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Abstract

We investigate the effect of focused-ion-beam (FIB) irradiation on spin waves with sub-micron
wavelengths in yttrium-iron-garnet films. Time-resolved scanning transmission x-ray
microscopy was used to image the spin waves in irradiated regions and deduce corresponding
changes in the magnetic parameters of the film. We find that the changes of Ga™ irradiation can
be understood by assuming a few percent change in the effective magnetization M. of the film
due to a trade-off between changes in anisotropy and effective film thickness. Our results
demonstrate that FIB irradiation can be used to locally alter the dispersion relation and the
effective refractive index neg of the film, even for submicron wavelengths. To achieve the same
change in ng for shorter wavelengths, a higher dose is required, but no significant deterioration
of spin wave propagation length in the irradiated regions was observed, even at the highest
applied doses.
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1. Introduction

Magnonics has seen explosive development in recent years,
with many technological breakthroughs [1-5] and interest-
ing device concepts [6-9]. As the field matures, it becomes
gradually more important to develop industry-standard fab-
rication technologies that are versatile, flexible, scalable, and
widely accessible. Since the focus is drifting toward applica-
tions, the complexity of the devices in a single magnonic unit
(i.e. a device block without internal electrical conversion) is
increasing, requiring more sophisticated patterning technolo-
gies. Recently, focused-ion-beam (FIB) irradiation of yttrium-
iron-garnet (YIG) has been demonstrated as a tool for fabricat-
ing optical elements for spin waves [10]. Instead of physically
removing material to create patterns, this method introduces
local changes in the crystal structure of YIG, effectively modi-
fying the local dispersion properties of spin waves. In effect,
gradient-index steering of spin waves becomes achievable for
both classical optical geometries and inverse-designed scat-
terers with possible applications in the field of signal classi-
fication, spectral analysis, or spatial separation of signals in
a fully analog way [10, 11]. This technique has a high res-
olution, limited mainly by the vertical and lateral straggle of
the ions, which is typically less than the film thickness or a
few tens of nanometers. In research labs, it provides a rapid
prototyping workflow, as it does not require lithography or
a clean room environment. Moreover, it can be applied mul-
tiple times successively to further adjust the device charac-
teristics. With regard to mass production, ion-irradiation can
be adapted to production lines using ion implanter techno-
logy combined with hard masks, which is a standard techno-
logy in modern CMOS production lines. Typical energy levels
for implanter technology range from keV to MeV, which cov-
ers a wider range than most research-grade FIB tools [12].
The local film modification is stable over time, as ion dif-
fusion and changes in the crystal structure of the sample do
not occur at moderate temperatures, although elevated tem-
peratures (e.g. subsequent annealing of the sample) can induce
changes in the crystal structure and reverse the effects of FIB
irradiation.

In this work, we were interested in finding out the trade-
offs of using the technology of Ga™-ion irradiation for spin
waves with an order of magnitude smaller wavelengths,
ie. a few hundred nanometers instead of a few microns
as demonstrated in [10]. For this purpose, we carried out
time-resolved scanning transmission x-ray microscopy (TR-
STXM) at the Maxymus end station [13] of the BESSY II
electron storage ring, operated by the Helmholtz—Zentrum
Berlin fiir Materialien und Energie on samples with sub-
micron stripline transducers to excite spin waves. We meas-
ured wavelengths down to 700 nm for a lateral map of sev-
eral ion doses. We obtained an assessment of the required
doses for sub-micron wavelengths where even relatively high
doses do not significantly deteriorate spin wave propagation
lengths.

