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We present a detailed quantitative magneto-optical imaging study of several superconductor/ferromagnet
hybrid structures, including Nb deposited on top of thermomagnetically patterned NdFeB, and permal-
loy /niobium with erasable and tailored magnetic landscapes imprinted in the permalloy layer. The magneto-
optical imaging data is complemented with and compared to scanning Hall probe microscopy measurements.
Comprehensive protocols have been developed for calibrating, testing, and converting Faraday rotation data
to magnetic field maps. Applied to the acquired data, they reveal the comparatively weaker magnetic response
of the superconductor from the background of larger fields and field gradients generated by the magnetic layer.

I. INTRODUCTION

Magneto-optical imaging (MOI) has deservedly gained
a privileged place among magnetic mapping techniques
for investigating ferromagnetic! and superconducting?®?
materials. The assets that make this technique stand out
from the rest are its limited invasiveness*®, short acqui-
sition time”®, and a fair spatial and magnetic field reso-
lution while being able to map the magnetic field profile
over large surfaces. These advantages have allowed, for
instance, to investigate the fast magnetic flux dynamics
in superconductors? ' and large scale phenomena, such
as flux avalanches!'?13,

Over the years, a continuous strive to improve the
MOTI technique has allowed to reach a sufficiently high
spatial resolution so as to achieve single flux quantum
resolution'* 17, Several protocols have been developed to
enhance the magnetic field resolution of the MOI tech-
nique down to a few p'T which has enabled the detection
of subtle phenomena such as the melting of the Abrikosov
vortex lattice!® 2!, A major challenge in MOI remains
the quantification of the acquired raw data?. Conversion
of the light intensity distribution information obtained
by MOI into magnetic field texture is complicated by

a)These authors contributed equally to this work.

several factors, such as non-uniform and time-dependent
illumination, sample tilt and topography, depolarization
by optical elements, defects and magnetic domains in the
MOI indicator film, sample drift, intrinsic camera noise,
etc. Hence, significant efforts have been made, first iden-
tifying and understanding the sources of limitations, and
then mastering them for achieving a quantitative inter-
pretation of MOI data?2 29,

Although MOI has been successful for mapping the
magnetic field generated by magnets and superconduc-
tors, its performance in hybrid systems combining both
type of materials is less certain. The reason being the dif-
ficulty to discern the contribution of each sub-system to
the total magnetic field. In particular, when using hard
ferromagnets and conventional superconductors, the for-
mer can lead to an overwhelming signal making it rather
challenging to unveil the weak signal from the supercon-
ductor. One way to overcome this difficulty would be
to quantify the field distribution in order to precisely
remove the strong background signal from the ferromag-
net. In this report, we present comprehensive protocols
developed for conversion of the MOI data into a mag-
netic field distribution, with the goal of revealing the
comparatively weaker magnetic response of a supercon-
ductor buried in a larger background field associated with
a magnetic layer in its vicinity. Our work-flow, partially
inspired by Ref. 25, involves calibration of intensities
(gray levels) of images and conversion into local field val-



ues. For a superconducting sample, a set of calibration
images are obtained above its critical temperature T,
providing magnetic field distribution information of the
system in the absence of a superconducting signal. Then
intensity versus field calibration curves are determined
for each pixel in the image. The calibration curves thus
obtained are subsequently applied on images acquired be-
low T to obtain local magnetic field distribution informa-
tion. The pixel-by-pixel calibration method enables an a
posteriori correction of artifacts such as inhomogeneous
illumination. Furthermore, removal of contribution from
in-plane magnetic domains from the MOI indicator film
locally affecting the image contrast, has also been imple-
mented. The intensity-to-magnetic field conversion pro-
tocol and procedure for correction for magnetic domains
are discussed in detail in Section III, after introducing
the employed experimental setup in Section II. In the
following Section IV we discuss the application of the
proposed protocols on systems of increasing complexity.
In the first stage, we tested the protocols on MOI data ob-
tained on magnetic structures (magnetic bars, disks, and
a micro-scale electromagnet) with promising results (Sec-
tions IV A, IVB, and IV C). Subsequently, we applied
the technique to reveal new aspects of innovative super-
conductor/ferromagnet (S/F) hybrids (Sections IV D and
IVE). Quantification of MOI data is particularly useful
for the hybrid structures as it enables clearer insight into
the physics of these systems. However, as we discuss in
the last section, we also confront the limitations of the
proposed approach when applied on systems with large
magnetic field amplitudes.

Il. EXPERIMENTAL DETAILS

Let us start by introducing the experimental setup
used for acquiring magneto-optical images. MOI is a
magnetic field mapping microscopy technique based on
the Faraday effect, where the direction of polarization of
a light beam is rotated proportionally to the local mag-
netic field"27:26:30 This effect is strongest in purposely
designed indicator films, placed on top of the sample un-
der study. The Faraday active indicator we use through-
out this work is a 3 um thick Bi-doped yttrium iron
garnet epitaxially grown on a 450 pm thick GdzGasOi2
transparent substrate. A 100 nm thick Al mirror was
deposited on the optically active layer side in order to
assure sufficient reflection of the incident light beam pro-
duced by linearly polarizing the 550 nm emission of a Hg
lamp. The magnetization of the Faraday active layer is
in-plane in the absence of external magnetic field, but it
is tilted out-of-plane by the presence of local magnetic
fields perpendicular to the plane of the indicator. The
rotation of the polarization is proportional to the com-
ponent of the magnetic moment along the direction of
light propagation. After crossing the analyzer, blocking
the initial polarization direction, the reflected beam is
captured by a high resolution RETIGA-4000 CCD cam-

era recording 2048 px x 2048 px gray-scale images, thus
obtaining a light intensity map representative of the mag-
netic field texture at the indicator’s plane. In order to
increase the signal-to-noise ratio, and unless stated oth-
erwise, all the magneto-optical (MO) images presented
throughout this work result from averaging between 3
and 10 images acquired by the camera with an exposure
time of the order of 0.5 to 1 s. The polarization mi-
croscope is a commercial Olympus modular system, and
the external magnetic field is provided by a cylindrical
copper coil fed by a Keithley-2440 current source. Cali-
bration of the coil was done with a USB Hall probe and
consists in measuring the magnetic field as a function of
the current at the center of the coil, at the location of the
sample. Our configuration guarantees spatial variations
of the field at most 1% of the maximum field at the sam-
ple location (in a 5 x 5 mm? area). The sample is cooled
down to temperatures as low as 4 K in a closed-cycle
He cryostat (Montana Cryostation). The whole setup is
installed on an actively damped non-magnetic Newport
optical table. More details about the setup can be found
in the supplementary material and in Ref. 31.

In some cases, MOI data has been complemented and
compared with scanning Hall probe microscopy (SHPM)
at room temperature. This technique allows acquisition
of the real magnetic field B, (z,y) at various heights and
was used to obtain direct quantitative information about
the z-component of the stray magnetic field in the stud-
ied samples, over areas of hundreds of ym?. A Hall probe
with 5 x 5 um? active area was used for the measure-
ments. The scan resolution is 2.5 pm. Further details on
the SHPM setup can be found in Ref. 32.

Il. QUANTITATIVE MAGNETO-OPTICAL IMAGING
A. Intensity-to-magnetic field conversion protocol

MOI does not provide direct access to the out-of-plane
magnetic field B,, but rather to light intensity values I
related to it. Therefore, caution must be exercised when
interpreting the raw images, since I at a given pixel de-
pends strongly on several parameters other than the lo-
cal B, such as incident light intensity, exposure time,
depolarization effects due to the optics, indicator tilt,
or in-plane magnetic field components, to name a few.
Furthermore, depending on the choice of the analyzer
angle, pixels with the same light intensity may some-
times correspond to different values of the magnetic field.
When it is desirable to recover information on the local
magnetic field, protocols have been developed to convert
the light intensity pixel values into absolute magnetic
field values®22:23:25:33  The procedure we present here
is inspired by those, but with two significant added val-
ues: (i) we use an exact pixel-by-pixel method?6:34:35,
instead of generalizing a calibration performed on a ref-
erence zone to the whole image, and (ii) we separate the
contribution of the superconductor from other sources



of constant magnetic field, such as ferromagnetic struc-
tures. The complete procedure is summarized in Fig. 1
using as illustration a rectangular superconducting Nb
film with two ferromagnetic disks as sources of inhomo-
geneous magnetic field.

