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Probing spin dynamics of ultra-thin van der
Waalsmagnets via photon-magnon coupling

Christoph W. Zollitsch 1 , Safe Khan1, Vu Thanh Trung Nam2,
Ivan A. Verzhbitskiy2, Dimitrios Sagkovits1,3, James O’Sullivan1,
Oscar W. Kennedy1, Mara Strungaru4, Elton J. G. Santos 4,5,
John J. L. Morton 1,6, Goki Eda 2,7,8 & Hidekazu Kurebayashi 1,6,9

Layered van der Waals (vdW) magnets can maintain a magnetic order even
down to the single-layer regime and hold promise for integrated spintronic
devices. While the magnetic ground state of vdW magnets was extensively
studied, key parameters of spin dynamics, like the Gilbert damping, crucial for
designing ultra-fast spintronic devices, remains largely unexplored. Despite
recent studies by optical excitation and detection, achieving spin wave control
with microwaves is highly desirable, as modern integrated information tech-
nologies predominantly are operated with these. The intrinsically small num-
bers of spins, however, poses a major challenge to this. Here, we present a
hybrid approach to detect spin dynamics mediated by photon-magnon cou-
pling between high-Q superconducting resonators and ultra-thin flakes of
Cr2Ge2Te6 (CGT) as thin as 11 nm. We test and benchmark our technique with
23 individual CGT flakes and extract an upper limit for the Gilbert damping
parameter. These results are crucial in designing on-chip integrated circuits
using vdW magnets and offer prospects for probing spin dynamics of mono-
layer vdW magnets.

van der Waals (vdW) materials1–4 consist of individual atomic layers
bonded by vdW forces and can host different types of collective
excitations suchas plasmons, phonons, andmagnons. Strong coupling
between these excitation modes and electromagnetic waves (i.e.
photonic modes) creates confined light-matter hybrid modes, termed
polaritons. Polaritons in vdW materials are an ideal model system to
explore a variety of polaritonic states5,6, e.g., surface plasmon polar-
itons in graphene7,8 and exciton polaritons in a monolayer MoS2
embedded inside a dielectric microcavity9. These states can be further
modified by electrostatic gating10, as well as by hetero-structuringwith
dissimilar vdW layers1.

Numerous studies on magnon polaritons (MPs)11,12 have been
using macroscopic yttrium iron garnet (YIG) coupled to either three-
dimensional cavities13 or to on-chip resonators14,15, with potential
applications in ultra-fast information processing, non-reciprocity or
microwave to optical transduction. By reducing the number of exci-
tations, MPs find application in the quantum regime, e.g., magnon
number counting via an electromagnetically coupled superconducting
qubit16,17 or as a building block for Bell state generation18.

The rapidly developing research around polaritons and specifi-
cally MPs has so far, been little studied inmagnetic vdWmaterials due
to the relatively recent discoveries of long-range magnetic order in
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vdW systems at the few monolayer regime19–21, in addition to its tech-
nically challenging realization. StableMP states are formed by strongly
coupling the magnetic field oscillation of a resonant photon to the
collectivemagnetization oscillation in amagneticmaterial. This strong
coupling is achieved when the collective coupling rate geff is larger
than the average of both system loss rates. In a simplified picture, geff
scales linearly with the strength of the oscillating magnetic field of a
resonator and the square root number of spins14. For studies involving
bulk magnetic materials and low-quality and large microwave resona-
tors, strong coupling is achieved when geff/2π is in the MHz range,
which is accomplishedwith relative easedue to the abundance of spins
in bulk magnetic materials. A reduction of the bulk dimensions down
from mm to μm and nm scales, the typical lateral dimensions and
thickness of vdW material monolayers, results in a decrease of the
coupling strength by at least 6 orders of magnitude. Commonly used
microwave resonators are not able to produce strong enough oscil-
lating magnetic fields to compensate for such a reduction in absolute
number of spins. Only by advanced resonator design and engineering
the regime of strongly coupled MPs in monolayer vdW magnetic
materials can be accomplished, granting access to spin dynamic phy-
sics at a true 2d monolayer limit and research on MPs in nanoscale
devices where the whole range of on-chip tuning and engineering
tools, such as electric fields or device design, are available.

