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Yttrium iron garnet (YIG) magnonics has garnered significant research interest because of the unique properties of

magnons (quasiparticles of collective spin excitation) for signal processing. In particular, hybrid systems based on YIG

magnonics show great promise for quantum information science due to their broad frequency tunability and strong

compatibility with other platforms. However, their broad applications have been severely constrained by substantial

microwave loss in the gadolinium gallium garnet (GGG) substrate at cryogenic temperatures. In this study, we demon-

strate that YIG thin films can be spalled from YIG/GGG samples. Our approach is validated by measuring hybrid

devices comprising superconducting resonators and spalled YIG films, which exhibits anti-crossing features that indi-

cate strong coupling between magnons and microwave photons. Such new capability of separating YIG thin films from

GGG substrates via spalling, and the integrated superconductor-YIG devices represent a significant advancement for

integrated magnonic devices, paving the way for advanced magnon-based coherent information processing.

I. INTRODUCTION

The field of YIG magnonics1 is a rapidly evolving re-

search area focusing on the study of collective spin excita-

tions (magnons) in YIG (yttrium iron garnet) crystals. In

recent years, magnonics has shown great potential for hy-

brid information processing2–5. As a ferrimagnetic insula-

tor, YIG has been considered as one of the most attractive

magnetic materials for developing hybrid magnonic devices,

thanks to its low magnetic damping, high spin density, and

excellent compatibility with various physical systems such

as microwave, optics, and acoustics. These unique proper-

ties enable the extensive exploration in recent years on YIG-

based hybrid magnonic devices such as electromagnonics6–16,

optomagnonics17–19, and magnomechanics20–23 for different

applications ranging from quantum information science24–28

to dark matter detection29,30. With the recent growing inter-

ests in developing large-scale integrated magnonic circuits,

thin-film YIG devices are now highly sought after, marking

a shift from the bulk YIG spheres widely used in earlier re-

search.

However, the development of thin film YIG devices at cryo-

genic temperatures has faced significant limitations, primarily

due to the undesirable properties of the substrate used for YIG

thin film growth. The optimal method for producing high-

quality crystalline YIG films is epitaxial growth on gadolin-

ium gallium garnet (GGG) substrates, which have a lattice
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constant closely matched to that of YIG, resulting in room-

temperature magnon linewidths similar to those of single-

crystal YIG spheres. Unfortunately, at cryogenic tempera-

tures, YIG films exhibit substantial microwave losses because

the GGG substrate undergoes a phase transition into a geo-

metrically frustrated spin-liquid state below 5 kelvin31. In

this state, the short-range ordered spins in the GGG sub-

strate strongly absorb external energy, a characteristic that

has been exploited in commercial adiabatic demagnetization

cooling applications. Consequently, in YIG/GGG structures,

the presence of the spin-liquid state in GGG reduces the life-

time of spin excitations in the YIG layer, as evidenced by

a larger ferromagnetic resonance (FMR)32 linewidth com-

pared to pure YIG spheres. This presents a significant ob-

stacle to the integration of YIG thin films in cryogenic de-

vices. For instance, recent demonstrations of electromagnonic

systems6–16,33–35, which involve strongly coupled microwave

photons and magnons and hold great promise for integration

with superconducting qubits24–28, have been largely restricted

to YIG spheres, while the application of YIG thin films has

been limited due to their high losses at cryogenic tempera-

tures.

One promising solution to this significant challenge is to

utilize YIG thin films without the GGG substrate, which

can be implemented through several different technical ap-

proaches. The first method involves growing YIG thin films

on alternative substrates, such as silicon36–39. This approach

is straightforward and could greatly facilitate device integra-

tion if successfully developed; however, the quality of YIG

thin films produced in this manner is often low due to the

lattice mismatch between YIG and the new substrate. The
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FIG. 1. (a) A schematic of an integrated hybrid quantum device using the spalled YIG thin film. (b) Schematics of the YIG film spalling

process: (I) (Optional) helium ion implantation process with implantation depth around 7 µm in the YIG/GGG substrate. (II) A stack of films

comprising 10 nm of chromium, 70 nm of gold, and 7 µm of nickel deposited on a 200 nm YIG/500 µm GGG substrate. (III) The separation

point occurs at approximately 2 µm beneath the YIG/GGG substrate’s top surface, where stress accumulates, achieved by using a thermal

release tape. (IV) Materials remaining on the tape, from bottom to top: 7 µm of nickel, 70 nm of gold, 10 nm of chromium, 200 nm of

YIG, and 2 µm of GGG. (V) Subsequent removal of metal layers is accomplished using nickel, gold, and chromium etchants in sequence. (c)

