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We report the imaging of short-wavelength spin waves in a continuous nanometer-thick YIG film with a Co stripe
patterned on top. Dynamic dipolar coupling between the YIG film and the Co stripe lowers the spin-wave wavelength
when spin waves enter the YIG/Co bilayer region from the bare YIG film, causing partial reflection at the YIG/Co
edge. We use time-resolved scanning transmission X-ray microscopy to image the mode conversion process down to a
wavelength of 280 nm and extract the spin-wave dispersion, decay length and magnetic damping in the YIG/Co bilayer.
We also analyze spin-wave reflection from the YIG/Co edge and its dependence on the wavelength of incoming and

transmitted spin waves.

Scalable magnonics utilizing short-wavelength spin waves
as information carriers is of great interest for parallel
wave-based logic and unconventional computing'~". Most
magnonic devices demonstrated thus far, including logic
gates™”, transistors’, multiplexers®, and directional cou-
plers™'" utilize long-wavelength dipolar spin waves. To scale
down the size of computing units, speed up information pro-
cessing, and realize complex magnonic circuitry, it is es-
sential to exploit shorter dipole-exchange or exchange spin
waves at technologically relevant frequencies ranging from
a few to tens of GHz. Microwave antennas are not suitable
for short-wave excitation in the linear regime. As good al-
ternatives, coherent emission of dipole-exchange spin waves
from noncollinear spin textures' ~'~, magnetic nanostructure
edges "', thickness steps'°, magnonic bilayers'’, and mag-
netic interfaces” "~~~ under uniform microwave irradiation has
been demonstrated. Moreover, for ferrimagnetic yttrium iron
garnet (YIG) films with ultralow Gilbert damping, the exci-
tation of short-wavelength propagating waves through a grat-
ing coupler (ferromagnetic (FM) dot or stripe array)~ " or
a magnetic coplanar waveguide~’ is attractive. Grating cou-
plers acting as microwave-to-magnon transducers provide
non-reciprocal spin-wave emission because of chiral dipolar
coupling between FM nanostructures and a YIG film near the
ferromagnetic resonance (FMR) frequency of the FM™". Re-
cently, we demonstrated a magnonic Fabry-Pérot resonator
made from a YIG film and a single FM nanostripe’ . In
this hybrid structure, the wavelength of incoming spin waves
downconverts in the bilayer. Analogous to an optical Fabry-
Pérot resonator, destructive interference of the spin waves en-
tering and the spin waves circulating the YIG/FM bilayer pro-
duces clear transmission gaps at discrete frequencies. In the
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magnonic version, the wavelength of spin waves propagating
in opposite directions is different because of the chirality of
dipolar coupling. One of the wavelengths is much shorter
than that of the incoming spin waves, facilitating significant
downscaling for programmable control of spin waves on the
nanoscale. Moreover, for larger stripe widths, the bilayer acts
as a magnonic diode because the counterpropagating waves
damp out differently. The magnonic Fabry-Pérot resonator en-
ables manipulation of spin-wave signals well below the FMR
frequency of the FM.

Here, we investigate spin-wave mode conversion and re-
flection at the edge of a YIG/FM bilayer. In our experiments,
we consider continuous YIG films with Co stripes patterned
on top. Because the short-wavelength propagating mode in-
side the bilayer could not be resolved by super-Nyquist sam-
pling magneto-optical Kerr effect microscopy, as was used
in our previous work’', we now image the spin waves by
time-resolved scanning transmission X-ray microscopy (TR-
STXM) ~—. From the data, we extract the spin-wave disper-
sion, decay length, damping parameter, and reflection coeffi-
cient. Our results demonstrate a simple and efficient method
for generating short-wavelength spin waves.

