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Abstract

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 ferromagnetic insulators with large spin
numbers are utilized, which limit their potential applications for scalable quantum
information processing.

In this thesis, by enhancing single spin coupling strength using lithographically de-
fined superconducting resonators, we demonstrate high cooperativities between a res-
onator mode and a Kittel mode in nanometer thick Permalloy wires. Strong magnon-
photon coupling is achieved with number of spins in the order of 1013, three orders
of magnitude lower compared with previous studies. Moreover, we confirm the scal-
ing law of coupling strength as a function of spin numbers. The experimental single
spin-photon coupling strengths are extracted, which attain reasonable agreement with
values derived from our quantum mechanical model. Our model therefore provides a
guideline for further scaling down of the magnonic volume, which indicates that the
number of spins for reaching strong coupling can be reduced to 104 with optimized
material and resonator design. The realization of the coupled systems using metallic
ferromagnets with conventional Si-substrates demonstrates a highly engineerable and
industrial compatible on-chip device design, which opens up the possibility to investi-
gate magnon-photon coupling in a wide range of spintronic devices, such as magnetic
tunnel junctions. Our results provide a novel platform of magnon-photon coupled
systems, where the interplay of spintronics, light-matter interaction, and quantum
information science can be studied in an on-chip and lithographically scalable archi-
tecture.
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Chapter 1

Introduction

The advancement of modern technology has benefited from the understanding of fun-

damental physics. The most prominent example is the development of semiconductor

and solid state physics, which lay the foundation of modern electronic devices. Besides

physics, the ability to fabricate devices and ultimately to integrate them in a highly

controllable manner using lithography process is the key to building integrated cir-

cuits and computing chips. Therefore, a physical platform which holds novel physics

and fabrication scalability has high potential for both fundamental researches and

engineering applications.

In this thesis, we realize such a platform: a lithographically scalable architecture

of magnon-photon coupled systems. The magnon-photon coupled system has recently

attracted great attention by placing ferrimagnetic yttrium iron garnet (YIG) in a res-

onant cavity. Here we demonstrate its compatibility with semiconductor fabrication

process and one of the leading quantum computing architecture, Circuit Quantum

Electrodynamics (Circuit QED). In this introduction, we will first provide an intro-

duction of Cavity Quantum Electrodynamics (Cavity QED), where some physics are

shared by magnon-photon coupled systems and Circuit QED. Next, we briefly review

Circuit QED and Hybrid Quantum Systems to appreciate potential applications to

quantum information science. We will also review recent development of magnon-

photon coupled systems. Finally, we discuss how spintronic effects can potentially be

utilized for active sensing and control of this coupled system in our architecture.
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1.1 Cavity Quantum Electrodynamics

Cavity QED studies the interaction between atoms and photons in a three dimensional

resonant cavity, where the quantum nature of photons becomes important (Fig. 1-

1). Because of the pioneering studies of light-matter interaction using Cavity QED,

Serge Haroche [30] and David Wineland [72] were awarded Nobel Prize in Physics in

2012. The physics of Cavity QED are similarly shared by Circuit QED, a platform

for realizing commercial quantum computers, which we will introduce in the next

section. Moreover, the analogy of physics is also explored in magnon-photon coupled

system, which is the main focus of our thesis.

In free space, it is known that atoms in excited states will spontaneously decay and

emit photons. The decay rate is proportional to the photon density of states at energy

corresponding to atomic energy level splitting. However, inside a cavity, only photons

with specific energy and wavelength are allowed, and the photon density of states are

modified accordingly. Therefore, the spontaneous emission behaviors of atoms are also

dramatically changed. The spontaneous decay rate of an atom can be enhanced if the

transition frequency is on resonance with one of the photon modes[24], and it can also

Figure 1-1: A schematic illustration of Cavity QED. An atom as a two-level system is
passed through a cavity over a transit time transit. In the cavity, the atom interacts
with photon modes through coupling strength g using electric dipole interaction. The
cavity and atom decay rates are n and -y, respectively.
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be suppressed in the condition of off-resonance [38]. Besides change of decay rates,

when the atom-photon coupling strength is larger than their individual decay rates,

strong coupling regime is achieved. In this situation, an atom is able to reabsorb the

spontaneously emitted photon, and the energy can be coherently transferred between

the atom and the photon states, a phenomena called Rabi oscillations [15]. The ability

to transfer quantum excitation between the two systems signifies the possibility to

realize quantum computation.

To provide a qualitative description, the Hamiltonian of the atom-photon coupled

system can be effectively described by the coupling of an atomic two-level system

with a simple harmonic oscillator (SHO), called the Janes-Cummings model 111]:

H HSHO + Htwo-level + int

=hc a a+ + a' + hg(ato~+a+) (1.1)

where w, Q, and g describe the cavity resonant frequency, the atomic level splitting,

and the atom-photon coupling strength, respectively. The operator a (at) is the cavity

photon annihilation (creation) operator and the Pauli matrices (UZa++, and a-) are

the operators for the two-level system. In general, the SHO Hamiltonian can include

more than one mode due to the multimode nature of the cavity. Here we assume that

a) b) _
IOSHO) iotwo-level)

12) le)13) 12)

2) !~~~~W g -- 11)

10))
HtSHO hw (ata +1) fiwhOvi z0 lg e)

$2H = Haatwo-level z0 g

Figure 1-2: a) Illustration of basis states in Janes-Cummings model. b) The energy

level alignment of dressed states in the case of on-resonance (Q = wc).
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only a single photon mode is near resonance with the atomic states, and therefore

the inclusion of a single mode is sufficient to describe the physics of atom-photon

coupling. 10) |1) |2) |3) In this model, the basis states of the Hilbert space can be

written as'|SHO) 0I1two--level) ISHOitwo-level),where we will write I4SHO)= In)

to denote SHO state with n energy quanta, and two-level) = le) or Ig) to denote

excited or ground state of the two-level system (Fig. 1-2a). Note that the basis states

are the eigenstates of both ISHO and two-level. Moreover, the interaction i at only

induces coupling between |n, e) and In + 1, g) for a given n. It is therefore possible

to directly diagonalize the Hamiltonian in the subspace of In, e) and In + 1, g). The

resulting excited eigenstates are called dressed states [11]:

in,+)=COSOn|n, e) +sin nn+ 1, g)(12

n, -)= - sinn In, e) + cos nIn + 1, g)

where the corresponding energies are En,± = hw(n + 1) ± A /4g 2(n +1) + A2 , and

On= tan - 2 , with A = Q - wc being the atom-cavity photon detuning.

Note that the lowest energy basis state II = 0, g) does not couple to other states, and

therefore it is the ground state of the system with ground state energy Eo,9 = .

The resulting energy spectrum can be analyzed in the cases of on-resonance

(A = 0) and dispersive regime (g/A < 1). In the case of on-resonance (Fig. 1-

2b), the basis states In, e) and In + 1, g) have the same energy, but the atom-photon

interaction resulting in dressed states in, ±) with energy splitting 2hgv/ i+ 1. This

energy level splitting can be observed in spectroscopy if the splitting is larger than

the combined linewidths of photon and atom [31]. Moreover, with the interaction, the

basis states are no longer the energy eigenstates (or, stationary states). Therefore, in

the time domain, an initial state with an excited atom and zero photon 10, e) will be

transformed into 11, g) and back again with vacuum Rabi frequency g/7r (Fig. 1-3).