According to Malus’ law, the intensity I(B.,z,y)
recorded by the camera for a pixel (x,y) in the image
can be approximated as follows?:

I(B.,x,y) = Iy(x,y) sin® (a(B., z,y) + B(x,y)), (1)

where Iy(x,y) is the incident light intensity, diminished
by depolarizing effects and absorption, a(B,, z,y) is the
angle of rotation of the light polarization, coming from
the Faraday effect for a local out-of-plane magnetic field
B,(z,y), and B(x,y) is the deviation from the crossed
(90°) configuration for the polarizer and analyzer. The
spatial distribution of 8(z,y) is non-uniform, mainly due
to the small deviation of the incident light from normal

J

I(B.,z,y) = I(z,y) sin® <C(x, y) M sin <arctan <BZE;E

This equation, linking B,(z,y) with the intensity
I(z,y) picked up by MOI, is at the core of quantitative
MOI. Provided the parameters are determined through
a preliminary calibration done on a set of data where
B, (z,y) is known, Eq. (2) can be used to convert I(z,y)
images to B, (x,y) field maps in any subsequent measure-
ments.

When local magnetic fields B, (z,y) < Bs, which is the
case in most of our experiments (with the notable excep-
tion of the patterns presented in section IV D), I(B,, z,y)
takes a much simpler parabolic dependence on B, (x,y):

I(B.,z,y) ~ a(z,y) + b(z,y)B. + c(z,y)BZ, (3)

where
a(z,y) = Iosin(C' Mg sin ), (4)
IyC' M,
b(z,y) = Og > cos 3sin(2C Mg sin 3), (5)
I,CM, .
c(z,y) = 022 {C M cos? B cos(2C M sin j3)
_ 5125 sin(2C Mg sin 8) }. (6)

This equation can also be rewritten in another form, so
as the parameters acquire a more intuitive physical in-
terpretation:

(B, 2,y) = Inin(2,y) + Az, y) [B:(2,y) — Bmm<x,y()]§

7
Where A(xa y) = C(Zli,y), Bmin(1'7y) = —b($7y)/2C($,y),
and Iin(7,y) = a(z,y) — b*(z,y)/4c(z, y), are experi-
mental parameters to be determined for each (z,y) pixel

incidence. This means that the angle between analyzer
and polarizer is not uniquely defined for a given image.
In other words, the minimum of intensity does not occur
for the same analyzer-polarizer angle at every pixel (z,y).
The value of a(B., x,y) is related to B, (x,y) through the
out-of-plane magnetization M, (x,y) of the MO active
layer of the indicator: «(B,,z,y) = C(z,y)M.(B,,z,y),
where C(z,y) depends on the sensitivity of the MO active
layer. Indeed, B, affects the originally in-plane magneti-
zation of the MO active layer of the indicator by tilting it
out of the plane. The out-of-plane component of the mag-
netization is given by M, (B,,z,y) = Mssin6(B,,z,y),
with Mg the saturation magnetization of the MO active
layer and 6 = arctan (B, (z,y)/Bs) the angle between M
and the in-plane direction®. By is related to the satura-
tion field of the MO active layer and is of the order of 80
mT for indicators of the type employed in this work?2.
Substitution of a(B,,x,y) in Eq. (1) yields the following
expression:

(

of the image. Indeed, in Eq. (7), Bmin(z,y) is the value
of the local magnetic field that gives the minimum in-
tensity Imin(z,y) for a given pixel (x,y), while A(z,y) is
related to the sensitivity of the MO active layer.

The aim of the calibration procedure is to extract val-
ues of these parameters for each system configuration,
i.e., for a given set of sample, indicator mounting, camera
parameter and analyzer angle. This is done by recording
a series of images, varying the external applied magnetic
field H = B, /o, as illustrated in Fig. 1(a). In the case
of a superconducting sample, the calibration needs to be
done at a temperature T' > T¢, in order to exclude any su-
perconducting signal. Under this condition, we typically
record the average of 3 images for every value of poH,
varying between +12.5 mT and -12.5 mT by steps of 0.1
mT. Since we perform pixel-by-pixel calibration, it is im-
portant that all the recorded images overlap perfectly,
i.e. unwanted drifts occurring during the measurements
have to be taken into account. To that end, we use the
StackReg plugin®’ of the ImageJ software® which cor-
rects the small translation of the sample of the order
of 0.15 ym/min (about 0.1 px/min), due to temperature
gradients in the cryostat. The correction provided by the
software has an error of +2 px (i.e., about 3 yum).

The sequence of calibration images thus obtained can
be regarded as a data cube made of [NV images with dimen-
sions of N, x N, px2, where each pixel contains the inten-
sity value I(H,z,y). Note that since the unwanted fluc-
tuations of the light intensity produced by the Hg-lamp
are homogeneous, they can be accounted for and elimi-
nated by fitting with Eq. (7) the intensity Iean(H ), cor-
responding to the average intensity in a 30 x 30 px2 region



FIG. 1. Quantitative magneto-optical imaging. (a) Data cube formed by the reference intensity images I(z,y) recorded
above T. when sweeping the applied magnetic field H. (b) The intensity profiles I(H) for each (x,y) pixel are fitted by a
parabolic curve, given by Eq. (7), and have a minimum i for an applied field Hpin,cal. These two parameters, as well as the
concavity A, are mapped in panel (c) for a small part of the sample, including a 20 um diameter in-plane polarized magnetic
disk. (d) Sequence of images to be converted to local magnetic field B., taken below T. when sweeping H. (e) The I(H) curve
for each (z,y) pixel is compared to the calibration curve to determine B.(I). To discriminate between the two possible values
of B, for a given I, the field Hmin,meas at which the minimum of intensity Imin occurs is compared with the applied field H: if
H > Humin,meas (H < Hmin meas), the upper (lower) branch of the reference parabola is selected. A comparison of the original
I image with the final B, image is shown in panels (f-g) for a superconducting film with magnetic disks, at 7' = 3.75 K and
poH = 5.5 mT. The enlargements on the right show the effectiveness of the conversion procedure to remove the inhomogeneous
field source of the magnetic disks.

free of defects and located far from the sample (i.e., where and for each image I(H,x,y) is then corrected by multi-
the magnetic field is homogeneous and has practically the plying every pixel by Lef(H)/Imean(H).
same intensity as the applied field). Subsequently, the fit-

ting of Iyean(H) returns the parabolic function Iyet(H), After correcting for image drift and fluctuations of in-

tensity, we plot the intensity I(H,z,y) as a function



of the applied magnetic field H for each pixel (z,y) of
the data cube, and fit it with Eq. (7), as illustrated in
Fig. 1(b). The calibration process yields the functions
Humin,cal(%,y), Imin(x,y) and A(x,y), represented in Fig.
1(c). This procedure allows us to accurately relate the
detected intensity I(H, x,y) with the local magnetic field
B.(z,y) = poH (z,y), using for each pixel its specific ref-
erence curve I(H,z,y). This means that the calibration
takes into account and allows to eliminate any spatial in-
homogeneity in the illumination, defects and artifacts in
the sample and indicator, as well as constant magnetic
field sources other than H. Of course, we cannot recover
magnetic field information from unresponsive pixels (for
instance those resulting from damage in the indicator due
to scratches) or when the light intensity saturates (due
to local high magnetic fields), so the parameter values at
these points do not have a physical interpretation. Inter-
polation procedures could be used as a first approach to
estimate this missing information.