Magnons or MPs have been observed in magnetic vdWmaterials,
but it had been restricted to either the optical frequency range22,23 or a
large thickness limit24,25, respectively. Here, we present our attempt of
detecting spin dynamics in ultra-thin vdWmagnetic materials and the
creation of MPs by magnon-photon coupling in the microwave fre-
quency range, using superconducting resonators optimized for
increased magnon-photon coupling. By using microwave resonators
with a small mode volume, we not only increased its oscillating mag-
netic field strength but also matched it more efficiently to the size of

nanoscale vdW flakes. Our work presents a fundamental cornerstone
for a general blueprint for designing and developing magnon-photon
hybrids for any type of ultra-thin ormonolayer vdWmagneticmaterial,
enabling research on on-chip microwave applications for (quantum)
information processing.

Results
In this article, we report on the observation of spin dynamics and the
creation of MPs at the onset of the high cooperativity regime with the
vdW ferromagnet CGT of nm scale thickness, demonstrating a path-
way towards stable magnon-photon polariton creation. We combine a
precise transfer process of exfoliated CGT flakes and high-sensitivity
superconducting resonators, to access and study the dynamical
response of coupled photon-magnon states in a small-volume (nm-
thick and μm-sized) CGT flake (illustrated in Fig. 1a). High-quality-
factor superconducting lumped element resonators are chosen to be
the counterpart due to their extremely small mode volume
(≈6000μm3) and consequently strong oscillating magnetic fields
(B1 ≈ 25 nT, see SI for resonator quality-factors and B1-field distribu-
tions), resulting in high spin sensitivities26,27. At cryogenic tempera-
tures, we perform low-power microwave spectroscopy on multiple
resonator-vdW-flake hybrids, covering a frequency range from 12GHz
to 18GHz for a variety of thickness. Samples consist of up to 12 reso-
nators on a single chip, all capacitively coupled to a common micro-
wave transmission line for read-out (see SI for details). Multiple peaks
of spin-wave resonances are observed for each CGT flake measured.
The spin-wavemodes are closely spaced in frequency and show a large
overlap. We employ a semi-optimized fittingmodel to produce a good
estimate for the collective coupling strength and magnetic linewidth.
By taking the resonance value of the most prominent peak of each
spectrum, we find that all measured points can be fitted very well by a
single curve calculated by the Kittel formula with bulk CGT para-
meters. Furthermore, we extracted the linewidth for the thinnest CGT
flake investigated, 11 nm or 15 monolayers (ML), the only device exhi-
biting well-separated spin-wave modes. This allowed a fully quantita-
tive analysis and we determined an upper limit of the Gilbert damping
parameter of 0.02. This value is comparable to the damping reported
for 3d transition metal ferromagnets, suggesting that magnetic vdW
flakes have the potential for the fabrication of functional spintronic
devices.

We investigate the dynamics of nm-thick CGT flakes, using
superconducting lumped element resonators made of NbN (see
methods for fabrication details and SI and ref. 28 for more perfor-
mance details). The advantages of a lumped element design are the
spatial separation of the oscillating magnetic field B1 and electric field
E1 and the concentration of B1 within a narrow wire section of the
resonators, as indicated in Fig. 1a. Additionally, the B1 field distribution
is homogeneous along the length of the narrowwire section (see finite
element simulations in SI). This magnetic field concentration is our
primary reason to use this type of resonator in order to reduce the
photon mode volume as well as achieve a considerable mode overlap
between the resonator photon mode and CGT magnon mode, and
consequently, a large coupling strength. We, therefore, transfer CGT
flakes onto these narrow sections (Fig. 1b). Details of CGT flake trans-
fers are described in the methods section. Optical imaging and atomic
force microscopy (AFM) measurements are used to characterize the
size and thickness of the CGT flakes (see Fig. 1c). Measured thicknesses
range from 153 ± 23 nm down to 11 ± 1.8 nm (15 ML), enabling a
thickness-dependent study of CGT flakes and their coupling to the
resonators.

