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ABSTRACT

Recent progress in nanomagnetism has generated significant enthusiasm for the creation of
high-aspect-ratio nanostructures. Nonetheless, fabricating large-area thick nanostructures
encounters substantial hurdles due to inherent lithographic constraints. In this study, we
showcase the fabrication of magnetic nanodisks patterned with deep UV, reaching thicknesses
of up to 200 nm, accomplished through the creation of nano trenches in the Si substrate.
Subsequently, the evolution of spin texture and spin dynamics as a function of thickness (20 —
200 nm) have been presented. The magnetization reversal studies reveal that the disks have a
vortex as their ground state configuration—the nucleation and annihilation fields associated
with the vortex increase with increasing thickness. We observe an increase in vortex core
diameter as the disk thickness is increased. Micromagnetic simulations suggest the presence of
an out-of-plane magnetization component is observed along the circumference, in addition to
the into-the-plane magnetization at the center for disks of higher thicknesses. The
magnetization dynamics studies reveal that the center mode frequency increases with
increasing thickness, and there is a mirror symmetry in the excitation amplitude between the
top and bottom layers for nanodisks with thickness greater than 50 nm. The results are
substantiated with micromagnetic simulations. Our results open horizons in the utilization of
the third dimension for emerging spin textures and their potential applications in future

spintronic devices.
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1. INTRODUCTION

Nanomagnets are the elementary blocks of energy-efficient, non-volatile spintronic devices.
Nanowires, nanorings, and nanodots are some of the most extensively explored nanostructures
for various technologies. For instance, domain walls in nanowires/nanostripes are shown to be
suitable for racetrack memory applications (1-4). The two equilibrium states in ferromagnetic
nanorings, the vortex and the onion state (5,6) are being explored for magnetic sensors and
memory (7-9). Both these vortex and onion states also demonstrate rich spin dynamics (10,11).
Among these patterned nanostructures, nanodots/nanodisks have been studied extensively due
to the presence of vortex configuration at remanence (12) and configurational anisotropy (13).
Owing to these properties, nanodots find applications in magnetic sensors and magnetic logic

(13), magnetic random-access memory (14), and spin torque nano oscillators (15).

Most of the research has primarily focused on two-dimensional (2D) planar nanostructures
where the film thickness is significantly smaller than the planar dimensions. With advances in
nanofabrication techniques and the increasing demand in the field, researchers have started to
exploit the effect of film thickness towards 3D nanomagnetism (16-20). To the best of our
knowledge, experimental studies have been conducted in lithographically defined circular
nanodots with thicknesses up to 100 nm(21-29). The remanent state of a nanodot with a
suitable aspect ratio (the ratio of thickness to radius) is a vortex structure(30) and it has been
found to have rich spin dynamics in initial experiments(31). However, the studies were mostly
limited to vortex excitations, which are uniform in thickness. The vortex modes with non-
uniform excitation along the thickness were first experimentally observed by J. Ding et al.
(24,25). The uniform gyrotropic mode exhibits an increasing phase difference between top and
bottom surfaces with thickness, thus reducing intensity. Interestingly, the phase difference for
the first-order gyrotropic mode decreases with thickness, resulting in an increased intensity

than the uniform gyrotropic modes at higher thicknesses. Moreover, these higher-order



gyrotropic modes lie in the gigahertz frequency range, making them a potential candidate for
spin torque oscillator-based applications(27). In nanodisks of thickness 120 nm, a
superimposition of a skyrmion, a vortex, and a meron pair has been observed(21). The core of
these structures dilates with increasing thickness. The presence of these chiral structures can
help in the design of topologically protected memory elements. Compared to planar nanodots,
the model for thicker nanodots includes a mass term (inertia term) to the vortex equation of
motion(26). Spin wave modes were also detected in a perpendicularly magnetized thick
nanodot array. An axially antisymmetric mode is observed in these thick dots due to the non-
uniform excitation along the thickness(22). Deep UV (DUYV) lithography has emerged as a
viable method for large-area patterns(32). However, patterning large aspect ratio
nanostructures remains a significant challenge for both e-beam and DUV lithography
techniques that involve a lift-off process. In this study, we use the DUV lithography technique
to first etch nano trenches with a depth of approximately 300 nm, followed by the deposition
of magnetic materials. This innovative method ensures geometrical integrity along the
thickness for thick nanostructures across a large area pattern. While a few investigations have
been conducted on nanodisks up to an aspect ratio of 0.6 (21,25), a systematic study on the

impact of much higher thickness on spin configurations and dynamics remains elusive.

