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Magnonics is envisioned to enable highly efficient data transport and processing, by
exploiting propagating perturbations in the spin-texture of magnetic materials. Despite
the demonstrations of a plethora of proof-of-principle devices, the efficient excitation,
transport and manipulation of spin-waves at the nanoscale is still an open challenge.
Recently, we demonstrated that the spin-wave excitation and propagation can be
controlled by nanopatterning reconfigurable spin-textures in a continuous exchange
biased ferromagnetic film. Here, we show that by patterning 90° stripe-shaped mag-
netic domains, we spatially modulate the spin-wave excitation in a continuous film,
and that by applying an external magnetic field we can reversibly “switch-off” the
spin-wave excitation. This opens the way to the use of nanopatterned spin-textures,
such as domains and domain walls, for exciting and manipulating magnons in
reconfigurable nanocircuits. © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4973387]

I. INTRODUCTION

The control of spin-waves in ferromagnetic materials holds the promise to enable energy-efficient
information transport and wave-based computing, by exploiting the absence of Joule-losses, the
vectorial nature and non-linearity of magnons.'™ Conventionally, the engineering of spin-waves is
achieved via physically patterning magnetic nanostructures such as magnonic crystals and magnetic
micro-nanowires.” The control of spin-waves in such structures led to the pioneering demonstrations
of the basic building blocks of computing, such as logic-gates®® and transistors,” however, funda-
mental limitations are still to be overcome before magnonics becomes appealing as a viable route
beyond CMOS electronics. One of the most critical issues, in this sense, is the efficient excitation and
control of spin-waves at the nanoscale. As a matter of fact, channeling and steering of spin-waves
in patterned nanowires is highly inefficient, due to the need of an external magnetic field'®!" for
spatially shaping the magnetization profile. Recently, two different approaches were proposed as
a solution, for overcoming the need of external fields. The first is based on a physically patterned
nanomagnetic device which allows to locally manipulate and transmit spin-waves.'? The second
one, demonstrated by the authors of this paper, is based on nanopatterning the spin-texture of a
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continuous film, stabilizing desired magnetic domain and domain wall structures at remanence.'>'4

In particular, we showed the spatially controlled spin-wave excitation and propagation in magnetic
domains patterned in a continuous exchange biased film via Thermally-Assisted Scanning Probe
Lithography (fam-SPL). The absence of a physical patterning, the stability of exchange bias, and the
full reversibility of the patterning allows for the vectorial writing of fully reconfigurable magnonic
nanostructures.

In this work, we patterned 90° magnetic domains via tam-SPL in a continuous CoFeB/IrMn
exchange bias bilayer. We show, via magnetic force microscopy and micromagnetic simulations, that
sharp 90° domain walls are created at the boundaries of the patterned areas. Coplanar waveguides
for exciting spin-waves in the CoFeB film were nanofabricated in correspondence of the fam-SPL
patterns via Electron Beam Lithography (EBL). Micro-focused Brillouin Light Scattering (Micro-
BLS) experiments were performed for mapping the spin-wave excitation intensity within and outside
the patterns. We show the spatial modulation of the spin-wave excitation efficiency inside and outside
the patterns at remanence. In addition, we show that, by applying an external bias field, the spin-wave
excitation within the pattern can be reversibly suppressed.

These results, together with the recent demonstration of the use of domain walls as spin-wave
waveguides'>!'® and short-wavelength spin-wave emitters,'”-!3 lay the path to the integration of
complex functionalities in fully reconfigurable nanoscale magnonic devices.

