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Giant spin ensembles in waveguide
magnonics
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The dipole approximation is usually employed to describe light-matter inter-
actions under ordinary conditions. With the development of artificial atomic
systems, ‘giant atom’ physics is possible, where the scale of atoms is com-
parable to or even greater than the wavelength of the light they interact with,
and the dipole approximation is no longer valid. It reveals interesting physics
impossible in small atoms and may offer useful applications. Here, we
experimentally demonstrate the giant spin ensemble (GSE), where a ferro-
magnetic spin ensemble interacts twice with the meandering waveguide, and
the coupling strength between them can be continuously tuned from finite
(coupled) to zero (decoupled) by varying the frequency. In the nested con-
figuration, we investigate the collective behavior of two GSEs and find extra-
ordinary phenomena that cannot be observed in conventional systems. Our
experiment offers a new platform for ‘giant atom’ physics.

Since the wavelength of the light is substantially larger than the size of
the atoms, atoms and quantum emitters are naturally considered as
point-like objects in typical light-matter interaction systems, such as a
hundred-nanometer-wavelength optical field interacting with
angstrom-scale atoms1,2. Surprisingly, a new paradigm of ‘giant atom’

develops in the artificial atomic system,where superconducting qubits
are exploited as giant atoms3–9. The self-interference among the dif-
ferent parts of the giant atom gives rise to numerous exotic phe-
nomena that are unachievable in small atoms, such as the frequency-
dependent relaxation rate3,8, non-exponential decay of the giant
atom4,6, and decoherence-free interaction between giant atoms5,8.
Similar effects have also been reported with superconducting qubits
(small atoms) placed close to the end of a transmission line10,11. Despite
being a mesoscopic quantum system, the superconducting qubit12,13 is
still smaller than the wavelength of the resonant microwave in a gen-
eral configuration. Thus, the early ‘giant atom’ researchwas carried out
in the system of superconducting qubits coupled to short-wavelength
surface acoustic waves4,6,14–17, where the sound wavelength is small
enough to go beyond the dipole approximation3. Nevertheless, the
core of the ‘giant atom’ physics is that the emitter cannot be regarded
as a point, so it can also be simulated as an atom interacting with the
optical field at multiple points. In such a way, superconducting qubits

can be realized as giant atoms by coupling it to a meandering wave-
guide at separated points8,18.

The interaction between a single giant atom and light gradually
becomes experimentally accessible, but more insightful physics is
incorporated in the interaction between multiple giant atoms5,9,19,20.
Meanwhile, a variety of intriguing theoretical schemes have recently
been proposed19–24 by exploiting the exotic interference effect in the
‘giant atom’ physics, which are anticipated to be experimentally vali-
dated. However, the experimental studies of solid-state devices in the
giant-atom regime have been only limited to superconducting-qubit
systems. With the increasing number of superconducting qubits, the
experimental difficulty is greatly raised. Until now, only braided two
artificial giant atoms have been demonstrated in the superconducting-
qubit system at cryogenic temperature8. In this sense, a flexible and
easy-to-operate experimental system is beneficial to fully evaluate and
investigate the ‘giant atom’ physics.

The study of ‘giant atom’ should not be limited to atomic systems,
but can be extended to other spin systems and harmonic oscillator
systems. In the microwave region, the ferromagnetic spin ensemble is
an easily tunable system with the benefits of flexible and wide-range
adjustability of the magnon mode frequency (a few hundred mega-
hertz to several tens of gigahertz), low dissipation at room
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temperature25–29, and extendibility by constructing the magnon-based
hybrid system30–34. In order to further reveal the unique physics
beyond the dipole approximation, we construct the giant spin
ensemble by coupling the ferromagnetic spin ensemble [yttrium iron
garnet (YIG) sphere] to a meandering waveguide at two coupling
points. The distance between the coupling points is set to be larger
than the resonance wavelength (several centimeters) of the magnon
mode, which is much larger than the size (millimeter) of a YIG sphere.