This is the realization of Rabi oscillation. In the dispersive regime, after a suitable

unitary transformation U = exp [§(aoa - at~)], the Hamiltonian can be effectively

18



) )

I T=7r/g

E

0.T

Figure 1-3: Illustration of Rabi oscillation between |0, e) and |1, g) in the case of
on-resonance. The loss of the system is assumed to be zero in this plot.

written as oi / W12 1/v LU

H P1 hwe afa + + M U"+ h9 (afa + 1)U"

The first two terms are the originalfNSHO + fttwo-level . The last term is the effective

interaction in the dispersive regime, which can be viewed either as an atom-state-

dependent cavity frequency shift or as a photon-number-dependent atom frequency

shift (ac Stark plus Lamb shifts) [14, 60, 52]. With this interaction, it is possible to

probe the atomic quantum state based on the measurement of the cavity resonant

frequency. In other words, the resonator frequency can take the two values we i g2/

depending on the qubit state. This dispersive shift of cavity frequency is used in

Circuit QED for readout of qubit states [11] (Fig. 1-4).

The pioneering works of Cavity QED have demonstrated several important physics

of atom-cavity coupled systems. Some of the physics, such as energy level splitting,

Rabi oscillations, and ac Stark shifts, are also similarly shared in magnon-photon

coupled systems. In Cavity QED, the atom couples with the photon mode through

electric dipole interaction. Therefore, atomic states with large electric dipole moment,

called Rydberg states [1, 13, 15, 57], are often utilized for reaching large coupling

19



2
w~ A WC A

0

1g) le)
Frequency

Figure 1-4: The dispersive shift of resonant frequency of a cavity, which is qubit state
dependent. This mechanism can be used for qubit readout.

strength.

1.2 Circuit Quantum Electrodynamics and Hybrid

Quantum Systems

The field of Circuit Quantum Electrodynamics (Circuit QED) followed the ideas of

Cavity QED, while planar superconducting resonators are utilized for photon modes,

and superconducting qubits serve as artificial atoms [69, 11] (Fig. 1-5). In this

architecture, the high quality factor superconducting resonator is a one-dimensional

coplanar waveguide (CPW) resonator. A CPW resonator is formed by creating open

gaps at the two ends of signal line in a CPW, where current nodes (and voltage

antinodes) are defined. Compared with the 3D cavities utilized in Cavity QED,

the other two dimensions which do not define the resonant frequency are spatially

minimized, and therefore the effective mode volume of the resonant mode is greatly

reduced, resulting in enhanced energy density for higher coupling strength. The

photon modes in a superconducting resonator can be described by an LC circuit, a

realization of SHO, which we will treat theoretically in the next chapter. By replacing

the inductor in an LC circuit with a nonlinear inductor, a superconducting qubit is

20



Input Output

Qubit

Figure 1-5: A schematic illustration of Circuit QED. ID CPW resonator is used for

cavity system and superconducting qubit is utilized as ans artificial atom. Qubit is

placed at voltage antinode for maximum electric dipole interaction. The system is

on-chip and scalable.

formed (This type of qubit is called Cooper pair box) [11]. The nonlinearity changes

the equal spacing of energy levels in SHO and the resulting lowest two energy levels

can be effectively modeled as a two-level system (Fig. 1-6). Such a dissipationless

nonlinear inductor can be realized by a Josephson junction, which consists of two

superconducting electrodes separated by a thin insulating barrier,(- 1nm). To reach

large coupling strength with electric dipole interaction, one can put the qubit at the

voltage antinode of the CPW resonator mode.

All of the physics mentioned in previous discussion of Cavity QED can be realized

in Circuit QED. Compared with Cavity QED, the small mode volume of the resonator

photon modes and the large dipole moment of superconducting qubits due to their

macroscopic sizes are ideal for reaching strong (or even ultrastrong) coupling regime

[21]. Moreover, the systems in Circuit QED can be fabricated using semiconductor

lithography process. Therefore, it is possible to precisely fabricate an integrated sys-

tem with multiple resonators and qubits on a chip, where different parts of the system

can be interconnected using superconducting circuits [35]. In this sense, Circuit QED

is a scalable architecture for solid state quantum computation. Single qubit gates can

be realized by applying microwave drives to the resonator, and qubit state readout

is achieved by measuring dispersive shift in resonator transmission spectrum. More-

over, two-qubit gates can be realized by coupling two qubits with a superconducting

21
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quantum bus.

The lithographically scalable architecture and its compatibility with microwave

electronics have set Circuit QED as one of the leading technologies for realizing inte-

grated quantum computing systems [59, 71]. Recent important progress includes high

measurement and gate fidelities which surpass the threshold required by 2D surface

code for fault-tolerant quantum computation [8], and the experimental demonstra-

tion of 1D repetition code for the validation of quantum error correction protocols

[36]. Moreover, systems with more than 50 qubits have been built, with the goal

for achieving quantum supremacy: the experimental demonstration of a quantum

algorithm which surpasses the capabilities of any classical computer [12, 51].

Despite recent important experimental demonstrations, there are limitations of

superconducting qubits. For example, the qubit coherence time is in the order of

10-100 ps at milli-Kelvin cryogenic temperature, while other systems such as electron

spins or nuclear spins are demonstrated to have seconds or minutes coherence time

even in room temperature. Therefore, it is proposed to combine the fast processing

a)

L C

b)
Josephson
Junction

54=Et. -

12)

|1)

10)
1/

I2

1

OL

12)2

1) - - -10)'---_---
Two-level system

as a qubit

Figure 1-6: a) An LC circuit is SHO with equal energy spacing. b) By replacing
inductor using a Josephson junction, the lowest two states define a two-level system
due to nonlinearity induced anharmonicity.
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speed of superconducting qubits with long-lived spins as quantum memories [56, 34,

73,61, 3,39, 78,25]. Besides quantum information processing and storage, in the more

general context of quantum information science, transmission of quantum information

may lead to practical quantum cryptography [22]. However, quantum cryptography

is mostly achieved using optical photons propagating in free space or optical fibers,

instead of microwave photons in superconducting quantum computation. Therefore,

a coherent microwave-to-optics quantum transducer is required, which is actively

pursued in nano-mechanical oscillator systems [63, 6]. The requirement of systems

which can simultaneously perform different tasks calls for a new architecture: the

idea of Hybrid Quantum Systems (HQS), which can harness advantages of distinct

physical systems and realize functions that cannot be achieved with any individual

sub-system alone [74, 41].

Besides superconducting qubits, spin ensembles, and nano-mechanical oscillators,

the realm of HQS is actively explored in other quantum systems, such as ions, atoms

[16], molecules [5], and spins in quantum dots [54, 68, 48]. In HQS, electric dipole

interactions have been traditionally utilized to couple photons with other quantum

excitations. Systems with magnetic dipole interaction, such as spin ensembles, utilize

Superconducting Qubit

Hybrid Quantum System

Spin ensemble

Supercndwung Resonatr

Figure 1-7: Hybrid quantum systems combine different physical systems, affording
advantages that cannot be gained from a single system alone, and thus have promise
for the development of future quantum technologies..
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the collective enhancement of coupling strength with spin number (g = g,-v) to

overcome the weak single spin-photon coupling strength g,. By far, the most success-

ful demonstration of HQS utilizes superconducting circuits as a "microwave quantum

bus" as an interface between different quantum systems. Therefore, it is of great im-

portance to expand the family of quantum systems in HQS which are also compatible

with superconducting circuits, namely, Circuit QED compatible [74].

1.3 Magnon-Photon Coupled Systems

Magnon-photon coupled systems have recently attracted great attention as an al-

ternative system to study light-matter interaction using magnetic dipole coupling

[62, 32, 76, 64, 23, 7, 49]. In this system, magnons in magnetic materials with high

spin density are utilized, where coupling strength g is collectively enhanced by square

root of number of spins (g = gs/) [64] to overcome the weak coupling strength g,

between individual spins and the microwave field. Along this line, sizable ferrimag-

nets, yttrium iron garnet (YIG) with millimeter dimensions have been employed for

reaching strong coupling (Fig. 1-8)

Recent important demonstrations include the realization of strong coupling and

Figure 1-8: An illustration of magnon-photon coupled system. Inside a 3D cavity,
a mm-sized YIG sphere is coupled with microwave photon modes through magnetic
dipole interaction.
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Rabi-like oscillations in both room temperature and cryogenic temperature [76, 49],

nonlinear effects induced by magnons [70], non-Hermitian physics and the observa-

tion of exceptional points [75, 29], and various coupling spectrums including Purcell

effect, magnetically induced transparency [76], and even level-attraction [28]. These

pioneering results demonstrate the rich physics of magnon-photon coupled systems.

