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Effect of Substrate on Spin-Wave Propagation Properties in
Ferrimagnetic Thulium Iron Garnet Thin Films

Rupak Timalsina, Bharat Giri, Haohan Wang, Adam Erickson, Suchit Sarin,
Suvechhya Lamichhane, Sy-Hwang Liou, Jeffrey E. Shield, Xiaoshan Xu,

and Abdelghani Laraoui*

Rare-earth iron garnets have distinctive spin-wave (SW) properties such as
low magnetic damping and long SW coherence length making them ideal
candidates for magnonics. Among them, thulium iron garnet (TmiG) is a
ferrimagnetic insulator with unique magnetic properties including
perpendicular magnetic anisotropy (PMA) and topological hall effect at room
temperature when grown down to a few nanometers, extending its
application to magnon spintronics. Here, the SW propagation properties of
TmIG films (thickness of 7-34 nm) grown on GGG and sGGG substrates are
studied at room temperature. Magnetic measurements show in-plane
magnetic anisotropy for TmlG films grown on GGG and out-of-plane magnetic
anisotropy for films grown on sGGG substrates with PMA. SW electrical

magnetic material,’l or with ultra-
short laser pulses.® 191 Some of the
key properties of spin waves include
long coherence length (up to a few
millimeters),™ high group velocity,!'!
high frequencies (up to terahertz),1%13]
and their short wavelength (down to tens
of nanometers).'"*15] Other interesting
properties of spin waves include nonre-
ciprocal effect,!'®! nonlinear effects,'’-1]
and multiplexing,”®! making them
ideal for low-energy magnetic logical
operations and microwave devices.!!]
Spin waves in yttrium iron garnet (YIG)

transmission spectroscopy measurements on TmlG/GGG films unveil
magnetostatic surface spin waves (MSSWSs) propagating up to 80 pm with a
SW group velocity of 2-8 km s~'. Intriguingly, these MSSWs exhibit
nonreciprocal propagation, opening new applications in SW functional
devices. TmIG films grown on sGGG substrates exhibit forward volume spin
waves with a reciprocal propagation behavior up to 32 pm.

1. Introduction

Spin waves (or magnons) are collective dynamic magnetic exci-
tations found in magnetically ordered materials.l!l They can be
generated by injecting current,>* microwave,>®! heating up the
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have been studied extensively due to
its unique magnetic properties including
ultralow magnetic damping (<107%),113
long spin-wave coherence length,[>611]
and nonlinear magnetic properties.['’1]
Moreover, there is a growing preference
for magnetic materials with perpen-
dicular magnetic anisotropy (PMA)
due to their ability to efficiently excite
electrically spin waves of the material with low current
densities,[1-23] relevant to magnon spintronics.[!?]

Thulium iron garnet (Tm;Fe;O,,, TmIG), a ferrimagnetic in-
sulator with PMA,[?*l has attracted an increasing interest re-
cently for spintronics applications. It can be grown down to a
few nanometers!?! while maintaining a low damping.?®! TmIG
possesses Dzyaloshinskii-Moriya interaction (DMI) at room
temperaturel?28] that can be increased when interfaced with
heavy metals (e.g., Pt), leading to topological Hall effect at and
above room temperature, which is an indication of the presence
of topological spin textures such as skyrmions.[?>3% Studies of
spin-wave (SW) propagation properties of TmIG films grown on
different substrates are of particular interest for applications in
magnon spintronics.['*! Recently, SW electrical measurements
of magnetostatic forward volume spin waves (FVSWs) were re-
ported on pristinel*!] and bismuth-doped®?! TmIG films with SW
velocities and decay lengths of 0.15-4.9 km s~! and ~3.2-20 um,
respectively. Nitrogen-vacancy (NV) based magnetometry mea-
surements of magnetostatic surface spin waves (MSSWs) were
performed on 34-nm-thick TmIG grown on GGG, showing along
SW decay length ~50 um and SW wavelength in the range of 0.8—
2 um.33] However, no correlative measurements were reported
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Figure 1. Characterization of TmIG films. a) A schematic of the com-
plex unit cell of TmIG showing tetrahedral Fe (light green) and octahe-
dral Fe (blue) lattice along Tm (purple) and O (red) atoms. b) Measured
XRD spectrum of TmIG films (thickness of 12-32 nm) grown on 0.5 mm
thick GGG and sGGG substrates. AFM topography image of ¢) TmIG
(12 nm) /GGG and d) TmIG (12 nm)/sGGG films.