Here, we report a comprehensive study on the effect of disk thickness on the magnetization
reversal and dynamic responses of circular nanodisks of a fixed diameter of 450 nm and
thickness in the range from 20 nm to 200 nm. To eliminate the edge roughness inherent in the
lift-off process, we have developed an innovative lithographic technique to create nano-
trenches into the Si-substrate, followed by the deposition of permalloy film of various
thicknesses into these nano-channels. A detailed micromagnetic simulation study was also
conducted to enhance our understanding of the reversal mechanism and dynamic processes.

We observed that vortex nucleation and annihilation fields, vortex core diameter, resonance



frequencies, and linewidth are highly sensitive to the disks' thickness. We report the emergence
of some unconventional spin distributions at higher thicknesses. We also observed an

amplitude inversion in excitations of nanodisks' top and bottom faces for thicker nanodisks.
2. MICROMAGNETIC SIMULATIONS

The micromagnetic simulations were performed using an ordinary differential equation solver
called Object Oriented Micromagnetic Framework (OOMMEF)(33). Standard parameters of
Py(34) are used in the simulations: saturation magnetization (Ms) = 8 x 10° A/m, exchange
constant (4) = 13 x 10712 J/m, damping constant (a) = 0.008, magneto crystalline anisotropy

(K)=0. A cuboidal cell size of 5x5x5 nm? was chosen considering the exchange length defined

by le, = /MZO of Py (~5.7 nm). We have assumed a higher damping constant value (a = 0.5)

to accelerate the run time and obtain remanent states without significantly affecting the

results(35).

Figure la shows the simulated remanence spin configuration of a permalloy nanodisk of
diameter, D = 450 nm and thickness t = 200 nm. The out-of-plane (OOP) magnetization
component, m,, is colour-coded for the top, middle, and bottom layers. We observe that the
core diameter is dilated. In addition to the into-the-plane magnetization at the disk's center, an
OOP magnetization is also observed at the peripheral region in the middle layer. It is also to be
noted that there is a variation in the spin configuration across the thickness. Figure 1b shows
the variation of remanent in-plane (IP) (mx) and OOP (m,) magnetization states for the top,
middle, and bottom layers of disks as a function of film thicknesses. Conventional vortices are
characterized by zero net magnetization with no radial components. Non-zero radial magnetic
components can result in volume charges and hence be energetically unfavourable. It is clear
from the figure that for t = 20 nm-thick nanodisks, the remanent state is a conventional vortex

with zero radial components. The my distribution shows that the middle layer of every thickness



behaves like a conventional vortex. However, we observed a significant variation in the mx
distribution across the thickness, from thickness t = 100 nm. This originates from the search
for optimal flux closure between the surface charges (34). It is also noted that surface layers
appear to be mirror images of each other. The m, distribution also changes across the thickness.
As evident from figure 1b, the effect of thickness on m; is notably prominent in the middle
layer of the disk. We observe a marked increase in the vortex core diameter with the thickness
from 45 nm for a 20 nm thick disk to 210 nm for a 200 nm thick disk. The vortex core radius
is highly dependent on the z coordinate. Maximum dilation is observed at the middle layer and
minimum at the surface layers (bottle-neck effect (34)). We also observe the presence of a non-
zero OOP magnetization component near the peripheral region for t = 170 and 200 nm, as
shown in figure 1b. This kind of antiparallel arrangement is gencrally associated with
skyrmien—Similar kinds of unconventional spin distributions were reported in previous studies
(21,36). To understand the variation of magnetization components across the layers, we
performed a line scan across the thickness and diameter of the disks. Figures 1c-d depict the
variation of my and m;, as a function of layer number for a single spin close to the center (across
the dotted lines as shown in figure la for different thicknesses of disks). We observe that the
value of mx changes through the layers for thicker nanodisks. This behaviour is different from
the conventional vortices. It is evident from the figure that the net magnetization is zero at the
middle layers and attains a finite value when moving away from the middle layers. This
suggests the presence of some net divergence in the surface layers of the disk. The phase
difference of my between the top and bottom layers decreases with decreasing thickness. The
nanodisk with the least thickness (t =20 nm) does not exhibit any change in my throughout its

thickness and is almost close to zero. This behaviour corresponds to a typical vortex.