In particular, level-attraction is rarely found in other light-matter interaction systems,

whose microscopic physical origin is still under debate [55]. Besides, the quantum na-

ture of magnons are also explored. Magnon-qubit coupling mediated by 3D cavity

photons is demonstrated 165], which is utilized to resolve magnon number states in

the dispersive regime [42]. The change of magnetic moment corresponding to single

spin flip among more than 1019 spins in the magnet is detected. Moreover, magnon-

gradient memory is studied using multiple YIG spheres in a 3D cavity, where the

magnon-dark mode is effectively decoupled from the cavity for a long storage life-

time, demonstrating the potential for quantum memory applications [77].

While great success has been demonstrated in achieving coherent sensing and

control over the magnonic quantum state using this architecture [65, 77, 42], one im-

portant 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 elec-

tronics, sophisticated techniques have been developed for manipulating and detecting

spin states using various electrical methods, however these effects only work efficiently

in nanoscale magnets [37, 4, 18, 47, 19]. Therefore, a magnon-photon coupled sys-

tem with scalability, Circuit QED compatibility, and high coupling strength with

nanomagnets remains to be demonstrated, which will hold promising applications to

hybrid quantum systems by incorporating magnon physics and spintronic effects.
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1.4 Spintronic effects for magnetic dynamics

In the field of spintronics, researchers have demonstrated the manipulation of mag-

netic moments in magnetic materials by injection of spin-polarized electrons. The

injected spins (a) can transfer their spin angular momentum to the magnetic mo-

ments (m) in a ferromagnet, thereby exerting a spin-torque. The spin-torques can

be decomposed into field-like torques (FL ~ m x a) and damping-like torques

(rDL ~ m x (a x m)) 144], which can be described using effective magnetic field

HFL-~ o and HDL ~x m. The spin-polarized current can be generated using

spin-filtering effect, by passing a current through a ferromagnetic (FM) "polarizer"

layer in the structure of metallic spin valves (FM/normal metal/FM) or magnetic

tunnel junctions (FM/oxide/FM) [58, 40]. This mechanism is called Spin-Transfer

Torque (STT) (Fig. 1-9a). Beside, spin current can also be generated by a charge cur-

rent using Spin-Hall Effect (SHE) (or Rashba Effect [43]) in materials (or interfaces)

with large spin-orbit coupling, where electrons with opposite spins are transversely

deflected in opposite directions. This mechanism is called Spin-Orbit Torque (SOT)

(Fig. 1-9b). Magnetic switching using either STT or SOT has been demonstrated

[46], which signifies their applications to magnetic random access memory (MRAM).

Besides spin torques which utilize charge currents, a finite voltage can greatly modify

the magnetic anisotropy at the ferromagnet/oxide interface, in the absence of charge

current. Such mechanism is called voltage-controlled magnetic anisotropy (VCMA)

[2], which can be used to induce or assist magnetic switching.

In radio-frequency (RF) applications and magnetic dynamics, a DC spin-torque

can actively adjust the damping of the ferromagnetic resonance (FMR) magnon modes

[4], or even induce magnetic self-oscillations without external microwave drives [37,

18, 47, 19]. Moreover, an RF spin-torque can also induce FMR, which is called spin

torque ferromagnetic resonance (ST-FMR) [45]. Besides, the VCMA can be utilized

to control the FMR frequency using electric field instead of solely based on external

magnetic field, which will have great advantage when superconductivity is involved

in the system. All of these effects will allow active control of magnon-photon coupled
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systems using spintronic effects. However, they are yet to be demonstrated due to

the sizable ferrimagnetic insulating YIG used in previous studies.

Besides active control of magnetic dynamics, spintronic effects offer detection and

sensing of magnetic dynamics. Spin-pumping is an effect where the dynamics of a

ferromagnet will pump spin currents to an adjacent normal metal (NM) layer [66, 67].

In the case where NM is a heavy metal, the pumped spin current can be converted to a

measurable voltage through Inverse Spin-Hall Effect (ISHE) [50]. The spin-pumping

effect does not require miniaturized magnets, and therefore it has been successfully

incorporated with magnon-photon coupled systems to investigate peculiar lineshapes

of the coupled systems [7].

Clearly, reaching high magnon-photon coupling strength with nanomagnets will

open up the utilization of spintronic effects for active sensing and control of the hybrid

quantum systems.

a)DL

M 2 -

-1 fie Je

Figure 1-9: a) Spin-Transfer Torque (STT) through spin-filtering in a magnetic tun-
nel junction (MTJ). The charge current Je passing through first magnetic layer mi
becomes spin-polarized, and exert STT on the second magnetic layerim 2. b) Spin-
Orbit Torque (SOT) through Spin-Hall Effect (SHE) in a heavy metal/ferromagnetic
metal bilayer. The charge current Je generates spin accumulation (-a) which is per-
pendicular to the current direction at the interface and exerts a SOT on the magnetic
moments. The damping-like SOT is proportional to m x (o x m) and can be described
by an effective field HDL ~- x m. Here, only the damping-like term is presented.
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1.5 Outline of the thesis

In this thesis, by utilizing superconducting resonators, we demonstrate strong magnon-

photon coupling with nanometer size Permalloy thin film stripe (Permalloy=Py=NiFe).

Our on-chip, lithographically scalable, and Circuit QED 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 con-

trolled by various mechanisms derived from spintronic studies. In Chapter 2, we will

discuss the theoretical aspects of magnon-photon coupled systems using supercon-

ducting resonators. In Chapter 3, we will introduce our experimental design and

setups. In Chapter 4, we present our experimental results where the theoretical re-

sults from Chapter 2 are used for analysis. Finally in Chapter 5, we summarize our

results with conclusions and outlook.
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Chapter 2

Theory of Magnon-Photon Coupled

Systems using Superconducting

Resonators

In this Chapter, we will discuss the theoretical aspects of magnon-photon coupled

systems. Particularly, we will provide quantum mechanical models for photon modes

in superconducting resonators and magnon modes in ferromagnetic resonance. These

results will be combined to derive the magnon-photon coupling strength and modes

evolution, which have direct experimental consequences as will be shown in the next

Chapter.

2.1 Coplanar waveguide (CPW) as a transmission

line

A coplanar waveguide (CPW) is a realization of a transmission line [26]. The transmis-

sion line model describes the electromagnetic (EM) wave propagation in a distributed

circuit, where wavelengths are comparable to the size of the circuit, in contrast to

lumped element circuits in circuit theory. Transmission lines have important appli-

cations in RF engineering and can be physically realized by coaxial cables, striplines,
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microstrips, or CPWs discussed here. In general, the voltage V(x, t) and current

I(x, t) in a lossless transmission line can be modeled by the telegrapher's equation:

DV(x, t) BI(x, t)
a= --Li')x at (2.1)aJ(x, t) 0  V(xt)

ax -Ci

where C, and L, are unit length capacitance and inductance. By combining these

two equations into wave equations, one can easily shown that the phase velocity

is v, = 1/v'L1C. Moreover, the the waves can be decomposed into forward and

backward propagation components:

xx
V(x, t) =V+(t - -) +V-(t + -

- -P (2.2)
I(x,t) [V+(t - ) V-(t +-)

Zo _P voP

where Zo = V/L/Cj is the characteristic impedance of the line.