on the effect of substrate on the SW propagation properties of
thin TmIG films.

Here, the SW transport properties of TmIG thin films (thick-
ness of 7-34 nm) grown on GGG and sGGG substrates are stud-
ied at room temperature. Magnetic measurements by magneto-
optical Kerr effect (MOKE), vibrating-sample magnetometer
(VSM), and ferromagnetic resonance (FMR) spectroscopy con-
firm in-plane (IP) magnetic anisotropy of the TmIG films
grown on GGG and out-of-plane (OOP) magnetic anisotropy
for TmIG films grown on sGGG. In-plane SW electrical trans-
mission measurements on TmIG (7-34 nm)/GGG films show
MSSWs with a SW group velocity of 2-8 km s~! and SW de-
cay length of 50 um. The MSSWs were observed to have non-
reciprocal behavior, extending the application of TmIG to mi-
crowave devices (e.g., circulators).3* Out-of-plane SW electrical
transmission measurements on TmIG (32 nm)/sGGG films re-
veal mainly FVSWs with reciprocal behavior, propagating up to
32 pm.

2. Experimental Results and Discussion

2.1. Sample Growth and Structural Characterization

TmIG has a ferrimagnetic behavior, originating from the super-
exchange interactions between Tm*® (Dodecahedral, Dod), Fe*?
(Tetrahedral, Tet), and Fe™® (Octahedral, Oct) sublattices (see
Figure 1a). A series of TmIG thin films, with a thickness of 7-
34 nm (deduced from X-ray reflectometry) were grown on (111)
GGG and sGGG substrates, using pulsed laser deposition.!*!
Figure 1b shows X-ray diffraction (XRD) spectra for TmIG films
of thicknesses 32 and 12 nm grown on GGG and sGGG sub-
strates. For all TmIG film grown on GGG, the TmIG (444) peak
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is submerged within the GGG (444) peak due to the small lat-
tice mismatch and/or the weak XRD signal obtained on thin
(<15 nm) films. The lattice mismatch between TmIG and sGGG
is higher, resulting in distinct XRD peaks of TmIG and sGGG.
The atomic force microscopy (AFM) topography images show
a smooth surface with atomic terraces and a root mean square
(RMS) roughness value of about 0.3 nm for TmIG grown on
both GGG (Figure 1c) and sGGG (Figure 1d), respectively, over a
4 um X 4 ym area.

The TmIG films were also characterized using high-resolution
transmission electron microscopy (HRTEM). The HRTEM im-
age of TmIG (32 nm)/GGG film (Figure 2a) shows the lattice
structure and reveals several dislocations with associated strain
consistent with the broad XRD peaks shown in Figure 1b. Scan-
ning TEM (STEM) was used to determine the compositional
aspects of the TmIG films. The high-angle annular dark field
(HAADF) image in Figure 2b shows sharp contrast between the
GGG and TmlIG, indicating a lack of intermixing. The layers in
the lower left portion of the image are the Pt cover layers to pro-
tect the material of interest from Ga ions damage during sample
preparation, accomplished via standard lift-out procedures.3!
Energy dispersive X-ray spectroscopy (EDS), in STEM mode, was
used to map the elemental distributions of TmIG (32 nm)/GGG
film (Figure 2c-h). The EDS maps show a clear delineation be-
tween the GGG substrate and TmIG film, with no evidence of in-
terfacial mixing, most evident in the Fe, Tm, and Gd maps. Any
Ga present in the TmIG was likely due to Ga contamination dur-
ing ion milling.*]