Similarly, the OOP magnetization component, m,, exhibits variations across the thickness with

a decrease in the m, value with the decrease in the thickness. The difference between the central



and outer layers is significant at higher thicknesses. The m; value is maximum at the middle
layer and minimum at the exterior layers. As expected, the value of m; is almost negligible for
a 20 nm thick disk. We also carried out a horizontal scan across the middle layer (dotted lines
shown in figure la for various thicknesses. Figures le-f represent the variation of mx and m,
across the diameter for the middle layer, respectively. Figure le clearly shows the dilation in
vortex diameter with the increase in thickness. We also notice that the OOP component
gradually increases and exhibits a sign change at the peripheral region for t = 170 and 200 nm.
As shown in figure 1f, the value of mx along the diameter is negligible for t = 200 nm, and it
increases with decreasing thickness. This can also be a consequence of vortex core dilation.
The evolution of magnetization states with the magnetic field is also interesting at higher
thicknesses. We have observed the vortex displacement away from the center and its
annihilation at higher fields. It is found that there is a net OOP magnetic moment, even at the
saturation field (see supplementary figure. S1 for more information). Similar to the remanent
states, the magnetization configuration of the surface layers are mirror images of each other.
This behaviour, even at the saturation fields, makes them more interesting for conducting in-

depth investigations into their fundamental properties.
3. SAMPLE PREPARATION AND EXPERIMENTAL SETUP

We have investigated the role of film thickness on nanodisks' static and dynamic behaviour
experimentally. Periodic arrays of circular holes with diameter d = 450 nm and pitch p = 725
nm were patterned on Si substrate over a large area (4 mm x 4 mm) using deep ultraviolet
lithography at 248 nm exposure wavelength. The circular holes were first defined on 280 nm
thick positive photoresist on top of 60 nm thick bottom anti-reflective coating (BARC). Details
of the processing steps can be found elsewhere(32). After resist development, the BARC layer
was etched at a rate of 7A/sec in Oz (5 sccm) plasma heavily diluted with Argon (45 sccm).
The resist circular hole structures were transferred into silicon using a mixture of C4Fs (10
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sccm) and SFs (40 sccm) gas plasma. A 300 nm deep silicon was etched in plasma with vertical
sidewalls and extremely good selectivity between Si and the DUV resist, which act as an etch
mask. NigoFezo film with thicknesses in the range from 20nm to 200nm was then deposited on
the patterned substrate using an electron beam evaporation technique in a chamber with a base
pressure of 2x10® Torr followed by lift-off process, resulting in arrays of NigoFezo disks
embedded in the silicon. The fabricated samples were imaged using a field emission scanning
electron microscope (FESEM) to evaluate the quality of fabrication. Depth profiles of the
samples were analyzed using atomic force microscopy (AFM). The magnetization reversal in
nanodots was studied using a vibrating sample magnetometer (VSM) in an in-plane and out-
of-plane geometry. The magnetic field was swept from +600 mT to -600 mT in a field step of
2 mT. The magnetization dynamics were probed using lock-in-based broadband ferromagnetic
resonance (FMR) spectroscopy at room temperature. The samples were placed over a coplanar
waveguide in a flip-chip configuration, with an oscillating microwave field, h:, applied
perpendicular to the coplanar waveguide (CPW). The FMR spectra are acquired for excitation
frequencies from 3-18 GHz with a step of 0.5 GHz by sweeping the magnetic field from +300
mT to —300 mT with a step of 0.2 mT. The derivative of absorption power with respect to the
applied magnetic field (Ha) is then measured using a lock-in amplifier, where Ha is modulated
at the reference frequency (490 Hz) using a Helmholtz coil. Figure 2a provides a schematic
illustration of our fabrication process. Figure 2b shows the FESEM images of nanodisk arrays
of D =450 nm and disk-to-disk separation, s = 500 nm, with varying thicknesses from 20 nm
to 200 nm. Since Py is deposited into the etched holes of silicon, we observe an increase in
contrast with the increasing thickness of the disks. The depth profile of the holes filled with Py
is shown in figure 2c. For illustrations, the line scans indicate the depth profiles across three
adjacent disks (marked by a dotted line). Lower depths refer to the higher thickness of the Py

nanodisks. The depth profile values from AFM may not be exact due to the interaction of the



AFM tip with the walls of the trenches, and hence, they should be used as a qualitative

representation of the trench profiles post-filling the magnetic materials.

