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ABSTRACT 15 

Yttrium iron garnet (YIG) is known for its extremely low magnetic damping, making it a key 16 

material for magnon-based spintronic devices. Although perpendicular magnetic anisotropy 17 

(PMA) has been reported in rare-earth-substituted or Bi-doped YIG thin films, its realization in 18 

pure YIG remains limited. In this work, we demonstrated the YIG thin films grown on the 19 

substituted gadolinium gallium garnet substrates that exhibit PMA and a low damping constant. 20 

X-ray diffraction measurements revealed an in-plane tensile strain relative to bulk YIG, 21 

suggesting that the strain-induced lattice distortion plays an important role in the emergence of 22 

PMA. Spin wave propagation with forward volume configuration was investigated using two 23 

separated coplanar waveguides and network analyzer. The measured propagating spin wave 24 

spectra show a coherent propagation over several micrometers with a group velocity of 25 

approximately 0.2 km/s. Furthermore, in a heterostructure with a heavy metal layer of Pt, current-26 

induced spin-orbit torque successfully switches the perpendicular magnetization. These results 27 

establish sputter-deposited YIG thin films with perpendicular magnetization as a promising 28 

platform for studying low-damping spin-wave transport and current-driven magnetization 29 

dynamics. 30 
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I. INTRODUCTION 32 

Yttrium iron garnet (YIG) has long served as a cornerstone material in magnonics owing to 33 

its exceptionally low magnetic damping and its ability to support long-distance spin-wave 34 

propagation[1]. These characteristics have enabled diverse advancements in magnon-based 35 

information transport, logic functionalities, and magnon–spintronic devices[2–4]. However, most 36 

YIG thin films used to date possess in-plane magnetization[5–9], which limits the accessible spin-37 

wave modes and constrains device architectures that require perpendicular magnetization. 38 

Realizing perpendicular magnetic anisotropy (PMA) in YIG is therefore essential for expanding 39 

the degrees of freedom in spintronics / magnonics applications and enabling devices based on 40 

spin-orbit-torque- (SOT) induced magnetization dynamics, e.g. magnetization switching and the 41 

fast motion of magnetic textures, and out-of-plane spin-wave configuration[10–21]. 42 

Previous efforts to induce PMA in garnet systems have primarily relied on chemical 43 

substitution with elements such as Bi, Dy, Tm or Tb to engineer the strain between the substrates 44 

and garnet thin films[10,16,21–26]. While these strategies can produce PMA, chemically 45 

substituted garnets often introduce undesirable side effects such as increased magnetic damping 46 

or structural complexity, making them less suitable for applications requiring low-loss spin-wave 47 

transport. In contrast, achieving PMA in pure YIG without compositional modification remains a 48 

significant challenge. 49 

Strain engineering has recently emerged as a promising route to tailor magnetic anisotropy 50 

by exploiting substrate-induced lattice distortions. Gadolinium gallium garnet (GGG) is widely 51 

used as a substrate for the growth of YIG thin films due to its close lattice constant with YIG, 52 

resulting in a lattice mismatch of only 0.06%. As a result, YIG films grown on GGG typically 53 

exhibit in-plane magnetization. In contrast, PMA has been reported in YIG films grown on 54 

substrates with larger lattice mismatch, such as quartz[27], Si[28], and other garnet 55 

substrates[13,18,29–35], where strain-induced magnetoelastic effect can lead to PMA. In 56 

particular, substituted gadolinium gallium garnet (SGGG) substrate, which has a larger lattice 57 

constant than YIG, enables the realization of perpendicularly magnetized YIG thin films without 58 

sacrificing their intrinsically low magnetic damping[33]. Meanwhile, sputtering provides a 59 

scalable and industry-compatible method for producing YIG thin films, and recent progress has 60 

shown that sputtered YIG can achieve damping parameters approaching those of films grown by 61 

pulsed laser deposition or liquid-phase epitaxy[31,32,36–38]. 62 

In this work, we demonstrate that sputter-deposited YIG thin films grown on SGGG 63 

substrates exhibit PMA together with a low damping constant below 1 × 10−3 . Structural 64 

analysis via X-ray diffraction reveals the presence of in-plane strain relative to bulk YIG, 65 

indicating that strain-induced lattice distortion plays an important role in the emergence of PMA. 66 

