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ABSTRACT

Superconducting quantum circuits based on Josephson junctions are one of the most
promising platforms for future quantum information processing. Tens of super-
conducting quantum bits have been integrated on a single chip with performances
exceeding the most advanced classical computers. However, these new quantum
machines operate at microwave frequencies, which have enormous thermal noise
and photon loss at room temperature. This fundamentally limits the future appli-
cation of this technology in distributed quantum computing and quantum networks.
Conversely, optical photons are an ideal information carrier as the photon loss is
extremely small in fibers and the thermal noise is negligible at room temperature.
Therefore, a quantum transducer that converts between microwave and optical fre-
quencies at the single-photon level is of great importance.

This thesis is centered on building such chip-scale interfaces with rare-earth ion
(REI) doped crystals. First, we focus on developing a theoretical understanding
of microwave-to-optical transducers. Based on coupled mode theories, we derive
a clean theoretical result of the on-resonance transduction model. This allows us
to condense the relevant material properties for transduction into a single param-
eter, effective y(?, describing the strength of the non-linearities provided by the
rare-earth ion materials. Next, we designed, fabricated, and measured the chip
under cryogenic temperatures, where percent-level efficiency and single-photon
level of added noise referred to the input is achieved. To further demonstrate the
unique advantage of atom-based platforms, we perform two transducer interference
experiments, showing the scalability and capacity towards transducer-assisted re-
mote entanglement of superconducting quantum bits. Lastly, with large microwave
cooperativities achieved, we observe novel quantum electrodynamics enabled by
controllable initialization of the excited-state spin system. By initializing the spins
into spin-down and spin-up states, we observe collectively induced transparency and
periodic superradiant emissions, respectively. Simulations are developed to explain
the experimental results.

These results establish REI doped crystals as a highly competitive platform for
microwave-optical quantum interfaces and pave the way toward remote transducer-

assisted entanglement of superconducting quantum machines.
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Chapter 1

INTRODUCTION

Quantum information science, rooted in the foundational principles of quantum
mechanics, computer science, and information theory, is driving a transformative
shift toward building quantum machines capable of solving complex real-world
problems across a broad range of fields. Quantum computing, as one of the field’s
most promising branches, has attracted significant scientific and financial resources
over the past two decades. A notable quantum computing platform is based on
superconducting circuits with Josephson junction, which has been largely explored
and led to a milestone in 2019 with the demonstration of quantum supremacy — a
quantum machine performing a specific task order-of-magnitude faster than most
powerful classical computers. To fully harness the potential of quantum machines,
it is essential to integrate superconducting systems into quantum networks, enabling
connections between remote quantum systems. Within this framework, a quantum
transducer capable of converting between microwave and optical fields will play an
essential role in such hybrid networks, where the information can be processed at
high speeds in the microwave domain and transmitted with high fidelity through
optical channels. This thesis presents my research work on developing on-chip
quantum transducers that convert between microwave and optical fields with solid-

state spin ensembles.

This chapter will introduce the concept of quantum computing and quantum net-
works as the motivation of the thesis. It will be followed by a discussion of quantum
transduction and the current state-of-the-art. Lastly, there will be a brief introduction

of rare-earth ion doped crystals in the context of quantum information science.

1.1 Concept of quantum computing

Quantum computing, proposed by Prof. Richard Feynman in 1980s [1], leverages
quantum mechanics to tackle problems beyond the reach of classical computation.
The first question to consider is: why is quantum computing so powerful? A
short answer is because nature itself operates according to quantum mechanical
principles. A quantum system is inherently more complex than a classical one.
For example, a system with 330 quantum bits (qubits) would require a vector with

dimension 2339 ~ 10'% to fully describe its state — a number vastly exceeding the
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estimated number of atoms in the visible universe. The immense complexity arises
from the unique properties of the qubit: each qubit can exist in a superposition state
and can entangle with other qubits, creating correlations that cannot be represented

classically. Mathematically, the state of a qubit can be represented as:
0 ; 0
) :cos§|0)+e’¢ sin§|1> (1.1)

up to a global phase factor. Here, the state |0) or |1) is an eigenstate of the
measurement, meaning there is cos? g probability to measure 0 or sin’ g probability
to measure 1. With a fully entangled state from a n-qubit system, the system vector
will be 2" dimension where each parameter is a complex number, therefore leading

to 2! — 2 real parameters .

One prominent example of quantum computing’s potential is Shor’s algorithm [2]
for integer factoring, which can find the prime factors of an integer in polynomial
time — a vast contrast to the current most efficient classical algorithm which does it in
sub-exponential time [3]. However, quantum computing is not a universal solution.
Identifying problems that are classically hard but tractable with quantum resources

remains an active research area.

Today, quantum processors have scaled up to hundreds of qubits on a single chip,
marking a significant milestone with the demonstration of quantum supremacy [4],
where a quantum processor outperformed a classical supercomputer by orders of
magnitude for a specific task. While this task itself may not have immediate practical
applications, its demonstration marks the potential of quantum computing and drives

the community to develop larger-scale systems with reduced computational errors.

1.2 Quantum networks

To further leverage quantum advantage, one approach is to create a quantum network
[5], conceptually similar to the current internet, where diverse quantum systems can
be interconnected. In this framework, information station — quantum nodes need to
be established at different locations, and information transfer — quantum channels
needs to be developed to facilitate secure communications between the nodes. Such
a network would enable quantum secure communication [6] by distributing entan-
glement across nodes, as well as distributed quantum computing [7] where not all

qubits are housed on a single chip or in a single location. Hence, entangled states

'Each complex number needs two real parameters to describe. The total state will be normalized
up to a global phase factor, leading to 2"*! — 2.
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can be shared among local quantum devices to collectively perform computational
tasks.

On the quantum channel side, it would require high-fidelity quantum signal trans-
mission, meaning low loss and low noise. Optical photons are a great information
carrier, as photons in the telecom band through optical fibers experience little loss at
room temperature > and optical frequencies have high enough energy to overcome
room-temperature thermal noise (fiw,, > k,T). Currently, people have demon-
strated the distribution of entangled photon pairs across metropolitan distances [8].
On the quantum node side, finding and developing optical emitters for quantum
nodes are an active research area, where defects in diamond [9, 10], trapped ions
[11, 12] and rare-earth ion doped crystals [13, 14] are extensively studied for single-

photon sources and entanglement generation.

Superconducting quantum circuits[15], though operating at microwave frequencies,
are also attractive due to its outstanding computation capacities. Integrating these
circuits into quantum nodes will be of great significance towards distributed quan-
tum computing. However, the corresponding quantum channels for the microwave
photons (typically gigahertz (GHz)) needs to be developed as the photons would
suffer greatly from photon loss 3 and thermal noise (hw,,, < kpT) at room tem-
perature. One idea to solve this issue is to build a cryogenic microwave link for
microwave photon transmission, hence towards a local network. At low tempera-
tures, photon loss can be significantly suppressed by using microwave waveguides or
superconducting cables. The millikelvin temperature will at the same time suppress
the thermal noise to be negligible. Pioneering works on this direction demonstrate
local cryogenic quantum networks built over tens of meters and loophole-free Bell
inequality has been tested to fully prove the channel capacity [16, 17]. Another
solution is to build a transducer that could convert between microwave photons and
optical photons. This would enable superconducting circuits with the existing de-
veloped optical networks and hence extend the capabilities of quantum computing.

A schematic is shown in Fig. 1.1.

1.3 Quantum transduction
As motivated above, quantum transduction would enable superconducting qubits

with an access to optical photons. On one hand, this could bring quantum informa-

2(.2 dB/km from a fiber datasheet on Thorlabs website.
30.3 dB/m from a datasheet of a coax cable on Pasternack website, three orders of magnitude
higher than an optical photon.
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= Mw 10 mK or or 10 mK Mw =

Figure 1.1: Superconducting qubits inside optical quantum networks. A
schematic for integrate superconducting qubits with quantum transducers, where
optical photons will be utilized for information transfer. MW: Microwave. OP:
Optics.

tion outside the ultra-cold environment to room temperature transmission. On the
other hand, by reversing the process, one would also be able to drive superconduct-
ing qubits via optical photons, which would not only reduce the complexity of bulky
microwave cables inside a dilution refrigerator, but also significantly decrease the

thermal load from the microwave coaxial cables.

Figure of merits
To build such transducers for useful tasks, there are a few figure-of-merits that one
would like to optimize [18, 19]. I will summarize the key requirements here and

discuss them one by one:

1. Efficiency
2. Added noise
3. Bandwidth
4. Scalability
5. Synchronization
Now

First, efficiency is defined as n = 7. It describes in photon number bases how

many output photons there are compared to the number of input photons. The input
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and output could either be microwave or optical photons, as the transducer should
be bidirectional. Unit efficiency would mean getting one optical photon per input
microwave photon and vice versa. One thing worth noting is that, the efficiency at the
single-photon level is relevant metric. Sometimes the efficiency listed in literature
is not measured at the single-photon level. This is fine as long as the efficiency does
not change with the input strength. However, if there are parasitic absorptions in
the system, the efficiency would change at different input powers. This is analagous
to the quality factor (Q) measurement of a superconducting resonator, lower power
could give lower Q as one needs to saturate the other bathes (two-level systems,
quasiparticles, etc.) first. Therefore, the efficiency at the single photon level would

be quite informative as that will be the number for actual usage.

Second, the added noise describes the noise generated along the transduction pro-
cess. There are different terms used here that one should be cautious of. The
noise referred to the output (RTO) and the noise referred to the input (RTI) are
totally different. Noise referred to the output describes the number of noisy photons
measured just at the output port, whereas noise referred to the input describes the
number of noisy photons at the input port, such that the process generated the noise

on the output port from these RTI noise. Mathematically, the difference is

Nada, R0 = Nmeasure (1.2)

Nadd,RT1 = Nmeasure/l = Nadd,RT1 11 = Nmeasure
where Ny eqsure describes the measured noise from any detection method and 7
describes the transduction efficiency. As shown in the equation, by dividing the
efficiency from the total measured noise, one would get effectively the noise on
the input side. This is important, as when performing the actual tasks, one would
like to convert a single microwave photon to a single optical photon (for example).
Therefore, added noise referred to the input will tell you what the signal-to-noise
ratio is in this case, in terms of effectively how many noisy input microwave photons
exist at the input port when sending in the single coherent microwave photon. There-
fore, N,qq rir Would be the characteristic that one should care about. Specifically,
considering a microwave-to-optical transduction case, a single microwave photon
will have a temporal width when sending into the device. Assume a single optical

photon detector is used to measure the transduced optical photon. In this case, the



efficiency and added noise will be

n=(Ron—Rorr)ot/1 = (Ron — Royy)ot
R,,ff(st B Roff (1.3)
Ron_Roff

Nadda,rT1 =

where R, ,rr describes the photon count rate on the single photon detector with
microwave photon input turned on or off. Therefore, by sending in a single mi-
crowave photon into the transducer, one would learn the system efficiency at the
single photon level and the added noise referred to the input by analyzing the signal
strength and the signal-to-noise ratio. One thing worth mentioning is that, this is
usually not trivial to implement. On one side, there is always some noise flux on
the detection side (e.g., dark counts) that might not related to the transducer by
itself. If the efficiency is too low, then one could get a large number of N, 44 g7 by
dividing a small efficiency. This is not necessarily true to represent the transducer
performance, as it is originated from the detection method. Therefore, one needs to
carefully calibrate the measured noise source to confirm this is truly coming from
the transducer, but not other components. On the other side, an optical pump is usu-
ally required to perform transduction (e.g., to bridge the energy difference between
microwave and optics). The optical pump will usually be in the same spatial and
temporal mode as the transduced optical photons. To only measure the transduced
optical photons, one needs to have an ultra-strong and narrow optical filter system,
to attenuate the optical pump that is typically a few GHz away by ~ 80 — 140 dB,
depending on the system efficiency. For one example of using such an optical filter,

I recommend this thesis [20] for detailed descriptions.

A natural question here is: what is the requirement for the noise? As mentioned
above, noise referred to the input describes the signal-to-noise ratio of a single input
microwave photon. Therefore, for any quantum operation, one wants N,;4 rr7 tO
be at the very least smaller than 1, such that the desired signal is higher than the
noisy part. In other words, this serves as a prerequisite for transduction fidelity to
be higher than 50%. For actual quantum error-corrected computational tasks, this
should be below the error threshold (e.g., ~ 0.1% for surface code [21]).

Third, the bandwidth describes how narrow the temporal width of an input can be
such that the transducer can capture it and convert it to the other frequency domain
without losing the information (e.g., a lower efficiency). In the frequency domain,
these two are related as:

BW:Af:Ait (1.4)
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where higher bandwidth would allow a shorter pulse to be converted. Higher
bandwidth is desirable, as it would allow faster operations compared to the qubit
coherence time. Another advantage of higher bandwidth is that it could also help
overcome the detection system noise. A shorter detection window effectively lowers
the noisy photon getting detected and hence lowers the systematic noise. Lastly,
a higher bandwidth would also allow a shorter optical pump pulse to appear on
the transducer, which will lower the noise intrinsically as less heating would be
generated. With less heating, one would be able to operate the system with a
higher repetition rate, hence increasing the entanglement generation rate from the

transducers.

Fourth, the scalability of the transducer reflects its potential for large-scale produc-
tion and integration with superconducting qubit platforms. As the cooling power
of a dilution refrigerator is limited, a bulky transducer setup would consume more
cooling power and hence increase the fridge temperature. An ideal case would be
an on-chip transducer that could be fabricated with the qubit on a single chip. But
this inevitably brings optical photons directly to qubits, which could have adverse
effects on the qubit performance. This is still an active research area on how to better
shield the qubit from the optical photons. But in general, an on-chip transducer is

preferred due to its small footprint and corresponding less required cooling power.

Fifth, the synchronization describes whether transducers from multiple productions
would operate at the same frequency. The ability to convert between microwave
and optical fields is important, but if the conversion happens at different frequencies
for each transducer, it posts anther frequency-matching problem to solve before
actual tasks for entanglement generation. One typical entanglement generation
protocol is based on the heralding of a single photon. This relies on the photon
indistinguishability between the two optical paths such that the information will
coherently interfere with each other to establish entanglement. For lots of the current
transduction platforms, which will be discussed later, the operation frequencies are
determined from design and fabrication. Even for the same design and fabrication
in different rounds, the resultant frequency will be different due to fabrication
disorder. One solution is to post-tune the optical part of the device to manually
satisfy the frequency matching condition. This has been demonstrated at least
for one of the platforms [22] but it would complicate the fabrication process by
another step and hence lower the yield and potentially lower the quality factors.

Similarly, one could also post-shift the optical photon frequency via another quantum
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frequency conversion step between optical ranges. This is achievable via commercial
products. Depending on the technical efforts, this may or may not be a bottleneck
that finally limits the transducer performance (e.g., a 50% efficiency between optical
ranges will put a ceiling of the total transducer efficiency to 50%). In addition
to the post-tuning, a passive design can be considered as well. For atom-based
systems, as the transduction process are based on atomic transitions, the operation
frequencies are naturally lock the atomic transitions and hence the same for different
transducers. This solves the problem fundamentally. But one thing that needs to be
mentioned is that this transfers the frequency-matching problem to the fabrication
side. Specifically, as the systems are operated with atoms, the cavities used for
enhancing the light-matter interactions need to be on-resonance with the atom. This
sets requirements on the fabrication side, where the frequency of each cavities needs

to be either fabricated relatively precisely or actively tunable to make it on-resonance.

There are other aspects that need to be considered as well. Some of them are
obvious that is not covered above. For example, the transduction process needs to
be coherent to preserve the quantum information. Combining a single microwave
photon detector (this by itself is also non-trivial) with a single optical photon source
is not coherent, and hence losing the point of doing this. The transducer needs
to operate in cryogenic environments, and at millikelvin temperatures for single-
digit GHz transducers. As qubits are operated there and microwave photons are
preserved in this low temperature environment, the conversion process should also
happen in the same circumstance. Some platforms works at higher temperatures
(e.g., room temperature [23]) needs further investigation to move into the cryogenic

environment for actual usage.

As discussed above, there are lots of aspects to consider for an ideal quantum
transducer, and hence there is not a clear choice for the "best’ platform, motivating
the transduction community to explore different systems and different designs. For
readers who are interested in further details, I recommend these two review papers
[18, 19].

Transduction platforms
To achieve the conversion between microwave fields and optical fields, one needs
to engineer a coupling directly or effectively between them. A general transducer

can be understood as a two port device, as shown in Fig. 1.2. Specifically, the



o2M

\/

Microwave Photons Optical Photons
b(w ) a(w, )

'g m
NA/\/\/\/\” S11,Mw » <:eo:> » S]],OP W

Transducer

T

M20

Figure 1.2: Schematic for a general transducer between microwave and optical
fields. A transducer is generally a two-port device with four scattering parameters.
The optical/microwave field interacts with mode a/b at w,/w, frequency. The
coupling between the two fields can be direct or via intermediate stages, creating
a coupling g,, directly or effectively. M20O: Microwave-to-optical transduction.
O2M: Optical-to-microwave transduction.

Hamiltonian should have a beam-splitter term as:
H,rp = hgeod b+ h.c. (1.5)

where g, describes the coupling strength between the two fields, a and b are the
annihilation operators for optical and microwave fields. Various platforms have been
theoretically proposed and experimentally studied. Here, I will go through the three
most studied platforms and discuss the principles one by one:

1. Electro-optic system
2. Mechanics-based system

3. Atom-based system

First, the electro-optic system utilizes the nonlinearity of the material to directly
couple microwave with optics. For example, with the Pockels effect where the
refractive index of a material is linearly dependent with the applied voltage, one
would apply an AC voltage at GHz frequency. This will imprint a rapid-phase
shift on the input optical phase and generate sidebands. Hence, a commercial
electro-optical modulator is technically a microwave-to-optical transducer. But the
efficiency is quite low as the V; is typically high. Since it utilizes the direct coupling
between the microwave and optical system, the physics is relatively straightforward
to understand. There are groups working on this platform [24-27]. As of writing

the best on-chip result is [25], where 15% internal efficiency is measured, but added
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noise is not calibrated yet. By moving the system from an on-chip to a bulk setup,
8.7 Y% efficiency with 0.16 added noise has been achieved [24]. Further by using
the spontaneous parametric down conversion (SPDC) process, microwave-optical

entanglement has been demonstrated [28] via this platform.

Second, the mechanics-based system utilizes phonon as an intermediate stage be-
tween microwave and optics to realize the coupling between the fields. There are
at least two different categories: piezo-electricity and electro-mechanics. By a
piezo-electric material, the microwave photons can be directly coupled to reso-
nant phonons. Next, the phonon could be converted to optical photons via opto-
mechanical coupling due to radiation pressure [29]. For example, if readers are
familiar with a piezoelectric element (piezo), one could think about a piezo attached
to an optical cavity. Typically this is one way to realize a scannable Fabry-Perot
cavity. Assuming the piezo can operate at high enough frequencies, one can apply
a microwave signal to the piezo, effectively modulating the cavity length, and hence
generating a sideband of the optical pump into the cavity. Hence, an acousto-optical
modulator is also a microwave to optical transducer via acoustics. Systems with this
piezo-electric platform have demonstrated results with percent-level efficiencies and
single-photon level noise [30-34]. One ground-breaking experiment with this plat-
form presented direct coupling of a superconducting qubit to a piezo-mechanical
transducer, where the Rabi flopping of the qubit was detected via single optical
photon detectors [30]. There are also experiments using SPDC process, where mi-
crowave and optical entangled photon pairs have been measured [35] and time-bin

qubits based on two sequential SPDC photon pairs has been studied [36].

Another category here is based on electro-mechanical coupling. The idea behind
is a vibrating capacitor, where electrical signals can be coupled to phonons via this
element. A phonon converted to a photon can again be realized via opto-mechanical
coupling. A bulk setup has been achieved first by this group [37, 38], where
high efficiency up to ~ 50% was measured. However, since the membrane used
operates at MHz frequency, the thermal occupancy is high even at low temperatures.
Therefore, feed-forward protocols were utilized in this system to demonstrate down
to 3 noisy photons referred to the input. This system has also been coupled to a
superconduting qubit [39] via a modular approach. By separating the qubit and the
transducer setup, optical heating of the qubit is negligible, hence qubit operations
could be done together with transduction. An on-chip version of this type of

interaction has recently been realized in [40, 41]. By designing everything out of
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silicon, they avoid the piezo-electric material via heterogeneous chip architecture,
potentially towards ultra-coherent mechanical quality factors. This device measured
quantum-level noise with percent-level efficiency, as well as achieving 20% with
higher noise. The advantage of this type of system is that the mechanical system
can be ground-state cooled. Due to the strong coupling with microwave circuits,
one can cool the mechanical mode (typically the dominant thermal bath) with the
cold microwave bath. Utilizing this technique, the paper shows the percent-level
efficiency with quantum-level noise under CW operation, improving the repetition

rate to being limited by the bandwidth of the system instead of the repetition rates.

