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ABSTRACT

With increasing interest in understanding and mapping the spin textures within magnetic nanostructures, this work reports a study of the
transition from quasi-2D magnetic behavior in thin-film ferromagnetic nanostructures to 3D thick-film nanostructures. A series of arrays of
480 x 250 nm> elliptical Nig,Fe;9 nanomagnets patterned using deep ultraviolet (DUV) lithography with thickness (t) ranging from 20 to
250 nm were studied. It is shown through magnetometry and micromagnetics that as the film thickness increases, the nanomagnets transition
from effectively planar 2D magnets, with uniform spin textures extending through the film thickness for t <50 nm, to 3D nanomagnets with
more complex non-uniform 3D spin textures for t > 100 nm. These results demonstrate that the fabrication of thick-film nanomagnets via
DUV lithography is a viable route to producing consistent 3D magnetic nanostructures for potential applications, such as magnonics.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0212429

The field of nanomagnetism has expanded hugely over the past
two decades, with work on magnetic nanostructures directed to a
range of technologies, from memory and sensors to logical processing
applications,’ * and most recently, magnonics’ and neuromorphic
computing,” Underpinning these advances is an understanding of the
magnetization distributions and reversal processes within these sys-
tems, which is critical for realizing their functional performance. With
device applications in mind, research activity has often focused on
well-defined lithographically patterned thin-film nanostructures in
which the magnetization through the thickness is uniform, so the layer
is effectively 2D.”” The magnetization structure is determined largely
by rotational, vortex,'” ' and domain wall magnetization pro-
cesses.'”'® More recently, there has been a critical expansion of
research into 3D magnetic nanostructures associated with develop-
ments in both fabrication methods and with imaging and analysis of
the 3D magnetization that occurs within these complex magnetic
objects.'” ” 3D structures based on 2-photon lithography,”” scaffolds,
or direct write growth”' among others are enabling the study of com-
plex 3D spin structures that may have potential for future applications,
although the fabrication of such complex 3D structures is currently
specialized and relatively slow.

Deep ultraviolet (DUV) lithography is a well-established indus-
trial process for rapid, large-area, high-resolution nanofabrication,
which is ubiquitous in today’s semiconductor industry. DUV

lithography can be used to pattern thick layers of resist, enabling the
fabrication of high-quality 3D nanostructures or nanomagnets (NMs),
where the thicknesses are comparable with the planar feature sizes. In
contrast, electron-beam lithography, another lithography technique
commonly used by researchers in this field, typically requires the use
of thinner resist layers.””

Here, we have used DUV lithography to pattern large areas of
high-quality NMs in which the film thickness was varied to investigate
the magnetization structures and reversal behavior through the transi-
tion from quasi-2D to 3D magnetic nanostructures. A combination of
experimental magnetization measurements and micromagnetic simu-
lations were used to study a system composed of elliptical NMs.

The experimental system consists of an array of elliptical NMs
with dimensions 480 x 250 nm” The NMs are spaced sufficiently far
apart that magnetostatic interactions between them are considered
negligible, and each NM is effectively isolated (see the supplementary
material for more details). Arrays of magnetic nanostructures were
fabricated over a large area (4 x 4mm?) on silicon substrates using
deep UV lithography at an exposure wavelength of 193 nm. The nano-
structures were fabricated by deposition and liftoff of a layer of
Nig,Fe;o Permalloy (Py), with a thickness (t) ranging from 20 to
250 nm, using thermal evaporation from a single source at a growth
rate of 0.8 A/s from a base pressure of 1.9 x 107> Pa. Ultrasonic liftoff
with OK73 resist-thinner was used for the removal of the photoresist.

Appl. Phys. Lett. 124, 222403 (2024); doi: 10.1063/5.0212429
© Author(s) 2024

124, 222403-1

¥€:51:01 ¥20Z Aen 82


https://doi.org/10.1063/5.0212429
https://doi.org/10.1063/5.0212429
https://doi.org/10.1063/5.0212429
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0212429
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0212429&domain=pdf&date_stamp=2024-05-28
https://orcid.org/0009-0007-9642-0374
https://orcid.org/0000-0002-9438-7407
https://orcid.org/0000-0001-9724-2468
mailto:jay.r.scott@durham.ac.uk
mailto:adekunle.o.adeyeye@durham.ac.uk
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1063/5.0212429
https://doi.org/10.60893/figshare.apl.c.7229215
https://doi.org/10.60893/figshare.apl.c.7229215
pubs.aip.org/aip/apl

Applied Physics Letters

The completion of the liftoff process was verified using scanning elec-
tron microscopy (SEM).

The magnetization reversal processes were measured using a
vibrating sample magnetometer (VSM) with the applied field (B) in-
plane and directed either along the long or short axes of the NMs.