In this work, we focus on the demonstration of the GSE setup
and the collective effects in the nested GSEs configuration. We show
that not only the interaction strength but also the interaction
mechanism between nested GSEs are frequency-dependent, which
can be tuned frompurely coherent coupling to dissipative coupling.
The outer GSE acts as a cavity in the designed structure. In the
dissipative coupling case, two GSEs cooperatively dissipate to the
waveguide without direct interaction. In the coherent coupling
case, although the outer GSE is completely decoupled from the
waveguide, an evident coherent behavior between the two GSEs
mediated by the waveguide is unexpectedly observed. The GSE and
waveguidemagnonics are expected to serve as an ideal platform for
investigating ‘giant atom’ physics. What’s more, the nested config-
uration provides a newway to observe coherent behavior in an open
environment, which shows a great potential for quantum informa-
tion manipulation in waveguide QED.

Results
We construct the GSE in the manner illustrated in Fig. 1a, where the
spin ensemble interacts with the microstrip waveguide at two well-
separated locations. The spin collective excitation mode (magnon
mode) interacts with traveling photons at these two positions, giving
rise to the propagating phase of the photons in this non-local coupling
configuration. The phase is proportional to the distance between two

coupling points, i.e., the effective size L of the giant spin ensemble, and
can be expressed as

φ=ωm
L
v
, ð1Þ

whereωmdenotes the frequency of themagnonmode in the ensemble
and v is the microwave speed propagating through the waveguide. In
the experiment, the waveguide is meandering in shape, and the
mitered corners are designed for smooth microwave transmission
over awide frequency range, as shown in Fig. 1b. To illustrate the ‘giant
atom’ physics, the distance between the two coupling points of the
inner (outer) sphere is designed to be 8.3 (16.6) cm, all greater than the
wavelength (about 2–4 cm) of the microwave they interact with. The
spin ensembles we use are 1mm diameter single-crystal YIG spheres,
which are commercially available and manufactured by Ferrisphere
Inc. (http://www.ferrisphere.com). Two YIG spheres So (green) and Si
(blue) are nested on the waveguide as shown in Fig. 1b, c.

The experiment is carried out at room temperature. A bias mag-
neticfield is applied to tune themagnonmode frequency. Themagnon
mode is the collective spin excitation mode, and it can be treated as a
harmonic oscillatormodewhich canhave sufficiently large excitations.
The thermal excitations at room temperature will not affect the
interaction between the magnon mode and microwave photon mode
in the waveguide. When the spin ensemble is uniformly magnetized
and its magnetization is saturated, the magnon mode frequency is
linearly proportional to the bias field [Fig. 1d], ωm = γ He +HA

� �
, where

γ/2π = 28GHz/T is the gyromagnetic ratio, He and HA are the bias
magnetic field and anisotropy field, respectively. The bias field is
supplied by an electric magnet and the power of the probe signal is
−10 dBm. When only the Si is placed, the experimentally measured
reflection spectra versus bias field are shown in Fig. 1e. Two magnon

Fig. 1 | Implementation of single giant spin ensemble andnested two giant spin
ensembles. a Schematic of a single GSE, where a small YIG sphere couples with the
waveguide at two well-separated locations. The phase φ induced by the propaga-
tion of themicrowavephotons between the two coupling points can be adjusted by
tuning the resonance frequency ωm of the magnon mode. b Schematic of the
experimental device of the nested two GSEs, where the inner YIG sphere (blue) is
fixed on the waveguide, and the outer YIG sphere (green) is glued on a cantilever
which is rigidly connected to a rotating motor. These YIG spheres are magnetized
by a bias field B0. The GSE is realized by coupling the YIG sphere to themeandering
waveguide (yellow) and sending a probe signal p̂k ðq̂k Þ (red arrow) into the wave-
guide, where themicrowave signal (pink) can interact with the spin ensemblemore
than once, yielding an effectively giant size of the spin ensemble. c The topology of

the nested twoGSEs. The blue (green) dots denote the coupling points between the
inner (outer)YIG sphere and thewaveguide. For our symmetric design, thephaseφ1

equals φ3. As we define LoðiÞ = S
2
oðiÞ � S1oðiÞ, the propagating phase between the two

