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Direct magnetic manipulation of a Permalloy nanostructure by a focused
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We present results of direct maskless magnetic patterning of ferromagnetic nanostructures using a cobalt
focused-ion-beam (FIB) system. The liquid-metal ion source of the FIB was made of a Co36Nd64 alloy.
A Wien mass filter allows the ion species to be selected. Using the FIB, we implanted narrow tracks of
Co ions into a nominal 5000 × 1100 × 53 nm3 Permalloy strip. We observed the Co-induced changes of
the magnetic properties by measuring the sample with microresonator ferromagnetic resonance before and
after the implantation. Regions as small as 40 nm can be implanted up to concentrations of 10 at % near
the surface. This allows for easy magnetic modification of edge-localized spin waves with a lateral reso-
lution otherwise hard to reach. The direct-write maskless FIB process is quick and convenient for optical
measurement techniques, as it does not involve the virtually impossible removal of the ion-hardened resist
masks one would face when using lithography with broad-beam ion implantation.
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I. INTRODUCTION

Magnetic nanostructures are the essential ingredients of
future spintronic devices. Strikingly, such building blocks
currently pave the way to novel concepts for neuromor-
phic computing [1–4]. From the nanofabrication perspec-
tive, these nanostructures are usually defined by optical
lithography techniques using resist masks with subsequent
ion etching or lift-off processes. Nevertheless, such resist
masks can also be employed for local ion-beam implan-
tation to control the magnetic properties of the building
blocks, like saturation magnetization, magnetic anisotropy,
interlayer exchange coupling, or damping of the ferromag-
netic material locally; see e.g. Refs. [5,6] and references
therein. Unfortunately, the ion bombardment hardens the
resist of the protected areas such that it is almost impos-
sible to completely remove all traces of the baked resist
afterwards. This might pose a problem for optical measure-
ment techniques like Brillouin-light scattering or magneto-
optical Kerr effect. In order to overcome this kind of
problem, a direct-write (maskless) magnetic modification
technique is beneficial.

For this purpose, using a focused ion beam (FIB) is
a suitable alternative. It offers a very high lateral reso-
lution down to the nanometer range and an exceptional
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flexibility in terms of pattern adaptation, which is hard to
achieve using research-grade lithography processes. Even
though FIB implantation and FIB prototyping of nanos-
tructures is a well-known and widely used technique [7],
the quasi-industry-standard for FIB sources is Ga. Har-
nessing the potential of ion implantation, a few groups
worldwide still develop liquid-metal ion sources (LMISs)
from other pure metals or liquid-metal-alloy ion sources
(LMAISs) (see Refs. [8–10] for reviews). Among the
variety of available elements, it is worth mentioning that
focused ion beams of rare-earth elements (e.g., Y, Ce, Er,
or Pr) have been used for applications to modify optical
crystals for qubits [11–14].

So far, however, there have not been many studies
regarding magnetic ions, so that further research still
remains to be done. For instance, Mn+ ions provided by
a MnAs source were used to locally modify GaAs semi-
conductors [15]. Focused Co-ion beams can be applied
to locally change the interlayer exchange coupling in
Ni81Fe19/Ru/Co90Fe10 trilayer films from antiferromag-
netic to ferromagnetic coupling [16]. Interestingly, the use
of Ni-ion implantation does not only induce interfacial
mixing of Ni81Fe19/Ta bilayers [17], but also allows tai-
loring the saturation magnetization, magnetic anisotropy,
and damping parameter values of Ni81Fe19 films [18].

In this work, we report on the use of Co36Nd64
LMAIS [8,19,20] to locally tune the magnetic properties in
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specific parts of a micrometer-sized Permalloy (Ni80Fe20 ≡
Py) strip by Co2+ implantation. We track the Co-induced
changes of the magnetization dynamics by microresonator
ferromagnetic resonance (FMR) [21–26] before and after
each preparation step.