4. RESULTS AND DISCUSSION
4.1. Magnetization reversal:

To investigate the effect of the substantially large thicknesses of the nanodisks, we have
recorded the magnetization reversal processes using the VSM. Figure 3a shows the
magnetization reversal curves for various thicknesses ranging from 20 — 200 nm in an IP
configuration. The hysteresis loops contain two triangular lobes, similar to typical nanodisks
with vortex as a ground state configuration for nanodisks for t < 50 nm(37). The sudden
decrease in the average magnetization of nanodisks, with the reduction of the magnetic field
and negligible coercivity, indicates the presence of a vortex. The formation of a vortex involves
the competition between magnetostatic energy and exchange energy. As we decrease the field,
the vortex nucleated at the end of the nanodisk gets displaced towards the center and reaches
the center at zero magnetic fields. With further reduction in the field, the magnetic vortex
becomes unstable and annihilates to form a single-domain state. The nucleation and
annihilation fields are marked in the IP hysteresis loop using violet and green arrows,
respectively. It is evident from the hysteresis loops that vortex nucleation and annihilation
fields are highly dependent on thickness. These fields increase with film thickness. A slanted
hysteresis is observed for samples with higher thicknesses due to the evolution of complex spin
textures. The slight hysteresis at the remanence may be due to sample defects(38). Due to the
high aspect ratios of the nanodisks, magnetization reversals were also measured in an OOP
configuration, as shown in figure 3b for all the thicknesses. The nanodisks favour an OOP
magnetic configuration at higher thicknesses. The increasing shape anisotropy and

demagnetization effects aligned the magnetic moments to align along their thickness. The



simulated hysteresis loops for IP and OOP configuration (see supplementary figure S2 for more
information) substantiate our experimental findings with reasonable lithographic fabrication-
based slight deviation limits. To visualize the magnetic configurations, we performed magnetic
force microscopy (MFM) experiments at remanence for D = 170 nm and D = 200 nm arrays
(figures 3c-f). We recorded the MFM images at remanence from two different initialization
processes: saturating magnetic field applied in the OOP and IP directions. We observed a large
vortex core for all the nanodisks at remanence, which is much larger than a conventional vortex
core diameter (~ 50 nm) in a thin circular disk. On the other hand, the polarity of the vortex
core is uniform when initialized with the OOP magnetic field. However, the polarities of the
cores are random in the IP field initialized case. The MFM images shed light on the possibility
of the evolution of complex spin textures with the increase in thickness. The elliptical nature
of MFM of disks in MFM images is due to the drifts that occurred during the scan. We could
not obtain MFM images for the lower thicknesses as these nanodisks are deep inside the etched

holes, which were difficult to access using the scanning probe tip.
4.2. Magnetization dynamics:

The magnetization dynamics were probed using lock-in-based broadband FMR technique.
Figure 4a shows the representative FMR spectra at 12 GHz for different thicknesses of
nanodisk arrays. We observe an intense mode and multiple modes with weak intensity for the
20-nm-thick nanodisks. The resonance field (1oH:) of the high-intensity mode exhibits a strong
sensitivity to the thickness. It increases with increasing thickness. The absence of weak

intensity modes in samples with thicknesses greater than 20 nm may be due to weak excitation,
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and it is beyond our FMR detection limit. We also observe a splitting in the high-intensity mode

for 200 nm thick disks.

We have carried out a detailed micromagnetic simulation to understand more about the spin
dynamics of nanodisk arrays. The simulations were performed for an array of nanodisks, with
an external magnetic field applied along the x-axis and the sinc pulse along the y-axis, similar
to our experimental setup. To simulate FMR modes, a sinc pulse is defined as h,; =

sin (2 f,t)

P where the amplitude of sinc wave ho=5 mT, cutoff frequency f.= 19 GHz, and

0

t' =1 —1, refers to the simulation time (r) with an offset 7,. Sinc pulse is applied
perpendicular to the biasing field (along the y-axis) to maximize the torque. Dynamic
simulations are carried out for a time period of 4 ns with a sampling time of 10 ps. The dynamic
magnetization data are post-processed in the frequency domain using the fast Fourier transform
(FFT) procedure to obtain FMR modes. We have analyzed magnetization as a function of

position and time, i.e., M =M (x, y, z, t), to obtain the spatial FMR mode profiles.