Micromagnetic simulations were undertaken using the GPU-
based Mumax3 software.”’ The dimensions of the NMs and the spacing
between them were extracted from the SEM images. In order to opti-
mize the simulation time, only a single element was simulated, which
assumes that the magnetostatic coupling between elements is negligible,
as it is for the experimental NMs. This is a reasonable assumption given
that the spacing between neighboring NMs is much larger than their
lateral dimensions. The samples were also considered to be uniform,
with no inclusion of defects, pinning sites, or finite temperature effects.
Standard input parameters for micromagnetic simulations of Py were
used: exchange stiffness constant A = 1.30 X 107" J/m, saturation
magnetization M, = 8.6 x 10°> A/m, zero magnetocrystalline anisot-
ropy (K,), and gyromagnetic ratio y/2n = 28 GHz/T. The micromag-
netic cell size was (5 nm)°>, consistent with the common estimate for
the exchange length in Py, and the system was initialized with a ran-
dom magnetization state to solve the Landau-Lifshitz-Gilbert (LLG)
equation.

Figure 1 shows an SEM image of a typical array of NMs, with an
inset showing the key dimensions. The image shows that the NMs are
uniform over large areas, with bright contrast indicating remnants of
resist around some nanostructures.

The magnetic hysteresis of the arrays of NMs measured along the
¢ = 0 direction are shown in Figs. 2(a) and 2(b) for a series of film
thicknesses from 20 nm up to 250 nm. For the 20 nm thick structures,
the magnetization reversal is dominated by a large switching event at B
<20 mT, followed by a region of smaller magnetization changes
extending to saturation. This suggests the uniform reversal of a large
axial component of the magnetization followed by the alignment of
some spin texture that is likely to form at the ends of the NM long axis
to reduce the magnetostatic energy, and/or the sharp feature at the end
of the tail could indicate the annihilation of a vortex core. For the

FIG. 1. SEM image of an array of widely spaced Permalloy nanomagnets. The inset
panel details the dimensions of the elliptical nanomagnets and their spacing. The
axes in the bottom left show the coordinate system used for the hysteresis mea-
surements, with ¢» = 0° (¢ = 90°) corresponding to an applied magnetic field B
along the long (short) axis of the nanomagnets.
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FIG. 2. (a) VSM measurements performed on the t=20nm and t=50nm films,
with the magnetic field applied along the ¢» = 0° direction; and the corresponding
results of micromagnetic simulations are shown in (c). (b) VSM measurements per-
formed on the t= 100 and 250 nm films with ¢» = 0°, with the corresponding simu-
lation results shown in (d). (€)~(h) Simulated remanent magnetization states of the
top, middle, and bottom layers in the xy plane for the t=20, 50, 100, and 250 nm
films, respectively, with the panels at the bottom showing the corresponding normal-
ized in-plane magnetization components my and my as a function of the z-position.

50 nm thick NMs, the reversal in the hysteresis shows three sharp steps
separated by sections with continuous magnetization changes. The ini-
tial and final steps in the magnetization reversal may be associated
with vortex nucleation and annihilation, comparable to early work on
circular NMs of similar dimensions and thickness;’ however, here, the
magnetization at low fields has a significant axial component in

Appl. Phys. Lett. 124, 222403 (2024); doi: 10.1063/5.0212429
© Author(s) 2024

124, 222403-2

¥€:51:01 ¥20Z Aen 82


pubs.aip.org/aip/apl

Applied Physics Letters

addition to the vortex contribution to the magnetization state. When
the film thickness is 100 nm, the hysteresis shows similar steps com-
bining vortex-like and axial magnetization components, but over a
larger field range [note the different x-axis scale between Figs. 2(a) and
2(b)]. For the thickest film of 250 nm, the in-plane NM dimensions are
comparable with the NM thickness, and, in this case, the in-plane mag-
netization behavior shows reversal of the magnetization with little hys-
teresis, but again with a region of steeper reversal at low fields and
small features at higher fields prior to saturation.