Il. EXPERIMENTAL

Tam-SPL patterning was performed on a CoFeB 5/IrMn 7/Ru 2 (thickness in nm) magnetic
multilayer grown by DC magnetron sputtering on a Si/SiO, substrate, with a base pressure below
1 x 108 Torr, in an AJA ATC OrionS8 system. The CoFeB/IrMn bilayer constitutes the exchange bias
system, and the top Ru layer is used as a capping layer. In order to tailor the blocking temperature
(T'p) of the exchange bias system, a controlled 18.5% concentration of Ru impurities was included
in the IrMn antiferromagnetic layer, as explained in Ref. 19. During deposition, a 300 Oe magnetic
field H, was applied in the sample plane for setting the uniaxial magnetic anisotropy direction in the
CoFeB layer, and for setting the direction of the exchange bias in the as-grown sample. 60 x 60 um?
numbered squares were patterned via optical lithography and lift-off, in order to facilitate the location
of the ram-SPL patterns and the alignment in the subsequent lithographic steps. After deposition, the
sample underwent a thermal annealing at 200° C for 5°. Subsequently, it underwent a magnetic field
cooling in a H; = 4000 Oe field (initialization field) down to room temperature for setting a uniform
exchange bias in the sample. H; was set in the same direction as H,. Magnetic characterization of
the sample was performed at room temperature via Vibrating Sample Magnetometry (VSM) in a
Microsense system.

During tam-SPL patterning, the heateable AFM tip heats the underlying region above the blocking
temperature of the system. When the tip is displaced, the previously heated region undergoes a
local field-cooling which re-sets the exchange bias in the direction of the CoFeB magnetization, set
by the external magnetic field H,,.'> Tam-SPL was performed in a customized Keysight S600LS
scanning probe system, equipped with silicon cantilevers integrated with a Joule 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. For
patterning, the thermal cantilever was raster-scanned in a zig-zag fashion in contact mode with a speed
of 3um s~!'. The separation between the lines during the scan was set to 62.5 nm. The measured
Joule power dissipated by the tip resistive heater was around 35 mW. A magnetic sample holder
was used to generate a uniform H,, = 700 Oe external magnetic field in the sample plane during
patterning. Magnetic Force Microscopy (MFM) was performed with the same Keysight S600LS
system, upon replacing the heatable AFM tip with a magnetic one, in lift mode with a 100 nm
lift height.

After tam-SPL patterning, a 30 nm thick SiO, layer was deposited via RF magnetron sputtering
for insulating purposes. Nanofabrication of the coplanar waveguides (CPW) was performed via
Electron Beam Lithography (EBL) using a LEO system equipped with Elphy Plus Raith pattern
generator. The Ti 7/Au 100 bilayer was deposited by DC magnetron sputtering.
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FIG. 1. (a) Sketch of the CoFeB/IrMn/Ru exchange bias multilayer used for patterning. The black arrows indicate the direction
of the external magnetic field applied during the initial field cooling (Hj, along +y), and during patterning (Hy, along -x).
(b) Magnetic characterization of the multilayer performed via vibrating sample magnetometry (VSM) on the sample after the
initial field cooling. The easy-axis hysteresis loops (red line and circles) presents an exchange bias around 60 Oe. The blue
line and squares shows the hard-axis loop.

Simulations of the micromagnetic configuration at remanence were performed using Object
Oriented MicroMagnetic Framework (OOMMEF) platform.??> The exchange bias was modeled as
a fixed external field acting on the 5 nm thick CoFeB layer, with intensity 60 Oe (according to
the experimental hysteresis loops, see Fig. 1(b)) and directed along —x and +y inside and outside
the patters, respectively. The parameters used include: CoFeB cell with size 10 nm x 10 nm x 5 nm,
saturation magnetization M = 1140 kA/m, magneto-crystalline anisotropy 10° J/m® along y, damping
coefficient o = 0.5 and exchange stiffness Acx = 1.2 x 107! J/m.23%*

Micro-BLS experiments were performed employing a 5 mW power monochromatic light at
532 nm wavelength from a diode-pumped solid-state laser. The light was focused on the sample using
a microscope dark-field objective of NA = 0.75 and a super-long working distance of 4.7 mm.>
In order to visualize the laser spot and the sample surface, a coaxial viewing system based on
using the same objective and a collimated LED source at 455 nm was employed. For exciting spin-
waves, a microwave current was injected in the ground-signal-ground coplanar waveguides using a
picoprobe. During u—BLS measurements, the sample holder and BLS spectrometer were controlled by
TFPDAS4-MICRO and TFPDAS4 software, developed at Kaiserslautern University, which provided
active stabilization of the lateral and vertical positions of the sample with a precision of ~50 nm.