We measured the microwave transmission ∣S21∣
2 as a function of

frequency and externally applied magnetic field B0 for each resonator
at a temperature of 1.8 K, using amicrowave power of ~−80dBm at the
resonator chip. Figure 2 (a) shows the resulting 2D plot of ∣S21∣

2 for a
resonator loaded with a 17 nm±0.8 nm-thick CGT flake (see Fig. 1b, c
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Fig. 1 | Magnon-photon coupling between thin CGT and a superconducting
resonator. a Schematic of a resonator shows the design in detail, indicating the
areas of high E1-field (yellow) and B1-field (green) intensities, as well as the orien-
tation of the externally applied field B0. Finally, a schematic zoom in of the section
loaded with a CGT flake is shown. The collective coupling between a microwave
photon and the magnetization of the CGT is illustrated, as well as the approximate
extent of the microwave B1-field. b Micrograph image of a CGT flake transferred
onto the narrow section of a resonator. cAFM image of the CGT flake together with
a height profile along the blue solid line in the AFM image. The red solid line is a fit
to the flake thickness. The results of this resonator are presented in Fig. 2.
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for the respective micrograph and AFM images). A resonator peak can
be clearly observed for each magnetic field, with its resonance fre-
quency ωres decreasing with increasing magnetic field. The reduction
of the frequency is a result of a slow degradation of the super-
conductivity byB0,which ingeneral exhibits a parabolicdependence29.
For 580mT ≤ B0 ≤ 630mT the resonator prominence is reduced,
highlighted by ∣S21∣

2 as a function of frequency for four constant B0
values in Fig. 2b. Within this field range, the mode resonance has been
modified due to its hybridization with themagneticmodes of the CGT
flake. To further quantify the interaction, we fit each ∣S21∣

2 profile by a
Fano resonance lineshape (solid orange lines in Fig. 2b) to account for
an asymmetric resonance peak due to additional microwave inter-
ference in the circuitry30,31,

∣S21∣
2 = S0 +A

qκeff=2 +ω� ωres

� �2

ðκeff=2Þ2 + ω� ωres

� �2 : ð1Þ

Here, S0 is the microwave transmission baseline, A the peak
amplitude, q describes the asymmetry of the lineshape and κeff
represents the effective loss rate of the hybrid system (see SI for
resonator parameters before and after CGT transfer for all resonators).
Figure 2(c) shows ωres of the hybrid system as a function of B0. ωres

experiences a dispersive shift when the photonmode and themagnon
mode hybridize, indicating an onset of a strong interaction between
the two individual systems14,17,32–34. We observe multiple shifts in ωres,
suggesting an interaction of severalmagnonmodeswith the resonator
in our experiment.

Signatures of the resonator–CGT-flake coupling are also char-
acterized by κeff of the hybrid system (Fig. 2d). κeff is enhanced from
the value of the resonator loss rate κ0 due to an additional loss intro-
duced by the magnon system characterized by the loss rate γ14,32,35.
Consistent with the B0 dependence of ωres, κeff shows a rich structure,
having its main peak at 598mT, together with less prominent peaks
distributed around it. Based on a formalism for coupled-harmonic-
oscillator systems in the high cooperativity regime32–34, we use the
following to analyse our experimental results with multiple peaks:

ωres =ωres,0 +mB2
0 +

X+n

k =�n

g2
eff,kΔk

Δ2
k + γ2

, ð2Þ

κeff = κ0 +
X+n

k =�n

g2
eff,kγ

Δ2
k + γ2

: ð3Þ

with the detuning factor for each resonance as
Δk =

gCGTμB
_ B0 � BFMR,k

� �
. Here, ωres,0 is the resonator resonance fre-

quency at B0 = 0 T and m represents the curvature of the resonance

frequency decrease due to the applied magnetic field. BFMR,k is the
CGT-FMR field, gCGT the g-factor of CGT and geff,k gives the collective
coupling strength between photon and magnon mode. The summa-
tion is over all resonance modes k present on the low or high field
(frequency) side of the main resonance mode, where n gives the
number of modes on one side. For simplicity, we assume a symmetric
distribution of modes about the main mode. The large number of
multiplemodes and their strong overlap prevent a reliable application
of a fully optimized fit to the data, due to the large number of free
parameters required. In an effort to gain a good estimate of themodel
parameters we apply the model functions Eq. (2) and (3) in a two-step
semi-optimized fashion (see SI for details). With this approach, we
arrive at a model in good agreement with ωres and κeff (see orange
dashed lines in Fig. 2c, d, exemplary showing the individual peaks of
the orange dashed line in Fig. 2d and the SI for additional results and
data). We can reproduce the data using γ/2π = 94.03 ± 5.95MHz and a
collective coupling strength of the main mode of 13.25 ± 1MHz.
Together with κ0/2π = 1.4 ± 0.02MHz the system resides at the onset
of the high cooperativity regime, classified by the cooperativity
C = g2

eff=κ0γ = 1:3>1
13,32. In this regime, MPs are created and coherently

exchange excitations between magnons and resonator photons on a
rate given by geff. The created MPs are, however, short-lived and the
excitations predominately dissipate in the magnonic system,
as geff≪ γ.

Our analysis suggests that the separation of the different FMR
modes is of the same order of magnitude as the loss rate (see SI for
additional data). We consider that these are from standing spin-wave
resonances, commonly observed for thin magnetic films36 and with
one reportedobservation in bulkof the vdWmaterialCrI3

37. In thin-film
magnets under a static magnetic field applied in-plane, the magnetic-
dipole interaction generates two prominent spin-wave branches for an
in-plane momentum, the backward volume spin-wave (BVMSW) and
magnetostatic surface spin-wave (MSSW) modes38,39. These spin-wave
modes have different dispersion relations, having higher (MSSWs) and
lower (BVMSWs) resonance frequencies with respect to that of the
uniform FMR mode. We calculate the distance of these standing spin-
wave modes based on magnetic parameters of bulk CGT as well as the
lateral dimensions of the flakes (see SI for more details). We can find
spin waves having a frequency separation within 100MHz and
200MHz (3.3mT to 6.6mT in magnetic field units), which are con-
sistent with our experimental observation in terms of its mode
separation. However, the irregular shape of the CGT flakes renders
exact calculations of spin-wavemode frequencies very challenging.We
also considered the possibility that each layer of CGT might have dif-
ferent magnetic parameters (e.g., chemical inhomogeneity), and thus
producing different individual resonance modes. Our numerical
simulations based on atomistic spin dynamics40,41 rule out this

Fig. 2 | Magnon-photon coupling observed in resonator microwave transmis-
sion. a ∣S21∣

2 as a function static magnetic field B0 and frequency, with the micro-
wave transmission encoded in the color. The results are obtained from the
resonator shown in Fig. 1b, c Featuring a loaded quality factor ofQL = 4600.b ∣S21∣

2

as a function of frequency at fixedmagnetic fields, indicated in a by dashed vertical

lines. c, d Resonance frequency ωres and effective loss rate κeff as a function of
magnetic field. Note the multiple resonance peaks, indicating multiple CGT FMRs.
The dashed orange lines are results from the semi-optimized fit. d exemplary
includes the individual peaks of which the orange dashed lines consists. The green
bar in c, d highlights the main mode.

Article https://doi.org/10.1038/s41467-023-38322-x

Nature Communications |         (2023) 14:2619 3



possibility, as resonance modes from individual layers average to a
single mode as soon as a fraction of 10% of inter-layer exchange cou-
pling is introduced (see SI for more details). Therefore, we speculate
that the multiple-mode nature we observe in our experiments is likely
originating from intrinsic properties of the CGT flakes.

Figure 3 shows the extracted ωFRM as a function of BFMR for each
resonator–CGT-flake hybrid. The experimental values are in excellent

agreement with a curve calculated by the Kittel equation withmagnetic
parameters for bulk CGT42, from which the data exhibits a standard
deviation of <5%. This agreement, achieved by independent char-
acterizations of 23 CGT flakes measured by superconducting resona-
tors, is experimental evidence that the magnetic parameters that
determine the dispersion of ωFRM BFMR

� �
, i.e., the CGT g-factor gCGT,

saturation magnetization Ms and uniaxial anisotropy Ku, exhibit little
thicknessdependence in exfoliatedCGTflakes, andarenotdisturbedby
the transfer onto the resonator structure. We note, that this demon-
strates that vdWmagneticmaterials areparticularly attractive fordevice
applications, as they are less prone for contamination from exfoliation.