Elemental mapping in Figure 2b indicates no interdiffusion
between different layers, similar to TmIG films grown by off-
axis magnetron sputtering.?’! EDS microanalysis was used to
determine the elemental concentrations within the sample. How-
ever, due to inherent limitations in EDS, particularly in accurately
measuring low atomic number elements, it cannot be used to
quantify the oxygen content. To overcome this limitation and ob-
tain accurate elemental ratios, we used X-ray photoelectron spec-
troscopy (XPS) because of its higher sensitivity and energy reso-
lution, making it well-suited for analyzing the chemical compo-
sition of materials, especially for elements like oxygen.3®37] By
employing XPS, the elemental ratios were determined, includ-
ing the oxygen concentration, with greater precision. See Section
S1 (Supporting Information) for details of XPS measurements
on TmIG (32 nm)/GGG and TmIG (32 nm)/sGGG films. The
XPS analysis!*”! in Figure S1 (Supporting Information) provides
valuable information about the electronic structure and oxidation
states of Tm and Fe within the examined material. Linewidth of
the Tm, Fe, and O in TmIG/GGG are present in 1.80, 1.10, and
2.22 eV, respectively, which are very close to the desired TmIG
stoichiometry, while Tm, Fe, and O in TmIG/sGGG are present
in 2.20, 1.20, and 2.50 eV, respectively. The theoretical ratio be-
tween the area of octahedral and tetrahedral Fe peaks is 2:3,38
which is close to the measured ratios of 0.70 and 0.73 for GGG
and sGGG, respectively.

2.2. Magnetic Properties of TmIG Films
The magnetic anisotropy for all TmIG films grown on GGG

and sGGG substrates was investigated by MOKE spectroscopy.
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Figure 2. a) HRTEM image of TmIG (32 nm)/GGG substrate, showing periodic lattice, indicative of excellent crystallinity. b) Cross-sectional HAADF-
STEM image of the same film. c—h) EDS element maps of Fe, Tm, O, Gd, Ga, and Pt, respectively, separated by different colors.