lll. RESULTS AND DISCUSSION

A sketch of the CoFeB/IrMn/Ru microfabricated magnetic multilayer is shown in Fig. 1(a).
H, indicates the direction of the magnetic field applied during the growth for setting the uniaxial
anisotropy and exchange bias in the as-deposited sample. H; marks the direction of the field applied
during the initial field cooling, used for setting a uniform exchange bias in the whole sample. H,, the
writing field, is applied during fam-SPL at 90° with respect to H; and determines the exchange bias
direction within the patterned regions, and therefore the direction of the magnetization at remanence.
In Fig. 1(b), the VSM hysteresis loops of the CoFeB layer after the initial field cooling are shown.
In the graph, the red line with circles corresponds the easy-axis loop measured along the exchange
bias direction (y direction). The loop is shifted from zero of a quantity H¢, = 60 Oe by the exchange
interaction with IrMn. The blue line with squares represents the un-shifted hard-axis loop measured
in the perpendicular direction (along x).

Fig. 2 shows the magnetic characterization and micromagnetic simulations of the magnetic struc-
tures patterned on the CoFeB/IrMn/Ru sample of Fig. 1 via tam-SPL, as explained in the experimental
section. As shown in the MFM image of panel (a), acquired at remanence, the structures consist of
two 29 um x 2.5 um stripes separated by 2.4 um. In the MFM image, the direction of the magne-
tization within and outside the pattern is indicated in white. In particular, within the patterns the
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FIG. 2. (a) MFM image of the magnonic structures, consisting of two rectangular tracks, spaced by 2.4 um. The static
magnetization (white arrows) within the pattern forms a 90 degrees angle with respect to the magnetization outside. Scale
bar: 4 um. (b), (c) Micromagnetic simulations of the spin configuration in the top part (white solid square in panel (a)) and
bottom part (white dashed square in panel (a)) of the pattern, respectively. The black arrows indicate the local magnetization
direction; the red/blue colors mark the presence of magnetic charges due to the non-uniform magnetization. Scale bar: 1 pm.

magnetization lies along —x, while outside the patterns it is uniformly directed along +y. The stray
magnetic field arising from the sharp 90° domain walls at the boundaries of the patterned regions
gives rise to the bright/dark contrast observed in the MFM image. In panel (b) and (c), the OOMMF
micromagnetic simulations of the top and bottom part of the patterns, respectively, are shown. The
black arrows indicate the local direction of the magnetization, while the red/blue colors represent
the divergence of the magnetization, indicating the presence of opposite magnetic charges, which
can be qualitatively related to the opposite contrast observed in the MFM image in panel (a).2® The
simulations, in good accordance with the MFM image, show 90° domain walls at the boundaries of
the stripes, while inside the pattern the magnetization is uniformly oriented along —x.

Coplanar waveguides, oriented perpendicularly to the long edge of the rectangular patterns, i.e.
along x, with ground-to-ground distance of 5.5 um were fabricated by EBL and lift-off as explained
in the experimental section. Fig. 3 shows the optical image of the sample after the microfabrica-
tion process. The tam-SPL patterns are sketched as orange rectangles. H,r indicates the direction
of the microwave magnetic field generated by the CPW, while Hy refers to the direction of the
external magnetic field applied during the u—BLS measurements. Referring to the MFM image
of Fig. 2(a), it is worth noting that, inside the patterns, the static magnetization is parallel to the
CPW arms, along -x, whereas, in the rest of the pad, the magnetization is perpendicular to the
CPW, i.e. along +y.
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FIG. 3. Optical image of the sample, showing the coplanar waveguides (CPW) generating the Oersted field H s and the pad
where the tam-SPL patterning was performed. The orange rectangles mark the position and shape of the structures shown in
Fig 2. The red arrow marks the direction of the external magnetic field Hex applied during the micro-BLS measurements.
Scale bar: 5 um.

