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ABSTRACT

Spin-wave based devices offer several advantages, such as the absence of Joule losses and the sub-pum wavelength in the
GHz-THz range, and have been proposed as promising alternatives to the standard CMOS technology. In this context,
synthetic antiferromagnetic systems have been extensively studied for the development of nanomagnonic devices, thanks
to their high degree of tunability. Moreover, spin textures have recently been demonstrated as efficient means for the
generation and emission of spin waves. Here, we show that with the newly proposed phase nanoengineering methodology
it is possible to magnetically nanopattern spin textures via thermally assisted magnetic Scanning Probe Lithography in a
200 nm thick exchange-biased synthetic antiferromagnetic multilayer. In such nanopatterned structures, we demonstrate
via time-resolved Scanning Transmission X-Ray Microscopy the generation and manipulation of different types of
coherent spin-wave modes. By strongly enhancing the robustness and quality of the spin-wave wavefronts propagating for
multiple wavelengths in thick synthetic antiferromagnetic systems, this work opens the possibility to expand the
comprehension of the spin-wave phenomenology also to the third dimension and to study the complex spin-wave properties
through the volume of the magnetic systems, enabling their control for the design of novel three-dimensional
nanomagnonic devices.

Keywords: Magnonics, spin waves, synthetic antiferromagnets, phase nanoengineering, Scanning Probe Lithography, spin
textures, Scanning Transmission X-Ray Microscopy (STXM).

1. INTRODUCTION

Spin waves, also known as magnons, are dynamic wave-like perturbations of the magnetic texture, and have been
extensively studied in the last decade in various systems as efficient alternatives to conventional electronics!=. Due to the
absence of Joule losses, and their sub-um wavelength in the GHz-THz frequency range, magnons have been proposed for
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the development of information carrier devices, for both analog and digital computation and signal processing, as well as
for unconventional computational frameworks, such as neuromorphic and reservoir computing®!!. In this context,
synthetic antiferromagnets (SAFs)'>!3, i.e. magnetic structures characterized by two ferromagnetic layers antiparallelly
coupled at remanence via interlayer exchange coupling due to the presence of a non-magnetic interlayer, are promising
systems for the development of different types of magnonic devices, thanks to their very high degree of tunability '*'¢, In
addition to this, the non-reciprocity of spin waves in SAFs, arising from the dipolar coupling between the two
ferromagnetic layers, allows to have high-quality spin-wave wavefronts due to the absence of back-reflections from
physical boundaries'”'®, Furthermore, the possibility to emit spin waves that propagate for multiple wavelengths from spin
textures!® such as vortices or domain walls has recently been demonstrated, and is extremely promising for the development
of efficient nanomagnonic devices'®?%2!. However, while a lot of research has been focused on studying the propagation
of spin waves in thin synthetic antiferromagnetic structures, up to few tens of nanometers thick, a clear picture of their
behavior for systems with thickness up to hundreds of nm is still missing?2.

In this work, we first use the newly developed methodology called phase nanoengineering®® to magnetically nanopattern
spin textures via thermally assisted magnetic Scanning Probe Lithography (tam-SPL)'321:24 in order to efficiently generate
and manipulate spin-wave wavefronts, and then we study their emission and propagation in an exchange-biased synthetic
antiferromagnetic multilayer 200 nm thick via time-resolved Scanning Transmission X-Ray Microscopy (STXM).