In RF applications, the characteristic impedance of a transmission line is often

designed to be 50Q. Such a design is to prevent impedance mismatch at connections,

where microwaves will be partially reflected instead of smoothly transmitted. This is

similar to EM wave reflection at dielectric interfaces with different dielectric constants.

A CPW consists of a central conductor (the signal line) with width w separated by

two lateral ground planes with gaps s on a dielectric substrate [26]. For a nonmagnetic

substrate, C, and L, are given by [26]:

Spo K(kQ)
4 K(ko) (2.3)

K(ko)
= 4 EoCeK(k' 

)

where K denotes the complete elliptic integral of the first kind with the arguments

ko = w/(w + 2s) and k' = V/1 - k. When the substrate consists of a single layer

of dielectric material with dielectric constant E, the effective ceff can be roughly

obtained by eef (E + 1)/2, the average value of the substrate and air. In general,
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the inductance of a superconducting CPW also includes kinetic inductance originating

from the kinetic energy of Cooper pairs in superconductors due to low resistivity. Here

we neglect the contribution from kinetic inductance for simplicity. Given the formula

of L, and C1 , we will provide our design parameters of CPW with characteristic

impedance Zo = /L/Cr close to 50Q in the next Chapter.

2.2 CPW resonators and lumped element (LE) res-

onators

A CPW with open gaps at the two ends of the signal line will behave as a CPW

resonator. Assume the open gaps with a distance 1, the current in the device will

have boundary conditions 1(0, t) = 1(1, 1) = 0. Using the telegrapher's equation and

separation of variables, we can write I(x, t) and V(x, t) as sum of multiple modes:

I(x, t) = in(t) sin Ix)

(2.4)

V(x,t)= E vn(t)cos( x)
n

where from the telegrapher equations, the dynamics of in(t) andv (t)must obey:

n7r din(t)

ofn(t) = -C1
I dt (2.5)
-~rin(t ) =-C1 i t
1 dt

We note that the dynamical equations resemble that of harmonic oscillators, implying

resonant frequencieswn = nir/lLT1C. In a CPW, it is known that 1/ L 1C 1 =

1/Ipococeff, which means that our derived resonant frequencies correspond to fn =

nc/21eff, where c is the speed of light [26]. Note that the spatial profile of V(x, t)

and I(y, t) are mode-dependent. When coupling the CPW resonator to other quantum

excitations, usually a mode of the resonator is targeted according to the frequency of

the quantum excitations. Then, depending on whether capacitive (voltage) coupling

31



or inductive (current) coupling is utilized, the quantum system is put at the voltage

or current antinode to enhance coupling, respectively.

A lumped element resonator is a realization of the LC circuit model. Compared

to the CPW resonator, it does not have a distributive I(x, t) and V(x, t), rather it is

modeled using I(t) and V(t):

dI(t)
V(t) = L1t

dt (2.6)
dV(t)1(t) = -Cd

dt

Here we have chosen the convention such that the equations have similarity with

those of CPW resonators. The resonant frequency can be easily obtained as woC _

1/970. In our thesis, a lumped element resonator is realized by connecting a large

interdigitated capacitor in parallel with a small inductor. Note that, experimentally

this resonator has more than one resonant modes. Therefore, the corresponding L and

C is mode-dependent. It is known that the lowest frequency mode is a symmetric

mode corresponds to a high current density passing through the central inductive

wire. In this case, the capacitance of the interdigitated capacitor can be calculated

analytically [331.

2.3 Quantization of superconducting resonators as

LC circuits

In this section, we first treat the quantum mechanical model of an LC circuit for the

lumped element resonator and then provide a field quantization description of the

CPW resonator, where the distributive nature of modes is taken into account.

In a simple harmonic oscillator (SHO) with dynamical variables x(t) and p(t),

a quantum mechanical model is developed by promoting the dynamical variables to

quantum mechanical operators J and P with commutation relation [,] = ih, and

writing them in terms of creation and annihilation operators hf and h. Due to the

similarity of equations of I(t) and V(t) in an LC circuit to the x(t) and p(t) equations
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in a SHO, we expect that similar procedure applies. First of all, the Hamiltonian of

the LC resonator is:

S= -LI2 + -CV2
2 2

Then, we require that[9,f]= ihA, where A is a constant to be determined, similar

to [,] = ih in normal SHO. Next, we require that the time evolution of quantum

expectation values match those of classical equations of motion. Such time evolutions

are given by Ehrenfest's Theorem: d (0) /dt = ([0, H]) /ih for general time indepen-

dent operator0. Our requirements become: d (9) /dt = ([V, Hr]) /ih -(I) /C

and d (I) /dt = ([I, ,]) /ih = (Z) /L. These conditions fix A= -1/L C. Following

the commutation relation and the requirement of equal energy distribution between

inductive and capacitive parts, we write the operators I and 9 in terms of creation

and annihilation operators:

hZr   &r)

V2 (2.7)

w ra =r (it + hr)

where Z, = V/L/C and o,= 1/ LC are the characteristic impedance and the

resonant frequency of the LC resonator, respectively. With photon commutation

relation [ , hr] = 1, one can check [Z, i] = -ih/LC and (L j2/2) = (Cg2 /2) are

indeed satisfied. Accordingly, the Hamiltonian can be rewritten as in the form of

SHO:
1

H, = hor(&r + -)
2

Now we perform field quantization of CPW resonators. Following similar proce-

dure, we promote dynamical variables in(t) and vn(t) to quantum mechanical opera-

tors i, and bn, which form conjugate variables with commutation relation [kni n]=

ihAn. To determine constant A, we first write the total Hamiltonian CPw =

f dx(ICiV2 + LI 2 )= (C1 EU, + LiEn ). We require that the semiclassical

equations derived from Ehrenfest Theorem reproduce the original dynamical equa-

tions: d(bn) /dt= ( [n, Cpw)/ih= -lLAn (n)/2= -r 1In) 1Candd(in)/dt
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([i,cw])/ih= lCAn (n)/2= n7r r(in )1L. This is achieved by An = 2ngr/Ci L1 2

2wn/ly/LC. Following the commutation relation and the requirement of equal en-

ergy distribution between inductive and capacitive parts, we write the operators On

and in in terms of creation and annihilation operators: vn = i hwn/lC1(dt - a)=

iWn ghZo/nr(dn - an) and in = Vho/lL(d4 + an) = oin h/Zon7r(d4 + a), where

Zo = VL/Cl is the impedance of the CPW. It can be easily shown that Ncpw =

En hWn(dntn + 1/2), a sum of multiple modes of harmonic oscillators. The original

I(x, t) and V(x, t) now become field operators:

V(x) = ZiWn Z(an - an)cos x)

(2.8)
h n7r

I(x) = Zwn (d + dn) sin( x)
n

When we apply this formulation to light-matter interaction, only a single resonator

mode (n = 1 fundamental mode in our case) is interacting with the matter at a given

frequency range. Note that the field operators description indicate position-dependent

coupling strength between photons and the matter system. We can compare the form

of field operators (x) and i(x) with operators 9 and i in the LC circuit. Particularly,

if capacitive (voltage) coupling is utilized and the matter is put at voltage antinode,

the impedance "seen" by the matter is Z= 2Zo/nr,whereniistheCPW

photon mode under consideration. On the other hand, if inductive (current) coupling

is utilized and the matter is put at current antinode, the impedance "seen" by the

matte ri tie = Zonr/2. In this sense, a CPW resonator can be effectively

viewed as a LC circuit when considering its effects on photon-matter coupled system.