2. Methods

In our experiment, we used a YIG film of 100nm thick-
ness purchased from Innovent Jena. The film was grown by
means of liquid phase epitaxy on a GGG substrate [14],
with an extracted intrinsic effective magnetization Mg of
133kAm~". For thinning the GGG substrate to a membrane
thickness of several hundred nanometers in an area of 135 ym
by 95 um, mechanical polishing in combination with Ga™
FIB milling, similar to the process described in [15] was
used. The optical microscope image in figure 1(a) shows the
sample geometry. The upper stripline transducer is bond-
wired to the sample carrier and supplied by a radio-frequency
signal source to excite spin waves, while the lower trans-
ducer is unconnected/unsupplied and not used for excitation.
The stripline transducers with a width of 500nm were fab-
ricated using electron-beam lithography, thermal evaporation
of a Cr(8 nm)/Cu(180nm)/Cr(8 nm) stack, and lift-off pro-
cessing. The backside-thinned YIG/GGG membrane shows
thin-film interference for optical wavelengths, indicating a
slight thickness variation of the overall membrane across the
prepared window, which thus appears to be rainbow-colored.
The brown nested rectangles around the membrane are thicker
GGG remnants of the step-wise decreasing area in the back-
side etching process. The brightness change in the absolute
STXM picture in figure 2(a) shows that the thickness of the
YIG/GGG membrane has a negligible variation in the evalu-
ated region [15].

For the Ga™-ion irradiation of the YIG film, we used a
50kV Micrion 9500 EX FIB tool. The mean penetration depth
of the accelerated Ga™-ions at 50 kV is about 25 nm according
to SRIM simulations [16] and the TEM measurements presen-
ted in the supplementals of [10].

To achieve maximum x-ray magnetic circular dichroism
(XMCD) contrast, the presented measurements were conduc-
ted at the central Fe L; XMCD peak of YIG at a nominal
photon energy of 709.6 eV. The sample was mounted 30° tilted
relative to the incident beam to gain sensitivity for forward
volume (FV) spin waves, and magnetic fields were applied per-
pendicular to the sample plane in a range between —250 mT
to 250 mT [17].

3. Results

We measured the wavelength of spin waves in the intrinsic
YIG film and in irradiated regions at various bias fields in
the FV configuration, i.e. with an out-of-plane bias field.
Exemplary snapshots of the absolute and normalized (divided
by the time average) STXM measurement are shown in
figures 2(a) and (b) respectively, for a DC magnetic bias field
of B=242.5mT. Spin wave propagation can be detected in
the four dose fields, whereas the lower two fields show less
signal amplitude because the waves must pass the intrinsic
region between the transducers. Moreover, in figure 2(b), the
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Figure 1. (a) Optical microscope image of the sample geometry.
The superimposed black-white image shows the image from (b) for
reference. (b) Normalized STXM image of the investigated sample
area. Regions irradiated by FIB are indicated with the corresponding
dose in ionscm ™2 and a yellow frame. Regions indicated by a red
frame were irradiated for alignment purposes, partially overlapping
with the dose map.

Figure 2. Recorded TR-STXM images of the spin-wave
propagation for a bias field of B = 242.5mT. A yellow frame
indicates irradiated regions, and alignment regions with respect to
the transducer are indicated by red frames. (a) A recoded snapshot
image before subtracting the static background. Irradiated regions
are visible as darker areas in the static, partially magnetic contrast,
with higher doses resulting in darker shades. (b) Normalized
TR-STXM snapshot, from the same experiment. The intensity in the
lower boxes (higher doses) is typically smaller since the transducer
does not excite waves directly in these regions. Intrinsic spin waves
have to cover the distance to the unsupplied transducer (lower
horizontal line in (a)) and cross the boundary of the irradiated
regions. These waves are also partially reflected from the boundary.

transition between the upper dose fields and the intrinsic film is
visible, showing the abrupt change in wavelength when irradi-
ating areas with sharp borders. Throughout the measurements,
we observed reflections on such boundaries at normal incid-
ence and scattering, which is mainly visible in the intrinsic
area right to the dose map in figure 2(b). Both were undesired
effects but did not obscure the wavelength evaluation.