Lastly, the atom-based system, similar to the mechanics-based system, achieves
an effective coupling via atomic couplings. Since atoms or ions can have both
microwave and optical transitions, each atom can effectively serve as a non-linearity.
Therefore, by using an ensemble of atoms or ions, typically ranging from thousands
to billions, the effective non-linearity will go up due to the collective enhancement
from the ensemble. Here, Rydberg atoms [23, 42-44] and solid-state defects [45—
47] have been studied for the transduction purposes. For Rydberg atoms, since
atoms are trapped and typically coupled to 3D cavities, the setup would be relatively
bulky and multiple lasers are required to operate the system. With strong dipole
moments and coherent atomic states, 50 — 80% efficiency has been achieved at 4K
or room temperature. The room temperature experiment needs further investigation
towards cold temperature for coverting a real quantum microwave signal. The 4K
realization requires qubits operating at millimeter-wave (hundreds of GHz), which

is an active research area [48].

For solid-state defect systems, most of the research efforts are in rare-earth ion
(REI) doped crystals. The reason is that REIs have narrow inhomogeneities in both
the optical and microwave domains, with stable and coherent transitions at high
concentrations, compared to other solid-state systems such as nitrogen-vacancy
centers in diamond. Similar to the various platforms discussed above, bulk and
on-chip setups have been studied here as well. For bulk setups, people have used
cylindrical REI-doped crystals to fit inside a microwave loop-gap cavity and an
optical Fabry-Perot cavity. Efficiency up to 107 has been demonstrated but the
added noise is yet to be calibrated [45]. The limitation for the bulk setup is the drive
Rabi frequency is small, as the optical beam radius is large and REIs typically have
weak 4f-4f optical transitions. Sending higher optical pump power generates a trade-

off between atomic cooperativity and material heating. For on-chip platforms, the
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Figure 1.3: Rare-earth elements in the periodic table and their electronic struc-
tures. Rare-earth ions have transitions have a partially filled 4f electronic shell
which is shielded by the outer 5s and S5p orbits. This results in weakly allowed, but
highly coherent intra-4f shell transitions.

chip utilizes superconducting microwave resonators and photonic crystal cavities.
The photonic modes can either be directly inside the material from a suspended
structure, or evanescently coupled from a hybrid system [49-52]. The highest
efficiency that has been achieved is 1077 [46, 53]. However the added noise could
not be measured accurately due to the low efficiency. The shortcomings and other
details of previous on-chip REI-based demonstrations will be discussed in Chapter
4.

As discussed in the figure of merits section, the uniqueness of atom-based system
is the natural frequency matching. This is an important aspect for entanglement
generation between remote superconducting qubits. Also, with enough concen-
trations, REI systems would present an ultra-strong effective non-linearity for the
transduction process (more than 4 orders of magnitude higher than LiNbO3 [54]).
Meanwhile, since REIs are already doped inside the crystal, one can fabricate any
structures on the chip with a small footprint, advantageous for scalability. Lastly,
REI-based quantum technologies have flourished across multiple areas which will
be discussed in the next section. These reasons make REIs a promising and com-
petitive platform among others. Further details will be discussed in Chapter 3 for

theory and Chapter 6 for measurements.

1.4 Rare-earth ions platform
The rare-earth elements are highlighted in Fig. 1.3. After the atoms get ionized
to 3+ charge, the electronic structures are shown on the right of Fig. 1.3. The

optical transitions are between 4f to 4f orbitals. This is abnormal as typically this
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is electric-dipole forbidden. However, by doping the rare-earth ions in crystals,
the surrounding crystal environment, specifically the crystal field, will Stark shift
the energy levels as well as mix different orbitals together [55]. One example
is Er:YVO,, where theoretical calculations have shown how the different orbitals
are mixed into different energy levels [56]. This level mixing allows the 4f to 4f
transition to be dipole allowed, even though the represented angular momentum of
the energy levels is unchanged (AL = 0). This gives unique advantages to the REI
system. Since the transitions are 4f to 4f, the filled electron shells outside 4f (5s
and 5p) will shield the inner transitions, such that the 4f electronic states are highly
coherent and the 4f to 4f transitions are highly radiative (less phonon coupling).
However, this also comes with other effects. One is the weak transition dipole
moments which is based on the level mixture. The other is that atomic properties
such as transition frequency, dipole moments, and inhomogeneity can vary from

crystal to crystal even with the same dopants, unlike in free atoms or ions.

There have been lots of studies on REI-doped materials, and a general finding is
that REIs have narrow inhomogeneities in both the optical and microwave domains
[57]. For example, erbium-doped crystals have typically around hundreds of MHz
optical inhomogeneities (180 MHz for Er:YVO4, 500 MHz for Er:YSO) and tens
of MHz spin inhomogeneities (60 MHz for Er:YVO,, 10 MHz for Er:YSO) [58—
60]. Another finding is that REIs typically have long coherence times. A six-hour
coherence time has been achieved with 'Eu*:Y,SiOs at a zero first-order Zeeman
(ZEFOZ) point of a hyperfine transition [61]. A 30 ms spin coherence time has
been measured with !7'Yb3*:YVO, under a Carr-Purcell-Meiboom-Gill (CPMG)
sequence [13]. Meanwhile, since REIs are doped in crystals, one can do micro-
and nano-fabrication with it [49, 62-64]. This gives the REIs an access to small
mode volume on-chip cavities, necessary for Purcell enhancement [13] and can
lead to many-body physics studies [65]. With these on-chip technologies, REI-
based quantum technologies have flourished across multiple areas including single
photon sources [14], quantum memories [66, 67], and entanglement generation
[68]. A necessary demand arises for a seamless link between various REI-based

technologies and other leading microwave quantum platforms.

1.5 Outline of the thesis
With the above introduction covering the concept of quantum computing, quantum
networks, quantum transduction, and REI systems, this thesis is focused on building

an on-chip microwave-to-optical transducer at single photon level with REIs.
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Chapter 2 will discuss the energy levels of rare-earth ion doped crystals. One would
get the LSJ levels from the electronic structure and apply group theory to calculate
the selection rules between different levels. Specific examples will be discussed.
Chapter 3 will focus on the theory of transduction using REIs. Specifically, an
on-resonance regime with simple and intuitive equations will be derived to under-
stand the system performance. From there, an effective y® non-linearity will be
extracted to fully represent the REI material properties in terms of transduction.
Meanwhile, an adiabatic model for off-resonance regime will be discussed.
Chapter 4 will go through the previous REI-based on-chip transducers. The design
and measurement results for each individual demonstration are discussed and con-
clusions are drawn for future improvements.

Chapter 5 will introduce the latest design, by learning from the shortcomings of pre-
vious designs. The microwave and optical part will be discussed and the fabrication
for each part will be described as well.

Chapter 6 describes all the experimental work for measuring the transducer. After
going through the experimental setup, the efficiency and added noise will be mea-
sured. Detailed calibrations are performed in both microwave and optical detection
methods. With these performance, photon interference between two independent
transducers are measured. Finally, summaries and future improvements are dis-
cussed.

Chapter 7 explores another aspect of the transducer — what if a blue sideband is sent
to the device rather than a red sideband. Novel physical phenomena will be dis-
cussed such as collectively-induced transparency and periodic synchronized pulsing
in both microwave and optical domains.

Chapter 8 will summarize the thesis and point toward future directions with REI

platforms for quantum technologies.
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Chapter 2

RARE-EARTH IONS DOPED IN CRYSTALS

Here I will talk about the electronic configuration and derive the LSJ levels using
Hund’s rule. Next, I will cover how to use group theory to do the relevant calculations
in REI crystals. Specifically, how to label an energy level with an irreducible
representation and the selection rules. After a general methodology discussion, I
will give two examples, Er**:YVOy and !7'Yb**:YVO,. Both of them have D,y
symmetry. The zero-nuclear spin erbium will be calculated and the selection rules
under Zeeman splitting will be discussed via crystal field quantum number. '"1Yb
has a nuclear spin 1/2, so hyperfine interactions need to be considered. I will
cover both the group theory approach of the electron-nuclear hybridization and an
analytical result from solving the I - A - S Hamiltonian. This tutorial helps one
understand the atomic energy levels of REI-doped crystals and the corresponding

selection rules, setting up for the system control in the later experimental sections.

2.1 Electronic configuration
Here I will discuss the electronic structure and the LSJ quantum number of a rare-
earth ion using Hund’s rules. First, the electron configuration of rare earth elements
are generally:

REy : [Xel4fN6s? 2.1)

where the 4f electrons will accumulate up to 14 along the Lanthanide series. When
doped into solids, the rare-earth ion will usually lose three electrons and be in a
positive charge 3 state:

RELY : [XelafN ! (2.2)

For example, the electron configuration of an erbium free atom is [Xe]4 f1%6s2.
After becoming an ion in a crystal host, the electron configuration is [Xe]4f!!.
Then, we can apply Hund’s rules to find the ground state angular momentum. In
short, Hund’s rule specifies that the ground state should have an electronic structure
that features a maximum spin S index and an angular momentum L index. Also, for
a less than half-filled electron shell, the energy increases with a higher J, whereas
for an over half-filled electron shell, the energy decreases with a higher J.

With this, we can check the ground state level of erbium ions. Erbium ions have
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Figure 2.1: Electron configuration and energy level ordering of different REIs.
Due to Hund’s rule, REIs with the same S and L momentum will have a different
energy ordering for J depending on whether the 4f shell is more than half-filled or
not. Energy spacing is not to scale.

11 f-electrons. The f shell has L=3, with 7 different orbitals corresponding to

my =0,+1, £2, +3. Following Hund’s rule to maximize S and L, we obtain:

EFGIL I N D] @3)

where 4 pairs of electrons fill 4 orbitals and the remaining 3 electrons are aligned in
the same direction. This gives S =3/2and L =3+ 2+ 1 = 6. Lastly, since it filled
more than a half-shell, the energy decreases with a higher J. Therefore, the ground
state energy level will be

Er?t L. (2.4)

The same arguments can be applied to neodymium, whose ionic electronic config-
uration is [Xe]4f>3. This gives the same § = 3/2 and L = 6. However, since it
has a less than half-filled electron shell, the ground state level is the one with the
smallest J. This gives the ground level for Nd** as #Io /2. The same procedures can
also applied to ytterbium ion (Yb** and Ce**). Results are summarized in the Fig.
2.1.

Following the energy ordering of the LSJ levels, the level degeneracy will be lifted
by the crystal field splitting. However, for rare-earth ions with an odd number of
electrons in the 4f shell, the ’Kramers’ theorem’ [69] results in each crystal field
level being a doublet. This is particularly useful as this doublet can be tuned via
an external magnetic field, forming an effective spin-1/2 system. This effective spin
can be used for applications in quantum information processing due to its unique
spin properties. Also, depending on the nuclear spin of the isotope, the levels will

be further split under electron-nuclear interactions.
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Figure 2.2: A general energy level diagram of (a) erbium ions and (b) ytterbium
ions. Both of them are Kramers ions as the f-shell electron number is odd. Here,
erbium with zero-nuclear spin is considered to show the Zeeman effect, whereas
ytterbium with 1/2-nuclear spin is considered to show hyperfine splitting.

Finally, with the crystal field lifting the degeneracy, hyperfine splitting, and the
external magnetic field to split the effective spin-1/2 levels further, all the levels are

then non-degenerate as shown in Fig. 2.2

2.2 Group theory calculation

Here I will focus on how to use group theory to represent each energy level and
further calculate selection rules between different energy levels.

First, the group here refers to the site symmetry of the REIs after substituting
ions in a material. For example, in Er’*:YVOy, yttrium is substituted by erbium,
where the site symmetry is D,,. Further, because the erbium has effective electron
spins, the group that needs to be considered is the D4 double group. After the site
symmetry is known, one can find the group character table and learn each irreducible
representation. I recommend the following book [70] for all thirty-two point group
properties. Here I will use D,; double group for demonstration purposes, as this
will be used in the next two subsections for calculation. With the character table,
one can calculate the character of a rotational operation at angle ¢ for a LSJ level
using the following equation:

sin [(j +1/2)y]

inZ
sin 5

X' (W) = (2.5)
where ¢ is the rotation angle of each operation. For example, ¢ = 7 for a C;
operation. o operation has ¥ = m, but also has a spatial inversion P (-1 for an
odd number of 4f electrons). S4 operation has /2 and a spacial inversion. With

the characters calculated for each group operation, one can decompose it under the
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D2d E | FE S4 E’S4 sz /E’CzZ sz,y /E’sz,y g1,2 /E’O'l,z
ry |11 1 1 1 1 1
I 1] 1 1 1 1 -1 -1
I |11 -1 -1 1 1 -1
Iy 1711 -1 -1 1 -1 1
Is 2] 2 0 0 -2 0 0
e |22 V2] V2 0 0 0
;22 V2] V2 0 0 0

Table 2.1: Character table for D,; double group.

bases of all the group irreducible representations and hence find the irreducible

representations of the energy levels:
- —
X' (W)=Ty&.. oT. (2.6)

We note that this decomposition can also be found in the compatibility table in [70].
@ operator means a sum of individual characters of all k; irreducible representations.
Then, one can calculate the irreducible representation of the electric and magnetic
dipole moment, which is equivalent to an L=1 operator and the electric dipole has
spatial inversion, but the magnetic dipole does not. This is also represented in the
group compatibility table with electric dipole as D} and magnetic dipole as D7.

Finally, we consider the selection rules. In quantum mechanics, one performs the

state integral to see if the result is nonzero to learn if a transition is allowed:

/lﬁ;OTlﬁidSr #0 (2.7)

where ¢ ¢; labels the final and initial quantum state, respectively, and Or is the
transition operator. The idea is similar in group theory, but instead we must check if
the multiplication of the irreducible representations contains the identity operation:

F*

f ® Zij RI; 217 (2.8)

where I7; is the irreducible representation of the initial state. X;I"; is the decom-
position of the transition operator into its irreducible representations. F;} is the
complex conjugate irreducible representation of the final state. ® operator means a
multiplication of individual characters between the two irreducible representations.

From the books [71] and [72], this selection rule is equivalent to

rier 2 3. (2.9)
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With all of the above results, one should be able to use the character table and the
compatibility table to perform the group theory calculation for REI-doped crystals.
Next, I will give two examples of the materials I have worked with.

2.3 Example of Er’*:YVO,
From the above electronic structure calculation, we know Er** will have J = 15/2
for the ground state and J = 13/2 for the excited state. So first, we use equation 2.5

to decompose the energy levels into irreducible representations as shown in table
2.2.

J | Equation | E(y =2n) | Co(y =) | o (P, = 7) | Su(P, ¥ = 7)
0

152 % 16 0 0
.lni

13/2 % 14 0 0 V2
Sll’l7

Table 2.2: Character table of different J.

From this, we can get

Ljz15/2 =46 @ 417

(2.10)
FJ:13/2 =4T¢ & 31.

We note that this calculation result can also be found in the compatibility table
shown in the book [70]. We then know the Z; and Y; levels will be either I' or 1.
For the transition dipole moment, one can calculate it based on a J = 1 format, as

summarized in table 2.3

J Equation | E(y =27) | Co(¥ =n) | o(P,¢ =n) | Su(P, ¢ = 5)
sin[2Z
1 (ED, P=-1) | %] 3 1 1 1
sin[ 5]
sin[3—d’]
1 (MD, P=1) : [?ﬁ] 3 -1 -1 1
sin 5

Table 2.3: Character table of transition dipole moment in D»,.

This decomposes the electric dipole and magnetic dipole selection rules into:

I'ep=14®15
(2.11)
I'yp=12®T5.

Specifically, we note E(I;) = E(I'y) = 1 and E(I's) = 2 from table 2.1. This

means [ and I'y are both one-dimensional representations, corresponding to 7
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polarization, whereas I's is a two-dimensional representation, corresponding to o
polarization. Therefore, we get a summary of the correspondence between the tran-
sition dipole selection rules and the individual irreducible representations, shown in
Table 2.4.

Dipole moment | 7 | o
ED Iy | T's
MD I's | I,

Table 2.4: One-to-one correspondence between transition dipole moment selection
rule and irreducible representation.

Finally, we can apply these selection rules to the state of I'c and I'7. As an example,
I will show how to use equation 2.9 to perform this calculation between I'g and I';.
We first write down the characters of I's and I';. Note that in Dy, group, all the
characters are real, so I; = I';. We next multiply each character together and get
another character vector row here. Then by doing the character decomposition, we
can find what this multiplication consists of. Since it contains a I'4 and I's, that
means the transition is allowed via ngp, myp, and ogp. Each procedure is shown
in table 2.5.

D2d E|FE S4 E’S4 CQZ /E’sz sz’y /E’sz’y g1,2 /E’O'l’z
T 2021 V2 | V2 0 0 0
I 2[2[V2| V2 0 0 0
I's ® 17 414 -2 -2 0 0 0
[elsels | 4] 4| -2 -2 0 0 0

Table 2.5: Example of a selection rule calculation between I'¢ and I';.

By performing this calculation between different pairs, we finally have a table for

all allowed transitions between I'¢ and 1.

Levels I's I;
I's OMD>OED>TMD | TED>TMD> OED
I; TED>TMD>OED | OMD>OED> TMD

Table 2.6: Summary of all allowed transitions between I'¢ and I'; in D».

We note these results agree with this paper [73], where the authors perform the same
calculation in Er3*:YPO, with the same D,y symmetry. Also, this book [72] gives

electric-dipole selection rule tables for a few different groups, which could also be
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Figure 2.3: Er’*:YVO, energy levels and selection rules. (a) The energy-level
diagram of Er’*:YVOy, at zero applied magnetic field. (b) Partial diagram of
Er**:YVOy crystal field and Zeeman levels with the crystal field quantum number
and the selection rules under external magnetic field along the crystal symmetry
c-axis (Bg.//c). m and o indicate E,.//c and E,.//a polarization.
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Figure 2.4: The high-resolution optical transmission spectrum of 140 ppm
Er’*:YVO,. (a) and (b) show the optical transmission spectrum of Z;-Y; and
Z1-Y,, respectively, at an applied field of 90 mT at 1 K. The blue line labels x
polarization and the black line labels o polarization.

helpful. One small thing worth mentioning is that the 7 and o are all referred to
the input electric field. 7 here means E//c and o means E//a, where c and a are
crystal axes.

These results are already useful for understanding the zero-field optical spectro-
scopic results. To further understand the selection rules under Zeeman splitting,

one needs to know the crystal field quantum number of each individual level. As
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after Zeeman splitting, the single degenerate transition will split into four transitions
based on the difference in the g-factors between the ground and excited state spin.
The selection rules of these four transitions can also be addressed with the tool of
crystal field quantum number. By looking into this paper [56], we learn Z; is I'7, ¥)
is['7 and Y; is I's. Checking with book [72], we found that I'q corresponds to u = i%
and I'; corresponds to u = i%, where u labels the crystal field quantum number.
Each irreducible representation corresponds to a pair of positive and negative u, as
I's 7 are two-dimensional for a spin-1/2 system. With this and the selection rules
using u in this paper [74], one can get the full selection rule picture under Zeeman
splitting, as shown in Fig. 2.3.

With these calculations, one can perform optical spectroscopy on Er’*:YVO, at
different magnetic fields. Based on the experimental data at different polarizations,
one can find a configuration where all the selection rules are met with each level
corresponding to a crystal field quantum number. We note there will be two config-
urations satisfying this, up to a global factor of -1 (e.g., add a minus sign to all the

crystal field quantum numbers together).

2.4 Example of 7'Yb?*:YVO,

Now I will talk about the application of group theory calculation in 7' Yb**:YVOy,.
Specifically, here !7'Yb®* has a nuclear spin 1/2. Another hyperfine splitting term
I - A- S needs to be considered. In group theory language, the electronic states need
to ® another nuclear spin 1/2 irreducible representation.