The YIG film with a thickness of 52 nm was grown on a
(111)-oriented Gd3GasOj, (GGG) substrate by pulsed laser
deposition (PLD) at 800°C in 0.13 mbar oxygen""'. We used
an excimer laser with a pulse repetition rate of 2 Hz and a
laser fluence of 1.8 J/cm?. After growth, the YIG film was
annealed at 730°C for 10 minutes in 13 mbar oxygen before
slow cooling down to room temperature. On top of the YIG
film, 30-nm-thick Co stripes were patterned using direct laser
writing lithography and lift-off. The Co stripes are separated
from the YIG film by a 3 nm TaO, spacer to eliminate inter-
face exchange coupling, i.e., the two magnetic layers couple
via dynamic dipolar fields only. Near the Co stripes, we pat-
terned 2-um-wide microwave antennas out of a 3 nm Ta/150
nm Au stack. Next, we opened several windows for STXM
measurements in areas with a Co stripe, close to a microwave
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FIG. 1. (a) Schematic of the measurement geometry. The device consists of a 5 um-wide Co stripe patterned on top of a 52-nm-thick YIG
film. A 2 um-wide microwave antenna made of 3 nm Ta/150 nm Au is patterned on the YIG film 30 um away from the Co stripe. The
dashed box indicates the field of view of the STXM measurements. The arrow indicates the direction of positive applied magnetic field. (b)
Normalized TR-STXM image (snapshot in time) of a propagating spin wave and the corresponding line profile recorded at 2.36 GHz and —10
mT. The dashed lines mark the two edges of the Co stripe. (c¢) Calculated spin-wave dispersions for the bare YIG film (black dashed line) and
the YIG/Co bilayer (red and blue solid lines) for 10 mT. (d-f) Normalized TR-STXM images of propagating spin waves and corresponding
line profiles recorded at 1.86 GHz, 2.36 GHz, and 2.64 GHz with a +10 mT bias field.

antenna. To do this, we mounted the sample on a Cu ring
and mechanically polished the GGG substrate from the back-
side to a thickness of about 25 pum. Hereafter, we used fo-
cused ion beam (FIB, JEOL JIB 4700F) milling to open 40
Um x 40 um windows with a thickness of ~250 nm. STXM
measurements were carried out at the Maxymus endstation at
the Bessyll electron storage ring operated by the Helmholtz-
Zentrum Berlin fiir Materialien und Energie. In the STXM
experiments, we used circularly polarized X-rays with an en-
ergy of nominally 710.4 eV (L3 resonant X-ray absorption
edge of Fe) to image propagating spin waves in the YIG film
through the X-ray magnetic circular dichroism (XMCD) ef-
fect, exploiting the central dichroic peak of YIG™.

Figure 1(a) illustrates the sample structure with a 5-um-
wide Co stripe on top of the YIG film. The distance between
the Co stripe and the microwave antenna is 30 um. An ex-
ternal magnetic field of tgH,; = 10 mT is applied along
the antenna to saturate the magnetization of the YIG film and
the Co stripe for spin-wave characterization in the Damon-
Eshbach (DE) geometry. TR-STXM measurements are con-
ducted in the area marked by a red dashed box in Fig. 1(a).
Because the measurement energy is set to the L3 X-ray ab-
sorption edge of Fe, we only image the magnetization dynam-
ics in YIG. To perform 2D scans of propagating spin waves,
the sample stage was moved in steps of 75 nm along the x