Micromagnetic simulations of the magnetization reversal for the
equivalent Py NMs are presented in Figs. 2(c) and 2(d). For the 20 nm
thick NM, the micromagnetic simulations show that the magnetization
reversal occurs via the switching of a large axial component of magne-
tization accompanied by the nucleation of a vortex. This is then fol-
lowed by a region of vortex squeezing toward the longer edge of the
NM until it is annihilated and the reverse saturation state is reached.
The overall hysteresis is generally consistent with the shape of the
experimental results, with comparable field values and some difference
in the relative size of the axial switching component. For the 50 nm
thick NMs, there are two steps in the nucleation of a multi-vortex state
followed by a more gradual squeezing of the vortices toward the longer
edge of the NM until it is annihilated and the reverse saturation state is
reached. This is comparable with the measured experimental behavior
in terms of the nucleation and annihilation fields, but the details of the
net magnetization after nucleation of the vortex state are different,
with the experimental results showing the reversal of an axial compo-
nent at low fields rather than just vortex squeezing. The micromag-
netic simulations of the magnetization, through the reversal, show the
nucleation, distortion, and annihilation of a vortex spin texture, as
indicated by the selected simulated spin texture images in Fig. 3. The
simulated magnetization reversal of the 100 nm thick NM is compara-
ble with the experimental measurement, showing very little hysteresis
and sharp features that the magnetization simulations show are associ-
ated with the nucleation and annihilation of multi-vortex spin textures.
However, as for the 20 and 50 nm thick NMs, the experimental hyster-
esis measurement of the 100 nm thick NMs shows a more abrupt
reversal of the magnetization close to zero field than the simulations.
The magnetization simulations show that the nucleation of a multi-
vortex state occurs at a negative field, and this state is annihilated at a

t=100 nm
3 B=63mT

t =250 nm
4 B=62mT

17 B=-156mT

3 B=40mT

1” - 3» B=-81mT

FIG. 3. Simulated magnetization states at three different stages of the reversal pro-
cess labeled according to the arrows in Figs. 2(c) and 2(d), with only the slice
through the middle layer shown in each case. The black and white contrast indi-
cates out-of-plane magnetization components.
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positive field of similar magnitude. For the 250 nm thick NM, there is
almost anhysteretic linear magnetization reversal, with small hysteretic
features at high fields and around zero field, indicating the onset of
more complex spin textures that evolves as the magnetic field changes.
The experimentally observed reversal is similar to the micromagnetic
simulation showing very little hysteresis, but as for the other thick-
nesses, the rate of change of magnetization at low fields is larger in the
VSM measurements than the simulations. Each of the reversal pro-
cesses are further illustrated in Fig. 3 with each state being labeled
according to the arrows in Figs. 2(c) and 2(d). In each case, only the
slice through the middle of the thickness of the NM is shown; however,
it is observed that the spin texture of the NMs becomes increasingly
non-uniform as the thickness increases as shown in Fig. 2(e).

Overall, for the 20nm thick NM, the spin texture is uniform
throughout the film thickness, while for the 50 nm thick NM, only a
slight rotation of the vortex core is observed. This uniformity is further
illustrated in the bottom panels of Figs. 2(¢) and 2(f) where m, and m,
remain constant with changing z-position. In the 100 nm thick NM, the
spin texture varies significantly through the thickness, with a vortex core
shifted left and right of the center in the top and bottom layers, respec-
tively, and domains with strong out-of-plane components present in the
middle layer. These vortices grow in size through the layers toward the
middle layer, where both vortices are present within a region where the
magnetization undergoes a helical rotation between the vortex cores. For
the 250 nm thick NM, the spin texture has a vortex core shifted left from
the center in the bottom layer. The vortex core grows toward the right-
hand side of the NM as z increases, until it extends across most of the
long axis in the middle layer of the NM. The vortex core then shrinks as
the domain on the left-hand side grows until the top layer is reached, and
the vortex core resides on the opposite side of the NM compared to the
bottom layer. The bottom panels of Figs. 2(g) and 2(h) further show how
the y-component of magnetization reverses as the vortex cores shift
between the top and bottom layers of the 100 and 250 nm thick NMs.

Magnetic hysteresis was also measured with the magnetic field
applied along the ¢ = 90° direction, i.e., along the short axis of the
NMs. Figure 4 shows the experimental and simulated magnetic hyster-
esis loops. Comparing with the results obtained along the ¢ = 0°, the
most noticeable change to the hysteresis loop occurs for the 20 nm
thick NM where the reversal involves the nucleation of a vortex spin
texture, which is present at remanence as shown in Fig. 4(e). There is
agreement between the micromagnetic and experimentally measured
hysteresis in the presence of features at high fields, but, similar to the
comparison along the ¢ = 0° axis, the experimental measurements
show larger, hysteretic magnetization changes at low fields. For the
thicker NMs, the results are quite similar to those obtained for ¢p = 0°.