2.4 Theoretical description of ferromagnetic resonance

magnon modes

The study of magnetic resonance has a long history. In the case of uniform mode of

ferromagnetic resonance (the Kittel mode), the dynamics of a magnetic moment m
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is traditionally described by Landau-Lifshitz-Gilbert (LLG) equation:

diii- -p1 oym x Heff + amfX di

dt dt

where y/27r ~ 28GHz/T is the gyromagnetic ratio, a is the Gilbert damping coeffi-

cient, and Heffis the effective magnetic field exerted on iii, which generally contains

applied DC magnetic field and anisotropy field. Heff can be derived from free en-

ergy by the formula Heff= -1 , where F is the free energy of the magnet and

M = Mm, with M the saturation magnetization.

Here, we provide a derivation of the Kittel formula for resonant frequency of the

Kittel mode, where shape anisotropy of the magnet plays an important role. The con-

tribution of shape anisotropy to F can be written as -(NM2+NM2+NM ), where

Ni are the demagnetization factors satisfying E Ni = 1. Assume the magnetic field

Hext = -Hoz is applied, then the effective field is Heff = (-NxM, -NyMy, -Ho -

N2Mz). Omitting the damping, the LLG equation writes:

dmx

dt = po (-Ho - NzM,)my + poy(-NyMy)mz

=~n - Pog(-NxMx)mz + po0g(-Ho - NzMz-)mx (2.9)
dt

dm,

dt = o'y(-Ny My)m + poy(-N2M2)my

Here we focus on the small angle precession case, where mz ~ -1. Then we get:

dmX= - !oy(-Ho + NzA18 )?rl - /Lo'Y(-NyA1 8)iny

dt

These equations indicate the circular (or elliptical if anisotropy is considered) preces-

sion of the magnetic moment around the applied field direction. We can therefore

deduce d
2  

= -w2m2 and dt2 = -w2 m2 with resonant frequency

w = [p0 (Ho + (Nx - Nz)Ms)(Ho + (Ny - Nz)Ms)
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which is the celebrated Kittel formula. The value of Ni's can be calculated once shape

of the magnet is given.

Now, we formulate the above equations in terms of quantum macrospin. First

of all, the energy can be written as Hm = -M -Bo + L(NM,2 + NYMY2 + NzM2)2

We now rewriteM- = -$ = -965. Then, using Ehrenfest's Theorem and the

commutation relation of the macrospin operators [i, $] = ihEjkA,where eijk is the

Levi-Civita symbol, we obtain:

d (5x) p10o
dt ==yBo (5y) + 2 -2(Ny - Nz) (y z + $25S)

--~) B(2) +L-72(NN) (52+$25) (2.11)
dt 2

dt 2 O2(N2 - Ny) (S2y + SySx)
dt 2

With the small precession approximation, -y (Sz) = M,. Then the equations become:

d ($2)
d =yBo (S,) + po-y(Ny - N2) ($y) Ms

(2.12)
d ( Sy)

dt)= yBo ($x) + po'y(Nz - Nx) ($x) M

We see that the Kittel formula is recovered. We will use the quantum macrospin

model for the derivation of magnon-photon coupling.

2.5 Magnon-photon coupled systems with LC cir-

cuits

We consider the quantum mechanical model of a quantum macrospin coupled to

an LC resonator through oscillating magnetic field generated by the inductor. The

macrospin model is justified as we observe the uniform ferromagnetic resonance mode,

Kittel mode, in the experiment [62, 231. The LC circuit model has been widely

adopted to describe the photon modes of superconducting resonators in the context

of Circuit QED. The Hamiltonian is composed of three parts: LC resonator fr =
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L 2 /2 + C¶2/2, magnon $m= gepB/h - Be', and interaction Sint = getB/hS

Brf = gePB/hS ' brfI, where brf is the magnetic field experienced by the macrospin

per unit inductor current. The effective field of the magnon Beffgenerally contains

contributions from external field Bext as well as magnetic anisotropy, which we neglect

for simplicity. The macrospin operators satisfy the commutation relation [5-,5 $] =

iheijkSk, where eijk is the Levi-Civita symbol. To match our experimental setup, we

adopt Bet = -Boz and brf= brf. The total Hamiltonian can thus be written as

H=Hr +Hm + Ht

= LZ2 + 1C¶0 2 + 9epB. Bext + ge/l-t § - r (2.13)
2 2 h ex+r

=1 Llj2 + 1 CY2 _ 9eyB Bo z + ge Ibe x
2 2 h h

Note that without the interaction Hamiltonian kIn, the ground state of the

macrospin is with () = hSi where the macrospin with total spin S is aligned in

positive z-direction by the external field. To proceed, we express the macrospin op-

erator S = ($+ + $_)x + ;($ - 5-)i + S, with 5()raising (lowering)

the z-component of the macrospin. We also express operators 9 and i in terms

of creation (annihilation) operators of photon modes in the resonator &t (&,): V=

iw, hZ,/2(&-b ) and I = w, h/2Z,(&+&,), where Z. = VL/C and w, = 1/ UL

are the characteristic impedance and the resonant frequency of the LC resonator, re-

spectively. Note that in this LC circuit quantization convention, the semiclassical

equations of motion without the macrospin are d (P) /dt= ([1,,])/ih =- ()/C

and d (I) /dt = ([I, H,]) /ih = (E) /L obtained by Ehrenfest Theorem (d (0) /dt=

([0, H]) /ih for general time independent operator 0), which resembles dynamics of a

classical LC circuit. Moreover, the equations of motion of the macrospin without the

LC resonator can be obtained as d ($) /dt= ([5,m]) /ih = gepBBo (,) /h and

d (S) /dt = ([Sy, m]) /ih = -gepBBo (S/) /h, which represents circular precession

of the magnon mode. With the above expressions of operators and adopting rotating
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wave approximation, the Hamiltonian can now be written as:

rI =h,(&,+t 2 - 9eBoII z + ge/Bbrfwr h_( ++ -r)
H1 =hL~rkL 2 h h V 8Zr (2.14)

1
=hWr(dtrt + -) - Wm(Bo)$z + g($+ + _r)

where wm(BO) = geMBBoh and g. = geMP BbrfWr/8hZ, are the magnon frequency

(a function of applied field BO) and single spin-photon coupling strength which will

become clear shortly, respectively. We can now compute the time evolution of expec-

tation values of resonator and macrospin operators using Ehrenfest Theorem:

d (&r) *Wr.(r)g- iS
dt

=(S+) -im(Bo)(54)- i2g, (&A$)
dt (2.15)

d(at) g9= for (ed!) +i $
dt rr h

d(S)= (Bo) ($_) + i2gs (hSz)
dt 'mrz

Here we assume that the amplitude of magnetic oscillation is small such that

the state is approximately an eigenstate of Sz with eigenvalue hS = r, where N

is the total number of spins mentioned in the main text. In this assumption, the

upper two equations are decoupled from the lower two equations. Moreover, the

algebraic structure is similar to coupled harmonic oscillators. We assume harmonic

time dependence Kdr) = aoeit andK(+)= Soewt. The upper two equations indicate

the eigenvalue problem:

o-W~r 9s/h tao\W -Wr ./r = 0 (2.16)
Ngsh w - wm(Bo)) (SO)

The eigenvalue equation gives two resonant frequencies: w± = u), + i 2 + 4g 2 ,

where A = om(Bo) - Wr is the detuning and g = g/N is the total magnon-

photon coupling strength. The coupled modes dispersion describes the character-
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istic anticrossing observed in experiment. Here we note the scaling of coupling

strength with number of spins g = g.v/N, with the single spin coupling strength

g = ge/PBbrfwr/v/8hZ, [20] derived in a quantum mechanical manner. The semiclas-

sical model expresses classical physical quantities (such as 1(t) and S,(t)) in terms of

quantum expectation values of operators (such as () and (5)),whose time evolutions

are related to those of (d,) and (+), together with(&)= ((I )* and(5_) (5+)-

The constants ao± and So± can be determined by initial conditions of the problem in

consideration. This can be adopted to describe "Rabi-like" oscillations in magnon-

photon coupled systems in classical region [76].