Longitudinal MOKE (LMOKE) measurement (Figure 3a) on
TmIG (32 nm)/GGG shows hysteresis loop with a saturation
field below 5 mT, while polar MOKE (PMOKE) measurement
shows a close to square hysteresis loop (inset of Figure 3a) with
a saturation field above 100 mT, indicating approximately in-
plane magnetic anisotropy. A nearly opposite behavior is ob-
served on the TmIG films grown on sGGG substrates, i.e., the
PMOKE loop shows a saturation magnetic field ~50 mT with
square loop (see Figure 3b) while the LMOKE loop (inset of
Figure 3b) shows a saturation field ~500 mT, an indication of
PMA. The high (weak) PMA in TmIG films grown on sGGG
(GGG) correlate well with high (low) tensile strain provided
by sGGG (GGG), inducing a sizable out-of-plane magnetocrys-
talline anisotropy in TmIG films.*¥) The magnetic anisotropy
properties of the TmIG films are further investigated from
IP and OOP VSM and FMR measurements. A similar be-
havior was observed for 12-nm-thick TmIG films grown on
both GGG and sGGG substrates and discussed in Section S2
and Figure S2 (Supporting Information). PMOKE measure-
ments on TmIG (7 nm)/GGG are discussed in Section S2 and
Figure S5a (Supporting Information).
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To further investigate the magnetic properties of the TmIG
films, VSM measurements were conducted at room tempera-
ture. Figure 3c shows in-plane M-H hysteresis loops of TmIG
(32 nm)/GGG and TmIG (12 nm)/GGG films with a low
saturation magnetic field #1 mT. OOP M-H hysteresis loop
is plotted in the inset of Figure 3c for TmIG (32 nm)/GGG
film with a saturation field ~100 mT and saturation magne-
tization Mg of 66 kA m~. No OOP VSM signal was detected
from the TmIG (12 nm)/GGG film due to insufficient sen-
sitivity. The VSM measurements confirm an in-plane easy
axis for the TmIG films grown on GGG substrates, consistent
with MOKE measurements (discussed above) and previous
measurements.*®] Figure 3d displays OOP M-H hysteresis
loops of TmIG (32 nm)/sGGG and TmIG (12 nm)/sGGG films
with a saturation magnetic field ~30 and 10 mT, respectively,
and Mg of 70 kA m™'. Inset of Figure 3d depicts IP M-H
loops for TmIG (32 nm)/sGGG and TmIG (12 nm)/sGGG
with a saturation magnetic field of 1 and 0.3 T, respectively.
The VSM measurements on TmIG/sGGG films confirm
out-of-plane easy axis and PMA, consistent with MOKE
measurements (discussed above). Temperature-dependent
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Figure 3. Magnetic characterization of TmIG films. a) LMOKE curve (filled circles) versus applied magnetic field H,,, of TmIG (32 nm)/GGG. Inset
of (a) shows PMOKE (open circles) curve versus H,g, of TmIG (32 nm)/GGG. b) PMOKE (filled circles) curve versus H,p, of TmIG (32 nm)/sGGG.
Inset of (b) LMOKE curve (open circles) versus H,,, TmIG (32 nm)/sGGG. c) IP M-H loops of TmIG (32 nm)/GGG (blue filled circles) and TmIG
(12 nm) /GGG (red solid line). Inset of (c) OOP loop of TmIG (32 nm) /GGG (sky blue filled circles). d) OOP M—H loops of TmIG (32 nm)/sGGG (blue
filled circles) and TmIG (12 nm)/sGGG (red open circles). Inset of (d) IP loop of TmIG (32 nm)/sGGG (sky blue filled circles) and TmIG (12 nm)/sGGG
(red open circles). €) FMR IP curves of TmIG (32 nm)/GGG (blue filled circles) and TmIG (12 nm)/GGG (red open circles), and FMR OOP curves of
TmIG (32 nm) /GGG (blue filled triangles) and TmIG (12 nm) /GGG (red open triangles), respectively. f) FMR OOP curves of TmIG (32 hm)/sGGG (blue
filled circles) and TmIG (12 nm)/sGGG (red open circles), and FMR IP curves of TmIG (32 nm)/sGGG (blue filled triangles) and TmIG (12 nm)/sGGG

(red open triangles), respectively. All IP and OOP FMR measured curves are fitted with solid lines.[*?]

magnetization measurements (see Figure S3, Supporting In-
formation) on TmIG (32 nm)/GGG and TmIG (32 nm)/sGGG
films confirm a Curie temperature > 400 K, mainly limited by
the temperature range of our VSM magnetometer, see Section
S2 (Supporting Information).

FMR spectroscopy is then used to determine the magnetic
properties (magnetic anisotropy and damping) of the TmIG
films grown on both GGG and sGGG substrates. A vector net-
work analyzer (Keysight model P5004A) is used to measure the
absorption (S;; and S,, parameters) of the microwave (MW)
signal sent through nonmagnetic picoprobes (40A-GSG-150-
DP) to coplanar waveguides (CPW) in a ground-signal-ground
(GSG) configuration (see Figure 4a,b). The CPW were fabri-
cated using direct laser writing (DWL) mask-less optical lithog-
raphy and subsequent electron-beam deposition of Ti (5 nm)/Au
(120 nm). All details of nanofabrication can be found in
ref,[33]