and y directions. Figure 1(b) shows the result for an excita-
tion frequency of 2.36 GHz and a bias field of —10 mT. The
image shows an instant snapshot of the perpendicular magne-
tization component as normalized to the time average state. In
this magnetic configuration, the spin wave propagating from
the microwave antenna to the Co stripe shortens slightly upon
entering the YIG/Co bilayer (first dashed line). This mode
conversion effect is illustrated more clearly by the line profile
shown in the lower panel of Fig. 1(b), obtained by averag-
ing the 2D data along the y axis. When leaving the bilayer
region (second dashed line), the spin wave retains its origi-
nal wavelength. Mode conversion is explained by a frequency
downshift (or equivalently wavenumber increase) of the spin-
wave dispersion in the YIG/Co bilayer compared to that of the
uncovered YIG film (Fig. 1(c)). Figure 1(c) presents the spin-
wave dispersions in the YIG/Co bilayer (red and blue solid
lines) and in the bare YIG film (black dashed line) for 10
mT, which we calculated using Griinberg’s model’” and the
Kalinikos and Slavin formula®’, respectively. To account for
the dipole-exchange character of spin waves in the YIG/Co
bilayer, the intralayer exchange terms for individual Co and
YIG layers were added to the Griinberg model by substituting
H — Hexi +2Aex/ (WoMs)k?*'. Here, A, and M; are the ex-
change constant and saturation magnetization of the Co and
YIG layer. The interlayer exchange coupling is assumed to be
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FIG. 2. (a-c) High-resolution normalized TR-STXM images and line profiles of propagating short-wavelength spin waves in the YIG/Co
bilayer at 1.86 GHz, 1.93 GHz, and 2.35 GHz with a +10 mT bias field. The line profiles are obtained by averaging the measurement data
along the y axis. The dashed lines mark the edge of the Co stripe. The orange line is a fit to the data using a damped sine wave (see text). (d-f)
Measured (symbol) and calculated (line) spin-wave dispersion (d), decay length (e), and effective magnetic damping constant (f).

zero because of the 3-nm-thick TaO, spacer between the YIG
and Co layers. Obviously, the spin-wave dispersion of the
YIG/Co bilayer is different from that of the bare YIG film at
+10 mT. In YIG/Co, the spin-wave frequency softens slightly
for —10 mT (red solid line), while it reduces significantly for
+10 mT (blue solid line), compared to the dispersion in YIG.
The strong dependence of the spin-wave dispersion in YIG/Co
on the direction of external magnetic field (or magnetization)
stems from the chirality of the dynamic dipolar coupling be-
tween the YIG and Co layers’’~"'. Because of the dispersion
shift, the wavelength of spin waves converts down upon enter-
ing the YIG/Co bilayer and it reverts back up when the spin
waves leave the bilayer region, as seen in Fig. 1(b) for —10
mT. Figure 1(d-f) depicts normalized TR-STXM images of
spin-wave propagation across the YIG/Co bilayer, recorded at
three different excitation frequencies and a bias field of +10
mT. The selected frequencies represent a low, middle and high
frequency within the excitation range of the microwave an-
tenna at this field. Now, the wavelength of the spin waves re-
duces by more than an order of magnitude within the YIG/Co
bilayer, again in agreement with the dispersion calculations
in Fig. 1(c). The conversion efficiency is rather high as the
amplitude of short-wavelength spin waves near the YIG/Co
bilayer edge is comparable (or even larger) than that of the
long-wavelength spin waves in the uncovered YIG film, indi-
cating an efficient way to excite short-wavelength spin waves
in hybrid magnonic structures. The conversion of energy at
the injection/reflection boundary depends on wave localiza-
tion and wave ellipticity. The long-wavelength spin waves in
the YIG film are elliptical along x and nearly uniform across
the film thickness, while the short-wavelength spin waves in
the YIG film of the YIG/Co bilayer are elliptical along z and
localized near the top surface’'.