Hyin cal(%,y) represents the magnetic field at which
the minimum of intensity Imn(x,y) occurs. In the ab-
sence of fields other than the external applied field H,
Hpnin cal basically corresponds to the field rotating the
light polarization by an angle —3, compensating the de-
viation of the analyzer and polarizer from the crossed
configuration. However, in the presence of a magnetic
field source other than H, the additional contribution to
the rotation of light polarization also has to be compen-
sated, thus impacting the value of Hpincal. Therefore,
Hpincal already provides us with a cartography of the
magnetic field source, as can be seen in the example of
the magnetic disk presented in Fig. 1(c). Provided we
subtract the background coming from [(z,y), we have
access to the average field generated by the source over
the thickness of the MO active layer. Moreover, although
the Iin(z,y) distribution shows primarily the inhomo-
geneities in the background intensity, it may also reflect
the shape of an inhomogeneous magnetic field source.
This effect results from the fact that a uniform external
magnetic field H can not exactly compensate the local
magnetic field B generated by the inhomogeneous mag-
netic field source, since B will be non-uniform through
the thickness of the MO active layer, due to field decay
with distance. The partial compensation thus leads to a
change in Ii,. Finally, the parameter A(z,y) is related
to the sensitivity of the indicator, and may also vary due
to composition inhomogeneities in the indicator. A care-
ful look at Fig. 1(c) allows us to identify some traces of
the magnetic disk on the A(x,y) parameter, which fall
within the error bar of the procedure.

Let us now illustrate this calibration procedure in or-
der to convert the collected light intensity distribution
into magnetic field maps in a set of images corresponding
to the rectangular Nb superconducting sample with two
magnetic (Co) disks on top. More details of this partic-
ular sample layout are presented in section IV B. At the
end of the conversion procedure, the inhomogeneous field
produced by the magnetic disks will be removed from the

field map, leaving only the signal of the superconductor.
For that purpose, we usually take a set of 10 images/field
at T' < T, applying a zero-field-cooling procedure and in-
creasing poH from 0 to 12.5 mT, as illustrated on Fig.
1(d). As explained above, we correct the sample drift and
the fluctuations of the incident light in the images, taking
care of choosing exactly the same reference 30 x 30 px?
region as for the calibration. Ideally, the I(H) parabola
in the reference square should be, after correction, the
same as for the calibration set.

Subsequently, I(H,xz,y) curves for every pixel of the
data cube are acquired (red curve in Fig. 1(e)) and the
value of the applied field Hpin meas &t which the mini-
mum intensity I, appears is estimated. This is an im-
portant step in order to convert the intensity into local
magnetic field, since for each value of I(H,x,y), there
are two possible corresponding values of B, (z,y), one on
each branch of the calibration parabola (black curve in
Fig. 1(e)). The criteria determining the proper B, for
a given I(H,z,y) is to compare H with Hyin meas(Z,y):
if H < Hpin,meas(,y), the lower branch of the B,(I)
curve needs to be used; if H > Hyin meas(Z, y), the up-
per branch must be considered. For this reason, and
to avoid imprecision on intensities close to the parabola
minimum, it is convenient to choose in advance the an-
alyzer angle appropriately (~ 4°) , if possible, so that
the minimum of intensity does not occur in the range of
applied fields H.

The result of the conversion procedure is shown in Fig.
1(f-g), for the rectangular superconductor with magnetic
disks highlighted by the yellow dotted rectangular selec-
tions. Figure 1(f) shows the original light intensity image
compared with the final quantitative magnetic field im-
age in Fig. 1(g). Note that throughout this report, the
color scales in images are adjusted such that ‘up’ (‘down’)
magnetization or ‘positive’ (‘negative’) magnetic field is
represented by blue-white (red). Zero field is represented
by black. After conversion, the background of the image
is more homogeneous, and some inhomogeneities in the
indicator response, such as the circular spot in the up-
per right corner of the sample, are corrected within the
error associated to the method. Moreover, using this pro-
cedure, we can significantly attenuate the signal coming
from ferromagnetic materials (with the assumption the
signal does not change in the range of fields we apply)
and separate it from the contribution due to the super-
conductor. In Fig. 1, the magnetic disks are notably
visible in panel (f), but become hardly visible in panel
(g). This is confirmed by the direct comparison of the
zoom-in of the disks in panel (f) (images 1 and 2) with
the same regions in panel (g) (images 3 and 4). Unfortu-
nately, magnetic domains and artifacts arising from the
MO active layer change as the magnetic field is ramped,
and thus can not be fully accounted for using this pro-
cedure. However, as we explain in the remainder of the
section, it is still possible to remove them from the images
to some extent.

Note that our quantitative procedure does not take



into account possible in-plane components of magnetic
field that might affect the Faraday rotation in the indica-
tor film?%23. In-plane components are primarily induced
by non-homogeneous magnetic field sources such as su-
perconductors or ferromagnets. For the systems we have
studied in the present work, we expect these components
to lie below a few mT and therefore to be substantially
smaller than the saturation magnetization of the indica-
tor films (~ 80 mT). This justifies neglecting this effect
and the associated corrections. Furthermore, considera-
tion and estimation of in-plane components involves elab-
orate protocols of inversion of magnetic field maps to get
current density distribution maps, which are then used
to correct the magnetic field information in an iterative
manner. The first iteration gives the out-of-plane compo-
nent (B,) only, and even after correction due to in-plane
components, most of the features in B, are not altered
significantly. As a consequence, the features we are in-
terested in this report would not change noticeably by
inclusion of these corrections.

B. Correction for magnetic domains in the MO indicator

Special care has to be taken in order to avoid the prolif-
eration of magnetic domain walls in the MO active layer
of the indicator, since in their presence the local mag-
netic field is substantially modified and the technique
can therefore no longer be considered as non-invasive®®.
These magnetic domains appear as triangular-shaped re-
gions where the intensity undergoes a jump compared to
the neighboring regions thus degrading the clarity of the
images and sometimes hiding actual sample features. In
this section, we present an original method to reduce the
impact of the magnetic domains on the images, by cor-
recting the concerned areas. As a proof of concept, we
apply our procedure in a situation where domain prolifer-
ation is favorable, which is the case when large gradients
of magnetic field are present. This is clearly visible in
the image shown in Fig. 2(a), representing the magnetic
field distribution in a rectangular superconducting Nb
sample at T'= 3.6 K for a perpendicular applied field of
woH = 2.1 mT.

The correction algorithm takes as input the 12-bit
gray-scale image obtained from the experiment. First,
the boundaries of the magnetic domains are drawn by
applying a discrete differential operator (i.e., Sobel fil-
ter), based on the value of the intensity gradient at each
pixel, as an edge detector. This operation creates a black
and white boundary map of the image. In this map, we
then select manually the regions corresponding to arti-
facts due to the indicator magnetization domains. We
assume that the effect of a domain on the underlying im-
age is to shift the intensity by a constant value, possibly
different for every artifact?’. In order to determine these
constants, the user has to provide two reference points
for each artifact, one inside and one outside the domain.
The difference between the intensity at these two points

FIG. 2. TIllustration of the correction of the indicator
magnetic domains in a MO image. (a) Original raw
image of a 800 x 400 um? Nb superconducting film at T = 3.6
K and poH = 2.1 mT?!', where the triangular artifacts pollute
the contrast of the intensity map. (b) Image after treatment
with the correction algorithm, showing an enhanced contrast
of the intensity map.

gives the correction to apply.

Finally, using the boundary map drawn with the edge
detector, we apply the appropriate correction to each do-
main using a flood fill algorithm. Since the corrections
are based on a map of the boundaries and applied only to
non-boundary pixels, this method leaves at least a single
uncorrected pixel line between each domain. To smooth
the image, an optional step is to replace each pixel of
the boundary by the mean value of the nearest pixels not
belonging to any boundary. This is however not always
helpful as this step requires a precise determination of
the boundaries, which cannot always be achieved, for in-
stance in noisy images or for magnetically textured sam-
ples, where it could result in a degraded image quality.

