methods and the materials studied. In Chapter 4 we show
in detail a numerical method for quantitative magneto-optics and apply it to the study of
two different superconducting thin films, in order to highlight some critical issues related

to the use of magneto-optical imaging when the sample is a superconductor. Chapter 5 is
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a whole new application of such numerical method, associated with to DC magnetometry
and AC susceptometry to investigate a superconducting bi-layer made out of Nb and
NbN. Concerning the wedge-shaped thin films, Chapter 6 deals with the study of flux
avalanches in an anisotropic V3Si thin film, identified, after our characterization, as a
wedge-shaped sample whose thickness variation was not part of the original plan of the
sample makers. In Chapter 7, we present the preparation process and the quantitative
magneto-optical imaging for nanoscaled wedge-shaped superconducting thin films of Pb,
discussing some newly found aspects of the physics of these systems. The final remarks
and perspectives are summarized in Chapter 8. Some useful information from parallel
works during the PhD period are organized in the Appendix. Moreover, there is a list of
publications related to this thesis and, finally, the bibliography which we used as a base

for our discussions.
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2 Historical review and state of the art

2.1 The superconducting state

The superconducting state appears below the critical temperature (7.), and the
first discovered superconducting materials required the liquid helium technology, due to
the extremely low temperatures needed to go below 7. in such specimens. Figure 1 (a)
reproduces the historical graph of the sudden disappearance of Hg, published by Heike
Kammerlingh Onnes in 1911 [1], where 7. can be easily identified. Panel (b) of the same
figure shows a recent result about the resistivity of a single element (Bi-III), published in

the Science Advances Journal more than 100 years after the first one, in April 2018 [2] .

(a) 1911 (b) 2018
L T ——
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Figure 1: (a) Resistivity versus temperature for a specimen of pure Hg, the first known
superconductor, with a T, of 4.2 K. (b) Resistivity versus temperature measurement for
the high pressure phase of bismuth (Bi-III), stable in 3.14 GPa, for increasing applied
magnetic field up to 3 T. Adapted from [1] and [2].

In the last 3 decades, students all around the world probably heard about high-

temperature superconductors (HTS), after the seminal work by Bednorz & Miiller [3] and
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by Chu et al. [4] - materials whose Tz could be above the liquid nitrogen temperature!.
Despite the enormous expectations of a room temperature superconductor, to the best
of our knowledge, the human-kind was not able (yet) to produce such a fantastic mate-
rial. The more recent expectation about room temperature superconductivity relies on
hydrogen-based materials at high pressures, such as the hydrogen sulfide (H3S) [5], whose
Te =203 K (=70 °C) at 90 GPa, and LaH;y, for which T = 260 K at 180-200 GPa [6],
the highest temperature so far.

The magnetic field also plays an important role in the behavior of the super-
conductors. Above the critical magnetic field (H.), the superconducting state no longer
exists, and the materials undergo a transition to the normal state. This dependence is
illustrated in the inset of Figure 1 (b), where the diagram shows two distinct regions for
the Bi-III: Below H.(T') the material is in the superconducting state (magenta region in
the diagram), while for fields greater than H.(7") the material is in the normal state (white
region in the diagram). The field dependence of the normal-superconductor transition can
also be recognized in the effect of the applied magnetic field on the resistivity measure-
ments of the panel (b). There are two definitions for the critical field: H,, above which
the superconductor is no longer a perfect diamagnet; and H., that corresponds to the
extinction of the superconducting state. The experimental points in the inset of Figure 1
(b) are for H.,. More details about these definitions are given in the next section. Another
remarkable property of the superconducting state is a discontinuity in the specific heat at
T =T.. Figure 2 shows measurements of the electronic specific heat of elemental Ga as a

function of temperature.

My first contact with superconductivity was at the high school when the physics teacher told us a
little bit about the fantastic possibilities of the high-temperature superconductors.
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Figure 2: Electronic specific heat vs temperature for superconducting Ga in zero applied
magnetic field, as a red line, and normal gallium in a magnetic field of 0.020-T, in a black
line. Adapted from [7].

All these fascinating properties of the superconducting metals fit quite well in
the “Theory of Superconductivity” proposed by J. Bardeen, L. Cooper, and R. Schrieffer
in 1957 [8, 9] - the BSC theory. All the authors were already dealing with the challenge
of explaining how the superconductivity takes place but was the idea of Cooper about
bounding electron pairs in a degenerate Fermi gas [10] that led them to the whole theory.
The so-called Cooper pairs, pairs of electrons whose bounding state is mediated by
phonons play the role of the charge carriers in the superconducting state.

A few years after the BSC theory, B. D. Josephson published an intriguing paper
whose title is self-explained: “possible new effects in superconductive tunneling” [11]. The
Josephson effect, as we call the tunneling phenomena in superconductors, is the base
of modern magnetometers sensors, the Superconducting Quantum Interference Devices
(SQUID), and also is paving the way through quantum computing [12].

Even before a theory that explains the superconductivity from a microscopic
point of view, Ginzburg and Landau had already described the superconducting state in

an advantageous form, using the Landau theory of second order phase transitions.
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2.2 The Ginzburg-Landau theory

2.2.1 Introduction

One of the key consequences of this Ginzburg-Landau theory (GL) is the defi-
nition of two characteristic lengths of the superconductors: the coherence length, &, and
penetration depth, A. Nevertheless, the concept behind these two defining parameters of
the superconducting state was already in use years before the GL formalism came to light.

In the early 1930’s the two remarkable properties of the superconductors were
already known - the zero resistivity and the perfect diamagnetism - this last one is the
so-called Meissner effect, after W. Meissner and R. Ochsenfeld [13], who reported ex-
perimental observations of perfect diamagnetism that were not simply the diamagnetic
response of a perfect conductor [14]. This last feature of the superconductors was subject

of the London brothers efforts [15], in which they propose:

_ 0 m -
EF=— 2.1
ot <n5€2 J) (2.1)
and,
— — 'n,se2 —
VxJ=-— B (2.2)
m

as a constitutive relation to the Maxwell equations. In Equations 2.1 and 2.2, m is the
mass of the charge carrier (called superelectron at that time), n, is the density of charge
carriers in the superconducting state, E is the electric field, J is current density, and
B is the magnetic flux density. In the superconducting state, ng goes to its upper limit
(accounting all the charge carriers), and one can introduce the London penetration depth
AL(0) to explain the non-abrupt penetration of magnetic flux into the superconductor, as

shown in Equation 2.3, adapted from reference [14] for a unidimensional approximation.

B(z) = By - e3® (2.3)

Lincoln B. L. G. Pinheiro
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In this equation, x is a coordinate that points towards the interior of the sample,
g(m) is the magnetic field as a function of z, By is the outer value of B, and A, is the

London penetration depth. This parameter can also be written as

m*c?
AL0) =4[ —5 (2.4)

where m* and e* are the mass and the charge of the super-electron and ng the volumetric
density of superelectrons?.

At the beginning of the twentieth century, physical theories and scientific propo-
sitions did not spread as fast as nowadays. From the United Kingdom, in early 1950,
Pippard described what we call currently as the Pippard coherence length [16], at the
same time that, from Russia, Ginzburg and Landau proposed a theory for superconduc-
tivity [17] in which a coherence length has a meaning closely related to the one proposed
by Pippard. Although Pippard used the variable £ only in the paper published in 1953
[18], at the end of 1950, he already submitted the basic ideas that would lead him to the
definition of £ [16]. In both descriptions, £ is related to the density of the charge carriers

in the superconducting state.

2.2.2 The GL equations

The GL equations are two coupled differential equations that are derived from
the expansion of the free-energy density in powers of a complex order parameter that
carry information of the superconductor state. Such an order parameter is the pseudo
wavefunction ¥ (7), whose meaning is linked to the superconducting state by assuming

that

(P = ny (7). (2.5)

2The London brothers used the two-fluid model to describe the superconducting state, i.e., below T,
there are two distinct electronic carriers, the normal electrons, and the superelectrons.
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Also, one should define the order parameter as

() = [p()le 7, (2.6)

setting ¢(7) as a phase factor. Once the normal-superconductor transition is a second-
order one (in absence of magnetic field) , this complex order parameter must be zero in
the normal state (disordered state) and real in the superconducting state (ordered state).
Assuming that ¢(7) varies slowly in space and is small, this theory starts expanding the

free-energy density in the superconducting state f, as

1
2m*

fu= fat alb®P + @I+

+ —. (2.7)

In Equation 2.7, f,, is the free-energy density of the normal state, a(7") and /3
are phenomenalogical constants, Ais the magnetic vector-potential, and c¢ is the speed of
light in vacuum. By minimizing this equation with respect to A and to (7), two distinct

but coupled differential equations are obtained:

hoo et \2
o+ AP + 5 (ZV _ %A) W= (2.8)
and
- e - e* -
=P (hw _ ;A) (2.9)

An interesting aspect of these equations is that, for a constant ||, Equation 2.9
can be reduced to the second London equation (Equation 2.2).

To write these equations in a dimensionless form, one has defined the distance in
which v varies considerably, the coherence length &, and the penetration depth A\, whose

meaning is the same as in the London model. Both parameters can be written as

£ = (mfj|204> : (2.10)

Lincoln B. L. G. Pinheiro
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and

A= 2.11)

In this framework it is also important to define the thermodynamic critical field

(He(T)),

B %o
2V2rE(T)NT)’

where ¢y = £¢ ~ 2.068 x 1077 G-cm? is the magnetic flux quantum, h in the Planck

(2.12)

He(T)

constant, ¢ the speed of the light, and e the electron charge. The critical current density
Jo is defined as the one whose self-field, i.e., the field produced by the current, is equal
to H¢ in the superconducting surface.

One can also define the dimensionless parameter &,

ng, (2.13)

which is used to delimit the border between type-I and type-II superconductors - the topic

of the next section.

2.2.3 The dirty limit for A and ¢

In the framework of the GL theory, one can also account for the effects of impuri-
ties on the characteristic lengths A and &, by means of the mean free path [.. Additionally,
one need to call upon the BCS description of the coherence length, nominally,

hv F

where h is the Planck constant divided by 27, vg is the Fermi velocity, and kg is the
Boltzman constant. Basically, for materials produced in ordinary conditions, [, < &,

what is called the dirty limit. So, in the dirty limit, the characteristic parameters for the

Lincoln B. L. G. Pinheiro
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superconducting state are given by [19, 20]:

7N\ -2
£(T) = 0.855+/Zol. (1 - T_o> (2.15)
~1/2
MT) = 0.64,(0) % (1 - Tl) | (2.16)
e C

where A\ (0) is the penetration depth at zero Kelvin, obtained by the London theory.

2.2.4 Type-I superconductors and the intermediate state

Materials whose A to £ ratio is smaller then \% are called type-I superconductors.
Beyond the simplistic explanation that this kind of material either is superconducting or
is in the normal state, the materials of this category offer an amazing phenomenon called
the intermediate state. One of the greatest triumphs of the GL theory was to explain the
occurrence of the intermediate state, which can be ascribed directly to the demagnetizing
factor V. Figure 3 shows, schematically, a magnetization curve for a typical type-I bulk
superconductor with demagnetizing factor N ~ 0 (a), and for N # 0 in panel (c), in
which the intermediate state takes place. The inset in both panels (a) and (b) illustrates

the direction of the applied magnetic field H in the samples and their shapes.
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Figure 3: Scheme of a superconductor-normal transition with demagnetization factor
N =0 for type-I (a) and type-1I (b) superconductors. The inset shows the needle-shaped
sample whose main axis is parallel to the applied field H. For a type-I material in a disk
shape (¢) and a type-II thin film, the transition is broader. Adapted from [21].

In Figure 4 one can appreciate an experimental magnetization curve of a sample

of pure Sn with spheroidal shape. There is no identifiable hysteresis in the magnetization

loop, although it presents the intermediate state, indicated by the small deviation from a

vertical decrease of the curve in the second and fourth quadrants.
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Figure 4: Magnetization versus applied magnetic field for a superconducting sphere made
out of pure tin. The sample preparation and the magnetization measurements were carried
out at the GSM group.

The intermediate state is not only a broad transition from the superconducting
to the normal state. It is a complex and multi-factorial phenomenon of strongly correlated
systems that is better comprehended if one considers its topology. The direct observation
of the domain structure of the intermediate state was extensively studied by Prozorov
et al. [22, 23, 24|, using magneto-optical imaging. Figure 5 shows a phase diagram of a
superconducting bulk Pb disk. Prozorov and coauthors [22] regarded the dynamics of the
domain walls in the intermediate state, describing it as a kind of froth, what they called
the suprafroth. This suprafroth has its cells delimited by the superconducting domains of
the material, while the inner part of the cell is a normal metal with magnetic flux inside.
Their dynamics are the same for soap foams in panels (b) and (c). Even food production
can receive benefits from the advance of science on this subject, once the froth structure
is common in food preparation [see panel (d)].

Nevertheless, the froth structure in superconductors has a particular issue not
easily achieved in gas bubbles - the Lorentz force between the supercurrents and the
flux inside each normal cell of the intermediate state. For low fields but already on the
intermediate state, the cells are also called tubes, due to its circular cross-section, as can

be seen in top-right inset of Figure 5(a).
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Figure 5: Foams in nature and superconductors. (a) Type-I superconductor Pb phase
diagram; (b) quasi-2D froth structure of soap foam inside of flat glass slides. (c) A
photograph of the Weaire—Phelan foam fabricated at Trinity College, Dublin, using soap
in a vessel with a special projected design (Courtesy from Ruggero Gabbrielli to Physics
Today); (d) Froth structure of a croissant au beurre, showing the universal application of
these studies. Adapted from [22, 25, 26, 27].

Figure 6 shows magneto-optical (MO) images of a Pb single crystal in a disk
shape, for different ramp-up speeds of the applied magnetic field H [23], after a zero-field
cooling (ZFC) procedure, at T' < To. The authors showed that increasing the field faster
leads to the columnar domain structure described by Landau, but this columnar structure

is a track of the movement of the tubes due to the Lorentz force [23].

slow

Ramp-up speed of H

fast

3300e 4250e

Figure 6: Magneto-optical images of type-I sample of lead, after ZFC for different fields:
(a) 330 Oe, (b) 425 Oe, (c) 500 Oe, and (d) 550 Oe. Each panel shows the sample in a
slow ramp-up speed of H (top) and at fast ramp-up speed (bottom). Adapted from [23].
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2.2.5 The type-II superconductors and the mixed state

2.2.5.1 The superconducting vortex

Type-II superconductors are those materials whose A to & ratio is greater then
\%. In this case, the flux inside the superconductor is admitted but not in the shape of
whole normal regions as in the intermediate state, but in very small regions allowing only
one single quantum of flux in it. In type-II superconductors, regardless of the value of
the demagnetizing factor, the transition from the superconducting to the normal state in
the presence of an external magnetic field will always show the mixed state, where the
quantized flux filaments inside the superconductors are called vortices. Figure 3(b) shows
a magnetization curve as a function of the applied field H for a type-II superconductor,
where both the critical fields Ho; and Heo are indicated. The mixed state will take place
when Hoy < H < Heo. The vortex arrangement inside the superconductor is illustrated
on the inset of Figure 3(d).

The vortex structure is better described using both the coherence length and the
penetration depth, introduced earlier in this chapter. While £ represents the radius of the
normal state region into the sample, i.e., the vortex core, A represents the distance across

the superconducting region where the supercurrents are flowing to keep the magnetic flux

inside the normal core, as illustrated in Figure 7.
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(b)

h(r)

Figure 7: Schematic illustration of a vortex in a type-II superconductor. (a) Magnetic flux
distribution around the vortex core, illustrating the meaning of \; the coherence length
¢ measured as a radial distance of the vortex core. (b) The superconducting currents
around the center of the vortex as a function of the radial distance r. Adapted from [].

Abrikosov predicted the vortex existence and its properties in his remarkable
paper in 1957 [28]. He also anticipated an intrinsic and important characteristic of the
superconducting vortices: their natural repulsion against each other, which is responsible

for their hexagonal arrangement in the superconductor, as shown in Figure 3 (d). When

1
V2

the normal cores to carry as few field as possible, in such a way that the flux inside the

k > —=, the energetic balance between the normal and superconducting phases makes

normal core is one flux quantum.

2.3 Pinning and the critical state models

2.3.1 Pinning

The first quadrant of a magnetization loop of a type-II superconductor, i.e., its
virgin curve, is explained by means of a gradual entrance of vortices into the sample. The
magnetic field inside each vortex decreases the overall magnetization of the specimen.
Nevertheless, a complete loop of a typical superconducting sample shows a remarkable

hysteretic behavior, as shown in Figure 8 for a Nb cube taken at 2 K after a ZFC.
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Figure 8: Magnetization loop for a Nb cube (3 x 3 x 3 mm?) at T = 2 K, after a zero field
cooling (ZFC) procedure. Data courtesy by Prof. Maycon Motta, UFSCar.

One can start the discussion about such a hysteretic behavior by the Lorentz

force (Fy), written as

Fr, = Jx B=J X ng?, (2.17)

where J is the total current density, n is the number of vortices, and Z a unity vector
pointing the z direction (parallel to H). The motion of the vortex system at a velocity
U gives rise to an electric field E =B x U, parallel to J. The power dissipation due to
this electrical field would make superconductors useless for power transport applications.
Real samples always show some potential wells that can trap the vortex once it gets there.
Inclusions of other materials, grain boundaries, or even crystallographic defects can act
as pinning centers for the superconducting vortex. If v = 0, there will be no electrical
field and hence, no dissipation.

In this framework, one can describe a pinning force F, that should be equal to
F;, to assure the dissipationless condition in the superconductor. The pinning force is

what defines Jo in a practical superconductor, and can be written as

F,=JcB (2.18)

One should keep in mind that this is not the depairing current density (Jy), the
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one that destroys the Cooper pair. Taking into account other contributions to the free
energy (surface barriers and losses of the vortex motion), in practice, we have Jo < J,.
For example, Hunt [29] measured Jo = 5.26 - 107 A/cm? for a 47 nm thick Pb film, while

the depairing current density for lead is estimated in the range of 108 —10° A /cm? [30].

2.3.2 The Bean critical state model

An interestingly successful model to describe and predict the properties of type-I1
superconductors is the one proposed by C. Bean [31, 32] . One can summarize it assuming
that, for a bulk sample, the shielding current always equals to J. wherever it is necessary;
the magnetic flux gradient is constant towards the sample center (which differs from the
London approach shown in Figure ?7?), and where there is no current, there is no field.

Figure 9 clarify these aspects.

«

X X
+J, J(x) ] e
0 : X 0 1 vl x
g I { [ N —T] L

Figure 9: Critical state, following the Bean model, for bulk samples. (a) J¢o, magnetic
field B and vortex distribution in a bulk superconductor at 7' < T¢. (b) Field (top)
and current density (bottom) profiles for increasing field after a ZFC procedure, and (c)
field (top) and current density (bottom) profiles for decreasing field after reaching the
maximum H. Adapted from [33] and [32].

The Bean model describes very well the overall sample response in bulk super-
conductors. Nevertheless, for thin films, the demagnetization factor plays an important
role, and even when one applies H only perpendicularly to the film plane, there will always
be an in-plane component of the field. The modifications in the Bean model to suits the

thin films are explained in the next section.
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2.4 Superconducting thin films

2.4.1 History

Let us state a superconducting thin film as a film whose thickness is comparable
to its coherence length at T = 0, . The first article on superconducting thin film,
to the best of our knowledge, was published by Shalnikov in 1938 [34]. The author
reported experimental results on resistivity measurements carried out on films of Sn and
Pb deposited on top of glass surfaces at 4.2 K and whose thickness lied between 2 and 5
nm for both metals. The measurements were done in situ, inside a high vacuum chamber,
using four platinum electrodes. At that time, the scientific community did not expect to
achieve a type-II behavior on superconducting thin films - this explains why Shalnikov
look so surprised describing that the critical field of his thin films was higher than those
of the bulk samples. Unfortunately, he did not mention the size of these glass slides, so

the values of the critical current i can not be precisely used to calculate Jo of his films.

2.4.2 2D superconductors?

An important remark is that superconducting thin films are not 2D superconduc-
tors. As an example, thin films of lead - whose thickness should lie close to 30 nm (&, for
Pb) - are still 3D if we consider the Pb cell parameter as 0.49 nm. Two-dimensional thin
films of lead shown superconductivity modulated by quantum size effects, as described
by Guo et al. [35]. The authors deposited Pb films with few atomic layers in MBE facil-
ity, and measured the critical temperature in situ, using transport measurements. Their
findings are summarized in Figure 10. The authors observed quantum oscillation in both
the critical temperature and in the density of states close to T, as a function of the

monolayers of Pb.
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Figure 10: (a) Scanning tunneling microscope image (2 X 2 um?) of 23 monolayers (ML)
of Pb. (b) Schematic representation of the transport measurement, where the number
of monolayers (N) is indicated, and the lead current are represented by black arrows.
(c) Quantum oscillations on the critical temperature of thin films of Pb (black line and
y-left scale) as a function of the film thickness. Also, the density of states N(Ep) o
—0(dH/dT )1, is the red curve and y-right scale. The inset indicates which point in the
the resistivity vs temperature curve was used to measure 7. Adapted from [35].

2.4.3 Type-II films of a type-I material

Dolan and Silcox, in 1973 [36], published a remarkable paper on the threshold of
the type-I response of thin films, using bitter decoration to access single-vortex resolution
in films made out of lead and tin with various thicknesses. The authors claim a critical
thickness of 250 nm for Pb and 180 nm for Sn, which are smaller than measurements
made by critical-field data (900 nm for Pb and 520 nm for Sn) by the same authors. An
essential feature of this study is the level of defects in the film - the higher the pinning,
the easier the film will behave like a typical type-II superconductor.

For films whose thickness is smaller than the London penetration depth (d <<

A), one can define an effective penetration depth A, after Pearl [37]:

ANT) ~ 25820 (2.19)

Using this effective penetration depth to calculate x, the thinner the film, the

more “type-II" it will be.
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2.4.4 The Bean model for thin films

The demagnetization factor for thin films is close to the unity in the out-of-
plane axis (z) and small for the in-plane coordinates (z and y) [38], in such a way that
an externally applied field H, is deformed in the vicinity of a superconductor, leading to
tangential components H, and H,. These tangential fields also have opposite directions
when comparing the top and the bottom surfaces of the film, as schematically shows Figure
11. There is a strong variation of H,(z) along the sample thickness d, which contributes

to the Lorentz force.

[
H, X

Figure 11: Schematic representation of the tangential fields due to the high demagneti-
zation factor of a thin film. The y axis is pointing along the page plan. This schematic
representation is for an infinitely long sample in the y direction. Adapted from [39].

Assuming an infinite sample in the y axis (pointing into the plan of this page),
with its thickness d << w, or at least d < A\ < A << w for thin films, one can write the
B.(x) for a situation where the applied magnetic field is increased from zero after a ZFC

as follows [40, 41]:

0 lz] < a

B.(z) = ¢ H, atanh (ﬁd%) a<|z| <w (2.20)
Hy atanh (2 f5=2)  Ja > w

where the quantities and coordinates are defined in Figure 11, and a is the coordinate of
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the flux front, defined by

w

()’ (2.21)

a =

and H,, the characteristic field for the full penetration into a thin disk is given by

_ Jed

H, -

(2.22)

In this context, the current density will be

2J¢ atanh <§\/%> lz] < a
Jy(z) = (2.23)

JC% a<l|z| <w

Zeldov et al. [41] used these equations to plot the graphs in Figure 12, for the
magnetic field B and the current density J. Panels (a) and (b) show the results for
a superconducting slab, while panels (¢) and (d) for a thin film. Panel (e) shows the

representation of these geometries.

3,00 /e
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B [ 2V
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Figure 12: Calculated current density and critical-state behavior of the internal field as
one increases the applied field, at T' < T¢, after a ZFC; (a) and (b) are for a thick slab,
while (c¢) and (d) are for a thin film. Arrows indicate the profiles as the applied field is
increased. (e) Schematic representation of the samples. Adapted from [41].