We show that these perpendicularly magnetized YIG films support coherent spin-wave 67 
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propagation over micrometer distances in the forward-volume configuration. Furthermore, by 68 

integrating a Pt layer, we demonstrate that current-induced SOT can switch the perpendicular 69 

magnetization, establishing perpendicularly magnetized YIG as a promising platform for SOT-70 

driven control in insulating magnets. 71 

 72 

II. FILM GROWTH AND CHARACTERIZATION 73 

Single-crystal (111)-oriented (GdCa)3(GaMgZr)5O12 (SGGG) substrates were used for YIG 74 

film growth. The lattice constant of SGGG substrate is 𝑎SGGG = 1.2504 nm, which is slightly 75 

larger than that of bulk YIG 𝑎YIG  = 1.2376 nm, resulting in the lattice mismatch ratio 76 

(𝑎SGGG − 𝑎YIG) 𝑎YIG⁄   = 1.03%. A commercial YIG target was used to fabricate the YIG thin 77 

films by a radio-frequency magnetron sputtering system. The deposition process was carried out 78 

at room temperature with an argon pressure of 0.07 Pa. The sputtering power and time was 200 79 

W and 1 hour, respectively. After the deposition, the samples were annealed in air at various 80 

temperatures between 550 °C and 800 °C for 1 hour. Figure 1(a) shows the X-ray reflectivity of 81 

the YIG thin films after annealing. From the oscillation period, the film thickness was determined 82 

to be 28-29 nm for all samples, indicating that the annealing temperature does not affect the film 83 

thickness. 84 

Figure 1(b) presents the out-of-plane X-ray diffraction patterns measured around the (444) 85 

diffraction. For the sample annealed at 550 °C, no discernible YIG (444) peak is observed. This 86 

indicates that the film remains predominantly amorphous at this annealing temperature. Once the 87 

annealing temperature exceeds 600 °C, a clear YIG (444) peak emerges, and pronounced Laue 88 

oscillations appear. Moreover, the YIG (444) peaks are located at higher diffraction angles than 89 

the bulk YIG (444) peak and shift further toward higher angles as the annealing temperature 90 

increases, indicating an increase of out-of-plane lattice compression in YIG thin films. To further 91 

evaluate the crystallinity of the YIG films, reciprocal space maps around (486) diffraction were 92 

measured. From Fig. 1(c), for all samples annealed above 600 °C, the in-plane reciprocal-lattice 93 

coordinate of the YIG peak coincides with that of the SGGG substrate. This observation implies 94 

that the lattice mismatch between the YIG film and the SGGG substrate is accommodated 95 

predominantly as an in-plane tensile strain imposed on the YIG thin films. Such strain-induced 96 

magnetoelastic anisotropy is expected to contribute to the emergence of PMA in the YIG thin 97 

films, as discussed later. In addition, the out-of-plane reciprocal-lattice coordinate shifts to higher 98 

values compared with bulk YIG, corresponding to a reduced out-of-plane lattice constant. This 99 

shift increases with increasing annealing temperature, consistent with the results shown in Fig. 100 

1(b). The out-of-plane lattice shrinkage, especially for the films annealed at high temperatures 101 

may originate from the formation of point defects and dislocations in the YIG lattices, which 102 

possibly influence the magnetic properties. 103 
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To characterize the static magnetic properties of YIG films, magnetic hysteresis loops under 104 

the out-of-plane magnetic field are measured as shown in Fig. 2(a). Except for the sample 105 

annealed at 550 °C, finite remanent magnetization was observed in all samples, indicating that 106 

the magnetic easy axis is oriented perpendicular to the film plane. The sample annealed at 650 °C 107 

shows the largest saturation magnetization 𝑀𝑠 , while the 𝑀𝑠  values at higher annealing 108 

temperatures decrease slightly, as shown in Fig. 2(b). From Fig. 2(c), the coercive field 𝐻𝑐 109 

monotonically increases with annealing temperature. However, the hysteresis loops become less 110 

square for annealing temperatures of 750 °C and above. This degradation of loop squareness 111 

indicates increased dispersion in magnetic domain nucleation at high annealing temperatures. 112 