2. SAMPLE FABRICATION AND CHARACTERIZATION

The exchange-biased®?’ synthetic antiferromagnetic structure is shown in Fig. 1a and consists of a Co4FesB20(100) /

Ru(0.5) / CosoFes0B20(100) / IrxMn75(10) / Ru(2) (thickness in nm) stack grown by magnetron sputtering (AJA ATC Orion
8 system) in RF and DC mode with pressure below 1 x 10 Torr!>!®!8, The sample was deposited on top of X-Ray
transparent SisNs membrane 200 nm thick with variable size between 0.5 x 0.5 mm? and 1.0 x 1.0 mm?, in order to allow
the experiments in transmission. The SisN4 membranes were previously nanopatterned with nine 100 x 100 pm? squared
nanostructures by electron-beam lithography using a 100kV Vistec EBPG 5000Plus, as shown in Fig. lc. In order to set
the direction of the magnetocrystalline anisotropy and of the exchange bias, an in-plane magnetic field was applied during
the deposition process. In addition to this, the sample underwent a field cooling procedure in a chamber with pressure
below 10 mbar at 250°C for 5 minutes, in an in-plane magnetic field of 4 kOe oriented in the same direction as the one
applied during the deposition. The normalized hysteresis loop along the easy axis was measured via a vibrating sample
magnetometer (Microsense, LLC. Easy VSM) and is reported in Fig. 1b. The green and light-blue arrows represent the
direction of the magnetization M for the bottom and top ferromagnetic layers, respectively. For strong external positive
(negative) field, the magnetization of the ferromagnetic layers is parallelly coupled and saturated along the positive
(negative) direction. Decreasing the field, the RKKY-mediated interlayer exchange coupling?®-° forces the magnetization
to align antiparallelly. This behavior is shown by the plateau at low fields. The sample displays a sizeable interlayer
exchange coupling field Hex of 105 Oe and a saturation field Hsat of 230 Oe. Specifically, the value of the saturation field
Hiat is identified for M equal to 0.9 a.u. in the graph, while the interlayer exchange coupling field Hex is calculated as the
point between the plateau and Hsat.
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Figure 1: a. Sketch of the IrMn/CoFeB/Ru/CoFeB based exchange-biased synthetic antiferromagnetic (SAF) structure. The
light-blue and green arrows depict the antiparallel coupling of the magnetization of the two ferromagnetic layers at remanence.
b. Normalized hysteresis loop of the structure measured along the easy axis after field cooling, measured via Vibrating Sample
Magnetometry. The light-blue and green arrows show the direction of the magnetization of the two ferromagnetic layers. c.
Optical image of the SisN4 membrane, of the 100 x 100 um? nanopatterned squared structures with the SAF system deposited
on top and of the Cu stripline for the excitation of the spin waves. The blue arrow shows the orientation of the in-plane
magnetization of the top CoFeB layer.

In order to excite spin waves, on top of the SAF sample a 5 pm wide and 300 nm thick Cu stripline was patterned by
electron beam lithography followed by lift-off using a Vistec EBPG5000 100 kV electron beam writer, as indicated in Fig.
lc. A bilayer resist composed of a layer of methyl methacrylate (6% dilution in ethyl-lactate, spincoated at 3000 rpm for
one minute) followed by a layer of poly(methyl metachrylate) (4% dilution in Anisole, spincoated at 3000 rpm for one
minute) was spincoated on top of the membrane. Following the spin coating, a soft bake at 175 °C for one minute was
performed. The samples were finally exposed with a dose of 1500 uC/cm? and developed for 45 s by immersion in a 1:3
volume solution of methyl-isobutyl-ketone and isopropyl alcohol, followed by a 90 s immersion in pure isopropyl alcohol.
The Cu film was deposited by thermal evaporation using a Balzers BAE250 evaporator.