Optical image of the spalled sample after step II. Right side: spalled film adhered to the thermal release tape. Left side: the remaining GGG

substrate after the spalling process. (d) Confocal microscope measurement image of the surface of the remaining GGG substrate. The outline

of the spalled area is marked by the yellow dashed line.

second method entails detaching epitaxially grown single-

crystalline YIG from the GGG substrate40–43. While this ap-

proach yields high-quality YIG thin films, the separation pro-

cesses are typically challenging and difficult to control due

to the similar physical and chemical properties of YIG and

GGG, which hinders broader applications. Another approach

involves growing YIG structures on the GGG substrate with

finite contact points, followed by a transfer process. Although

high-quality YIG devices can be obtained using this method,

it is challenging to produce large-area YIG thin films41. In this

work, we present our investigation of a novel method designed

to simplify the YIG detaching process, offering a new direc-

tion for the development of integrated YIG devices [Fig. 1(a)].

II. YIG SPALLING AND DEVICE PREPARATION

Our approach is based on controlled mechanical spalling44,

as illustrated by the procedures in Fig. 1(b). The substrate

used is a commercially available single-crystal YIG film [200

nm thick, (111)-oriented], grown on a 500 µm-thick GGG

substrate via liquid phase epitaxy (LPE). After cleaning the

sample, a 10-nm-thick layer of chromium (Cr) followed by a

70-nm-thick layer of gold (Au) is deposited on the YIG sur-

face through magnetron sputtering. Using the sputtered gold

film as a seed layer, a thick film of nickel (Ni) is electroplated

to a final thickness of 7 µm, utilizing the electroplating con-

ditions outlined in Refs. 45,46, which yields an intrinsic tensile

stress of 700 MPa. This tensile stress, along with the thick-

ness of the Ni layer, defines an equilibrium depth within the

YIG/GGG substrate where steady-state crack propagation can

occur47.

Using thermal release tape, the top layer stack

(Ni/Au/Cr/YIG/GGG) is carefully spalled, resulting in a

continuous film, as shown in Fig. 1(c), with most of the

GGG substrate remaining on the bottom tape. Given that

this depth exceeds the thickness of the YIG layer, the spalled

YIG remains attached to a thin layer of GGG. However, by

selecting YIG wafers with larger thickness (e.g., 10 µm) and

optimizing the thickness and tensile stress of the Ni layer, it

is possible to spall a layer of pure YIG without any residual

GGG. The final metal-free device is achieved by removing all

the metal layers using appropriate wet chemical etching.

We observed that under our current conditions, ion implan-

tation into the substrate plays a crucial role in spalling. For

intrinsic YIG/GGG samples, the resulting spalling depth is

typically 5-10 µm. However, when the YIG/GGG sample is

treated with helium ion implantation (following the conditions

outlined in Refs. 40,48), thinner spalling depths are achieved

along with smoother surfaces. This is demonstrated by surface

profile scans of the remaining GGG substrate post-spalling

[Fig. 1(d)] using a 3D laser scanning confocal microscope

(Keyence VK-X1000), which reveal a spalling depth of ap-

proximately 2-3 µm. This observation can be attributed to

damage within the GGG layer at the ion implantation depth

(7 µm) caused by the high-energy helium ions during the im-
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FIG. 2. (a) Schematics of a spalled YIG thin film bonded onto

an room-temperature RSRR chip. (b) Optical image of a piece of

spalled YIG (approximately 500µm × 300µm affixed to a Kapton

tape. (c) Measured reflection spectra for the RSRR device with the

YIG/GGG chip attached (prior to annealing). (d) Measured reflection

spectra for the RSRR device with the spalled YIG (after annealing).

plantation process, making it more prone to fracture under the

elastic stress from the Ni layer and resulting in a shallower

spalling depth.

III. ROOM-TEMPERATURE MICROWAVE

CHARACTERIZATION

To characterize the microwave performance of the spalled

YIG thin film at room temperature, it is flip-bonded to a

rectangular split ring resonator (RSRR) made of copper16

for ferromagnetic resonance (FMR) measurement, as shown

schematically in Fig. 2(a). The reflection spectrum of the

RSRR is obtained using a vector network analyzer, and the

FMR frequency of the spalled YIG is fine-tuned by adjust-

ing the magnitude of a magnetic field applied along the out-

of-plane direction. When the magnon modes approach the

resonance frequency of the microwave resonator, they should

become visible in the reflection spectrum.

However, when a 500× 300× 2 µm3 piece of the spalled

YIG film (treated with helium ion implantation) is bonded to

the RSRR, no magnon modes are observed in the reflection

spectra. This absence can be attributed to significant magnon

losses induced by the ion implantation, which may exceed

the coupling strength between the microwave resonance and

the magnon mode due to the small volume of the YIG piece.