To further examine the dynamic magnetic properties of the perpendicular YIG films, we 113 

measured field-modulated magnetic resonance spectra under the out-of-plane magnetic field. The 114 

sample for the measurement was placed on a coplanar waveguide, and an rf diode and lock-in 115 

amplifier were used for the measurements. The microwave transmission signals were recorded by 116 

sweeping the magnetic field while fixing the microwave frequency. Figure 3(a) shows the 117 

ferromagnetic resonance (FMR) spectra measured at 16 GHz for YIG films annealed at different 118 

temperatures. The resonance peak shifts to lower fields as the annealing temperature increases up 119 

to 750 °C, reflecting the enhancement of PMA, and moves to higher fields once the annealing 120 

temperature exceeds 800 °C. The linewidth, on the other hand, increases monotonically with 121 

annealing temperature. To obtain the resonance field 𝐻res  and half-width-at-half-maximum 122 

FMR linewidth Δ𝐻, the measured signal is fitted with the derivative of the sum of symmetric and 123 

antisymmetric Lorentzian function. Figures 3(b) and 3(c) summarize the extracted parameters as 124 

a function of microwave frequency for the sample with different annealing temperatures. The 125 

solid lines in Figs. 3(b) and 3(c) are the fits to 126 

𝑓 =
𝜇0𝜇𝐵𝑔

2𝜋ℏ
(𝐻res + 𝐻𝑘

eff), (1) 136 

Δ𝐻 = Δ𝐻0 +
2𝜋ℏ

𝜇0𝜇B𝑔
𝛼𝑓 , (2) 137 

respectively, where 𝜇0, 𝜇𝐵, and ℏ are the vacuum permeability, Bohr magneton constant, and 127 

reduced Planck constant, and we obtained the Landé g-factor 𝑔 , effective PMA field 𝐻𝑘
eff , 128 

Gilbert damping constant 𝛼  and inhomogeneous broadening Δ𝐻0  as a function of annealing 129 

temperature, as shown in Figs. 3(d) – 3(g). The Landé g-factor shows no clear dependence on 130 

annealing temperature and remains nearly constant across all samples. In contrast, 𝐻𝑘
eff increases 131 

with annealing temperature up to 750 °C. However, 𝐻𝑘
eff is reduced for the sample annealed at 132 

800 °C, likely due to structural degradation at elevated annealing temperatures. While the Δ𝐻0 133 

increases monotonically with annealing temperature, the lowest 𝛼 was obtained for the sample 134 

annealed at 650 °C, with 𝛼 = 9.8 × 10-4. Although the obtained damping constant is larger than 135 
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the extremely low values reported for optimized YIG films grown on GGG substrate (on the order 138 

of 10-4 or lower) [39], it remains sufficiently small to support coherent spin wave propagation 139 

over micrometer distances, as described below. 140 

Combining the magnetometry and magnetic resonance results, we conclude that annealing 141 

at 650 °C provides the optimal condition in terms of overall magnetic performance, as it 142 

simultaneously yields the highest saturation magnetization, the sharp magnetization switching, 143 

the lowest damping constant, and small inhomogeneous broadening. This annealing condition 144 

therefore provides the optimal balance between crystallinity, strain, and magnetic uniformity in 145 

sputter-deposited YIG thin films with perpendicular magnetization. 146 

 147 

III. SPIN WAVE PROPAGATION 148 

Perpendicularly magnetized systems enable the realization of forward-volume spin-wave 149 

(FVSW) mode, which propagates isotropically in the film plane and intrinsically preserve 150 

reciprocity. Therefore, this mode is an attractive platform for the development of scalable 151 

magnonics circuits. 152 

Motivated by the successful realization of low-damping perpendicularly magnetized YIG 153 

films under optimized annealing conditions, we next investigate spin-wave propagation in this 154 

system. For this purpose, a YIG thin film with a thickness of 20 nm was fabricated using the 155 

optimized growth and annealing conditions, and FVSW mode was examined under an out-of-156 

plane magnetic field. 157 

Figure 4(a) shows an optical microscope image of the device after microfabrication together 158 

with a scanning electron microscopy image of the antenna region. Two coplanar waveguide 159 

antennas were patterned on the YIG film, with a separation 𝐷  of 1.5 μm, enabling the 160 

excitation/detection of spin waves propagation. For the measurement, each antenna is connected 161 

to the vector network analyzer by the microwave probes. The excitation power is fixed at -10 162 

dBm and the external magnetic field is applied in the out-of-plane direction. 163 