Some of the FMR derivative spectra of the TmIG films are dis-
cussed in Section S2 and depicted in Figure S4 (Supporting Infor-
mation) for 12 and 34 nm thick films and Figure S5b (Supporting
Information) for 7 nm thick TmIG/GGG film. Figure 3e shows
IP and OOP FMR resonance versus H,,, for TmIG (32 nm)/GGG
and TmIG (12 nm)/GGG films. The resonance magnetic field
is higher for OOP than IP measurements on TmIG/GGG films
for the same FMR frequency, suggesting in-plane magnetic
anisotropy. However, TmIG/sGGG films have the opposite behav-
ior, i.e., the resonance magnetic field is higher for IP than OOP
measurements, suggesting PMA.340 The IP and OOP measure-
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ments in Figure 3e,f were fitted with solid lines.[**3%! leading to
gyromagnetic ratio y of 22.4 GHz T~! and M of 66 kA m™' for
TmIG (32 nm)/GGG film and y of 22.87 GHz T~ and My of
66 kA m~! for TmIG (12 nm)/GGG film. For the TmIG/sGGG
films, the linear fit of the OOP measurements in Figure 3f gives
M, =70 kA m™" (for both 12 and 32 nm films), a negative H, -
intercept of —198 and —99 mT for 32 and 12 nm films, respec-
tively. The out-of-plane magnetic anisotropy values are 286 and
187 mT for 32 and 12 nm thick TmIG/sGGG films. The damp-
ing constant « varies in the range of 0.0155-0.0365 for IP and
OOP FMR measurements done on 32 and 12 nm thick TmIG
grown on both GGG and sGGG substrates, consistent with pre-
vious FMR measurements.[?*263341] The [P FMR measurements
performed on TmIG (7 nm)/GGG film (see Figure S5c, Support-
ing Information) revealed y of 22.4 GHz T~!, M of 66 kA m™!
(82.9 mT), in-plane magnetic anisotropy of 126.8 mT, and « of
0.0122.

2.3. Study of Spin-Wave Propagation Properties in TmIG/GGG
Films

To measure the spin-wave transport properties of the TmIG films,
SW electrical transmission spectroscopy was performed in the
MSSW geometry (Figure 4a), i.e., H,,, is applied in-plane and
perpendicular to the SW propagation wavevector. The spin waves
are excited by the MW field, injected through the picoprobe to the

CPW antennas (Figure 4b) to measure S,, and S;, parameters.
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Figure 4. Spin-wave electrical transmission spectroscopy in TmIG (12 nm) /GGG films. a) A schematic of CPWs made on TmIG film. b) A picture of two

nonmagnetic picoprobes connected to the GSG CPW antennas. c) SW S,; intensity map (MW frequency vs H
(12 nm) /GGG film at a distance S of 32 um. d) S, intensity versus the MW frequency at H

app) for the MSSW propagation on TmIG

app ©f 10.65 mT (solid black circles), 20.95 mT (half-filled red

circles), and 40.11 mT (open blue circles). e) SW group velocity and f) decay length of MSSWs as function of H,,. g) S,; intensity map (MW frequency

vs Happ)

of TmIG (12 nm) /GGG at S = 80 um. h) Measured (open red circle) and fitted (red solid line) S,; amplitude as function of the distance between

MW excitation and SW detection. The solid fit in (h) is an exponential decay function with a decay of 30 pm.

Figure 4c shows the S, intensity map (MW frequency vs H,)
of MSSWs measured at a propagation distance S of 32 ym and
at a MW power of 1 mW. One dominating SW mode is clearly
seen with a wavevector k of 0.2 rad pm™, given by the GSG
geometry of the stripline.’3] Other SW modes with weak ampli-
tude are visible at high magnetic fields (Figure 4c). The frequency
of the main SW mode increases with the applied field H,,, am-
plitude as expected from the dispersion curve of the MSSWs.[*3]
In Figure 4d, selected S,; spectra are plotted at H,,, of 10.65,
20.95, and 40.11 mT, respectively. The frequency difference, 5f,
between two neighboring maxima/minima of the S,, parame-
ter gives the SW phase of z, see Figure 4d and Figure S6b in
Section S3 (Supporting Information) for further details. The SW
group velocity v, = Z—f = 6f.5,13% where S is the separation dis-
tance between two CPWs (see Figure 4a). Figure 4e depicts the
measured SW group velocity versus the applied magnetic field.
v, is in the range of 3-7 km s, slightly higher than the values
of 2-4 km s7! obtained from the TmIG (34 nm)/GGG film (see
Section S3 and Figure S6, Supporting Information),**] explained
by the narrower spectral S,; peaks for the later one. For TmIG
(7 nm)/GGG film, v, is in the range of 2-8 km s™' (see Figure
S8, Supporting Information), like the TmIG (12 nm)/GGG