The result of the correction procedure described above
is illustrated in Fig. 2(b). As a final remark, since this
method manipulates the values of the intensity, caution
must be exercised when trying to extract quantitative
information from the corrected image.

IV. RESULTS AND DISCUSSION

In the remainder of the paper, we apply the con-
version protocol detailed above to study various ferro-
magnet /superconductor hybrid structures with increas-
ing complexity. We start by analyzing a simple non-
superconducting system made of magnetic Co bars and
use it to further characterize and calibrate the MOI sys-
tem. In a second step we investigate a heterostructure,
where Co magnetic disks are positioned on top of a Nb
superconducting film. Next, we consider the case of a
micro-coil as a tunable inhomogeneous magnetic field
source allowing us to precisely establish the field res-
olution of the MO indicator. Afterwards, we address
a sample configuration where the whole superconduct-



ing Nb film is covered with a hard ferromagnetic NdFeB
film with a predesigned chessboard pattern. Finally, we
consider the case of a superconductor partially covered
with a soft ferromagnetic permalloy (Py) layer, where the
magnetic landscape can be customized by pre-imprinting
a magnetic pattern into the Py layer.

A. Arrays of magnetic bars

One of the crucial parameters determining the spatial
resolution and the magnetic field reaching the magneto-
optical indicator is the gap between the sample and the
indicator placed on top of it. This distance is difficult to
control, since it depends strongly on the roughness and
the cleanliness of the sample and mirror surfaces, and it is
therefore also challenging to reproduce, making it prob-
lematic to compare images from different experiments.
Moreover, quantifying the spatial and field resolution of
the technique is not straightforward, since it requires a
precise knowledge of the field at the optically active layer
position and the geometry of the field source. For these
reasons, it is of interest to design localized magnetic field
sources with a well-known field distribution. This can
be achieved by using parallelepipedal magnetic bars, for
which the magnetic field distribution follows an analyti-

cal expression?.

Panels (a) and (b) of Fig. 3 show the structure of
the sample, consisting of several 800 x 800 um? arrays of
nearly parallelepipedal 30 nm thick Co bars of length L
and width W. The samples are fabricated by a combi-
nation of e-beam lithography and MBE evaporation (cf.
supplementary material for details). L is the nominative
length of the bars and does not take into account the
round edges, effectively reducing the size of the domain
with in-plane magnetization. All the arrays are fabri-
cated on the same substrate, ensuring their observation
under similar experimental conditions. We consider three

J

_ koM 2

Bz(x,y,z) - 47‘(‘

k,l,m=1

) 1n[<sc )+ (-

different arrays: L = 20um and W = 5um, L = 10 ym
and W =3 pum, and L =5pum and W = 1 ym.

We applied quantitative magneto-optical imaging to
map the magnetic field B, (zmo1) generated by the mag-
netic bars in the MO indicator, located at a distance zyo1
from the sample surface. As explained in the calibration
procedure in section III, we sweep the perpendicular ap-
plied magnetic field pgH from +12.5 mT to -12.5 mT by
steps of 0.1 mT and record the average of 3 images for
every value of H. Before we start MOI, the Co bars are
magnetized along their length with a permanent mag-
net. Note that the maximum applied field pgH = 12.5
mT does not change irreversibly the magnetization M in
the magnetic bars, a fact supported by the comparison of
images before and after the calibration procedure. Any
reversible changes in M are accounted for by the calibra-
tion. Fig. 3(c) shows the local magnetic field B, map of
the magnetic bar array with L = 20 ym and W = 5 um.
In this image, each individual bar is identified by a pair
of red and blue-white dots, representing the stray field
of opposite polarity associated with the bar extremities.
Moreover, the ratio L/W = 4 is of the order of magni-
tude of the expected value for the appearance of single
domains in Co bars??, a fact that is evidenced by the
pairs of dots in the MO image. Our observation of well-
defined poles at the ends of the bars agrees with either
a mono-domain structure or at least with highly aligned
domains. Since in our case the domain structure is driven
by shape anisotropy, similar structures are also expected
for the other two arrays.

Knowing the dimensions of the array of bars and ap-
proximating their geometry by a parallelepiped, we can
calculate the local magnetic field map at a distance z
from the sample surface. Indeed, as was shown in Ref.
41, the magnetic field B(z,y,z) generated at the coor-
dinates (x,y, z) by a parallelepipedal single domain with
magnetization M and dimensions L x W x t can be cal-
culated analytically. The out-of-plane component of the
magnetic field, B, (z,y, z), that MOI is sensitive to, can
be expressed as follows:
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The bar has its center at the point of coordinates
(z0,Y0,0) and has its main axis oriented along the y-
axis. We add up the contributions of all the magnetic
bars, obtained by changing xo and yg in the previous
equation. Since the MO active layer of the indicator has
a finite thickness d = 3 pm, it is imperative to account for
the fact that the magnetic field is not constant through-

(

out the indicator. The MO images will therefore repre-
sent the average of the magnetic field over the distance
d. In the calculations, the magnetic field distribution
B, (z,y, z9) obtained when the gap between the indica-
tor and the sample surface is zg is obtained by averaging
31 magnetic field distributions B, (z,y, z), calculated by
sweeping z from zy to zg 4+ d by steps of 0.1 ym.



FIG. 3. Quantitative magneto-optical imaging of magnetic bars. (a) Schematic of a 30 nm thick Co magnetic bar of
length L and width W. (b) Optical image showing the periodicity of the Co bar arrays, characterized by a spacing L between
neighboring bars. (c) Magnetic field image, obtained via MOI, of a full 800 x 800 um? array of magnetic bars with L = 20 um
and W = 5um. (d) Zoom on a half row of bars taken from panel (c). This field distribution B.(zmor1) is compared with the
exact analytic solution for B,(z), based on Eq. (8), taking into account the MO active layer thickness d ~ 3 ym. In panels
(d-f), the leftmost red spots delineate the border of the array. (e) Same for a sample with L = 10 yum and W = 3 um, at the
limit where the stray field of a single bar can be resolved. (f) Same for a sample with L = 5 um and W = 1 um, where single
bars cannot be seen any more and the response is dominated by the stray field at the border of the array. From the comparison
of the theoretical and experimental magnetic field distributions, we estimate zmor to be between 5 pm and 7 pm.

Figure 3(d) shows a comparison of the experimental
out-of-plane magnetic field B, (zyo1) with the calcula-
tions based on Eq. (8), for three distances zy between
sample and indicator: 3 pm, 5 ym and 7 pum. The left
side of the images corresponds to the left edge of the Co
bar array shown in Fig. 3(c). We chose linear color scales
to represent the magnetic field B,, meaning that we can
directly compare visually the theoretical magnetic field
distributions with the experimental one. This allows us
to estimate the distance zyjo1 between 5 ym and 7 pm.
Moreover, the experimental B, image gives a maximum
field 0.32 + 0.03 mT. This can be compared with the

maximum field Bp,.x obtained with the analytical expres-
sion, where M = 1.4 x 10% A/m is taken as the satura-
tion magnetization of Co*3. This gives Byax = 0.99 mT,
0.49 mT and 0.29 mT for distances z¢ of 3 um, 5 ym and
7 pm, respectively. These values allow for an estimation
of zmor ~ 6.3 um falling in the range of the distances
anticipated by visual inspection.

From the MO data, we observe that the distance be-
tween the two poles of a magnetic bar, i.e. the distance
between the center of the red and blue-white dots, is not
20 pm as in the theoretical field maps, but is actually
~ 18 ym. This is due to the fact that the magnetic bars



are not perfectly parallelepipedal but have round corners,
as shown in the optical image in Fig. 3(b). Therefore,
the influence of the bars’ borders, where the magnetiza-
tion tends to align with the edges to minimize the energy
of the system, reduces the effective size of the domain of
magnetization M.

