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Coupled microwave photon-magnon hybrid systems offer promising applications by harnessing various
magnon physics. At present, in order to realize high coupling strength between the two subsystems, bulky
ferromagnets with large spin numbers are utilized, which limits their potential applications for scalable
quantum information processing. By enhancing single spin coupling strength using lithographically
defined superconducting resonators, we report high cooperativities between a resonator mode and a Kittel
mode in nanometer thick Permalloy wires. The on-chip, lithographically scalable, and superconducting
quantum circuit compatible design provides a direct route towards realizing hybrid quantum systems with
nanomagnets, whose coupling strength can be precisely engineered and dynamic properties can be
controlled by various mechanisms derived from spintronic studies.
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Hybrid quantum systems have been extensively studied
to harness advantages of distinct physical systems and
realize functions that cannot be achieved with any indi-
vidual subsystem alone [1,2]. In particular, cavity and
circuit quantum electrodynamics (cavity or circuit QED)
[3-5] provide promising platforms for realizing hybrid
quantum systems using Josephson qubits, mechanical
systems [6], atoms [7], and quantum dots [8], as well as
ensembles of spins [9,10]. For realizing coherent energy
and information exchange, electric dipole interactions have
been traditionally utilized to couple photons with other
quantum excitations. Recently, coupled microwave photon-
magnon systems have received great attention as an
alternative approach to realize strong light-matter inter-
actions using magnetic dipole coupling [11-17]. In this
system, magnons in magnetic materials with high spin
density are utilized, where coupling strength ¢ is collec-
tively enhanced by square root of number of spins
(g = g,V/N) [14] to overcome the weak coupling strength
g, between individual spins and the microwave field. Along
these lines, sizable ferrimagnets, yttrium iron garnet (YIG)
with millimeter dimensions, have been employed for
reaching strong coupling. While great success has been
demonstrated in achieving coherent sensing and control
over the magnonic quantum state using this architecture
[18-20], one important question remains unanswered:
whether such a system is scalable for achieving integrated
hybrid quantum systems. In the meantime, reducing the
size of magnets in this hybrid quantum system can
potentially provide another degree of freedom for realizing
active sensing and control of quantum states. In the study of
spin electronics, sophisticated techniques have been devel-
oped for manipulating and detecting spin states using
various electrical methods; however, these effects work
efficiently only in nanoscale magnets [21-25]. In this
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Letter, by utilizing lithographically defined superconduct-
ing resonators, we demonstrate strong magnon-photon
coupling with a nanometer size Permalloy thin film stripe
(Permalloy = Py = NiFe), where the number of spins is on
the order of 103, 3 orders of magnitude lower than
previous studies. The realization of magnon-photon
coupled systems using metallic ferromagnets with conven-
tional Si substrates demonstrates a highly engineerable and
industrial compatible on-chip device design. Moreover, the
large coupling strength with nanomagnets provides a direct
avenue towards scalable hybrid quantum systems which
can benefit from various magnon physics, including non-
linearity [26], synchronized coupling [27,28], and non-
Hermitian physics [29,30], as well as current or voltage
controlled magnetic dynamics [21-25].

Figure 1(a) shows the image of a typical lithographically
defined Nb superconducting coplanar waveguide (CPW)
resonator that is coupled with a thin film ferromagnet
(inset). We can model this hybrid system quantum mechan-
ically as a macrospin coupled to an LC resonator through
oscillating magnetic field b,y generated by the inductor,
where b = bX is the magnetic field experienced by the
macrospin per unit inductor current. During the experiment,
an external field B.,, = —ByZ is applied to tune the intrinsic
resonant frequency of the macrospin. The total Hamiltonian
of the system can be written as [11,15,31]

N 4 1 A P
H= hwr <&Lar + 5) - wm(BO)Sz + gs(SJra1 + S—ar)7

(1)

where a) (a,) is the creation (annihilation) operator of
microwave photon modes in the resonator, and S = 1 (8, +
SO)% + o (S, —8_)y+ 8.2 is the macrospin operator,
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FIG. 1.