These calculations are valid for the whole material extension, except a small

region A in the film edges [41]. The intensity of the magnetic field at the edge of the
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sample is surprisingly higher than the applied field by an amount of [41]:

Hedge ~ \/ %Hz (224)

The strong demagnetization effect also shows significant consequences if one
decreases the applied field after letting some flux trapped in the film, as illustrates the
theoretical results in Figure 13. A remarking aspect of those results is the negative values
at the edges of the superconductor even when the decreasing applied field is still positive,

as one can see in panel (d), the dashed line 0.5 B,/By.
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Figure 13: Calculated current density and critical-state behavior of the internal field as
one decreases the applied field for a sample initially at a partial penetrated state; (a) and
(b) are for a thick slab, while (c¢) and (d) are for a thin film. Arrows indicate the profiles
as the applied field is increased. Adapted from [41].

The Bean model for thin films describes very well the experimental results from
magneto-optical imaging, such as the one selected in Figure 14, for a YBayCu3zO7_s type-
IT superconducting strip at 7" = 10 K and pugH = 40 mT applied perpendicularly to the

film plane, after a zero-field cooling (ZFC).
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Figure 14: Magneto-optical image of a YBCO strip, 300 nm thick and 0.8 mm wide, and
5 mm long (The black bar in the bottom is 0.2 mm long). The vertical white bar indicates
where the cross-section B profile at right was taken. The continuous line is the calculated
profile for that situation, whereas the scatter points are the measured values from the
image. The dashed lines indicate the film edges. Adapted from [42].

The critical state, as described by these models for thin films, has even more
interesting characteristics if one regards not only a fraction of the sample, but pays atten-
tion to the whole system. In 1994, Schuster et al. [43] described the discontinuity-lines
(d-lines) as a natural consequence of the shielding current flow in a finite sample. D-lines
are these highlighted lines starting at the sample corners and ending at the flux front
meeting region, as one can see in Figure 15 (a). An explanation for its occurrence is
illustrated in panel (b) for a superconducting film in a strip-shape, with current curving
abruptly towards the left direction. The big red ® symbol is a region equally distant from
the curving current lines. That spot is so more shielded than all the other ® symbols. A

chain of regions more shielded than its neighbors is the origin of the d-line.
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Figure 15: Discontinuity-lines (d-lines) definition. (a) Magneto-optical images of a YBCO
rectangular-shaped thin film, in the full penetration state after ZFC (top) and at the rem-
nant state (bottom). (b) Schematic representation of current lines changing its direction
in a curved strip, in such a way that the red point ® is shielded by all the current lines in
the curve, whereas all the other points surrounding the strip are less affected. Adapted
from [44] and [45].

Albrecht et al. [46] also use the d-lines angle as a measurement of the Jo
anisotropy in thin films, as presented in Figure 16. In their paper, the authors use the

Bean model for thin films to write the relation
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Joi

— =tanaq, 2.25
Ton (2.25)

for a sample whose edges are perpendicular to each other. If a < 45°, Joo is larger than
Jo1. Nevertheless, for a > 45°, Joy is higher. This is useful for anisotropic films, such
as the one in Figure 16, in which there is an anisotropy induced by a patterning in the

substrate, prior to the film deposition.

Figure 16: MO image of the remanent state in an anisotropic MgBs film at 12 K (the
white bar at the bottom is 1 mm long). The angle « indicates the orientation of the
d-line. Adapted from [46].

The Bean model is not able to describe some practical situations. For certain
values of temperature and applied magnetic field, there may be thermomagnetic instabil-
ities and consequently flux avalanches, a scenario that cannot be accounted for by any

critical state model.

2.5 Flux avalanches in thin films

Once called vortex avalanches, these intriguing phenomena in superconductors
have been intensively studied in the last 50 years, if one sets as a starting point the
work by de Gennes et al. in 1966 [47]. Figure 17 shows a magnetic moment vs applied
magnetic field curve for a Pb thin film, where the flux jumps produce a saw-like curve,
which is today seen as a typical signature of flux avalanches. This sudden change in the
superconductor magnetization is not only a purely magnetic effect, but it also depends

on the thermal properties of the material.

Lincoln B. L. G. Pinheiro



2. Historical review and state of the art 26

1.5x10°

1.0x10° 4
T=20K

5.0x10™-
0.0

-5.0x10™-

-1.0x107%-

Magnetic moment (emu/mm?)

-1.5x107

41000 -500 O 500 1000
Field (Oe)

Figure 17: Magnetic moment vs applied magnetic field for a 100 nm thick Pb film, covered
by a Ge layer, at T = 2 K. The noisy behavior is ascribed to flux avalanches in the
superconductor.

Figure 18 (a) shows a magneto-optical image of a superconducting MoSi film
that was invaded by a dendritic flux avalanche after a ZFC procedure followed by a field
increase. The velocity of flux avalanches rushing into the sample is orders of magnitude
higher than the speed of sound in the same materials. In general, the crack-like structure
of the branches resembles that of mechanical cracks, with a tangible advantage: one can
erase them by setting the temperature of the sample above T and starting the experiment
again. In Figure 18(b), there are three different magneto-optical images of a V3Si sample
in the same value of the applied field and temperature taken in three different runs, each
one with a basic color (red, green, and blue), after a ZFC. They are combined in the image
at the bottom to show another important property of flux avalanches: their occurrence is

stochastic.
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Figure 18: MO image of a MoSi film after ZFC followed by a field increase (a), same
procedure for a V3Si thin film is shown in panel (b). Three different experiments are
shown simultaneously at the bottom, and only the white color features are the same for
the three experiments.

2.5.1 Flux avalanches avoid each other

One of the first statements that flux avalanches avoid each other is in Ref. [48]
while describing the dendritic flux patterns in MgB, films. Figure 19 summarizes their
findings showing a sequence of MO images, after a ZFC procedure down to T= 3 K and
increasing the field up to 180 Oe. Avalanches are not so branched in such conditions,
and all their branches seem to avoid each other during their way through the sample (c).

Panels (d) and (e) focus on the substantial direction change of one single branch.
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Figure 19: Example of flux avalanches avoiding each other. From (a) to (c), increasing
field at constant temperature after a ZFC procedure. (d) Zooming in the last dendrite,
indicating the points where it changed its growth direction. (e) Differential image of the
image used in (d). Adapted from [48].

2.5.2 Anti-avalanches

Antiflux avalanches or simply anti-avalanches occur when we are decreasing the
applied magnetic field in a superconducting film after keeping some flux trapped inside
the sample. Some authors [41] describe that the reversal of the shielding currents at the
borders of the sample produces a source of antiflux even while the applied magnetic field
is still on the positive side. In Magneto-Optical experiments, they usually are seen in
the opposite color of the “conventional” flux avalanches. The first remark on antiflux
avalanches is their higher threshold temperature, ascribed to the extra heat released due
to vortex-antivortex annihilation. In a HT diagram, the antiflux avalanches occupy an
instability area larger than the corresponding area for flux avalanches [49].

The annihilation zone

Following the description given by Frello et al. [50], the annihilation zone is
a boundary of zero flux density dividing the regions of flux and antiflux, that coexist

due to the application of a moderate reverse field in a sample which already had flux
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trapped by pinning. This terminology has been used to describe the contour of antiflux
avalanches in some works, as summarized in Figure 20. Panel (a) shows a MO image of
a NbBayCuzOg, single crystal after a ZFC down to 7' = 78 K, and the application of
1000 Oe and -750 Oe, subsequently, and then removing the applied field and letting the
sample in the remnant state. Panels (b) and (c) show dendrites of anti-flux in which the

annihilation zone is in black.

Figure 20: A few existing examples of MO images where the authors describe an anni-
hilation zone: (a) A NbBayCu3Og,y, single crystal [50] at T = 78 K in remanent state
(green is for positive fields, and red for negative fields), (b) a MgB, thin film [48], and (c)
an YBCO thin film [51]. In all panels, the annihilation zone is indicated in black.

2.5.3 The thermomagnetic model

The most successful model to describe both the finger-like and the dendritic flux
avalanches in superconductors is the thermomagnetic (TM) model. This model does not
depend explicitly on the basic superconducting parameters (such as A and &), but its
relation to the superconducting material comes from a nonlinear current-voltage power

law that describes very well the type-II superconducting behavior [52],

.\ n—1
= Po (] =
E==—|= 2.26

where j is the sheet current, whose relation with the current density is 5 d=J. Also,
j = |;|, po is the resistivity constant, and n is the creep exponent. In this context, the
TM model can be written for a superconducting thin film (H perpendicular to the film

surface), deposited on a substrate that is its only non-negligible heat exchanger, based on

Lincoln B. L. G. Pinheiro



2. Historical review and state of the art 30

the heat diffusion equation, the Ampere law, and the Faraday law:

_ 2 J— _
3 ko V=T y T (2.27)
V x B = o, (2.28)
. . 0B
E=—-=- 2.29

where ¢ is the superconductor heat capacity, kg is the thermal conductivity, d is the
film thickness, hq is the coefficient for heat transfer to the substrate, T the substrate
temperature, and 7' the film temperature. The TM model suits the well-established idea
that the avalanche triggering is due to a thermomagnetic instability (TMI) - that is why
one needs to know the heat diffusion dynamics in the films, which is obtained by solving
the above four equations together. In a general form, one can state that a TMI will occur
when the magnetic flux diffusion (D,,) is higher than the heat diffusion (D;) [53], which

can be summarized by the dimensionless parameter 7:

T=—=lp—, (2.30)

where o is the electrical conductivity. The TMI occurs for 7 < 1, i.e., if the magnetic
diffusion is much larger than the heat diffusion, when there is no time for the heat to
spread out in the superconducting material, and so even the motion of small quantities of
flux (that releases heat) can trigger flux avalanches, which will grow following the positive

feedback displayed in Figure 21.
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Figure 21: Schematic diagram of a positive feedback cycle leading to flux avalanches.
Kindly yielded by Prof. M. Motta, adapted from [54].

When 7 > 1, the TM model also describes well the flux distribution in the su-
perconducting film, which occurs as a smooth flux penetration. Once all superconducting
parameters seem to be, somehow, functions of T and H, so are those used in the TM
model. The TM model also predicts the existence of a threshold flux penetration depth
(¢*) - a value for the flux penetration from which the flux avalanches take place in the

sample. For a long strip (2w width) one can write [55]:

—1
s K™ Qh()T’>k
= — 1-— 2.31
¢ ZVEJC< \/ndEJC> ' (2:31)

So, ¢* is a function of J (and a lot of other parameters). In Equation 2.31,

T* has the meaning of

dinJo\ !
T = — 2.32
( o7 ) (2.32)

If there is a ¢* and ¢ is a function of H for a given temperature 7', one can also

identify the threshold magnetic fields (H™):

T w — 0*

d
H" = Jiarccosh < v ) : (2.33)

and the upper Hi" which occurs when ¢* = w. Another useful tool coming from the TM

model is the discussion of the avalanche triggering using an H-Jo diagram, as shown in
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Figure 22(a) for the same sample shown in Figure 16 [46]. Panel (b) shows that, if Jo
is small enough, as when the temperature is close to T, no matter the intensity of the
applied field, the superconductor will not enter in the TM instability zone. On the other
hand, as it is shown in (c), for higher values of Jc, small variations of the critical current
density will result in a similar Hi". As we will discuss in Chapters 6 and 7, for samples
in which Jg is expected to vary, one also expects to detect Jo variation by identifying

different values of H** at higher temperatures.
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Figure 22: (a) H-Jo diagram showing the threshold field for the dendritic TMI as a
function of Jg, calculated using the Equations 2.31 and 2.33. (b) Diagram for higher
temperatures (close to T¢). (c) Diagram for lower temperatures. Adapted from [46].

2.5.4 Flux avalanche simulations using the TIM model

The use of the TM model to describe flux avalanches not only suits surprisingly
well the experimental data as it allows one to access some information unachievable by
experimental means. The new information the simulations revel is the temporal evolution
of the thermal component and the electric field component of this dynamics. Figure 23
shows these numerical simulations for a dendrite in its first 52 ns of existence, considering
the maps of flux density (a), current density (b), temperature (c), and electric field (d).
Figure 23 also compares a numerical simulation using the TM model (e) with a magneto-
optical experiment (f) in samples with identical geometry and in similar conditions of

magnetic history, field, and temperature.
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Figure 23: Distributions of the magnetic flux density B, (a), the induced sheet current .J
(b), the temperature T" (c) , and the electrical field £ (d), after nucleation of the thermo-
electromagnetic instability in different frames, indicated in planel (a). (e) Simulated
superconducting disk after five flux avalanches occurred in the sequence indicated by the
numbers as the applied field was increased from zero to pugH, = 8.5 mT, to be compared
with the magneto-optical image of the flux density in a superconducting MgB, film cooled
down to 6 K and then exposed to an applied field of 3.8 mT (f). Adapted from [56].

Row (a) of Figure 23 shows the evolution of the magnetic flux B, of a flux

avalanche. In the first frame, the magnetic pressure at the sample edge can be seen as
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the brightest region. As the avalanches rush into the sample, the magnetic pressure at
the sample edge decreases. Row (b) shows the deviations of the current lines due to
the dendritic structure, while (c) shows the local temperature evolution. The latter is
rather important because it allows one to label the phenomena as flux avalanches instead
of vortex avalanches, once the core of the structure reaches T' > T for a few moments,
which allows one to state that what enters into the sample during this short period of time
is not quantized vortices, but continuous flux. The large electric field E in the locations
of high temperature, shown in row (d), is compatible with the electrical resistance of the
film in the ohmic state. The simulated flux avalanches have all the properties that one
expects from a thermally driven avalanche: it heats (even above T¢) the material along

their paths and shows a supersonic flux propagation.

2.5.5 Beyond the thermally driven flux avalanches

Different from what one can obtain from the TM model, not all the flux
avalanches are thermally driven, i.e., occurs adiabatically. A recent work [57] shows that
there are also dynamically driven flux avalanches, i.e., avalanches dominated by thermal
diffusion (D,, < D;), which makes it an isotropic process. The authors performed tens of
thousands of magneto-optical measurements of the same sample by developing and using
a flat lithographed heater very close to the sample (in this case, a rectangular Nb thin
film), as illustrated in Figure 24 (a) and (b). By placing the same heating structure on
the other side of the sample and using it as a thermometer, they could detect how the
heat released from the heater affects the sample, and they were able to repeat the ex-
periments enough to perform a reliable statistical analysis of these stochastic events. By
defining a parameter e = L/W to characterize the avalanche geometry (L is the avalanche
length, and W is its width), the authors describe that when thermal diffusion dominates
the avalanche shape, the dynamically driven regime leads to round-shaped avalanches
(¢ > 1). On the other hand, the strong magnetic flux gradient leads to an elongated
avalanche when the magnetic diffusion is higher than the thermal diffusion, and this is

what makes flux avalanches thin and extended towards the sample center.
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Figure 24: (a) Schematic representation of the experimental layout of the rectangular
Nb film, the nano-heater, and the thermometer. (b) Zoomup in the nano-heater design
made by SEM. (c) Histogram of the number of flux spots (avalanches) as a function of the
flux spot area for 79726 recorded events. The color scale in the histogram refers to the
mean-field to trigger the avalanche: blue is for H = 24.75 Oe, and orange is for 17.75 Oe.
Adapted from [57].

2.6 Guiding flux avalanches

Why does a flux avalanche always rush into the sample center? Is there any way
to deviate or guide the growth direction of the flux avalanches? The answers to these

questions are organized in the following subsections.

2.6.1 Hybrid systems

As one discussed in the previous section, the elongated shape of the thermally
driven flux avalanches is due to the strong flux gradient from the sample edges to its
center. With this concept in mind, several works have been trying to guide flux avalanches,
including some cases with some additional sources of the magnetic field. Brisbois et al.
[58] have shown that an in-plane magnetized film on top of the superconducting layer
can change the flux avalanche propagation direction as illustrates Figure 25. For a given

magnetization orientation (a), the smooth penetration is shown in panels (b) and (c),
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while the avalanche regime is in panel (d). The same can be seen in the bottom row of
images [(e)-(h)], where the avalanche branches from panels (d) and (h) are clearly affected

by the previous magnetization direction of the magnetic layer, shown in (a) and (e).

T=10K, yoH =0 mT T=6K, yyH=24mT T=6K, ygH=5mT T=4K, jpH =3 mT

500 jum
—

/ ;
Nb film

Substrate

T=10K, ygoH =0 mT

Figure 25: At left, schematic view of the hybrid sample, a Si substrate with a 100 nm
thick Nb layer on top of it. A permalloy layer is deposited above the Nb film. Panels
(a) through (h) show magneto-optical images of the system, with a color scale that is
black for zero field, blue for fields pointing out of the page (positive), and red for field
pointing into the page plan (negative field). All the images were done after a ZFC, and
both temperature and applied field are shown for each panel. Adapted from [58].

2.6.2 In-plane external magnetic field

Another way to change the avalanche propagation direction is the application of
an in-plane external magnetic field (H,,). Carmo et al. [59] applied H,, = 965 Oe in
different directions, as shown in Figure 26. Yellow arrows indicate the direction of the
in-plane H,, (except in panel (a) where H,, = 0). The prime panels (a’) through (e’)
shows the smooth penetration regime, where the asymmetry in Jo can be readily seen by
the d-line angles - Jo is higher in the direction parallel to H,,. In panels (b) and (c),
one can easily identify that the edges with higher Jo show more numerous avalanches.
Despite the sample shows no appreciable change in the critical state when H,, is aligned
to the sample diagonal [(d’) and (e’)], the growth direction of the flux avalanches is always

perpendicular to the higher Jo direction.
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Figure 26: Magneto-optical images of a Nb thin film with an in-plane magnetic field
applied in different directions. The panels (a) through (e) show the avalanche regime for
each one of them, in a perpendicular field of H, = 33 Oe at T' = 3.2 K, while the panels
(a’) throw (e’) shows the smooth full penetration state for its counterpart in avalanche
regime, but in a higher field, H, = 220 Oe and temperature, T'= 6 K. Adapted from [59].

2.6.3 Patterning with artificial defects

The artificial pinning created by patterning small antidots in a superconducting
film also affects the growth of flux avalanches. Figure 27 shows a MoGe thin film patterned
with squares 0.4 x 0.4 um? (antidots), whose centers are 1.5 um apart from each other.
The avalanche shape in such samples is called Christmas tree-like structure, due to its
peculiar propagation: the main trunk is perpendicular to the edge of the sample and
the secondary branches occur at 45 degrees. Basically, this fantastic shape is due to the

current-crowding effect at the corners of the square antidots [60].
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Figure 27: Magneto-optical images of MoGe thin film at 7" = 4.5 K and H = 1 Oe applied
perpendicular to film (a). Superimposing similar experiments ran three times one has the
image in (b), where images corresponding to different runs were artificially colored red,
green and blue. Adapted from [61].

2.7 Superconducting thin film with varying J-

All the concepts presented earlier allow one to appreciate better the work from
Lu et al. [62], in which they simulated a superconducting thin film numerically with three
different values of J¢ in different regions of the same film. Figure 28 summarizes their main
findings related to one of the subjects of this thesis. Panel (a) shows the film geometry
and the value of J¢ for each constitutive stripe of the film. Panels (b) and (c) show the
magnetic flux distribution in the film at T' < Tz and increasing field from the virgin state
at different temperatures. In the first image of panel (b), one can appreciate the smooth
flux penetration, deeper in the lower Jo slab at the left, and smaller in the higher J slab
at the right. In this simulation, the discontinuity vertical line at the borders, where J&
suddenly changes, seems to act like a defect and trigger avalanches. In the row of images
(c), one can identify the difference of the avalanches of the two extremity edges, in size
and number: the lower Jo shows less and bigger avalanches, while the high J- edge shows

more and smaller avalanches.
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Figure 28: (a) Schematic representation of the sample and the Jo for each slab of the
sample. In the two rows at the bottom, B, maps of the sample for increasing fields after

a ZFC, at T = 0.5T¢ (b) and T'= 0.25T¢ (c). Adapted from [62].

2.8 Bi-layered superconducting films

We will adopt the term “bi-layered” to refer to a sample made out of two layers

of superconducting films, even when there is an insulating layer separating the supercon-

ducting films, or when there are non-superconducting covering layers. The study of the

effects of superposing two different superconductors begun in the 1960 decade, by two dis-

tinct groups: Giaever & Megerle, while studying tunneling phenomena, in 1961 [63]; and

Hauser & Theuerer, aiming to investigate the interference of the superconducting state
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from one layer on the other one, by measuring T as a function of the lead film thickness,
deposited on the top of aluminum films [64]. At that time, they had the first experimental
evidence that the resistive behavior in superconductors in certain conditions of tempera-
ture, applied field, and current were due to vortex motion, also by Giaver [65, 66]. Figure

29 (a)-(d) illustrates the circuit and the main results of those works.
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Figure 29: The Giaver circuit - if one creates magnetic flux in one layer by passing a DC
current through it, one will create vortices in this layer. The extension of these vortices
can generate vortices in the other layer. Adapted from [65, 66].

The two Sn circuits are insulated from each other by a thin SiO, layer. The
larger circuit, called primary, is used to drive a current. So, below T, when a small DC
current is driven through the primary, one was able to measure a potential difference in
the secondary. Panel (e) shows a schematic explanation for this response: Both super-
conductors remain coupled if the insulating layer is as small as the vortex inter-distances.
The authors used a voltage low enough to avoid tunneling effects, so there is no electric
coupling between the two films, only the magnetic coupling. Once there is no transient
electric field effect due to the constant current in the primary, the voltage in the secondary
may be ascribed to the vortex movement.

At the end of the sixties, there was also a superconducting data storage device
using superimposed films, created and patented by Lacroix [67], where the bit of infor-

mation is stored as a persistent superconducting loop in a sandwich of three different
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superconducting films.

The superimposed films can also affect the avalanche regime. Recently, Tamegai
et al. studied the critical states and thermomagnetic instabilities in three-dimensional
nanostructured superconductors [68], i.e., stacks of unconnected Nb strips, insulated from
each other by SiOy, as illustrated in Figure 30. The MO images from panels (a) through
(e) reveal Nb stripes with width and thickness of 20 um and 300 nm, respectively. Each
layer is insulated from the others by a 300 nm thick SiO, layer. In that work it was shown

that flux avalanches can start in one layer and end at another.

()

Figure 30: Magneto-Optical images of flux avalanches at T = 5 K in shifted strip arrays
with different numbers of layers (a) 2-layers (70 Oe), (b) 3-layers (100 Oe), (c) 4-layers
(130 Oe), (d) 5-layers (160 Oe), and (e) 6-layers (170 Oe). Schematic Cross section of
shifted strip arrays with (f) 2-layer, (g) 3-layer, (h) 4-layer, (i) 5-layer, and (j) 6-layer.
The avalanches start in one strip, and end after crossing some other strips. Adapted from
[68].

2.9 The proximity effect

When a superconductor and a normal metal are close enough, &, is usually taken
as a dimension scale to define proximity, the Cooper pairs from the superconductor can
affect the electronic state of the neighbor material, i.e., they still are bounded in the
vicinity of the interface between these two materials. This phenomenon usually decreases

the critical temperature of the superconductor but makes part of the normal metal to
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be also in the superconducting state. It is called the proximity effect. The first paper
on such subject was written by R. Holm & W. Meissner® [69] Messungen mit Hilfe von
flissigem Helium XIII: kontakfwiderstand zwischen Supraleitern und Nichtsupraleitern, in
a free translation, “Measurements using liquid helium XIII: Contact resistance between
superconductors and non-superconductors.” The proximity effect can take place in a su-
perconducting bi-layer made out of two different superconductors. In this case, the critical
temperature of this system should be between the T, of both superconductors and, if thin
films compose the system, the bi-layer material should behave like one single supercon-

ductor, once there is only one single superconducting state (from the superconductor with

higher 7).

2.10 Nanoscaled wedge-shaped thin films

The wedge-shape in thin films, i.e., a sample of variable thickness, is usually
not desired, and it is described as a drawback of the techniques that produce them [70].
Nevertheless, nanoscale wedge-shape thin films are essential in the discovery of new com-
pounds and the improvement of their properties [71, 72], as illustrated in Figure 31. Panel
(a) shows a side view of a substrate (silicon wafer, for instance) with a shadow mask on
top of it. This substrate receives a non-uniform deposition of two materials, indicated in
green and red. The green material has its maximum thickness on the left of panel (b),
while the maximum thickness of the red material is on the right side. At the bottom part
of panel (b) there is a cross-section view showing the composition profile of each sample.