We can also rewrite the Hamiltonian using Holstein-Primakoff transformation

which expresses the macrospin operators as magnon excitation boson operators dm

and am:

$ =hat 2S - diem

S+ =h 2S -- &dn mdm (2.17)

S =hS - ha &nm

Again, we assume the magnon excitation is small ((atnm) /S « 1) and neglect the

term t m in the transformation for $_ and S4. The total spin is S= N/2. We

drop the constant energy terms and get the Hamiltonian:

H =horl3rdt, + hcm(BO)& am + hgsv(&md$+ 4n5,) (2.18)

The time evolution of the operators can be computed:

d (a -ir ( (h) -- igsvN (am)
dt

d (&m) = Wm(Bo) (am) - igsvN (r)dt (2.19)
d (&f)=,()igsvN(& )
dt

d (W) m(BO) (t ) + igsv'N (df)
dt
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The upper two equations are already decoupled from the lower two, due to the assump-

tion of small magnon excitation. We assume harmonic time dependence (h,) = aroeiwt

and (hm) = a(moeit. We get eigenvalue equation:

W - Wr gS aro)0 (2.20)

gVN w - Wm(Bo)Iamo

Weagainobtainwi= W+ ± i A+24g2 , where g = gVN is the total magnon-

photon coupling strength.

From the above derivation, g = g /N is the total magnon-photon coupling

strength, with g, = ge/BbrfWr/v8hZr1 201. Therefore, in order to achieve scalable

strong magnon-photon coupling with reduced N, it is important to increase the value

of g,. For fixed resonant frequency of the resonator, two strategies can be employed to

achieve this: (i) increasing brf by adjusting geometry of the inductive wire, or by plac-

ing 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. In

this thesis, by adopting the first strategy in a superconducting CPW resonator, we

first realize a relatively high gcpw/27r = 18 Hz by depositing the Permalloy stripe di-

rectly on top of the signal line with a thin insulating insertion, where strong coupling

is realized with as few as 1013 spins. Furthermore, by combining both strategies, we

show that very high coupling g,E/27r = 263 Hz can be achieved in a lumped element

LC resonator, which allows another two orders of magnitude reduction in spin number

N to achieve similar coupling strength. The experimental data will be presented in

Chapter 4.
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Chapter 3

Experimental Setups

In this Chapter, we present our experimental setups for realizing magnon-photon

coupled systems using lithographically defined superconducting resonators. We will

first discuss the choice of materials and device structure, and present the device fab-

rication procedure. Finally, we discuss our measurement setup including microwave

measurement system incorporated with cryogenics and printed circuit board (PCB).

3.1 Material and device design

To realize magnon-photon coupling using superconducting resonators, our device must

consist of a substrate, a superconducting thin-film resonator, and patterned magnetic

material in proximity to the resonator. The choice of materials and the device struc-

ture should be taken into account at the same time for the successful demonstration

of the coupled system.

First of all, the choice of magnetic material determines our device structure. In

previous reported literatures, magnon-photon coupled systems are all realized using

yttrium iron garnet (YIG), to our best knowledge. YIG is an insulating ferrimagnet

with very low damping coefficient (a < 0.001) which suits for reaching strong cou-

pling. However, so far the growth of high quality YIG thin film highly relies on the

substrate. The most common choice for YIG growth is Gadolinium Gallium Garnet

(GGG) substrate due to their matched lattice constant [17]. Therefore, it is not yet
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possible to directly grow high quality YIG on top of the superconducting resonator.

So a different approach, a flip-chip design was utilized with the detection of magnons

from YIG in a previous literature, which results in air-gaps and reduced coupling

strength. Moreover, the system would not be an on-chip and scalable design.

Here, we utilize the Permalloy (Permalloy=Py=NiFe) instead, which is a ferro-

magnetic metal with higher damping coefficient (a > 0.004). The growth of Py is

not limited to the choice of substrates, and can be grown by magnetron sputtering in

room temperature. Although there is no successful demonstration of magnon-photon

coupled system using ferromagnetic metal in current literatures, we expect the under-

lying physics to be similar. Moreover, we note that various spintronic devices which

utilize metallic magnetic materials, such as magnetic tunnel junctions, have been de-

veloped independently. Therefore, a successful demonstration of the coupled system

using metallic ferromagnet will open up the possibility to investigate magnon-photon

coupling in a wide range of spintronic devices. Moreover, the whole system can be

fabricated on a conventional Si-substrate using lithography process, which shows high

potential for integrated hybrid quantum systems applications.

Besides the magnetic material, we choose Nb as the superconducting material with

commonly reported critical temperature Tc ~ 9 K, which is well-below the tempera-

ture of our cryogenic setup (1.5 K). Moreover, Nb is a type-II superconductor, which

possesses higher critical magnetic field compared to Al (a type-I superconductor). In

our experiment, we have successfully demonstrated high quality factor Nb resonator

with in-plane applied field greater than 6000 Oe. It should be noted that the direct

growth of Py on top of the Nb will destroy the resonance, due to the conflict between

ferromagnetic exchange interaction and singlet Cooper pairing. Therefore, we choose

to deposit thin (- 5 nm) MgO, a thin and high quality insulating layer, between Nb

and Py. Moreover, it is known that Py is subject to oxidation when exposed to air.

Therefore, a capping layer (Ta or Pt) is grown on top of the Py for protection.

Finally, we use high resistivity (p > 10000 Qcm) undoped Si-substrate. The

high resistivity substrate is crucial for realizing high quality factor superconducting

resonators.
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3.2 Device fabrication

Our fabrication processes mainly consist of magnetron sputtering for material growth,

photolithography for photoresist mask, Ar ion milling for resonator etching, and liftoff

for Py bar formation. We describe the fabrication steps in detail as follows:

1. DC magnetron sputtering of 50 nm Nb on 500 pm thick Si substrate, with chamber

pressure < 2 x 10-8 Torr for superconducting Nb.

2. Coating of the SPR-700 photoresist with a speed of 3000 rpm for 30 s, followed by

a baking at 110'C for 3 minutes.

3. Defining the pattern for superconducting resonators and cross alignment markers.

MLA-150 laser write with 375 nm light with dose 250 mJ/cm2 used to expose the

resist for patterning.

4. Develop of the photoresist in CD-26 developer for 55 s.

5. Ar ion milling for 20 minutes to etch away the Nb.

6. Soaking the etched sample in Microstrip with temperature 110'C for one hour to

remove the resist.

7. Repeat steps 2-4 for the pattern for Py bar pattern. However, alignment is used

to locate the Py bars accurately on top of the resonators.

8. Oxygen plasma with power 110 W for 1 minute to clean the organic residue before

depositing Py bar.

9. Cover the device edge with Kapton tape before material growth for better liftoff

results.

10. RF magnetron sputtering for growing 5 nm MgO and then DC magnetron sput-

tering for growing Py, followed by Ta or Pt capping layer.

11. Soaking of the sample in acetone for lift-off. The magnetic bar is formed.

12. Coating the SPR-700 photoresist on the chip. Use diesaw machine to cut the chip

into devices with dimension smaller than 5mm by 5mm. Soak into acetone to remove

the resist.
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3.3 Measurement setup and procedure

Here, we first introduce our device mounting scheme onto the printed circuit board

(PCB) shown in Fig. 3-1a. The PCB itself is a CPW on one side and a ground

at the backside, and the dielectric material is FR-4. We mount the device on the

PCB with cement glue (nonconducting) carefully with the long-axis of magnetic bar

perpendicular to the signal line of the PCB. The device is wire-bonded with several

Al wires to ensure good grounding of the device and microwave transmission through

Figure 3-1: a) A PCB with a CPW resonator device. The signal line and the ground
of the resonator device are wired-bonded to the signal line and the ground of the
PCB, respectively. Note that several wires are bonded to ensure good microwave
transmission. b) The PCB is mounted to the sample holder with screws to ensure
thermal contact. The SMA connectors on the PCB are connected to RF coaxial
cables.
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the signal line. Besides SMA connectors for RF coaxial cable connection, the PCB

also consists of eight DC pads. In the photo, they are grounded using Cu conducting

tapes to minimize influence to the microwave transmission measurement. After wire-

bonding, the PCB is mounted on the sample holder with screws and connected with

RF coaxial cables, as shown in Fig. 3-1b.