Micro-BLS measurements were taken in order to map the spin-waves excitation intensity inside
and outside the patterned tracks, when a microwave current was injected in the CPW. Fig. 4(a) shows
the color-coded SWs intensity in the frequency range from 2.7 GHz to 8.3 GHz, as a function of the
x-position. The BLS linear scan was performed in the region between the signal (S) and the ground
(GND) lines of the CPW in order to maximize the SWs signal intensity thus reducing the acquisition
time. The orange dashed lines indicate the boundaries of the patterned regions, and the white arrows
indicate the static magnetization direction. The top panel of Fig 4(a) shows the spin-waves intensity
map measured at remanence. It is worth noting that, in this configuration, spin-waves are efficiently
excited within the patterns, i.e. 2.4 um <x <4 pm and 7.5 um <x <9 um, while the spin-waves
excitation efficiency is significantly lower in the rest of the pad. In Fig. 4(b) the Micro-BLS spectra
acquired inside the pattern, at x = 3 wm, red star in panel (a), and outside the pattern, at x = 6 pum,
blue star in panel (a), are compared quantitatively, showing that the spin-wave intensity measured
inside the tracks (red squares) is about five time more intense than that measured outside (blue
circles). This behavior can be explained taking into account the parallel (perpendicular) orientation
of the in-plane component of the microwave field, produced by the CPW, with respect to the in-
plane component of the dynamical magnetization within (outside) the tracks, as explained in detail in
Ref. 13.

In the bottom panel of Fig. 4(a), we show that it is possible to reversibly “switch-off” the
spin-wave excitation within the pattern by reorienting the magnetization with an external magnetic
field. Fig. 4(a) (bottom panel) presents the intensity map acquired while applying a magnetic field
H . =300 Oe along the y-axis. As shown in Fig. 1(b), this intensity of the external field is high enough
to fully rotate the magnetization of our exchange bias system along +y. In this configuration, the static
magnetization is aligned perpendicularly to the CPW, both inside and outside the tracks and, as a
consequence, the same low spin-wave intensity is observed in the whole pad. This is confirmed by
the quantitative comparison of the BLS spectra shown in Fig. 4(c). Note also, that the SWs frequency
inside the tracks is about 0.5 GHz lower than in the rest of the pad, in agreement with the different
local effective field arising from the different orientation of the exchange bias field set inside and
outside the tracks, with respect to the external applied field Hy. It is worth noting, that the initial
configuration shown in Fig. 4(a) is completely restored by the exchange bias field upon removal of
the external field. As demonstrated in Ref. 13, the patterning is reconfigurable, and it can be erased
and rewritten with a combination of heating and external field. In this paper, we demonstrate that
this “hardware-reconfigurability” is combined with the active tuning of the pattern and its magnonic
response via external magnetic fields.
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FIG. 4. (a) One-dimensional mapping of the spin-wave intensity measured by micro-BLS along the x-direction, between the
signal (S) and the ground (GND) of the CPW. At remanence (top panel), spin-waves are efficiently excited exclusively within
the patterned tracks, where the static magnetization lies parallel with respect to the CPW. By applying a magnetic field Hext
=300 Oe as shown in Fig. 3, the spin-wave excitation within the tracks is ‘switched-off” (bottom panel). (b), (c) Spin-wave
spectra extracted respectively from the top and bottom panel of (a), inside (red squares) and outside (blue circles) the tracks.
The spectra are related to the positions marked by the stars in panel (a).

IV. CONCLUSION

In this work we show that it is possible to spatially modulate the spin-wave excitation in a
continuous magnetic film by nanopatterning reconfigurable spin-textures via tam-SPL. Furthermore,
the spin-wave excitation can be reversibly switched-off by applying an external magnetic field. The
ability to control the spin-wave excitation, propagation and interaction at remanence by patterning
spin-textures, and the possibility to reversibly modulate the magnonic response with external fields
opens incredibly rich scenarios. In this framework, the implementation of novel ways for tailoring
nanoscale magnetism, together with the search for optimized magnonic materials are core tasks for
going beyond proof-of-concept experiments.
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