Figure 31(c) shows the element diffusion to produce the atomically mixed film.

3The same author who discovered the perfect diamagnetism of the superconducting state.
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Figure 31: (a) Lateral view of a substrate-holder mounted with a shadow-mask; (b) three
orthogonal views of a standard silicon substrate in which two wedge-shaped depositions
were performed in opposite directions, and (c) schematic thickness profile and its applica-
tion on the discovery of new materials using combinatorial synthesis and high-throughput
characterization of thin-film materials libraries. Adapted from [71, 72].

Wedge-shaped thin films are also a key-feature in novel heterostructured devices
such as gas sensors [73], briefed in Figure 32. Panel (a) shows a cross-section of the device
profile, where the wedge-shape of the Mg is highlighted. Panels (b) and (c) describe the

expectations and the positive experimental results of this system.
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Figure 32: (a) A wedge-shaped thin film of Mg, with varying thickness along the z
direction, deposited on a glass substrate 70 x 5 x 1 mm?®. The Mg wedge is sandwiched
between a Ti-adhesion layer 3 nm thick and a Pd-cap layer 40 nm thick. (b) Simulation
of the optical transmittance of pure Mg and after the magnesium hydrogenation. (c)
Sample snapshots taken at different times while increasing the Hy partial pressure from
12 to 4000 Pa. The Mg thickness, along with the sample and the corresponding loading
pressure is reported on top. Adapted from [73].

Nanoscale wedge-shape thin films have a modulated thickness, varying continu-
ously from a maximum to a minimum - or even zero - thickness value. The processing of
such wedge-shaped geometry is not a standardized domain. The methods reported to get

a linear variation of the layer thickness can be separated into two categories, according to

the gradient extension:

e Linear and long-range gradient: one can change both the position of the sub-
strate or the source in order to enlarge the non-uniform deposition region of the
substrate [73] (i); one can select specifically the borders of the substrate to achieve
non-uniform thickness [74, 75|, usually with a non-rotating substrate-holder (ii);
Ludwig [76] described a method using a turntable and fixed shutters, by moving
the substrate through the sputtering plasma (iii). A drawback of (i) and (ii) is the
lack of control on the thickness gradient, i.e., the thickness variation is usually very
smooth, as we explain in more details in Chapter 6. The method (iii) relies on a
more sophisticated mechanical system, not necessarily available for all the deposition

systems.
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e Non-linear and short-range gradient: Such as those using a bi-layer resist
shadow mask and rf-sputtering deposition [77], in which variation length is a few

microns.

2.10.1 Wedge-shaped superconducting systems

Thickness homogeneity is a crucial parameter for thin film-based devices. Com-
mercial evaporation facilities are prepared to keep the distance between the substrate and
the vapor source in a safe range - usually from 10 to 20 inches - which allows few squared
centimeters for standard sizes on silicon wafer substrates. Within this context, variation
in the thickness is undesirable, and usually, the border of the wafer is left away.

This subject has been the theme of some theoretical and numerical works but fo-
cused on mesoscopic superconductors [78, 79, 80]. In these three works, there is no explicit
thickness dependence of J¢, once they deal with superconductors whose k >> 1/ V2. More
recently, Gladilin et al. [81] simulated a wedge of a type-I superconductor, in the limits
at which the film would show some type-II behavior concerning the quantization of flux;
nevertheless, they did not discuss the Jo variation. In their simulations, samples whose
thickness decreases in one direction were studied numerically using the time-dependent
Ginzburg-Landau approach. Figure 33 shows the sample model and some of the cal-
culated results. The thick sample border is a type-I superconductor; nevertheless, the
thinnest border was selected to behave as a type-1II, just being thin enough. In summary,
their results showed that this thickness gradient modulates the vorticity of each fluxoid -
starting as a fluxon (¢y) in the type-II border. If one applies an electrical current, as the
film gets thicker and A\ decreases, the vortices began to melt, although, collectively, they
still behave as an array of vortices. The authors also studied a thick sample of lead (5
pm thick) using scanning hall probe microscopy to check the numerical results about the
existence of vortices even in a typical type-I superconductor. Still, the vorticity is larger

than one in this case.
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Figure 33: On top-left, the wedge-shaped film of a type-I superconductor, in the threshold
between geometrical-driven type-I and type-II superconductivity used in the simulation.
At the bottom left, the numerical results showing the increase in the vorticity as one looks
towards the thicker part of the sample. The right column of images is for a plain film
of Pb, 5 pum thick (illustrated on top), and the results from the scanning Hall probe, in
which there are more than one flux quanta in each vortex. Adapted from [81].

To the best of our knowledge, experimental results of a nanoscaled wedge-shaped
superconducting thin film were not reported on the literature. To deal with such a chal-
lenging task, we developed a dedicated chamber and internal apparatus, of which a brief

description is one of the sections of the next chapter.
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3 Experimental Methods & Materials

The present thesis deals with different kinds of superconducting materials and
several experimental methods. This chapter describes the materials used to make the thin
films, the different deposition techniques, and all the characterization techniques employed

to conduct this study.

3.1 Superconducting thin films

A schematic representation of all the crystal structures studied in this thesis is
shown in Figure 34. All images have the same scale to favor the comparison. The data

used to draw these images were taken at the COD open database [82].!

IThe crystallographic data about each phase were obtained from:

a-Sn & B-Sn - Ochl et al. In situ X-ray diffraction study on the formation of a-Sn in nanocrystalline
Sn-based electrodes for lithium-ion batteries. CrystEngComm, 2015, 17, 8500.

Pb - Fortes, A. D. et al. Phase behaviour and thermoelastic properties of perdeuterated ammonia
hydrate and ice polymorphs from 0 to 2GPa. Journal of Applied Crystallography, 2009, 42, 846-866.

Nb Schimmel, G. H. et al. Hydrogen Cycling of Niobium and Vanadium Catalyzed Nanostructured
Magnesium Journal of the American Chemical Society, 2005, 127, 14348-14354.

NbN - Yen, C.M.; Toth, L.E.; Shy, Y.M.; Anderson, D.E.; Rosner, L.G. Superconducting Hc-Jc and
Tc measurements in the Nb-Ni-N, Nb-Hf-N, and Nb-V-N ternary systems Journal of Applied Physics,
1967, 38, 2268-2271.

V3Si - Wallbaum, H J; Ueber das Vanadiumsilicid, V3Si, Zeitschrift fuer Metallkunde, 1939, 31, 362-
362.
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Figure 34: Crystal structures of the materials investigated here. Below the label of each
composition there is the space group and the lattice parameters. The lattice symmetry
is indicated below the images: BCT for body-centered tetragonal, FCC for face-centered
cubic, and BCC for body-centered cubic. These illustrations were made using the VESTAS3
software [83].

3.1.1 Tin - Sn

Also one of the first known superconductors, tin has two allotropic structures:
a-Sn and ($-Sn. The metallic phase is $-Sn, the so-called white tin. This ductile metal
is a typical type-I superconductor in the bulk geometry and its critical temperature is
3.7 K [38]. Its tetragonal phase (8-Sn) is stable at room temperature, but below 13.2 °C
it will slowly undergo to the a-Sn. Also known as the gray tin, a-Sn is not metallic - it
is mechanically fragile and better classified as a semiconductor [84]. Recently, the a-Sn
covalent structure was found to be a topological Dirac semimetal under strain and a topo-
logical insulator under stress [85]. In bulk and film forms a-Sn is not a superconductor.
Nevertheless, Liao et al. [86] have shown that for few atomic layers of Sn deposited on
top of a BiyTesz substrate, a-Sn is a superconductor whose T, varies from 1 to 3 K, de-
pending on the number of Sn layers (up to 20 in the Ref. [86]). Tin is also present in the
20" century superconductor technology in the alloy NbsSn, widely spread in commercial

superconducting magnets all over the world.

3.1.2 Lead - Pb

Lead was one of the firsts known superconductors, also discovered by H. K.

Onnes in 1913. This FCC heavy metal has T, = 7.2 K and has the benefit of being
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easily achievable in thin film shape, once it can be deposited using conventional thermal
evaporation. In the bulk form, its experimental value of the penetration depth A\ =
39 — 59 nm [87, 88], k = 0.48 [38]. For a 47 nm thick film, J-(0) = 5.26 - 107 A /cm?
[29]. Although this metal has been used by the mankind for thousands of years, Pb is
widely known for its toxic effects on life, and there are efforts for substituting it in its large
scale applications, like paints in the past and car batteries nowadays. Nevertheless, the
research of superconductivity and vortex matter can take advantage of Pb, in a safe and
environmentally responsible way, by separating the etching waste material and following

safety protocols, as is done for all the materials in this work.

3.1.3 Niobium - Nb

The element number 41 in the periodic table [89], niobium became famous by
their critical role in steel industry, where small additions suffice to enhance the mechanical
properties of structural steels [90]. Also, niobium shows a remarkable mechanical strength
at high temperatures, which makes it as an important element for high performance
aircraft propulsion systems [91]. In addition, Brazil has the largest world reserves of Nb
ore.

Niobium is the elemental superconductor with the highest 7. = 9.1 K [14]. Once
Nb has a very high melting temperature (and even higher boiling temperature) the usual
solution to grow thin films are high energy film deposition techniques, like sputtering or
laser ablation. Nb is present in state of art superconducting coils for medical applications
in Magnetic Resonance Imaging (MRI) machines and particle accelerators, like the Large

Hadron Collider (LHC), at CERN.

3.1.4 Niobium Nitride - NbIN

This binary compound has a critical temperature 7. = 16 K and shows a higher
critical field (= 44 T as a bulk [92]) than pure Nb, what makes it more suitable for

superconducting technological applications [93], such as hot-electron bolometers [94], high-
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frequency superconducting circuits [95, 96|, single-photon detectors [97], and qubits for
quantum computers [98]. Regarded from the [111] axis [99], the rock-salt structure of NbN
(a = 4.39 A) is formed by alternating planes of nitrogen and niobium. The occurrence
of dendritic flux avalanches were already reported in this system [100], which, due to its
high T, exhibits flux avalanches in a large window of fields and temperatures. NbN films

are often produced by reactive sputtering, and so were the samples used in this work.

3.1.5 Vanadium silicide - V3Si

A member of the A15 family, which includes NbsSn and NbsTi, the V3Si com-
pound was reported to be a superconductor in 1954 [101] (bulk), with 7. = 16.7 K at
ambient pressure [102, 103]. As a single crystal, it exhibits a highly anisotropic critical
current [104] and shows a low-temperature martensitic phase transition, from cubic at
room temperature to tetragonal below 30 K [105, 106]. This material also has interesting
properties in the normal state, where it has been used in resistive switching memory de-
vices [107, 108]. V3Si has received attention recently due to the global interest in possible
two-band superconductors - where ultra high-quality samples shaped as thin films are

mandatory [109, 110, 111].

3.2 Thermal Evaporator Development

The ability to produce superconducting thin films matches the need for good
quality samples to study Vortex Matter. So far, this lack of facilities to produce our
films has been circumvented by the maintenance of good and long-lasting partnerships
with some sample-making groups around the world. In 2016, Prof. Maycon Motta, Prof.
Wilson Ortiz, and I recognized some interesting research concerning Pb films, such as the
possibility of making wedge-shaped thin films or new patterning geometries for antidots.
Prof. Joris van de Vondel, from the Catholic University of Leuven, Belgium, enjoyed the
proposal and produced a batch of Pb films, including a wedge-shaped sample of Pb. The

samples produced by Prof. Van de Vondel were used in Chapters 4 (Figure 56 ) and 7
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(Figure 75). Nevertheless, these samples were not enough to fulfill our questions about
this subject, and we kept employing efforts to develop a dedicated thermal evaporator
facility to produce films in quantity and in the shape we need for this project. The
“dedicated” information is important once Pb is a metal with a low melting point, and
so it can become a contaminant for further depositions of different materials.

The roots of our project rely on some equipment seen in technical visits to the
labs from Prof. Ngoc Duy Nguyen, at ULg, Belgium, and Prof. Adenilson Chiquito, at
UFSCar, Brazil. Both not just explained details about their equipment but also offered
support for us to build our own. Figure 35 shows a schematic illustration of a generic
thermal evaporator, while Figure 36 shows a photograph of the system.

An important remark is that the first (but not only) reason to develop this
chamber was to be able to produce nanoscaled wedge-shaped superconducting thin films.
From first scratch to final commissioning and then to the successful preparation of the first
wedge-shaped Pb film, the process took three years for design, construction, modifications
and adaptions. More details about the E01 (as we labeled this chamber) are organized in

Appendix A.
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Figure 35: Thermal evaporator general scheme. The external structure of the vacuum
chamber is made of stainless steel and it allows one to achieve pressures down to 2 - 1077
torr using rubber seals.
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Figure 36: Photograph of the GSM evaporator facility to produce metallic thin films,
called EO1. The main components are labeled and indicated in the picture. QCM stands
for Quartz-Crystal Microbalance, used as a thickness monitor.

3.3 Films deposition - thermal evaporation

3.3.1 Chamber setup

This section regards the samples produced in the evaporator developed in GSM.

Among the parameters which can be adjusted for each deposition we can focus on:

e The relative position and the distance between the substrate and the
crucible - the relative position between the source and the substrates reflects the
expected thickness uniformity over the substrate surface, and are also important
parameters to avoid unwanted non-uniform heating on the substrate holder due to
radiation coming from the hot material source (specially for Ge and Sn deposition
in this chamber). One also needs these distances to estimate the film thickness by

weighing the crucibles before and after evaporation.

e Substrate holder for low temperature deposition - To avoid granularity which
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can be created during the film deposition, care should be taken with the substrate

temperature during the deposition process.

e Chamber pressure during deposition - the lower the pressure, the better the
chemical homogeneity and the crystallographic uniformity, due to the larger mean

free path of the atom in the vapor flux from the crucible to the substrate.

e Oxygen getter - Once PbO is not a superconductor, the partial oxygen pressure
inside the chamber during deposition is a key aspect of the process. We did not
measure this quantity directly, but we trap remaining oxygen by depositing Al or
Ti on the chamber walls before the superconducting film deposition. For this, one

needs a shutter (or a shield around the Al crucible) to protect the substrate.

e Deposition rate - also to avoid granularity in the samples one should use a constant
deposition rate during the film growth. It is mandatory to use a shutter to protect
the substrates while the evaporation begins then the current through the crucible is
adjusted to stabilize its temperature and, therefore, its deposition rate. This is also

the subject of the next subsection.

3.3.2 Temperature for metallic evaporation

This technique heats its crucibles using the Joule effect. Furthermore, the tem-
perature needed to evaporate the metals used in this work depends on the chamber pres-
sure and the element to be grown. Table 1 shows the evaporation temperature of Al, Ge,

Pb, and Sn at reduced pressure.

Table 1: Evaporation temperatures of some metals at ambient and reduced pressures.
Adapted from [112].

Element Melting point (°C)

Evaporation temperature (°C)
1078 torr  107% torr  10~* torr

Al 660 677 821 1010
Ge 937 812 957 1167
Pb 328 342 427 497
Sn 232 682 807 997
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3.3.3 Thickness monitor - Quartz Crystal Microbalance

The Quartz Crystal Microbalance (QCM) is one of the key parts of the film de-
position, once it allows us to monitor the deposition rate during the process, as well as the
final thickness of the films. For the samples produced in GSM, we used a homemade QCM
based on the open-source project Open-QCM (https://openqecm.com/). The adaptation
of the Open-QCM project to our needs was done mainly by the undergrad Physics Engi-
neering student Otavio Abreu Pedroso, who worked especially in the electronic assembly
and in a data-acquisition software. Using this software and LabView, we were able not
only to record the raw data but also to correct the thickness of the films based on the
QCM temperature and the geometric considerations, once the sample holder used was

static. Figure 37 shows a picture of the QCM developed in GSM.

Quatz' Crystal
migfobalance ™

Figure 37: Photograph of the Quartz Crystal Microbalance (QCM) used in the evaporation
facility at the GSM.

3.3.4 Raw materials etching

To avoid contamination during the film deposition, it is mandatory to clean the
raw materials by chemical etching. For each material, one has an appropriate etching
procedure, which consists of chemical solutions to oxidize and dissolute everything upon

the raw material surface. We performed every etching procedure in a chemistry fume hood
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located in the Sample Preparation Laboratory (Laboratorio de Preparacio de Amostras,
LPA) at the GSM group in the Physics Department of UFSCar. All the etching solutions
were based on the recipes used in NanOLab (UFSCar), led by Prof. Adenilson Chiquito
[113]. All chemical ratios in this subsection are volumetric. The etching for the materials

are described in the following list:

e Aluminum (Al)
There were two different recipes used for chemical etching of aluminium, (a) a hy-

drofluoric acid based solution and (b) a blend of less dangerous acids:
(a) HF + H,0O (1:1)

The solution (a) etches the aluminum surface in a few seconds, but its precursors
are more expensive (and dangerous). Solution (b) needs one or two minutes to clean

the aluminum surface, which changes its color appreciably.

e Germanium (Ge)

Despite the use of a strong acid as the hydrofluoric, the solution

HF + HNO; (1:1),

shows a slow reaction on the Ge shot surface. It took few minutes to change its

surface color.

e Lead (Pb)

When stored in air, lead shots shows a dark gray color and may contain not only

oxidized Pb but also carbonates. To remove them, we used the solution:

CchOOH + H202 (11)7
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and we could see a fast reaction and the immediate change of the metal surface - it
becomes bright and shiny. To stop the cleaning reaction, we drop the shots in the

isopropyl alcohol, after diluting it three times in water.

e Silicon substrate wafer (Si) and Sn

Also know as Piranha etch, the appropriate etching mixture for Sn and Si substrates
is a solution of HoSO,4 and HyOs, following the volumetric ratio (3:1). The prescribed
protocol indicates that the hydrogen peroxide is added gently to the acid. Small
quantities, such as 4 ml, were often used. Once the solution is ready, one poured
the liquid on the substrates, already cleaved in the desired shape. One then waited
for 30 s, while slightly moving the becker in circles. The acid solution is removed,
and we diluted the remnant using distilled water, three times. Then, we removed
the substrate pieces, one by one, from the beaker containing water to another one
with isopropyl alcohol - the aim of this step is to avoid rings of residue left behind,
as water marks, on the substrate surface. The final step is to remove the alcohol

using gas flux with no water vapor, e.g., pressurized nitrogen or argon.

3.4 Film deposition techniques out of GSM - sput-

tering and pulsed laser deposition

3.4.1 Electron-beam physical vapor deposition

Some of the Pb films studied in this work were deposited by Prof. Joris van de
Vondel in the Catholic University of Leuven (Belgium), where he used an electron-beam
physical vapor deposition (e-beam) facility. In this method, an electron beam is acceler-
ated towards a target (in this case, shots of Pb) in high vacuum (at least 10~° torr), which
strikes and heats the material until its evaporation (or sublimation) temperature. The
main advantage of this technique is the higher temperature in the crucible (if compared

to thermal evaporation).
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3.4.2 DC Sputtering

In Chapter 5 (Quantitative magneto-optical imaging in Nb/NbN thin films),
the samples were prepared by DC magnetron sputtering. Prof. Carmine Attanasio and
coworkers from Unisa, in Salerno (Italy), provided those specimens as a request from Prof.
Alejandro V. Silhanek, ULg (Belgium). This deposition technique allows one to make films
not only with metals but also with ceramics. After reaching a low base pressure (usually
1078 mbar), one needs to insert a small quantity of gas, such as Ar (non-reactive sputering)
or a mixture of Ar and N, (reactive sputtering), until a pressure of ~ 1073 mbar. In the DC
sputtering, a DC high voltage is applied between the target and the substrate, partially
ionizing the remaining gas inside the chamber. The charged particles are responsible for
removing the target material by successive strikes on it, and they deposit naturally on the
substrate surface, as is illustrated in Figure 38.
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Figure 38: Schematic illustration of the DC sputtering film deposition. The substrate
is electrically linked to the anode, while the target (the source of material) is in contact
with the cathode. The partially ionized Ar strikes the target and releases atoms from
the target to the substrate. There is usually a ground shield and a cooling system in the
cathode, as well as a heating system in the substrate holder. Adapted from [114].
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3.4.3 Pulsed Laser Depositon

The first wedge-shaped sample V3Si studied in this work (Chapter 6) was made
by the Pulsed Laser Deposition (PLD) technique, by Prof. Carlo Ferdeghini and cowork-
ers, at the facilities of the SPIN Laboratory, in Genova (Italy). In his system, they use
two excimer lasers and one Nd:YAG laser, coupled to two PLD systems with a multitar-
get carousel and an in situ monitoring of the growth by Reflection High-Energy Electron
Diffraction (RHEED). In this technique, the target material is striked by pulses of laser
in high vacuum, in order to ablate small clusters of the source material, like a plasma
plume, and launch them to the substrate. PLD has the interesting feature of keeping, at
least partially, the microstructure of the target material on the deposited film - which is
suitable for complex system such as the high-temperature superconductor YBasCu3Og. s

[115]. Figure 39 illustrates this feature for YBCO.
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Figure 39: Schematic illustration of PLD target grain size on the growth process of the
deposited film, proposed by Khan et al. [115]. The uniformity in the left illustration
may lead one to think that microcrystalline p-YBCO produces better films then the
nanocrystalline n-YBCO (at right), but the larger fragments and the increase on the
number of grain boundaries in the n-YBCO lead to a higher J film, due to the increase
in film surface granularity when the n-YBCO is used as a target. Adapted from [115].

3.5 Characterization techniques

3.5.1 Scanning Electron Microscopy (SEM) and Energy Disper-

sive X-ray Spectroscopy (EDS)

The Scanning Electron Microscopy (SEM) [116] may be basically described in

three steps: (1) focus an electron beam into a small spot (typically a few pm?) in the
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sample surface, usually accelerated by a voltage of the order of 10 kV focused and guided
by magnetic lenses; (2) collect the intensity of electrons which are either back-scattered
(BSE) or ejected from the sample, also called secondary electrons (SE); and (3), scan this
spot all over the region of interest on the sample, as illustrated in Figure 40(a). Once the
wavelength of the electrons collected is smaller than the wavelength of visible light, SEM
allows one to achieve higher resolution than optical microscopy. Furthermore, by using a
X-ray detector in the SEM facility, one can perform Energy Dispersive X-ray Spectroscopy
(EDS) measurements [116], which detects the X-ray emitted by the sample after being
excited by the electron beam. Since each chemical element has its own X-ray emission
signature after electronic excitements, the identification of the elements is possible. Several
authors [117, 118, 119] also use this technique to estimate the thickness of thin films.
Figure 40 illustrates the sample-electron interaction zone, in which electrons from a beam
interact with the sample, emitting back-scattered electrons, secondary electrons, and X-
ray - from which the element detection and quantification is possible. An important
remark is the pear-shape of the interaction zone (also described as droplet-shaped), which
- for the thin films dealt with in this thesis - collects more data from the substrate than
from the material under study. Also, the beam energy and the atomic weight of the
elements which compose the sample also play an important role in the interaction zone
size. SEM images shown in Chapter 7 were taken with a Philips XL30 FEG [120], in the
Structural Characterization Laboratory (Laboratdrio de Caracteriza¢iao Estrutural, LCE)
- UFSCar, Brazil. SEM and EDS data in Chapter 6 were collected by a Leica Cambridge
S360, equiped with the detector Oxford X-Max 20 and software Oxford AZtec 2.2(for the

Energy Dispersive X-ray Analysis), in CNR Spin facilities, in Italy.
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Figure 40: Comparison of the main components of (a) an optical microscope and (b) a
scanning electron microscope. (c) Schematic view of the sample-electron beam interaction
during a SEM experiment, in which electrons, visible light, and X-ray are produced by
the intricate interaction within the specimen. Adapted from [121, 122].