To analyze the propagation of short-wavelength spin waves

further, we performed high-resolution STXM imaging in the
frequency range from 1.79 to 2.28 GHz (Fig. 2 (a-c)). The 2D
images were recorded ina 2 ym x 5 ym window that mainly
covered the YIG/Co bilayer by moving the sample stage in
steps of 50 nm along the x and y directions. Corresponding
line profiles representing the averaged spin-wave signal along
the y axis in the normalized TR-STXM images are shown in
the lower panels of Fig. 2(a-c). We extracted the spin-wave
wavelength A and decay length /; in the YIG/Co bilayer by
fitting the data using y = Aexp(—x/l;)sin(2wx/A + ¢). The
measured bilayer dispersion for short-wavelength spin waves
is depicted in Fig. 2(d), together with a calculation based on
the Griinberg model’’. The wavelength decreases from 480
nm at 1.79 GHz to 280 nm at 2.28 GHz. Figure 2(e) shows
the decay length of the spin waves in the YIG/Co bilayer as a
function of frequency. The decay length is about 4 pm, which
is much shorter than the decay length of the dipolar spin waves
in the uncovered YIG film (/; ~ 20 um). The decay length
depends only weakly on frequency. This is explained by a
nearly constant spin-wave group velocity in the measured fre-
quency range, as illustrated by the close to linear spin-wave
dispersion in Fig. 2(d). The decay length in YIG/Co is also
small compared to the YIG/CoFeB Fabry-Pérot resonators we
studied previously’'. For YIG/CoFeB, we estimated I; ~ 10
um from the magnonic diode effect in um-wide stripes. The
smaller spin-wave decay length in our current experiments is
explained by stronger magnetic damping in Co compared to
CoFeB (see below) and the use of a thinner YIG film with
lower group velocity (52 nm instead of 100 nm). To extract
the effective magnetic damping () in YIG/Co, we derived
the spin-wave group velocity from the dispersion curve. Us-
ing Qpr = s 35 we obtained o, rr ~ 0.01 in the measured

27l f
frequency range (Fig. 2(f)).

We conducted FMR measurements on a continuous
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FIG. 3. (a) Real part of the Sy, scattering parameter measured on a
YIG/Co bilayer at +10 mT. (b,c) Linewidth of the FMR mode in the
YIG (b) and Co (c) layer as a function of frequency. The line is a
linear fit to the data.
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FIG. 4. (a,b) Measured phase-resolved TR-STXM data (a) and cal-
culated profiles of the spin-wave phase (b) at 2.36 GHz and —10 mT.
(c,d) Analogous data as in (a,b), but for a magnetic bias field of +10
mT. (e) Determined spin-wave reflection coefficient of the YIG/Co
bilayer edge as a function of frequency.

YIG/Co bilayer using a coplanar waveguide to investigate the
magnetic damping in the YIG and Co layers. Figure 3(a)
shows the real part of scattering parameter Sy, as a function
of frequency, recorded in a 410 mT bias field. The sharp res-
onance around 1.4 GHz corresponds to the FMR mode in the
YIG film and the broad resonance at 4.3 GHz is produced by
the FMR mode in Co. By measuring FMR spectra at differ-
ent bias fields, we extracted plots of the FMR linewidth ver-
sus frequency for YIG and Co (Fig. 3(b,c)). Fitting the data
to Af = 2af + const., gives oyig = 5 x 107* for YIG and
Oco = 0.04 for Co. This result clearly indicates that dynamic
dipolar coupling of propagating spin waves in YIG to the
strongly damped Co layer limits the decay length of the short-
wavelength spin waves. To realize longer-distance transport
of dipole-exchange spin waves in the magnetic bilayer, the
low-loss YIG film should be combined with a magnetic ma-
terial with lower damping, for instance CoFe" "~ or Heusler
alloys™ with an optimized composition.

We now discuss spin-wave reflection at the edge of the
YIG/Co bilayer. In the TR-STXM experiments, we imaged