Figure 4(b) presents the magnetic field dependence of the spin wave transmission spectra 164 

|Δ𝑆12| measured between the two antennas. The signal at each magnetic field was obtained by 165 

subtracting the spectrum measured at a high magnetic field, where no resonant features appear 166 

within the measured frequency range. Clear resonance peaks originated from the spin wave 167 

transmission are observed over the entire magnetic field range investigated, including at zero 168 

magnetic field. This behavior highlights a key advantage of perpendicularly magnetized YIG, 169 

where forward-volume spin waves can propagate without an external magnetic field. As shown 170 

in Fig. 4(e), the magnetic field dependence of the peak frequency in |Δ𝑆12| are well reproduced 171 

by using the theoretical FVSW dispersion relation[40,41] 172 
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𝑓FVSW =
𝜇0𝜇𝐵𝑔

2𝜋ℏ
√(𝐻ext + 𝐻𝑘

eff) (𝐻ext + 𝐻𝑘
eff + 𝑀𝑠 (1 −

1 − 𝑒−𝑘𝑡YIG

𝑘𝑡YIG
)) (3) 179 

where 𝑀𝑠 = 85 kA/m obtained from magnetometry measurement and 𝜇0𝐻𝑘
eff = 53 mT obtained 173 

from FMR measurement. The slightly reduced values compared to those reported in Fig. 2(b) and 174 

3(e) can be attributed to the smaller film thickness. The 𝑘 and 𝑡YIG are a wavevector and a film 175 

thickness, respectively. The experimentally observed peaks are well fitted using Eq. (3) with 𝑘 176 

= 2.04 μm-1, which is in good agreement with the efficiently excited spin wave wavevector 177 

calculated from a spatial distribution of microwave current in the antenna [inset of Fig. 4(e)]. 178 

To examine the propagation symmetry, Fig. 4(c) shows the comparison of the transmission 180 

spectra measured in the two propagation directions, 𝑆21  and 𝑆12 . The overlap between two 181 

spectra indicates the absence of nonreciprocity. This behavior is characteristic feature of FVSW 182 

modes and contrasts with the nonreciprocal propagation observed in surface spin wave geometries. 183 

Figure 4(d) shows the real and imaginary part of the transmission signal, from which the 184 

phase evolution of the propagating spin wave is extracted as shown in the inset. The phase delay 185 

𝜑12 is given by 𝜑12 = −𝑘𝐷, and we can estimate the group velocity 𝑣𝑔 as follows[41,42]: 186 

|𝑣𝑔| = −2𝜋𝐷 (
𝑑𝜑12

𝑑𝑓
)

−1

 . (4) 197 

The extracted 𝑣𝑔 from the antenna distance 𝐷 and the slope of the phase variation as a function 187 

of the microwave frequency is shown in Fig. 4(f) with the calculated spin wave group velocity 188 

𝑣𝑔,cal = 2𝜋
𝑑𝑓𝐹𝑉𝑆𝑊

𝑑𝑘
≈

𝜇0𝜇𝐵𝑔

4ℏ
𝑀𝑠𝑡YIG. (5) 198 

In the low-magnetic field region, the spin-wave transmission signal was too weak to observe a 189 

sufficient phase variation for reliable evaluation of the group velocity. Nevertheless, the 190 

experimentally obtained spin-wave group velocity was found to be approximately 0.2 km/s and 191 

showed no discernible dependence on the magnetic field strength, as expected from 𝑣𝑔,cal. This 192 

value is about a factor of two larger than that obtained from theoretical calculation. Such 193 

discrepancies between experimentally evaluated and calculated group velocities have also been 194 

reported in perpendicularly magnetized thin film and are likely due to spatial inhomogeneities in 195 

the magnetic parameters[43]. 196 

In the present experiment, the antenna geometry excites micrometer-scale wavelength spin 199 

waves in dipolar regime, which leads to relatively small group velocities. In contrast, when 200 

nanometer-scale wavelength spin waves in exchange regime are excited, group velocities on the 201 

order of several km/s can be achieved [39]. Because exchange spin waves possess nearly isotropic 202 

dispersion relations that are independent of the magnetization configuration, similar group 203 

velocities are expected even in perpendicularly magnetized YIG. Therefore, excitation of shorter-204 
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wavelength spin waves could potentially enable both higher group velocities and longer 205 

propagation distances in this system. 206 

 207 

IV. SPIN ORBIT TORQUE SWITCHING 208 

The realization of perpendicularly magnetized YIG with low damping opens an opportunity 209 

to explore SOT-driven magnetization dynamics in an insulating magnetic system. Motivated by 210 

this perspective, we investigate SOT-induced magnetization switching in perpendicularly 211 

magnetized YIG films with a heavy metal overlayer. The experiments were performed on the 212 

same YIG films used in the spin wave propagation measurements, onto which a Pt (5 nm) layer 213 

was deposited by the magnetron sputtering to generate SOT via the spin Hall effect. 214 