3. MAGNETIC NANOPATTERNING VIA tam-SPL

In order to successfully excite and control spin waves in the system, domain walls were magnetically nanopatterned with
the phase nanoengineering methodology via tam-SPL!#20:21:23.24 The tam-SPL working principle consists in locally altering
the exchange bias field established between the adjacent antiferromagnetic and ferromagnetic layers, by sweeping the hot
tip of a scanning probe microscope in contact with the sample, while an externally applied magnetic field is present, as
depicted in Fig. 2a-c. Specifically, to shift the exchange bias, a local field cooling procedure is performed: the temperature
of the tip is increased above the blocking temperature Tg of the structure, while an external applied magnetic field is
present, as shown in Fig. 2b. This leads to the switching of the magnetization in the ferromagnetic layers. As the tip is
displaced, the heated region slowly cools down, the exchange bias of the ferromagnetic layer in contact with the
antiferromagnet is locally reset alongside the direction of the external field in the patterned region, and the interlayer
exchange coupling forces the magnetization of the two ferromagnetic layers back in the antiparallel configuration (Fig.
2¢). The procedure was performed using a customized Keysight 5600LS scanning probe system, equipped with silicon
cantilevers integrated with a Joule-heating resistive heater. A National Instruments DAQ NI USB-6211 in combination
with MATLAB scripts and Keysight PicoView software were employed for controlling the heater temperature and the tip
movement. To pattern the magnetic domains, the tip was swept above the surface in a raster-scan fashion. A range of
voltages was applied in different positions of the patterned membranes, aiming at creating domains with different
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dimensions, ranging from 10 pm to 40 um. An example of one of the resulting patterned domains in one of the 100 x 100
um? squared nanostructures is reported in Fig. 2d, were an image taken with a Magneto-Optic Kerr Effect Microscope (-
MOKE) is shown. The black-and-white contrast represents the different orientations of the in-plane component of the
magnetization for the top CoFeB layer, which are further highlighted by the blue and red arrows, showing the direction of
the magnetization of the top ferromagnetic layer after the deposition and of the magnetically nanopatterned domain,
respectively. Finally, the domain walls used to control the emission of spin waves in the SAF are underlined by the white
dotted line. Importantly, the possibility to stabilize magnetic domains in such thick synthetic antiferromagnetic systems is
a consequence not only of the exchange bias interaction between the antiferromagnetic IrMn layer and the top
ferromagnetic CoFeB layer, which is small in this thick structure since it is an interfacial interaction, but also of the
antiferromagnetic coupling between the two layers, that allows to reduce the magnetostatic energy via the flux-closure
state established inside the SAF structure itself.
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Figure 2: Magnetic nanopatterning of the exchange-biased synthetic antiferromagnetic (SAF) system using the phase
nanoengineering methodology via thermally assisted magnetic Scanning Probe Lithography. a. After the deposition process,
the magnetization of the two ferromagnetic layers is antiparallelly coupled (blue and green arrows) and the exchange bias
interaction is established between the antiferromagnetic layer and the top ferromagnetic one. b. Sweeping the hot tip of a
Scanning Probe Microscope on the sample surface in presence of an external magnetic field Hex, a local field cooling procedure
is performed which resets the exchange bias direction aliging the direction of the magnetization of the ferromagnetic layers
with Hex (red arrows). c¢. By removing the tip and the external field, the nanopatterned magnetic configuration of the SAF is
stabilized (red arrows) by the exchange bias and by the flux closure state established inside the structure. d. .-MOKE image
of a magnetically nanopatterned domain at remanence. The blue and red arrow show the direction of the magnetization after
the deposition and of the locally patterned domain for the top CoFeB layer, respectively.