Following the logic explained above, we again first find the electronic state of the
energy levels. From the electronic configuration, !7'Yb** will have 2F; /2 as the
ground state and 2Fs /2 as the excited state. One can perform the calculation using
equation 2.5 or check the group compatibility table. We follow the table in [70] and
found I'¢ and I'7 are the irreducible representations to use. The nuclear spin 1/2 will

behave as I'g (D7 /2). Therefore, the hybridized electron-nuclear state will be:

[sl¢=I"101raIl}% 2.12)
Telg=IelysoTls.
We note that I's corresponds to the doubly degenerate state. In the electron (|T))
- nuclear (|))) language, it corresponds to |Tf}) and |||}) state. Also, I'; and I'3
behaves as D, which corresponds to %(lTU) —IM). And I'; as well as I'y behave
as D1, which corresponds to %(lTU) +|{M). And I';. This is summarized in table
2.7.
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Figure 2.5: Optical transmission spectrum of 140 ppm Er**:YVO, at various
magnetic field. (a) and (b) show the magnetic field ramp of Z;-Y; and Z;-Y,
transmission spectra with o~ and 7 polarization, respectively. The red dashed lines
are the fitting from the effective spin Hamiltonian. (c) and (d) show the transmission
spectra as a magnetic field of 75 mT rotated from parallel to the crystal c- axis to
parallel with crystal a-axis. The red dashed lines are the fitting from the effective
spin Hamiltonian.

Irreducible representation | Electron-nuclear wavefunction
I'.I3 510 - 1LM)
.1 (1) + M)
I's [T and [11)

Table 2.7: TIrreducible representation to electron-nuclear wavefunction for
71Yb3+:YVOL,.

Since the group is still D4, we re-use the electric dipole and magnetic dipole
correspondence results from the erbium calculation in table 2.6. We then calculate

the electric dipole and magnetic dipole selection rule between all I';, shown in table
2.8 and table 2.9.
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ED | Il | I | I3 | T4 | I
I T | o
I, T o
Iz b4 o
Iy | n o
Is |o|oc|o|o | x

Table 2.8: Electric dipole selection rule between different I; in 71 Yb**:YVO,.

MD | Iy | I | I3 | Iy | T
I o T
I, | o T
I o |
I'4 o T
I's | n | n | m| | O

Table 2.9: Magnetic dipole selection rule between different I'; in !71Yb**:YVO,.

We note these two tables are symmetric and the transitions are between two levels,
unrelated to the ordering. Therefore, we can just focus on half of them. From
electric dipole calculations, there are totally four o transitions and three 7 transitions,
whereas in the magnetic dipole calculation, there are three o transitions and four 7
transitions.

We can compare the above calculations with experimental data and gather more
information. First, we observe four o transitions and three s transitions in the
experiment. This indicates the ground state and excited state must be one I's and
one I'7, not the same representation. Also, this means the electric dipole is what
we observed. Furthermore, as experimentally the transition between I's and I's are
easy to identify (will split into four transitions under external magnetic field), there
are only r transitions allowed from the measurement. This again supports the fact
that the magnetic dipole moment might be zero or negligible. For these reasons,
we neglect the magnetic dipole contribution in the later calculations and consider
the ground state as I'; and excited state as I'q (the reverse is the same as we only
consider transitions connected by two levels).

With the above conclusions, we can draw the 7' Yb3*:YVO, energy levels with
irreducible representation and allowed transitions properly labeled. This agrees
with the experimental measurements pretty well, as initially measured in [75]. Since
171Yb3*:YVO, only has electron spin 1/2 and nuclear spin 1/2, the Hamiltonian is

relatively simple. From this book [55], there is already an analytical equation
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Figure 2.6: Energy levels of !7'Yb3*:YVO, with group theory labelling and
allowed transitions Each level is labeled by both the irreducible representation in
D,4 group and also the electron-nuclear wavefunction.

derived from solving the Hamiltonian with an external magnetic field along c-axis.
Here I further simplify the results from the book, assuming nuclear spin is 1/2 and

zero-field. With these assumptions, one gets:

1 1
E=—2Ay = S[A]my + AL(1-mp)]'? (2.13)

where A/, and A, are the elements in the A tensor (H = 1-A-S). mp is the
magnetic quantum number of the combined angular momentum (F' = S + I). Two
spin 1/2 systems will combine to a spin-1 and spin-0 system, which corresponds to

the four different hybridized functions. Therefore, we get

A
|F:1,mp:1):E:%
A
F=1l,mp=-1):E=21 (2.14)
4
_A//iZAJ_

IF=(1,0),mp=0): E = ;

We see that the two |Tf) and |||}) are degenerate. The energy of the two mp = 0

states needs to be assigned based on the signof A;; and A .
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Chapter 3

TRANSDUCTION THEORY

In this chapter, I will discuss the transduction theory in detail. A perfect model will
include everything (both cavity modes and each individual atom) and solve all of
the individual differential equations together. However, this is numerically intensive
and lacks intuition. Below, I will discuss two models, capturing the physics of the
transduction process in two different regimes. One is originally presented in [76]
and the other is adapted from a general mode coupling theory [77] as presented in the
supplementary information of our work [78]. Then, examples will be given to show
how to use the tool to solve the electro-optical system, the piezo-opto-mechanical
system and the atomics system. Towards the end, since there are different atomic
regimes to be work with, we have a discussion on the difference between them.
Finally, an important parameter, the effective y(® will be derived, based on the

efficiency equation derived here.

3.1 General method
In the quantum picture, a transduction process is basically a beam-splitter Hamil-
tonian between the two modes. Following the description in [77], let us consider a
system consisting of a microwave mode (b, b, an optical mode (a, a’), and N other
intermediate modes (m;, m:.r). The whole system conceptually forms a chain where
each mode is coupled to its two neighbors via a beam splitter Hamiltonian:

H =hwywb b +hwopa’a + Eihwimjmi 3.0)

+1ig, (b'my + mib) + Zihgi(mjm,u,l + m§+1mi) +higa(a"m, + mjla) .

where wyw and wpp are the microwave and optical mode frequencies and gi’s
are the mode coupling strengths between different modes. First, if there is no
intermediate mode, the modes are only microwave and optics. This simplifies back
to a direct microwave-optical coupling via an electro-optic material. Second, the
mode coupling forms a chain and only couples to its nearest two neighbors is also
experimentally reasonable. Typically, a mode can be supported by the geometry of
a material, which can at the same time be the building blocks of another mode (e.g.,
electromechanical[41] and optomechanical[30] effect).

With this Hamiltonian, we use input-output theory to solve the mode dynamics.
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Figure 3.1: A general mode coupling mode for transduction calculation. Each
mode couples to nearest neighbors via beam-splitter Hamiltonian.

Writing each mode in vector format, we have:
k(1) = Pk(1) + QK (1)
where k(t) = (a,my,...,my, b)T
Kin(t) = (Aexts Aint M1, ... My, Bext, Bint)"
Kour (1) = Q" k(1) = Kin(1)

where Bjj, o, and A;, o, are the microwave and optical input output fields, M;’s

(3.2)

are the input intermediate fields. Kj, ., 1s a collective vector of all the relevant
input output fields. With these notations, one can solve the dynamics in frequency

domain, where all of the useful information is contained in the scattering matrix:
Kaut [w] = S[w] Kin [w]
where Slw] = QT[_iC‘)IN+2 - P]_IQ —Int4

where /; is the identity matrix of dimension j.

(3.3)

Electro-optic system
Here we use the above generalized mode coupling theory to calculate the transduc-

tion process of an electro-optic (EO) system. For the EO system, we have

—Kol2  18eo

(igeo _Ke/2)

_(VRowr om0 0
_( 0 0 Reew v—)

where «; is the total dissipation rates of the resonators and g, is the coupling

P

(3.4)

strength between the microwave and optical mode. The efficiency is the S-parameter

connecting the two output ports of the microwave and optics, which is:

4C,,

=1S(1,3)> = SG3, D|* = -
Nm2o = | ( )l | ( )l 770776(1+C80)2

(3.5)
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wheren; = K’K%X’ is the extraction factor of microwave or optical resonator. C,, = %
is the cooperativity. As the system should behave reciprocally, the conversion
efficiency from microwave-to-optical and optical-to-microwave should be the same,
which is captured in the formalism as [S(1,3)|*> = |S(3,1)|>. Clearly, the system
reaches unit efficiency when C,, = 1 and n; = 1. This is called the impedance
matching condition. The efficiency will not keep increasing with an increased
coupling after the matching point. Intuitively, when the coupling is much higher
than the decay rate of the mode, one can think about the mode conversion keeps
going on between the microwave and optics, back and forth, but not have enough
time to emit out. Therefore, the efficiency is only optimized when the conversion
speed matches the emission speed. In the language of all the parameters, that means
the coupling induced conversion speed % is equal to the emission rate of the
optical cavity k,, which is the same as C,, = 1.

The scattering matrix is also useful to understand the noise process. Considering
there are some noise photons in the microwave port, one can calculate how many
noisy optical photons get converted through the process. As the noise is incoherent,
one can add up the noise from different sources. For example, considering there
are n, noisy photons in the microwave waveguide and n; noisy photons from the
intrinsic microwave bath (e.g., quasiparticle environment), the noise contribution

will be:
No = Ntpe + Nyep i

3.6
= |S(1,3)’ne +[S(1,4)n;. (3.6)

The noisy photons just populated in the optical modes are usually ignored, as optical
frequencies are much higher than the room temperature, where the thermal popu-
lation is negligible (fiw,, > k;,T). This above equation links the experimentally
measured optical photons to the source of the noisy microwave photons. From this,

one can get a key parameter called - added noise referred to the input as:

o
Nadd RTI =
Nm2o
S(1,3)%n, + |S(1,4)?n;
_ 1S, 3) e + 1S, 4)[n 3.7)
1S(1,3)?
Ke,int
Nadd RTI = Ne + n;.
Ke,ext

The above result is quite meaningful. First, the added noise referred to the input is
the key parameter to describe whether the system operates at the single-photon level

(‘quantum regime’) or not, as it divides the efficiency away. Second, the first part of
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the result is n, which is the same as the number of coherent microwave photons sent
Ke,
Ke,

into the waveguide for conversion. The next part is i"’t n;, as one can not directly
ex

send photons into the intrinsic bath, but the difference is only the « ratio factor.

Piezo-opto-mechanical system

Similarly, we can derive the transduction dynamics in a piezo-optomechanical sys-
tem via this mode coupling theory. We note that the Hamiltonian of the optome-
chanical coupling is parametric (e.g., a’a(m + m')). One needs to first consider a
red-detuned optical pump to reduce it to a beamsplitter Hamiltonian. Details can be

found in [29]. With these assumptions, one gets:

—Kol2  igom 0

P=|igom —Kkm/2 igem

0 i8em  —Kel2

VKoext  \Koint 0 0 0
o= 0 0 km O 0
0 0 0 VKeext Keint

where g,m is the coupling strength between the optical and mechanical mode, g.,

(3.8)

is the coupling strength between the microwave and mechanical mode. With this,

one can calculate the efficiency as:

Mo = 1S(1,4)[* = [S(4, 1)?
4C oy Com (3.9)
(14 Copm + Cemn)?

=TMole

42 . . .. 4g2 . .
where C,, = 7222 is the optomechanical cooperativity and Cep, = —< is the piezo-
om em

electric cooperativity. Notice again that here the impedance matching condition
appears again. The conversion efficiency will be low if only one of the cooperativities
is increased while the other one is fixed. The optimal condition is when the C,,, =
C.m > 1. The physical intuition behind this is also clear. First, one needs to have
Cem = Copm such that the process between the two stages is connected fully, otherwise
the coherence will be converted back and forth in one stage but not transferred to
the next one. Second, the mechanical mode is simply an intermediate stage that
connects the microwave and optical modes. Any coherence that leaks out at this
stage through mechanical dissipation is harmful. Therefore, one wants the coupling
induced conversion speed in each stage to be much higher than the mechanical

4g2 4g2 . .
decay rate, as —i”” > K, and —i"m > k. These two requirements together give
e o
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Com = Com > 1.
The amount of noise can also extracted from the S matrix. Assuming all of the noise

sources are independent and incoherent with respect to each other, then we have

no = 1S(L )P ne ext + I1S(1,5) e ins + 1S (1,3) P

no
=  Nadd,RTI =
- (3.10)
_ Ke int 1
= Heext + —HNejint + Ny
e,ext ¢Cem

where n,, is the thermal occupancy in the mechanical mode. The first two terms are
the same as the electro-optic system. The last term is a new term introduced by the
mechanical mode. As mechanical devices are typically suspended by design, this
term is normally the dominant thermal contribution. However, as the efficiency is
referred to the microwave input, the n,, can be suppressed by the strong coopera-
tivity between the microwave and mechanical modes, which can be understood as

mechanical cooling from the cold microwave resonator.

3.2 Atomic on-resonance regime
Based on the method discussed in ‘General Method’, we adapted it into the atomic

system with reasonable assumptions as shown below.

Setup of the problem

The system Hamiltonian with both microwave and optical cavity-ion coupling is:
H =hw,ca’a+hw, b'b+ Z EqkOgg i + Z Ee kOejeik + Z Ee kCererk
k k k
+ Z hgo,k(aTO';k +h.c.)+ Z hge,k(bTa's_,k +h.c.)
k

k
+ > 1 (o +hoc)
k
(.11)

where a is the optical mode at frequency w, ., b is the microwave mode at frequency
we ., E are the energies of the level denoted in the subscript, g are the optical or
microwave coupling rates, € is the pump Rabi frequency, and o are the atomic

operators for the transition denoted in the subscript (e.g. Tk = |g) (eq| for the k-th
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atom). Implementing the Heisenberg equations of motion, we get

. [ . Ko . _
a= —E[a,?{] = —iWy 0 — ?a —1 Zgo,ko'o,k
k

+ Ko,extQin,ext + Vko,intain,int

L I _ Yo _

Ok = _ﬁ[o-o,k’q‘{] = TlWo kT, — ?O-o,k
— 8ok (Tggk = Terer k)a + iQkO';k - ige,ko-l;’kb (3.12)
_ i 7 . - Ys - '
Osk = _7;1[ s, k> ] = TlWs kO o — Eo-s,k

. . —_— . +
— 8k (Tere1k = Oerer k)b +1Qk07, | —i8o k0, 1a

[ . Ke : -
b= —7—_1[b, H] = —iwe,cb - ?b -1 ;ge»ko-s,k

+ VKe,extbin,ext + VKe,intbin,inta
where we introduce y and «, the atomic dephasing rates and cavity decay rates,

respectively. Here, we make two assumptions for simplicity: (1) We assume {(aoy;) =

(a) (o), where quantum correlations have been ignored [65]. (2) We ignore the

last terms for o"(_s o)k 38 they simply impose a frequency shift that does not affect
the conversion process (e.g. a ~ 0, 0,a ~ 0y).

With the above assumptions, we can rewrite the differential equations into a matrix

with the following definitions:

_ - - — - T
Vm - (a9 O-(),l’ Tt 0-0’k3 O-S,l’ Y O-S,k’ b)
— T
Vm,in = (ain,exta Aingints Oa ) Oa 0» ) 0» bin,exta bin,inl) (313)
vV = ( - 0.---.0.0.---.0.b b .)T
m,out — aout,ext, a()ut,mt’ ) s Uy Uy s Vs Vout,exts Yout,int

where V), is a vector with 2k +2 elements, V,;, ;,/0u; 18 @ vector with 2k +4 elements.
Next we rewrite the system dynamics in the frequency domain, going into the
rotating frame of the input optical and microwave frequencies, and use the input-

output formalism. The equations of motion will become:

Vin =AVy + BV in
Vinous = B Vi = Vi
Vm,out = SVm,in
S = BT [—iwly12A] ™' B = Ijya,

(3.14)

where 1, is the d-dimensional identity matrix. The system can then be solved via

matrix operations, and the conversion efficiency is the relevant matrix element of

2)‘

the total scattering matrix S (e.g., ny20 = |S1.5
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Single atom case

To gain some physical intuition, we start by just considering a single atom:

—i6oc — % —ig, 0 0
A —igo(ng — ney) —idy — % iQ 0
0 iQ —id, — % —ige(Ne, — Ne,y)
. . Ke
0 0 —ige —i0ec— 5 (3.15)
VKoext VKojmt 0 0 0 0
B 0 0 00 0 0
0 0 00 0 0

0 0 00 ‘\/Ke,ext ‘\/Ke,inl

Setting the detunings to zero, we obtain the microwave to optical conversion effi-
ciency as:
Ko,ext Ke,ext Nel — Ne2 4Ce,sC0,sCa,s

Ko Ke Ng —Ne2 [(1 + Ce,s)(l + Ca,s) + Ca,s]2

_ Ko,ext Keext el — Me2 Ce,s 4 x Ca,s Co,s
- ’ )
Ko ke Mg=nea 1+Cos(1+Cy )2 1+Cos

n2o = |S151% =
(3.16)

where the cooperativity is the single-atom cooperativity with dephasing rate y in
. 4g2(ng—ne.,) 4g2(ne, —ne, ) 402 ;o )
the denominators (C, 5 = # Ces = # Cus = m). C,.s 18 again

the modified atomic cooperativity with (1 + C, 5)(1 + C, ) in the denominator.

The first two terms are the external coupling rates of each resonator. The third term
appears due to the fermionic nature of the atoms, and depends on the population
distribution between the three energy levels. However, if the optical pumping is
strong enough such that it equalizes the pump transition (ng, = n,, = %, ne, = 0), the
third term goes to unity. This makes sense since in this scenario, the population of
the two fermionic modes (optical and spin) are equivalent and their effects cancel
each other out. The remaining three terms involving the cooperativities are the
efficiencies which can be understood as the three stages as shown in the left part of
Fig. 3.2: a microwave photon to spin coherence, spin coherence to optical coherence

(same as electro-optics), and optical coherence to an optical photon.

Also, since the microwave coplanar waveguide connects to the resonator with rate

Ke ext and the resonator internal reservoir contributes with rate «, j,;, the contribution
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Single-atom Multi-atom

Figure 3.2: Conversion diagram for single-atom and multi-atom case. In the
multi-atom case, each atom can individually couple to the resonator mode, but the
mode only couples to the entire ensemble.

to the microwave noise from the resonator thermal reservoir is:

Nmeasured = |S(1, 5)|2ng + |S(1, 6)|2Nres,int
1S(1,6)?

Nmeasured
———=Nyo+ ————
"E18(1,5)?

Nada,rr1 = Nyes.int (3.17)

Keint N
res,int -
Ke ext

= Nyg +
Multiple atoms case
Now we consider the more general ensemble case, where there are multiple atoms
that can each individually couple to the optical and microwave resonator mode.
However, as we have ignored quantum correlations and consider only the atoms as a
collective, the resonator couples to the total contribution of the ensemble, illustrated

in the right part of Fig. 3.2. In this case, the matrix can be rewritten as:

_ige,l (nel,l - nez,l)

_ige,k(nel,k - nez,k>

—i0pc — KTO —igo,1 —i8o.,k
. . Y .
—igo,1(Ng.1 —Ney,1) —i60,1 — F iQ
. . Y .
A= ~i8o.k(Ng k = Ney k) —ibo.k — 7 iQ
iQ —ife - %
iQx —ibe s — %
_ige,l _ige,k —i0ec — KT(‘
VKo,ext VKo,int
0
0
B =
0
0
VKe,ext VKe,int

(3.18)
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where A is a (2k +2) X (2k +2) matrix and B is a (2k +2) X (2k + 4) matrix.

To get a sense of the analytical form of the conversion efficiency, we can consider
just two identical atoms. Then, A will be a 6 X 6 matrix and B a 6 X 8 matrix.

Assuming no detunings again, the matrix will become:

-% % i
_i%(ng - nez) ~Yo/2 i€2
A= _i%(ng - nez) —Y0/2 i€2
iQ ~Ye/2 —i%(nel — Ne,)
iQ —Ye/2 —ig—;(ne1 — Ne,)
—j8  _j8e _Ke
V2 V2 2 (3.19)
\/Ko,ext \/Ko,int
0
B 0
- 0
0

VKe,ext Ke,int

where we have added a factor of % to g, and g, to conserve the total coupling

strength (go.10r = /2. gg ;). Then, the efficiency is:

Ko,ext Ke,ext el — Ne2 4C.C,C,
Ko ke Ng—ne [(1+Ce)(1+C,)+Cyul?

no = |S171* = (3.20)

where the cooperativities are now ensemble cooperativities, and the coupling
strength in the numerator is the sum of squares of the individual coupling strengths.