The Hall cross devices were fabricated as shown in Fig. 5(a). The YIG/Pt bilayer was 215 

patterned into a Hall-bar structure with 8-μm-wide channel width and 1-μm-wide Hall probe 216 

width are defined by electron-beam lithography and Ar ion milling. The contact pads are defined 217 

by photolithography, followed by suppering deposition of Ti/Au and lift-off. The electric current 218 

was applied along the 𝑥 -direction and the magnetization state of the YIG layer was detected 219 

through the Hall resistance of the Pt layer, which is sensitive to the magnetization direction via 220 

spin-Hall magnetoresistance[44–46]. All electrical measurements were performed using a lock-221 

in technique. As shown in Fig. 5(b), the Hall resistance 𝑅𝐻  as a function of out-of-plane 222 

magnetic field shows full remanence and sharp magnetization switching at a coercive field 𝜇0𝐻𝑐 223 

= 6.0 mT, confirming the perpendicular magnetic easy axis of YIG after device fabrication. The 224 

linear background is due to the ordinary Hall effect in Pt. 225 

To demonstrate the current-induced magnetization switching, a 100-μs-long pulse current 226 

was applied under the presence of an in-plane magnetic field along the current injection axis. The 227 

in-plane magnetic field acts as a symmetry-breaking term that lifts the degeneracy between the 228 

two perpendicular magnetization states and therefore enables deterministic switching[47,48]. 229 

Figure 5(c) show the 𝑅𝐻 as a function of applied pulse current density 𝐽. Clear switching of the 230 

Hall signal and the polarity reversal depending on the magnetic field direction are observed, 231 

indicating deterministic magnetization switching driven by SOT. The magnitude of the Hall 232 

resistance change corresponds to that observed for full magnetization reversal. Therefore, the 233 

complete switching between the two perpendicular magnetization states is achieved. 234 

To quantitatively evaluate the SOT efficiency in the perpendicularly magnetized YIG/Pt 235 

heterostructure, harmonic Hall measurements were performed[49]. This technique allows the 236 

separation of the current-induced effective fields arising from SOT by analyzing the first- and 237 

second-harmonic Hall responses under an AC current. When the magnetization is saturated along 238 

the direction of the applied magnetic field, the following relation is used in the analysis of the 239 

harmonic Hall measurement: 240 
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𝑅𝐻
1𝜔 = 𝑅PHE sin 2𝜙𝐻 , (6) 245 

𝑅𝐻
2𝜔 = − (𝑅AHE

𝐻DL

𝐻ext − 𝐻𝑘
eff

+ 𝑅∇𝑇) cos 𝜙𝐻 + 2𝑅PHE

𝐻FL + 𝐻Oe

𝐻ext

(2 cos3 𝜙𝐻 − cos 𝜙𝐻) 246 

= −𝑅DL+∇𝑇 cos 𝜙𝐻 + 𝑅FL+Oe(2 cos3 𝜙𝐻 − cos 𝜙𝐻), (7) 247 

where, 𝑅PHE, 𝑅AHE, and 𝑅∇𝑇 are planer Hall resistance, anomalous Hall resistance, and thermal-241 

induced second-harmonic resistance, and 𝐻DL, 𝐻FL, and 𝐻Oe are the effective fields with damping-242 

like (DL) and field-like (FL) SOTs and Oersted field, respectively. The 𝜙𝐻 is the in-plane field angle 243 

with respect to the 𝑥-axis. 244 

Figure 6(a) shows the 𝜙𝐻  dependence of the first- and second-harmonic Hall resistance 248 

under the AC current with an amplitude of 2 mA (0.5 × 1011 A m-2) and a frequency of 17 Hz. The 249 

measurements were performed under the external magnetic fields larger than the effect PMA field, 250 

ensuring that the magnetization was aligned with the applied field direction. We then extracted 251 