4. EMISSION AND PROPAGATION OF SPIN WAVES IN MAGNETICALLY NANOPATTERNED
SPIN TEXTURES

The spin waves emission and propagation from the magnetically nanopatterned spin textures was measured via time-
resolved Scanning Transmission X-Ray Microscopy (STXM) at the PolLux (X07DA) endstation of the Swiss Light Source,
at the Paul Scherrer Institut (PSI). To obtain the images, monochromatic X-Rays were tuned at the Co L3 absorption edge
(with photon energy of about 781 eV) and focused using an Au Fresnel zone plate onto a spot on the sample. The transmitted
photons were recorded through an avalanche photodiode positioned behind the sample, which was raster-scanned using a
piezoelectric stage. In order to obtain magnetic contrast, the X-Ray Magnetic Circular Dichroism (XMCD) effect was
exploited, illuminating the sample with circularly polarized light. To probe the out-of-plane component of the
magnetization, the sample was mounted such that the incoming X-Ray beam was perpendicular to the surface of the
sample. For the time-resolved images, a pump-probe method was employed, in which the RF magnetic field, generated
injecting a RF current in the patterned striplines corresponded to the pump signal, while the X-Rays generated by the
synchrotron light to the probe one. For the time-resolved measurement, the pumping signal was synchronized by a field
programmable gate array (FPGA) to the master clock of the synchrotron light source at 0.5 GHz. The accessible
frequencies, due to the specific requirements of the FPGA available, correspond to fex = 0.5 X M/N GHz, where N is a
prime number in this case selected equal to 7 (meaning each video is composed of 7 frames), and M is a positive integer.
The resulting phase resolution was equal to 50°, while the temporal resolution, depending on the value of M, is equal to
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2/M ns, with a lower limit of 70 ps FWHM, depending on the width of the X-Ray pulse generated by the synchrotron light
source.

In the synthetic antiferromagnetic system developed, the interlayer exchange coupling and the dipolar interaction lead to
the formation of coupled coherently propagating acoustic spin-wave modes in the two layers, characterized by antiparallel
in-plane and parallel out-of-plane components of the magnetization, as sketched in Fig. 3b. For this reason, the in-phase
oscillation for the z-component sums up between the two layers, thus allowing its measurement, while the out-of-phase
oscillation for the x- and y-components gives a total magnetization equal to zero in the x-y plane. Figure 3a displays the
resulting STXM image of emitted and propagating spin waves at 0.5 GHz with a spatial resolution of 50 nm. The domain
wall is visible and the tilting of the magnetization in opposite out-of-plane directions on the two sides of the domain wall
is given by the black-and-white contrast; the orientation of the in-plane magnetization is further highlighted in the image
by the black arrows. Similarly, the contrast corresponds to the oscillations of the out-of-plane component of the
magnetization and is associated with the propagation of spin waves in the sample. In addition to this, it is possible to clearly
recognize the presence of a magnetic vortex on the right from the change in magnetic contrast in the domain wall. Both
the domain wall and the vortex act as spin-wave emitters in this region, and are indicated in red (number 1) and light blue
(number 2), respectively. Noticeably, the borders of the stripline itself that are crossing the patterned region, indicated in
yellow (number 3), act as additional spin-wave emitters. Multiple propagation modes are generated from these emitters,
and have been highlighted in the figure. Planar 2D spin-wave wavefronts are emitted from the domain wall (in red, letter
A in figure). Remarkably, it is possible to observe that the wavefronts precisely follow the shape of the domain wall, which
is slightly curving in this region. Furthermore, planar 2D wavefronts are emitted also from the borders of the stripline (in
yellow, letter B) and are propagating in the region. The direction of propagation of these wavefronts is perpendicular to
the direction of propagation of the spin waves emitted from the domain wall: this leads to the creation of a spin-wave
interference region, underlined by the white dashed rectangle in figure (letter C). On the other hand, the vortex emits radial
wavefronts, which are shown in the figure by the light blue dashed rectangle (letter D). Finally, it is interesting to note that
spin waves are not only propagating in the magnetic domain, but are also confined inside the domain wall itself, as shown
in green (letter E). These spin waves, in contrast with the 2D planar ones propagating in the magnetic domain, can be
effectively described as 1D spin waves. It is possible to plot the spatial profiles of the waves emitted from the domain wall
and confined inside the domain wall itself, as reported in Fig.3c-d, respectively. Consistently to what has been found by
Sluka et al.'®, the two spin-wave modes are characterized by a different wavelength at the same excitation frequency: while
the 2D planar spin waves emitted by the domain wall and propagating inside the magnetic domain have a spin-wave
wavelength of ~ 410 nm (Fig.3c), the 1D spin waves confined inside the domain wall have a slightly smaller wavelength,
equal to ~350 nm (Fig.3d).