Panels (e) and (f) of Fig. 3 follow the same principle for
arrays of magnetic bars with L = 10 ym and W = 3 um,
and L = 5um and W = 1 um, respectively. In the MO-
based field map of Fig. 3(e), the single poles of the mag-
netic bars can barely be resolved, meaning the spatial
resolution of our system is of the order of 5 pum for this
particular zyor- The neighboring bars look nearly con-
nected and form long stripes extending in the direction
perpendicular to the bars main axis. Comparison with
the theoretical field maps gives zyor ~ 6 pm and con-
firms the value we found based on Fig. 3(d). Note that
here, in comparison to the bigger bars, the magnitude of
the maximum magnetic field decayed to 0.22 + 0.03 mT
in the MO image, while it is 0.65 mT, 0.30 mT and 0.19
mT in the calculations, for z = 3 um, 5um and 7 pm,
respectively.

In figure 3(f), the perpendicular stripes observed in
panel (e) nearly disappeared from the MO-based field
map, leaving as the main feature in the image a bright
line at the border of the bar array, where the field
has a maximum magnitude of around 0.07 + 0.03 mT.
This means that the magnetic resolution of our system
is better than 0.1 mT. The theoretical field maps give
Bnax = 0.26 mT, 0.14 mT and 0.09 mT for z = 3 um,
5pm and 7 pm, respectively, which is in fair agreement
with the zyo1 value estimated previously.

B. Magnetic Co disks on top a superconducting Nb film

In this section, we will increase the complexity of the
MOI detected signal by adding a superconducting film to
the localized source of magnetic field produced by mag-
netic disks. To that end, the very same system that has
been used to illustrate the protocol for conversion from I
to B, in Fig. 1, is now analyzed in more detail. The sam-
ple under study consists of a rectangular 800 x 400 jum?
Nb film (100 nm thick) with two Co disks (30 nm thick)
on top of its surface, as shown in Fig. 4(a). The critical
temperature of the Nb film is T, = 9.0 K, as determined
by AC magnetic susceptibility measurements. DC mea-
surements in a SQUID magnetometer confirmed a strong
in-plane magnetic anisotropy of the Co disks.

Figure 4(b) shows the classical MOI configuration used
till this point in the paper. The MO indicator is placed
on top of the sample, with a gap zyo1 between 5 and
7 pm between them, as determined in the previous sec-
tion. We magnetized the disks with an in-plane field of
the order of 3 mT using a commercial neodymium mag-
net. A MO image of the 20 ym diameter Co disk at room
temperature is shown in Fig. 4(c). The stray field of the
Co disk, indicating the direction of the in-plane magne-

tization, is visible in the image as a red (negative B,)
and blue-white (positive B,) spot. Since the signal is
quite weak, leading to poor contrast, it is important to
minimize the gap between indicator and sample. The dis-
tance zyror can be considerably reduced if instead of just
placing the MO indicator on the sample, a clip is used
to press the indicator firmly onto the sample surface, as
illustrated in the sketch of Fig. 4(d). This leads to sig-
nificant improvement in the MO contrast, as shown in
the MO image in Fig. 4(e), indicating a reduced effective
distance zpyor between indicator and sample surface.

A negative side-effect of using the clip is that the me-
chanical stress induced by the clip favors the proliferation
of in-plane magnetic domains in the indicator film. Since
this effect severely affects the image quality, the use of a
pressing clip is not systematic but rather limited to par-
ticular cases. In addition, sample mounting has been per-
formed in an environment with a large amount of parti-
cles of at least 2.5 yum diameter in the atmosphere**. This
restricts the reduction of the gap that can be achieved by
pressing with a clip due to the unavoidable presence of
such particles between the indicator and the sample.

The conversion procedure allowed us to determine the
values of the magnetic field on top of and around the
disks. At zero applied field, the extreme values around
the poles are, B, = 2.4+0.3 mT for the big disk (20 um),
and B, = 1.54+0.3 mT for the 10 um disk. For the range
of values of the applied field H, the field produced by the
disk typically exceeds the field of the flux penetrating the
superconducting sample, and therefore masks the contri-
bution of the latter to the total field. For this reason, the
image conversion method presented in section III proves
very useful, since it allows to isolate the contribution of
the superconductor from the stronger signal of the Co
disks.

In Figure 5, we show the influence of the magnetic
disks on flux penetration in the superconducting Nb film.
Beforehand, the disks were magnetized at an angle with
respect to the closest sample border, represented by the
yellow dashed line in Fig. 5(a). Panel (a) represents the
magnetic field at 7' = 10 K for the 20 ym diameter disk,
outlined with the dotted yellow circle, clearly visible as
red and blue spots corresponding respectively to negative
and positive B,. The sample is subsequently cooled down
toT = 3.7 K and the applied field H is increased. Images
obtained following the procedure described in section III,
and where the magnetic field landscape in panel (a) is
thus removed, show the magnetic field distribution for
(b) poH =1mT, (¢) poH = 1.5 mT, (d) poH = 1.8 mT,
and (e) poH = 2.5 mT. In Fig. 5(b), no magnetic field
has penetrated into the superconducting layer yet and the
magnetic disk signal has been reduced down to 0.1 mT
by carrying out the intensity-to-magnetic field conversion
procedure. However, a weak magnetic signal is visible
around the magnetic disk which might be attributed to
the influence of the superconducting screening currents,
repelling the magnetic field distribution of the disk and
thus modifying slightly the field distribution shown in
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FIG. 4. Sample layout and mounting for the Nb film with Co disks. (a) Optical image of the 800 x 400 um? Nb film
(100 nm thick), where the two 30 nm thick Co disks with a diameter of 20 um and 10 um are located at 20 pm and 10 pm,
respectively, from the sample edge. (b) Classical configuration for the MOI measurements, with the sample mounted on top
of the sample holder, and the indicator placed on top of it. (c) MO image of the 20 um diameter Co disk after polarization
with an in-plane field of 3 mT, in the configuration of panel (b). (d) Alternative configuration where the indicator is pressed
closer to the sample surface with a purposely designed metallic clip. (e¢) MO image of the same disk as in panel (c) showing
the enhanced MO signal using the alternative configuration presented in (d).

panel (a)*°46,

When H is increased, magnetic flux starts to pene-
trate into the sample in small flux jumps (Fig. 5(c))
and interestingly, it can be clearly seen that it propa-
gates preferentially through the side of the disk having
the same polarity (positive B.) as the applied field (Fig.
5(d-e)). In order to understand this behavior, one must
keep in mind that the polarity of the field generated by
the disks in the vicinity of the poles is reversed in the
indicator with respect to the superconductor'?, as shown
in the sketch of 5(f). The natural attraction (repulsion)
between the vortices from the border and the antivor-
tices (vortices) created by one of the poles is responsible
for the asymmetry in flux penetration. This is visible in
Fig. 5(d-e) by the enhanced magnitude of the field at the
preferred side of the disk, while the other side shows a
perceptible shielding of flux. Similar results are obtained
for the 10 um diameter magnetic disk, except that the in-
fluence on the flux penetration is weaker. Changing the
orientation of the disk magnetization gives essentially the
same results, the entering vortices being attracted (re-
pelled) by the side of the disk with the same (opposed)
polarity.

C. Micro-scale electromagnet

In the system described in the previous section we have
little control other than the direction of the magnetic mo-
ment of disks. An attempt to overcome this limitation
is explored in this section where the magnetic disk has
been replaced by a single turn micro-coil excited exter-

nally with a continuous current. This approach allows us
to have a tunable yet localized source of inhomogeneous
magnetic field essential for determining the magnetic field
resolution of the technique.

Figure 6(a) shows a scanning electron microscope im-
age of the sample layout. The Al coil is 50 nm thick and
has inner and outer diameters of 20 ym and 24 ym, re-
spectively. All the measurements have been performed
at room temperature. Figure 6(b) shows a MO image
of the out-of-plane magnetic field distribution of the coil
for a current I = 50 mA, obtained after applying the
conversion procedure. The indicator was pressed on the
sample using the clip mentioned in the previous section.
To enhance the signal to noise ratio, the image shows the
difference between the magnetic field obtained for posi-
tive and negative currents.