the propagation of spin waves across the bilayer edge while
changing the phase of the RF excitation in discrete steps. This
allowed us to reconstruct the full process of spin-wave reflec-
tion and conversion through the mapping of the entire phase
evolution (equivalent to time evolution) of the spin waves.
Figure 4(a,c) shows phase-resolved TR-STXM data at 2.36
GHz and a magnetic bias field of —10 mT and +10 mT, re-
spectively, which were obtained by averaging the measured
2D maps over the width of the measurement area. Here, the
individual line profiles are plotted as a function of the exter-
nally controlled phase delay of the RF signal. The dashed line
marks the edge of the YIG/Co bilayer. At —10 mT, the spin
wave enters the bilayer without a clear phase jump, indicat-
ing good transmission across the boundary. For +10 mT, the
drastic downconversion of the spin-wave wavelength at the
bilayer edge does not increase the reflection much, as modu-
lations of the phase signal in the uncovered YIG film caused
by wave interference remain small. In case of strong wave
reflection, Fig. 4(a,c) would change from a series of sloped
lines to a set of vertical lines with abrupt phase jumps (see
our previous publication”'), which is not seen here. We used
a simple model” " to quantitatively analyze the spin-wave
reflection coefficient (R). In the model, we assume an inci-
dent spin wave A; with amplitude A; in the bare YIG film
(x =0,..,Xcq4q.) With the initial spin-wave phase offset 6; be-
ing swept between 0 and 27. The phase of the wave evolves as
it travels towards the bilayer as 27~ In the same area we fur-
ther assume a reflected wave A, with amplitude Ag now with
the initial phase given by the Bhase of the incident wave at the
bilayer edge 6y, (Xeqge) = 270 ”;L’lg” We also add a phase offset
ABg stemming from the reflection process. The reflected wave

has a negative group velocity and since it is launched from the
Xedge —*

interface, we write its spatial phase evolution as 27
The transmitted wave in the YIG/Co bilayer A3 has an ampli-
tude A7 and is modeled in the range x = X.4ge, -, Xmax. Also
here, we assume an initial phase given by the phase of the inci-
dent wave A at the bilayer edge and an additional conversion-
related phase offset AB7. The spatial evolutions of A, Ay, A3
are given by

X

Al(xzov"axedge):Ale;xCOS(Zﬂ' +01+A61),
ldl Al
Az (x=0,..,Xedge) =AR€M cos(2nm+
Ll A
eAl (xedge> +A6R),
A3 ()C = Xedge ~~7xmax) = AT@ _(x _ XEdge) OS(ZTL'x — Xedge
laa3) 3)
+6A1 (xedge) +A9T)
(1)

In these equations, we label the incident and reflected spin
waves in the uncovered YIG film as A, the long-wavelength
spin wave in the YIG/Co bilayer (—10 mT) as A,, and the
short-wavelength spin wave in the YIG/Co bilayer (+10 mT)
as A3. Here, A is the initial phase offset of the incident spin
wave (fixed phase offset/microwave propagation delay for a
given RF frequency). To reproduce the experimental data,



we consider spin-wave reflection, transmission, and absorp-
tion with coefficients R, T, and D, so that R+ T +D = 1.
If we assume zero absorption during wave conversion, which
gives the best result, and omit changes in wave localization
and ellipticity, the amplitude of the reflected and transmitted
spin waves at the edge of the YIG/Co bilayer can be written

as Ag = RAje 77;?‘“ and Ay = (1 —R)Aje 77;‘11“ , where e%
is the amplitude if the incident wave. Figure 4(b,d) presents
the best fit to the experimental data for = 10 mT at a fre-
quency of 2.36 GHz. From the calculated spin-wave profiles,
we obtain the reflection coefficient at different frequency (Fig.
4(e)). For a bias field of +10 mT, the maximum value of
R is about 37% at 1.86 GHz and it reduces to about 12% at
2.36 GHz. A similar dependence is found for —10 mT. Thus,
drastic wavelength downconversion is compatible with highly
efficient spin-wave transmission, offering a way to generate
short-wavelength spin waves in hybrid YIG/FM structures for
nanoscale magnonics.

In summary, we imaged efficient downconversion of low-
loss dipolar spin waves in YIG (A = 3.4 —7.5 um) to much
shorter dipole-exchange spin waves in a YIG/Co bilayer (A =
280 — 480 nm) using TR-STXM. The observed effect, which
originates from dynamic dipolar coupling between YIG and
Co, opens up an effective way to emit short-wavelength spin
waves into hybrid magnonic structures, including waveg-
uides™. To enhance the spin-wave decay length (/; ~ 4 umin
this study), other FM materials with lower magnetic damping
should be considered.
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