II. EXPERIMENTAL DETAILS AND SAMPLE
PREPARATION

A. Sample preparation

The experiments were performed on two single ferro-
magnetic Py strips, each prepared into the loop of a planar
microresonator structure [21,22]. First, the microresonator
structure with a nominal loop diameter of 10 µm was
prepared by photolithography, molecular-beam epitaxy,
and subsequent lift-off on a high-resistivity Si(001) sub-
strate [21–23]. The metallization of the microresonator
layout as well as the backside metallization each consist
of Cr(5 nm)/Cu(600 nm)/Au(100 nm). The microresonator
structure was designed and optimized for a resonant fre-
quency of around 14 GHz and 50 � impedance using
the electromagnetic wave simulation package HFSS from
Ansys [21,22]. The Py strip with nominal dimensions of
5000 × 1100 × 53 nm3 was patterned into the center of
the microresonator loop by electron-beam lithography, Py
evaporation, and subsequent lift-off. Figure 1(a) shows the
Py strip inside the microresonator loop. In addition, five Py
thin-film reference samples with the same thickness were
prepared.

B. Ne focused-ion-beam trimming

The shape of the sample after the lithographic prepa-
ration of the strip usually is not perfect. The sides might
not be fully straight, or roughness and jitter on the long
edges are visible. This eventually causes the edge mode
resonance to vanish. To acquire a nearly perfect rectangu-
lar sample shape and optimized low roughness of the Py
strips’ side walls, the side walls have been trimmed by a
focused Ne-ion beam using a Carl Zeiss ORION NanoFab
helium-ion microscope system. The Ne+ ion energy was
set to 25 keV. Each side was trimmed by a few nanome-
ters using one or more coarse cuts in a double-serpentine
motion followed by one polishing step in a line mode.
The beam current was set to 2.2 pA with a Ne+ fluence
of 5 × 1017 ions/cm2 and a pixel spacing of 0.5 nm for
both the coarse and polishing cuts. Figures 1(a) and 1(b)
show false-color top-view scanning electron microscopy
(SEM) images, acquired after all four sides were trimmed
using the focused Ne+ ion beam. Thus, the final size of
the strip became 4840 × 1035 × 53 nm3. The optimized
sample shape also facilitates modeling the sample for
micromagnetic simulations.
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FIG. 1. (a) False-color SEM top-view image of the edge-
polished Py strip sample inside the microresonator loop. Labels
“e.a.” and “h.a.” denote the easy and hard axis of magne-
tization, respectively. (b),(c) SEM top-view images, with the
Co-implanted areas marked in purple. The dashed line in panel
(c) marks the position from which the TEM lamella was taken.
(d)–(h) Chemical maps of the Co-implanted strip showing the
spatial distribution of Ni (cyan), Fe (blue), Co (purple), and Si
(green). (i) Sketch of the mesh used in the MUMAX3 simula-
tions: blue cells denote Permalloy parameters and purple cells
Co-implanted Permalloy parameters.

C. Focused-ion-beam implantation using Co2+ ions

For the FIB implantation of the Co ions into the Py
strip, we used the VELION FIB/SEM dual-beam system
from Raith [27], which is equipped with a mass-separating
column. The column offers acceleration voltages up to
35 kV, allowing ion energies up to 70 keV for doubly
charged species. An E × B Wien filter in combination with
the custom-built LMAIS provides for rapid selection and
changing of the ion species for the FIB—different from the
standard single-element (e.g., Ga) sources [9,28,29]. For
this work, we used the alloy Co36Nd64. This LMAIS was
developed and investigated already in the past [19,20], and
used, for example, for the fabrication of CoSi2 nanostruc-
tures on a Si surface [30].