—4—B=250mT

—%—B =247.5mT| |
B=245mT ||
—+—B=2425mT
—+—B=240mT |}
+B=235mT
—4—B=230mT
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lon dose (><1O13 ions/cmz)

Figure 3. Measured spin wave wavelength vs. Ga™-ion dose. The
colored curves correspond to different applied bias fields, as
indicated in the legend. The wavelength initially increases in all
cases as a result of the irradiation, and the maximum change in
wavelength occurs around 4 x 10'® ions cm™2. For higher doses, the
wavelength decreases again. Overall, the change in wavelength is
smaller for shorter intrinsic wavelengths. Error bars represent the
limited resolution of wavelength detection due to the finite
irradiated box length.

The extracted wavelengths for the intrinsic and irradiated
areas at different bias fields are plotted in figure 3. The fre-
quency of the excitation was kept constant at f =2.57 GHz.
‘We observe a non-monotonic behavior as the wavelength first
increases with the dose, but after a maximal change occur-
ring between 4-6 x 10'3ions cm~2, the trend reverses. This
behavior was also observed in [10], but the wavelength in that
case decreased initially and reached a local minimum. The two
samples are similar in most parameters, except for the dose
levels (one order of magnitude higher in the present study), the
range of wavelengths excited (almost an order of magnitude
lower in the present study), and the fact that the substrate was
thinned down to a membrane for x-ray transparency. The latter
aspect could change the effect of strain in the system, which
may occur at a comparatively large area across the membrane,
while the Ga™-FIB backside milling is not affecting the YIG
layer directly [15].

We have plotted the wavenumber for the different dose
levels as a function of the bias field in figure 4. We fitted analyt-
ical curves to the data using the dispersion formulas developed
by Kalinikos and Slavin [18, 19], which can be written in the
FV configuration as

w? = wy (wy + wyP), (D
where
1— e*kteff
P=1-——— (2)
ktese

2A
Wy ="y <Bexl — poMeg; + ’ k2> , 3)

eff
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Figure 4. Measured dependency of the wavenumber on the bias
field for the various applied dose levels. Dashed lines indicate
analytical curves based on the Kalinikos and Slavin dispersion
model with fitted effective magnetization and film thickness values
indicated in the legend.

wy = YpoMefr. 4)

Here v is the gyromagnetic ratio, p is the vacuum permit-
tivity, A is the exchange stiffness, and By is the external
bias field applied out of plane. We fitted the analytical curves
on the experimental data using effective magnetization Mg
and effective YIG film thickness f. as fitting parameters.
These two can be uniquely extracted from the fit with good
accuracy because f.¢ has no influence on the FMR frequency
(k=0), while Mg has a strong influence. The curves in
figure 4 are close to linear. Thus, we can approximately think
about a change in f as a change of the slope (without
sign reversal), while Mg shifts the curve without significant
change in the slope. All the other parameters (frequency, bias
field, wavelength, etc) were well-controlled or measured in
the experiment. Due to the almost symmetrical shape of the
curves in figure 3, the fitted wavenumber curves in figure 4
coincidentally appear in pairs (i.e. 2 x 10'3ionscm™2 & 8 x
10" ionscm ™2 and 4 x 103 ionscm ™2 & 6 x 10" ions cm ™2
result in almost the same extracted values, respectively).

The fitted thicknesses (approximately 75nm to 80nm
instead of the original 100 nm) are in line with the expected
mean penetration depth of the Ga™-ions at 50keV acceler-
ation voltage. TEM measurements show that approximately
the top 25nm of the crystal receives the most damage and
gets amorphous [10]. The results suggest that in all the irra-
diated cases, the top 25 nm of the crystal is almost completely
destroyed but not removed. Thus, the wavelength differences
between the different dose levels are not primarily due to a
physical thickness change in the film but due to a change in
Mg containing the contribution from a magnetoelastic field
caused by the strain in the crystal. In addition to the effect-
ive magnetic thickness change, the effective magnetization
M. was found to decrease by approximately 5kAm~! and
7kAm™! for the irradiated regions, as also indicated in the
legend of figure 4. This is the opposite of the change identified
in [10], where M. increased for lower doses up to a certain
point and then decreased below the intrinsic value for higher