The sample holder is attached to the bottom of the sample rod, which is inserted

in a Janis 1.5 K cryostat with magnet setup, shown in Fig. 3-2. The rod orientation

is carefully aligned so that the device plane is parallel with the external magnetic

a)

Figure 3-2: a) The Janis 1.5 K cryostat with a magnet setup at the bottom. b)
Cryostat with the sample rod inserted. The sample rod consists of feedthrough for
external RF cable connection. c) The Vector Network Analyzer (VNA) for microwave
transmission measurement.
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field direction. The alignment is made with the assist of markers, which were drawn

according to previous measurements whose orientation maximized the quality factor

of a superconducting resonator under applied magnetic field. Finally, the feedthrough

on the sample rod allows RF cables connection to a Vector Network Analyzer (VNA)

for microwave transmission measurement.
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Chapter 4

Experiments of Magnon-Photon

Coupled Systems using

Superconducting Resonators

In this Chapter, we present our experimental results of magnon-photon coupled sys-

tems using lithographically defined superconducting resonators with two designs, the

CPW resonators and the low-impedance lumped element (LE) resonators.

4.1 Simulation and characterization of CPW resonators

An image of the Nb CPW resonators with Py deposited on top is shown in Fig. 4-1.

To enhance the microwave magnetic field generated by unit inductor current br, we

minimize the width of the CPW resonator signal line in Fig. 4-1 to be wCPW 20

pm. The 1 = 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/21r = c/21Ve-jj ~ 4.96 GHz, where c is the speed of light and eeff =

6.35 represents the average dielectric constant of vacuum and Si substrate [26]. The

fundamental mode has a current distribution which reaches maximum at the center

of the signal line, where we deposit a MgO(5nm)/Py(50nm)/Pt(10nm) stripe by

magnetron sputtering followed by liftoff. The thin insulating MgO layer protects
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Figure 4-1: Photo of a CPW resonator device with 100Imx8pmx5Onm MgO/Py/Pt
stripe deposited at the center of the signal line. The distance 1 = 12 mm between the
two open gaps at the ends of CPW defines the fundamental resonant frequency to be
4.96 GHz.

superconducting Nb from ferromagnetic exchange coupling, while bringing Py close

to the surface of Nb for large RF magnetic field.

We use Sonnet microwave simulation package to simulate the transmission co-

efficient S 2 1 of our CPW resonator design. From the simulation in Fig. 4-2a, two

b)

0 2 4 6 6

Frequency (GHz)

a

E1

CPW Resonater w/wo Py 5OOxum at 1.5K

WI-WthoutPy

-5

-5

10 12 .65 4.70
f (GHz)

4.75

Figure 4-2: a) Microwave transmission simulated using Sonnet. Lossless conductor
with zero thickness is assumed for the superconducting Nb structure. b) Microwave
transmissions at 1.5 K with zero applied field before and after Py is deposited, ex-
hibiting 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.
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transmission peaks with frequencies around 5 GHz and 10 GHz are clearly seen, in-

dicating first and second harmonic resonant modes. Experimentally, we mount the

device in a cryostat with a base temperature of 1.5 K and studied 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. 4-2b, where

the quality factor can be determined to be Q = 1570 and 760, separately.

4.2 Magnon-photon coupled systems using CPW res-

onators

To measure the magnon-photon coupling, we have to tune the frequency of magnetic

resonance. An in-plane magnetic field Bext 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 microwave photon-magnon coupling. Fig. 4-3a shows the trans-

mission of a sample with 500pmx8pm lateral dimensions as a function of frequency

a)Experiment b) Theory dB
4.80 4.80 -5

4.76 4.76 -10

-15
O4.72 4.72

4.68 4.68
-25

4.64 - 4.64 -30

4.60 ~4.60 13
0 5 10 15 20 0 5 10 15 20

B (mT) B (mT)

Figure 4-3: a) Microwave transmission as a function of frequency and in-plane mag-
netic field at 1.5 K for a sample with 500pmx8pmx50nm Py showing characteristic
anti-crossing of magnon-photon coupling. b) Theoretical microwave transmission
spectrum calculated using input-output theory with parameters obtained from the
experiment.
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and applied magnetic field. The distinct anti-crossing feature at Bo = 8 mT is a result

of microwave photon-magnon coupling where interaction between the two modes lift

the degeneracy in resonance frequencies. The resonant modes evolution can be fitted

by Eq. , with wm(Bo) = -y [Bo + (N - N,)poM,][Bo + (N - N2),oM,] given by

Kittel formula, where y/2 r 28 GHz/T is the gyromagnetic ratio. In wm(Bo), the

demagnetization factors Ni are taken into account, which can be analytically calcu-

lated with the dimension of the Py stripe [?]. Through the fitting, we extract the

coupling strength g/2i = 64 MHz, the saturation magnetization poM, = 1.2 T of

the Py stripe, and the resonator frequency wCPw/2l = 4.690 GHz. Furthermore,

we obtain the decay rates of the resonator mode r/2 = 1.5 MHz and magnon

mode i'm/2i = 122 MHz by a transmission measurement of bare resonators and an

independent FMR measurement of Py(50nm)/Pt(10nm) bilayer, separately.

To validate the coupling strength and decay rates, we adopt the input-output

theory which gives microwave transmission coefficient as a function of frequency and

magnetic field in our system [?,32):

S21(w, Bo) =K '' 2 (4.1)
iW -W)- Kr + i(w-wm,(Bo))- Km/,2

where K,,i describes the external coupling rate to the cavity and only results in a

constant offset in unit of dB. With the parameters measured in our experiment, we

plot the theoretical transmission spectrum in Fig. 4-3b, 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 1013. To investigate the scaling of

coupling strength with spin number, we fabricate devices with different sizes of Py

stripes. The results are summarized in Table. 4.1. In the device with 2000 Pm long

Py, coupling strength g/2i = 171 MHz is obtained which is larger than r, and rm,

and therefore falls into the strong coupling region. The corresponding cooperativity

92 /rKm= 160 is very high for this small magnetic volume.
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Py size fre (GHz) poM,(T) g/2-r(MHz)

2mm x 8,m 4.699 1.25 171.9
500pm x 8pm 4.689 1.20 64.3
100im x 8pm 4.694 1.23 35.3

50tm x 8pm 4.689 1.25 21.0

50pm x 4pm 4.694 1.13 8.2

Table 4.1: Table for different CPW resonators with Py 50 nm thick deposited.

4.3 Simulation and characterization of LE resonators

Here, we adopt the strategy of impedance reduction to further enhance the cou-

pling strength. Low-impedance lumped element (LE) LC resonator has been recently

employed for paramagnetic electron spin resonance experiments [20, 9, 101, but the

potential for reaching strong magnon-photon coupling remains largely unexplored.