Figure 6(c) shows the out-of-plane magnetic field B, at
the center of the coil as a function of the applied current
amplitude I. For a coil of radius R made of a unidimen-
sional wire, B, on the coil axis at a distance z from the
coil center is given by:

2
B= Mol o)
2(R% + z2)3/ 2
Although the experimental coil has a finite thickness and
its wire has a 2 um width, Eq. (9) describes within an
accuracy of 1% the magnetic field of the real single-turn
coil and can be used to fit the curve of Fig. 6(c). The
slope gives a value of zyjo1 = 5.74+1 um. The error on the
magnetic field for a single pixel is of the order of 0.1 mT,
but the correlation between all the pixels forming the coil
gives a significantly lower detection threshold of around
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FIG. 5. Influence of the Co disks on flux penetration in the superconducting Nb film. (a) Magnetic field distribution
of the 20 um diameter Co magnetic disk at 7'= 10 K. The disk is outlined by the yellow dotted circle, while the border of the
superconductor is marked by the dashed straight line. The sample is subsequently cooled down to 7' = 3.7 K and a sequence
of MO images is recorded for (b) poH = 1 mT, (¢) poH = 1.5 mT, (d) poH = 1.8 mT and (e) uoH = 2.5 mT. These images
show the magnetic field distribution after the field of the disk, represented in (a), has been removed following the procedure
described in section III. Panel (f) shows a sketch of the interaction between a magnetized Co disk, assuming a perfect dipolar
configuration, and the superconductor film below. The indicator positioned on top of it is not shown for the sake of clarity.
Field lines representing negative (positive) B, components are in red (blue). Near the magnetized disk, the positive field as seen
by the indicator is opposed to the field in the superconductor below. The vertical blue lines at the right side of (f) represent

the field lines from the applied field H.

0.01 mT, at which the coil cannot be seen anymore. This
value is in agreement with the resolution limit reported
previously with similar MO indicators” and could possi-
bly be pushed further down by averaging a large number
of images.

A more realistic description of magnetic field texture
generated by the micro-coil can be obtained by numerical
simulations, with the same geometry as the real coil. The
mesh of finite elements used in the simulations is shown
in Fig. 6(d) and the magnetic field distribution obtained
with the simulations for a current I = 50 mA at a dis-
tance z = 6 pm from the coil surface is represented in Fig.
6(e). The good agreement between the experimental and
the numerical results is further confirmed by plotting the
magnetic field profile across the coil center for both the
simulated images and the MO images, as shown in Fig.
6(f). Note that the vertical distance z = 6 pm obtained
here corresponds approximately to the distance between
the middle of the MO active layer and the coil, which
gives a gap of about 4.5 pm between the coil and the
bottom of the indicator.

D. Nb/NdFeB heterostructures

Thus far we have tested the proposed protocol with
prototypical inhomogeneous magnetic field sources of rel-
atively weak intensity permitting us to determine the
ultimate magnetic field resolution limit of the Bi:YIG
MO indicator as 10 pT and a spatial resolution similar
to the size of the gap separating the MO indicator and
the source of inhomogeneous field. In what follows, we
will exploit the quantitative MOI procedure in order to
investigate more complex and innovative systems, with
substantially higher magnetic fields across the sample
area, and thus allowing us to test the proposed method
in the opposite extreme of high magnetic fields and field
gradients. It is worth emphasizing that to the best of
our knowledge, application of extremely hard permanent
magnetic materials, such as the NdFeB described here-
under as possible sources of vortex pinning remains rela-
tively unexplored. These permanent magnetic materials
are characterized by much higher coercive field (uoH.)
and remanent magnetization (poM;) than magnetic ele-
ments or binary alloys previously used in S/F hybrids.
Indeed, for NdFeB*" 49 the reported value is poH. > 1.5
T, much larger than those for Co/Pd multilayers (< 0.6
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FIG. 6. Quantitative magneto-optical imaging on a planar coil. (a) Scanning electron microscope image of the 50
nm-thick coil made of Al. The coil has inner and outer radius of 10 um and 12 um, respectively. (b) Magnetic field of the coil
fed by a current I = 50 mA, obtained by MOI with the MO indicator pressed on the sample surface. (c) Magnetic field B,
at the center of the coil as a function of I. The error on the magnetic field value of a single pixel is around 0.1 mT, but for
extended sources such as the coil, the correlation between pixels gives a lower detection threshold of 0.01 mT. (d) Mesh for
the numerical simulations. (e) Magnetic field of the coil fed by a current I = 50 mA, obtained by numerical simulations, at a
distance z = 6 um of the sample surface. (f) Magnetic field profile through the center of the coil for I = 50 mA taken in the
MO image of panel (b) and in the numerical simulation for z = 6 ym.

T)59, Co/Pt multilayers (< 0.4 T)*!, Co dots (< 0.03
T)52, Co/Pd dots (< 0.15 T)%, Co/Pt dots (< 0.23
T)5456 and Fe dots (< 0.15 T)%7, to name a few. Cor-
responding remanent magnetization values are also sig-
nificantly larger for NdFeB in comparison to the other
materials mentioned above. Hence, the use of magneti-
cally patterned NdFeB as templates of spatially modu-
lated magnetic field to control the pinning landscape in
a superconductor may offer a number of advantages over
softer magnetic materials, such as greater stability and
larger magnetic field amplitudes of potential interest in
technological applications.

1. Characteristics of TMP NdFeB

Recently, a promising technique, thermomagnetic pat-
terning (TMP), has been developed to produce magnetic
fields spatially modulated in the range from tens to hun-
dreds of microns*®. In this technique, the magnetization
of a hard ferromagnetic film is initially saturated in one
direction. The film is then irradiated by a pulsed laser
through a mask, while an external field weaker than the
film’s room temperature value of coercive field is applied
in the direction opposite to that of the magnetization of
the film. Regions exposed to the irradiation are heated
up, resulting in local reduction of coercivity and hence
inducing reversal of magnetization in these regions. The

final structure consists of an array of opposite magne-
tized micromagnets. Further details about the technique
can be found in Ref. 48. Patterning of a few microns
thick high performance NdFeB hard magnetic films has
been achieved using this technique. TMP can be used
to produce a variety of configurations of micromagnets,
e.g., chessboard, stripes, and periodic arrays of circu-
lar /square domains. We have prepared S/F hybrid struc-
tures by depositing a Nb film on top of such TMP Nd-
FeB films. Figure 7(a) shows a schematic of a Nb/NdFeB
sample showing the different layers. A 3 ym-thick NdFeB
film is deposited on a Si wafer covered by a 100 nm-thick
buffer layer of Ta. A capping layer of 100 nm-thick Ta
is deposited on top of the NdFeB to avoid oxidation. A
particular magnetic texture is imprinted in the NdFeB
film by TMP and finally a 100 nm layer of Nb is de-
posited on top. The sample we primarily investigated is
square-shaped (4 mm X 4 mm) and consists of a chess-
board pattern of 100 x 100 pm? alternating squares with
opposite magnetization in NdFeB (cf. arrows indicating
the magnetization direction in adjoining squares in Fig.

7(a)).