coupling points of the outer sphere So (inner sphere Si) is φo(i) =ωo(i)Lo(i)/v.
d Theoretical curve of the magnonmode frequency versus the bias magnetic field.
e The measured transmission mapping, where a Kittel mode and a higher-order
magnetostaticmode appear. f Illustration of the crystal axes and lattice plane of the
YIG. θH is the angle between the [001] axis and the bias field. g The magnetocrys-
talline anistropy field as a function of θH. The curve is calculated by only con-
sidering the first-order anisotropic energywhen rotating the YIG sphere in the (110)
plane25. h The transmission mapping measured versus θH.
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modes are observed: one is the spin uniform precession mode, also
known as the Kittel mode, and the other is a high-order magnetostatic
mode (HMS). Our subsequent study only focuses on the Kittel mode.

We surround the entire sample with a large uniform bias field and
fix the direction and intensity of the field. To clearly demonstrate the
collective behavior of two GSEs via spectroscopy, the frequency of the
magnon mode in one of the ensembles should be tuned individually.
This is accomplished by gluing the outer sphere So to the end of a
cantilever attached to a rotating motor, as shown in Fig. 1b. We rotate
the sample in its (110) plane during the experiment. The angle between
the [001] crystal axis and bias magnetic field is defined as θH, as
depicted in Fig. 1f. The magnetocrystalline anisotropy field is deter-
mined by the angle, as shown in Fig. 1g25. By rotating the sphere So, we
can individually tune the resonance frequency of the magnonmode in
So. Here, we choose the spherical sample to circumvent the influence
of the shape-related demagnetization field. The experimentally mea-
sured resonance frequency versus θH is depicted in Fig. 1h, which
agrees well with the theory.We can see that the frequency of the Kittel
mode in So has a tuning range of about 330MHz.

We begin with the experiment on a single GSE to examine the
interference modulated effect in the inner and outer ensembles
separately. We place the YIG sphere at the center of two mitered cor-
ners to ensure that themagnonmode is coupled to thewaveguidewith
nearly equal strengths at both coupling points. In this case, the inter-
action Hamiltonian of a singlemagnonmode in one of the YIG spheres
coupled with the meandering waveguide can be written as (see Sup-
plementary Materials)

HI=_= g ây
mp̂k eiφ + 1

� �
+ ây

mq̂k e�iφ + 1
� �

+h:c:
h i

, ð2Þ

where ay
m is the magnon creation operator, pk (qk) is the annihilation

operator of the photonmode traveling fromport 1 (2) to port 2 (1), and
g is the coupling strength between the spin ensemble and the wave-
guide at the coupling point, which can be expressed in terms of κ
(radiative damping rate at the coupling point) as g =

ffiffiffiffiffiffiffiffiffiffiffi
κ=2π

p
in the

Markovian approximation.

It is clear fromequation (2) thatwhenφ equals oddmultiples ofπ,
the spin ensemble decouples from the waveguide, because eiφ = e−iφ =
− 1. When fixing the effective size of the sample, we can see from
equation (1) that the propagating phase φ can be continuously adjus-
ted by scanning ωm. In such a manner, the magnon mode will then
periodically decouple from the waveguide.

First, we simply place the inner sphere Si on the waveguide and
sweep the bias current of the electric magnet. The transmission
mapping is shown in Fig. 2a, which consists of transmission spectra at
varying bias field. It can be found that a transmission valley with per-
iodic depth changes along the diagonal of the mapping plot, corre-
sponding to the Kittel mode’s resonance position in the inner spin
ensemble. We can determine the damping rate of the magnon mode
using spectroscopic fitting. Three typical transmission spectra at dif-
ferent magnetic fields are presented in Fig. 2c–e. We can clearly dis-
tinguish the difference in their linewidths. The broadest spectrum in
Fig. 2c is due to the constructive interference between emissions from
two coupling points. It is straightforward to deduce that the distance
between two coupling points is equal to integer multiplies of the
wavelength in this case, i.e., the phase φ equals even multiples of π. In
Fig. 2d, we can find that the linewidth begins to decrease. The situation
becomes obvious in Fig. 2e, where the signal of the magnon mode is
obscured, indicating that the spin ensemble is almost decoupled from
the waveguide. The radiations at two coupling points interfere
destructively, and the phase φ equals odd multiples of π. It is worth
noting that the interferenceperiod should be inversely proportional to
the effective size of the spin ensemble, i.e., 1/L. Due to the fact that Lo is
larger than Li, the outer GSEwill periodically couple and decouplewith
the waveguide more quickly. As illustrated in Fig. 2b, we indeed
observe a shorter interference period.