film.
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The MSSWs decay length is I; = — i (291 where fis the SW

2zaf’

resonance frequency and « is the damping constant obtained
from FMR measurements (discussed above). [, is the range of
20-50 um depending on the amplitude of the applied magnetic
field, Figure 4f. This is confirmed from another spectral S,; in-
tensity map (MW frequency vs H,,) at a distance S of 80 um,
see Figure 4g. The measured SW amplitudes at H,,, of 20 mT
for four distances S of 32, 40, 60, and 80 um (Figure S7, Support-
ing Information) are fitted with an exponential decay function
(see Figure 4h) with [; of 30 ym. This value agrees well with the
value obtained at H,,, of 20 mT (see Figure 4f) and are compa-
rable to the values measured on TmIG (32 nm)/GGG films (see
Section S3, Supporting Information). It is difficult to extract I
from TmIG (7 nm)/GGG film due to the very weak and broad
SW intensity, see Figure S8 (Supporting Information). The fab-
rication of smaller (<500 nm) CPW antenna to excite efficiency
spin waves and usage of scanning NV magnetometry presents
a promising avenue for accurately measuring their decay length
and wavelengths.[*243] SW electrical transmission spectroscopy
measurement on TmIG (32 nm)/GGG films (Figure S9, Sup-
porting Information) show FVSWs with [; up to 32 pm
(Section S3, Supporting Information), higher than I; values
(~0.5 um) obtained in TmIG (60 nm)/NGG substrates.}1:3]
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plots of Sy (red solid line) and Sy, (blue solid line) at H,,, of 25 mT.

d) Reflection (FMR) parameters S, (blue line) and S,, (red line) on TmIG
(12 nm) /GGG measured at H,,, 25 mT. e) Nonreciprocity parameter of

app
MSSWs as a function of H, .

2.4. Spin-Wave Nonreciprocity Properties in TmIG/GGG Films

MSSWs in TmIG/GGG films were also found to exhibit nonre-
ciprocal behavior, confirmed by measuring S,; and S;, param-
eters. Figure 5a,b shows S,; and S, intensity maps (MW fre-
quency vs H,, ) obtained on TmIG (12 nm)/GGG film at a MW
power of 1 mW, respectively. Figure 5c displays the line-cut plots
of S,; and S, spectra obtained from Figure 5a,b at H,,, of 25
mT, applied in plane. No SW signal is observed for S;, amplitude
versus frequency curve, suggesting unidirectional SW propaga-
tion. However, S;; and S,, (reflection) spectra show a similar SW
signal (same resonance frequency and amplitude). The nonre-
ciprocity parameter f from SW transmission spectra is defined

as.120 g = 3 Zsfsu. Figure 5e shows § of 1 as function of H,,, in

the range of 5-45 mT, implying a strong nonreciprocal behavior
of MSSWs.[16]

The nonreciprocal property is observed when the excited spin
waves by the CPW antenna produce stray magnetic fields along y
(H,) and z (H,) directions with amplitudes larger in phase com-
pared to the out-of-phase.[**! A similar behavior is observed for
TmIG (32 nm)/GGG films (see Figure S10, Supporting Infor-
mation). Prior measurements have shown nonreciprocal prop-
agation of spin waves in YIG (100 nm)/GGG!!**! and permal-
loy (20 nm) film.[*®} This is the first experimental measurement
of SW nonreciprocity on TmIG/GGG films, expanding its appli-
cations in miniaturized, broad band, and highly tunable isola-
tors within microwave circuits for spin wave computing, a field
where magnons serve as carriers, transporters, and processors of
information.[*¢]