To confirm this hypothesis, we tested a larger piece (approx-

imately 5× 5 mm2) of unspalled YIG treated with the same

ion implantation process, using the same RSRR reflection

measurement. With this increased YIG volume, the magnon

mode is successfully detected; however, the measured data

[Fig. 2(c)] shows a significantly broader linewidth (full width

at half maximum, FWHM) of ∆ω/2π = 78.2 MHz at 11.6

FIG. 3. (a) Layout depicting the superconducting resonator coupled

to a bus transmission line. (b) Zoomed-in view of the lumped el-

ement resonator design, showing the interdigital capacitors on the

sides and the inductor wire in the middle. (c) Optical image display-

ing a superconducting resonator loaded with the spalled YIG thin

film (measuring approximately 300 µm× 200 µm). The irregular

shaded area is the GE varnish for chip bonding. (d) The measured

spectrum of the chip bonded with the spalled YIG at 200 mK, reveal-

ing two microwave resonances at 5.05 GHz and 9.34 GHz, respec-

tively. (e) The measured transmission spectrum of another super-

conducting resonator device at 200 mK with (red curve) and without

(black curve) the unspalled YIG/GGG substrate.

GHz, corresponding to a magnon dissipation rate κm/2π =
39.1 MHz, which is an order of magnitude higher than previ-

ously reported values for LPE YIG thin films32,49–51.

The broader linewidth can be attributed to two primary dis-

sipation sources: (1) structural damage from high-energy ion

penetration into the YIG layer and (2) the accumulation of

helium ions within the YIG layer. Both effects can be mit-

igated through an annealing process, which can restore the

damaged lattice structure and expel accumulated helium ions

from the YIG. We performed annealing on multiple spalled-

free YIG films in ambient air, with the temperature gradually

increased from room temperature to a maximum of 850 ◦C

over six hours, held for three hours, and then slowly cooled

over 14 hours, allowing ample time for lattice healing and

recrystallization of the YIG. Following this annealing pro-

cess, the magnon mode is successfully observed in the spalled

YIG device, as shown in Fig. 2(d). Numerical fitting reveals a

linewidth of ∆ω/2π = 4.16 MHz at 10.5 GHz (corresponding

to ∆H = 1.5 Oe), comparable to those of high-quality LPE

YIG thin films reported in previous studies32,49–51.
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IV. LOW-TEMPERATURE MICROWAVE

CHARACTERIZATION

We further characterize the spalled YIG device at mil-

likelvin (mK) temperatures to explore its potential in cryo-

genic quantum applications. A small piece of spalled YIG

(around 300 × 200 × 2 µm3) is coupled to a superconduct-

ing microwave resonator, fabricated using a 100-nm-thick nio-

bium layer via photolithography and dry etching. To enhance

magnon-photon coupling, a lumped-element resonator with

interdigital capacitors is used, inductively coupled to a bus

transmission line, as shown in the layout in Figs. 3(a) and (b).

The YIG flake is flip-bonded with GE varnish to cover the

central inductor wire where the microwave magnetic field is

strongest34, further increasing the coupling strength between

the magnon and photon modes. An optical image of the as-

sembled device is shown in Fig. 3(c), with the red dashed

line indicating the shape and location of the spalled YIG film,

which appears with low contrast against the yellowish GE var-

nish under the optical microscope.

Figure 3(d) shows the microwave transmission of the device

measured at 200 millikelvin in an adiabatic demagnetization

refrigerator (ADR). Two resonance modes appear as sharp

dips in the transmission spectrum, similar to observations in

Ref. 34. The inset highlights the fundamental mode at 5.05

GHz, which has a lower damping rate and smaller extinction

ratio. While the mode at 9.34 GHz exhibits a higher extinction

ratio, it has greater dissipation and couples weakly with the

YIG magnon mode, and therefore is not discussed hereafter.

Importantly, the clear observation of two high-quality reso-

nances in the YIG-loaded superconducting resonator suggests

that losses from the GGG substrate have been significantly

suppressed. For comparison, we measured another supercon-

ducting resonator device loaded with an unspalled YIG/GGG

chip at the same temperature. Figure 3(e) clearly shows that

the GGG substrate loss directly affects the superconducting

microwave resonator. Prior to the YIG/GGG bonding, two

resonances at 7.4 GHz and 8.5 GHz are distinctly visible

[black curve in Fig. 3(e)]. However, with the addition of the

500 µm thick GGG substrate, no clear microwave resonances

are observed (red curve).

V. STRONG COUPLING USING THE SPALLED YIG

DEVICE

To characterize the device shown in Fig. 3(c), we measured

its microwave transmission while varying the strength of an

applied magnetic field to tune the magnon frequency. The

magnetic field is applied along the in-plane direction of the

superconducting resonator chip, aligned with the orientation

of the inductor wire. A clear avoided-crossing feature ap-

pears in the measured spectra, as shown in Fig. 4(a), indicating

that the device has entered the strong coupling regime, where

the magnon-photon coupling strength surpasses the dissipa-

tion rate of each individual mode.