These transmission spectra can be well fitted by the following
equation (see Supplementary Materials):

S21ðωÞ= 1 +
κG

i ω� ωm � κ sinφ
� �� κG � β

, ð3Þ
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Fig. 2 | Frequency-dependent radiative decay rate of a single giant spin
ensemble. a, b The transmission mapping plots of the inner (a) and outer (b) YIG
spheres individually tuned by sweeping the bias field in the electric magnet.

c–e Three typical spectra extracted from a. The dots are experimental data and the
black solid curves are theoretical fittings.
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where the radiative decay rate of the GSE is

κG = 2κ 1 + cosφð Þ, ð4Þ

ω is the frequency of the probe field and β is the nonradiative damping
rate of the spin ensemble.Here, κi(o) is defined as the radiative damping
rate of the inner (outer) GSE at the point coupled to the waveguide,
whereas κi(o),G represents the radiative damping rate of the inner
(outer) GSE acting as a giant atom, where the subscript G denotes
‘giant’. By fitting the transmission spectra, we get v = 3.26 × 107m/s.
The parameters of the outer GSE are κo/2π = 0.70MHz, βo/2π = 1.39
MHz, and Lo = 16.56 cm, while the parameters of the inner GSE are κi/
2π =0.76MHz, βi/2π = 1.58MHz, and Li = 8.28 cm. The radiative
damping rates of the GSEs are plotted in Fig. 3a, where the periodic
decoupling is clearly evident.

After demonstrating the characteristics of the individual GSE, we
are more interested in the collective behavior of GSEs. Here, we spe-
cifically implement the nested configuration depicted in Fig. 1b, c,
which has never been realized in experiment9. The propagating phase
between the left coupling points of the outer sphere S1o and the inner
sphere S1i is φ1. Similarly, we define φ2 and φ3 as shown in Fig. 1c. It
should be noted that φ1 equals φ3 in our device. There is no require-
ment that the two phases be equal in the actual situation. In the nested
case, the effective interaction Hamiltonian of the two GSEs can be

written as (see Supplementary Materials)

HN=_= J � iΓð Þ ây
i âo + â

y
oâi

� �
, ð5Þ

where ây
i ðoÞ is the creation operator of the magnon mode in the inner

(outer) YIG sphere and the dissipative coupling strength is

Γ=2
ffiffiffiffiffiffiffiffiffiffi
κiκo

p
cosφ1 + cos φ1 +φ2

� �� �
, ð6Þ

while the coherent interaction strength is

J =
ffiffiffiffiffiffiffiffiffiffi
κiκo

p
sinφ1 + sin φ1 +φ2

� �� �
: ð7Þ

According to equations (5)–(7), the coupling strength is complex and
can be adjusted via the propagating phases. We obtain a set of peri-
odically varying coherent and dissipative coupling strengths by
simultaneously tuning the frequencies of the magnon modes in the
two YIG spheres, as shown in Fig. 3b. Among them, the interactions at
4.35 GHz and 4.96GHz are particularly interesting, as indicated by the
red rhombus and blue pentagram, since the coupling strengths are
purely coherent and dissipative, respectively.