The trends in the simulated remanent magnetization states are
the same as seen for ¢p = 0°: as the thickness increases, the spin texture
becomes increasingly non-uniform through the thickness and becomes
increasingly out-of-plane (OOP) in the interior of the NMs. As dis-
cussed earlier, the 20 nm thick NM with ¢ = 90° has a vortex spin
texture, which is uniform through the film thickness, and this is also
the case for t = 50 nm. Interestingly, the remanent state for the 100 nm
thick NM has largely the same spin texture in the xy plane as the
250 nm thick NM with ¢ = 0°, albeit with the vortex core being of
opposite polarity. This is further illustrated by the bottom panels of
Figs. 4(g) and 2(g) being inverted with respect to each other. The
remanent state of the 250nm thick NM with ¢ = 90° is unique.
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FIG. 4. VSM measurements performed on the t=20nm and t=50nm fims with
the magnetic field applied along the ¢ = 90° direction, and the corresponding
results of micromagnetic simulations are shown in (c). (b) VSM measurements per-
formed on the t=100 and 250 nm films with ¢ = 90°, with the corresponding sim-
ulation results shown in (d). (e)-(h) Simulated remanent magnetization states of the
top, middle, and bottom layers in the xy plane for the t=20, 50, 100, and 250 nm
films, respectively, with the panels at the bottom showing the corresponding normal-
ized in-plane magnetization components my and my as a function of the z-position.

The top and bottom layers each contain a region in the center with a
net axial magnetization component and regions at the ends of the long
axis where the spins cant in order to minimize the magnetostatic
energy. Furthermore, the t =250 nm system with ¢ = 90° is the only
NM that exhibits an asymmetrical evolution of m, and m, as a func-
tion of the z-position, as seen in the bottom panel of Fig. 4(h).
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It is interesting to note that in all cases, the experimental results
show that at low fields, the magnetization reversal has a significant
component of in-plane magnetization compared to the micromagnetic
simulations. VSM measurements were also undertaken with the field
applied OOP, and the results are shown in Fig. 5(a). All of the films
display hysteretic behavior with saturation fields similar to those mea-
sured with the field applied along the ¢ = 90° direction, indicating an
out-of-plane component of anisotropy that is not taken into account
in the micromagnetic simulations. Thin-film x-ray diffraction (XRD)
was performed on a series of unpatterned Py films that were fabricated
during the same deposition process as the patterned NM arrays. A
dominant peak in the XRD spectra was observed for NiFe (111), which
indicates that the [111] crystallographic texture is OOP, and while it is
known that the Py composition Nig;Fe; has a f.c.c. crystal structure
and the magnetostriction coefficient along the [111] direction is negli-
gible, the magnetocrystalline anisotropy easy axis along this direction
is small but not negligible. It is therefore possible that the films have
grown in such a way that [111] crystallites have grown during the
deposition, which combined with an OOP magnetic anisotropy, modi-
fies the magnetization reversal, and could account for the low field
magnetization behavior. A dominant OOP anisotropy has been
detailed in previous works for Py films with thicknesses exceeding
250 nm.”* This anisotropy was not taken into account when modeling
the micromagnetics and may explain some of the discrepancies
between the simulations and experimental results. The possibility of
including a simple uniaxial anisotropy is discussed in the supplemen-
tary material. We do not have a deep understanding of the underlying
physics behind the OOP anisotropy, which will require a significant
amount of extra study beyond the scope of this short letter.

In this work, we have examined the role that the film thickness
plays in determining the magnetization reversal behavior and spin tex-
tures in elliptical nanomagnets. It was found using micromagnetic sim-
ulations that for thicknesses of 50 nm and below, the spin texture of
the nanomagnets is uniform throughout the film thickness and is
essentially two-dimensional. Increasing the film thickness to 100 nm
and beyond results in complex spin textures, which are non-uniform
through the film thickness with the magnetization increasingly having
out-of-plane contributions resulting in the nanomagnets behaving as
three-dimensional magnetic structures. The microstructure developed

b) 4 NiFe ® 20mm
4 (111) H 50 nm
| = : ¢ 100 nm
= 3
g
3
=
&
g,
=
n
o
1
2
5]
=
oo Do b Lo Lo | 1 1

-06 -04 0.2 00 02 04 06 40 45 50 55 60
Applied Field (T) 2-Theta (deg)

FIG. 5. (a) VSM measurements performed on the series of film thicknesses from
t=20nm to t=250nm with the field applied in the out-of-plane (OOP) direction.
(b) XRD scans performed on a series of unpatterned continuous films deposited at
the same time as each of the patterned arrays.

Appl. Phys. Lett. 124, 222403 (2024); doi: 10.1063/5.0212429
© Author(s) 2024

124, 222403-4

¥€:51:01 ¥20Z Aen 82


https://doi.org/10.60893/figshare.apl.c.7229215
https://doi.org/10.60893/figshare.apl.c.7229215
pubs.aip.org/aip/apl

Applied Physics Letters

during film growth appears to influence the reversal behavior and
requires further study.

See the supplementary material for micromagnetic simulations
where the magnetostatic interactions between neighboring elements
are included as well as simulations where a simple uniaxial OOP
anisotropy is incorporated into the micromagnetic model.
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