We performed simulations of the Co-ion implantation
process using the TRIDYN software [31]. This is a prereq-
uisite for two reasons: (i) to select a proper kinetic ion
energy, which sets the stopping range of the ions (i.e., the
penetration depth)—this is important to avoid intermixing
with the substrate; and (ii) to select a proper fluence, where,
on the one hand, surface sputter effects are still small but,
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FIG. 2. TRIDYN simulation of the implantation profile (atomic
concentration) of a 50-nm-thick Py film using a Co-ion fluence
of 1.0 × 16 ions/cm2 and a kinetic energy of 35 keV. The con-
centrations of Fe and Ni are displayed as a sum to represent the
Permalloy layer. Dashed lines correspond to the distribution cal-
culated for 70 keV. Depth zero corresponds to the surface of the
as-grown sample, whereas implantation removes (sputter effect)
the first 4.7 nm of the sample (grey area).

on the other hand, enough ions are implanted to have a
magnetic effect.

Figure 2 shows the simulated depth profile of the atomic
concentrations of Py, Co, and Si for a Co-ion fluence of
1.0 × 1016 ions/cm2 and kinetic energies of 35 keV (filled
areas) and 70 keV (dashed lines), respectively. At 35 keV
the Co ions stop within the first 20 nm of Py, whereas at
70 keV they penetrate a bit deeper and a slight intermixing
of ±5 nm at the Py–Si interface occurs as shown by the
dashed line in Fig. 2. At the given fluence, the ions already
have a sputter effect on the surface, i.e., almost 5 nm of
the Py surface is sputtered away (grey area). At higher flu-
ences, like 5.0 × 1016 ions/cm2, the initial film thickness
of 50 nm would be sputtered even further down to 36.4 nm
(not shown).

The Py strips were implanted using focused Co2+ ions
along two consecutive edges of the strip, as illustrated in
Figure 1(c). Thus, the strip exhibits both implanted and
unimplanted long and short edges, respectively. The unim-
planted edges serve as references in the FMR spectra.
Upon ion implantation of one of the edges, the corre-
sponding edge mode should be magnetically modified and
change its resonance field position, whereas the response
of the other unimplanted edge stays constant. This helps
in assigning the edge mode resonances to the edges of the
sample.

For the first Co2+ implantation, one long and one short
edge were irradiated using an ion current of 4.5 pA and
a fluence of 5 × 1015 ions/cm2. For the second run on the
same area, a larger ion current of 10 pA and a larger fluence
of 5 × 1016 ions/cm2 were used. Both times, the kinetic

ion energy was set to 70 keV. The implanted region was
set to a single-pixel line providing a beam width of about
40 nm.

Furthermore, four reference thin-film samples were
implanted with Co ions using a conventional broad-beam
ion implanter. These reference films were made to deter-
mine the magnetic parameters, like saturation magnetiza-
tion, magnetic anisotropies, and g factor needed as input
for the micromagnetic simulations of the strip samples.
The kinetic ion energy was set to 35 keV. The same flu-
ences as for the Py strip samples were selected, i.e., 0.5 ×
1016, 1.0 × 1016, 2.5 × 1016, and 5.0 × 1016 ions/cm2,
respectively. The fifth reference sample did not undergo
any implantation.

III. RESULTS AND DISCUSSION

To assess how the Co implantation will change the
magnetic properties, the reference thin-film samples were
prepared by broad-beam ion implantation as described
above. These films and the unimplanted reference sam-
ple were then measured by vibrating-sample magnetom-
etry (not shown) to determine their magnetic moment
as a function of irradiation fluence. As higher ion flu-
ences cause a significant sputter effect, we determined the
actual film thicknesses from x-ray reflectivity (XRR) mea-
surements to calculate the saturation magnetization μ0Ms
properly from the volume of the samples. The effective
magnetization μ0Meff and Landé g factor were determined
by vector-network-analyzer (VNA)-FMR measurements.
FMR spectra of the thin-film references were recorded at
various frequencies between 0 and 30 GHz with the exter-
nal magnetic field in-plane and out-of-plane configuration
as well as angle-dependent, respectively. Each FMR spec-
trum was fitted with a complex Lorentzian to determine
the resonance field Hres. Then the resulting angle- and
frequency-dependent resonance fields were fitted with the
resonance equation to determine the anisotropy fields and
g factor.