Similarly, the added noise referred to the input can be found as:

N, d S(1,8))?
Nadd,RTl = R = wg T M res,int
n 1S(1,7)] (3.21)
Ke int
= ng + —Nres,int~
Ke,ext

These results are exactly the same as the single atom case due to the symmetry of
the S-matrix. Increasing the number of atoms will yield the same results. This
indicates that atoms with the same properties (detunings, coupling strengths) can
be considered as a single atom with coupling strength equal to ensemble coupling

strength to solve the conversion process.
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Figure 3.3: Multi-atom simulations. (a) The convergence test. Parameters used
are the same parameters used in the main experiment presented in Fig. 6.2, but with
zero spin detuning. Each simulation is repeated 1000 times and the error bars reflect
the finite sampling. (b) Comparison between data, multi-atom simulation and the
single-atom equation. For the multi-atom simulation, each point consists of 200
atoms and is averaged over 1000 simulations from which error bars are calculated.

For a large number of atoms with inhomogeneities, deriving an analytical expression
becomes intractable, and numerical simulations must be implemented. To do this,
we first assign a random optical and microwave detuning to each atom from a
Gaussian distribution with width equal to the respective inhomogeneous linewidths.
Additionally, random horizontal and vertical coordinates are assigned taking into
account a Gaussian distribution based on the optical beam radius. Therefore, from
the beam edge to the center, a corresponding optical and microwave coupling strength
can be assigned to each sampled atom using the Gaussian beam profile and simulated
microwave mode profile. Since we have billions of atoms, we cannot simulate each
atom individually. Instead, we group the atoms with similar properties together to
reduce the total number of calculated atoms. In doing so, we perform a convergence
test to see how many groups of atoms we must sample in order for the result to
converge. As shown in Fig. 3.3a, around 100 atoms sufficiently capture the system

behavior.

Finally, we compare the multi-atom simulation with the single-atom simulation
with the same parameters used in the experiments. As shown in Fig. 3.3b, the
results are similar and overlap within a factor of 2. This validates the usage of
the simple, single-atom equation as discussed earlier. However, it is worth noting
that these two simulations need not necessarily agree with each other. This is
because the single-atom equation uses ensemble cooperativity with inhomogeneous
linewidth instead of atomic dephasing in the denominator, which is technically an

approximation. Specifically, when the homogeneous linewidth of each individual
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atom (equivalently, 77) is much narrower than the inhomogeneous linewidth, the
result of the single-atom equation deviates from the multi-atom results, due to the
fact that the more accurate multi-atom case only addresses a narrow subset of the
ensemble. In this case, the denominator of the ensemble cooperativity should be
modified to include a contribution from both the homogeneous and inhomogeneous
linewidths. In our case, the homogeneous and inhomogeneous linewidths differ by
a factor of 40, where the single equation and multi-atom results still agree with each

other.

3.3 Atomic adiabatic regime

We note there is also an atomic adiabatic regime originally proposed in [76]. Al-
though so far experiments have operated with small cooperativities and hence are
captured by the atomic on-resonance model, the adiabatic model results in clean and
intuitive expressions. The comparison between the two regimes will be discussed
in the next section. Here I will describe this adiabatic calculation using the excited

state spins.

Setup of the problem
The system Hamiltonian to start with is the same as calculated in 3.11 in the on-

resonance regime:
H :th’CaTa + hwe,chb + Z Eg,ko-gg,k + Z Eel,ko-elel,k + Z Eez,ko-ezeg,k
k k k
+ Y ngonlatoy +he)+ Y hgex(blog, +he)
k k

+ Z hQy (0, + h.c.).
k
(3.22)

Then we calculate the dynamics of each relevant operator in the Heisenberg picture:

. . Ko . _
a= %[7-(, al = —iw,ca — Ea - lZgO,ko'o,k

; . . - Ke
b=-iwecb - lzé’e,ko's,k - ?b — VKe,cBin
(3.23)

o1
I

= —iWe2,40, 80k (Neyk —Ngr)a — ige,ko;kb + iQkO';k
. _ . — . + . '{ — .
Oy i = "iWe g0, i +180k0y 1 — i8e kb o, +iQ (Mey k — Ng k)

. . — \ + . . -
Oyp = "iWere Oy — I80,k0 ), 10 + i8ek(Meyk — Ny k)b + leO'O,k.
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Calculation via Integral

We can apply the rate equation approximation to carry out the integral of each
equation. For example, to learn the optical field a, we need to calculate o,
which can then be used to directly link to optical field a via either rate equation
approximation or by adiabatically eliminating the cavity. To find o, x, we need to
find 0';, X and Tk which can integral out. Therefore, we get

o~ ge,ka Neyk — Ney Lk Neyk — N
J N
¢ 5ec,k + 5p 6ec,k 6[1,1(

Vb + (iw + Da. (3.24)

We note that there are two different terms here. The first term is linear with

microwave field b. This term is useful as o, will be plugged into the equation

k
of optical field a, which will finally become a = Mb term, where M is just a
complicated parameter from the system. This is the beam-splitter Hamiltonian
effectively connecting mode a and mode b. The second term is not useful, as I only
write it generally as (iw + I'). The reason is that this term is linear with mode a,
which will finally become a frequency shift/mode broadening term, not contributing
to the beam-splitter Hamiltonian.

With the equation of o, one can get the optical mode a:
0,k

_ —i80.k o
—iSock +Ko/2 OF (3.25)
—y go,kge,ka Neik — Ngk _ Nes k — nel’k)b. '
(iéec,k + iap)(i(soc,k - K0/2) 6p,k 6ec,k

Similarly, with the same method, one can get the mode b equation via calculating

O-S,k'

—8o.k8e k2% Ngk —MNeyk  MNeyk — Mgk
(i0ec,k = Ke/2)(i0pck = i0p k) Opk Sock
— Ke’c/z B
i(Bek = Geck) +Kef2

We note there are many detunings and it might introduce confusions to readers. For

b=%

)a
(3.26)

clarity, all the detuning definitions are as follows:

6oc,k = Wey,g,k — Wo,c

6ec,k = Wej,e,k — We e

Ok = Wergk = Oy (3.27)
60,1{ = Wey,g,k — Wo

66,]{ = Wey,eq,k — We

Wy = We + W)
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All the cavity-related detunings are referred to the cavity frequencies w, /.. All the
other detunings are referred to the input microwave/pump frequencies w,,. The last
equation from above is energy conservation, where we label the transduced optical
photon frequency as w,,.

To further simplify the prefactors in the equations, we now assume the microwave
input frequency is on-resonance with the microwave cavity frequency (w, = W),
the optical output frequency is on-resonance with the optical cavity frequency
(wo = wy). And further assume the optical detuning (usually a few optical in-
homogeneous linewidth) is much larger than the microwave detuning (usually a few
spin inhomogeneous linewidth). This is valid for 7'Y53* : YVO4 where the spin
linewidth is only ~100 kHz where the optical linewidth is ~100 MHz. Also, this
will eliminate the detuning difference between each atom, as the detuning is much
large than the inhomogeneous linewidths. With these assumptions, one can then get

a much simpler version of the equation:

—80.k8e k2%  Neyk — Ny k

a=X— - b
(l(soc - K0/2)160,k O¢ (3.28)
_go,kge,ka Ney k — Ney Lk Ke,c/2 .
b=% - - a — B,‘n.
(léec - Ke/z)lée,k 0o Ke/2
With this, one can get the efficiency equation as
B AZWA,,M 3 Kocd'a
B;LnBi” BjnBi”
~ 16]S|% ko ke
= Nallb |482 + Kk, ke |?
4R? (3.29)
80.k8e k2
where S =ZX~———"—(Ne, k —Ne, k)
000, ’ ’
28

and R =

VKoKe

This recovers back the adiabatic result as shown in [76]. However, one main
difference is that there is a population difference term in parameter S, n,, —n,,, that
does not appear in the result using ground state spins. The reason is that under the
adiabatic approximation of ground state spins, all the populations are originally in
the ground state n, = 1. This makes all the relevant population difference terms
to 1 as ng — n,, = 1 and ng — n., = 1. The factor of 1 will not show up, therefore

the population difference terms are hidden. One thing should be acknowledged is
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Figure 3.4: Diagrams of adiabatic regimes. (a) Diagram using ground state spin
and (b) using excited state spin. One can understand the excited state spin case is
exactly the ground state but with the energy flipped.

that this type of integral calculation is messy. The reader should remember how
many assumptions we need to have, to reach this final clean results. Also, lots of
frequency shifts and cavity-broadening terms are neglected as it does not contribute
to the effective beam-splitter Hamiltonian.

Below, I will discuss another easier method to get the adiabatic results and capture

some important frequency shift terms back.

Calculation via Optical Bloch Equation

We notice that the optical field a is only coupled via o, (equivalently p,.,) and
the microwave field is only coupled via oy (equivalently p,, .,). Therefore, it is
enough to calculate the efliciency as long as we learn the equation of pg ., and
Pe,.e,- TO achieve this, one can perform the optical block equation and calculate the
steady-state solution:

Paer =0=100,pge, — 1A (e, —Ng) +IB pg ey —iQ20¢) e, (3.30)

Peres =0 =1i0cp¢, e, + iA*pm,g - iB*(nez - nel) - ing,eZ'
Here, we take A = g,a and B = g.b to assume they are actual steady-state values
instead of operators. Also, we neglect the term that consists of pg ., or pe, . as
the pump coherence is generally small in the adiabatic limit (e.g., pump is far off-

resonance).
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Under the above adiabatic limit, we can then solve pg ., and p, ., as:

1 * *
Pg.er = 5.6 [A 56(”62 - ng) +B Q(nez - nel)]
”1 ¢ (3.31)
Pei,er = 5.6 [A*(nez - nel)Q‘"' B*5a(ne2 - nel)]-
Combined with the input-output equations in steady state, one gets:
0=—i6coa —iSb(ne, — ne,) —iwga(ne, —ng) — K—20a
0 =—idceb —iSa(n,, — ng) —iwpa(ne, — ne,) — %b — VKb, Bin (3.32)
Q
here S = Zgoge .

Here, we capture two frequency shifting terms due to the ion-cavity coupling as
Wy = E% and wp = Eg—g. We notice the S definition does not contain any population
difference term here, so we can clearly write it down in the full equation now. From
the above equation, one can plug the first into the second one, and get the efficiency

equation as:

A—(‘L;onut Ku,cafa
Ne-spin = r = T
BinBi" BinBi"
» VEoreVReeS (e; = iey) o
(=idoc +iwa(ng —ne,) = ko /2)(=idec +iwp(Ne; = Ney) — Ke/2) +Sz(ng = Ney) (e — Ney)
(3.33)

where we use 7., to label this is the adiabatic result using the excited state spins.
The above result is quite meaningful. First, if we take n., = 1 and n,, = ny = 0, this
simply recovers the normal adiabatic equation where all the population difference
terms disappear. This means the excited state calculation is exactly the same as the
ground state calculation, by inverting the system up to down (e.g., flip any subscript
of e; into g and vice versa). Because the Hamiltonian is the same, any mode
coupling is also the same, but only up a negative sign in energy to flip the whole
diagram. Second, following what we have discussed, the ground state adiabatic
regime calculation can be then easily derived from the excited-state result above,
with the interchange of n., & n, as:

A+

_ outAout _ Ko,caTa
Ng-spin = — 5 = or
Bian" BinBi"

= VKo,c\Ke,cS (e — ng) |2
(=i0oc +iwa(ne, —ng) — ko /2)(=idec +iwp(ne, —ng) — Ke[2) +Sz(nez —ng)(ne, —ng)
(3.34)
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where we use 7, pin to label this is the adiabatic result using the ground state spins,
separating from the excited state spin result.

Now the population difference terms are captured well. Readers should be able to
derive the result in [76] using 3.34. One thing worth noting is that in 3.33, even if
it is in the adiabatic regime, one always needs to do on-resonance optical pumping
to put populations in the excited state spin manifold. Ideally, the populations are all
in n,,, as it is a full inversion of the ground state condition. However, this might
trigger superradiance effect if the microwave cooperativity is large enough. This
effect is observed in the experiment and will be discussed in Section 8 in detail.
Here we finish all the theoretical calculations of the transduction process in the
on-resonance regime and adiabatic regime. Clearly, there are differences between
the two regimes and also differences between the choice of using ground state spin

or excited state spin. Below we will have a brief discussion on the difference.

3.4 Comparison of transduction schemes

The on-resonance regime vs adiabatic regime

First with excited state spins, one always needs to do on-resonance optical initial-
ization to initiate the system non-linearity. Then, with large optical and microwave
cooperativities (C > 1), the adiabatic regime is great as it puts a loose requirement
on the pump rabi frequency. However, if the platform does not have large microwave
and optical cooperativities (e.g., C < 1), then the largest transduction signal will be
on-resonance with the transitions, where the detuning will only hurt the system as
it drives weaker. Meanwhile, the on-resonance regime has a stronger requirement
on the pump rabi drive: to reach 100% efficiency, one needs not only C,, C, > 1,
but also C, = C, = C, > 1. This is technically difficult to achieve and could also
introduce high noise as the pump power increases. It is fair to say that when all the
cooperativities are ~ 1, the on-resonance case is best, as the efficiency is ~ 20%.
But with further improvements in cooperativity, the adiabatic regime is preferable

as noise can potentially be reduced.

The choice between ground state spins and excited state spins

There is a trade-off between the two options. With ground state spins, any imperfec-
tion in mode overlap between the microwave and optical fields will result in parasitic
spins. These parasitic spins are spins that only absorb microwave photons but do
not contribute to the transduction process as they are not exposed to the optical

pump. This is a critical issue for single-photon level transduction, as the parasitic
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spins will put a hard cap on the efficiency in the single-photon regime. Meanwhile,
for excited state spins, only the ions being optically excited can interact with the
microwave photon. Therefore, the parasitic spins are inherently avoided. However,
the drawback is the requirement of optical initialization at the beginning, to initiate
the system non-linearity. This can lead to extra heating of the system, hurting the
noise performance. But with a thinner crystal, the initialization pulse can be shorter,
and the noise generated by the initialization pulse could potentially be small and not

be a problem for the noise.

3.5 Effective y» calculation
Here we derive the effective y(®' nonlinearity of a three-level REI system. We
start with the transduction efficiency of an electro-optical (EO) system in the low

cooperativity regime:
4C,,

=——— ~4C,,. 3.35
n 1+ Ceo)2 eo ( )
Similarly, in the low cooperativity regime, the atomic system efficiency is
4C,.C,C,
n ~4C,C,C,. (3.36)

T((+C)+(1+C)+C, )2

Therefore, an effective C,, = C.C,C, can be found, which leads to an effective

coupling rate as

_ 4ge,totgo,tot9pump

e 3.37
8eo T.T, (3.37)
The EO coupling rate is related to the material non-linearity as [79, 80]

hgeo = X(Z)VOEOEoEmeWC (3.38)

where V) is the mode volume, E,/B,,, is the amplitude of the quantized opti-
cal/microwave field, and E, is the pump field strength. Inserting the above equation
into the effective EO coupling rate, one finds

2 _ hgeo 4 Y dp do Mspin

Xeff - hgo,iot hQ h8e,ror B E()Ch2 Fsro
\/]vdo d!’ \/]vl-lspin

(3.39)

V()Goc

where d is the electric dipole moment for each optical transition and y is the spin
magnetic dipole moment. This should be compared to the y? of EO materials.
Also, given the relationship between g, and y?, one can find an equation linking

1@ to efficiency in low cooperativity regime as

16 2 4 (2) 2P U U2
1~ 4C,, = 108e0 _ d0es () PpUnt, (3.40)

KeKo eoVs KeKoKp
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LiNbO, @ = Znrs;~450pm/V

REI Materials p d(1e-32) wu(ug/2) T, (MHz) T, (MHz) Xg‘)f (pm/V) 7 (Record in REI Community)
Er:YSO [1] 10 ppm 1.6 8 170 25 300 le-5

Er:YVO [2] 180 ppm 2.8 4.5 180 60 led 5e-8

Yb:YVO [3] 340ppm 42 2.5 92 0.16 le7 1% (Current work)

Figure 3.5: Effective y(*) among different REI materials. [1] Er:YSO data comes
from [45]. [2] Er:YVO data comes from [58]. [3] Yb:YVO data is from this thesis
and our paper [78].

where P, is the pump power, «, is the optical cavity decay rate at the pump
frequency, V; is the transduction zone volume, and U,,(U,) is the energy fraction
of microwave (optical) resonator inside V;. The above equation is meaningful as it
indicates the efficiency changes quadratically with the non-linearity y(?). Therefore,
with a stronger non-linearity, requirements on the quality factors of both microwave

and optical resonators are less stringent.

One can also extract the y(?) non-linearity from measurements, which is

2) _ pdz,uspin V11KeKo

exp =
4'hZEOC go,totge,totQ

(3.41)

where the parameters in the second term can all be independently measured.

We note this y(® is only an effective calculation number. Since the spin linewidth
is too narrow, this nonlinearity is only valid within a narrow window (~ spin
inhomogeneity). Therefore, this may not be that useful for other nonlinear physics
applications. However, for the transduction process, as long as there is a strong
nonlinearity within the transduciton bandwidth (here, is determined by the spin
linewidth), the process will work with whatever nonlinearity is inside this frequency
range, without caring what is the nonlinearity outside this range. In other words,

this is the transduction nonlinearity, that is concentrated around the spin transitions.

Lastly, one can gather the informations for different REI materials and compare the

)

Xefp> @S shown in Fig. 3.5
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Chapter 4

PREVIOUS REI-BASED ON-CHIP TRANSDUCERS

Before we dive into the new designs of a microwave-to-optical transducer based on
rare-earth ion crystals, learning how the previous transducers work and what the
shortcomings of each different design are is valuable. Here, I will go through the

previous on-chip designs and measurements.

4.1 Previous on-chip design vl

The first version of the device we have been working on is shown in Fig. 4.1 [53].
The microwave driving is from a coplanar waveguide made from gold. On the
optical side, the waveguide is directly fabricated from focus-ion-beam milling out
of the rare-earth ion doped crystal (!”'Yb3*:YVO,). The physics is straight-forward,
but the operation efficiency  ~ 10713 is quite low. The main reasons are three-fold:
First, there are no microwave and optical resonators to enhance the light-matter
interaction. The optical part is a waveguide directly inside the nanobeam. On the
microwave side, the CPW drives a large portion of the chip, where the mode overlap
between the driving volume and the nanobeam volume is tiny.

Second, the chip is operated at a finite magnetic field. This will broaden the spin
linewidth and hence lower the microwave and atomic cooperativity. This leads
to a smaller efficiency as well. The reason for a finite magnetic field is that the
three-level system used to do transduction protocol needs a magnetic field to break
the forbidden transition due to the selection rule. Details can be found in the
supplementary information of the paper [53]. If the system uses m-polarization
(E//c — axis), then a magnetic field is needed due to a forbidden transition at zero-
field. If the system uses o - polarization (E//a — axis) and only can optically access
to one type of o between o, and o, phase cancellation will happen. Hence, a
magnetic field is needed to split the levels and avoid signal cancellation.

Third, the optical nanobeam limits the optical pump power that can be sent into the
device. This is because the nanobeam is a suspended structure and YVO and an
insulating material, so the heat capacity is also not great at low temperatures. Since
the pump will be absorbed by the ions, the heat generated heat can only dissipated
via the two connecting bridge on the side. In the paper [53], the pump power used

is only uW-level due to this reason.
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o~
Au \,\

171¥ph3+:YVO,

Figure 4.1: Previous design vl. The device consists of a coplanar waveguide
(CPW) for microwave driving and a nanobeam optical waveguide for optical access.
The CPW is fabricated out of Au. The nanobeam is fabricated from focus ion beam
milling. The substrate is ytterbium-171 doped in yttrium orthovanadate crystal.
More details can be found in [53].

4.2 Previous on-chip design v2

Learning from the first version of the device, the second device we have worked on
aims to solve the heating issue and move the optical wavelength to the telecom-band.
The device is shown in Fig. 4.2 [46]. The microwave side has a lumped-element res-
onator that capacitively couples to a CPW with an external coupling rate determined
by the gap distance. The optical side has a photonic crystal cavity fabricated out of
amorphous silicon (a-Si). Two photonic crystal mirrors are designed and fabricated
to define a Fabry-Perot optical mode with the free-spectral range determined by the
distance between the two mirror areas. More design and measurement details can
be found in Dr. Jake Rochman’s thesis [20]. Here, I will broadly discuss the result
and what we can learn from this version of the device.