3.5.2 Atomic Force Microscopy (AFM)

The Atomic Force Microscopy (AFM) is one of the most reliable techniques
to investigate nano-sized samples. It is based on a very small tip at the extremity of a
cantilever which scans very close to and across the surface of the sample. As the cantilever
shakes, the light beam focused on it changes its angle of incidence in the detector, and
this information is translated into topographic map. Figure 41 brings some pictures of
the Bruker Nanoscope V. AFM used in this thesis [(a) and (b)], details of the cantilever

are shown in panel (c) and a scheme of the main components is presented in (d).
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Figure 41: Photographs of the Atomic Force Microscopy of the LCE facility at UFSCar
(a), and a zoomup of the working region (b). The cantilever is located in the highlighted
region of panel (b), and is shown in details in panel (c¢). The main components in an
AFM are presented in panel (d). Adapted from [123].

3.6 Magnetic measurements

The DC magnetometry has been at the core of the experimental research in
superconducting materials, since the perfect diamagnetism and the existence of vortices
inside the superconductor are properly revealed by this kind of measurement. In addition,
AC susceptometry offers a reliable way to obtain T(H). All the DC magnetometry and
AC susceptometry measurements were caried out in a comercial MPMS 5 magnetometer
from Quantum Design, in the GSM labs at UFSCar. Measurements as sensible as 107°
emu are easily achievable. Such a sensitivity is due to a radio-frequency (RF) driven

superconducting quantum interference device (SQUID) [124]. The temperature controller
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is as precise as 0.01 K, and once the sample is in a region of stable temperature, curves

of Hoo(T') can be precisely obtained.

3.6.1 DC Magnetometry

For DC magnetic moment measurements, there is a set of coils arranged in a
second-order gradiometer configuration, as shown in Figure 42 (a). This set of connected
coils detects the magnetic moment of a moving sample along the z direction. The sample is
mounted in a plastic straw (b) by using sewing threads and some holder, such as polymeric
capsules or teflon discs. The inset in panel (a) shows what one can access when the squid-
response data file is opened, the raw data used to calculate the magnetic moment of the

sample.
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Figure 42: (a) The gradiometer schematic circuit and its coupling to the SQUID sensor.
The inset shows the induced voltage as the sample is moved along the z direction. (b)
Sample assembly in a plastic straw with gelatin capsules, vacuum grease, and sewing
thread. Adapated from [124].

3.6.2 AC Susceptometry

All the AC susceptibility measurements were also performed in the MPMS 5
magnetometer, as illustrated in Figure 43. A Lock-in compare the AC signal from the
source coil and the one coming from the detection coils. Differently from the DC mag-

netization measurement, the sample does not move during an AC measurement: a train
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of AC pulses is used to excite the sample, which stays at rest. To eliminate background
noise and existing asymmetries among the sensing coils, the measurement procedure is
repeated with the sample placed in two different positions in the z axis. The MPMS 5

allows one to range the AC driver field h, i.e., the excitation field, from 0.01 to 3.8 Oe.
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Figure 43: At the left, schematic representation of the sample space region inside the
magnetometer, where one can identify the DC field coils (more external), AC field coils
and detection coils. The signal from the detection coils is compared to the applied signal by
a lock-in and ploted as the in-phase and the out-of-phase components of the susceptibility
as a function of the temperature, for instance, in the right panel. Kindly yielded by Prof.

Maycon Motta, GSM, UFSCar.

3.7 Magneto-Optical Imaging - MOI

The Magneto-Optical Imaging (MOI) is a technique that allows one to see the
spatial distribution of the magnetic field through a planar surface. That is so because
one uses a flat indicator film whose optical properties change as a function of the local
induction field. The concept of MOI started in 1956 by the use of cerium salts as indicators,
but the resolution was limited to 0.25 mm at that time [125]. Its use as a high-resolution
microscopy technique began in the 1970-1980 decades and evolved side-by-side with the
development of new indicators. The most important physical property of the indicator for
using in MOI is its Verdet constant ('), a measurement of strength of the Faraday effect

in that material, which relates the rotation of the polarized light beam and the intensity
of induction field. The Verdet constant unit is %. The angular difference between the

light beam initial angle and the output after crossing the Faraday-active material, «, is
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given by:

a=V-B-d, (3.1)

where d is the distance inside the material that the light passes through, and B the local
flux density, as illustrated in Figure 44. The Faraday-active material, also called magneto-
optical layer (MOL), is one of the three constituent layers of the indicator. Panel (b) in
Figure 44 shows the indicator structure used in this work, which consists of a special
substrate: GdzGasO1y (gadolinium gallium garnet, GGG), on which one deposits the
MOL, a bismuth-substituted yttrium iron garnet film (Bi:YIG) Bi,Y;_,FeO grown by
liquid phase epitaxy. Below the MOL, a thin aluminum metallic mirror is deposited to

reflect the polarized light beam used during the MOI experiment [126, 127].
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Figure 44: (a) Schematic representation of the Faraday-effect. A polarized light beam
coming from the left passes trough a transparent material, with an apreciable Verdet
constant V', along the distance d. The angle alpha is proportional to the induction field in
the material, B. (b) Indicator structure. (c¢) The spontaneous magnetization in the MO
layer used in this work is parallel to the film surface, and an out-of-plane magnetization
component takes place when the indicator is subject to a perpendicular applied magnetic
field (H), produced by a set of Helmholtz coils. Adapted from [61].
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3.7.1 Magneto-optical imaging setup

3.7.1.1 MOI setup at UFSCar

The Magneto-Optical Imaging facility at GSM is available since 2010 and was
built with financial support by Fapesp. Our system is based on the experimental setup of
Prof. Tom H. Johansen at the University of Oslo. Figure 45 shows a photograph of the

MOI platform in panel (a), and an illustration of its main components in panel (b).
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Figure 45: (a) Photograph of the MOI facility at GSM, UFSCar, Brazil. (b) Schematic
illustration of the MOI experimental setup. Adapted from [128, 61].

The experiment works as follows: liquid helium (LHe) is collected from the
Dewar, passes through the transfer-line and exchanges heat with the cold finger while
pumping out with a Sogevac SV40B pump. The region surrounding the cold finger, inside
the cryostat, was previously evacuated by another pump, a HiCube model turbo-pump
from Pfeifer. A heater is installed into the cold finger and the temperature control is
provided by an Oxford ITC 503S temperature controller. Three current sources can be
used to generate the magnetic field: a Sorensen model SGIS800X6C-1AAA, a Keithley
model 6221 and an Elgar model SW1750A, which allows one to reach fields up to 150
Oe, 48 Oe and above 1 kOe, respectively. The experimental setup is also composed by a
reflected beam polarization microscope model BX-RLA2, from Olympys, equipped with
a 100 W halogen lamp (U-LH100H-3), a polarizer (U-PO3), an analyzer (U-AN360-3),

Lincoln B. L. G. Pinheiro




3. Experimental Methods & Materials 67

and an ultraviolet cut filter (U-25L42). The cryostat and the copper coil set are mounted
on an x-y-z micrometer stage to focus the sample. The images are acquired by a digital
camera model Retiga-4000R Fast 1394 Mono Cooled from QIlmaging with 4.19 megapixel
(2048 x 2048 pixels) in a 12-bit digital output connected to a software developed at
LabView. The microscope and the 3D positioner stage, including the cryostat and the
coils, are mounted on a Newport optical table model RT equipped with active pneumatic
suspension system in order to minimize noise from mechanical sources (labeled Optical-

table in the photograph).

3.7.1.2 MOI setup at ULg

Part of the MO images in Chapter 4 (Figures 51, 52, and 53) were acquired in
the EPNM research group at the Université de Liege, Belgium, during my internship in
2015-2016. Figure 46 describes some of the most important features of that experimental

station.
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Figure 46: (a) Cooling system components of the Montana Cryostation used in ULg
MOI: a closed-cycle cryogen-free cryocooler (1), a variable speed helium compressor (2),
the cryostat and sample chamber (3), the laptop with user interface (4), and control unit
(5) [129]. Panel (b) shows, schematically, the main components of at MOI setup. The
coils to apply of the external magnetic field (not shown) are installed surrounding the
sample chamber.

The ULg MOI setup is based on a modular Olympus BX-RLA2, including a

source of unpolarized white light, namely, a 100W arc burner lamp (USH 103 D), a

Lincoln B. L. G. Pinheiro



3. Experimental Methods & Materials 68

green filter (U-25IF550, peak at A = 550 nm), a polarizer (U-PO3), and the analyzer
(AN-360). The digital camera is a CCD RETIGA-4000R, 4.2 megapixels on a 12-bit
gray-scale, resulting in a 2048x2048 px? image. The EPNM experimental setup uses a
LabView interface to control the cold-finger temperature, the applied field and the image
acquisition. The image recorded is an average of 10 images, in order to reduce the noise
from the background. More details about this system can be found in the thesis of J.
Brisbois [58].

3.7.1.3 T, measurements in MOI

An important and challenging feature of every MOI assembly is the thermal
contact between the sample and the cold-finger, in both systems described above. The
main indication of the quality of the assembly is the determination of the critical tem-
perature of the sample. In an MOI experiment, one can measure T by field cooling the
sample at a small field (H = 20 Oe, for instance), and letting the sample in the remnant
state (H = 0) after the base temperature is stable. By increasing the temperature at
a small rate, typically 0.2-0.5 K/min, the images are captured at each 0.1 K, from the
base temperature to above the expected value of T;. The T value is defined by the
temperature in which one cannot observe the sample in the MO images anymore - above
T¢, the superconducting shielding currents no longer occur, and the MOL only shows a
uniform brightness all over the image. Once the thermometer of the cold-finger is a few
centimeters far from the sample, and it is closer to the cold source, the temperature in

the sample is usually higher than the nominal value indicated in the MO images.

Lincoln B. L. G. Pinheiro



4. Numerical Methods for MOI 69

4 Numerical Methods for MOI

4.1 Introduction

The critical examination of the images coming from the MOI measurements is
one of the most important steps of our work in this field, despite its qualitative bias. In
order to quantify the effects of the magnetic field on the samples under study, we need
to aim at eliminating all possible experimental artifacts and be sure about the size of the
error bar of what we intend to measure - in this case, the distribution of magnetic flux
density on the surface of flat superconductors. Most of these experimental artifacts were
clearly pointed out in the review paper published by Joos et al. [44] e.g., inhomogeneous
illumination, local dependent polarization effects on the optical components, the magnetic
domain structure of the MOL, sign change of the B, component and the defects in the
MOL. Even without overcoming all these limitations, the conversion (from pixel intensity
to magnetic flux density) is not only possible but truly helpful. The MO images studied
in this work were analyzed by using a technique jointly developed at Université de Liege,
in Liege, Belgium, during an academic exchange between 2015 and 2016, within Brazil’s
Science without Borders Program. Although the results shown in this chapter are new
and not published yet, the technique is also described in details in a previous paper [130],

published in 2018, of which I am one of the co-authors.
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4.2 Conversion Algorithm: from pixel intensity to

magnetic flux density

4.2.1 Calibration

In order to avoid some of the above mentioned experimental difficulties, the
image calibration must be done specifically for each assembly of the MOI setup, i.e, for
each sample mounted on the cryostat, a new image calibration should be performed. This
protocol avoids artifacts coming from defects in the MOL or scratches on the mirror.
Calibrating pixel by pixel from light intensity to B, maps, one overcomes most of the
inhomogeneous illumination and the local dependent polarization effects in the optical

components.

The analyzer angle

The image calibration starts even before the sample assembly, by setting the
angle between the polarizer and the analyzer to achieve the magnetic field range within
which one plans to run the experiment. When the analyzer and the polarizer are perfectly
crossed, nothing is supposed to appear in the camera once all the polarized light is blocked.
In other words, the intensity is null and the image is black. For the special case of MOI
[44], the Malus’s law that describes the intensity I to be captured by the camera can be
written as:

I = I'sin’(a + Aa), (4.1)

where I’ is the light intensity that passed trough the polarizer, after absorption and
depolarizing effects in this optical component, « is the Faraday rotation due to B, in
the MOL and A« is the angular deviation between polarizer and analyzer. Our typical
procedure at GSM is to set a standard angle A« on the analyzer. The result of using this
procedure is shown in Figure 47(a) for some selected values of Aagy. The images at the

right of each panel were taken at room temperature and show how the indicator brightness
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change as H is scanned. The applied magnetic field H for each image is indicated in its
graphs at left by red dots and labels in the corresponding graph on the left.

In Figure 47(a) one can readily realize that the points al and a3 show approxi-
mately the same brightness (y axis). In this sense, it is impossible to associate unequivo-
cally the brightness of the pixels to a single value of the magnetic field in the range from
—150 Oe to 0. Another important remark is the position of the local minimum of these
parabolic-like curve. In its vicinity, the change in the brightness response is smaller as
one increases the field, and there are noise for both positive and negative fields surrouding
the local minimum in this |Aagyg| configuration, specially for 0 to -100 Oe. The noise
problem will be better discussed in the next sections.

Setting the analyzer to —Aagyq, as shown in Figure 47(b), one gets the brightest
point for a negative field and the minimum for a positive field. Again, there is a range
of fields within which two different values of H correspond to approximately the same

response in the indicator.

Lincoln B. L. G. Pinheiro



4. Numerical Methods for MOI 72

—
Y
~

a4,

© 2254 exp=100 ms
E 1 Aa=4°
>150
o
o) .

75 4

T T T T
100 0 100
H (Oe)

—
o
~

Gray level
ey N
n N
o (4]
1 1

-~
o
1 s

2]
~
o]
o

Gray level
[9)]
o
1

N
o

Figure 47: (a) Mean pixel intensity versus applied magnetic field for the standard angle
between the analyzer and the polarizer (= 4° clockwise). (b) The same angle, but rotated
counterclockwise from the orientation of complete crossing. (c) a larger angle, ~ 10°, in
which more light can pass through the optical system. All the pictures are shown as they
were taken by the camera. The white bar below the panel al is the scale bar for the MO
images.

Increasing A« will allow more light to reach the camera sensor. Figure 47 (c)
illustrates with MO images the situation for Aa =~ 10°. The exposure time had to be
severely decreased to avoid camera saturation - it changed from 100 ms, for the standard
angle, to 5 ms. This is the best position for calibration once it shows only one brightness
intensity ascribed to one single value of the magnetic flux density in the MO layer. The
next step is to collect information on how each pixel changes its brightness as we change
the applied magnetic field. Additionally, from now on we will also use the induction field
B related to H by the constitutive relation B = ugH, once we are interested in the local

induction field and how it is distributed in the MO layer.

Each pixel responds differently
Figure 48 is an important example in this subject, showing MO images for the

same assembly, the same temperature but in different applied magnetic fields. Panel (a)
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was taken with H = —48 Oe and panel (b) with H = 48 Oe, using the standard analyzer
angle Aagyg. In both panels, one can identify punctual defects on the MO layer, but
they are more visible in panel (b). Furthermore, the scratch-like defect in the center
of the images shows different influences in its neighborhood when H changes, as one
can observe in the third peak of the profile in panel (b), and its counterpart in panel
(a). Also, the inhomogeneous illumination aforementioned appears as an inclination of
the cross-section profiles, and once both profiles are on the same scale, the discrepancy
between then indicates that this also changes differently for different values of B,. For all
these reasons, the calibration made pixel by pixel is the most precise approach to make
quantitative MOI on superconducting samples. All the information in the Figure 48 were

collected using the ImageJ application [131].

(a)

Cross section line :

Cross section line E |

30
54

Aintensity
Aintensity

UM%'WWMM

Cross section profile at H = -48 Oe Cross section profile at H = 48 Oe

Figure 48: Examples of MO images taken at T = 15 K with (a) H = —48 Oe; (b)
H = 48 Oe. The yellow lines in the middle of both panels indicate the position where the
intensity profile graphs were taken, both curves are in the same scale.

Data acquisition for calibration

The sample assembly on the cold finger is the same as the standard protocol
described in Chapter 3. The next step is to perform a scan of the applied magnetic field,
just like we performed at room temperature to set the analyzer angle, but in a temperature
close to the range in which the experiments are planned. This is necessary because the cold

finger shrinks a few millimeters during the cooling procedure from room temperature to
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the base temperature (=~ 3 K), and we usually need to change the microscope parameters
(focus and zy position) to locate the sample. For superconductors, one should collect
the calibration data in temperatures just above 7., in order to get the parameters of
each pixel without influence of the superconducting sample and as close as possible of the
temperature range.

Data processing for calibration

The data processing for calibration can be easily done in any programming lan-
guage that supports image processing, such as Python or C+4. Nevertheless, this data
acquisition and processing protocol was developed in the EPNM research group, specially
by Prof. Alejandro Silhanek, Jérémy Brisbois and myself, in the Univesité de Liege during
the sandwich period, and the group had already started the numerical analysis of the MO
images in Matlab before my internship. So, all the following steps were performed in
Matlab.

By stacking the collected images, one can imagine a data cube wherein the
information needed for calibration are column vectors of aligned pixels, as is illustrated
by the red arrow in Figure 49 (a). Using the brightness level value for each of those pixels
from the column vector, one can plot them as a function of H, as shown in Figure 49
(b). We used a second order polynomial fitting to generate the colored lines. Figure 49
(b) shows only 16 different points collected at different positions on the image, to show
how different the pixel behavior can be, depending on its position. For each run, the
processing is carried out using all the 2048 x 2048 = 4 194 304 column vectors of pixels

to deal with.
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MOI image of superconducting sample
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the calibration points were taken.

200

Pixel intensity (a.u.)

. 50 . 7‘. L
Increasing of the
- - 10
4d magnetic field 10 > 0 >

perpendicularto the film

Figure 49: (a) Schematic illustration of the data cube made of a stack of images and
a column vector through its pixels across different fields. The yellowish pixels on the
top of the first image represent the scanned pixels til the one highlighted in yellow, to
illustrated the scanning protocol. (b) A plot of the data collected as a function of H.
The 16 points on the inset indicate where in the image the column vector were taken to
make the parabola-like graph, where we used circles for the data and lines for the fitting.
All the data were taken at T = 15 K, and applied fields ranging from H = —48 Oe to
H =48 Oe.

Based on the critical model for thin films, one can expect that the induction
field B at the edge of the superconducting film is higher than puoH, for all the reasons
described in Chapter 2. Therefore, it is important to fit a function on the collected data
and not just use the data cube as a reference to check future results. The fitted function
will allow one to measure fields higher than those used to calibrate the system.

So, the next step is to choose a function to fit the data. Joos et al. [44] describe

the response of the iron garnet!, i.e., the function for calibration of the MO layer as

ISimilar to the one used in this work, as described in Chapter 3.
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follows:

B, = By tan {arcsin [(111\45 arcsin <\/I(x’?{r)/(;’];>(x7 y)) + Aa } ; (4.2)

where B, is the magnetic flux density perpendicular to the sample plane, I(x,y) is the

light intensity on the camera sensor, I1(x,y) is the background image, and I'(x,y) is the
light reflected from the mirror after passing through the MOL. The physical properties
of the MO layer relevant to the case are embraced by By, which is the anisotropy field
of the MOL, C' is a constant similar to the Verdet constant, M, is the spontaneous
magnetization of the ferrimagnetic film. The Equation 4.2 will be more useful if one
can rewrite it to describe how the intensity I(x,y) depends on B,. By performing some

algebraic operations, one finds the following expression:

Mo ) DB i ((car, fsn farean (32) | - 20} ) a9)

If one does not subtract the background information for the calibration, then

Li(z,y, B.) = 0, so Equation 4.3 becomes

I(z,y, B.) = I'(x,y) sin’ (OMS {sin {arctan (%)} — Aa}) : (4.4)

This function describes all the induction field range of the MO layer, from zero
up to the indicator saturation, which is close to 10 kOe. Nevertheless, this treatment
becomes somewhat simpler for small fields as those applied on our experiments (up to
H = 150 Oe, for instance): a closer look at the data points in Figure 49(b) suggests a

parabolic function, so we write:

I(z,y, B.) = a(x,y) B + b(z,y) B, + c(z,y). (4.5)
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In such a parabola, one can name its minimum value as I,,;,, occurring at a

specific field B,,;,, so that:

Lpin = c(z,y) — %, (4.6)
- b(x.y)
Brnin = 2a(x,y) (4.7)

This two values are specially important when one needs to calibrate data whose
range lies on both sides of the minimum and when one deals with hybrid systems (such
as superconductors in contact with a magnetic layer), situations where one should choose
which side of the parabola to perform the calibration. The I,,;, is also used in the data
collected in MOI station from ULg, where we must correct the fluctuations from the light
source.

Fitting this second order polynomial equation to the range of data usually col-
lected, the standard error for each coefficient is lower than 2 %. Each one of the column

vectors has three parameters resulting from the calibration.

4.2.2 The conversion protocol

After the parameters of each pixel were calculated, one can extrapolate the cali-
bration data to estimate a larger range of field intensity than what was initially measured.
Nevertheless, converting a pixel intensity to a magnetic field value requires the inversion
of the parabola. If one chooses only the positive side of the parabola, for each image
N;(H) (from now on called only N;) of a sequence of i images, taken by changing the
applied field, the value of the local magnetic field B for a pixel located at coordinates

(x,y) of the image is given by

—b(ZE,y> + \/b2<$’y) B 4a(x,y) [C(ZL‘,y) B I(l’,y, NZ)]

B(xayvNi): 20,(13 y)

(4.8)
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Figure 50 shows curves based on the coefficients obtained from the fitting of the
parabolas in Figure 49(b), but for the Equation 4.8. This glance at the calibration curves
for a number of different pixels emphasizes how important is the individual calibration to

achieve the most reliable results.

MOI image of superconducting sample
above TC and the position where
the calibration points were taken.

Local magnetic field (mT)

80 100 120 140 160 180 200
Pixel intensity (a.u.)

Figure 50: Positive branch of the inverted parabolas; for the same 16 points presented in
Figure 49(b), whose localization is represented on the inset.

As expected, this method is unable to deal with information due to defects on
the MO indicator, dust between the indicator and the sample, and grease spots. Besides
that, the movement of the magnetic domain walls affects the local value of the magnetic

field, so the walking wall should be followed carefully.

4.3 Quantitive MOI for the critical state

The first system we studied with the conversion algorithm was a Nb thin film,
with thickness of 30 nm, lithographed as a rectangle of 400 x 800 pum?, decorated with
two small Co circular dots close to the edges of the larger borders. The diameters of the
dots are 10 ym and 20 pm, and they were magnetized parallel to the plan of the Nb film?.
The MO image in Figure 51(a) is the raw image taken at 7'= 4 K and H = 10 Oe. One

2These samples were studied in depth as a simple hybrid system of a magnet on top of a superconductor
in the PhD thesis of Jérémy Brisbois [58].
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can see the strong brightness at the borders of the sample, as expected for a high-quality
Nb film in these conditions of temperature and field. The Co dots can be identified by the
arrows just below the yellow cross-section line. The angle Aa was selected to allow the
identification of the north and south pole of the Co dots, which is seen as a contrast from
white to black within each dot. At the bottom half of the MO image, there are domain
walls of the MO layer and also defects on the indicator®. The yellow line locates where
the cross-section profile of panel (b) was measured. The profile of the raw image is in
gray and it is scaled at the left y-axis. Panel (c) shows the converted image, and its B,

profile is indicated in black in panel (b).

Converted image

34000 60
50
33800 T=4K L 40
] ——— Raw image i 5
= —— Converted image L30 8
> —
= ot =
2 33600- 0 &
£ 3 @
17 J 10
33400+ " o Lo
0 100 200 300
Position x (px)

Figure 51: (a) Raw MO image of the Nb thin film taken at 4 K and 10 Oe. The yellow line
indicates where the intensity profile of panel (b) [left axis] was obtained. (c) Converted
image in which each pixel represents the value of B, at that location; the field profile
along the yellow line is shown in panel (b) [right axis].

The flat centered region of the profiles, which can be observed between the posi-
tions 50 px and 310 px in Figure 51(b), refers to the shielded part of the superconducting
film. Nonetheless, there is a non-zero slope obtained from the raw image (gray line). This
inclination is due to the inhomogeneous illumination, which is clearly corrected by the
pixel-by-pixel calibration procedure (black line). It also occurs with the maximum field at

the sample’s border - the left hand side of the gray line-profile is more shifted down than

3In this assembly a pressure clip was used to decrease the distance between the indicator and the
superconducting film. The mechanical stress caused by this pressure clip increases the quantity of domain
walls.
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the right hand side of the same curve, as well as for the peaks. The noise range amplitude
around zero for this region is +1 Oe. In panel (c) one can see a clear zigzag dark line
crossing the sample that was not there in the raw image - these are domain walls which
appear due to the calibration step, and will be present in all calibrated images of that
MOT assembly.