doses. Since the top layer becomes almost entirely amorphous,
and the bottom layer cannot be affected directly by the Ga™-
ions, we suggest that the effective magnetization change is
due to a strain-induced anisotropy, also supported by previous
studies on irradiated ferrites [20, 21]. The dose value for a turn-
ing point, as shown in figure 3, is specific to the acceleration
voltage, the film composition and its intrinsic thickness, and
the type of irradiated ions, which implicitly define the inter-
play between parameters like the mean penetration depth and
the stopping/damaging effects in the crystal and their spread
in thickness [22].

Using the XMCD contrast pictures of the dose map in
figure 1(b), it is possible to estimate the change of effective
crystalline YIG thickness in the irradiated fields relative to the
intrinsic film. The transmitted light intensity / is calculated via
the well-known Lambert-Beer law I = [yexp(—ot), with the
incident light intensity 7, and the film thickness . The material
parameter 0 = T + oy splits up in a material-related contribu-
tion o capturing effects like molar or density absorbance that
is assumed approximately constant in our experiment, and a
magnetic contribution oy that is proportional to the magnet-
ization or spin polarization of the material (Fe in this case).
Under the assumption that only ¢ and oy may change due to
irradiation, the relative change in magnetization and thickness
(together: the total magnetic moment) due to irradiation with
dose Dx can be estimated via

In (75, /I,

(/) )

Mpy Ipx
My 1o

where ng is the measured light intensity for an external mag-
netic DC bias field of £250mT, ¢, is the original YIG film
thickness, and fpy is the effective magnetic crystalline YIG
film thickness in the irradiated area with dose Dx. Note that
from (5), it is not possible to differentiate between a change in
magnetization and a change in thickness. However, we know
from previous studies [10] and SRIM simulations that the
Ga™-ion penetration depth is approximately 25 nm, and there
is no change in the physical thickness of the film since the
ion etching is negligible at these dose levels. Additionally, the
number of implanted Ga™ ions is low compared to the Fe
concentration such that the change due to variations, e.g. in
the number density, molar absorptivity, or amount concen-
tration represented by & is negligible. Thus, ion irradiation
does not directly affect the bottom 75nm of the YIG film.
The XMCD contrast change results from the decreasing sat-
uration magnetization of the top irradiated layer. The change
in total magnetic moment corresponding to an effective thick-
ness of the YIG film that is proportional to the XMCD contrast
change is plotted in figure 5 on the left ordinate. For the extrac-
tion, we additionally use the contrast of the alignment field,
which was done at a dose of 12 x 10! ions cm 2. The extrac-
ted effective thickness shows good agreement with the TEM
measurements in [10] and saturates close to the mean penetra-
tion depth of the Ga™-ion at 75 nm. The fitted YIG thicknesses
in figure 4, which denote the slope of the wavenumber curves,
are additionally plotted on the left ordinate in figure 5, and
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Figure 5. Left ordinate: the change of effective crystalline YIG
thickness due to the Ga ™ -ion irradiation based on the XMCD
contrast picture in figure 1(b). For comparison, the fitted effective
YIG thickness based on the analytical dispersion relations shown in
figure 4 are plotted. The measured effective thickness saturates at
around 75 nm, which coincides with the results in [10] and SRIM
simulations. The dose of 12 x 10'® ionscm ™2 in the alignment field
was used in addition to the intended dose map. Right ordinate:
extracted effective magnetization from the fitted dispersion relations
in figure 4.

agree with the measured values. For comparison, we plot the
extracted M.¢ from the legend of figure 4 on the right ordin-
ate of figure 5. As a result, we observe a trade-off between
two effects: at low doses, implanted Ga™ -atoms locally induce
strain in the YIG crystal as they generate a lattice displace-
ment [20, 21]. This effect continues until a Ga concentration
is reached, where the crystal is increasingly damaged and gets
amorphous, which means that the effective thickness of the
YIG film is reduced, and the strain-induced anisotropy gets
partially compensated [22].