In the case of purely dissipative coupling, the propagating phase
between the two coupling points of the inner (outer) sphere is an
integer multiple of 2π [Fig. 4a], implying that the two GSEs dissipate
maximally to the waveguide, as outlined in Fig. 3a. Additionally, the
two coupling points of the outer GSE are equivalent to the two
reflecting mirrors of a cavity, as demonstrated recently in a
superconducting-qubit system35. As depicted in Fig. 4b, the two cou-
pling points of the inner GSE are located at the equivalent cavity mode
nodes, inferring that no coherent coupling occurs between the inner
and outer GSEs, i.e., J ≈0. Instead, they collectively dissipate to the
waveguide, yielding a dissipative coupling between them. To observe
the coupling behavior clearly, we fix the magnon mode frequency of
the inner spin ensemble at 4.96GHz using a global bias magnetic field
and gradually rotate the outer spin ensemble to tune its frequency
from 4.95 to 4.97GHz. The measured transmission mapping is dis-
played in Fig. 4c, where the energy level attraction-like characteristic
reflects dissipative coupling36,37. The result is consistent with our the-
oretical calculation, as depicted in Fig. 4d. As the consequence of
dissipative coupling, the signature of the bright (superradiant) state is
exhibited by the broadened linewidth, as shown in the inset graph
of Fig. 4c.

It becomes even more fascinating when both the magnon modes
in the two GSEs are tuned to 4.35GHz. As shown in Fig. 4e, the pro-
pagating phase between the two coupling points of the outer GSE is
odd multiples of π. The outer GSE no longer dissipates to the wave-
guide due to the destructive interference between the coupling points.
The interference effect between the two coupling points of the inner
sphere is in between complete constructive and destructive inter-
ferences, resulting in a finite dissipation, as shown in Fig. 3a.Onemight
think that since the outer sphere is decoupled from thewaveguide, the
waveguide cannot mediate interaction between the two GSEs. How-
ever, the two coupling points of the inner sphere are no longer located
at the nodes of the equivalent cavity formed by the outer GSE. The
schematic model is represented in Fig. 4f. In the experiment, we
observe the transmissionmapping of energy level repulsion, as shown
in Fig. 4g,which indicates the coherent coupling between the twoGSEs
(see theoretical result in Fig. 4h). The coupling strength J/2π = 1.0MHz
is obtained by fitting the hybridized polariton of the system at reso-
nance. This counter-intuitive appearance cannot be reached with two
small spin ensembles in the two-port waveguide system, when one of
the spin ensembles is decoupled from the waveguide38. The coupling
between the two GSEs is, in fact, in the magnetically induced trans-
parency regime (κi,G > J > κo,G). Although this interaction ismediatedby
the open environment of the waveguide, our theoretical prediction
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shows that it may enter the strong coupling regime, as long as κo is
large enough, that is

ffiffiffiffiffiffiffiffiffiffi
κoκi

p
>maxfκi,G +βi,βog. It should be noted that

coherent coupling mediated by traveling-wave photons is feasible in a
normalwaveguide system, but strong coherent coupling is challenging
since the coupling ismediatedby adissipative process. In thiswork,we
see that the meandering waveguide together with the ‘giant atom’

physics may provide a promising method to realize strong coherent
coupling between spin ensembles mediated by the traveling-wave
photons. Similar approach has been realized in superconducting-qubit
systems8,35.

Discussion
To summarize, we have experimentally realized the GSE and achieved
periodic coupling and decoupling between the GSE and thewaveguide
by adjusting the frequency of the magnonmode in the spin ensemble.
More importantly, we have also realized the nested structure of two
GSEs. We quantitatively analyze the propagating phase between cou-
pling points and the resulting periodic coherent and dissipative cou-
plings. It agrees well with our theoretical model.

The self-interference effect, which is the defining characteristic of
‘giant atom’physics, can be clearly shown in our system. In comparison
with the ‘giant atom’ demonstrations in superconducting-qubit
systems6,8,18, the ferromagnetic spin system can exhibit a large fre-
quency tuning range, simple device fabrication, and the ability to be
constructed in a variety of topologies. It is an outstanding new plat-
form for revealing and exploring novel phenomena related to the light-
matter interaction beyond the dipole approximation.

From previous studies and ours, we can expect the future devel-
opment of ‘giant atom’ physics in the following three aspects. First, it is
expected to construct more novel microwave and optical devices base
on the ‘giant atom’ physics. In the ‘giant atom’ system, the self-
interference effect can be utilized andmanipulated by tuning the phase
difference between the coupling points, which gives rise to the periodic
coupling and decoupling of the resonators or emitters. The phase dif-
ference can be controlled by the resonance frequency of the resonators

or emitters coupled to the meandering waveguide. When decoupling
occurs, the transmission spectrum reveals maximum transmission,
whereas the spectrum reveals very low transmission and considerably
high reflection when the coupling is large. Therefore, we obtain a band-
pass filter that is frequency-dependent and tunable. With the self-
interference effect of ‘giant atom’ physics, it is promising to design
more microwave and optical devices with a variety of functions.