In this work, the REI-material used is Er:YVOy, where the spins for the microwave
interface are from the electronic spin states, not the electron-nuclear hyperfine tran-
sition. Therefore, to match the electron spin frequency to the microwave resonator
frequency, an external magnetic field is utilized to Zeeman split the electronic state.
Due to this reason, the spin transition linewidth is naturally broad (~ 65 MHz)
contrasting to the hyperfine transition linewidth of typically sub MHz. With this in
mind, the efficiency achieved with this design is n = 5 X 1078, where the internal
efficiency is around 7;,; = 107 due to the non-ideal optical/microwave resonator
couplings and optical grating coupler efficiency. The efficiency is largely improved
from the first version design by five orders of magnitude. But it is still far away

from any further applications with the transducers. The main limiting factor here is
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three-fold:

First, the microwave and optical mode overlap is small. Intuitively, the microwave
wavelength is on the order of centimeters, whereas the optical wavelength is on
the order of micrometers. Specifically, the optical mode is confined inside the a-Si
waveguide, which the penetration is on the order of optical wavelength. Although
the microwave field here is on-chip, the penetration depth is not the microwave
wavelength scaling, but it will still spread out over 10 um level both horizontally
and vertically. This primarily limits the number of atoms that are actually involved
in the transduction process. In other words, the actual microwave cooperativity is
much smaller than measured numbers. In the paper [46], although we measured
C.=340 with the ground state spin. The actual used cooperativity is estimated as
~0.1 due to this huge mode mismatching reason.

Second, the REI-material used here is Er:YVQOy4. Though it is a promising REI-
material for transduction, it has a few orders of magnitude lower effective second-

order non-linearity for the transduction process (see Section 3.5) than I’ Yb**: YVO,.
)

eff
instead of the electron-nuclear type transition. The spin inhomogeneity is 65 MHz

The main reason for the smaller y 7. is from the fact of using an electronic spin
compared to 160 kHz, significantly lowering both C, and C, and hence decreasing
the efficiency of the whole conversion process.

Third, there is a large factor between total efficiency (5 X 1078) and the internal
efficiency (107). This comes from the non-ideal couplings from both resonators
and the optical grating coupler. This is mostly an engineering problem in the design
and fabrication. But as the fabrication on both the microwave and optical sides
require high quality factors, over-coupled regimes and near-unity efficiency on the
grating coupler side, the yield of the production will inevitably become low due to

the complexity from the fabrication side.

4.3 Previous on-chip design v3

With the previous experience in mind, I start to work with materials with high y (%
and also avoid utilizing the evanescent coupling on the optical side. This leads
to combining the idea of a nanobeam optical resonator with microwave resonators
together. With this idea, the chip is shown in Fig. 4.3 (unpublished). The microwave
resonator is similar as the previous lumped-element design, but now with a U-shape
inductor to surround the nanobeam for increasing the move overlap. On the optical
part, learning from the worse evanescent coupling from hybrid systems, now the

mode is fully inside the !"'Yb3*:YVOy crystal. The nanobeam is either with a
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Cross Section

o-Si
] bl
]
Er:YVO

Figure 4.2: Previous design v2. The device consists of a lumped-element mi-
crowave resonator and photonic crystal cavity on top of doped in yttrium orthovana-
date crystal. More details can be found in [46]

Figure 4.3: Previous design v3. The device consists of a nanobeam with either an
optical waveguide or photon crystal cavity. A microwave resonator is formed by an
interdigitated capacitor and a U-shape inductor. The whole pattern is on top of the
yttrium-171 orthovanadate crystal.

photonic crystal mirror on the very end or with the full photonic crystal cavity
milled on the whole nanobeam. The two preparations are because milling the full
photonic crystal on a long suspended nanobeam is technically low-yield. It usually
destroys the nanobeam due to the strong torque during milling. Another difficulty
here is the double frequency matching on the optical and microwave sides. As the
REI-material used here is with electron-nuclear typer transition, the frequencies are
fixed. However, tuning both microwave and optical cavities in the current design are
almost impossible. The way we have is the gas-tuning method. A layer of nitrogen
will condense on top of the chip such that it changes the refractive index and hence
shifts the mode frequency. Here, this gas-tuning can only bring one resonator on
resonance, but not together. However, we can still investigate the system efficiency

and see if this is a promising way to move forward with enough engineering efforts.

With the above discussions in mind, some calibration and measurements will be
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discussed below. Unlike the former two designs where the results could be found
in each paper, the result of this design is unpublished. First, the device calibration
results are shown in Fig. 4.4. After gas-tuning the optical resonator, the microwave
resonance is at 3.56GHz with Q around 16k, about 1000 times spin inhomogeneity
detuned from the excited state spin transition. At this large detuning, the coupling
to ground state spin will happen at round 17 milli-Tesla as a 45-cut 7' Yb3*:YVO,
is used. By tuning the current to a pair of superconducting coils around the device,
an anti-crossing coupling pattern appears on the microwave resonance, showing the
ensemble ground-state spin coupling. A fitting pattern of this anti-crossing has been
calculated which gives the spin ensemble coupling strength as 2.2MHz. This is
about what we expect. A quick calculation is to compare with the previous on-chip
device v2, where an ensemble coupling strength as 105 MHz is measured. Based on
the g-factor differences, concentration differences and the angle misalignment due
to the 45-cut, the ensemble coupling strength here is expected to be 3.7MHz. This
is within a factor of 2 from the measurement results. However, as the ground state
spin gets coupled here is not a ZEFOZ (zero first-order-Zeeman) transition, the spin
inhomogeneity is much larger. A 70 MHz linewidth is extracted from the fitting,
contrasting to a 200 kHz linewidth of the excited state spin clock transition. This
number is also within the expectation, as again in the previous on-chip device v2, the
spin transition used is with 65 MHz inhomogeneity, also not a ZEFOZ transition. On
the optical side, the optical photonic crystal cavity after gas-tuning shows a quality
factor of 3K. However, as the device is a long suspended nanobeam, the heating is
quite significant. An optical inhomogeneity measured inside the nanobeam is 560
MHz with uW level optical power, contrasting to the 120 MHz linewidth measured

from a cold bulk sample.

Having the optical and microwave resonator ready, the microwave-to-optical trans-
duction signals are shown in Fig. 4.5. Even though the resonator is 1000 times the
inhomogeneity detuned from the excited-state spin transition, transduction signal
is still measured clearly from the excited-state spin at 3.37GHz. However, as the
nanobeam can only access one type of o transitions optically, The signal only hap-
pens at a finite magnetic field, which is a trade-off between the spin inhomogeneity
and the separation from phase cancellation (see Supplementary materials of [53])
for more information). A simulation curve of this excited-state spin transition at
different magnetic fields is plotted on top of the measurement results. The overlap
proves that the signal is from the excited-state spins. However, since the transduction

happened at some magnetic field, the spin linewidth will be broadened inevitably
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Figure 4.4: Previous design v3 calibration. (a) Microwave resonator transmission
measurement at different external magnetic field. An anti-crossing happens when
the resonator is aligned with the ground-state spin transition. (b) The fitted coupling
pattern, showing the ensemble coupling strength as 2.2 MHz and ground-state spin
inhomogeneity as 70 MHz. (c) The optical spectrum after gas tuning, showing the
photonic mode with quality factor ~ 3000.
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Figure 4.5: Previous design v3 results. (a) Microwave-to-optical transduction
signal at the different external magnetic fields and input microwave frequencies.
The red dashed line represents a simulation curve, calculating the spin transition
frequency. (b) The spin inhomogeneity at different magnetic field, measured from
the transduction signal in (a). (c) The measured transduction efficiency at different
input pump powers.

to a few MHz level. Lastly, the transduction efficiencies are calibrated at different
pump powers, shown in Fig. 4.5(c). The blue line represents the raw measurement
results without any shifting or extrapolation. Based on the detuning we know, we
can then calculate the expected efficiency if the resonator is on-resonance with the
spin transition frequency. This is shown in the red line, where an expectation of 1078
efficiency is expected at around 10 nW laser power to the device (after an estimate
of the 45 coupler efficiency and the kappa ratio of the cavity). The dashed green
line represents an extrapolation of the red line trend, which arrives at 1 % efficiency

at | mW pump power in the device.
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With these results presented, a conclusion can be drawn here that this design is still
not promising. The reasons are three-fold.

First, the suspended nanobeam structure fundamentally limits the pump power to the
device. As we saw from the pump power dependence measurements, the efficiency
are promising if 1 mW pump power can be sent in. However, the heat dissipation
is not ideal as there are only two connecting ports on each side for cooling down
the long nanobeam. Optical inhomogeneities are measured to be broad with uW
level before the device. The heating issue also will be present in the added noise
property. As the efficiency is low, the added noise is not measured but is expected
to be high. One solution to the heating problem is to fill in the milled trench with
some materials such that the nanobeam is more thermally connected. One thought
would be a spin-on glass, which has a smaller refractive index than YVO4. However
details need to be explored as the nanobeam will be unlikely to survive under the
spin-coating process.

Second, the nanobeam only gives access to a single o transition. This limits the
operation to be with a finite external magnetic field, instead of a true zero-field
operation. On the other side, the spin inhomogeneity will be broadened to a few
MHz, which then losing the point of utilizing the narrow spin inhomogeneity, or
equivalently large (), for the conversion process. A solution for this would be to
use an a-cut crystal such that the two o polarizations can be driven and collected
together, but the oscillating magnetic field from the planar microwave resonator for
the spin driving will be perpendicular to the allowed transition direction, hence, not
working for this design.

Third, the microwave and optical resonance can not be tuned individually. From the
data, the extrapolation and signal shifting by taking out the detuning factor shows 1%
at 1 mW pump power, which looks promising. But the fact is the resonator is 1000
times spin inhomogeneity detuned from the actual spin transition frequency. More
fabrication can be done to finally have a device with the correct microwave resonator
frequency after gas-tuning, but the yield will be quite low. Another thought would
be to post-tuning the microwave resonator frequency via a permanent way, such as
shortening the capacitor length via focus ion beam milling. This should be doable
in principle, but only a few chances at most, as the wire-bonding to the coplanar

waveguide area is limited and each time the wires need to be cut off.



51

4.4 Motivation to the next generation device

Based on all the previous iterations shown in the above sections, we learn the sus-
pended nanobeam structure is not ideal due to the limited cooling channel to the
device. The hybrid device is also not ideal as the mode overlap from the evanescent
coupling is very small, limiting the total number of REIs used in the conversion
process. Better on-chip photonic structures are required, such as having an optical
mode directly inside the REI material but not suspended. However, the fabrication
methods that can be done will REI-materials are limited. On one side, there is still
no published result on how to etch the usual host material (e.g., YSO and YVO). On
the other side, there is no thin film of REI material commercially available. So all
fabricated structures are from a bulk chip.

Therefore, instead of diving into the on-chip photonic mode limited by the fabrica-
tion methods currently, switching to a free-space optical mode would be beneficial.
Because the structure will not rely on any suspended structure or evanescent cou-
pling, the optical mode will be large to match the microwave mode. One would also
get access to both o polarizations by using a c-cut crystal and shining light in and
out via the z-axis. In the future, incorporating an optical cavity is also doable as
many groups in the world have demonstrated free-space optical cavities with REI-
systems [45, 81, 82]. On the microwave side, we can still use the on-chip microwave
resonator and coupling to the optical illumination area via a surrounding inductor
to maximize the mode overlap.

With these thoughts, in the next chapter, I will focus on the next-generation device

using free-space optical mode.
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Chapter 5

NEW GENERATION TRANSDUCERS: DESIGN AND
CALIBRATION

Here I will go through the design and calibrations in the microwave and optical
domain of the new device. This is mostly adapted from the supplementary materials
of our paper [78].

As discussed in the previous chapter, a free-space optical mode is chosen to work
with instead of an on-chip photonic mode. With this, the fabrication process of the
new chip design is largely simplified, which only consists of one layer of electron-

beam lithography.

5.1 The microwave part

Design and fabrication

We start with a c-cut !”'Yb**:YVO, chip with 500 um thickness. A c-cut crystal
will allow us to drive the spin transition with o, polarization and also to access both
o-polarized optically. For the fabrication, 150 nm niobium is sputtered on top of the
chip. The microwave resonator is fabricated based on the niobium layer with MaN-
2403, which is then transferred to a 25 nm evaporated aluminum layer after lift-off.
The aluminum behaves as a hard mask for the subsequent dry etch of niobium by
reactive-ion etching in SFe+Ar chemistry. The aluminum is finally removed with
wet etch in aluminum etchant and hydrofluoric acid. The microwave resonator
consists of an interdigitated capacitor and a circle-shaped inductor, as shown in Fig.
5.1. The capacitor is made by 10 gm wide niobium fingers and the inductor is made
by 1 um thin niobium wire. As the spin couples to the oscillating magnetic field,
the circle-shaped inductor is used to confine the magnetic field and surround the
optical mode. We notice the microwave is a single-port device, where a coplanar
waveguide is directly connected to the shunt capacitor via a coupling capacitance.
In this manner, we can change the coupling capacitance and hence making the
resonator to be over-coupled regime for better microwave power injection to the

resonator.

Meanwhile, the resonator aims to couple the excited-state spin transition at 3.3685
GHz. To make the resonance correct, other than fabricating the device to be roughly

around the frequency, we also controllably shift the resonance frequency up closer
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Figure 5.1: The microwave part of the new transducer. (a) The microwave
resonator on top of !71Yb**:YVOy chip. (b) Relevant energy levels for transduction.
The microwave resonator aims to couple the excited-state spin transition between
le;) and |ez). (c) The microwave resonator calibration. At cold temperatures and
no optical pumping, a bare resonator lineshape is measured with Q; = 1.1K.

to our spin frequency after measuring once at base temperature. We used a Ga*
focused ion-beam to mill parts of the interdigitated capacitor fingers away, which
changed the shunt capacitance and thus the resonance frequency. The niobium layer
is 150 nm, here we mill 250 nm to deterministically break the capacitor finger. A
SEM picture of this focus ion beam (FIB) milling the capacitor is shown in Fig. 5.2.
One can always run the simulation and find the exact length to cut on the capacitor
for a precise frequency shifting. Here, a rough guidance for the milling is from the
relationship between the capacitor finger length and the resonator frequency. We
found about -6 MHz per um in our design with a fixed 25 capacitor finger pairs and
30 pm inductor radius. The minus sign comes from the fact that a larger capacitor
leads to a lower resonator frequency. Therefore, if we plan to shift the resonance by
20 MHz, then totally the capacitor needs to be shorter by ~ 3.3 um, corresponding
to 3.3x50=167 um on a single capacitor finger. Experimentally, we only did a few
times of this type of shifting and reached the correct frequency. With the limited
number of data points, we found cutting 200 um of the capacitor finger corresponds
to 18 MHz and 400 um corresponds to 42 MHz shifting, which roughly agrees with
the quick calculation.

Another thing to mention is the quality factor before and after the FIB. The starting
internal quality factors are already low, only a few thousand due to either a not
prefect niobium film stress or the etcher condition. So we did not observe a clear

change of the internal Q before and after this permanent tuning.
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Figure 5.2: Tuning the resonance via focus ion beam milling. A SEM picture
illustrating a capacitor finger after milled by Ga* focus ion beam, to shift the
resonator frequency.

Simulation

As mentioned before, each resonator has an interdigitated capacitor formed by 25
capacitor finger pairs with 570 um in length and an inductor formed by a 1 um
wide line with a 30 um bending radius. We simulate the microwave resonator
mode profile as shown in Fig. 5.3. The coupling strength is almost constant within
the 20 um beam radius (Fig. 5.3b). To get an estimate of the effective crystal
length participating in transduction, we consider a cutoff at half of the cooperativity
(~ Z,-gz’l.), where the center position shows ~ 8 um penetration depth (Fig. 5.3d).
Out of the total magnetic field energy along all directions, ~ 0.27 % of it is confined
inside a 20 ym-radius 8 um depth cylinder. In reality, there are complications due to
the optical reabsorption of the crystal. Even with 8 ym thickness, the reabsorption
is ~ 35%. This roughly balances the 50% cutoff of the magnetic energy. Without
unraveling the balance between the microwave mode cut-off and reabsorption, we
find that using this 8 um effective length in the simulations predicts the system

behaviors well.

To calculate the ensemble coupling strength, we need to integrate all the atoms
that couple to the microwave field. Although the single-atom coupling strength
is inversely proportional to the mode volume of a cavity, the ensemble coupling
strength is only related to the energy confinement ratio inside the REI material.

Specifically, the total coupling strength goes as:

gg,tot = Zgzz (5.1)
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Figure 5.3: Microwave resonator mode simulation. (a) Top view showing the
out-of-plane oscillating magnetic field, which couples to the excited state spin
transition. (b) A horizontal cut through the center of the circular inductor, showing
the coupling strength at each position on the diameter. (c) A vertical 2D plot showing
the penetrating magnetic field strength through the center of the circular inductor.
Note that there is no magnetic field along the z-axis right under the inductor as it is
purely along the x-axis. (d) The cutoff depth for half of the ensemble cooperativity
(~ Zig2)).

where the single spin coupling strength is

g = we:u()’u _ 1 B; (5.2)

i = spin .
V20 N VB )

and po is the vacuum permeability. Putting the above equation into the ensemble

equation and converting the discrete sums to integrals,

WeHo
Sesor = —gpHspinfl (5.3)

where we define the ratio of the resonator energy confinement to the transduction
material 7 as,
[ B2V
_ Jmat

= mal (5.4)
jvm |B|2dV

Apart from material properties, we find that the total ensemble spin-resonator cou-

pling strength is only related to the energy confinement ratio, which has been
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Figure 5.4: Calculations on excited state population from optical pumping in
the CW regime. (a) The ensemble excited state population in the ensemble vs
the optical 7, of the transition, considering € = 1 MHz optical pump. (b) The
ensemble spin-resonator coupling strength (g.o/) vs the optical T, of the transition,
considering € = 1 MHz optical pump.

simulated to be 0.27% by considering the transduction volume to be a cylinder with
radius 20 um (equal to beam radius) and length of 8 um (from the microwave mode
simulations). Therefore, if all of the population is in the excited state, g, 4;; = 2.42
MHz.

Next, we consider the population fraction pumped to the excited state, which depends
on the optical pump power. To calculate this, we use the optical Bloch equations in

steady state [83]:
Q? 1
Pee(t — ) = (5.5)

2 2
2yovi 1+ 4 + 2
Y5 Y271

where vy are the population decay and coherence dephasing rates, respectively.
Therefore, the ensemble excited state population for a given pump power can be

calculated as:

J1Pee(Bd) —p=e¢"
A2

[[==e207]dA

oV2n

142
257 ]dA

Pee = (5.6)

Using 71 = 267 us measured from a thin crystal (avoiding radiative trapping) [75]
and 7>, = 140 ns measured in another coherence experiment, we get p., = 0.39.
With a CW pump, the crystal heating will cause the other ground states to be equally

populated, and thus the remaining population in the transduction manifold will be
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Figure 5.5: Microwave spin-resonator coupling under a CW optical pump. (a)
The relevant energy levels and the schematic for the spin-resonator coupling. (b)
Microwave resonator and ion-cavity coupling spectra. The blue curve shows the
uncoupled microwave resonator with no pump light. The black curve shows the
hybridized ion-cavity coupling, obtained by turning the 1 mW optical pump on and
transferring the population to |e;). The narrow dip corresponds to the spin and the
broad dip to the resonator.

2/3. With this number, we get g, ;o = 2 X 1.24 MHz under an optical pump with
strength Q = 27 x 1 MHz.

Calibration

As the microwave resonator is fabricated to be on-resonance with the excited-
state spin transition, there are no spin-resonator couplings when no optical pump
is applied, as shown in Fig. 5.5. The bare cavity has a decay rate x, = 2w X
3MHz, which was deliberately designed to be broad enough to interface with most
superconducting qubits [84]. With the pump light turned on, some populations is
transferred to |e;) from |g) and coupling to the microwave resonator is observed. To
understand the data, we use the same model as built in Section 3.2. The efficiency
can be calculated by an element inside the scattering matrix from the microwave
input port to the optical output port. The microwave coupling pattern is basically
another element inside the scattering matrix from the microwave input port to the
microwave input port (e.g., S(5,5)). We fit the data with this theoretical model and
extract the ensemble microwave cooperativity C, = 2.3, where the coupling strength
is 1.3 MHz under a 1 mW CW pump. We note the resonator frequency is shifted
by a few MHz due to the CW light illumination, similarly as observed in [46]. Note
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Figure 5.6: Microwave spin-resonator coupling under a pulsed optical pump.
(a) Pulse sequence used in the experiments. (b) Microwave reflection spectra at
different initialization times. Fits are plotted as solid lines on top of the data. Total
coupling strength g.;,; is then extracted from each fit. (c) Fitted total coupling
strength g, ;o at various initialization times.

that the expected coupling strength from the above calculation is 1.24 MHz, which

matches the experimentally extracted value well.