𝑅DL+∇𝑇 and 𝑅FL+Oe from the fitting of 𝑅𝐻
2𝜔 vs 𝜙𝐻 using Eq. (7), as shown in Figs. 6(b) and 6(c). 252 

The estimated 𝑅DL+∇𝑇  and 𝑅FL+Oe  show a linear dependence on 1 (𝜇0𝐻ext − 𝜇0𝐻𝑘
eff)⁄   and 253 

1 (𝜇0𝐻ext)⁄  , respectively. The corresponding effective fields, 𝐻DL  and 𝐻FL + 𝐻Oe , were also 254 

obtained from the slope of linear fits, and 𝜇0𝐻DL 𝐽⁄  and 𝜇0 (𝐻FL + 𝐻Oe) 𝐽⁄  are estimated to be 255 

2.2 mT/(1011 A m-2) and -0.059 mT/(1011 A m-2). Therefore DL-SOT is the dominant contribution 256 

in our YIG/Pt bilayer systems. Finally we evaluate the efficiency of the DL-SOT via 𝜉DL =257 

(2𝑒 ℏ⁄ )(𝜇0𝑀𝑠𝑡YIG𝐻DL 𝐽⁄ )  using appropriate material parameters, where 𝑒  is the elementary 258 

charge. We find 𝜉𝐷𝐿 = 0.018, which is comparable to those reported for YIG/Pt systems[45], 259 

demonstrating efficient spin-current generation and transfer across the YIG/Pt interface. These 260 

results further corroborate that the sputter-deposited perpendicularly magnetized YIG serves as a 261 

viable platform for quantitative studies of SOT and for current-controlled magnetization dynamics 262 

in insulating magnetic systems. 263 

 264 

V. DISCUSSION 265 

One of the central implications of the present work lies in the simultaneous realization of 266 

efficient spin-wave propagation and spin–orbit-torque-driven magnetization switching within the 267 

same perpendicularly magnetized YIG material. These two functionalities impose inherently 268 

conflicting requirements on the magnetic layer thickness. On the one hand, the group velocity of 269 

spin waves scales with 𝑀𝑠𝑡YIG , as described by Eq. (5), favoring thicker magnetic films for 270 

efficient spin-wave transport. On the other hand, the threshold current density required for SOT-271 

induced magnetization switching also scales with 𝑀𝑠𝑡YIG , implying that thinner films are 272 

advantageous for reducing the switching current[50]. Reconciling these competing requirements 273 

within a single material platform is therefore highly nontrivial. 274 

The key enabling factor in our system is the low magnetic damping achieved in YIG films 275 
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with perpendicular magnetization. The spin-wave propagation length is given by the product of 276 

the group velocity and the magnon relaxation time, and is therefore inversely proportional to the 277 

magnetic damping constant. Consequently, the small damping constant allows coherent spin-278 

wave propagation to be sustained even in relatively thin films. In this sense, the present work 279 

demonstrates that perpendicularly magnetized YIG occupies a unique parameter space where both 280 

spin-wave transport and current-driven magnetization control can be realized without 281 

compromising either functionality. 282 

The relatively small bias field (~4.5 mT) observed in the present YIG/Pt bilayer suggests the 283 

possibility of non-volatile control of magnonics circuits. Since forward-volume spin waves 284 

exhibit isotropic dispersion in the film plane, magnetization switching could enable 285 

reconfigurable magnonics functionalities without significantly affecting spin-wave propagation. 286 

Beyond magnetization switching, SOT can also enable the amplification and active control of 287 

spin waves in magnetic heterostructures. Such effects have been demonstrated in several 288 

ferromagnetic systems and could potentially be realized in the perpendicularly magnetized YIG/Pt 289 

structures investigated here, providing a route toward active magnonics devices [51–53]. This 290 

combination of efficient spin-wave transport and current-driven magnetization control highlights 291 

the potential of the YIG system studied here as a versatile platform for integrated magnonic and 292 

spin–orbitronic devices. 293 

 294 

VI. SUMMARY 295 

In summary, we have demonstrated the realization of perpendicularly magnetized YIG thin 296 

films grown by magnetron sputtering on substituted gadolinium gallium garget substrates. By 297 

optimizing the post-annealing conditions, perpendicular magnetized YIG thin films were 298 

successfully fabricated while maintaining an exceptionally low magnetic damping constant. 299 