The simulated FMR spectra corresponding to each mode of a 20 nm thick sample are shown
in figure 4b. The simulations were carried out at different magnetic fields, corresponding to the
woH; value of each mode. 2D spatial profiles of the modes corresponding to each mode are also
included in figure 4b. The red and blue colour indicates maximum and minimum absorption,
respectively. The '¢' (at 11.3 GHz) labelled mode, with maximum intensity in the experimental
FMR spectra, is identified as the center mode (CM). The spatial profiles of this mode reveal
that it has maximum absorption at the center of the nanodisk. Two other low-intensity modes
are also observed very close to the CM. These 'A"' (at 12 GHz) and 'V’ (at 12 GHz) labelled
modes also show maximum absorption at the center. A very low-intensity, high linewidth mode
is also identified far away from the CM. The spatial profile of these '®' (at 12.4 GHz) labelled

modes indicates its maximum excitation at the edges and is hence identified as the edge modes
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(EM). The EM appears at a higher field and has a broader linewidth. The mode profiles of high-
intensity mode in the FMR spectra of the nanodisks along the top, middle, and bottom surfaces
are shown in figure 4c. It is observed that at lower thicknesses, i.e., 20 nm and 50 nm, the
profiles of nanodisks are identical for the three surfaces, indicating uniform excitations along
the thickness. Non-uniform excitations are observed for disk arrays at higher thicknesses. The
top and bottom surface mode profiles are in mirror symmetry. The amplitude of the mode
profiles is inverted for higher thicknesses. It is observed that the surface layers of t = 200 nm
disks exhibit inhomogeneities in their static magnetization profiles at the saturation state (see
supplementary information figure S1). Similar behaviour is observed for disks with t > 50 nm.
The amplitude inversion of spatial mode profiles can be attributed to these inhomogeneities in
the static magnetization profiles.

Figure 5a describes the two-dimensional contour plots of the FMR spectra for various
thicknesses of nanodisk arrays obtained from both experiments and simulations. The contour
plot is generated from the individual FMR data acquired at a given frequency by sweeping the
magnetic field. The intense modes in the contour plot are observed beyond the saturation field
for the samples. Hence, these modes correspond to the n = 0 modes, where magnetization
precession is uniform along the thickness (25). It is to be noted that our simulation data is
consistent with our experiments. The slight deviations can be attributed to the slight variations
in the diameter of the nanodisks during the lithographic fabrication process. We have observed
the disappearance of the FMR response in the vicinity of the zero-field region. Similar
behaviour is also found in the simulated FMR spectra. The field range lies between the
nucleation and annihilation fields of the vortex for every film thickness. Hence, this region,
devoid of FMR response, might be associated with the formation and displacement of a
magnetic vortex. The difference in the magnetic field in the area where FMR mode is absent is

defined as ©oAHgqp. The variation of 1A H,qp with the thickness is plotted in figure 5b. poAHgap
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linearly increases with thickness. This increase in wupAHgq, is associated with increased
nucleation and annihilation fields with thickness, as observed in the magnetization reversal
studies. The magnetization slowly curls around the center, forming a vortex structure at zero
magnetic field. The effective field in this region is non-uniform, and hence, multiple modes are
observed. The intensity of these modes is very weak, which makes their detection challenging.