To further understand the spin-resonator coupling in the time domain, we pulse
the optical pump (400 W) and measure the microwave reflection spectra at each
10us time window. At each time, a simulation of the microwave coupling pattern is
generated to match the experimental data. The corresponding microwave resonator
coupling strength, kappa ratio, and other relevant parameters are then extracted.
First, the microwave resonator coupling spectral at different times is shown in Fig.
5.6. We did observe the separation between the broad resonator and the narrow spin
is becoming further apart as the coupling strength increases. From the fit, we get the
coupling strength at the very beginning is only about 0.3 MHz and finally saturates
to the CW level.

Lastly, by running the fitting at each time, we also extract the microwave resonator
frequency shifts due to the optical light illumination. We observe about 1 MHz
frequency shift in 1 ms time with 400 W optical pump power. The shift is not very
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Figure 5.7: Microwave resonator detuning under a pulsed optical pump]. The
microwave resonator frequency versus the optical illumination time. About 1 MHz
frequency shift is observed in 1 ms time with 400 W optical pump power.

significant, likely due to the factor that the optical beam waist is 20 ym whereas the
inductor circle has a radius of 30 um. Therefore, the light that overlapped with the
niobium inductor is small. From Gaussian beam calculation, the overlapped area
corresponds to 0.15% of the input optical power (e.g., 0.6 uW overlapped on the
inductor when shining 400 W optical power).

5.2 The optical part

Design and fabrication

As discussed in Section 4.4, on-chip photonic modes have various problems based
on the current fabrication techniques we have on REI materials. Therefore, here
we move forward with the free-space optical mode. Specifically, we evaporate a
100 nm layer of gold on the back of the double-side polished chip, as shown in Fig.
5.8. One thing needs to mention is that a gold layer deposited directly on the REI
material is not very sticky. Typically one would first evaporate a layer of another
metal to link the chip and the gold. However, as we aim to use the good reflectivity
of gold, another layer of metal will block the gold interface. Since the only step after
gold evaporation is the wire bonding, no chemical process will be done afterward,

so the gold layer can survive.

Using the Fresnel equation, one can get the reflectivity of the front surface and the
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Figure 5.8: Free-space optical mode. (a) The free-space optical mode is formed
by the front surface and gold layer reflection. (b) As the optical mode is broad, it
couples to both the optical pump and transduction arm at the same time.

back surface as:

R = |w 2 (5.7)
ny+ny

where we only consider the perpendicular illumination case. With the equation, we

get the front chip reflection is 11% and the gold layer reflection is 96% at 984 nm.

Therefore, the optical finesse is determined based on the two reflectivities as:

21
L= Rk .
Fa ﬂ[ cs'n(l_ Rle)]_1 .
airy = =larcsin(————
Y2 23R Ry

where the ¥, labels the Lorentzian finesse and ¥, describes the linewidth from
airy distribution (considering a sum of adjacent mode profiles) [85]. We note that at
low finesse, it is better to consider the airy distribution as it captures the broadening
from the surrounding modes as well. Based on the numbers we have, 7 = 2.8 and
Fairy = 2.5, not much different.

Optical cooperativity

Remember cooperativity is the parameter we care about in the transduction process.
Here we need to derive the ensemble optical cooperativity. Similar to the microwave
domain, the ensemble cooperativity is also not dependent on mode volume, but only
related to the energy confinement ratio.

We start with the ensemble total optical coupling strength, which can be written
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down as:
Wy
8o ror = MG«%PU
/m L E*av (5.9
7= f, EPav

where d,, is the electric dipole moment for a certain transition, 7 is the electric field
energy confinement ratio inside the REI material and ¢, is the relative permittivity.
Then, by relating the optical dipole moment to the oscillator strength [58], we

connect g, ;,; to the optical absorption coefficient @:

B 4g§,t0t _ 4g3,t0t7: _ 4g3,t0t7:' 2nL

C = - -
¢ KoL, 2n - FSR-T, 2ncl’,
4F - 2nL
ST 2k g,
2ncl’,  2herg (5.10)
fie? .
d2 =
¢ meof
mc 1 r, 1
f= 4neop;n7rapeak70§.
And finally, we get:
¢, = ZreardQn _ @peat LT (5.11)

2nm n
We note that this result assumes no local correction factor in the oscillator strength

equation and a Lorentzian lineshape of the absorption profile. We check this equation
by comparing it with the measured C, in previous works on similar REI systems
[46, 65]. Both of them show a good agreement within a factor of 2. We note that

for our transducer, the optical mode is fully inside the YVO,4 material, which gives

n=1.

Calibration

With the gold layer evaporated on the back of the chip, we can measure the optical
Fabry-Perot effect from the two surface interferences, as shown in Fig. 5.9. Here, we
clearly see the oscillation pattern measured on a optical spectrometer. The oscillation
pattern is around every 0.5 nm which matches the chip thickness FSR = 5—. The
Finesse from the fit gives ¥ = 1.6, similar to what we expected from the reflection
of the two interfaces. On top of the oscillation pattern, we observe a small dip
that corresponds to the optical absorption lines. Since the data is taken with a
spectrometer with limited resolution (~ 10 GHz), the optical linewidths are not well

resolved (~ 100 MHz). To better resolve the lines, we use a narrow linewidth Toptica
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Figure 5.9: Optical interference. The oscillations show a period of ~ 0.5 nm,
characteristic of a weak Fabry-Perot mode formed between the gold back mirror and
the top surface of the 500 um thick substrate. The red line shows a fit of # = 1.6.
The zoom-in figure shows a finer scan on the optical lines, presenting a 92 MHz
inhomogeneous linewidth and peak absorption coefficient at 530 cm™!.

laser and scan the frequency across the optical absorption of a thinner sample (200
um), detecting the transmitting light via an optical heterodyne measurement. This

gives the inset figure of Fig. 5.9.

A full optical spectrum is shown in Fig. 5.10. As the crystal is c-cut, perpendicularly
shining the optical light will only excite the E//a (o-) polarizations, which gives four
lines in the optical spectra. For the transduction process, we only need to access
two optical lines (labeled in red) and a microwave transition (labeled in blue). By
scanning the laser across the lines, we observe the four transitions, with I', = 92
MHz optical inhomogeneity and peak absorption coefficient & = 530 cm™~!. Based
on the optical cooperativity equation derived above, we get C, = M =0.22

considering 8 um microwave field penetration depth calculated in the Section 5.1.

Lastly, based on the laser beam waist (20 um) shining on the chip, we can also
calculate the free-space optical Rabi frequency for each pump power. Specifically,

we have

(5.12)
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Figure 5.10: Full energy levels and optical absorption spectrum. (a) Energy
levels of the 2F7,2(0) (|g)) and Fs/2(0) (Je)) manifolds in "'Yb¥*:YVO4. The
optical and microwave transitions used in the experiments are labeled red and blue,
respectively. (b) Corresponding optical absorption spectrum, where red transitions
are used for transduction. To better resolve the lines, this data was taken on a much
thinner sample (200 pm) than the one used for transduction.

where V is the volume and U is the total electromagnetic energy. As the electric

field and magnetic field energy are evenly split, we have

nP
E = w/— 5.13
€Ac ( )

where n is the refractive index of the REI material, P is the input optical power, A
is the cross-section area and c is the speed of light. From a rough calculation, we
have A = JTFS where ry = % 2[n2 is the beam half-width half maximum. wy is the

beam waist of a Gaussian beam. Therefore, we get

d [ nP
Q= —\/—. 5.14
h Y eAc ( )

Using our beam waist of 20 um, we get the Rabi frequency as 1.2 MHz for 1 mW
optical input power. However, we need to keep in mind that what we calculate
here is an averaged Rabi frequency by assuming the cross-section area is ﬂrg from
the Gaussian beam. Different locations of the ions will experience different Rabi
frequencies. For simplicity, we take the Rabi frequency as 1 MHz for the following
calculations. With this, we get the atomic cooperativity is
C - 402
T,

=022 at 1mW. (5.15)
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Figure 5.11: Implementation of a REI-based on-chip microwave-to-optical
transducer. (a) Concept of REI-based transducer. Bj, oy and Aj, o4 are the
input/output microwave and optical modes, b, b and a', a are the microwave and
optical cavity modes, C,, C,, and C, are microwave, atomic and optical cooperativ-
ities, oy~ and o,*~ are the spin and optical coherence operators. The black dashed
box indicates the atomic part of the transduction process, where we define a material-
dependent parameter X(?f' (b) The relevant energy levels of '71Yb** :YVOy,

e
forming a V-system for transduction. (c) Transducer device schematic. Microwave

photons are sent in and emitted out via a coplanar waveguide and coupling capacitor.
The magnetic energy for coupling to spins is confined within the circular inductor,
where the optical pump is focused through the center of the circle. A weak optical
mode is formed between the front interface and the back gold mirror. (d) Optical
image of a fabricated device.

5.3 The whole transducer

With the microwave and optical parts covered in the above sections, here is the
whole transducer chip schematic, shown in Fig. 5.11. The microwave photon is first
swapped into the excited-state spin coherence, converted into optical coherence via
the optical pump, and finally swapped into the optical field. An optical image of the
fabricated device is shown in Fig. 5.11d, where the gold color can be visually seen as
the YVO4 material is transparent in the visible wavelength. Notably, the whole chip
absorption depth is @ L =26.5. Any optical pump or transduced optical signal will be
on-resonance with the atomic transitions, therefore experiencing these absorptions.
However, the high optical depth can be avoided by utilizing the reflected optical

pump, as shown in Fig. 5.12. Here, the transduced photons are generated based
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Figure 5.12: Transduction process avoiding the high absorption. By utilizing the
reflected optical pump in the second path, transduction photons will be generated
near the top surface of the chip and leak out without experiencing the high absorption
profile of the REI material.

on the reflected pump in the second path, traveling towards the collection lens and

exiting the chip close to the top surface, such that they experience little reabsorption.

Finally, the chip will be wire-bonded (3 wires on the signal pins and > 10 wires on
the ground) and clamped onto a homemade mount out of oxygen-free copper. Based
on the calibrations on the microwave and optical parts, all the relevant parameters
are listed in Fig. 5.13. With this, the chip is ready to perform transduction. The

measurement results will be presented in the next chapter.
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Parameter Symbol CW@ 1 mW Pulsed @ 0.4 mW, t;,,;;=20 us
Ensemble spin-cavity coupling rate Jetot 21 X 1.3 MHz 21 X 0.5 MHz
Spin inhomogeneity s 2m X 200 kHz 2m X 160 kHz
Microwave cavity total decay rate Ke 2m X 3.3 MHz 2m X 3 MHz
Microwave cavity external kappa ratio Ty 0.78 0.85
Spin-cavity detuning S, 2m x 7.10 MHz 2m X 2.89 MHz
Absorption coefficient QApeak 353 cm’! 530 cm’!
Effective crystal length Lesr 8 um 8 um
Optical mode finesse F 1.6 1.6
Optical inhomogeneity T, 21 X 92 MHz 2m X 92 MHz
Optical free spectral range FSR 2m x 150 GHz 2m x 150 GHz
Pump Rabi frequency Qpump 2m X 1 MHz 2m % 0.63 MHz
Microwave ensemble cooperativity Ce 2.3 1
Optical ensemble cooperativity C, 0.14 0.22
Atomic cooperativity Cq 0.22 0.11
Modified atomic cooperativity @0 0.058 0.046
Effective on-resonance non-linearity ch)f 2 x 107 pm/V 2 x 107 pm/V

Figure 5.13: All relevant parameters of the transducer. L, is obtained from
microwave mode simulation. €2, is calculated from the beam diameter. All other
parameters are measured from independent experiments. The difference between
the absorption coeflicient @4« is because of the difference of total populations
inside the transduction manifold between CW and pulse mode.
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Chapter 6

TRANSDUCER MEASUREMENTS

The chip design and calibration have been discussed in the previous chapter. Here,
I will focus on the experimental results of the transduction measurements. Specifi-
cally, I will describe the experimental setup for the measurements, the transduction
efficiency calibration in CW and pulsed operations, the added noise of the pro-
cess and experiments towards the remote entanglement of superconducting qubits
— transducer photon interference. This chapter is adapted from the main text of our

paper [78].

6.1 Experimental setup

The experimental setup diagram is shown in Fig. 6.1. A master laser (Toptica DL
Pro) is locked to a custom reference cavity (Stable laser systems) with 100 kHz
linewidth via Pound-Drever-Hall (PDH) method. The pump laser (Moglabs CEL) is
offset phase-locked (with Vescent D2-135) to the master laser. An AOM (Aerodiode
model 6) shapes the optical pulses, and additionally provides a small frequency
offset, useful for instance in creating the beatnote in Fig. 4a,b. An optical circulator
(Precision micro-optics) sends light to the device and collects the reflected light.
For CW M20 measurements the reflected light is beat with a local oscillator path
from the same pump laser and the beatnote measured on a high speed photodiode
(ALPHALAS UPD-35-IR-2), amplified and sent to a vector network analyzer (VNA,
Copper Mountain C1209).

For pulsed, low photon count measurements, the reflected light is sent to a pump
filtering setup shown in Fig. 6.1. Two narrow optical cavities (Stable laser systems)
each with a linewidth of ~ 2MHz and a free-spectral range of 20GHz do the majority
of the filtering. Theoretically this provides ~ 140dB of pump extinction, however
there is still some residual leakage from unknown sources, possibly defects in fiber
components that emit at frequencies outside the bands of the cavities. Thus an
additional set of tunable broadband low and high pass filters (Semrock TLP01-995-
25X36 and TSP01-995-25X36) placed between the two cavities are used to further
extinguish the unwanted photons. Fiber isolators (OF-Link RHPII-980-H6-L-10-
FA-Z5) are placed before the cavities to prevent back-reflections. To stabilize the

cavities to the transduction frequency, they are periodically offset-locked (1s lock,
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Ss free-running). Fiber optical switches (Agiltron) are used to switch between the
lock and free-running modes, and in the lock mode the cavities are locked to the
pump laser, shifted up by the microwave frequency using an EOM (iXBlue NIR-
MPX-LN-10). The filtered light is sent to a superconducting nanowire single photon
detector (SNSPD, Photonspot), where the events are time-tagged (Swabian Time
Tagger 20).

On the microwave side, the microwave input is generated by a CW source (BNC
Model 845) and gated by a high-speed switch (Kratos F192A-9) for pulsed operation.
The input line in the dilution refrigerator (Bluefors LD250) is attenuated as shown
in Extended Data Fig. 9 for a total of 70dB attenuation down to the mixing chamber
(MXC) plate held at 14mK with the laser off. Two circulators (LNF-CIC2.8_4.3A)
each with approximately 20dB isolation block the thermal noise coming from the
un-attenuated output line. The second port on the first circulator is connected to
the device coplanar waveguide to send in and read out the microwave photons in
reflection. The output line consists of superconducting NbTi cables connected from
the MXC plate to the HEMT (LNF-LNC2_6B), which is then connected up to
room-temperature amplifiers. See Supplementary Information section 1 for detailed

calibration on the exact gains and losses of the microwave lines.

For pulsed microwave resonator thermometry measurements, microwave resonator
mode occupation is detected via mixing (Marki Microwave IQ0307LXP) the signal
coming from the HEMT down to 20MHz. This is amplified (2x SRS-445A) and
measured on a digitizer (Alazar ATS9130).

The device is mounted in the MXC onto a copper post. The light is coupled from a
1060xp fiber to the device and back via a pair of aspheric lenses, focusing the light
to a 4um beam waist at the gold layer, resulting in a 20um beam waist at the chip

surface.

For the interconnected transducer experiment (both operating with CW M20),
we simultaneously send in weak microwave photons to each transducer with two
synchronized microwave generators. Separate optical pumps are also generated
by splitting the pump lasers into two optical paths, each focused onto the circular
transduction zone of the respective transducers. Due to the limited laser power,
each transducer operates with ~ 400 W pump power. The transduced photons
from each transducer, along with the reflected pumps, are collected and combined
via a beam-splitter. On one of the output ports, we measure the pump photon

interference. The other output port goes through a high-extinction spectral filter
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Figure 6.1: Experimental setup. BS: beamsplitter of various ratios. PD: photode-
tector. PF: optical pre-filter. LO: Local oscillator. PC: Polarization controller. PDH:
Pound-Drever-Hall locking. VOA: variable optical attenuator. AOM: Acousto-optic
modulator. ISO: optical isolator. PID: proportional integral derivative locking.
EOM: electro-optic modulator. SNSPD: superconducting nanowire single photon
detector. HEMT: high electron-mobility transistor. DUT: device under test. Blue
lines indicate microwave cables, red lines indicate optical fibers.
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to another SNSPD to detect only the interference between two transduced photons
(Fig. 4a). Based on the phase measured on the pump interference, we correct the
initial phase and average the interference over 1000 data traces for both the pump

detection and the transduction detection.

For the cascaded O2M and M20 experiments, separate optical pumps are generated
by splitting the pump lasers into two optical paths. The O2M path goes through
an EOM and is sent to the O2M chip. Similarly, due to the limited laser power,
each transducer operates with ~ 400 4W pump power. The output of the final M20
signal is split into two paths for heterodyne detection of the cascaded O2M-M20,
and transduced photon interference through a high-extinction spectral filter.

6.2 Efficiency

CW regime

We characterize transduction first with a continuous-wave (CW) optical pump and
microwave input (Fig. 6.2). With optical heterodyne measurements, we obtain a
peak chip transduction efficiency of 1.1% under 1 mW of pump power (C, = 0.22),
calibrated by two different methods that will be discussed later in this chapter. The
narrower peak at the center of Fig. 6.2 corresponds to the spin transition and the
broader peak at 6yw = 27 X —7.1 MHz corresponds to the microwave resonator.

The data agrees with the simulation using

4c,Cc,C,
(1+C,)* (1+C,)+C,)?

1 =TeMo (6.1)

where 7., is the kappa ratio on the optical and microwave ports. Details can be
found in Chapter 3. As the conversion process is reciprocal, similar efficiency is
also achieved by sending in optical photons and detecting the transduced microwave
signal (Fig. 6.2b).

At the same pump power, both input microwave and pump frequencies are scanned
to reveal the signal structure, where the maximum appears when both the optical

pump and microwave input are on resonance with the atomic transitions (Fig. 6.3).

Lastly, with a magnetic coil surrounding the chip, we scan the external magnetic
field strength and found the highest efficiency is at zero-field. Therefore, here and
in all further experiments, no external magnetic field is used. The spin transition
frequency is shifted at different magnetic fields, which is well simulated from the

effective spin Hamiltonian model [55].
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Figure 6.2: Conversion between microwave and optical fields in CW regime. (a)
CW mode microwave-to-optical (M20) transduction efficiency with 1 mW optical
pump at different input microwave frequencies. The two peaks correspond to the
spin at the center and microwave resonator at d yyw = 2w X—7.1 MHz. (b) Optical-to-
Microwave (O2M) chip efficiency at various input optical frequencies. The optimal
point is when the difference between the input and pump frequencies is equal to the
spin frequency. The two peaks correspond to the spin and resonator contributions,
similar to (a). Here the pump is on the |g) — |e;) transition, and the input optical
photons are on the |g) — |e>) transition. SA: spectrum analyzer.
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Figure 6.3: Double frequency scan of the on-resonance transduction signal.
Microwave-to-optical transduction signals under various optical pump and mi-
crowave input frequencies. The dashed line is the data shown in Fig. 6.2a, which is
also the pump frequency used in later experiments.
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Figure 6.5: Optical to microwave transduction at various pump power and input
photon flux. (a) Efficiency vs. pump power. (b) Efficiency vs. input optical power.
A drop in efficiency is observed when input powers are higher than ~ 1 uW due to
the finite number of atoms in the system.

On the O2M side, we scan the input optical pump power and the input optical
strength. A linear increase between the O2M efliciency and the pump power is
found. On the input optical strength side, we found a saturation level of about 1
uW, which is due to the finite atomic ensemble size. We note that a similar effect
has been observed in the microwave domain as well when performing the M20

experiments [46].
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Figure 6.6: Pulse sequence and optical initialization. (a) Pulse sequence consist-
ing of an optical initialization and short transduction window. (b) Optical saturation
effect with different pump powers. The dashed vertical line indicates the initializa-
tion time used in the experiments.