As is shown in Fig. 4-4, the resonator consists of large inter-digitated capacitors in

parallel with a small inductor, and is capacitively side-coupled to the signal line of a

CPW. The measured transmission coefficient of this resonator is shown in Fig. 4-5,

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 transmission of the bare resonator, with reso-

Figure 4-4: Image of a low-impedance lumped element resonator device with
40pmx2pmxlOnm MgO/Py/Ta stripe deposited at the center of the 4 pm wide
inductive wire.
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nant 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 (Son-

net) and found that the lower frequency mode corresponds to the case with a high

current density passing through the central inductive wire (see simulation results in

Fig. 4-5). We estimate the capacitance C of this mode analytically [33] 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 ZLE - L/C ~ 15.3

Q, much smaller than the value of CPW resonators. Moreover, the inductor width

V;LE is designed to be only 4 pm to further increase magnetic field intensity.

Experiment

m5u.42GHz

9.19GHz

Simulation

Lower frequency

Higher frequency

9 10 11

Figure 4-5: Left: 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: Simulation of current density
distribution of the resononant modes, respectively. Red and blue color indicates
regions with strong and weak current densities, respectively. The first harmonic mode
exhibits large current density at the central inductive wire which enhances coupling.
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4.4 Magnon-photon coupled systems using LE res-

onators

Fig. 4-6 shows the transmission of a resonator that is coupled with a 40Pmx 2pm x 10nm

Py wire, as a function of frequency and applied magnetic field. Fitting the resonant

frequencies evolution using Eq. , we extract the coupling strength g/27r = 74.5

MHz, the saturation magnetization poM, = 1.1 T, and the resonator frequency

WLE/27r = 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 nm

vs 50 nm) and potential magnetically dead interfacial layer [53]. With decay rates

of the resonator mode Kr/27r = 1.05 MHz and magnon mode Km/27r = 122 MHz, we

calculate the cooperativity g2 /Krrm = 43.3, which is fairly large considering the very

small number of spins (N = 7.3 x 1010).

To investigate the scaling of coupling strength with magnetic volume, we fabricate

40pmx2pmx10nm Py dB
5.29 -2
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Figure 4-6: Microwave transmission as a function of frequency and in-plane magnetic

field at 1.5 K. poM, = 1.1 T and g/27r = 74.5 MHz are determined from the fitting

shown in dashed line. Minimum transmission shows up under resonant conditions.
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Py size fre (GHz) toM(T) g/27r(MHz)
40pm x 2pm 5.2532 1.066 74.5
20pm x 2pm 5.1955 1.083 49.8

10pm x 2im 5.1606 1.089 30.7

Table 4.2: Table for different lumped element resonators with Py 10 nm thick de-

posited.

devices with different length of Py stripes. The results are summarized in Table. 4.2.

We note that large coupling strength can be achieved despite the small magnetic

volume, compared with the CPW resonators.

4.5 Extraction of single spin-photon coupling strength

Here, we combine the data points in both CPW and LE resonators presented in Table.

4.1 and 4.2. The scaling of coupling strength as a function of magnetic volume (and

spin number) is shown in Fig. 4-7. For both resonator designs, we confirm the scaling

of g oC VN and extract the single spin coupling strength g.

For the CPW resonator design, gCPw/27 = 18 Hz is obtained. As the Py stripe is

at the center of the 20 pm wide signal line, we can assume that the RF magnetic field

is uniform throughout the Py volume and estimate bCPw= 0 / 2 wCPw. Together

with the designed impedance ZCPw ~ 50 Q of CPW resonators, we calculate the

theoreticalgtobegery/27r = 14 Hz, which attains reasonable agreement with

our experimental value. However, a more accurate theoretical value of impedance

is given byZCPW= Z07r/2 ~ 78.5Q, which will results ing ,/2ir= 11.2 Hz.

Therefore, the experimental value is higher than the calculated theoretical value.

For the LE resonator design, we extract g,LE 27r = 263 Hz (Fig. ??), which is

an order of magnitude larger than the value with CPW resonator. This allows an-

other two orders of magnitude reduction in spin number N to achieve similar coupling

strength. The g,LE/27r value obtained in our experiment is larger than the one cal-

culated using our model gthery/27r = 141 Hz, which can partially be attributed to

the enhancement of magnetic field at the edge of the inductor wire due to the field's
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nonuniform distribution [20, 10].

For both resonator designs, we note that the theoretical values of g, always under-

estimate the experimental values. We should notice that in our theoretical derivation

of the coupling strength g, the anisotropy effect is neglected and the circular preces-

sion of the magnon mode around the applied field direction is assumed. However, in

the thin-film case, the precession orbit is actually elliptical, with the long axis lies

in the device plane and parallel to the RF magnetic field generated by the inductive

wire. Therefore, the overlapping of the precession orbit with the RF field will be

increased due to the shape anisotropy, and the enhancement of the coupling strength

is expected. The theoretical derivation is straightforward. However, in our experi-

ment, most of the data points are not in the strong coupling regime due to the higher

damping of the Py. It is known that the damping can result in renormalized coupling

strength. Therefore, the careful comparison of the coupling strength between theory

and experiment will be done in future experiment using magnetic material with lower

Number of Spins N(1012spins)
0 0.3 1 2 3 6 10 20 50 90

200 I III
* Lumped Element Resonator
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Figure 4-7: Magnon-photon coupling strength g as a function of magnetic volume
and spin number. The dashed lines represent fittings of the scaling rule g = gd.
The single spin coupling strength for two resonators in this work are determined to
be gCPw/27r = 18 Hz and gE/27r = 263 Hz in CPW resonators and lumped element
resonators, respectively.
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damping, such as YIG.

In our study, with lithographically defined superconducting resonators and an on-

chip coupled system design, we demonstrated an enhanced g, compared with previous

studies using 3D cavity with g, < 0.1 Hz or flip-chip superconducting resonator design

g, ~ 5 Hz. With enhanced g, the number of spins N involved for reaching strong

coupling is 3 orders of magnitude lower than previous experiments. In our experiment,

a ferromagnetic metal with relatively high damping coefficient (Py) is employed. By

simply replacing magnetic metals with insulator thin films with ultralow damping such

as YIG (Q>1000) 117], 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 further

scaling down the magnonic system volume. For example, a LE resonator made by

nanofabrication technique 127] with inductor width of -100 nm (compared to 4tm in

our current study) can further enhance g, by a factor of 40 and reduce the number of

spins for reaching strong coupling using YIG to 104, which signify the potential for

12 orders of magnitude reduction in spin numbers compared with previous studies.

56



Chapter 5

Conclusions

In summary, we have demonstrated high cooperativity microwave photon-magnon

coupling between a resonator mode in planar superconducting resonators and a Kit-

tel mode in Py nanomagnets. Compared with previous literatures, we have made the

following contributions:

1. Strong magnon-photon coupling with the smallest spin number N. With enhanced

g, 3 orders of magnitude reduction in N is demonstrated. Moreover, another 9 orders

of magnitude reduction is suggested with optimized material and resonator design.

2. The first demonstration of magnon-photon coupled systems utilizing metallic fer-

romagnets, which opens up the opportunities to investigate the coupled systems in a

wide range of spintronic devices, such as magnetic tunnel junctions (MTJs).

3. The system is on-chip, lithographically scalable, realized using conventional Si-

substrate, and Circuit QED compatible, which shows high potential for integrated

hybrid quantum systems harnessing magnon physics.

4. 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

and voltage controlled magnetic anisotropy.

Therefore, our works provide a novel platform of magnon-photon coupled systems,

where the interplay of spintronics, light-matter interaction, and quantum information

science can be studied in an on-chip and lithographically scalable architecture.[69]
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Spintronic Effects
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Figure 5-1: We developed the "Circuit QED version" of magnon-photon coupled
systems, which provides potential applications to Hybrid Quantum Systems with
magnon physics and spintronic effects.

Compared to previous studies of magnon-photon coupled systems, our results are

similar to the development of Circuit QED from Cavity QED. Therefore, we may call

our system "Magnon Circuit QED". The incorporation of spintronic effects will be

the main focus of our future studies. Our contribution can be summarized in Fig.

5-1.
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