Structural analysis revealed epitaxial growth with in-plane lattice clamping, indicating the 300 

presence of strain-induced lattice distortion that contributes the emergence of perpendicular 301 

magnetic anisotropy. Using optimized perpendicularly magnetized YIG films, we demonstrated 302 

coherent forward-volume spin wave propagation over micrometer distances even at zero magnetic 303 

field and exhibiting fully reciprocal behavior. Furthermore, by integrating a Pt overlayer, we 304 

achieved the SOT-induced switching of the perpendicular magnetization in YIG. Harmonic Hall 305 

measurements enabled a quantitative evaluation of SOT efficiency, confirming efficient spin-306 

current generation and transfer across the YIG/Pt interface. These results establish sputter-307 

deposited perpendicularly magnetized YIG as a promising and versatile platform for low-308 

dissipation spin-wave transport and current-driven magnetization control in insulating magnetic 309 

systems.  310 

 311 
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 466 

FIG. 1. (a) X-ray reflectivity of YIG thin films annealed at different temperatures. (b) Out-of-plane X-ray 467 

diffraction measured around (444) diffraction. The dashed line indicates the (444) peak position of bulk YIG. 468 

(c) Reciprocal space maps around the (486) diffraction.  469 
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 470 

FIG. 2. (a) Magnetic hysteresis loops along out-of-plane magnetic field with the YIG thin films annealed at 471 

different temperatures. (b) Saturation magnetization and (c) coercive field as a function of annealing temperature.  472 
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 473 

FIG. 3. (a) Ferromagnetic resonance (FMR) spectra measured at 16 GHz under out-of-plane magnetic field for 474 

YIG thin films annealed at different temperatures. (b)(c) Frequency dependence of the resonance field 𝐻res (b) 475 

and linewidth Δ𝐻 (c), obtained from fitting the FMR spectra with the derivative of the sum of symmetric and 476 

antisymmetric Lorentzian function. (d-g) Annealing temperature dependence of the extracted magnetic 477 

parameters: (d) Landé g-factor, (e) effective magnetic anisotropy field 𝐻𝑘
eff, (f) Gilbert damping constant 𝛼, 478 

and (f) inhomogeneous linewidth broadening Δ𝐻0.  479 
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  480 

FIG. 4. (a) Optical microscope image of the spin wave device with perpendicularly magnetized YIG waveguide 481 

and a scanning electron microscope image of the antenna region. (b) Spin wave transmission spectra |Δ𝑆12| 482 

measured at various out-of-plane magnetic fields. (c) Comparison of the transmission spectra Δ𝑆12 and Δ𝑆21 483 

and (d) real/imaginary part of the transmission signal Re[Δ𝑆12] and Im[Δ𝑆12] measured under the magnetic 484 

field of 102 mT. Inset in (d) shows the phase of the transmission signal as a function of microwave frequency. 485 

(e) Spin wave resonance frequency as a function of magnetic field with the fitting using Eq. (3). Inset shows the 486 

Fourier transform of the current distribution in the microwave antenna. f) Spin wave group velocity as a function 487 

of magnetic field.  488 
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 489 

FIG. 5. (a) Optical microscope image of the YIG/Pt Hall-bar device used for spin-orbit torque switching 490 

experiments. (b) Out-of-plane magnetic field dependence of the Hall resistance 𝑅𝐻. (c) 𝑅𝐻 measured after the 491 

pulse current to the Pt layer under fixed in-plane magnetic fields of 4.5 mT and -4.6 mT.  492 
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 493 

FIG. 6. (a) First-harmonic Hall resistance 𝑅𝐻
1𝜔  (upper panel) and second-harmonic Hall resistance 𝑅𝐻

2𝜔 494 

(lower panel) measured at in-plane magnetic field of 169 mT and 406 mT under AC current with the amplitude 495 

of 2.0 mA. (b) The 𝑅DL+∇𝑇  as a function of 1 (𝜇0𝐻ext + 𝜇0𝐻𝑘)⁄   and (c) the 𝑅FL+Oe  as a function of 496 

1 (𝜇0𝐻ext)⁄ . The solid lines are linear fits to the experimental data. 497 
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