Another important remark of this conversion is the effect on the magnetized
dot of the calibrated image. Despite both dots are well visible in Figure 51(a), they are
not visible anymore in the calibrated image, in panel (c¢). This aspect could be wrongly
described as a drawback, but this is actually a precise confirmation of the calibration
quality: the calibration tell us how each pixel response changes as it is exposed to an
uniform (and externally applied) magnetic field. The fact that one can not see the dot
in the calibrated image means that, for those circumstances of temperature and applied
magnetic field, there was no variation on the perpendicular component of flux at the
positions of the dots. In other words, flux at those positions was kept the same as at
H = 0, even at lower temperature and higher field as compared to the calibration run

taken at T' > T¢. This is the reason why we can not identify the dots in Figure 51(c).

4.3.1 The smooth flux penetration

By using the conversion protocol described earlier, Figures 52(a) through (e)
show the evolution of the flux penetration into the sample described in the previous
section, in calibrated MO images. The experiment was performed at T" = 4 K after a
ZFC, increasing H from zero to 128 Oe and so decreasing to zero. Once we expect to
distinguish both, positive and negative flux densities, we choose an artificial color pallet
in which black is zero field, and from zero to blue-white, the positive B,. Negative values
go from black to red-yellow, as shown in Figure 53.

At the right-hand side of each MO image in Figure 52(a)-(e), there are graphs
showing an average B, profile (a’)-(e’) obtained along the yellow line placed at the bottom
left of each image. This cross-section starts outside the sample and goes until its center,

to avoid the domain wall effects on the profile - which could disturb the physical interpre-
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tation. Nonetheless, as shown in Figure 51(b), the profile is expected to be symmetric.
In order to visually discriminate positive from negative magnetic fields, we choose an ar-
tificial color pallet in which black is zero, positive fields appear in the black to blue-white

range, whereas negative fields are seen in the black to red color interval.
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Figure 52: Calibrated magneto-optical images of a 30 nm thick rectangular Nb film, after
a ZFC procedure and then under an applied DC magnetic field of (a) 10 Oe; (b) 22 Oe;
(c) 44 Oe; (d) 115 Oe and finally decreasing the field down to (e) 80 Oe. The yellow line
at the bottom of each image is the region over which the profile was calculated (avarage
of 15 profile lines of pixels). The zigzag features in the images are magnetic domain walls
in the MO indicator.

As we can see in Figure 53 (a) and (b), when decreasing the field after the full
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penetration state, the magnetic flux density measured on the border of the sample is
different from the applied magnetic field. In panel (b) the measured field in the edge is
negative while the applied decreasing field is still in the positive branch (H = 32 Qe).
The critical state model predicts that, for film geometry, B, on the border of
the sample will be negative as soon as one flips the sense of the applied field, since the
gradient of the external field changed its sign. In this regard, we probably do not see it
in the experiment shown due to the limited resolution of the MOI technique. Not only
the model but also this kind of experiment allow us to interpret that the positive flux
trapped in the sample does not go out - it is annihilated by the anti-flux that enters from

the border, even when the system is still under a positive field after a maximum field.

0 60 120 180 240
pixels

20 -
Color scale (gauss) (I

Figure 53: Calibrated magneto-optical images of a 30 nm thick rectangular Nb film, after a
ZFC and after a maximum applied magnetic field of 125 Oe. The field was then decreased
to (a) 53 Oe, and (b) 32 Oe. At the right-hand side of each image, (a’) and (b’) show
B, profiles of images (a) and (b), respectively. The yellowish bar at the bottom of each
image is the region over which the profile was obtained. The zigzag features in the images
come from the MO indicator.

4.3.2 The parabola artifact

When calibrations are performed without special care to the angle A« and the

field range, the results can show what we call the parabola artifact. It appears when
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the field is decreased from a maximum value, as shown in Figure 54. From panel (a) to
(e), it seems that there is a prominent and unexpected positive flux at the border of the
superconducting film, which can be seen in panels (d’) and (e’). From where positive flux

would come from? Why does it appear only in that situation?
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Figure 54: Calibrated Magneto-Optical images of a rectangular Nb film 30 nm thick, after
a zero-field-cooling procedure and after a maximum magnetic field of 125 Oe as applied
and then decreased to (a) 47 Oe, (b) 34 Oe, (c) 25 Oe, (d) 11 Oe, and (e) zero. Panels
(a’) to (e’) show B, profiles of the respective calibrated images.

The graphs in panels (¢’) to (e’) show that negative field is indicated only if
it does not exceed ~ —15 Oe. The prominent positive peak in these panels starts at
—1.5 Oe. The origin of this artifact is clarified by analyzing a region far from the sample,
in the same set of images. The small orange square at the top right of Figure 54(e) shows
a region of size 30 x 30 px? whose mean intensity was plotted as a function of the applied
magnetic field and shown in Figure 55. The I,,,;, and B,,;, values are indicated by dashed
red line. Negative fields more intense than B,,;, will resemble the positive fields in the
image, as a consequence of the angle A« chosen in the beginning of the experiment. So,
the positive field H = 30 Oe gives the same brightness of the negative field —47 Oe, and
one can only distinguish both using the experimental context; that is why this artifact

can easily be interpreted as real physics.
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Figure 55: (a) Mean pixel intensity vs. applied magnetic field for a 30 x 30 px? region
far from the sample, indicated by the yellow square in panel (e) of Figure 54. (b) Inset
showing the noise level for regions far from the parabola minimum and (c) around the
minimum.

4.4 Quantitave MOI for flux avalanches

In this section we will discuss the calibration protocol applied to a Pb thin film
100 nm thick and protected with 110 nm thick Ge layer to avoid Pb oxidization. The
samples were deposited by e-beam evaporation, at the Katholieke Universiteit Leuven
(KU Leuven), in Belgium, by Prof. Joris Van de Vondel. The critical temperature of the
sample is 7.2 K, measured by DC magnetometry.

Figure 56 shows raw and calibrated MO images and line profiles of the Pb-Ge
film described above. Panels (a) and (b) show raw images taken at 7' = 4 K after ZFC,
at H =4 Oe and H = 46 Oe, respectively. There is a strong inhomogeneous illumination
in these raw MO images. The intensity profile in a light gray line, in panel (c), gives
another view to the brighter region at the top right of panel (a). Panels (d) and (e) are
the calibrated MO images from the images in (a) and (b). The yellow line in panel (d)
indicates the region used to plot the B, profile (black line) in panel (¢). The illumination

issue is basically solved by the calibration. Nonetheless, the noise from the domain walls
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keeps disturbing the profile analysis.

In fact, the depression after the first peak in the black line, reading from left to
right, is due to domains arrangement in the MO layer. Conceivably, the domain located
at the right side of the profile is not the same used to calibrate the system, once the zero

field region is shifted to the negative side of the y axis.
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Figure 56: (a) Raw MO images of the Pb thin film and indication of the profile shown
in panel (b) where the field profiles are plotted using two different scales: Intensity of
the light at the left (arbitrary units, a.u.) and local magnetic field (B) at the right. (c)
Converted MO images. For all images the temperature is 4 K, and the applied field is
indicated in the image.

All aspects of Figure 56(a) are better visualized in panel (d). The MO layer
defects are less visible and the inhomogeneous illumination effects are less prominent.
Furthermore, the flux penetration is smooth and almost symmetrical from both edges.

This is a vivid example showing that, for a more precise MOI calibration, the
magnetic domain of the MO layer should also be the same in the calibration and during the
experiment. One way often used to hold the domains is to apply a low-intensity horizontal
(in-plane) magnetic field to the system, as long as it does not disturb the physical system
under study.

The calibration, i.e., the quantitative magneto-optics applied for studying flux

avalanches clarify some tricky aspects of this abrupt phenomenon. Figure 57 shows a set
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of calibrated MO images of the squared Pb-Ge film, after a ZFC and initially increasing
the applied magnetic field from H = 2 Oe (I-A) up to 47 Oe (II-A) and then decreasing
down to —47 Oe (III-E). In panel (II-A) the local field at the edges are —20 Oe despite the
external applied magnetic field is still in the positive side, at 25 Oe. For the calibration
used in this sample, the I,,;, value is at B,,;, = —100 Oe, so we can analyze the images

without the parabola artifact in mind.

A B C D E

11T

T=248K Color scale B 75 0 715G

Figure 57: Flux avalanches in the Pb thin film using an artificial color scale for visualiza-
tion of both negative and positive fields. All the images were captured at T= 2.48 K. The
first image of the first row (I-A) starts with H = 2 Oe and advances to its right (I-B, I-C,
...) as the increase of H is indicated at the bottom of each panel, until the maximum of
47 Oe (II-A). In the second row is the decreasing field, down to —47 Oe (III-E).

In panel I-D (H = 29 Oe) of Figure 57, there are flux avalanches starting from
all edges of the sample. All the avalanches have a well-defined core surrounded by a
blurred region that looks like smooth flux penetration coming from the dendrite. As
the applied field increases, and number of avalanches rise, they try to avoid each other,

as expected. The anti-flux avalanches, starting during the decedent field on panel 1I-D,
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seems less blurred than the positive avalanches, and most of them use at least part of the

positive avalanches core as a paved way to spread out into the sample.

4.5 Conclusions

In summary, the use of numerical analysis in MO images shows important fea-
tures from both the studied material, and the MOI technique itself. The protocols needed
to produce quantitative MOI also prevents important artifacts in the results, making the
MO analysis more reliable. Another important feature of such protocols is the possibil-
ity of studying positive and negative applied fields without mixing-up the meaning of
the pixel brightness. The numerical methods for MOI allow one to make quantitative
magneto-optical imaging in more complex systems, as the one studied in the next chap-
ter: a bi-layered system composed by a thin Nb film with a NbN layer on top of it, which

shows a rich and complex avalanche regime.
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5 Quantitative magneto-optical imaging
in Nb/NbN thin films

This chapter is based on the manuscript Magnetic flur avalanches in Nb/NbN

thin films, submitted to the journal Low Temperature Physics in October 2019.

5.1 Introduction

In view of its high critical field and transition temperature, niobium nitride is a
widely applied superconducting material. In this chapter, we explore the magnetic prop-
erties of single films of Nb, NbN and the hybrid system Nb/NbN. Our results indicate
that the presence of Nb in the vicinity of NbN causes partial inhibition of flux avalanches,
thus extending the region of smooth penetration regime in the HT-diagram, which rep-
resents a practical improvement in terms of applicability of films of this material. As
discussed ahead, the hybrid system can be prepared using an in situ procedure during the
film growth, without decreasing the upper critical field of Nb. We used AC susceptibility
and DC magnetometry to characterize both single layer films, Nb and NbN, as well as
the bi-layered specimen. Quantitative magneto-optical imaging was employed to map the
instability regimes. We also describe interesting features of anti-avalanches, namely, a

halo-like structure and crossing avalanches.
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5.2 Sample preparation and methods

All samples studied here were produced by the research group led by Prof.
Carmine Attanasio, at the Universita degli Studi di Salerno, Italy, in 2017. To per-
form a comparative analysis of the magnetic flux avalanche regime, Nb and NbN single
films and hybrids (Nb/NbN and Nb/I/NbN) were deposited on Si(100) substrates at room
temperature in a ultra-high vacuum DC diode magnetron sputtering system with a base
pressure in the low part of the 1078 mbar range. The argon pressure during deposition
of the Nb layer was P4, = 2.5 - 1073 mbar, while NbN was reactively sputtered in an
atmosphere of Ar and Ny, with P4, = 2.5-1072 mbar and Py, = 0.7- 1072 mbar. The de-
position rates were 7y, = 0.26 nm/s for Nb and ry,ny = 0.17 nm/s for NbN, as measured
by a QCM previously calibrated by measuring the step height of photolithographically
patterned films with a Bruker DektakXT stylus profiler. Samples with different structures
were deposited by keeping the thickness of the Nb and NbN individual layers constant,
namely dy, = 15 nm and dy,y = 60 nm. Hereafter, the single films were named Nb15
and NbN60 for Nb and NbN, respectively. Apart from the single films, both NbN/Nb bi-
layers and NbN/I/Nb tri-layers were realized. The I layer is an insulating barrier, mainly
constituted by NbyOs, obtained by thermal oxidation in air of 3 nm thick Nb layer, in
order to suppress the proximity effect between the two superconducting layers.

The investigated samples, having approximately the same area of 4 x 4 mm?,
were characterized by AC susceptometry and DC magnetometry in a commercial MPMS 5
Quantum Design magnetometer. Magneto-optical imaging experiments were carried out in
the GSM MOI facility, as described in Chapter 3. We also perfomed a numerical convertion
from pixel intensity of magneto-optical images to the local magnetic flux density, mapping
B, all over the sample and its neighborhood, following the protocol reported in Chapter
4.
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5.3 AC susceptibility measurements

The critical temperature of superconducting thin films is thickness dependent
and usually lower than the bulk values [132]. The onset critical temperature (T¢) of the
samples were determined by AC susceptibility measurements, presented in Figure 58(a),
showing the following values: (6.90 £ 0.05) K for Nb15; (10.50 £ 0.05) K for the NbN6O,
(10.00 £ 0.05) K for the bi-layer, and a double transition for the tri-layer sample: the
first at (6.00 + 0.05) K, and the second at (4.86 + 0.05) K. In this tri-layer sample, the
critical temperature of both layers is lower than that obtained for the other samples, sin-
gle ones or bi-layer. Besides that, MO imaging of the tri-layer specimen showed several
scratches on the sample surface, disqualifying the specimen, which thus will not be dis-
cussed henceforth. The critical temperature for the NbN film is close to values reported
in the literature for similar thicknesses [133, 134]. It is also important to mention that T¢
of the single NbN layer is 0.5 K above that the bi-layer. This small depreciation of T¢ is
assumed here to be a consequence of growing the NbN film on top of the Nb layer already

deposited on the substrate.
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Figure 58:  AC susceptibility vs temperature for all films investigated (a) and for different
applied magnetic fields H for the bi-layer system (b). The y axis is normalized by xo,
which is the Meissner plateau value for the in-phase component of the AC susceptibility for
each sample. The frequency (f) and the amplitude (h) of the AC excitation are indicated
in each panel.

The fact that we do not observe a double or a broader transition in the bi-layer as
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compared to the single layer films is a relevant hint suggesting the occurrence of a highly
transparent proximity effect [63] between the layers. The absence of a double transition
in the bi-layer sample remains for applied magnetic fields up to H = 50 kOe, as shown
in Figure 58(b). The proximity effect in the bi-layer specimen was suppressed by the
insertion of an additional 5 nm thick NbyOj5 insulating layer between the superconducting
films as shown in Figure 58(a).

By performing susceptibility measurements as a function of temperature for H
up to 50 kOe, we determined the Hgo vs t diagram presented in Figure 59, ¢ being the
reduced temperature, t = % We estimate the Hoo(0) values by fitting the data to the
expression Heo(t) = Heo(0)- (1 — %), plotted as dashed lines in the same graph. For both
the Nb/NDbN bi-layer and NbNG6O films, He(0) is close to 110 kOe, whereas for the Nb15
film it is approximately 27 kOe. Based on the derivative of the upper critical field versus
temperature near T, we determined the superconducting coherence lengths at 0 K (£(0))
of 10.7 nm, 4.7 nm, and 4.6 nm, for Nb15, NbN60, and the bi-layer, respectively. We did
not detect flux avalanches in AC susceptibility measurements using driving fields up to

3.8 Oe, consistently with the existing literature [135, 136], since avalanches occur only at

higher fields.

Figure 59:  H¢o versus reduced temperature ¢t = T'/T, for Nb15, NbN60 and the Nb/NbN
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bi-layer, showing the extrapolated upper critical field at T" = 0 K.
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5.3.1 Flux jumps regime

In order to identify the instability regimes of these systems, we measured the DC
magnetization as a function of the applied magnetic field at the same reduced temperature
t = 0.3. The result is presented in Figure 60. The presence of magnetic flux jumps is
clearly identified, for all samples as a noisy magnetic response, being particularly promi-
nent for the NbN60 sample. Note, however, that avalanche activity is strongly suppressed

by the proximitized Nb layer (bi-layer sample).

20 ) v ) v ) ) v ) v )
- ——Nb15 -
15} —— NbN60 4
L —— Bi-layer |
10 F -
(")é 5 .
S 0
E L
S 5
= 10
15} 4
I t=0.3]
_20 1 N 1 N 1 N N 1 N 1 N 1
-450 -300 -150 0 150 300 450

H (Oe)

Figure 60: DC magnetization as a function of the applied magnetic field at ¢t = % =0.3.
The noisy response at low fields observed in all samples corresponds to the occurrence of
magnetic flux jumps.

The critical current density is a crucial parameter determining whether the ther-
momagnetic avalanches will take place [53]. For any given superconducting film, there is
a threshold value of Jo below which no flux jumps take place. Based on the Bean critical
state model [31, 32|, one can roughly estimate Jo by the difference between the increasing
and decreasing branches of the magnetization loop. This approach is acceptable in the
smooth part of the magnetization loop (i.e. without flux jumps). A direct inspection
of Figure 60 shows that the critical current densities are rather similar for all samples,
whereas the avalanche activity in the bi-layer sample has decreased as compared to that

in the NbN single layer.
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5.4 Quantitative MOI for the Bi-layered system

As discussed earlier, in Chapter 4, performing quantitative magneto-optical
imaging in a range including positive and negative fields requires some fine adjustments,
especially to avoid experimental artifacts. Figure 61 shows the mean intensity level vs H
of the whole MO image. The blue ellipse highlights the field range, where we will focus
our efforts on the following paragraphs. At least in this field range, there is only one
value of brightness for each value of the applied field H. Furthermore, the field range
is far enough of the parabola minimum, and so the noise level is not too high. Taking
into account these two features, one can make a convenient choice of A« to study the

critical-state penetration and the occurrence of anti-avalanches in these systems.
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Figure 61: Mean intensity level of the whole MO image taken at 7' = 15 K (above T
of all samples) as a function of the applied field. The field range where this Chapter is
focused (close to zero) has only one single value of pixel brightness for each field.

Flux avalanches disrupting the smooth penetration after a zero field cooling
procedure can be visualized in the MO images of Figure 62(a), for each of the investigated
films. In all those MO images, the brighter the pixel, the higher perpendicular flux density.
While large dendritic flux avalanches are observed in both NbN60 and Nb15 films, the bi-

layer system exhibits much less activity, only some small finger-like avalanches occurring
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from the left and right edges. By changing the temperature, magnetization loops allow one
to delineate the instability region in the applied magnetic field versus reduced temperature
(H-t) diagram shown in Figure 62(b). This figure presents one of the main messages of
this Chapter, namely, a substantial enlargement of the stability regime, i.e., where only
smooth flux penetration occurs, of the bi-layer system as compared to the bare NbN film.
In other words, the bi-layer instability regime (in green) shrinks toward that of the Nb15

one (in yellow).
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Figure 62: Column (a) shows MO images for each studied samples at ¢t ~ 0.3 and H =
4 Oe. The zig-zag-like features in the images are related to domain walls in the indicator
film. (b) H-t diagram showing the thermomagnetic instabilities regime as a function of
the reduced temperature; (¢) MO images taken at t ~ 0.5 and H = 8.5 Oe.

When t =~ 0.5, the NbN60 sample exhibits avalanches, as presented on the top
MO image in Figure 62 (c¢). Both the bi-layer and the Nb15 films show smooth penetration,
with the latter one in the fully flux penetrated state. All the flux avalanches presented in
Figure 62 show positive flux only, i.e., they were created following the virgin curve of the

magnetization loop by increasing the applied field from zero. By decreasing the applied

Lincoln B. L. G. Pinheiro



5. Quantitative magneto-optical imaging in Nb/NDbN thin films 96

magnetic field in a superconducting film, after keeping flux trapped into the sample,
negative field-polarity avalanches, or simply anti-avalanches, can occur. Anti-avalanches
can show an annihilation zone [48, 51], i.e., a boundary of zero flux density separating the
regions of flux and antiflux, which coexist due to the application of moderate reverse fields
in a sample with flux already trapped by the pinning centers. This terminology has been
used to describe the contour of anti-avalanches in the early stage of MO investigations of
the abrupt flux penetration in superconducting thin films [48].

Once anti-avalanches are created by decreasing the applied magnetic field, their
onset depends on the previous magnetic history of the system. Figure 63(a)-(e) presents
quantitative MO images obtained at certain magnetic fields along the hysteresis loop of
the NbN /Nb bilayer sample at T' = 3.5 K. The spatial profile of the induction component
B.(r) at the bottom of each image has been obtained from an average of 40 lines as shown
by the translucent yellow bar in panel (a).

Figure 63(a) shows a typical critical state-like field profile for the virgin curve
in a magnetization loop where the inner part of the film is still in the Meissner state
(dark inner area), i.e., B = 0. In panel (b), the applied field reaches its maximum value
(H = 46 Oe), and B > 0 at the center of the sample. The diagonal dark lines forming
an X shape pattern are named discontinuity lines (d-lines), and delineate the locations
where the supercurrent undergoes an abrup change of direction. Panel (c) shows the flux
density landscape after decreasing H down to 14 Oe starting from its maximum value,
and just before the occurrence of the first anti-avalanche in the system. The field profile
in panel (c) reveals a large quantity of positive flux trapped in the sample. The first anti-
avalanche (d) starts from the top left corner into the upper left d-line. This preferential
track suggests that most likely this avalanche is driven by the flux-antiflux annihilation
process. The magnetic profile at the bottom of panel (d) shows the recorded imprint of this
anti-avalanche, and it does not change the polarity of the induction field B along its path,
but strongly decreases the local field as it passes. By decreasing the applied magnetic field
by 1 Oe, another anti-avalanche is triggered from the left edge, transpassing the center of

the sample and then crossing the first avalanche of anti-flux. The second anti-avalanche
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does not change the local field to negative values, although it decreases further the average
B in the whole sample. Nevertheless, these two anti-avalanches exhibit particular features
that can be better emphasized by implementing differential MOI [137], i.e. by subtracting
consecutively recorded images. The result of this procedure is presented in panels (f) and

(g) of Figure 63.
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T=3.5K (a) H=13 Oe (b) H=46 Oe (c) H=14 Oe (d) H=13 Oe (e) H=12 Oe
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Figure 63: (a)-(e) A sequence of quantitative MO images of the bi-layer system, for
different applied magnetic fields, after a ZFC procedure, at T' = 3.5 K. At the bottom
of each panel the B, profile is shown, averaged from 40 lines delimited by the translucid
yellow bar identified in panel (a). (f) Differential image obtained by subtracting (c) from
(d), which shows the first anti-avalanche and an orange halo surrounding it. The field
variation AB is indicated by black circles, (i) inside the halo, (ii) outside the halo, and
(iii) inside the avalanche. (g) Differential image between panels (e) and (d), where the
second anti-avalanche crosses the first one. The color scale indicates that the trapped field
increased in some regions where the avalanche branches cross each other. The dashed lines
in panels (f) and (g) are indications of the sample edges.

Note that the first anti-avalanche running along the d-line runs essentially along
it, with moderate lateral spread. A remarkable feature is the appearance of a halo sur-
rounding the anti-avalanche, a feature that, to the best of our knowledge, has not been

reported so far. The halo definition in the context of flux avalanches is described in the
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next subsection. To describe this halo in a quantitative form, we measured the average
variation of B in three circular regions with 25,000 pixels each in different regions through-
out the sample. The result is marked by the black circles seen in panel (f). The circle (i),
inside the halo itself, is the region where the local field decreased less (AB; = —0.03 G).
This procedure was done in other points across the halo (not shown), to confirm this
observation. Outside the halo, the circle (ii) results in AB; = —0.9 G, and inside the
avalanche (circle (iii)), the average flux density variation within this area was AB;; = 16 G
— 26 G = —10 G. According to the color scale, one can see that there are regions in the
anti-avalanche branches where the field variation is as high as —19 G. The differential MO
image in panel (f) allows one to state that the average field in the sample decreased. The
trapped flux in the system seems to lead to this unexpected halo. More details on the
halo structure and its surroundings are provided in the next subsection. The halo is not a
thick annihilation zone, as one can see in the B, profile of Figure 63 (d) and (e) — there is
no crossover between positive to negative flux there, and thus, no zero-field region. This
halo refers to the absence of rearrangement of the flux distribution in the region around
the abrupt penetration during the first anti-avalanche.