(a) Photo of a CPW resonator device with 100 gm x 8 gm x 50 nm MgO/Py /Pt stripe deposited at the center of the signal

line. The distance [ = 12 mm between the two open gaps at the ends of signal line defines the fundamental resonant frequency to be
4.96 GHz. (b) Microwave transmissions at 1.5 K with zero applied field before and after Py is deposited, exhibiting resonance
signals with quality factors 1570 and 760, respectively. With Py, the resonator mode is blue detuned due to residual coupling to the
magnon mode. (c) Microwave transmission as a function of frequency and in-plane magnetic field at 1.5 K for a sample with
500 pm x 8 ym x 50 nm Py showing the characteristic anticrossing of magnon-photon coupling. [The data from (b) and (c) are taken
from different samples.] (d) Theoretical microwave transmission spectrum calculated using input-output theory with parameters

obtained from the experiment.

with 3‘+ (3’_) raising (lowering) the z component of the
macrospin. The resonant frequencies of the resonator @,
and the macrospin ,,(B,) are given by w, = 1/+/LC and
the Kittel formula, separately. The coupling strength
between photons and individual spins in the magnetic
material g, can be represented as g; = g,upbw,//ShZ,
[31,33], with Z, = 1/L/C being the characteristic imped-
ance of the LC resonator. The eigenfrequencies of the
hybrid system can be calculated as [12]

0y =, + A2+ /A2 +44%)2, (2)
where A = ,,(B,) — o, is the detuning and g = g,v/N is
the total magnon-photon coupling strength [31]. Therefore,
in order to achieve scalable strong magnon-photon coupling
withreduced N, it is important to increase the value of ¢,. For
a fixed resonant frequency of the resonator, two strategies
can be employed to achieve this: (i) increasing b, by
adjusting geometry of the inductive wire, or by placing
the magnet close to the location with maximum magnetic
field in the resonator; (ii) reducing Z, by utilizing low-
impedance resonators with small L and large C. Adopting
the first strategy in a superconducting CPW resonator, we
first realize a relatively high ¢S*W /27 = 18 Hz by deposit-
ing the Permalloy stripe directly on top of the signal line with
a thin insulating insertion, where strong coupling is realized
with as few as 10'3 spins. Furthermore, by combining both
strategies, we show that very high coupling ¢-t/27 =
263 Hz can be achieved in a lumped element LC resonator,
which allows another 2 order of magnitude reduction in spin
number N to achieve similar coupling strength.

To enhance the microwave magnetic field generated by
unit inductor current b, we minimize the width of the CPW
resonator signal line in Fig. 1(a) to be w*WY = 20 um. The
[ = 12 mm long resonator is then capacitively coupled to

the external circuit through two gaps at the ends of signal
line, leading to a fundamental resonant frequency
w,/2n = c/2l\/eq ~ 4.96 GHz, where c is the speed of
light and €. = 6.35 represents the average dielectric con-
stant of the vacuum and Si substrate [34]. The fundamental
mode has a current distribution which reaches maximum at
the center of the signal line, where we deposit a
MgO(5 nm)/Py(50 nm)/Pt(10 nm) stripe by magnetron
sputtering followed by lift-off. The thin insulating MgO
layer protects superconducting Nb from ferromagnetic
exchange coupling, while bringing Py close to the surface
of Nb for large rf magnetic field. We mount the device in a
cryostat with a base temperature of 1.5 K and study the
transmission of microwave signal with a vector network
analyzer. The transmission of the resonator before and after
the deposition of Py stripe at zero field is shown in Fig. 1(b),
where the quality factor can be determined to be Q = 1570
and 760 separately. To tune the frequency of magnetic
resonance, an in-plane magnetic field B, is applied
along the long axis direction of Py stripe. As the rf magnetic
field produced by the signal line is perpendicular to the
external field direction, the ferromagnetic resonance
(FMR) mode can be excited, thereby inducing a micro-
wave photon-magnon coupling. Figure 1(c) shows the
transmission of a sample with 500 ym x 8 ym lateral
dimensions as a function of frequency and applied
magnetic field. The distinct anticrossing feature at By =
8 mT is a result of microwave photon-magnon coupling
where interaction between the two modes lifts the
degeneracy in resonance frequencies. The resonant modes
evolution can be fitted by Eq. (2), with w,(By) =
]/\/[Bo + (Ny - Nz)ﬂOMx] [BO + (Nx - NZ)MOMS] giVCI‘l
by the Kittel formula, where y/2z =28 GHz/T is the
gyromagnetic ratio. In w,,(B), the demagnetization factors
N; are taken into account, which can be analytically
calculated with the dimension of the Py stripe [35].
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FIG. 2.