Finally, we present our analysis of κeff for a resonator with a
11 ± 1.8 nm CGT flake in Fig. 4. With the thickness of a single layer of
CGT being 0.7 nm19, this flake consists of 15 monolayers and is the
thinnest in our series. Figure 4a, b showωres and κeff as a function of B0,
respectively. While the response of the CGT flake shows a prominent
signature in κeff, the CGT-FMR is considerably more subtle in ωres. This
highlights the excellent sensitivity of the high-Q superconducting
resonators in our study. κeff features five well-separated peaks with the
main peak at B0 = 547mT, which enables us to perform a single-peak
fully optimized analysis for each, in contrast to our multi-step analysis
for the remainder of the devices. We assume the additional peaks are
BVMSW modes, as discussed in the previous section. However, the
splitting is about four times larger than compared to all other inves-
tigated devices, which would result in a significantly shorter wave-
length. Thickness steps can lead to a wavelength down-conversion43,
however, due to the irregular shape and B1 inhomogeneities it is dif-
ficult to exactly calculate the spin-wave frequencies (see SI for further
details). From the main peak profile, we extract geff/2π = 3.61 ±
0.09MHz, γ/2π = 126.26 ± 8.5MHz and κ0/2π =0.92 ±0.05MHz. We
compare the experimental value of geff with a numerically calculated
geff,simu, using the dimensions of the CGT flake determined by AFM
measurements (see SI for details). The calculation yields geff,simu/
2π = 8.94MHz, lying within the same order of magnitude. The over-
estimation is likely due to in-perfect experimental conditions, like non-
optimal placement of the flake, uncertainties in the thickness and
dimension determination as well as excluding the additional modes in
the calculation (see SI). With γ≫ geff and C =0.11, the hybrid system is
in theweak coupling regime13, but due to the highly sensitive resonator
with its small κ0 the response from the magnon system can still be
detected. With the extracted γ/2π we can give an upper limit of the
Gilbert damping in CGT, by calculating αupper = γ/ωFMR. We find αupper
as 0.021 ± 0.002, which is comparable to other transition metal mag-
netic materials44, and is in very good agreement with a previously
reported effective Gilbert damping parameter determined by laser-
inducedmagnetization dynamics45. Here, we emphasize that the actual
Gilbert damping value is lower due to a finite, extrinsic inhomoge-
neous broadening contribution.

We further use these results to benchmark the sensitivity of our
measurement techniques. The detection limit is given by comparing
the main peak height characterized by g2

eff=γ and the median noise
amplitude which is 18 kHz in Fig. 4b where g2

eff=2πγ = 103 kHz. By
assuming the same lateral dimensions and scale the thickness down to
a single monolayer, while keeping γ constant, we calculate the
expected signal reduction numerically by geff,simu,1ML/geff,simu,15ML to
0.26. We obtain ð0:26geff Þ2=2πγ = 7 kHz for the monolayer limit.
Although this suggests the noise amplitude is greater than the
expected peak amplitude, we can overturn this condition by improv-
ing the coupling strength by optimizing the resonator design, enhan-
cing the exfoliation and flake transfer as well as by reducing the noise
level by averaging a number of multiple scans. Superconducting
resonators with mode volumes of ~10μm3 have been realized46, a
reduction of 2 orders of magnitude compared to our current design.
This would translate to an order of magnitude improvement in geff.
Furthermore, this flake covers ~4% of the resonator. By assuming
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maximized coverage a five times enhancement of geff can be achieved.
Both approaches would make the detection of monolayer flakes
possible.