Using numerical fitting based on the rotating-wave approx-

imation (RWA)52, the magnon-photon coupling strength g is

FIG. 4. (a) A heatmap of the measured transmission spectrum for

the superconducting resonator device shown in Fig. 3(c), showing

the avoid-crossing feature. The overlaid red circles represent the cal-

culated frequencies of magnon-photon modes. (b) A heatmap of the

calculated transmission spectrum using Eq (1) with the fitted magnon

linewidth. (c) Transmission data at 1300 G where the magnon mode

is far detuned. The photon linewidth is extracted as 2κc/2π = 3.9
MHz. (d) Transmission data at 1000 G where the magnon and the

photon modes are on resonance and fully hybridized. The hybrid

linewidth is fitted to be 2κh/2π = 15 MHz.

determined to be 2π × 62 MHz, with detailed procedures de-

scribed in Section I of the Supplemental Material53. The cal-

culated frequencies of the magnon and photon modes, shown

as red dots in Fig.,4(a), align well with the measured spec-

trum. At a magnetic field of 1300 G, where the magnon mode

is far detuned from the microwave resonance, the dissipation

rate of the microwave mode is extracted as κc = ∆ω/2 =
2π × 1.95 MHz, leading to a quality factor Q = 1295. Since

the spalled YIG film is positioned sufficiently far from the bus

transmission line, its direct coupling to the line is negligible.

Therefore, the magnon mode is only observed when it is close

to or on resonance with the microwave mode.

The magnon dissipation rate can be estimated using the re-

lation κh = (κm + κc)/2 when the modes are maximally hy-

bridized, i.e., when the magnon and photon modes are on

resonance. Here, κh is the on-resonance dissipation rate of

the hybrid mode, fitted from the linewidth as κh = ∆ωh/2 =
2π × 7.50 MHz, as shown in Fig. 4(d). Consequently, the

dissipation rate of the magnon mode is determined as κm =
2κh −κc = 2π × 13 MHz, corresponding to a FWHM ∆H =
9.3 Oe. Compared with the devices in Fig. 3(e) which con-

sist of 200-nm-thick YIG on 500-µm-thick GGG, the magnon

losses have been significantly reduced at cryogenic temper-

atures. Although it remains higher than the dissipation rate

measured on bulk YIG samples, this may be due to the resid-

ual GGG layer attached to the YIG thin film or the rough

spalled surface, which could potentially be removed through

further optimization.

The extracted parameters for dissipation and coupling are
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consistent with the numerical fitting results [see Supplemen-

tal Material Ref. 53 for details] from the measured spectrum

based on input-output theory54–56, as described by the equa-

tion

|S21|
2 =

∣

∣

∣

∣

∣

∣

1−
2κex

i∆c +κc +
g2

i∆m+κm

∣

∣

∣

∣

∣

∣

2

, (1)

where g is the magnon-photon coupling strength, κex is the

external coupling rate between the microwave resonator and

the bus feeding line, κc (κm) represents the total dissipa-

tion rate of the resonator (magnon) mode, and ∆c = ωc −ω

and ∆m = ωm −ω are the cavity and magnon detunings, re-

spectively. The calculated spectra using Eq.,1 are shown in

Fig.,4(b), matching well with the measured result in Fig.,4(a).

VI. CONCLUSION

In conclusion, we have demonstrated a new approach for

spalling YIG thin films from GGG substrates and validated

it by measuring strong magnon-photon coupling in a hybrid

device. Direct comparisons with conventional YIG/GGG de-

vices confirm the effectiveness of our approach. This work

represents the first application of spalling technology to mag-

netic garnets, which are known for their strength and process-

ing challenges. Compared to other methods, our spalling-

based approach offers distinct advantages, including reduced

material contamination and flexible thickness control. Al-

though the linewidth of our measured device at cryogenic

temperatures is still higher than that of bulk YIG, further

improvement is achievable by fully removing the GGG sub-

strate. With optimization – such as adjusting the thickness

of the initial YIG film and the stress and thickness of the Ni

layer – our method is promising for wafer-scale production

of magnonic devices for quantum applications and beyond.

For example, the spalled YIG films can be integrated (via

bonding or pattern transfer) with on-chip microwave anten-

nas or resonators to provide large frequency tunability even

at millikelvin temperature. In addition, when combined with

other novel functionalities6–30 in YIG magnonic devices, our

spalled YIG thin films could enable unique properties for cou-

pling magnons with a wide range of degrees of freedom, in-

cluding optics, acoustics, and magnetics.

VII. SUPPLEMENTARY MATERIAL

Further resonator simulation resutls and system modeling

details can be found in the Supplementary Material.
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