The relatively large size of the patterned magnetic do-
mains in NdFeB can be revealed by MOI carried out
above the T, of Nb. Figure 7(b) shows a MO image of the
sample obtained at T'= 10 K and poH = 1 mT whereas
Fig. 7(c) shows a Hyy;, image generated using the calibra-
tion protocol described in Section III. The H, image
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FIG. 7. The Nb/NdFeB sample and characteristics of the TMP layer. (a) Schematic of the Nb/NdFeB sample. (b)
Part of a MO image of the Nb/NdFeB sample with chessboard pattern, obtained at T'= 10 K and poH = 1 mT. (¢) Hmin image
showing the B, distribution in the chessboard pattern obtained by the calibration protocol (cf. text for details). (d) SHPM
image of the Nb/NdFeB sample obtained at a scan height of ~ 4 um at room temperature showing a part of the chessboard
pattern in NdFeB. (e) B(z) profiles, from the calibration image in (c) (orange circles), and at different scan heights obtained
from SHPM (squares), along the horizontal lines shown in (c¢) and (d). The profile from the calibration image is adjusted for
the offset due to the non-zero analyzer angle. The error bar in one of the data points in this profile indicates the maximum
extent of noise in the data (fluctuation in B, inside a square) ~ £ 2 mT. Also shown are B.(z) profiles at different heights
from the sample surface obtained from calculations (cf. text for details).

essentially shows the B, distribution in the chessboard
TMP pattern, with an offset due to the non-zero ana-
lyzer angle used in our measurements. The calibration
works well to reveal the relatively large magnetic fields
in the chessboard pattern, except at the borders of the
oppositely magnetized squares, where many of the pixels
are saturated due to large magnetic fields in these loca-
tions. The contrast of the image in Fig. 7(c) is adjusted
to mask the saturating effect of such pixels.

Magnetic properties of the NdFeB layer have also been
studied using SHPM performed at room temperature®?.
SHPM images were obtained at various scan heights from
the sample surface. Figure 7(d) shows a SHPM image of
the sample showing the chessboard pattern in the NdFeB
obtained at the closest scan height ~ 4 ym. From both
the MO and SHPM images it is clear that the magnetic
landscape inside the two sets of squares in the pattern are
distinct from each other. While the ‘red’ squares in the
SHPM image appear quite smooth, the ‘blue’ squares ap-
pear rather coarse in comparison. This is a result of the
TMP process. Since magnetization reversal induced by
the laser occurs at an elevated temperature and the ex-
ternal field applied during TMP is relatively weak (~ 0.5
T), the magnetic profile in the reversed (irradiated) re-
gions is coarser in comparison to that in the non-reversed
(non-irradiated) regions.

A set of B, (z) profiles, one from the MOI calibration

image in Fig. 7(c) (orange circles) and the rest from
SHPM images (squares) at different scan heights along
the dashed lines shown in panels (c¢) and (d), are shown
in panel (e). Note that a few data points, corresponding
to saturated pixels at the square boundaries, have been
removed from the MOI profile. We have also computed
the B, distribution in the chessboard pattern (a 40 x
40 array of 100 x 100 pum? squares) using the analyti-
cal approach discussed for an array of magnetic bars in
Section IV A. The resulting B, (x) profiles (colored lines)
at various heights from the sample surface are shown to-
gether with the experimental profiles in Fig. 7(e). For
simplicity, a fixed value of remnant magnetization*® M
= 2.8 x 10° A/m was assumed for the whole sample
such that the calculated profiles at heights 4-40 um agree
well with the experimental profiles obtained using SHPM.
The calculated profile thus obtained at 2 pm agrees rea-
sonably well with the profile obtained from MOI. This
indicates that the effective height of the MO imaging
plane from the sample surface (zpmor) is in this case ~ 2
pm, which is expected as the indicator was pressed with
the clip for this set of measurements. The estimations
above do not take into account the fact that NdsFe 4B
undergoes a spin reorientation transition from easy-axis
to easy-cone configuration, with a cone angle of 30°, at
135 K. This would lead to a reduction of the magnetiza-
tion by about 13%, in addition to the effects produced



by a non-perfectly c-axis oriented magnetic texturing®®” .
It is worth noting that the B, profiles in the TMP pat-
tern resemble that expected for a ferromagnetic film with
domain widths much larger than the film thickness®®%°,
with the magnetic field decaying from a domain wall to-
wards its center.

2. Isothermal magnetic flux penetration in Nb/NdFeB
hybrid system

FIG. 8. Smooth flux penetration in Nb/NdFeB at 6
K. (a) MO Image obtained at +0.5 mT while increasing poH
from 0 mT after zero-field cooling the sample to 6 K. A re-
gion without Nb at lower-left of the image is indicated by the
dashed lines. The image in (b) is obtained by subtracting
the MO image at 6 K and 0 mT (i.e., before applying any
magnetic field after cooling down to 6 K) from the MO image
shown in (a). (c) Image of B, distribution converted from the
MO image shown in (a) using the calibration procedure. (d)
Image of B, distribution converted from MO image obtained
at -0.5 mT while decreasing poH from 0 mT after zero-field
cooling. (e)-(f) Images cropped and zoomed from (c) and (d),
respectively, showing the flux distribution in a few squares for
the two scenarios. The B, distribution in (c)-(f) is indicated
by the adjoining scale bar.

In order to visualize magnetic flux penetration in Nb,
the sample was cooled down to 6 K < Tt in zero field
(ZFC). Then a series of MO images were obtained by cy-
cling uoH : 0 — 4+12.5 — —12.5 — 0 mT. Figure 8(a)
shows a raw MO image obtained in the first run at pgH =
+0.5 mT (increasing from poH = 0 mT). A region with-
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out Nb, a consequence of the shadow of a holding clip
during Nb deposition, is demarcated with dashed lines
near the lower left of the image. In this figure, no hint of
a superconducting response can be seen due to the over-
whelming signal from the underlying NdFeB concealing
the much weaker signal from Nb. A possible way to re-
cover the superconducting signal from Nb is to take the
difference of this image with the image obtained at 6 K
and zero magnetic field, as shown in Figure 8(b). In this
difference image, quite a few features are revealed. The
region without Nb is readily identified. In the region
with Nb, the smooth magnetic flux penetration into the
Nb film progressively unveils the chessboard pattern un-
derneath. The region of dark contrast towards the upper
right corner of the image is where magnetic flux is absent.

Let us now compare this approach with the result of
applying the protocol for converting the intensity images
into B, maps. Figure 8(c) shows the resulting B, map
converted from the MO image in panel (a). From this
figure it can be seen that our protocol is able to recover
the smooth magnetic flux penetration into the Nb film.
However, the fact that the chessboard pattern remains
faintly visible in the Meissner region indicates that it fails
to properly correct the magnetic field of the underlying
magnetic pattern. This is understandable since the MO
indicator saturates and therefore becomes insensitive to
fields above 80 mT whereas the magnetic field close to
the boundary between two squares can largely exceed
that value.

A closer inspection of the box in Fig. 8(c), and the
zoomed-in view of this region shown in Fig. 8(e), reveals
that the red squares are devoid of flux, indicated by the
uniform dark contrast whereas a strong accumulation of
flux is seen in the peripheral regions of the blue squares.
When (H) polarity is reversed, the opposite effect is ob-
served as shown in Fig. 8(d). In this case, flux accumu-
lation is observed inside the red squares (cf. strong red
contrast in the periphery of the red squares in Figs. 8(d)
and 8(f)). In other words, the flux propagates following
staircase-like paths along one set of squares, while largely
avoiding the other set.

Vortices generated in a superconductor by an exter-
nal magnetic field experience magnetic pinning by a do-
main structure due to interactions of the stray fields
of the magnetic structure with screening currents in
the superconductor® . Moreover, the magnetic pat-
tern is expected to spontaneously induce vortices in
the superconductor even in zero applied field, with vor-
tices of opposite polarity occupying the alternate sets of
squares®2:69:66 In this scenario, a vortex generated in Nb
by a positive applied H approaching a red square will be
attracted and annihilated by antivortices present at the
edges of the square. While approaching the edge of a
blue square, it will encounter a permeable wall of repul-
sive vortices, hence flux entry into the blue square is not
impeded. Once inside a blue square, the vortex will be
strongly pinned by virtue of magnetic pinning within the
domain. This would lead to an accumulation of flux in-



side the blue squares. In agreement with the variation
of B, within a square, more vortices would tend to accu-
mulate near the edges of the square rather than near its
center, due to the larger B, near the edge, as is observed
in Figs. 8(c) and 8(e). For a negative applied H, the
scenario will be reversed, with vortices accumulating in
the red squares (cf. Figs. 8(d) and 8(f)). This is consis-
tent with earlier reports demonstrating spatial variation
of flux density in a superconductor guided by the mag-
netic landscape in its vicinity (e.g, 51, 67, and 68), and
will progressively result in a staircase-like path of flux
propagation with increasing H.