Pulsed regime

To minimize the added noise generated from undesirable heating of the system under
CW operation, we implement a pulsed protocol. The protocol consists of two parts,
optical initialization with duration t;,;; and a transduction probe with duration At
separated from the initialization pulse by #,,, (Fig. 6.6a). The initialization pulse is
required in order to initialize the system with high enough C, (as shown in Fig. 5.6),
and to saturate the strong crystal absorption which enables round trip propagation
of the pump (Fig. 5.12). To further study round-trip propagation, we send in an
optical pulse, and detect the output optical signal on a single photon detector. As
the optical frequency is on resonance with the atomic transitions, photons will be
absorbed and hence no light will pass through the crystal until the absorption is
saturated by enough pump power or pulse time due to the optical saturation effect.
The data is shown in Fig. 6.6b where the initialization time and different optical
pump power are explored. With enough pump power (>0.4 mW), an initialization

time of 20 us is enough to enable the round-trip propagation of the pump.

To investigate the actual required initialization time in M20 experiments, we scan
it with a fixed Ar = 2 us, where the increasing trend is due to the combination of
the aforementioned optical saturation and increasing population of |e;) (Fig. 6.7).
One question would be asked is that: what if there is no optical initialization? This
question can be answer by sweeping the tg,, in the pulse sequence, as the gap time
is longer, the initialization effect will be diminishing. The data is shown in Fig. 6.7,

where a fast exponential decay on the time scale of 40 us is measured. The optical T,
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Figure 6.7: Transduction signal versus optical initialization and gap time. (a)
Sweep of initialization time t;;,;; with transduction time At =2 us, and a phenomeno-
logical exponential fit. (b) Experimental data for case (a) with #;,;; = 20us and
At = 2us. The decreased transduction signal is due to a combination of the optical
T1 decay of the excited state population and the recovered optical absorption of the
pump. In this regime, the transduction efficiency is linear with the pump power.
Therefore, i oc Ppymp o e N0l oc e 7 Mol This ‘exponential of exponential’
behavior makes the decay faster than the optical T; time.

is 300 us level without coherence trapping, much longer than this decay pattern. The
reason here is the optical absorption. As illustrated in Fig. 5.12, the transduction is
generated based on the reflected pump. As the initialization effect disappears, the

—eL where « is linear with

pump experiences an absorption with the format of e
the number of atoms. Therefore, the alpha is undergoing another exponential decay
with the optical Ty. This leads to this ‘exponential-of-exponential’ behavior. This
measurement also supports the reasoning for an initialization in the beginning of the

pulses.

After understanding the initialization pulse, we study the microwave bandwidth of
the transducer by sweeping the transduction probe length with fixed #;,;; = 20 us,
where a 3 dB suppression time of ~ 2 us was measured (Fig. 6.8a), showing
a 500 kHz operation bandwidth. Finally, the pump power is swept, where each
data point is optimized for the highest efficiency with respect to the input microwave
frequency and initialization time between 10 us and 1 ms (Fig.6.7). The initialization
time must be increased for lower powers in order to sufficiently saturate the atoms
and populate the excited state. A simulation (red) is shown on top of the data points.
In this power regime, the efficiency changes roughly linearly with pump power. To
obtain the highest efficiencies, we set #,,, = 0, and the pump and microwave pulses

with duration At are temporally overlapping for all experiments above.

However, these parameters can be tuned. As the pump and input photons are first
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Figure 6.8: Transduction signal versus optical initialization and gap time. (a)
Bandwidth characterization by sweeping At with t;,;; = 20 us, and a bandwidth fit
in the frequency domain. (f) Pulse mode efficiency with varying pump power and a
simulation. The red circles in (a), (b) and Fig. 6.7a are under the same experimental
conditions, e.g., (a) is measured with t;,;; = 20 us and a pump power of 1 mW.

converted to atomic coherence, photons can be temporarily stored in the atoms.
We demonstrate this by adding a temporal offset between the optical pump and
microwave input during the transduction probe window and find that the efficiency
decays due to the decoherence of the optical and spin transitions, depending on
whichever pulse comes first (Fig. 6.9). This is potentially useful in temporally
separating the optical pump, alleviating the need for spectral filtering, and also may

lead to a transducer with a built-in quantum memory.

6.3 Added noise referred to the input

To characterize the added noise during the transduction process, we send in a
single classical microwave photon per pulse and measure the transduced optical
photon on a superconducting nanowire single photon detector (SNSPD) through a
high-extinction spectral filter that selectively attenuates the reflected pump light.
With a 20 us initialization time, 2 us transduction window, and 10 ms wait time,
we measure the transduced photon with an added noise referred to the input of
1.24 photons (Nggq4.rrr = 1.24(9)) and an efficiency of 0.76%, shown in Fig. 6.10.

A zoom-out data from Fig. 6.10 is shown in Fig. 6.11a, two distinct noise processes
are observed with different time-domain responses, as visualized in Fig. 6.11b.
The population is originally in the ground state where part of it gets excited to |e;)
during the initialization pulse. Even in the absence of an input microwave photon,

that population can undergo further processes to produce transduced noise photons.

One type of process is spin-phonon coupling, where the spins couple to a phonon

bath, transferring some population to |e;). Then the population decays from |e;) to
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Figure 6.9: Different pulse sequences for transduction. (a) Transduction pulse
sequence with a delay 7, between an early microwave input and late optical pump.
(b) Transduction pulse sequence with a delay 7, between an early optical pump and a
late microwave input. Because the optical/microwave photons will be first converted
to optical/spin coherence, a delay to temporally separate the two short transduction
pulses will preserve the efficiency as long as it is within the system coherence time.
(c) Experimental data for cases (a) and (b) with #;,;; = 20us and At = 200ns. A
teap = 10us is used here to significantly separate the transduction window away
from the optical initialization pulse. With an early microwave input, a spin memory
time of T}, spin = 910 + 140 ns is measured. Whereas with an early optical pump,
an optical memory time of 7, ,, = 140 + 25 ns is measured.

|¢), which produces photoluminescence (PL) at the transduction frequency (Supple-
mentary Information section 9). We note that because of the large optical depth, the
PL will experience radiation trapping [86] which results in an extended decay time
(from 267 to 672 us) and an increase of the PL before the trapping time. PL mea-
surements in bulk material yield the same count rates (the black line in Fig. 6.11),
thus confirming that this process is independent of the transducer. Furthermore,
we calculate an order-of-magnitude estimate of about 1 to 100 Hz of PL given an
estimated spin-phonon coupling rate and our detection efficiencies (discussed later

in this chapter), which roughly agrees with our measured count rates.

Another type of coupling is spin-resonator coupling, the same mechanism by which

input microwave photons are transduced, where any thermal photons will also be
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Figure 6.10: Transduction from a single classical microwave photon. Transduced
optical photon detection on a superconducting nanowire single photon detector
(SNSPD) with a single classical microwave input photon per pulse. The pulse
sequence is composed of a 20 us-long initialization time and a 2 us-long transduction
probe with 0.4 mW peak pump power.
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Figure 6.11: Noise model of the transducer. (a) Zoomed-out histogram of Fig.
6.10, revealing the photo-luminescence (PL) noise in the transduction zone (purple),
and PL measured in bulk under the same conditions (black). (b) Diagram of trans-
duction noise composition. An optical pump populates |e) and noise photons can
be generated in two ways: thermal microwave photons converted out via transduc-
tion (blue), and spin-phonon coupling that generates PL (purple). (c¢) Microwave
resonator thermometry with 20 us initialization time and 10 ms wait time.
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Figure 6.12: Thermal noise characterization with different pulse parameters.
(a) Nyy; from microwave thermometry measurements vs. time, where Ny o4 1s the
same curve as shown in Fig. 3d. (b) N,,, at various initialization times with fixed
torr=10ms. (¢) Ny, at various #, ¢y with fixed ;=20 us.

transduced out, similarly as any input microwave photons. This noise is only present
when the pump is on, in contrast to the PL. To investigate this, we directly measure
the microwave output noise power from the chip under 20 us initialization time and
10 ms wait time (Fig. 6.11). From the calibrated gain and added noise of the output
chain, we extract N;j ,; from resonator thermometry, which roughly matches the
detected noise photons in SNSPD measurements (discussed later in this chapter).
Thus, there are two ways the resonator can be heated: direct absorption of light
by the superconductor, or indirectly from the substrate. In the regime where the
superconductor absorbs the light, there is a sudden heating and cooling as the light
is turned on and off. On the other hand, there is a slower heating from the substrate
that increases as the wait time between pulses is decreased (Fig. 6.12). From this,
we conclude that the measured Ny, in Fig. 6.10 is transduced noisy photons from

the thermal bath of the microwave resonator and waveguide.

To determine the optimal parameters with the smallest added noise summarized
in Fig. 6.13, we measure the noise at various experimental parameters. First, we
sweep the off times 7, s between the pulses and observe an increase of the noise
at a turning point of around 1 ms (Fig. 6.14). This indicates the average heating
can be suppressed by longer off time, but finally, the noise will be limited by the

instantaneous heating.

Returning to 7,7r = 10 ms, we also sweep the peak pump power (Fig. 6.15). In
the high-power regime, thermal noise is dominant as expected as the instantaneous
heating is related to the peak power. However, in the low-power regime, PL is

dominant as efficiency drops quickly due to the de-population and re-absorption



79

SuI\rIr(l)Ii;:ry Photons
N, ot 1.24 (9)
Ny 0.50 (7)
PL 0.53 (6)
DC-Noise 0.12

ASE-Noise 0.08

Figure 6.13: Added noise summary. A decomposition of all the added noise
sources.
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Figure 6.14: Total added noise at various pulse off times. Noise measurements
with fixed #;,,;;=20 us using photon counting measurements. An increase of the noise
flux is observed at a turn-over time of around 1 ms. We use a phenomenological
exponential curve to fit and capture the key feature.

processes. The PL scattering rate gets lower linearly with the population, but the
absorption goes exponentially with the population. This makes the refer-to-input

PL noise goes up at lower power.

Higher pump powers lead to higher efficiencies, at the cost of increased added noise.
Due to this interplay, the optimal peak power is found at an intermediate 400 uW.
Additionally, for applications, a high repetition rate is desirable. To increase this
while still keeping the noise reasonably low, we can first shorten 7,77 to 2 ms,
then add multiple consecutive transduction pulses after a single initialization. The

benefit here is that multiple attempts of transduction can be applied while the effect
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Figure 6.16: Consecutive transduction pulses for high repetition rates. (a) Pulse
diagram of the experiment, consisting of an optical initialization pulse #;,;; = 20 us
and multiple transduction probes with Ar = 2 us and a separation of 2 us in
between. (b) The total added noise for varying pulse repetitions. (c) An example of
10 consecutive transduction pulses. The top panel is with microwave input on for
efficiency calibration. The bottom panel is with the microwave input off, measuring
the added noise induced by the optical pump.

of initialization is still active, avoiding the noise from additional initialization pulses.
We achieve Nyg4,10: < 2 for 10 pulses with 2 ms 7, ¢ ¢, for a repetition rate of 5 kHz
(Fig. 6.16).
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More study on photo-luminescence noise
The spin-phonon relaxation process for REIs doped in solids at low temperatures
is typically dominated by the direct process, in which phonons resonantly interact
with the spins [55]. The rate of this process R is [55]
1
- T+ (1 +b)Tpp

(6.2)

where 71 is the time constant of heat transfer from the spins to the phonons, 7, the

phonons to the bath, and b is the bottleneck coefficient.

For order of magnitude estimates of these numbers, we first note that 7y is fast for
REIs in solids under 1K, typically on the order of us [55, 87]. The bottleneck
of the thermalization process, as the name suggests, comes from the heat transfer
between the phonons and the bath. Specifically, since this is a resonant transfer of
heat, we should only consider the phonons resonant within our spin inhomogeneous
linewidth, greatly reducing the coupling rate, hence increasing the relaxation time.
This is described by the bottleneck coefficient b, which is the density of states of

the phonon bath resonant with our spins [55]:

2 3
p = P2my
2w?T
where p = 4 x 10?* m™3 is the REI density, v ~ 4 km/s is the speed of sound in the

hiw
W (—) ~ 108 .
tan (kBT) 0 (6.3)

substrate, and 7 is the spin temperature. Here we have assumed a spin temperature
of 0.5 K, however this is dependent on how well our sample is thermalized and how
much laser power we apply to the chip. Meanwhile the temperature independent
parameter 7, represents the lifetime of the phonon before it hits a boundary, and
can be estimated as 7,, ~ L/(2v) ~ 500 ns, where L is the length scale of the
crystal. Using these estimates, we obtain R ~ 50 mHz.

Using this coupling strength, we can also obtain an order-of-magnitude estimate on

tinit ROV pe
T,

occurs during #;,;; = 20 us while the laser is on and the sample is getting heated

the expected PL count rate as , where we assume spin-phonon coupling
up, V ~ 7(20 um)? x 8 um is the volume of ions, p, ~ 0.05 is the fraction of ions
in the optical excited state after the initialization, and 77 ~ 600 us is the optical
lifetime. Under these assumptions, we estimate a few Hz to ~ 100 Hz PL count
rates depending on the spin temperature (Fig. 6.17). We emphasize again that this
is an order-of-magnitude estimate, and we cannot extract a spin temperature from
the measured count rate by comparing it to Fig. 6.17. Rather, this estimation gives

some confidence that the PL noise we detect is indeed due to spin-phonon coupling.
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Figure 6.17: Estimated PL strength versus temperature. Modeled spin temper-
ature vs. PL count rate expected at the detector, for experimental conditions in Fig.
6.10 in the main text.

From the above spin-phonon coupling rate estimation, we believe the PL should be
coming from the spin-phonon coupling which transfers population from |e;) to |e2).
To further confirm this, we pulse the pump with 200 us on and 2 ms off, and leave the
narrow filters (2 MHz linewidth) at the same detection frequency (from |e;) to |g)),
but sweep the excitation frequency. If it is from spin-phonon coupling, then the PL
strength should have a lineshape centered on the atomic transition frequency of |g)
to |e1), whereas if it is from direct off-resonant excitation of |e;), the PL strength
should be featureless and flat within the experimental scanning range (tail of a
Lorentzian lineshape that is 3.37 GHz away). The results are shown in Fig. 6.18a,
which indeed shows a Lorentzian-shaped PL centered on the transition between |g)
and |ej), with a linewidth of 68 MHz. This is slightly smaller than the optical
inhomogeneous linewidth because the spin-phonon coupling rate also depends on
the population within that manifold. Moreover, to distinguish the noisy photons
between the transduced microwave thermal bath and PL noise photons, we fix the
pump frequency and scan the filter frequency, effectively tracing out the spectral
lineshape of the noise. Then, we separately integrate the PL counts right before
turning off the pump (duration when pump on), and right after turning off the pump
(duration when pump off). As shown in Fig. 6.18b, we see the broad PL profile is
the same between the pump light on and off cases. However, there is an additional
narrow peak only for the emission during the pump. We identify this narrow peak as
not PL, but rather noisy photons transduced from the microwave resonator bath, as it
1s much narrower than the PL due to the narrow microwave resonator linewidth. We

note that the exact linewidth of this feature is a convolution between the resonator
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Figure 6.18: PL measurements with 200 s pulse on and 2 ms pulse off. (a) PL
strength vs. excitation frequency, with a fixed detection frequency. (b) PL strength
vs. detection frequency, with a fixed excitation frequency. Pump on refers to the
emission during the pump, and pump off to the emission right after the pump is
turned off.

and filter linewidths. In conclusion, we posit that the difference in noise emission
during the pump and after the pump is the thermal noise contribution, and confirm
that the spectral lineshapes for both this thermal noise and the PL align with our

expectations.

6.4 Detailed system calibration

The total M20 efficiency for the dataset shown in Fig. 6.101s 3.4 x 107>, In addition
to the 0.76% from the chip, this is comprised of the chip to fiber coupling efficiency,
pump filtering setup insertion loss, the SNSPD detector efficiency, and various
fiber component losses. The chip-to-fiber coupling efficiency was determined to
be approximately 30%, by measuring the reflected power of an off-resonant CW
input. We believe this comes from slight angular misalignment and mode mismatch
after reflection and could be improved with packaging that incorporates tilt control.
The circulator port 2 to 3 loss is 70%. The pump filtering system insertion loss
was measured to be 2.5%. This comes from various individually measured fiber
component losses: 2 isolators, each ~80% transmission; 4 optical switches, each
~80% transmission; free-space broadband filter, ~50% transmission due to the fiber
coupling; and 2 narrowband fiber-coupled cavities, each ~50% transmission. The
SNSPD detection efficiency is independently measured to exceed 90%. Finally,

by measuring the count rate of a heavily attenuated laser with known power go-
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ing to the chip and through the filters, we obtain the total detection efficiency of
0.45%, roughly matching the individually measured component efficiencies. We
note another ‘calibration-free’ method to extract the transduction efficiency, as
demonstrated in other works[37, 41]. Following this method, we first measure each
of the four individual S-parameters of the system: Rpys: -35.3 dB (data shown in
Fig. 6.2); Ryo: -53.2 dB (data shown in Fig. 6.2); Tpp: -6.6 dB (numbers men-
tioned above); Ty -41.1 dB (numbers measured in the next subsection). With the
above numbers, one can extract the efficiency as n = /% =-20.4dB =091
%. This is very close to the efficiency from our current detailed calibration method
(1.1%), a difference of 0.8 dB. However, we note the small discrepancy is likely
from a small drift of the input optical photon polarization along the fibers in the
cryostat, which is difficult to stabilize and ultimately affects the photon flux reaching
the device. Also, when performing the O2M experiment, the microwave resonator
gets a bit more detuned (~ 2 MHz) due to the continuous optical illumination after

weeks, this lowers the efficiency a little bit as well.

Noise thermometry
HEMT calibration

To measure the temperature of the microwave resonator under optical excitation, the
microwave output port of the chip (port 3 of the cryogenic circulator) is connected to
a low-noise cryogenic amplifier (HEMT) at 4K with superconducting NbTi cables.
The HEMT output comes out of the refrigerator and the output power is measured by
a spectrum analyzer for CW measurements or mixed down and digitized for pulsed

measurements.

In order to back out the power output from the chip, the gain and noise of the
entire measurement chain must first be calibrated. Here the gain is composed of the
HEMT and any room-temperature amplifiers used, as well as loss from the cables
and connections. The noise is dominated by the HEMT as it is held at 4K with
a gain of ~40dB, the amplified Johnson noise at the output is much larger than
room-temperature. This calibration is done by adding a variable noise source before
the HEMT and measuring the output power as a function of this noise. The output

power P,,; can be expressed as [88, 89]:

1 1
Pour = hwGB(T + Nypmt + E) (6.4)

eksTn — 1

where w is the frequency, G is the net gain of the output line, B is the measurement
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Figure 6.19: HEMT calibration. (a) The measured output power vs. fridge mixing
chamber temperature for a certain frequency, fit to equation6.4. (b) Extracted gain
of the output line from the fit for different frequencies. (c) Extracted added noise of
the HEMT.

bandwidth, Ty is the temperature of the noise source, and Nygyr is the added
noise of the HEMT. Here we use the device as a noise source, and heat the device
up with a resisitive heater on the mixing chamber plate. We allow ample time for
the entire mixing chamber plate and all components that are thermally lagged to it
to thermalize (~1 hour) before performing measurements. The output power as a

function of the thermometer reading is measured and fit to Eq. 6.4.

The extracted gain and added noise are used to convert the measured output power

to microwave resonator output with optical pulses applied in Fig. 6.11c and Fig.
6.12.