Using Ms as input, the uniaxial out-of-plane anisotropy
constant K2⊥ was calculated from the effective magne-
tization by μ0Meff = μ0Ms − 2K2⊥/Ms. Figure 3 shows
the corresponding fluence dependences of the effective
magnetization (μ0Meff, blue open circles), saturation mag-
netization (μ0Ms, blue solid circles), and uniaxial out-of-
plane anisotropy (red squares), respectively. The actual
film thicknesses after implantation as determined from
XRR are noted on the top. The fits to the frequency-field
dependences of the FMR data of the reference samples
reveal that the g factor of 2.11(1) does not change with flu-
ence. With increasing fluence, the saturation magnetization
slightly scatters around its bulk value of 1.045 T and finally
decreases a little to 0.98 T for 5 × 1016 ions/cm2. In con-
trast, the effective magnetization slightly increases by 6%
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FIG. 3. Co-ion fluence dependence of the saturation magne-
tization (blue solid circles), effective magnetization (blue open
circles), and uniaxial out-of-plane anisotropy (red squares) of
the Py reference films. The film thickness determined by XRR
is given on the top axis. Arrows denote the y axis to which the
plots belong.

with increasing fluence. This is due to a weak uniaxial out-
of-plane anisotropy K2⊥, which is mainly a surface-related
term. It follows the same trend as the magnetization but
changes sign once implantation has happened. This is a
clear indicator that the ion implantation also influences the
surface region and not only the deeper film regions. Hence,
we can expect a significant change of the FMR response of
the strip sample when the edge is implanted with higher
fluences. The parameters were also used as input for the
micromagnetic simulations.

A. Transmission electron microscopy and
energy-dispersive x-ray spectroscopy cross-section

analysis

To visualize the distribution of the Co ions after the
Co FIB processing, a thin cross-sectional lamella was pre-
pared by using a standard Ga FIB (Thermo Fisher HELIOS
5 CX). This lamella was then imaged by scanning trans-
mission electron microscopy (STEM) in combination with
spectrum imaging analysis based on energy-dispersive x-
ray spectroscopy (EDXS) employing a Thermo Fisher
Talos F200X TEM operated at an accelerating voltage of
200 kV.

Figure 1(d) shows the superimposed element distribu-
tion of the cross-sectional lamella of the Py strip sample,
which was taken along the short axis after the second
Co2+ implantation to increase the total fluence. The posi-
tion from which the lamella was cut is indicated by the
dashed line in Fig. 1(c). Figures 1(e)–(h) depict the cor-
responding EDXS-based maps of the individual elements
Ni, Fe (which together make the Permalloy Ni80Fe20), and

the implanted Co, respectively. Looking at the distribu-
tion of Co, one might think that it is spread all over the
strip. However, this apparent Co signal in the unimplanted
region is an artifact due to fitting of superimposed peaks.
This yields a residual intensity at the Co Kα peak posi-
tion at 6930 eV, which is located on the low-energy tail
of the Fe Kβ peak (maximum at 7057 eV). The close-up
in Fig. 1(h) clearly shows a bright and dense Co signal
close to the strip edge within a region of about 40–50 nm.
The edge is rounded due to sputtering effects. This matches
the expectation regarding the Co FIB beam diameter. The
Co implantation created only a slight intermixing at the
Py/Si interface. Likewise, the initial TRIDYN simulations
predicted an intermixed zone of 2–5 nm for 70-keV energy.
It should be mentioned that the slightly varying Fe and Ni
intensities in the Py strip area are caused by variations of
the lamella thickness.