The second aspect is related to the building of ‘giant atom’ net-
works. Beyond the dipole approximation, the self-interference effect
can result in the realization of periodic coupling and decoupling, and
the coupling between different giant atoms can also be regulated and
become non-local. Using these features, we may construct a mean-
deringwaveguide-mediated network of giant atoms to realize a variety
of information processing and storage schemes.

The third one is about demonstrating quantum effects in the
‘giant atom’ system. The phenomena addressed in this work only
exploit the interference effect in a light-matter interaction beyond the
dipole approximation, which has correspondences in both classical
and quantum physics. For pure quantum effects, such as the quantum
entanglement, vacuum squeezed state, etc., particularly the non-local
effect of the quantum entanglement, one can expect to perform some
interesting demonstrations in the context of ‘giant atom’physics in the
future.

In addition, the higher-order magnetostatic modes that are not
discussed in the present work may be of interest in future study. We
can harness these higher-order modes to increase the control degrees
of freedom of the system and explore exotic phenomena in the multi-
mode ‘giant atom’ system. Moreover, we can miniaturize the sample
design by addingmore bends along thewaveguide or using a substrate
with larger relative dielectric constant to fabricate the waveguide.
Finally, we also look forward to the exploration of singular coupling
behaviors, by combining topological39 and non-Hermitian physics40

with the ‘giant atom’physics, whichareexpected to advanceour ability
of controlling the interaction between light and matter to another
new level.

Fig. 4 | The equivalent model of the nested two giant spin ensembles, and the
spectroscopy studies. a, e Sketch of the propagating phase between the two
coupling points of the inner (outer) sphere in the cases of purely dissipative cou-
pling (a) and purely coherent coupling (e), respectively. b, f Schematic of the
analogous coupled system. The coupling points of the outer GSE work as two
mirrors to form a cavity. The inner YIG sphere (blue) and the cavity collectively
radiate into the waveguide (b), leading to the dissipative coupling between the
inner and outer GSEs. The outer YIG sphere decouples from the waveguide (f), and
coherent coupling between the inner and outer GSEs is obtained. c, g Transmission

mappings measured by fixing the global bias field and rotating the outer YIG
sphere. Energy level attraction-like spectra observed in the case of purely dis-
sipative coupling (c) and the energy level repulsion observed in the case of purely
coherent coupling (g). The black dashed curves correspond to the theoretically
obtained real parts of the eigenvalues of the coupled system. The inset graphs
depict the spectra at the resonant positions, which show the features of the broa-
dened linewidth and the magnetically induced transparency, respectively.
d,hTheoretical calculation of the transmissionmappings corresponding toa and e.
The parameters used in the calculation are obtained in Fig. 2.
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Methods
Device design
As illustrated in Supplementary Fig. S1, the meandering waveguide
used in our experiment is fabricated on a 0.81mm thick RO4003C
substrate. In order to have the spin ensemble capable of interacting
twice with the field, the microstrip with a width of 1.82mm is con-
nected with miter corners. All the angles of the bends of the miter
corners in our device are designed to be 90°, which can maintain high
transmission of the waveguide. The wavelength of the traveling pho-
tons in the waveguide is 2–4 cm in our probe frequency range
(4–7GHz). For the sake of illustrating the ‘giant atom’ physics, the
distance between two coupling points of the outer (inner) YIG sphere
is designed as 16.6 (8.3) cm, both larger than the wavelength of the
microwave field (~4 cm). The 1mm diameter yttrium-ion-garnet (YIG)
spheres that we use are commercially available, and the [111] crystal
axis of the YIG sphere is marked by a white stick glued to the sphere
during the fabrication.

Data availability
The data that support the finding of this study are available from the
corresponding author upon reasonable request.
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