Proc. of SPIE Vol. 12656 126560F-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 Dec 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



0.00 0?25 0t50 0:75 1?00 1l.25 1.50 0.00 0,l25 0,I50 0.75 1,‘00 1,I25 1.50
Distance (um) Distance (um)

Figure 3: a. Scanning Transmission X-Ray Microscopy (STXM) image of emitted and propagating spin waves excited at 500
MHz with spatial resolution of 50 nm. The black-and-white contrast is used to represent the orientation of the out-of-plane
component of the magnetization. The black arrows show the direction of M for the top CoFeB layer. The numbers and letters
indicate different types of spin-wave emitters and modes, respectively. b. Sketch of spin waves in a synthetic antiferromagnet
emitted from the domain wall and propagating in the magnetic domains. The spin-wave modes are excited by an external
oscillating magnetic field (Hrr); the light-blue and green arrow show the orientation of the magnetization for the top and
bottom CoFeB layers, respectively. c, d. Normalized spatial profiles of 2D planar spin waves emitted from the domain wall
and propagating in the magnetic domain and 1D spin waves confined in the domain wall itself, respectively.

Figure 4a reports single time-resolved STXM frames of a zoomed region in which propagating spin waves are emitted
from a domain wall at different frequencies, set equal to 0.43 GHz, 0.64 GHz, and 0.79 GHz, respectively. The domain
wall is indicated in white, while the red and blue dotted lines show subsequent spin-wave wavefronts. In Fig. 4b the spatial
profiles extracted from the green arrow indicating the spin-wave wavefronts are reported, from which it is possible to
calculate the corresponding wavelengths, equal to 600 nm, 360 nm, and 300 nm for the three different frequencies,
respectively. The results of the analysis on the behavior of propagating spin waves at different excitation frequencies is
summarized in Fig. 4c, where the spin-wave dispersion relation is reported, confirming the robustness of the spin-wave
emission and propagation in magnetically nanopatterned spin textures for thick synthetic antiferromagnetic systems.
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Figure 4: a. Scanning Transmission X-Ray Microscopy images of 2D planar propagating spin waves emitted from the domain
wall in red at different excitation frequencies. The green arrow indicates the spin-wave wavevector k, while the white and
black dashed lines show consecutive spin-wave wavefronts. b. Normalized spatial profiles of the spin waves extracted from
(a) along the green arrow. c. Experimental spin-wave dispersion relation of the synthetic antiferromagnetic structure
investigated.

5. CONCLUSION

In this work, we show that it is possible to control and engineer the emission and propagation of spin waves via the phase
nanoengineering methodology, using tam-SPL in a 200 nm thick synthetic antiferromagnetic multilayer. In particular, we
demonstrated that despite the smaller exchange bias interaction in comparison with thinner synthetic antiferromagnetic
systems, it is still possible to pattern extremely stable magnetic domains, thanks to the flux closure state established inside
the structure itself. Noteworthy, we show that different types of spin textures, such as vortices and domain walls, are
extremely efficient and stable for the emission of coherent spin waves propagating for multiple wavelengths at different
frequencies, with both radial and linear wavefronts. This opens up the possibility of using spin textures to excite and
manipulate spin waves for the development of innovative nanodevices for spintronics. In addition to this, we demonstrate
the robustness of spin-waves emission and propagation in synthetic antiferromagnetic systems with thickness up to few
hundreds of nanometers. This allows to expand the comprehension of the spin-wave phenomenology to the third
dimension, by studying the spin-wave dynamics with three-dimensional magnetic imaging techniques®'=3, mapping the
complex spin-wave properties through the volume of the magnetic systems?’. The ability to explore complex three-
dimensional spin wave modes, and consequently to generate and manipulate new 3D spin-wave landscapes opens up
unforeseen possibilities for the design of the next generation three-dimensional nanomagnonic computing architectures.
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