B. Ferromagnetic resonance

The microresonator ferromagnetic resonance measure-
ments on the strip samples were performed using a home-
built FMR spectrometer employing a homodyne bridge-
type detection scheme based on a Marki Microwave IQ-
0318 mixer. As a microwave source, a Keysight Tech-
nologies model MXG N5183A microwave generator was
used. The microresonator is operated in reflection mode
using a circulator. The reflected signal is amplified using
a low-noise amplifier before feeding it to the in-phase and
quadrature (IQ) mixer for rectification. The “LO” input of
the mixer is fed from the reference arm of the bridge by
the same microwave. A phase shifter in the reference arm
allows for separation of the FMR signals in the I and Q
channels of the mixer into pure absorption and dispersion
signals. The microwave power at the sample was set to
−10 dBm = 100 µW. To boost the signal-to-noise ratio,
lock-in detection is applied by modulating the external
magnetic field at a sinusoidal frequency of 78 kHz and
a modulation field amplitude of about 1 mT. Using two
lock-in amplifiers, the IQ mixer allows for measurement
of the field derivatives of the FMR absorption ∂χ ′′/∂H and
dispersion ∂χ ′/∂H signals simultaneously.

Figure 4(b) shows the field-swept FMR absorption spec-
tra of the strip samples for the different implantation
states measured at f = 14.08 GHz with the magnetic
field applied in the magnetically hard direction: the edge-
polished sample (blue) and after each of the two Co FIB
implantation steps (red and green curves). As it will turn
out, applying the field in the hard-axis direction probes
spin-wave modes parallel to the long edges of the sam-
ple, which are five times longer than the short edges in our
case. Thus, the FMR signal is correspondingly five times
stronger in the hard-axis direction. That is why only hard-
axis measurements are presented here. The effect on the
short edges is similar but weaker.
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FIG. 4. (a) VNA-FMR spectrum of the unimplanted refer-
ence film measured at f = 14.0 GHz with in-plane field. (b)
Microresonator-FMR spectra of the strip samples measured at
f = 14.080 GHz with the field applied along the hard axis:
blue, unimplanted edge-polished state; red, 40-nm-wide implan-
tation at one short and one long edge of the strip with a Co2+

fluence of 0.5 × 1016 ions/cm2; and green, after a second implan-
tation giving a total Co2+ fluence of 5 × 1016 ions/cm2. (c)
Micromagnetic simulations with parameters set according to the
measurements of the reference film samples: blue, unimplanted
strip; and green, strip implanted with the highest Co2+ fluence
of 5 × 1016 ions/cm2. Dashed lines and arrows are guides to
the eye marking corresponding resonance modes. (d) Selected
mode maps, showing a snapshot of the precession component mz
depicting areas in resonance in blue and red.

The experimental FMR spectra are measured using field
modulation; therefore, the line shape resembles the field
derivative (∂χ ′′/∂H ) of a Lorentzian absorption curve. A
multitude of more than 20 resonances is found for the strip
samples, with the highest peak around 0.23 T. The very

high dynamic range of the microresonator setup allows
for detection of even the faintest modes close to 0.6 T.
In contrast to that, the FMR spectrum of the unimplanted
reference-film sample shown in Fig. 4(a) is much simpler.
It just consists of the uniform resonance mode and the first
perpendicular standing spin-wave (PSSW) mode only. The
uniform mode appears at slightly lower fields compared
to the strip’s center mode because of the different shape
anisotropy field compared to the microstrip sample.

To help in identifying the type and origin of the various
resonance modes of the strip samples, micromagnetic sim-
ulations using the MUMAX3 package [32] were performed.
For the unimplanted Permalloy strip, a cuboid strip sample
was discretized into 512 × 128 × 3 cells. This corresponds
to a cell size of 9.5 × 8 × 17.7 nm3. The magnetic param-
eters of the Py were taken from the experiments performed
on the reference film. As the cross-sectional TEM image
in Fig. 1(h) shows, the 40-nm-wide Co-implanted zone at
the edge exhibits a curved surface. To accommodate this,
the curvature was approximated by two 20-nm-long and
10.6-nm-high steps as sketched in Fig. 1(i). For this, the
vertical cell size was reduced to 10.6 nm, corresponding to
five vertical layers. The blue boxes mark cells with Permal-
loy parameters, whereas the red cells use Co-implanted
Permalloy parameters as retrieved from the correspond-
ing reference film samples. Only the spin-wave stiffness
of the Co-implanted region was set to the Py bulk value of
A = 13 pJ/m.