(a) Image of a low-impedance lumped element resonator device with 40 ym x 2 um x 10 nm MgO/Py/Ta stripe deposited at

the center of the 4 ym wide inductive wire. (b) (Left panels) Microwave transmission of the low-impedance resonator obtained from
experiment and simulation. Two modes are observed as transmission minima due to photon absorption from the signal line. (Right
panels) Simulation of current density distribution of the resonant modes, respectively. Red and blue areas indicate regions with strong
and weak current densities, respectively. The first harmonic mode exhibits large current density at the central inductive wire which
enhances coupling. (¢) Microwave transmission as a function of frequency and in-plane magnetic field at 1.5 K. ygM; = 1.1 T and
g/2rx = 74.5 MHz are determined from the fitting shown in dashed line. Minimum transmission shows up under resonant conditions.

Through the fitting, we extract the coupling strength
g/2r = 64 MHz, the saturation magnetization pyM; =
12T of the Py stripe, and the resonator frequency
oSV /27 = 4.690 GHz. Furthermore, we obtain the decay
rates of the resonator mode x,./2z = 1.5 MHz and magnon
mode k,,/2z = 122 MHz by a transmission measurement
of bare resonators and an independent FMR measurement of
Py(50 nm)/Pt(10 nm) bilayer separately. To validate the
coupling strength and decay rates, we adopt the input-output
theory, which gives the microwave transmission coefficient
as a function of frequency and magnetic field in our
system [12,36]:

Kr.ext

S>1(@, By) = - .
l(w - a)r) - Kr + i[m_wm(%z())]_’(m/z

3)

where «, ., describes the external coupling rate of the
resonator and only results in a constant offset in units of
decibel. With the parameters measured in our experiment,
we plot the theoretical transmission spectrum in Fig. 1(d),
which attains reasonable agreement with the experiment
results, with the minimum transmission signal of the latter
limited by the background level.

Using M, and the magnetic volume of the Py stripe, we
estimate the number of spins involved in the coupling to be
N = 2.1 x 10'3. By fabricating devices with different
length of Py stripes, we confirm the scaling of g & /N
and extract ¢S*W /27 = 18 Hz (Fig. 3). As the Py stripe is at
the center of the 20 ym wide signal line, we can assume
that the rf magnetic field is uniform throughout the Py
volume and estimate 6§V = /2w V. Together with the
designed impedance ZSPV ~ 50 Q of CPW resonators, we
calculate the theoretical g, to be gggl‘gow /2m = 14 Hz,
which attains reasonable agreement with our experimental
value. In the device with 2000 ym long Py, coupling

strength ¢g/27 = 171 MHz is obtained, which is larger
than «, and «,, and therefore falls into the strong coupling
region. The corresponding cooperativity ¢*/x,k,, = 160 is
very high for this small magnetic volume.