From the perspective of applications, it is instructive to plot
the maximum achievable effective refractive index for spin
waves against the intrinsic wavelength as shown in figure 6.
The maximum change in our measurements occurred around
4 x 10" ionscm™2, so we plot the refractive indices for this
dose value. Indeed we see the refractive index increase for lar-
ger wavelengths at the same dose value and the same M.
This tendency agrees well with the curve calculated from the
analytical dispersion relation, plotted in figure 6 as a dashed
line. The reason for this is that a small change in M. in the
dispersion curves corresponds approximately to a shift along
the wavenumber axis. This shift in k is approximately constant

but decreases for larger wavenumbers if expressed as a frac-

. . _ ko o~ Kk k—0 .
tion of k. More precisely, n = TR kO_OAk —— 1, where kg is

the intrinsic wavenumber and Ak is the shift of the dispersion
curves in k.

For a rough estimate, we can also state that the required
dose for a given refractive index is inversely proportional to the
intrinsic wavelength, not considering the nonlinearity of the
dispersion relation. This can also be deduced from analytical
considerations of the dispersion relation. More importantly,
this study demonstrates that one order of magnitude higher
dose (compared to [10]) does not hinder the propagation of

5 3 | ' g

2 00 measured ’

© 25} analytical 0]

2 .

"g -

5 2 o
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Figure 6. Maximum experimentally achievable refractive index,
i.e. the change of wavelength in an irradiated area compared to the

intrinsic wavelength, corresponding to the dose of

4 % 10" ionscm™2.

spin waves. The attenuation of the waves in our measurements
is only slightly affected, as can be seen in the normalized
STXM snapshot of propagating spin waves in figure 2(b). Due
to interference and diffraction effects in the experimental geo-
metry, we were not able to extract quantitative damping val-
ues for the dose levels. We estimate that in the worst case, the
propagation length is cut by half for the highest dose value,
which is still very promising from an application point of view.
At the same time, the higher (compared to [10]) refractive
index allows for smaller lateral scatterer dimensions, which
compensates partly for the reduced propagation and makes
further downscaling of spin-wave devices with access to sub-
micron wavelengths feasible. Reflection still occures at the
boundaries between irradiated regions, with similar behavior
as in optics, i.e. larger relative refraction index will result
in higher reflection coefficients. To mitigate this effect, we
suggest that the usual optical techniques could be utilized,
e.g. smooth (graded index) transition between boundaries or
antireflection layers. The range of practical refractive indices
for optical designs including the corresponding dose levels, is
limited, and the values presented in this work are sufficient for
most applications.

4. Conclusion

We have measured the effect of Ga™ -ion irradiation on short-
wavelength spin waves in thin YIG films. We observe a non-
monotonic change in wavelength, which we attribute to a
strain-induced anisotropy in the film in combination with an
effective magnetic thickness change. The trade-off between
the build-up of strain at lower doses and its release due to
amorphization at higher doses could explain the turning point
in measured wavelength shown in figure 3. We compared our
experimental results with analytical calculations using the irra-
diation modeled as a change in effective magnetization and a
decreased effective film thickness due to an amorphized top
layer of YIG. We observe a decreased effect of irradiation for
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smaller wavelengths, which the dispersion relation can dir-
ectly explain.

Our results prove that graded-index FIB patterning can also
be used for short-wavelength spin waves, while the required
higher doses do not induce substantial losses to the spin wave
propagation in the YIG medium. The nanoscale patterning of
YIG is challenging, although several groups have developed
methods to create YIG nanostructures due to their high rel-
evance for magnonics. Nevertheless, the FIB irradiation tech-
nology’s simplicity and ability to create graded-index nano-
scale patterns are currently unparalleled among YIG pattern-
ing technologies for spin wave devices.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).
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