The simulated resonance spectra are shown in Fig. 4(c).
They depict the mz component, which corresponds to the
absorption signal (no field derivative). The vertical dashed
lines mark selected resonances that will be discussed and
compared to the experiment in the following. The exper-
imental and simulated spectra match quite nicely up to
about 350 mT. There is a slight offset in the resonance field
between experiment and simulation. The reason is the sim-
plified geometry in the simulation. In addition to the FMR
spectra, the micromagnetic simulations also provide the
snapshots of the spatial mappings (i.e., the mz component)
of the resonant modes. For selected resonances, labeled
with circled numbers, the mode maps of the implanted
strip are given in Fig. 4(d). Areas with blue and red color
depict the regions where the magnetic moments precess in
resonance.

The main resonance (the one with the highest intensity
at around 235 mT in the experiment and 225 mT in the
simulation, respectively) arises obviously from the uni-
form precession of the moments in the central magnetic
volume of the strip. This is the so-called center mode; see
Fig. 4(d.2). Because of the demagnetizing field, the mag-
netic moments at and close to the sample’s edges face a
different local effective magnetic field. Hence, their res-
onance condition is different from the moments in the
center. Therefore, the uniform precession mode, compared
to thin-film samples, is confined to the center region of
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the structure, where the moments face the same effective
field.

At lower and higher resonance fields, further less-
intense resonance modes appear. The simulations prove
that these modes are localized spin-wave resonance modes
emanating from different areas amid the center and the
strip rim. The spin-wave modes at fields below the center
mode have a wave vector k perpendicular to the magne-
tization, which can be nicely seen by the pattern in Fig.
4(d.1). Those above have a wave vector parallel to M .
The order number of the spin-wave modes increases with
the increasing field difference to the center mode. The
higher the mode number is, the closer the resonant areas
move toward the border of the sample, ultimately reach-
ing it as the edge mode. As the fraction of the sample
volume where the resonance of the higher-order modes
takes place becomes smaller and smaller, so the inten-
sity of these modes decreases. Such localized modes have
been investigated and discussed thoroughly (see e.g. Refs.
[23,24,33–38] for further details).

Finally, the resonances at magnetic fields above 500 mT
are linked to resonant modes existing only at the very
lateral sides of the strip. Therefore, they are called edge
modes (EMs). As already mentioned, the moments at the
edges face a considerably different effective field than the
inner moments due to the demagnetization field. Hence,
the energy needed for excitation is lower, which in turn
corresponds to a higher resonance field. This is also the
explanation why sidewall roughness or sidewall slope of
the structure reduce the edge-mode resonance fields [34].
Compared to the center mode, the EMs are very weak
because of their very local confinement to the edge of the
sample. For example, the area of ion implantation corre-
sponds to only about 4.5% of the total sample area, but
the edge mode’s localization is even less than that. In the
following the focus will be on these edge modes.

In an ideal case of a perfectly symmetric sample, the
edge modes of the opposing sample edges would be degen-
erate, hence, overlapping to a single resonance line. How-
ever, due to natural imperfections like the actual shape,
roughness, or variation of magnetic properties of both long
sides (respectively, both short sides), they are not exactly
the same, giving rise to a splitting of the edge modes into
slightly different resonance fields [see the blue double-peak
structure around 580 mT in Fig. 4(b)]. In fact, one edge
might exhibit even more edge modes, because of sam-
ple inhomogeneity giving rise to further localization along
the edge. As described above, only a narrow (about 40-
nm-wide) area along one long and one short edge was
implanted with Co ions [see Fig. 1(c)], aiming at modi-
fying exclusively two out of the four edge modes but not
the inner localized modes. As the field was applied in the
hard-axis direction, i.e., in-plane and perpendicular to the
long edges, this means that the FMR essentially probes the
influence of the long sample edges, not the short ones.