Next, we adopt the strategy of impedance reduction to
further enhance the coupling strength. Low-impedance
lumped element LC resonator has recently been employed
for paramagnetic electron spin resonance experiments
[33,37,38], but the potential for reaching strong magnon-
photon coupling remains largely unexplored. As is shown
in Fig. 2(a), the resonator consists of large interdigitated
capacitors in parallel with a small inductor and is capaci-
tively side coupled to the signal line of a CPW. The
measured transmission coefficient of this resonator is
shown in Fig. 2(b), where a minimum transmission shows
up under the resonant condition due to its absorptive nature,
in contrast to transmission peaks observed in the CPW
resonator. Two resonant modes are observed in the trans-
mission of the bare resonator, with resonant frequencies
located at 5.42 and 9.19 GHz separately. In order to
understand the properties of the two modes, we carried
out electromagnetic wave simulations (SONNET) and found
that the lower frequency mode corresponds to the case
with a high current density passing through the central
inductive wire [see the simulation results in Fig. 2(b)]. We
estimate the capacitance C of this mode analytically [39] to
be 1.91 pF and obtain the corresponding inductance
L = 0.45 nH using the measured w,. The characteristic
impedance of this LC circuit is calculated to be ZLF =
v/L/C =153 Q, much smaller than the value of CPW
resonators. Moreover, the inductor width wtE is designed to
be only 4 ym to further increase magnetic field intensity.
Figure 2(c) shows the transmission of a resonator that is
coupled with a 40 ym x 2 ym x 10 nm Py wire, as a
function of frequency and applied magnetic field. Fitting
the resonant frequency evolution using Eq. (2), we extract
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FIG. 3. Magnon-photon coupling strength g as a function of
magnetic volume and spin number. The dashed lines represent
fittings of the scaling rule g = g,/N. The single spin coupling
strength for two resonators in this Letter are determined to be
g$"V /27 = 18 Hz and ¢tF /27 = 263 Hz in CPW resonators and
lumped element resonators, respectively.

the coupling strength ¢g/2z = 74.5 MHz, the saturation
magnetization oM, = 1.1 T, and the resonator frequency
otf /2w = 5.253 GHz. The relatively smaller M, value
compared with that of the previous CPW resonator sample
comes from the thinner Py film thickness (10 vs 50 nm) and
the potential magnetically dead interfacial layer [40]. With
decay rates of the resonator mode «,/2z = 1.05 MHz and
magnon mode «,,/2z = 122 MHz, we calculate the coop-
erativity ¢°/x,x,, = 43.3, which is fairly large considering
the very small number of spins (N = 7.3 x 10'9). By
fabricating devices with different lengths of Py stripes,
we extract g+ /27 = 263 Hz (Fig. 3), which is an order of
magnitude larger than the value with the CPW resonator.
The g4¥ /27 value obtained in our experiment is larger than
the one calculated using our model ¢\, /27 = 141 Hz,

which can be attributed to the enhancement of magnetic
field at the edge of the inductor wire due to the field’s
nonuniform distribution [33,38]. The reasonable agreement
between theoretical and experimental values in both CPW
resonators and low-impedance lumped element resonators

shows the usefulness of the formula ¢ = g,v/N =

Gelpbiw, /N /8hZ, obtained from our quantum mechani-
cal model to predict magnon-photon coupling strength.
In summary, we demonstrate in this Letter high coop-
erativity microwave photon-magnon coupling between a
resonator mode in planar superconducting resonators and a
Kittel mode in Py nanomagnets. With enhanced g, the
number of spins N involved for reaching strong coupling is
3 orders of magnitude lower than in previous experiments.
In our experiment, a ferromagnetic metal with a relatively
high damping coefficient (Py) is employed. By simply
replacing magnetic metals with insulator thin films with
ultralow damping such as YIG (Q > 1000) [41], we expect

strong magnon-photon coupling to be realized with as few
as 107 spins using our current design. On the other hand,
our studies show that the coupling strength obtained from
the analytical model provides relatively precise estimate on
the experimental values, which can be used as guidelines
for a further scaling down of the magnonic system volume.
For example, a lumped element resonator made by nano-
fabrication technique [42] with inductor width of ~100 nm
can further enhance g, by a factor of 40 and reduce the
number of spins for reaching strong coupling using YIG to
10*. Our system is on chip, lithographically scalable [43],
and circuit QED compatible, which demonstrates high
potential for integrated hybrid quantum systems harnessing
magnon physics. The demonstration of the coupled systems
with ferromagnetic metal provides the opportunities to
investigate magnon-photon coupling in a wide range of
spintronic devices, such as magnetic tunnel junctions.
Moreover, the high coupling strength with nanomagnets
opens up the possibility of electrical control of the hybrid
system dynamics utilizing spintronic effects, such as
spin torque [21-25] and voltage controlled magnetic
anisotropy [44].

This work is supported by the National Science
Foundation under Grant No. ECCS-1653553, and
AFOSR under Grant No. FA9550-19-1-0048.

Note added in proof.—Recently, a related paper by Li et al.,
appeared [45]. They have also observed strong magnon-
photon coupling using coplanar waveguide resonators.
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