3. Magnetic flux avalanches in Nb/NdFeB hybrid system

It is a well documented fact that the increase of crit-
ical current density along with the decrease of thermal
conductivity as temperature decreases, lead to the devel-
opment of thermomagnetic instabilities®®. These insta-
bilities manifest themselves as a burst of magnetic flux
penetrating into the superconductor and acquire a par-
ticularly dramatic aspect in thin films with a branching
structure similar to Lichtenberg figures™. Literature on
the influence of a magnetic template on the propagation
of magnetic flux avalanches is rather scarce':°% and mo-
tivates us to explore this regime of flux penetration in
the Nb/NdFeB hybrid system. To that end, the sample is
cooled down to the base temperature of the cryostat (~ 4
K) in zero field (ZFC). Figure 9 summarizes our observa-
tions of avalanche-like flux jumps observed in this regime.
Fig. 9(a) shows the magnetic field map for poH = 7 mT
where the Nb sample has been fully penetrated and no
evidence of avalanche is seen. However, by taking the
differential image 0B, = B.(uoH + 0.1 mT)—B,(uoH)
as shown in Fig. 9(b), a sudden large jump is observed
along a diagonal, in an area encompassing a set of squares
of similar magnetization. This is somewhat analogous to
the observation of secondary branches of flux avalanches
in Nb and MoGe films with an antidot lattice”'. By fur-
ther increasing H a smooth flux penetration proceeds,
which is interspersed by similar jumps at higher H.

It is worth noting that the flux jumps observed at 4 K
occur over and above smooth flux penetration. This ob-
servation leads us to suggest that the observed avalanches
might not be the result of thermomagnetic instabilities
but rather the effect of flux channeling. Further experi-
mental investigations will be needed to clarify the origin
of the flux jumps reported here.

E. Py/Nb heterostructures

In this section we will address the possibility to re-
produce the magnetic landscape of TMP templates in a
softer ferromagnet, so as to obtain a weaker, erasable,
and tailor-made pinning potential.
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FIG. 9. Flux avalanches in Nb/NdFeB at 4 K. (a) Image
of B, distribution converted from MO image obtained at 7
mT, while increasing poH from 0 mT after zero-field cooling
the sample to 4 K. (b) Differential image showing § B, map
in response to a 0.1 mT change in poH at 7 mT.

Permalloy (Py) is an interesting material to use as a
source of flexible magnetic landscape to induce vortex
pinning in a superconductor'®. This can be achieved by
transferring the TMP templates in NdFeB onto a 460
nm thick Py layer partially covering a Nb film. The im-
printing process starts from a state where the Py layer
is magnetized in-plane along the direction indicated in
Fig. 10(b). Then, the Py/Nb sample is fixed at the base
of a micro-manipulator probe station with the Py layer
on top and the base is clamped (cf. schematic in Fig.
10(a)). The NdFeB sample is attached to a probe, with
the patterned NdFeB surface facing down, towards the
Py/Nb sample. Then the probe with the NdFeB sample
is approached towards the Py/Nb sample till the two sur-
faces are in contact. Afterwards, the base is unclamped
and pulled down ensuring minimal slipping between the
two surfaces which results in a stable and clear imprint-
ing of the TMP pattern in the Py. The TMP chessboard
pattern was used to generate two different configurations
in Py as shown in Figs. 10(c) and 10(d), with the chess-
board pattern along and at 45° with respect to the long
edge of Py, respectively.

In order to expose the small scale details of the im-
printed magnetic landscape, the Py layer of Fig. 10(d)
has been characterized using SHPM performed at room
temperature. The SHPM image in Fig. 10(e) shows the
chessboard pattern in the Py obtained at the closest scan
height z ~ 4 um. B, in the pattern varies by 5 mT, which
is ~ 6 times less than that observed in NdFeB (cf. Fig.
7(d)), consistent with the fact that Py has a much lower
remanent field than NdFeB.

As with the Nb/NdFeB sample, to visualize flux pro-
files in Nb, the sample was cooled down to 6 K in zero
field (ZFC). Then a series of MO images were obtained
by cycling poH : 0 — +12.5 — —12.5 — 0 mT. These
measurements were performed for both of the imprinted
configurations shown in Fig. 10. Panels (f) and (g) show
one MO image for each configuration obtained in these
sets. These images are obtained by subtracting the image
at pH = 0 mT in each set to remove the signal from the
magnetic pattern. The images in Figs. 10(f) and 10(g)
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FIG. 10. Imprinting the micromagnetic pattern in permalloy. (a) Schematic showing the imprinting process. (b) Py/Nb
sample magnetized in-plane with the magnetization direction indicated by the arrow. (c)-(d) Py/Nb sample with micromagnetic
pattern imprinted in the Py layer. (c¢) Chessboard pattern aligned along the long side of Py. (d) Chessboard pattern at ~ 45°
with respect to the long side. (e) SHPM image at room temperature showing a part of the chessboard pattern in the Py layer
of panel (c), obtained at a scan height z ~ 4 pm. (f)-(g) MO Images showing smooth flux penetration at 6 K in the Py/Nb
sample with the imprinted patterns shown in (c) and (d), respectively. These images are obtained by subtracting the image at
uoH = 0 mT in each set to remove the signal from the magnetic pattern. Images in (f) and (g) are at poH = 4.9 mT and 5.9
mT, respectively. Both images were obtained while increasing poH from 0 mT after zero-field cooling the sample to 6 K.

are at pgH = 4.9 mT and 5.9 mT, respectively. From
these images, the modulation of flux path in Nb by the
magnetic pattern is clearly established. The staircase-
like paths of flux flow, which was also observed in the
Nb/NdFeB sample, is much clearer in this sample. The
principal reason behind this is that the magnetic signal
from Py is much weaker than that from NdFeB, which
allows revealing the response of Nb more easily. Further-
more, similar to our observations in Ref. 13, flux motion
is observed to be asymmetric with respect to the different
edges of Py. Flux in Nb guided by the chessboard pattern
penetrates much more quickly along one side of sample
with respect to the others (cf. top of the sample in Fig.
10(f) and left side of the sample in Fig. 10(g)). This in-
dicates that the underlying in-plane magnetization might
still play a significant role even after imprinting the out-
of-plane magnetic pattern in Py. A preliminary investi-
gation of the flux jumps in this system shows that large
dendritic avalanches develop at low temperatures, most
probably associated with thermomagnetic instabilities.

V. CONCLUSION

In summary, we have developed a comprehensive pro-
tocol for calibration and conversion of MOI data into
magnetic field distribution. A side benefit of this method
is the removal of unwanted experimental artifacts from

the raw data. The protocols have been applied on sys-
tems with increasing complexity. Several low magnetic
field sources have been used to determine the magnetic
field resolution of the technique as 10 4T whereas the spa-
tial resolution has been shown to be similar to the gap
separating the magnetic source and the MO indicator.
For typical mounting conditions this spatial resolution
lies between 2 and 10 gm. The introduced protocol helps
to extract the comparatively weaker magnetic response of
the superconductor from the background of larger fields
associated with the magnetic layer in its vicinity. This
has been notably useful to reveal magnetic flux pene-
tration in Nb/NdFeB hybrids with a chessboard mag-
netic pattern. For this system, smooth flux penetration
in Nb is observed to be strongly influenced by the un-
derlying micromagnetic pattern, with incoming vortices
preferentially occupying one set of squares of the pat-
tern. Smooth flux penetration at lower T is interspersed
with unconventional avalanche-like flux jumps. In addi-
tion, thermomagnetically patterned micromagnet struc-
tures have been imprinted in permalloy (Py) to obtain
flexible magnetic landscapes for flux guidance in a Nb
layer underneath. Further refinements of the technique
could be envisaged by incorporating deconvolution tools
and taking into account the in-plane field component in
the MO indicator.
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