2.5. Study of Forward Volume Spin-Wave Properties in
TmIG/sGGG Films

TmIG films grown on sGGG substrates have PMA (discussed
above), and no SW transmission is observed in plane (i.e., MSSW
geometry). Figure 6a,b shows the SW S,, and S,, intensity maps
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(MW frequency vs H,,) of TmIG (32 nm)/sGGG, respectively,
measured in FVSW geometry (i.e., magnetic field is applied per-
pendicular to the sample plane) at a propagation distance S of
32 um and MW power of 1 mW. The amplitude of the measured
FVSW (see Figure 6c at H,,, of 142 mT) is weak in comparison to
the MSSW measured on TmIG (12-34 nm)/GGG films (Figures
S6 and S7, Supporting Information). This can be explained by
the large separation distance (3.5 um) between the CPW antenna,
compared to the short wavelength (<500 nm) of the FVSWs, re-
sulting in inefficient MW excitation.'*] Indeed, the S,; parameter
shows similar resonance and amplitude to S, at 142 mT sug-
gesting a bidirectional propagation of FVSWs. Similar strength
and amplitude of S;; and S,, reflection spectra at 142 mT (see
Figure 6d), suggests the proper functioning of our CPW anten-
nas. This marks the first experimental measurements of FVSWs
in TmIG/sGGG with PMA. Figure 6e shows almost perfect re-
ciprocal behavior (f = 0.5) of the FVSWs over a wide range of
applied magnetic fields.

3. Conclusions

In summary, spin-wave propagation properties are studied in
epitaxially grown TmIG films on GGG and sGGG substrates.
Magnetic measurements via MOKE, FMR, and VSM confirm in-
plane easy axis for TmIG grown on GGG and an out-of-plane
easy axis for TmIG grown on sGGG. SW transmission electri-
cal spectroscopy show propagating MSSWs in TmIG/GGG films
up to ~80 um and SW velocity of 2-8 km s~!, depending on
the strength of the applied magnetic field. The extended de-
cay lengths signify enhanced SW transport efficiency, offering
promising avenues for the development of low loss magnonic
devices. Notably, our experimental results reveal nonrecipro-
cal propagation of MSSWs in TmIG/GGG films, suggesting

(@) Ampl. (a.u.) () o.10f "
0 05 3 2t
S 0.05F «
<(g.o_oo L M
-0.05p L " 1 L
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Figure 6. a) Sy and b) S, intensity maps (MW frequency vs H,,,) for
FVSWSs propagation on TmIG (32 nm)/sGGG at a separation distance S
of 32 um. ¢) Line cuts of S,; (blue open circles) and S, (filled red circles)
at 142 mT, extracted from (a) and (b), highlighted by dashed lines. d) Sy,
(red solid line) and S,, (blue solid line) of TmIG (32 nm) /sGGG measured
at 142 mT. e) Reciprocity parameter versus H,,, of FVSWs.
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potential applications in nonreciprocal magnonics and logic
devices.*s] TmIG films grown on sGGG exhibit isotropic prop-
agation of FVSWs with a long SW decay length of 32 pm.

TmIG has the potential to host topological spin textures,
paving the way for investigating new magnetic phenom-
ena such as the interaction between skyrmions and spin
waves*’] or topological magnons.*¥! The usage of scanning NV
magnetometry!*495% may allow mapping of spin waves in TmIG
with a short wavelength (<100 nm), opening new avenues for us-
ing spin waves in magnetic insulators in magnon spintronics, /3]
and as quantum buses for applications in quantum information
processing.[31-53]

[29]
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