Furthermore, the sample Nb15 also shows a halo-like structure around its first
anti-avalanche. Figure 64 shows MO images taken at 2.4 K at the decreasing field of 7 Oe
(a), and 6 Oe (b), after reaching a maximum field of 46 Oe. In the latter, one can see the
first anti-avalanche. Panel (c) is the differential image from (b) and (a), which allows one
to observe a small halo around the avalanche triggered at the top edge of the sample. The
red circles in panel (c¢) were used to count intensity of the variation among the broader
gray region (circles number 1 and 4) and the lighter regions (circles number 2 and 3). The
intensity of the field in the brighter regions (circles 2 and 3) is one order o magnitude
larger than the other parts of the sample (circles 1 and 4). All the measurements made in
the sample indicates that the flux inside this specimen changed, but in that halo where
the circles 2 and 3 are placed, it changed less. It is important to mention that this is not a
simple reshaping of the incoming flux front - this is a picture of how the system stabilized

just after the step in the decreasing field and avalanche burst. Figure 64 also shows data

Lincoln B. L. G. Pinheiro



5. Quantitative magneto-optical imaging in Nb/NbN thin films 100

for NbN6O film, in panels (d) and (e). As one can see in the differential image of panel
(f), there was no halos around anti-flux avalanches, even in the same conditions of Nb15

samples, i.e., the first anti-avalanche rushing into the critical-state-like penetrated flux.

MNh15

I=2.405K H =7 Oe
MNhMNGO

T=48K H=100e T=48K. H=150¢ ifi=e-d

Figure 64: (a) MO image of the Nb15 sample, after a ZFC procedure down to 2.405 K and
after decreasing H from 46 Oe to 7 Oe. (b) Anti-flux avalanche at H =6 Oe. (c) the matrix
difference between the anti-avalanche image and the previous image, (¢) = (b)—(a)., where
a halo can be seen around the black anti-avalanche. MO images of the NbN60 were taken
at T = 4.8 K in decreasing fields, H = 16 Oe (d) and H = 15 Oe (e). Panel (f) is the
matrix difference between the later two images.

Another intriguing aspect of the set of images shown in Figure 63 is that the
second anti-avalanche crosses the first one. The color scale in Figure 63(g) allows one to
highlight the fact that the branches of the first avalanche transpassed by the second one,
undergo a positive variation of the local magnetic field as high as 8 G. Flux avalanches
triggered during a ZFC procedure are known for avoiding each other during their propa-
gation into the sample [48], no matter whether they are small and fingerlike or large and
highly branched. However, avalanches may cross each other in descending fields because

there is still positive flux where the prior anti-avalanche passed. Although the halo of the
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first anti-avalanche has changed after the advent of the second avalanche, this last one

does not have a halo surrounding it.

5.4.1 Halo definition

We define halo as the region of excess brightness (in our case, AB) surrounding
the first anti-avalanche for the bi-layer system. Figure 65(a) is the same differential image
presented in Figure 63(f). Panels (b), (¢) and (d) are the averaged AB profiles for three
regions of the sample, indicated by translucent gray bars. Panel (b) shows the AB profile
passing through the avalanche trunk, where there is an intense negative variation of B
(AB < 0), as well as a smooth variation close to the sample edges (outside the halo). In
(¢), the halo region presents the highest brightness in the whole image (AB = 0). Panel
(d) presents a region outside the halo where AB is negative and constant. Therefore, the

term halo is suitable to describe such a region in the framework of differential images.

200 400 600 800 1000
Distance (pixels)

A B (gauss) colour scale -19 0 8

Figure 65: Description of the halo structure. (a) Differential image obtained by subtract-
ing (d) from (c) panels of Figure 63(f). Averaged AB profiles taken from the translucent
gray bars, passing through (b) the anti-avalanche, (c) the halo, and (d) outside the halo.
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5.5 Conclusions

Quantitative MOI allowed us to unveil anti-avalanches crossing each other, as
well as the lack of vortex rearrangement in a large region surrounding the first anti-
avalanche. This latter effect manifests itself as a halo of nearly unperturbed magnetic flux
density. Furthermore, the present study revealed that the applicability of thin films of
NbN, concerning the instability regime, was improved by means of a in situ thin Nb layer
pre-deposition, without changing its upper critical field at the same reduced temperature.
The region where the avalanches take place in the field-reduced temperature diagram
decreases for the hybrid system as compared to the NbN film, becoming closer to that of
the Nb film. In other words, there is a suppression of the occurrence of flux avalanches in

the hybrid NbN/Nb system without considerably depreciating its other properties.

Lincoln B. L. G. Pinheiro



6. Flux avalanches in V3Si superconducting thin films 103

6 Flux avalanches in V3Si
superconducting thin films

This Chapter is an extended version of the article Imaging flux avalanches in

V3.Si superconducting thin films, published in 2019 [138].

6.1 Introduction

Silicides are well known used in a variety of purposes, from surface hardening
of cutting tools to resistive switching memory devices [107, 108]. The superconducting
phase of the vanadium(II) silicide was once called a high temperature superconductor in
the 1970s, before the advent of the superconducting cuprates [103]. Flux jumps have
been reported in single crystals of V3Si [139, 140, 141], but until recently, no direct
observation of avalanches in thin films of this superconductor had been reported. In
1954 [101] a bulk sample of the compound V3Si was for the first time reported being
a superconductor, with 7, = 16.7 K at atmospheric pressure [102, 103]. As a single
crystal, it exhibits highly anisotropic critical current [104] and shows a low-temperature
martensitic phase transition, from cubic at room temperature to tetragonal, below 30 K
[105, 106]. For decades, researches discussed if this crystallographic transition was the
key for the superconductivity, but both phases were found to achieve the superconducting
state. V3Si has received attention recently due to the global interest in possible two-band
superconductors - where ultra high-quality samples shaped as thin films are mandatory
[109, 110, 111]. There were no studies about flux avalanches in V3Si thin films, until

the paper in which this Chapter is based on [138]. Another important remark is that
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the experiments on that sample were performed in 2014-2015, before implementation of
quantitative magneto-optics in our group, being this the reason why the data in this

Chapter was not submitted to the standard calibration procedure.

6.2 Experimental details

The sample treated here was deposited in 2008 by the group headed by Prof.
Carlo Ferdeghini, in Genova, Italy, and the first publication with details of the sample
deposition is Ref. [109] in our list. As summarized in Chapter 3, films deposited using
the PLD technique demands one or more targets. Silicon pieces and a Vanadium ingot,
both from Koch-light laboratories, were used to prepare the target by arc-melting furnace
in argon, and then melted again in a induction furnace to outgas the target and ensure
it was a single phase bulk. This bulk was analyzed by micrography and X-ray diffraction
(XRD), which confirmed the exact stoichiometric of this new target. The V3Si thin films
were deposited on a (111)-oriented LaAlOj substrate by the PLD method, using this
single stoichiometric target in ultra-high vacuum, 107!° mbar. The substrate temperature
during the deposition was close to 1200 °C and the background pressure lower than
5-107% mbar. The laser frequency was kept constant during the deposition, 30 Hz,

and the fluency was 2 J/cm?

. The thickness of the sample was measured in situ by a
Reflection High Energy Electron Diffraction (RHEED) system. At the central part of
the substrate, the films were 180 nm thick. These films were polycrystalline and had the
[210] crystallographic direction perpendicular to the substrate surface, as is illustrated

in Figure 66. It is important to mention that the sample studied in this Chapter was

cleaved by notching the border of the substrate.
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Figure 66:

Side View
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Schematic illustration of the crystallographic structures of both the sub-

strate and superconducting film of V3Si. The blurred region between the two materials is

intended to represent the buffer zone.

6.3 AC and DC measurements

By using AC magnetic susceptibility measurements, as shown in Figure 67(a), we

determined T, of (14.5 + 0.1) K as the upper bound of a broad normal-superconducting

transition (07 ~ 2 K), at remnant field. In order to investigate the instability regime,

which one wants to locate and, eventually, to avoid in

applications, magnetization loops

were performed and are summarized in Figure 67 (b) and (c). In panel (b) we compare the

DC magnetization vs. applied magnetic field curves taken at three different temperatures

(2 K, 7 K, and 12 K), whereas panel (c) shows a wider picture of the thermomagnetic

instabilities , illustrating how the field range varies with temperature.

An interesting feature of the Figure 67 (b) is the stronger diamagnetic signal

for fields from H = 10 Oe to H = 1000 Oe at 7 K as

compared to 2 K. Moreover, this

feature changes after the flux jumps stop (for fields higher than H = 5000 Oe), and the

sample behaves just as one would expect from a type-II superconducting film in a critical

state-like, smooth penetration regime.
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Figure 67: (a) AC susceptibility versus temperature for the V3Si film, at remanent
field (Hyem), showing the broad normal-superconducting transition. (b) Isothermal DC
magnetization versus applied magnetic field taken at 2 K, 7 K and 12 K, for a V3Si
film. For lower temperatures and H > 10 Oe, the noisy behavior is the signature of flux
avalanches. Inset: Lower threshold field for thermomagnetic instabilities at 7 K. (¢) DC
magnetization versus applied magnetic field for temperatures ranging from 7' = 2 K to
T = 9.75 K. For ease of viewing, curves taken at different temperatures have been shifted
vertically. The colored background (magenta) illustrates the region where thermomagnetic
instabilities take place.

In the inset of Figure 67(b), the black arrow at left indicates the lower threshold
field Hi", delimiting the beginning of the instability regime at 7' = 7 K. At higher fields,
the upper threshold field Hi" is indicated. A challenging part of studying flux avalanches
using magnetic measurements is that, at lower temperatures, the first occurrences are
too small to be identified in the magnetization curve, comparable to the background
noise. Nevertheless, by analyzing the MOI results (shown in the next section) one can
identify such small avalanches at lower fields, allowing for quantitative determination of

the instability region, as in the illustration (magenta background) in Figure 67(c).
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6.4 MOI measurements

The MOI measurements presented in this Chapter were done as described in
Chapter 3. A visual summary of the MOI performed on the pristine sample is shown
in Figure 68. Each column comprises images vs. applied field selected experiments at a
constant temperature: 7" = 2.51 K in column (a), 7" = 7.00 K in (b), and 7" = 12.0 K
in (c). Along each line, one can analyze how the sample behaves after a ZFC procedure
down to the indicated temperature. Each line corresponds to a fixed applied magnetic
field of H = 10, 20, 30 and 46 Oe.

The flux avalanches shown in column (a) are smaller, more numerous and less
branched than the avalanches in column (b), as already shown by T. H. Johansen [48].
In Figure 67(c), the jumps at lower temperatures are also smaller. Furthermore, still on
panel (c), avalanches at 7 K are larger and more branched. A visual confirmation of the
larger jumps is shown in Figure 67(b).

Another aspect of this set of images is that the smooth flux penetration at all
temperatures, notably at 12 K, exhibits a fanlike shape. This feature is known to reflect
the existence of defects, either at the borders or within the film [43, 142, 143]. Evidences
of a direct correlation between such flocking in the MO image and misorientations among
grains has also been treated in [144].

Once the temperature is higher as one goes to the right-hand side of Figure
68, in column (b) J. is lower than in colum (a) - this can be seen by the smooth flux
front emerging from the bottom edge of the sample, which had penetrated more at T" =
7.00 K than at 7" = 2.51 K, due to the decreasing of the shielding capability at higher
temperatures. But this behavior of J.(T) is not enough to explain the anisotropic shielding
effect visible in Figure 68, where the brightness level close to the sample edges shows an
asymmetric decrease towards the center. The flux penetrates deeper into the sample from
the bottom edge. A possible cause for the anisotropy in the fronts of penetrated flux could
be a temperature gradient across the film. One important point to have in mind is that

the unidirectional heat removal from the cryostat cold finger could cause a temperature
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gradient across the film. Then, we have reversed the sample assembly on the cold finger,
in order to check this possibility, which was ruled out by undebatable fact that exactly
the same experimental results.

The crystallographic orientation of the grains could also be a possible source of
the flux penetration anisotropy, since in a single crystal of V3Si the ratio of the critical
currents along different crystallographic directions can exceed 3 [104]. Nevertheless, this
could only be the case for epitaxial thin films, not for a polycrystalline specimen studied

here [109].
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H (a) T=2.51K (b) T=7.00 K (c) T=12.0K
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20 Oe
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Figure 68: Magneto-optical images taken after a ZFC procedure at constant temperatures
(a) T =251 K, (b) T=7.00K, and (c) T'= 12.0 K. The applied fields are H = 10 Oe,
20 Oe, 30 Oe, and 46 Oe. The * and ** marks on the top right panels, are for images
whose brightness and contrast were adjusted to have a better visualization. The yellowish
line in the last panel shows, approximately, the place where the sample was cleaved for
the next MOI measurement, presented in the next figure.

To check the reproducibility of such inhomogeneous shielding we cleaved the
pristine sample in the position indicated in the last image of the column (c) of Figure
68 and used the upper piece to a new round of MO measurements. Figure 69 shows
MO images taken at T = 2.42 K, 7.00 K, and 12.0 K, after a ZFC procedure, for fields
H =10 Oe, 20 Oe, 30 Oe, and 46 Oe, applied perpendicular to the plane of the film. An

important aspect of this assembly is that we adjusted the brightness and contrast of the
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images at the highest field, and kept the same scale for the images at lower fields - that
is why images on the first line appear darker. Looking at the first row of Figure 69, the
image at higher temperature shows the lower shielding effect, just as expected once the
critical current decreases for increasing temperatures.

Examining the last row of images, for an applied field H = 46 Oe, one can easily
identify that the image at 7' = 7.00 K has a larger shielded region than that at 7' = 2.42 K.
This is due to the fact the quantity of avalanches is higher at the lower temperature, and,
most probably, related to what we see in the magnetization measurements in Figure 67
(b), where the curve at T = 7.00 K shows a stronger diamagnetic signal than that at
T = 2.42 K. Also in this last line, the image of column (c) still shows the four borders,
which is different from the correlated image of the pristine mother sample in Figure 68
(c). This can be taken as a check for consistency of the assumption that the reason for
the anisotropic shielding is due to the thickness variation of Js, which is larger at the

central part of the film than at the lower border.
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Figure 69: Magneto-optical images of the cleaved sample, taken after a ZFC procedure at
constant temperatures (a) 7= 2.42 K, (b) T'=7.00 K, and (c¢) 7' = 12.0 K.The applied
fields are H = 10 Oe, 20 Oe, 30 Oe, and 46 Oe, as indicated on the left

6.5 Thickness measurement

One hypothesis that could explain the inhomogeneous flux penetration through-
out the film is a non-uniform thickness. Different attempts to measure the thickness of the
sample were performed, but most of them were unsuccessful. XRD low angle reflectivity

gave no appreciable results probably due to the high value of roughness of the surface,
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as one can observe in the SEM image in Figure 70(a). We also were not able to find
a selective etching for the film and not for the substrate in order to realize a step that
could be measured by AFM or other profilometry technique. The solution adopted was
to perform some destructing tests on sister films by measuring for a cross section of the
film by SEM. The sample was embedded into resin and prepared cross-sectional measure-
ment of the thin film thicknesses. The problem with this approach is that the substrate
(LaAlO3) is very brittle and tends to fracture during the metallographic preparation. For
this reason the thickness measurement was only possible in certain position along the
length of the sample where the V3Si film was intact, as is illustrated in panels (b) and (c)
of Figure 70. The film thickness measurements show a trend in the direction examined in
the cross section (from about 100 nm to about 60 nm). This test was in agreement with
a relative indirect thickness measurements by evaluating the intensity of the Si peak in

EDS measurements, which are summarized in Figure 71.

V,Si film 90.2 nm e
3 V,Sifilm 69.7 nm —_

\‘ 1}

Figure 70: (a) SEM image of the V3Si surface, where the roughness of the sample is
evident. Panels (b) and (c) are examples of SEM cross-section images of the same film,
but in different positions along it, showing the thickness variation.

The direct observation of thickness variation from SEM cross-section images
needs to be translated, in a non-destructive way, to the sample that we performed MOI
measurements. So, we made EDS measurements on sister samples, applying 8 kV to ensure
that the spectrum response includes enough information coming from the substrate. The
ratio between the intensity peak of Si (from the sample) and Al (from the substrate) was
mapped all over the a squared sample, in a Cartesian order: starting close to the bottom-

left corner of the sample, where we set the origin of a Cartesian plane, and choosing
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the sample edges to be the z and y axis, the first line (in blue) of measurement was
at y =0.5 mm, in which 7 EDS regions were recorded. The second (in red) and the
third line (in green) were taken at y = 3 mm and y = 4.5 mm, respectively. The
variation of such ratio can be ascribed to the film thickness measured directly in SEM.
The calculated thickness values are shown in the vertical axis of Figure 71, as a function of
the x position of each EDS measurment. The thickness variation is confirmed along both
directions parallel to the sample edges, which is consistent with the observed peculiar flux
penetration. The inset in Figure 71 is an example of EDS spectrum, showing the counts
per second normalized the energy, as a function of the X-ray energy detected. The Al

(from substrate) and Si (sample) peaks are labeled.
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Figure 71: Calculated thickness as a function of the position on the surface of a sister
sample. The inset exemplifies an EDS spectrum in which the ratio between the intensity
peak of Si and Al was used to obtain the calculated thickness.

It is worth to mention that such a nanoscaled thickness variation was not made
intentionally, but rather it was a consequence of the limitations of the deposition technique.
When a film is deposited, a key-parameter is its uniformity. For a position away from the
center of the substrate, the thickness decreases due to a small difference on the distance
from the material source (or target) to the substrate. Furthermore, this tiny variation
along the sample length is challenging to measure in standard equipment like AFM and
confocal laser microscopy, so this indirect quantitative measurement of the film thickness

using EDS suits adequately nanoscaled wedge-shaped thin films.
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6.6 Conclusion

Flux avalanches of dendritic profile were observed, for the first time, in V3Si thin
films in the presence of a magnetic field applied perpendicularly to the plane of the film.
Possible reasons for the anisotropic pattern of the penetrated flux front were investigated,
leading to the conclusion that the cause is a non-negligible thickness gradient which, on
average, amounts to 7 nm/mm. As seen in this Chapter, flux avalanches may occur in
V3Si, so that, the list of superconducting films exhibiting this behavior must be updated
(see, e.g., [128] for a comprehensive inventory) and, therefore, such a characteristic must
be taken into consideration when films of this A15 superconductor are envisaged for
possible applications. This study also motivated us to go along with the idea of making,
intentionally, nanoscaled wedge-shaped superconducting thin films - which is the focus of

the next Chapter.
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7 Nanoscale wedge-shaped
superconducting thin films

7.1 Motivation

The intriguing non-uniform flux penetration due to a thickness variation in the
V3Si film, presented in Chapter 6, motivated the group to revisit a subject started by
Prof. Maycon Motta, Dr. Jo Cuppens, and Prof. Alejandro Silhanek in Leuven in 2011:
a nanoscaled wedge-shaped superconducting thin film. Ideally, this wedge-shaped sample
would be a film with a well-defined geometry, having a thickness decreasing linearly down
to a non-zero value at the opposite edge. The nanoscale term is adequate for the situation
because of the difference between the maximum and minimum thicknesses would be in the
nanoscale (dozens of nanometers). We intend to make a ramp, i.e., an inclined surface,
whose angle is about 5 - 107 rad (or 0.003°), considering the surface of the substrate as
the reference, and extending through a few millimeters. Microscopy techniques such as
atomic force, scanning electron, and confocal laser might allow us to characterize such
a tiny surface inclination. Apart from the technological challenges, if we were able to
produce such a wedge-shaped film, we would like to control the inclination in order to
investigate the smooth and abrupt penetration regimes, and so being able to enhance the
comprehension on the following questions: (1) can we affect the smooth penetration regime
by varying the sample thickness along one of its dimensions? (2) Will the avalanche
regime be influenced by this variation? Figure 72 presents the features we expected from a
MO experiment in an ideal wedge-shaped superconducting thin film, where J¢ is constant

all over the sample. The illustration is organized in two columns: the left column of images
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(a, ¢, e & g) is related to a film with uniform thickness, and the right column (b, d, f &
h) to a wedge-shaped thin film. Panels (a)-(d) display the superconducting films after a
ZFC procedure, at T' < T and H., < H << H.. Considering a critical state model,
panel (a) illustrates the flux penetrated at a certain depth (¢) into the film, where the
screening currents are Jg, and their cross-sections are represented by the reddish areas
(c). Whereas ¢ is the same for all the borders in a uniform sample (a), the thinner and
the thicker borders of the wedge-shaped sample (b) would present different values of ¢
at the same value of H. Charge conservation and current continuity allow one to expect
the screening current i to be the same all over the film once there are neither sources
nor drains in the system. So, as shown in (d), by keeping Jo constant throughout the
specimen, the cross-section area of the left border should be equal to that one at the right
border, and once the thickness is different, its extension is also different. Panels (e)-(h)
show the samples at a higher applied field, enough to force flux to reach the center of the
sample. Therefore, the MO images of the wedge-shaped V3Si film, presented in Figure
68, seems to follow the ideia that Jc is constant (or nearlly) along the different edges.

As a consequence of what was discussed above, we expect that the d-lines should
be shifted towards the thicker border (f). We also expected to detect a difference in the
avalanche triggering and in their sizes, shapes, and upper limit temperatures. Differently
from what one would expect for a sample whose thickness is uniform, a change in angles
of the d-lines cannot be directly ascribed to an anisotropy in Jg, as the case described
by Albrecht et al. [46], and discussed briefly in Chapter 2 of this thesis. One expects to
visualize the d-line changing its direction even if J- keeps constant all over the sample.

Unfortunately, for the V3Si sample in Figure 68, some d-lines at the corners are
not well-defined and cannot be used to evaluate the critical current density.

A somewhat lower quality of the sample, which also results in the fanlike penetra-
tion, might be the cause for a critical current smaller than it would be for a good-quality
homogeneous film of the same thickness. Also important to mention is that the horizontal
shift of the d-lines at the center of the sample towards the thicker edge is clearly visible

and confirms the shallower penetration in the thicker region of the film. The occurrence
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of avalanches also may be affected by the thickness variation even if J- is constant. This
is an additional indication that V3Si, studied in Chapter 6, is a wedge-shaped thin film

whose Jo does not vary strongly across the film.

Uniform film profile Wedge-shaped profile

T T 1 T
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Figure 72: Schematic representation (out of scale) of uniform (a) & (c¢) and wedge-shaped
(b) & (d) superconducting thin films at 7" < T¢, and Hey < H < Heo perpendicular
to the substrate surface, for a sample with constant J. partially penetrated by magnetic
flux. The reddish regions represent the portions of the film where the magnetic field has
penetrated. Panels (¢, d, g & h) are illustrations of the expected response in a MO-
imaging experiment for the full penetration state at higher fields. The applied field H is
larger in panels (e) and (f), where one has full penetration. The dashed diagonal lines in
(h) highlight the deviation of the d-lines from the center.

For several materials, Jo(d) varies inversely with the thickness, i.e., the smaller

the thickness, the higher is Jo [145, 146, 147, 148, 149]. Figure 73(a) illustrates a strong
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asymmetric flux penetration into a specimen whose J¢ is variable along the one of the in-
plane axis (z for instance), as could be also the case for a quite strong thermal gradient, for
example. In panel (b), a wedge-shaped film with Jo o< 1/d is shown and the asymmetry
in the flux penetration is expect to be smaller than in panel (a). In both situations, the
cross-section area for the same current ¢ is represented as being 10 times smaller on the
left edges of the sample in panels (¢) and (d) as compared to the right side.