We have extracted the values of uoH, by fitting the raw FMR spectra using a derivative
Lorentzian function for all frequencies. The extracted values of uoH, for different thicknesses
are shown in figure 5c. The FMR response of the nanodisk arrays with the applied field is well

explained using the Kittel formula(39):

f = %\/[Ha + (Nz - Nx)-Ms][Ha + (Ny - Nx)-Ms] (1)

where % = 28.02 GHz/T, u, is the magnetic permeability, and N, N,, N: are the demagnetizing

factors along the x, y, and z directions, respectively. Here, as we use a circular nanodisk N, =
Nyand N,+N,+N:= 1. The solid line in Figure 5c corresponds to the fitting of our experimental
data with Equation 1. We have also extracted the demagnetizing factors from the corresponding
fit. The demagnetizing factor NV: increases with increasing thickness. The increase in poH, with

thickness can be attributed to this increase in N-.
5. CONCLUSION

In summary, we have effectively produced high aspect ratio nanodisks with thicknesses of up
to 200 nm using the deep UV lithography technique, facilitating the large area patterning
essential for spintronic applications. Initially, nanotrenches were etched into the Si substrate
and subsequently filled with magnetic layers. This innovative approach addresses the challenge
of edge roughness commonly encountered in conventional lithographic processes for
nanostructures. We have performed a detailed investigation on the evolution of spin textures

and their effect on spin dynamics of large area permalloy nanodisk of diameter 450 nm with
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increasing thickness from 20 to 200 nm. Micromagnetic simulations substantiate our
experimental findings. The magnetization reversal studies reveal that the nucleation and
annihilation fields of the nanodisks are found to increase with the thickness. The increase in
thickness leads to an increase in vortex core diameter and a non-zero OOP magnetization near
the peripheral region for t = 170, 200 nm nanodisks. We found that the magnetization
configuration of surface layers appears to be mirror images of one another. FMR investigations
reveal that the CM frequency increases with increasing thickness. The spatial mode profiles of
nanodisks with t > 50 nm exhibit a mirror symmetry in their amplitude between the top and
bottom surfaces. Our results offer a novel pathway for large-area patterning techniques with
high aspect ratio nanostructures and shed light on the evolution of complex spin textures and

spin dynamics, which are critical for developing spintronic devices.
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Figure 1. (a) The simulated magnetization configuration of a nanodisk of D =450 nm and t =
200 nm. The OOP magnetization, m,, is colour-coded for the nanodisk's top, middle, and
bottom layers. Ly, Lo, -L, denotes the top, middle, and bottom layers. The sketch corresponds
to the m, configuration of the middle layer. The cross marks represent the spin pointing down,
and the circles indicate the spin pointing up. (b) The simulated IP and OOP magnetization
configuration at zero fields for various thicknesses of nanodisk arrays for the top, middle, and
bottom layers. The variation of (c) mx and (d) m, for a single spin 10 nm away from the center,
as a function of layer number (across the vertical dotted line in the cylinder) for different
thicknesses. The variation of (e) m; and (f) mx along the disk diameter in the middle layer of

the disk (represented by the dotted horizontal line in the cylinder).
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Figure 2. (a) Schematic of the fabrication process, including development of disk template,
etching into the silicon substrate, thin film deposition, and lift-off. 2(b) SEM images for the
arrays with 20 nm, 50 nm, 100 nm, 170 nm, and 200 nm-thick circular nanodisk arrays. (c)
AFM line scans showing the depth profile as indicated by the dashed lines within the SEM
images. Note that the height = 0 nm refers to the unetched Si-substrate level, and the negative
height values refer to the etched holes in the Si-substrate filled with different thicknesses of

Permalloy.
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Figure 3. Hysteresis loops for circular nanodisks array of various thicknesses in an (a) IP

configuration and (b) OOP configuration as obtained from VSM. The violet and green arrows

in (a) represent nucleation and annihilation fields, respectively. MFM images of remanent

states of nanodisk arrays with t = 200 nm with field initialization along (c) OOP and (d) IP

MFM images of remanent states of nanodisk arrays with t = 170 nm with field along (e) OOP

and (f) IP.
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Figure 4. (a) FMR spectra at 12 GHz for nanodisk arrays of different thicknesses. The diamond

symbol indicates the CM. (b) Simulated FMR spectra of 20 nm thick nanodisk. The inset shows

the corresponding 2D spatial profile of mode amplitudes. Red colour indicates maximum

absorption, and blue colour indicates minimum absorption. (¢) Normalized 2D spatial profiles

at the top, middle, and bottom planes of nanodisks of various thicknesses.
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Figure 5. (a) Experimental (left) and simulated (right) two-dimensional FMR contour plots for
circular nanodisk arrays of different thicknesses (b) The variation of poAHgap with the thickness
(c) poH: vs frequency plot arrays of different thicknesses. The solid line represents the fit to

equation (1).
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