Figure 4(b) illustrates the influence of the Co2+

implantation on the long edge of the strip. In the first run,
a modest fluence of 0.5 × 1016 ions/cm2 was used (red
curve), whereas for the second implantation, the fluence
was increased to yield in total 5 × 1016 ions/cm2 (green
curve). As expected and simulated in Fig. 4(c), the reso-
nances found at magnetic fields lower than 300 mT do not
undergo any significant change, because their active area
is localized in the strip’s center, i.e., far away from the
implanted zone. Therefore, they do not sense any changes
in their local magnetic environment. In contrast, one of
the two resonances visible at higher magnetic fields (e.g.,
see the blue curve around 590 mT) is clearly affected. The
highest EM first appears at 582 mT in the polished state, at
583 mT after the first low-fluence Co2+ implantation, and
still at 579 mT after the second one. Just from the FMR
spectra it is, therefore, reasonable to assume that this mode
is the one located at the unimplanted edge of the strip, as
it faces no changes in the magnetic surrounding. In con-
trast to that, the resonance field of the second EM decreases
from 591 to 589 mT after implantation I and finally down
to 538 mT after implantation II. This resonance represents
obviously the EM associated with the Co2+-implanted long
edge (designated as EMimp).

The corresponding simulations in Figs. 4(c) and 4(d)
corroborate these findings. For the unimplanted sample
(blue curve), the resonances mostly match the positions
like in the experimental spectrum, except for the edge
mode, which is located at slightly higher fields around 650
mT. As mentioned, the true sample edge geometry differs
from the idealized rectangular edge used in the simulation
of the unimplanted sample (blue curve). Hence, the EM
resonance appears at higher fields than in the experiment.
In the simulations of the highest fluence (the green curve,
implantation II), one EM (no. 8) stays in position, whereas
the other EM (no. 7) is shifted downward by about 60 mT
like in the experiment. The mode maps show that the two
EMs are located on the opposite long edges. The blue and
red contrast for no. 8 appears at the unimplanted edge and
is located within 25 nm from the edge. For resonance no.
7 the contrast appears at the implanted edge within 60 nm
from the edge.

In addition, two more resonances appear at 490 and 540
mT, which seem to have no counterpart in the experiment.
Mode profile no. 6 reveals that they are also edge modes
on the implanted side. They are associated with the step-
edge profile used for the simulation, i.e., each step creates
its own edge mode. In the case of a perfect rectangular
edge, there would be only one edge mode. Nevertheless,
as the real edge has no steps but is evenly curved, these
resonances do not appear in the experimental spectrum.

The resonances around 350–450 mT (experiment)
stretch over 150 nm from the edge. Thus, they still face
some ion-induced changes in their magnetic surrounding.
From the simulation profiles, one can see that they are the
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next-higher-order spin-wave modes localized a bit farther
away from the edge. The other localized modes below 300
mT are distributed between the center mode and the edge
modes and do not show significant changes, as they are
far away from the influence of the ion-modified zone. This
also means that the modes become symmetric (degenerate)
with respect to the centerline of the strip.

IV. CONCLUSION

In conclusion, we have locally modified the magnetism
and spin-wave resonances in micrometer-sized Permal-
loy strips using maskless focused Co-ion-beam implanta-
tion. We have achieved a Co-ion-beam diameter of about
40–50 nm. The reduced magnetization in the implanted
regions shifts the spin-wave resonances to lower reso-
nance fields, or, in other words, increases their energy.
The edge-localized resonances are affected the most, as
they are susceptible to the tiniest changes in their magnetic
surrounding, i.e., changes in the demagnetization field.

The results are corroborated by micromagnetic simula-
tions. Such direct local writing with focused magnetic ions
is important for various purposes. It facilitates Brillouin-
light scattering or magneto-optic Kerr-effect measure-
ments, where otherwise ion-beam-hardened resist masks
are very difficult to remove. Moreover, using spatially
resolved FIB with magnetic elements to selectively mod-
ify the magnetic properties of spin-wave modes, one has
an easy handle to control their behavior.
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