Constant thickness profile Wedge-shaped profile L
forJ./J. =10 forJ./J’ =10, and J; < =

d
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Figure 73: Schematic representation of a constant thickness film (a) & (c), with a Jo
gradient from left to right. Panels (b) & (d) are for a wedge-shaped superconducting thin
film whose J¢ is also not constant, but is inversely proportional to the thickness. All the
panels are for T' < Ty, and Hey < H < Hey perpendicular to the substrate surface. The
reddish regions represents the portions of the film where the magnetic field has penetrated.

Back in 2011, in Leuven, Motta, Cuppens and Silhanek prepared a wedge-shaped
amorphous MoGe film by moving a shutter in front of the substrate in a PLD apparatus.
This film was observed in 2015, in the MOI facility at GSM. Figure 74 illustrates the
experimental approach to reach the wedge-shaped sample (a), the schematic view of the
film thickness (b), an optical image of the sample surface (c), and its MO images for low

applied magnetic fields after a ZFC procedure, captured at 2.44 K.
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Figure 74: (a) Scheme of a vacuum chamber for pulsed laser deposition with a moving
shutter to obtain a film with a staircase-like thickness. Theses steps are in the range of
dozens of microns along 5 mm. (c¢) Optical image of the as-deposited film. Panels from
(d) through (i) show magneto-optical images of the MoGe sample. The first image was
substracted from the all the others, just after the ZFC procedure down to Ty, = 2.44 K.
The thickness variation has its maximum at the top edge and its minimum, close to zero,
at the bottom edge.

Once the critical current density of MoGe films is rather small, due to its low
intrinsic pinning [61], the images are noisy, and we were not able to access the instability
region using the MOI cryostat. In spite of these drawback, the MO images in Figure 74
show the expected asymmetry in the smooth flux penetration - and a clear indication
that the current-carrying capacity of the bottom edge are different from the top edge.
Furthermore, a remarkable feature of these images is the moving horizontal d-line, as
illustrated by a yellow dashed line in panels (f) through (i),

We also carried out MOI on Pb wedge-shaped samples , protected by a Ge layer,
produced by Prof. Joris von de Vondel at the Catholic Univesity of Leuven (KU-Leuven)
in January 2018. He used e-beam evaporation for both elements, reaching a nominal
maximum thickness of 500 nm for the Pb layer and 100 nm for the Ge protective cap. He
also used the moving shutter technique to reach the wedge-shape profile. Figure 75 (a)
through (d) shows MO images of this sample captured at 2.66 K and fields ranging from

4.5 Oe to 46 Oe. Once this sample has no lithographed boundaries, as one can observe
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on the top view optical image of panel (e), it is not an easy task to analyze the d-lines. A
remarking feature of this sample is that the d-lines continue moving even after they are
established, as one can see in Figure 75 in panels (f) and (g). In these two panels, brighter
regions show where the flux density increased, and the darker borders close to its d-lines
shows where it decreased. Both wedge-shaped films presented so far, namely, MoGe and
Pb, share an important characteristic: the thickness gradient is misaligned with the edges

of the specimens.

T=2.66K

Optical image
2x magnification

Figure 75: From (a) through (d), MO image wvs. applied magnetic field after a ZFC
procedure in a Pb-Ge wedge-shaped superconducting thin film. (e) Optical image of the
sample, showing its shape and surface. (f) and (g) are matrix subtractions, where the
brighter shades of gray indicate places where the B field increased, while the contrary
happens at darker locations.

Despite a wedge-shaped film would interest to us being made of any material, Pb
was especially suitable for this case because of the crossover between type-1 and type-II
superconductivity, predicted numerically for a wedge-shaped sample in Ref. [81]. In a
recent work, Cadorim et al. [150] have shown that, for a mesoscopic sample, k. depends

on its thickness d, so that a crossover from type I to type II is expected to occur as d
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increases. Even if we were not able to see directly this crossover, the type-I character of
bulk Pb should play an important role on how the superconducting properties of the film
change with the thickness, as well as on the flux dynamics and on the occurrence and

evolution of the flux avalanches.

7.2 The diffuse-shadow method to obtain wedge-

shaped thin films

As described in Appendix A, we developed a high vacuum chamber (=~ 107 torr)
to deposit films using conventional thermal evaporation, which is based on the Joule heat-
ing, to achieve controllable conditions to grow a wedge-shaped nanoscaled superconducting
thin film. We also built all the apparatus inside this chamber, such as the non-movable
diffuse-shadow shutter (dss), the thickness monitor, and the current leads for crucibles to
ensure its position related to the substrate, as illustrated in Figure 76. On the left, the Pb
vapor is partially blocked by the crucible shield. The dss is placed partially covering the
Pb crucible, in order to take advantage of the non-punctual vapor source, as indicated by
the dashed lines delineating the atom path from the Pb crucible to the substrate holder.
A dark-gray color indicates the uniform and the wedge-shaped deposition region for Pb,
just below the substrate-holder as well as below the dss. The position of the crucibles
in relation to the shields and shutters should allow the protective Ge vapor to cover all
the wedge-shaped deposition zone. Otherwise, part of the samples may degrade before its
full characterization. By varying the distance between the dss and the substrate-holder,
one expects to control the area of the wedge-shaped deposition zone, and thus change the
thickness gradient.

Aiming to reduce the number of depositions with different shutter-to-source dis-
tances, to check the extension of the diffuse shadow on the substrate-holder, we imported
™

the 3D representation of the deposition chamber, made in the Autodesk™ Inventor

2018 software [151], to Blender software [152]. We then perfomed photorealistic studies
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by considering Pb source as an extended red light and Ge as a blue light, and we were able

to check the regions where there should be Pb, but not Ge (blue regions), as illustrated

in Figure 77 for a comb-like diffuse-shutter!.

substrate-holder

_’ ]

> Wedge-shaped
deposition zone

i{ diffuse-shadow shutter (dss)

Uniform Ge —

i deposition zone -+~ Pbvapor %

Crucible shield Crucible shield
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/\_/

Ge Crucible

Current leads

Current leads

Figure 76: Schematic representation of the diffuse-shadow method to produce nanoscaled
wedge-shaped thin films. Both Ge and Pb crucibles share the same negative current
lead. The thickness of the deposited Pb in the dss (dark gray layer) is larger than in the
substrate-holder because it is closer to the vapor source. The objects are not to scale.

Ge on Ph Ge only

€) (b) (c) %
b

Figure 77: Simulation of a Pb-Ge deposition using a comb-like diffuse shadow shutter.
The areas fully protected from the Pb source are shown in blue, and the pink region
have both Pb and Ge. The shutter is closer to the substrate-holder in (a). The longer
thickness gradient is expected when the shutter is closer to the crucible (b). The shape
of the shutter is shown in (c), where each tooth is 4 mm wide, separated by 4 mm.

By using a first version of the dss, presented in Figure 78(a), and changing the

protective layer for Al, we prepared the first successful batch of Pb deposition on a Si

LAll the shutters with different shapes used in this work are described in the Appendix A.
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substrate. The first positive results arose from a Pb film with maximum thickness of 300
nm, protected by a 20 nm thick Al layer. T'wo photographs of the top part of the chamber
are shown in Figures 78(b) and (c), where one can see the gradient of Pb at the center
part of the figure. This thickness gradient that one can see on the substrate-holder is due
to the vertical part of the dss. The effect of the other two teeth in the horizontal part of

the dss was too thin to be visualized by naked eyes.

Pb shadow Pb shadow

Figure 78: (a) First version of the dss. Photographs of the top part of the chamber (b)
and (c), taken just after the deposition of a 300 nm thick layer of Pb and a protective
layer of Al, 20 nm thick. The red dashed rectangle indicates the position of the deposited
specimen.

We cleaved the sample and imaged it at 2.39 K, under a varying applied field,
as shown in the left column of Figure 79. At its left edge, the thickness of the Pb film is
300 nm, and we do not observe flux avalanches starting from this thicker side.Furthermore,
the avalanches do not start all over the length of the sample, but, instead, are restricted
to a certain portion of the film. The right column in Figure 79 (panels g-1) shows the
differential images of their counter parts in the left column (a-f). These differential images
show that, simultaneously, there are big, thick and quite dendritic avalanches on the
left side, and small, thin, and finger-like avalanches on the right side. The smaller the
thickness, the smaller and less branched is the flux avalanche. Johansen et al. [4§]
have already addressed the relationship between morphology of the flux avalanches and
temperature for a uniform MgB, film, where more branched and larger avalanches appear
for temperatures close to T*. In the case of a wedge film, T™ is thickness dependent and

also changes along the sample. The morphology diversity of the flux avalanches in this
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wedge-shaped sample is highlighted in Figure 80, taken at the remnant state after a field
cooling procedure with 50 Oe. The critical temperature obtained from measurements in

the MOI setup is 7.05 K 2.

Image(x) ~Image(1) [,  Image(x) - Image(x-1)

HoH
0.9 mT

1.6mT

3.2mT

52mT

7.0mT

8.2mT

Figure 79: MO images of a cleaved sample with a wedge-shaped Pb film. The left column,
from (a) through (f), shows images from which the very first was subtracted, taken after a
ZFC procedure down to Tyase = 2.39 K. The right column shows images at the same fields,
although using the differential approach, detailed in Chapter 3. The applied magnetic field
H is shown in the central column. Thickness variation is indicated by the gray wedge at
the top.

2Tt is also important to mention that this value depends on several parameters, and the most important
is the amount of grease used to improve the thermal contact between the sample and the cold finger. For
this reason, the nominal values of temperature will be shown henceforth.
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T=246K
Remnant state

Figure 80: MO images of a wedge-shaped Pb film at 2.46 K and remnant field, after a
field cooling procedure, Hpc = 50 Oe. One can clearly see the morphology diversity of
the avalanches across the sample.

The ideal system to study such an interesting subject would be a superconducting
film with well defined borders, and a natural solution would involve the use of lithography.
However, Pb is reactive to acetone, the solvent needed in the lift-off step. The samples
we prepared by using this process were damaged. The next attempt was based on shadow

masks to be used during deposition, which is the subject of the next section.

7.3 Wedge-shaped samples using metallic shadow
masks

One of the consequences of using shadow masks to delineate the border of the
samples is illustrated in Figure 81(a). In this schematic representation, the substrate is
exposed to a vapor source, and the vapor reaches the substrate everywhere except in the
black region, protected by the shadow mask. In that illustration, the mask is positioned
far from the substrate so that one can see its shadow. In real assemblies, although the
mask is in close contact with the substrate, its thickness produces a similar effect. In the
setup used in these depositions, there will be at least one edge with Pb but not Ge, and

at least another one with Ge, but not Pb, as indicated in panel (b).
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Ge on Pb

Ge-only edge Unprotected Pb

Single vapor source g Ge source

Figure 81: (a) Schematic representation of a shadow mask (or stencil mask) on a vapor
deposition with a single source. The mask is far from the substrate for allowing the
shadow visualization. The black region surrounding the sample is totally protected from
the vapor. (b) Two different sources of materials: Pb as red and Ge as blue. The black
region is protected from both vapor sources. The red regions have Pb only, and the blue
regions have Ge only. All pink regions present Pb covered by Ge.

We have attempted to produce not only Pb, but also Sn samples. We tried
both pure Sn and Sn with an Al cap as a protective layer. Despite we were able to detect
superconducting signals in both depositions, it does not last more than a few days. In most
of the papers on superconducting properties of Sn in the 1960s the samples were deposited
in low temperatures and the measurements were performed in situ, most probably to avoid
the crystallographic change between v and S tin. In view of our own results, and having
in mind the available information from older studies, we decided to focus on Pb films to

study the wedge-shaped superconducting thin films.

7.4 Smooth and Steep wedges

Our experimental apparatus allowed us to vary the distance between the diffuse-
shutter and the substrate (hs), so we were able to produce different thickness gradient
along the films, as shown in Figure 82. Panels (a) and (b) are photographs taken just after
the deposition with hy; = 153 mm and hy; = 102 mm, respectively. The diffuse shadow is

not clearly visible in panel (a), and so we numbered the dss teeth (also numbered in panel
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(d)). The distance h is illustrated in panel (¢). The edges of the dss shadow in panel
(a) are not well-defined, which is an indication that the Pb thickness varies smoothly,

whereas the more defined edges of the dss shadow presented in panel (b) indicates a

steeper variation of the Pb thickness.

m  Substrate-holder

Substrate

-:'-')
R Diffuse-shadow
- shutter
RN
Smooth wedges h, =153 mm o Sharp wedges h, =102 mm
) —— |
Diffuse-shadow shutter \ - Vapor source

Figure 82: Photographs of the top part of chamber, containing the substrate holder and
the masks, for a larger distance hs between the dss and the substrates (a) and for the
shortest distance achievable (b). To facilitate the identification of the dss shadow, the
dss fingers are numbered. The meaning of h; is sketched in (c), and in (d) the 3D CAD
image of the dss.

Our incursions on smooth wedges did not produce samples with appreciable
thickness variation, so all the samples shown in this Chapter belong to the steeper wedge
setup just described. We will refer to the larger possible thickness as the nominal thick-

ness, measured by the weighting method.

7.5 Rectangular wedge-shaped sample

7.5.1 Sample deposition and characterization

The first wedge-shaped sample intentionally made is a rectangular sample,
2 x 7 mm? and 124 nm nominal thickness. The position of the film in its substrate
and the position of the substrate in the chamber during the deposition is shown in Figure

83. A sister sample of this rectangle (from the same batch) was used in DC magnetometry
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and AC susceptibility measurements, from which we have determined T = 7.2 K.

Figure 83: (a) Picture of the chamber as soon as it was opened, where the rectangular
sample is indicated by a yellow arrow. The blue dashed line is a guide-to-the-eye of
the center of the diffuse shadow. (b) Photograph of the rectangular sample without the
shadow mask, but still in the position it was deposited. (c) the sample mounted in the
MOTI cold-finger, with its thinner edge pointing down. The black bars close to panels (b)
and (c) indicate the wedge orientation.

Based on the sample position during the evaporation, one expects it to show a
uniform thickness zone and a wedge-shaped region close to the smaller edges. After the
MOI measurements, we slightly removed the film with a wood needle in 5 points along the
longer edge of the rectangle, to avoid the unmatched borders, i.e., Pb only or Ge only, as
discussed in section 7.3. We performed AFM measurements in these new edges (at least
two measurements at each location). The raw results, i.e., the measurement of both Pb
+ Ge layers, are summarized in Figure 84. By discounting 20 nm of Ge determined by
the weight method, one can evaluate the Pb thickness. Figure 85 shows the Pb thickness
through the rectangle length, indicating the positions where the AFM measurements took
place in panel (a). The real sample is shown in panel (b), whereas in panels (c) through
(g) we show the AFM images of the right edge profile. The roughness of the Ge layer
(the one with which the AFM tip interacts) is homogeneous all over the sample, showing

grains in the nanometric scale, with lateral sizes ranging from 200 to 500 nm.
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Figure 84: Thickness measurements (step mode) of the Pb + Ge layers close to the thinner
edge (a) and close to the thicker edge (b) of the rectangular sample. The plateau in y = 0
coordinate is the Si substrate.

Pb thickness (a) (b)

(nm)  Am— n(nng)

158 +6
143 +6 1700 ¥m

Helght

107 +6 (f)
1800 vm

100+ 6

90+ 4
-1800 ¥m

Helgit

(e)

1100wm

(c)

1150m

=1100m

=11501m

00 Heght  149pm 00 Heght  14aym 00 Helght  14@pm

Figure 85: Values of thicknesses measured along the longer side in the retangular sample
(a). (b) Optical image of the sample with the positions where the AFM images (c¢) through
(g) were taken.

Figure 86 shows the five measurements and their respective error bars as a func-

tion of the position in the vertical axis of the sample. The two thicker values are more or
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less compatible with a region of quasi-uniform thickness at left, whereas the other three
points are clearly in a wedge-shaped region of the film. By performing a linear fit in these
three points, one has roughly a variation of 10 nm/mm, with the minimum (extrapolated)
thickness of 86 nm. Such a small variation corresponds to an inclination of 9-10~% degrees

relative to the Si substrate.
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Figure 86: Thickness as a function of the position along the longer edge of the 7 mm long
rectangular sample.

7.5.2 Obtaining thickness by EDS

As already discussed in Chapter 6, we used EDS to identify and quantify the
elements on the same regions we performed AFM measurements to determine the film
thicknesses. The results are summarized in Figure 87 and indicates where the EDS mea-
surements were taken. Also shown is the quantity of the main three elements: Pb, Ge,
and Si. As expected, the fraction of Pb decreases as the thickness decreases, and one also
has a higher signal due to Si as the film becomes thinner - an indication that the electron

beam interacts more with the substrates as the film thickness decreases.
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Figure 87: Thickness as a function of the position in the rectangular specimen (a), the
atomic % of each one of the three main elements (Ge, Pb, and Si) (b), and an EDS
spectrum obtained from the thinnest part of the rectangular sample (c). The acceleration
voltage was 5 kV. The longer edge of the film is 7 mm long.

Once the Ge layer is expected to be uniform for all samples from the same batch,

we used the Pb/Ge ratio and the AFM measurements of the rectangular sample to make

the curve in Figure 88. A linear fit is also shown, despite its rough adjustment. Basically,

one can identify that the thicker the Pb layer, the higher will be the Pb/Ge ratio, and for

each 10 nm of variation in thickness, Pb/Ge ratio changes ~ 0.1124.
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5 5 Adj. R-Square = 0.71941
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Figure 88: Pb/Ge ratio versus thickness.

7.5.3 Ceritical-state regime

For the rectangular gradient film, the MO images are organized in three different

figures: the smooth penetration at 7' = 4 K is presented in Figures 89 and 90, while the
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avalanche regime is presented in more details in the next subsection, in Figure 91. The
first interesting features of this sample is the difference between the flux penetration depth
at a constant applied field of what we identify as a nearly uniform thickness zone (the
upper half part of the sample) and the bottom half of the film, where the gradient is
steeper, as one can see in Figures 89(a) through (d).

If Jo of this Pb thin film had no dependence with the thickness, we would expect
that the flux would penetrate deeper from the thinner edge than from the thicker edge.
Nonetheless, this sample shows exactly the contrary: Jo depends on the thickness d, in
such a way that the thinner the film, the higher J is, as also presented by Nb and YBCO
films, for example [145, 146, 147]. The H, value, the applied field for which the flux
front reaches the center of the sample at a given thickness, is remarkably different: it is
close to 20 Oe for the uniform part of the sample, and as high as 46 Oe for the thinner
part. Another important aspect of the wedge is that the thickness gradient seems to be a
little bit misaligned relative to the sample edges, as one can regard in panels (d) and (e).
The black smudge on the left-hand side of all images is a piece of vacuum grease, which
jumped from the cold finger assembly during the experiment. Fortunately, it is above the
indicator and does not affect the sample response to 17" and H.

An interesting feature of this wedge-shape sample is presented in panels (f)
through (j) of Figure 89. It shows MO images for higher applied fields. One can observe
that the upper part of the images smeared out when compared to the wedge-shaped region.
It is so because the upper critical field depends inversely on the film thickness [145]. Hco
for the nearly uniform zone is Hea/®™ ~ 100 Oe (above this value we did not see that
part of the sample in the MO image), while it is Has™® > 150 Oe. Therefore, it also
reinforces the role played by the thickness variation on the superconducting properties of
thin films.

In order to quantify the difference in the flux front in each region of the sample,
Figure 90 shows the same MO image presented in panel (c) of the previous figure, as well
as four translucent white bars at different positions where the B, profiles were taken. The

length of these bars was limited to the center of the sample to avoid the domain walls
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of the indicator, clearly brighter. The profiles identified as A and B are in the nearly
uniform thickness zone, whereas the C and D are in the steeper wedge. At H = 8 Oe
and T = 4 K, the flux penetrated into the wedge up to 0.3 mm and 0.6-0.8 mm in the
nearly uniform zone (the middle of the sample in the x direction is at w = 1 mm). An
important remark is that the sample was placed perpendicularly to the cold-finger heat
flow, in order to avoid a thermal gradient in the sample in the same axis we made the

thickness gradient. The critical temperature obtained by the MOI setup is 5.1 K
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. H=1100e  H=1500e  H=1160e

Figure 89: MO images of the smooth flux penetration for the rectangular sample, at T =
4 K, for increasing H: (a) 1 Oe, (b) 5 Oe, (c) 8 Oe, (d) 20 Oe, (e) 46 Oe, (f) 56 Oe, (g)
80 Oe, (h) 110 Oe, (i) 150 Oe; and one decreasing field (j) 116 Oe. The black vertical bar
at the left side of panel (a) is a pictorial representation of the thickness variation along
the wedge.
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Figure 90: At left, MO image showing the flux penetration of the rectangular sample
also shown in panel (c) of Figure 89, at 7= 4 K and H = 8 Oe. The translucid yellow
bars indicate the regions where the profiles shown in the graph on the right were taken
averaging 52 pixels vertically.

The flux penetration depth can be used to estimate the critical current density
for both regions of this sample. Considering the Bean model for uniform thin films, one

can rewrite Equations 2.21 and 2.22 as:

TH

m =Jo-d (7.1)

All the relevant information is summarized in Table 2. The product Jg - d is
6 times higher for the wedge zone. One must keep in mind that the wedge thickness
at that point is smaller than in the uniform zone, so the critical current density is even
higher there. By assuming that the uniform zone is 150 nm thick, one can estimate
Jg"if oM = 1.4-10% A/ecm?, whereas the thinnest edge has a thickness of &~ 85 nm, the

value can be as high as J5°¥° = 1.5-107 A/em?. Therefore, the critical current along the

gradient can be one order of magnitude higher than in the uniform part of the sample.
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Table 2: Parameters used to estimate the product Jo(d) based on the Bean model for
the nearly uniform region of the sample in the full penetration state for each region at
4 K.

Quantity (unit) Uniform Wedge

w (mm) 1 1
¢ (mm) 0.8 0.3
a (mm) 0.2 0.7
H, (Oe) 20 46
H, (A/m) 15915 3660.6
acosh(w/a) 2.2924 0.8955
Jo-d (A/m) 2181 12841

7.5.4 Avalanche regime

The avalanche regime is also affected by the thickness variation. Precisely, it
corroborates the previous analysis of the Jo distribution throughout the sample, where
one expects to trigger more flux avalanches along the edges with higher Jo. Figure 91
shows a series of MO images at T' < T after a ZFC procedure and slowly increasing field
H. In panel (a), the magnetic flux is around the edges of the sample, and its interior is
shielded uniformly at all borders. In panel (b), one can see the first avalanches, triggered
exclusively at the thinner region of the sample. The avalanche morphology is different
from edge to edge, as discussed earlier, which can be better observed in panels (c¢) and
(d), the avalanche and the critical state-like smooth penetration coexist along the lateral
edges. An important feature of the avalanches in panels (d) and (e) is their size and the
deviation of their ramifications toward the thicker zones, which is the same observed in
that sample without well-defined edges in Figure 79.

Additionally, the flux avalanches of antiflux also present different morphologies
as shown in panels (f) through (j) of Figure 91. However, huge avalanches are triggered

even in the thicker regions of the sample where no positive avalanche takes place.
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ZFC, T=257K

H =116 Oe H=880e H =36 Oe H=00e H=-40e

Figure 91: MO imaging after a ZFC at T'= 2.57 K (a) H = 5 Oe, (b) 14 Oe, (c) 32 Oe,
(d) 66 Oe, (e) 150 Oe, the maximum field. Images taken for decreasing fields are shown
for (f) H = 116 Oe, (g) 88 Oe, (h) 36 Oe, (i) zero, and (j) -4 Oe. The thicker edge is at
the top of the image, and the thinner on the bottom, as indicated by the triangle in panel

(a). The black smudge in the left of all images is a piece of vacuum grease released from

the assembly during the cooling process. The sample area is ~ 2 x 7 mm?.