In summary, we provide the first demonstration of photon-
magnon coupling between a superconducting resonator and nm-thick
vdW flakes of CGT, using a total of 23 devices with different CGT flakes
of thickness from 153 nm down to 11 nm. By employing a coupled-
harmonic-oscillatormodel,weextract the coupling strength,magnetic
resonance field, and relaxation rates for both photon and magnon
modes in our devices. From our semi-broadband experiments, we find
that the magnetic properties of exfoliated CGT flakes are robust
against the transfer process, with a standard deviation of less than 5%
to expected resonance values from bulk parameters. Notably, this
suggests that vdW magnetic materials can be pre-screened at bulk to
identify the most promising material for few-layer device fabrication.
The upper limit of the Gilbert damping in the 15 ML thick CGT flake is
determined to be 0.021, which is comparable to commonly used fer-
romagnetic thin-films such as NiFe and CoFeB and thus making CGT
attractive for similar device applications. We highlight that the
damping parameter is key in precessionalmagnetization switching47,48,
auto-oscillations by dc currents49,50, and comprehensive spin-orbit
transport in vdW magnetic systems51. The presented techniques are
readily transferable to other vdW magnetic systems to study spin
dynamics in atomically-thin crystallinematerials. While creating stable
MPs is still an open challenge due to the large loss rate γ of the CGT
magnon system, this work offers an important approach towards its
achievement. There are still potential improvements to the measure-
ment sensitivity such as resonator mode volume reduction by intro-
ducing nm scale constrictions52,53 and use of exfoliation/transfer
techniques to produce larger flakes to enhance the mode overlap
(hence coupling strength)54,55. With concerted efforts, the formation of
MPs in few layers vdW materials will become feasible.

Methods
Superconducting resonators
The resonators were fabricated by direct laser writing and a metal lift-
off process. The individual 5mm× 5mm chips are scribed from an
intrinsic, high resistivity (ρ > 5000Ωcm)n-type siliconwafer of 250μm
thickness. For a well-defined lift-off, we use a double photoresist layer
of LOR and SR1805. The resonator structures are transferred into the
resist byaHeidelbergDirectWriter system.After development, ~50nm
NbNare deposited bymagnetron sputtering in a SVS6000 chamber, at
a base pressure of 7 × 10−7 mbar, using a sputter power of 200W in an
50:50 Ar/N atmosphere held at 5 × 10−3 mbar, with both gasflows set to
50 SCCM28. Finally, the lift-off is done in a 1165 solvent to release the
resonator structures.

CGT crystal growth
CGT crystals used in this study were grown via chemical vapor trans-
port. To this end, high-purity elemental precursors of Cr (chips,
≥ 99.995%), Ge (powder, ≥ 99.999%), and Te (shots, 99.999%) were
mixed in the molar weight ratio Cr:Ge:Te = 10:13.5:76.5, loaded into a
thick-wall quartz ampule and sealed under the vacuum of ~10−5 mbar.
Then, the ampule was loaded into a two-zone furnace, heated up and
kept at 950∘ for 1 week to homogenize the precursors. To ensure high-
quality growth, the ampule was slowly cooled (0. 4∘/h) maintaining a
small temperature gradient between the opposite ends of the ampule.
Once the ampule reached 500∘, the furnacewas turned off allowing the
ampule to cool down to room temperature naturally. The large (~1 cm)
single-crystalline flakes were extracted from the excess tellurium and
stored in an inert environment.

CGT flake transfer
Devices for this study were made via the transfer of single-crystalline
thin flakes on top of the superconducting resonators. The flakes were

first exfoliated frombulk crystals on the clean surface of a home-cured
PDMS (polydimethylsiloxane, Sylgard 184) substrate. The thickness of
the CGT flakes on PDMS was estimated through the contrast variation
with transmission optical microscopy. Then, the selected flake was
transferred to a resonator. The transfer was performed in air at room
temperature. To minimize the air exposure, the entire process of
exfoliation, inspection, and transfer was reduced to 10–15 min per
resonator. For the flakes thicker than 50nm, the strong optical
absorption of CGT prevented the accurate thickness estimation with
optical contrast. For those flakes, the thickness was estimated via a
quick AFM scan performed on the PDMS substrate before the transfer
step. Ready devices were stored in inert conditions.

Data availability
The data that support the findings of this study are available within the
paper, Supplemental Material and from the corresponding authors
upon reasonable request.
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