In Section 2.6, we discussed a few methods that one uses to guide flux avalanches.
Nevertheless, it seems that the deviations observed in the wedge-shaped Pb films presented
in this Chapter do not fit in none of the aforementioned methods of guiding avalanches.
When the sample has no avalanches yet, the first branches point towards the sample
center, as expected. But the last avalanches do deviate and propagate towards the thicker
region of the film. A possible explanation would rely on the fact that avalanches usually
avoid each other and there is still flux-free area in the thicker regions, while the thinner

region is already plenty of flux.
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One can also discuss these results using the H-Jo diagram presented in Figure
22, in Chapter 2. Figures 92(a) and (b) show a schematic representations of the last
results. Panel (a) shows the situation at higher temperature presented in Figures 89(a)-
(j). All edges of the rectangular sample have no avalanches and their H(J¢) curves do not
cross the instability region for any magnetic field. Notice that each edge has a different
value of Hgo, what is indicated: the dashed line crosses the y axis at different values of the
vertical coordinate. Panel (b) describes what occurs in Figures 91(a)-(e). The top-half of
the sample, , represented by the blue dashed line at left, exhibits no flux avalanches. The
bottom-half, close to the thinner edge, is represented by the red dashed line, and the lower
threshold field (H!") for avalanche triggering is indicated by a red dot, where the critical
current crosses the threshold field curve (H'). Even increasing the applied field up to
150 Oe, we were not able to reach H." at that nominal temperature for the bottom edge.
In this diagram, H* is the point where the red dashed line would cross the instability
border at higher applied fields. In both cases, low and high temperatures, H(.J¢) curves
for any point at the lateral edges with varying thicknesses would be between the curves

for the thinner and the thicker edges.
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Figure 92: Schematic representation of a H-Jo diagram for the wedge-shaped Pb thin
film, at T'=4 K (a) and T' = 2.57 K (b), based on Yurchenko et al. [153]. The blue
dashed line represents the increasing field experiment at constant temperature for the
thicker edge of the rectangular sample, whereas the red dashed line represents the same
experiment, but for the thinner edge.

By analyzing this rectangular wedge-shaped sample made intentionally, one can
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answer the two main questions introduced in the beginning of this Chapter: (1) can we
change the smooth penetration regime by varying the sample thickness along one of its
dimensions? The answer is yes, we can, and we were able to change the Jo by one
order of magnitude in the same sample. (2) Will the avalanche regime be affected by this
variation? The answer is also yes, it will, as we discussed above. Nonetheless, to have
a more systematic view of the wedge-shaped Pb films, we also prepared square samples
in two different wedge setups: the first one, presented in the next section, is the square
sample whose thickness variation is aligned to the sample edge. The second setup is a
squared wedge-shaped film whose thickness variation is aligned to the diagonal of the

sample.

7.6 Square samples - wedge aligned to the sample
edge

In this section we will present and discuss results for square samples prepared
on the same batch of the rectangular sample treated in the previous section. We assume
that, as for the rectangular film, the thickness of the Ge layer is constant, and so one can
make estimations of the thickness variation based on the EDS results. Figure 93 shows
the location of the samples during the deposition and spots were the EDS measurements

were performed. The samples were labeled S1, S2, and S3.
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Figure 93: (a) Location of the three squared samples in the substrate-holder just after
the deposition. The wedge was planned to be aligned to the edges of the squares by
positioning properly the shadow masks. Detail of the sample S1 (b), S2 and S3 (c) and
the places where the EDS spectra were taken. The thickness variation is illustrated in
panel (b) for all the three squared samples. The sample S1 (b) is upside-down compared
to its position in (a), to make the thinner edge points to the right side.

Although one cannot ascribe a numerical value for the thickness precisely, the
Pb/Ge ratio indicates thicknesses values below 100 nm. The main results from EDS in
the indicated locations are organized in Table 3. Not only the Pb/Ge ratio should be
taken into account when evaluating the direction of the thickness variation, but also the
sample position during the deposition, relative to the diffuse shadow, and also the absolute

content of Pb and Si - the larger is the Si count, the thinner is the film.

Table 3: Summary of the EDS results at the locations indicated in Figure 93.

Sample Ce Ato]glll)c % Si Pb/Ge ratio
Sla 23.43 49.75 16.7 2.12
S1b 21.8 43.46 24.43 1.99
S2a 22.2  55.68 11.71 2.51
S2b 222  54.66 13.02 2.46
S3a 249 53.70 8.70 2.16
S3b 24.3 51.31 12.06 2.11

Figures 94 and 95 show the smooth penetration for the square samples. The

defect caused while cleaving the film, at the bottom-left corner of S1 and the damages
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(scratch-like) make it difficult a direct interpretation of the thickness variation effects in
the smooth penetration regime. Nevertheless, the two remaining 90 degrees corners in the
right-hand side of S1 show d-lines at 45° from the edges, indicating no sudden change in

Jo between the vertical and the horizontal edges.

Square sample S1 @ T=5.5K

H=740Ce H=1300Oe H =166 Oe

Figure 94: MO images of the wedge-shaped thin film of square borders, S1, at T'=5.5 K
and increasing field (a-d), after a ZFC. Decreasing H after reaching 150 Oe, panel (e)
shows the image at H = 66 Oe. The critical temperature obtained at the MOI setup is

6.5 K.

Square samples S2 and S3 @ T=4.0K

H=50e H =28 Qe H =150 0Oe H =108 Oe H=2520e H=-150 Oe

Figure 95: MO images of sampels S2 and S3, for increasing field (a-c) and decreasing field
(d-f), after a ZFC. The critical temperature obtained at the MOI setup is 5.6 K.

Based on EDS data, the thickness variation on samples S1 and S2 is approxi-

mately 10 nm, while on sample S3 is smaller than ~ 5 nm. This feature has no clear
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effect on the smooth penetration, but it does affect the instability regime. Figure 96 and
97 show the avalanche regime for the three square specimens. The thinner edge, on the
right-hand side of S1, shows more avalanches than the left-hand side, the thicker one. At
T = 2.42 K, the left and the top edges show smooth penetration for higher fields, while
the left edge is still triggering flux avalanches. Moreover, S1 is thinner than S2 and S3,
as one can evaluate from the Si and Pb atomic % in Table 3, which allows one to expect
a larger instability region for S1 - with more numerous and larger avalanches.

All the square samples corroborate the expectation that Jg is higher for thinner
edges: the avalanche regime is larger in all thinner edges, and the smooth penetration
goes deeper from the thicker edges. Another important issue in the lack of Ge in two
edges of each presented sample: Does the unprotected Pb in two of the sample’s edges
play an important role in avalanche triggering? The first answer to this question comes
from a careful look into the sample’s position in Figure 93. In panel (a), the thinner edge
of S1 comes from the left, while the thinner edge for S2 and S3 comes from the right. This
is important because the unprotected Pb lies on the right borders of these three samples.
To make all the thinner edges point towards right, we turned the S1 180°, and so the bare
Pb for S1 is in the opposite direction of S2 and S3. With the orientation of the gradient
properly identified for each sample, the experimental data show that avalanche triggering

is predominant in the thinner edge for all samples.
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Square sample S1 @ T=2.42 K

H=50e H=12 Qe

H =118 Oe H =280 0e H=-60 Oe H=-150 Oe

Figure 96: MO images of the avalanche regime in sample S1. The sequence begun after a
ZFC at T = 2.42 K.

Square samples S2 and S3 @ T=2.45K

H=40e H =34 0e H =150 Oe H=700e H=60e H=-150 OCe

Figure 97: MO images of samples S2 and S3, both at the same temperature T' = 2.45 K.
S3 has less thickness variation than S2, but both show more anti-avalanches on their right
edges for decreasing field.
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7.7 Square samples - wedge aligned to the sample
diagonal

In a further deposition, we changed the diffuse shutter distance, letting it closer
to the substrate holder. Furthermore, the following set of samples also has a different
feature: the thickness variation is along the sample diagonal, i.e., rotated by 45 degrees as
compared to samples S1, S2, and S3. Figure 98 shows optical images of the samples DS1,
DS2, DS3, and DS4. Panel (b) is a schematic view of the Pb and Ge mismatch, while (c)

indicates the direction of the thickness variation for sample DS4.

edges

Pb only

(b) Schematic representation

‘Sample DS1
v of the shadow mask mismatch

E Sample DS3 (c) Thickness gradient direction

Figure 98: (a) Optical images of the four samples with the wedge aligned to the square’s
diagonal. (b) Schematic representation of the sample edges. (c¢) The direction of the

thickness gradient in the sample DS4. (d) Shadow mask position and location at the

chamber during the deposition. All the squares have nominal area ~ 2 x 2 mm?.

7.7.1 Smooth penetration

Figure 99 shows quantitative MO images of the samples DS1-DS4, at 7' =5 K
after a ZFC procedure, with the applied field ranging from zero to 150 Oe. The flux
density scale is indicated above the panels. The samples DS1 and DS2 have some small
scratches and punctual defects that difficult the visualization of the d-lines. Sample DS3
is expected to have uniform thickness due to its position in the sample holder, while DS4

has its smaller thickness at the bottom-right corner, and its maximum thickness at its
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top-left corner. The d-line angles in sample DS3 are, indeed, 45°.

Diagonal Samples (DS) @ T=5.0K B (G) 0 =—— | 200

H=9 0Oe H =46 Oe H =116 Oe

Figure 99: Quantitative MO images of samples DS1-DS4, after a ZFC procedure down
to T'= 5 K. The applied field is indicated below each panel. The critical temperature
obtained at the MOI setup is 6.8 K.

Sample DS4 shows a small asymmetry with respect to its d-lines and in the
position where the d-lines encounter each other at the central portion of the sample.
Figures 100(a) and (b) show details of this asymmetry. Labeling the d-lines based on
its quadrants in the image, taking the central point as the origin of coordinates, D; and
D3 are equal in length (1.36 mm), whereas Dy is the longer d-line, with 1.40 mm, and
Dy is the shortest, with 1.24 mm. Using the horizontal edge as a reference for angular

measurement, the D3 angle is shown in Figure 100(c).
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1.9

S6'1L

Dl = D3 =1.36 mm

Figure 100: Geometrical parameters of the d-lines (labeled D; to Dy of the DS4 sample.
Panel (a) shows the longer d-line, while (b) the shortest one. (c) Geometrical reconstruc-
tion of the DS4 with real sides (it is not a perfect square) and the angle between the
d-lines. The red dashed line in (¢) shows the d-line position for a uniform sample, while
the orange line shows the measured data.

As occurs to the DS3 sample, DS4 is not exactly squared, but its dimensions are
1.90 x 1.95 mm?. If the Jo in this sample were uniform, one would expect for the d-lines
D3 and D, to be 45° from their horizontal reference, shown as red dashed lines in panel
(c). Nonetheless, their angle are both 43.43°. Using the Equation 2.25 from Chapter 2,
the Jo on the vertical edge is 94.6 % of the Jo at the bottom edge. Recalling that Jo
is a function of the position in the sample, and that the d-lines are created where the
current lines have to bend, the difference of 5.4 % between the Jo values is similar to the
difference between the current starting point and the curve ending point, as illustrated in
Figure 15. An important remark is that the d-lines Dy and D, are both 45°. To explain
better what is happening in these diagonal-aligned wedge-shaped samples, Figure 101
shows schemes of an exaggerated thick film. The colored circular points on the surface of
the film illustration mean the height of the point, concerning the thickness of the film -
the thicker the point more red it is. Thinner points are in blue. In panel (a), representing
both the d-lines Dy and Ds, the current curves towards a site with different height - this
is illustrated by color changing arrows. That is the reason why the angles are different

from 45° in these two d-lines. Panel (b) shows what occurs to d-line Dy, in which the
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current goes back to its same height after bending at the corner of the sample. This is

why the angles for d-lines D, and D, are at 45°.

Figure 101: Schematic representation of a wedge-shaped thin film with the thickness
variation aligned to the sample diagonal. The colored circles mean the film thickness: the
highest points are in red, and the lower points are in blue. (a) Representation of the two
symmetric diagonals, in which a current line changes its height as it needs to bend in the
two highlighted corners. (b) The thinner corner of the sample, at which the current finds
a symmetric track during its bending.

7.7.2 Avalanche regime

Figure 102 shows MO images taken for increasing fields after a ZFC procedure
at 2.44 K. Panels (a) and (b) present the well defined edges of all samples. As observed
in the rectangular and in the square samples S1, S2, and S3, the avalanche triggering is
much more numerous in the thinner edges, as shown in Figure 102 (c) and (d). For sample
DS1, the thinner edge is the top left one, whereas for the sample DS4 is at the bottom
right edge. Panel (e) shows smooth penetration in both. Sample DS2 was scratched
during the removal of the deposition chamber. Sample DS3 is a uniform film, in which
the avalanche triggering has no preferential side to take place. Panel (f) illustrated the
thickness distribution among these four samples: the uniform purple in DS2 and DS3
indicates their thickness uniformity, whereas the direction of the thickness variation for
samples DS1 and DS4 are different, and so is the slope. Performing the same experiment

but at T = 3 K, one is closer to H" for some edges. Figure 103 shows MO images after
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ZFC for an increasing field, up to 150 Oe in panels (a), (b) and (c), and also for decreasing
field in panels (d), (e), and (f).

Diagonal Samples (DS) @ T = 2.47 K

H =26 Oe

H =38 Oe H =148 Oe Pb thickness
gradient estimation

Figure 102: Panels (a) through (e), MO images after a ZFC procedure at 2.47 K of samples
DS1, DS2, DS3, and DS4, in which there is a thickness gradient aligned to the square
diagonal in samples DS1 and DS4 (f). The black smudge close to sample DS4 is due to
dust in the optical window of the cryostat during the experiment.

In Figure 103(b), the smooth penetration in sample DS3 confirms its thickness
uniformity. The flux penetration is not uniform in sample DS4. In panel (c), at 150 Oe,
sample DS1 shows smooth penetration only in its thicker edges. An interesting feature of
this set of samples is their diversity regarding anti-avalanches. Taking DS3 as a reference

in Figure 103(d), the anti-avalanches are all diffuse and not so much branched. Sample
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DS4 shows different dendritic morphology for its anti-avalanches, depending on the edge
it is triggered. The anti-avalanches from the thinner edges are smaller and less blurred
than those starting at the thicker edges. These blurred anti-avalanches in DS4 are similar
to the dendrites in DS3. Decreasing the field further, which implies a more intense inverse
field in the edges of the sample, panel (e) shows larger and more branched anti-avalanches
in samples DS3 and DS4, but the morphology diversity in the later is still evident. Finally,
in panel (f) one can still see the last anti-avalanche that started from the right thinner
edge in DS4 - a large and quite branched avalanche. Furthermore, the top and left edges
of the sample DS1 also show anti-avalanches, whereas their opposite borders show smooth

penetration.
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Diagonal Samples (DS) @ T = 3.00 K

=-146 Oe

Figure 103: Panels (a) through (f), MO images as a function of applied field after a ZFC
procedure at T'= 3 K of samples DS1, DS2, DS3, and DS4. The smudge close to sample
DS4 is due to dust in the optical window of the cryostat during the experiment.

Once the edges show different behavior as the temperature is increased, we built
a HT diagram for each edge of the DS1 and DS4 samples. Figure 104(a) displays the data
collected from the MO images for sample DS1. Avalanches are stochastic, and one would
need a big number of repetitions to draw a more delimited edge for the instability region
in the graph. This is the reason why we illustrated it blurred. The colors are the opposite
in panel (b) to reinforce the idea that the thinner edges are in opposite directions, when

one compares samples DS1 and DS4.
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Figure 104: HT diagram for the sample DS1 (a), and DS4 (b). The edges in which each
point belongs are indicated by the point: the top edge has triangles pointing up, and so
on. For both graphs, the instability region for the top-left edges is represented in magenta,
while the bottom-right edges are represented in blue.

A natural question arises: may these results be ascribed to a thermal gradient
along the samples during the MOI measurements? Once one knows that the lower the
temperature, the higher is the possibility that avalanches occur, could we certify that
there is no appreciable thermal gradient? To address these questions we performed a T
measurement in the MOI setup by making a Field-Cooling (FC) with H = 20 Oe down
to T =2.47 K, then H = 0 and increasing the temperature, observing the trapped flux in
the film. Figure 105 displays three MO images of such measurement. In its panel (a), one
can easily identify all the four samples at T = 6.7 K. In (b), T" = 6.8 K, the contrast is
smaller; and at T' = 6.9 K, one can not see any of the samples. If there were an important
thermal gradient, we expected to see the samples vanishing at different temperatures, but
what the experiment shows is that the four samples were at the same temperature, within

an error bar smaller than 0.1 K.
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Field Cooled at H = 20 Oe and turned the field of — only trapped field in the samples.

Figure 105: Critical temperature measurement in the MOI experiment for the samples
DS1, DS2, DS3, and DS4. Images taken after a field cooling at H = 20 Oe, down to
T = 247 K, followed by a slow increase in temperature. The temperature values as
indicated, (a) T'=6.7 K, (b) T =6.8 K, and (¢) T'= 6.9 K.

7.8 Conclusions

In summary, we successfully prepared wedge-shaped superconducting Pb thin
films with apparent well-defined borders and with thickness variation of approximately
10 nm/mm, an achievement with no similar report in the literature. In these samples, we
observed a strong dependence of Jo with the film thickness d, with the values approxi-
mately changing one order of magnitude from an edge to the other in the same sample.
Moreover, this critical current density variation promotes a rich flux avalanche regime, in
which one is able to observe different dendritic morphologies at the same temperature and
field, but at edges with different thickness. The work described in this chapter opens the
gate for new and deeper studies on wedge-shaped superconducting thin films, for example,
with stronger thickness variation or different thicknesses range for films which can also

behave as a type-I superconductor for larger values of the thickness.
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8 Final Remarks and Perspectives

In summary, in this thesis we believe there are four main contributions: (i) a
detailed explanation about the numerical methods for the magneto-optical images, show-
ing more clearly some features of the MOI, such as an adequate experimental approach to
study situations with both polarities of the magnetic field (positive and negative), a richer
description of the flux avalanches, and the discussion about some important artifacts; (ii)
the study of the bi-layered superconducting system where we realize the existence of
crossing anti-avalanches and the halo-like structure surrounding the anti-avalanches; (iii)
the development of thermal evaporation facility and deposition apparatus focused on low
melting points materials, where one can produce superconducting thin films with defined
borders projected to fit in the characterization facilities of the lab, and so promoting the
dawning of the superconducting thin film deposition in the Superconductivity and Mag-
netism Group at UFSCar; (iv) the development of a method and its utilization to make
nanoscaled wedge-shaped superconducting thin films, which allowed us to answer some
essential initial questions about this subject and also to formulate a somewhat larger num-
ber of new questions. These new questions are not only about this subject, but includes

the nature of the intriguing phenomena of flux avalanches in superconductors.
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9 Appendix A - Thermal evaporator
conception & design

This thermal evaporator project was identified EO1 and relies on the necessities
to prepare superconducting metallic films with either uniform or wedge-shaped which can
oxidize in a short period of time. It allows us to begin the thin film preparation, a new
line of research in GSM. We will organize the thermal evaporator E01 development in
three parts: (1) vacuum system; (2) electrical system, and (3) measuring systems.

A thermal evaporator is a facility where one can evaporate metals and conden-
sate the vapor of them on the suitable substrates, in order to achieve metallic films on
the surface of these substrates. Such metallic vapors are usually very reactive to the at-
mosphere gases, and most of the metals of interest in our case have a low melting point.
One cannot make films in the standard conditions of pressure and temperature, and so a
vacuum chamber is currently used to achieve the low pressure needed (at least 10~ torr),
and we pass high current through a tungsten boat to achieve the melting temperature of
the metal.

In order to clarify the functionality of the hundred of parts used to compose this

equipment, we describe the thermal evaporator as illustrated in Figure 106:
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Figure 106: Schematic representation of the EO1 subsystems and components.

9.1 Vacuum system

The external structure of the E01 should be mechanically stable to support the

outside atmospheric pressure and chemically stable to avoid reaction with the metallic

Lincoln B. L. G. Pinheiro



9. Appendix A - Thermal evaporator conception & design 157

vapors from inside. The best choice for the chamber walls, base, and cover, was stainless
steel. Once most of its constituents are welded, we choose a well weldable alloy of
stainless steel. The optical windows are made by soda-lime glass. All other parts and the
subsystem are, somehow, directly linked to the external structure of the chamber. Figure
107 shows one of the blueprints of the vacuum chamber in panel (a), and a photograph

of the chamber in use in panel (b).

(a) - F305
[

[
Bun

Figure 107: (a) Blueprint of the external structure of the vacuum chamber, and (b) a
photograph of the chamber during a deposition process.

The vacuum system is illustrated in Figure 36. First, the pumping system,
consisting of a mechanical pump (down to 1073 torr), works as a backing pump for the
turbo-molecular pump (down to 10~7 torr). To enhance vacuum stability and its base
pressure, there is also a cold trap, cooled using liquid nitrogen. This cold trap is placed
between the chamber and the pumping system. As all the pumping system is used in
other experimental setups in the laboratory, it was kept on the trolley. An interesting
feature of this design of cold-trap! is its performance: in less than 15 min it was able
to change the base pressure of the chamber by one order of magnitude. The system can

reach the base pressure of about 2-107° torr without the cold trap, but it takes at least 10

!The authors are working in parallel to patent the design of this cold-trap.
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hours. Both the two vacuum gauges, Pirani and Penning models, are attached directly to
the chamber. We proposed a labyrinth-like structure linking the chamber to the gauges
to avoid metallic vapors in the sensors.

We classify as ‘internal structure’ all components that are not permanently linked
to the chamber and are inside of it. The labyrinth-like assembly used to protect the
vacuum gauges is an example. Figure 35 illustrates the main parts of this subsystem.
Nevertheless, the more critical assembly of this subsystem is the substrate holder, detailed
in Figure 108. For either protect the substrate entirely or partially, we used fixed and

movable shutters, illustrated in Figure 109.

Chamber
cover

Viton seal

Stainless stell
cooler

Copper mass

substrate
(sample)

Mechanical clip

Figure 108: Illustration of the substrate holder. The substrates are in mechanical contact
with the copper mass by the clip tip. A cross-section of the cooling system is also shown.
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(a) /
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%

Figure 109: 3D representations of the shutters used in the thermal evaporator.

9.2 Electrical system

The electrical system is the one used to drive electrical current through the boats
and heat them by Joule effect. Currents up to 100 A were applied by a Tecktrol current
supply. Figure 110 shows some of the electric components of the thermal evaporator,

while Figure 111 shows pictures of this system.
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Figure 110: Hlustration of the electrical system in the vacuum chamber. Cables connect
the power supply to the external connector (a), which is bolted to the positive current
lead (b). The crucible shield (c¢) and the crucible (d) are connected to one of the current
leads. The crucible is also connected to the negative current lead (e). Screws, nuts, and
washers are not shown. The blueprints at the bottom stand for (a) and (e) components.
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Figure 111: (a) Photograph of the Pb crucible inside the shield and the current leads.
(b) Me adjusting the external connector showed in Figure 110(a). (c) An overview of the
evaporator base, showing both the Ge and the Pb crucibles at the center, and the optical
window protection at left.

9.3 Measuring systems

The most important sensor in the chamber is the thickness monitor - a quartz
crystal microbalance, adapted from a open-source project Open-QCM 2. The signal to
and from the QCM passes through the chamber walls by a electrical feed-through, whose

main part is illustrated in Figure 112(a).

2The original setup of this project focus on liquid applications of this quartz crystal microblance.
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M25x2 - 6g

Figure 112: (a) Blueprint of the electrical feed-through for the data cables of the QCM
and the thermometer. (b) Protection ring for the crystal, and (c¢) the QCM case.

9.4 Thermal evaporator Fabrication

The vacuum chamber must avoid any kind of leaks once it is supposed to achieve
the vacuum limit of the rubber used to connect the parts (typically 10=7 torr). Once we
used stainless steel to build the chamber’s external structure, we needed to weld most
of its parts. The optical windows and the connection to the vacuum pump had to be
welded directly to the chamber, and we used tungsten inert gas welding (TIG) and an
experienced welder, namely, the mechanical engineer Araldo Luiz Isaias de Moraes, who
has experience welding parts for high vacuum. Most of the machined parts were produced
in the workshop of the cryogenic lab in the Department of Physics at UFSCar, by the
technician Claudio Marcio Raffa. Figures 113, 114, and 115 show blueprints used during
the manufacturing of the thermal evaporator. All of them have passed through revision

several times, as indicated in the bottom of each page.
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Figure 114: Blueprint of the internal current lead.
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Figure 115: Brass parts for protection of the vacuum gauges.
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