Microwave mode noise

Applying the calibration to the raw data, we back out the output power directly at the
output port of the resonator S,,;. However, the quantities of interest are the resonator
photon occupancy N,.; and waveguide photon occupancy N,,. To derive these
quantities, we follow the formalism described in [89]. We start with the driven Tavis-

Cummings Hamiltonian, only considering the spin-microwave resonator coupling:
1
H= hwaaTa+Ehwa,JZ+hg(aTJ_+J+a) +i\,//<_CA,~,1(aJr —a)+ivVkiAeny (a"-a) (6.5)

where w, is the resonator frequency, a is the resonator mode, w,; is the spin
frequency, J¢, J* are the collective spin operators, g is the spin-resonator coupling
strength (although inhomogeneous, later will take the collective coupling strength),
K. 1s the resonator external coupling rate, A;;, is the waveguide photon flux, «;, is the

resonator internal loss rate, and A, is the resonator photon flux. The corresponding



86

equations of motion are:

a=—-iw,a — ga —igJ” + VK Ain + VKiAeny
_ r (6.6)
J = —iwgul - EJ_ +igJta

where we have introduced resonator decay rate « and spin inhomogeneous linewidth

I'. Fourier transform the operators to the frequency domain:

\/K_cAin + \/K_iAenv - igJ—

a(w) = k)2 —ih
. (6.7)
() - [ @aw)
W)= ——7"7"7—
/2 —iAy
where A = w — w, and A, = w — wy;.
\/K_cAin + \/K_iAenv ngz(w)
a(w) = . + . ——a(w)
k/2 —iA («/2 —iN)(T'/2 —iAy) ©.8)
_ \/K_cAtn + \/K_[Aenv .
- k/2-iA+C
where C = —15/22]32’1. Using input-output formalism A,,; = —A;, + \Kca:
KA + VK Aen
Apur(0) = — gy 4 oLt Ve
k/2—iA+C
. (6.9)
_Ke—K[2+iIA-C - VKiKc A
 k2—-iA+C " k2—iA+CT
The power spectral density for an operator A is
Saa(w) = / dre™T(AT(0)A(1)). (6.10)

To get S,u:(w), first find the autocorrelation of the output field in the time domain:

AL O A0n(0) = G o [ e (Al (@A)

1 ® ® ' _—iw'T
(ke — ki = 2CR)%/4 + (A = C;)? , '
d (Kj2+ T CAn(@An(@))

KiKc + ,
Y2 R+ (B G Aem (@M Aen (W),

Here we have taken the expectation value of C such that (J*" (w)J*(w’)) = —N&(w -

w’), where N is the population in the spin ground state. We define Cz and C; as
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the real and imaginary parts of C, respectively. The autocorrelators of the spectral

densities of the photon fluxes are:

(Al (W) Ain(0")) = Nyygd (0 — o)

- , _ , (6.12)
<Aénv(w)Aenv (W) = Npeso(w — )
Plug these in:
1 0 ©
A O (D) = ()2 / do / daf i
(ke — K _2CR)2/4+ (A—Cl-)2 _ ,
Nyoo(w —
(k/2+ Cr)2+ (A= ()2 wgd(w = @’)
+ S Nresd(w - ') (6.13)
resO\W — W .
(k/2+Cr)2+ (A - C))?
1 00 —iwT (KC —Ki — 2CR)2/4 + (A - Ci)2 =
dwe

T2 ) (k/2+Cp2+(A-C)2 "¢
KiKc -

+ N,
(k/2+CR)2+(A—C)2 "

Plug this back into Sy,

© e L (ke — ki = 2CR) A+ (A= C)? _
S — dret?T — d iwt N
our (@) Lo ¢ on /_w we (k/2+Cr)2+(A—C)2 "¢

KiK¢
T K2+ CRr + (A G
(ke — ki = 2CR)* /4 + (A - C))? _ KiKc
T k24 CR+ (A=C)2 T 2 CRl 4 (A=C)2

Nres)

N res-
(6.14)
We can gain some physical intuition by looking at this quantity in the resonant case

where A = A, = 0 and rearranging terms:

1-2—C)% i K2
(-7 -C) o ke[ K (6.15)
(1+C,)? (1+C,)?

S{)ut(w = Wq = wat) =

2
where C, = 4KN—Fg is the spin-resonator cooperativity. This shows that the spins will
absorb the photons in the waveguide and resonator, and S,,; represents the output

noise power after getting absorbed by the spins.

6.5 Photon interference between two independent transducers
To demonstrate scalability towards large-scale quantum networks, we prepare two
transducer chips, where the microwave resonances are offset by 3.4 MHz from each

other due to fabrication disorder, shown in Fig. 6.20. Despite this offset, the most
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Figure 6.20: Characterization of the second transducer for photon interference.
(a) MW reflection spectrum with the optical pump on, showing the spin resonator
coupling. (b) Microwave-to-optical transduction at various input microwave fre-
quencies with the same experimental conditions as (a).

efficient operating point still coincides at the spin frequency, showing its resistance

to this disorder.

We simultaneously do CW M20 transduction on both devices, and interfere the
output optical photons (Fig. 6.22). Specifically, we simultaneously send weak
microwave photons to each transducer with two synchronized microwave generators.
Separate optical pumps are also generated by splitting the pump lasers into two
optical paths, each focused onto the circular transduction zone of the respective
transducers. Due to the limited laser power, each transducer operates with ~ 400 uW
pump power. The transduced photons from each transducer, along with the reflected
pumps, are collected and combined via a beam-splitter. On one of the output ports
we measure the pump photon interference. The other output port goes through
a high-extinction spectral filter to another SNSPD to detect only the interference
between two transduced photons (Fig. 6.22a). Based on the phase measured on
the pump interference, we correct the initial phase and average the interference over

1000 data traces for both the pump detection and the transduction detection.

InFig. 6.21, a single shot time trace of pump photon interference detected on SNSPD
is shown. This raw data set shows the beating oscillation frequency at 50 kHz.
Therefore, we repeatedly take this data set and use the reflected pump interference
as a reference to correct for the initial phase of the interference of the transduced
photons (Fig. 6.22b). Here the oscillation frequency is 50 kHz corresponding to the
intentionally added offset between the two pumps, with a Gaussian decay envelope

(~ 596 us) attributed to the phase correlation time between the two independent
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Figure 6.21: A single shot time trace of the photon interference on SNSPD.
Pump interference detected on SNSPD. The

optical paths.

Then, we tune the phase difference A¢ between the two weak input microwave fields.
Since the pump does not sense the phase change, the pump interference overlaps for
different A¢ (Fig. 6.22c¢, top). On the other hand, A¢ will imprint onto the transduced
photons. We measure the phase shift in transduction interference for different Ag,
demonstrating the phase-coherent nature of the transducer (Fig. 6.22c, bottom). This
dual M20O-transducer experiment showcases the ease of interconnecting multiple
transducers for our REI platform due to its inherently matching optical transitions,
and thus its potential for entangling remote quantum nodes. This dual M20-
transducer experiment showcases the inherent frequency lock in atomic platforms

and also the potential towards entangling remote quantum nodes.

6.6 Cascaded two transducers towards optical control of superconducting
qubits
Furthermore, to demonstrate the ability to optically probe and detect superconduct-
ing qubits, we cascade two transducers together with a cryogenic microwave link
(Fig. 6.23a). Separate optical pumps are generated by splitting the pump lasers
into two optical paths. The O2M path goes through a weakly driven electro-optical
modulator and sent to the first chip to perform O2M transduction. Similarly, due to
the limited laser power, each transducer operates with ~ 400 uW pump power. We
note that the generated microwave photons can be used to probe qubits, as shown
in previous studies [39, 90]. Instead, here we connect them by a microwave link,
where the microwave photons are captured by the second transducer and converted
back to optical photons, illustrating the ability to optically readout a qubit state. The
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Figure 6.22: Photon interference between two independent transducers. (a)
Dual M20 configuration. Two transducers are operated at the same time where
the weak input microwave photons are phase shifted by A¢ and optical pumps are
frequency shifted by Af = 50 kHz. The output photons are combined on a beam-
splitter and one port is sent to an SNSPD for phase referencing via the pump (b,
upper). The other port goes through a narrow frequency filter to spectrally select
only the transduction photons, and its interference is detected on another SNSPD
(b, lower). A Gaussian decay envelope is observed due to the relative phase drift
(596 + 6 us) between two optical paths. (c) A zoom-in on the interference, where
different phase shifts between microwave inputs are implemented and measured.
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output of the final M20 signal is split into two paths for heterodyne detection of the
cascaded O2M-M20, and transduced photon interference through a high-extinction
spectral filter. On the heterodyne detection side, optical photons beating are mea-
sured on a spectral analyzer. The total efficiency agrees with the product between
O2M and M20 efficiency and chip collection factors (Fig. 6.23b), where the lack

of excess loss shows the advantage of matching spin transitions.

By interfering the input optical photons with the final transduced photons (inten-
tionally frequency shifted by 50 kHz), we measure an intensity correlation between
the two independent optical paths, confirming that the frequency was preserved
throughout the entire transduction process (Fig. 6.23c). We note the Gaussian
decay envelope of around 359 us, similar to Fig. 6.22b, which we also attribute to

the phase correlation time of the independent optical paths.

6.7 Discussion — why REI?
With all the measurement results presented above, an interesting topic can be dis-
cussed here now — why REI for transduction? I summarized the key points here and

will discuss them one by one:

1. Ultra-strong nonlinearity
2. Scalability
3. Synchronization
4. Versatility

First, the current transducer efficiency is ~ 1% with refer-to-input added noise as
1.24 photons. The chip only requires a microwave resonator with Q,,,, ~ 1K but
not an engineered optical cavity. The chip interference did introduce a Fabry-Perot
optical mode, with Q,, ~ 3K based on the free-spectral range and the finesse.
This loose fabrication requirements with measured ~ 1% efficiency already indicate
that the material has a very strong effective y® nonlinearity. As calculated in
Section 3.5, this nonlinearity is found to be only related to the material properties
Xg‘)f = eoj}ﬂ %, where for 340ppm 7' Yb3*:YVOy,, this number is ~ 107 pm/V.
This is a direct comparison to other conventional nonlinear materials (like LiNbO3
with ¥ = In*rs ~ 450 pm/V). Another way to look at this, is to think about the

intrinsic nonlinearity, that is the efficiency per pump power per all the quality factors

_ ]7 . . .
Pom0.0.0," This gives a comparison between all the transducer platforms as

usually the efficiency increases linearly with more pump power and better quality
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Figure 6.23: Casacaded O2M and M2O transducer towards optical control
of superconducting qubits. (a) Cascaded O2M to M20O configuration. Two
transducers are simultaneously operated where the optical pump is frequency shifted
by Af = 50 kHz. Weak optical photons are sent to the first transducer to perform
O2M, from which the second transducer captures the transduced microwave photons
and performs M20O. The final optical output is then both measured via heterodyne
method and combined with the first input optical light for an intensity correlation
measurement. (b) The total O2M-M?20 efficiency at different input optical photon
frequencies. We use the product of two Lorentzian functions for fitting (red line),
which captures two sequential transduction processes. (c) The intensity correlations
between the optical input and the transduced output. A Gaussian decay envelope
(359 + 2 us) is observed due to the phase drift from the two separate optical paths.
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Figure 6.24: Intrinsic nonlinearity between different platforms. As defined in

the text, m describes the efficiency per pump power per quality factors in

all the fields. This factor is proportional to [y (?]? as calculated in Section 3.5. For
each reference, [1] is Xu Y, et al. Nature Communications 12.1 (2021): 4453. [2]
is Sahu, et al. Nature Communications 13.1 (2022): 1276 [3] is Brubaker. Physical
Review X 12.2 (2022): 021062. [4] is Jiang, et al. Nature Physics 19.10 (2023):
1423-1428. [5] is Mirhosseini, et al. Nature 588.7839 (2020): 599-603.

factors in each fields. This is meaningful as it is just proportional to

U]
PpumeerQp
[x®]? as calculated in Section 3.5. Therefore, by looking into the literature, we
summarize the performance in Fig. 6.24. We found the REI-platform discussed
here is almost in the quantum regime, but significantly large in terms of this intrinsic

nonlinearity number.

Second, the REI-based device footprint is relatively small for future scalability
considerations. The large feature currently is the capacitor of the resonator, on the
order of hundreds micrometers. As the REIs are already doped into a host crystal,
lots of fabrication process can be done on this piece of substrate. Therefore, one

does not need to be limited to a bulky setup.

Third, as the system is an atom-based platform, the operation frequencies are ab-
solutely locked to REI transitions. This unique feature makes the transducers
automatically frequency-matched hence suitable for the future remote entanglement
application. Since in this case, photon interference needs to be done to generate
entanglement based on heralding protocols and photon indistinguishability is a pre-
requisite. Although, other platforms can always achieve this by doing a resonator
post-tuning (e.g., local oxidization via AFM [22]) or an extra step of optical fre-
quency conversion (e.g., commercial electro-optic modulators). Another extra step

will always complicate the fabrication process (potentially lower the Qs) or lower
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Figure 6.25: Diagram of an optical cavity with REI thin film. By utilizing a REI
thin film, a good mode matching between the microwave and optical fields inside
REI materials can be achieved. Hence, lowering the number of atoms that only
couple to the optical field but not the microwave, behaving as an optical absorber
and also as parasitic ions for O2M tasks.

the final efficiency from another step.

Lastly, REI-platform is not only a candidate for quantum transduction application
but also a toolbox for quantum communications and cavity quantum electrodynam-
ics studies. Among the applications, single photon sources based on REIs has been
achieved in [13, 14]. Efficient quantum memories and multimode operations have
been demonstrated in [66, 67]. Entanglement generation has also been recently
achieved with single rare-earth ions in [68]. On the CQED side, quantum ther-
malization and many-body phenomenon have been observed in REI system [65,
91]. Also, as we will see in the next two chapters, we observe novel CQED effect
from a tunable spin-inverted system. Therefore, transducing superconducting qubit
signals via REI platform will give the qubit a native connection to other developed
REI-based technologies.

Going back to the intrinsic nonlinearity argument, the number is huge, but the actual
chip efficiency is the key number one would care for real applications. Therefore,
REI platform still needs to further improve the efficiency. Based on our current
results, adding a better optical cavity is the way to go. However, directly adding the
cavity may not be the wisest option, the optical re-absorption will extinguish the
transduced signal in the current setup, as shown in Fig. 6.25. A thin film is better to
further optimize the mode overlap between the microwave and optical fields. On one
side, we do not want to have parasitic ions that only couple to the microwave field
but not the optical (only absorb the microwave photon but not transducing). On the
other side, parasitic ions that only appear in the optical domain is also detrimental,

as the O2M task will suffer the same as the parasitic ion argument.
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REI thin film has been demonstrated. For example, research groups have developed
a technology by bonding a REI chip to a substrate and polishing the chip down to
tens of um thickness [81]. Experiments have been demonstrated based on this type
of chip architecture. With these discussions in mind, the next section will cover

potential future improvements that utilize the thin film technology.

6.8 Further improvements

For the reduction of added noise

Currently, the noise is primarily from PL and resonator thermal occupancy within
the 2 us transduction window. With some technical improvements, there are a few
avenues to decrease the added noise.

First, the PL emits isotropically, but collected light is limited to the NA of the lens
system used. The current NA is ~0.1, which can further be reduced to collect
less PL. Theoretically, the collection efficiency of the transduced photons that are
emitted directionally will be unaffected by a lower NA. Experimentally however,
there is always a finite angle misalignment in the setup, and a larger NA leads to
better coupling. By adding fine tilt alignment, a more collimated beam could be
used with a 10x smaller NA but the same beam waist. This would lower the PL by
a factor of 10x.

Second, another way to lower the PL is by using a thinner sample, as the planar
microwave resonator mode penetration is only a couple of micrometers. One idea
to realize this is a REI-doped crystal bonded to a substrate, which would then be
polished down to a desired thickness. We then require less initialization time, as a
thinner crystal means less material that needs to be saturated at the optical pump
frequency. With less initialization time, the PL should decrease, as well as the
thermal noise. However, the REI properties in both the optical and microwave
domains for a thin film require further studies, which could be worse than the
normal bulk crystal due to surface stress and strain. Assuming all the properties
are unchanged, with half the initialization time, we expect to halve the total added
noise.

Third, growing a higher concentration sample is also useful. The effective y(?
nonlinearity is currently not as high as it could be. A higher concentration of Yb ions
would bring the density up, linearly increasing the effective y(?). At the same time,
the inhomogeneities typically get broader at higher concentrations, which would
increase the transducer bandwidth that is limited by the spin linewidth currently.

With a larger bandwidth, a shorter transduction pulse could be used, which will also
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cut down the photon collection time, lowering the noise effectively. For example,
if we assume a 1 MHz bandwidth is achievable with the same efficiency, PL noise
would be halved.

If all of the above improvements can be incorporated, the added noise can be

decreased from the current 1.24 photons to about 0.2 photons.

For increasing efficiency

The current parameters, C, ~ 1, C, ~ 0.2, C, ~ 0.1, give ~1% efficiency. Increas-
ing C, and C, both to ~1 will bring the system to ~20% efliciency, while increasing
C, and C, > 1 will bring the system to unit efficiency.

Without making C, and C, larger, simply increasing C, > 1 will only hurt the
efficiency in the on-resonance regime. To only improve C, and C,, one way is
to incorporate a free-space optical cavity with Finesse ~ 10, then C, will become
2 and C, will become 1. The C, can always be decreased to 1 by pumping the
population or operating with some detuning. However, this optical cavity should
be incorporated with a thin film, to avoid reabsorption. Assuming ion properties in
the thin film are unchanged and a free-space tunable optical cavity with Finesse ~
10 is reachable, then an efficiency of about 20% is achievable. We note that here
the required Finesse is only ~ 10, which may be small enough to avoid excess noise
from the increased circulating power.

Towards unit efficiency, working in the on-resonance regime would be difficult as
it requires an ultra-large C,, which means a strong pump and hence likely more
noise. However in the adiabatic regime, one only needs large C, and C,, albeit
with detunings. For this, other than the aforementioned improvements (thin film
and free-space tunable optical cavity), a higher concentration sample will directly
boost the number of atoms per volume, and hence the cooperativities linearly. As-
suming the concentration is 6X higher with unchanged ion properties, microwave
cavity Q is 10k and the optical cavity finesse is ~ 100, then C, ~ 10, C, ~ 10.
With C, = 0.01, unit efficiency is achievable in the adiabatic regime. The noise
performance remains to be investigated in the experiment as there have so far been
no transduction experiments in the adiabatic regime due to the requirement of large

cooperativities in both microwave and optical domains.

Moving towards hybrid quantum networks, future experiments will be focused on
optical access and entanglement generation between remote superconducting qubits.
Meanwhile, interfacing superconducting qubits with single REIs or ensembles will

also be investigated towards building a hybrid quantum network with disparate
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physical platforms.

6.9 Summary

In this chapter, we present the measurement results of a REI-based on-chip trans-
ducer between microwave and optical fields. Without an engineered optical cavity,
the chip efficiency is 0.76% (3.4 x 107> including the pump filtering system) with
an added noise down to 1.24(9) photons under pulsed operation with 500 kHz
bandwidth. We further demonstrate dual transducer interference experiments that
show scalability and the capacity to drive and readout qubits via optical fibers, an
essential step towards the remote entanglement of superconducting qubits. The
achieved efficiency with low optical and microwave resonator quality factors comes
from the ultra-strong effective y(» non-linearity in this REI-based material. Similar
efficiency has been achieved for example in LiNbOs, but required optical cavities
with quality factors on the order of millions due to the quadratic scaling of efficiency
with y® in the low-cooperativity regime [25, 92, 93]. The lack of a high-finesse
optical cavity in our device lends itself to scalability in the context of robust fabri-
cation, and the absolute atomic frequencies alleviate the need for precise frequency
matching between different devices. Moving towards hybrid quantum networks,
future experiments will be focused on optical access and entanglement generation
between remote superconducting qubits. Meanwhile, interfacing superconducting
qubits with single REIs or ensembles will also be investigated towards building a

hybrid quantum network with disparate physical platforms.
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Chapter 7

CAVITY QUANTUM ELECTRODYNAMICS STUDY WITH A
TUNABLE SPIN-INVERTED ENSEMBLE

From the previous chapter, we have discussed a transducer between microwave and
optical fields with rare-earth ion doped crystals. To achieve it, a superconducting
microwave resonator and a natural optical mode are utilized. However, the chip is
more than a frequency transducer. It is also a platform with strong coupling to the
spin ensembles in the excited state, ready for cavity quantum electrodynamics study.
Since the resonator is coupled to a three-level system, one could individually address
the three transitions. Hence, the excited-state spin ensemble can be prepared to be in
either a collective spin-up state or a collective spin-down state. In the spin-down case,
other than strong couplings that have been observed, a novel transparency window
created by the spin ensemble has been observed as well - collectively-induced
transparency (CIT). It was firstly observed in the optical domain in 2023 but has not
yet been reported in the spin domain. The narrow spectral feature of the transparency
window as well as the large depth make it fundamentally attractive for microwave
switching and frequency reference. On the other side, by preparing to the spin-
up state, with enough population inversion to trigger the process, continuous-wave
maser phenomena is observed. With more inversion from high pump power, periodic
superradiant pulses are generated from the spin-inverted ensemble. Interestingly,
since the chip is also a microwave-to-optical transducer, synchronized optical pulses

are generated naturally, with phase coherence to microwave pulses.

With a quick summary of new findings, this chapter will first go through the theory
of the spin-inverted system coupled to resonators. We will first visit the collective-
induced transparency derivation, which is a combination of summaries from the
results presented in [65] and new derivations by considering three-level systems
instead of two levels. Numerical simulations will be presented using the new three-
level system model. Next, I will go through the theory of superradiance burst,
which is also a combination of summaries from the results presented in [94] and
new derivations of the three-level system in our scenarios. Numerical simulations
on superradiant bursts and periodic synchronized microwave and optical emissions

will also be presented.
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7.1 Theory of spin resonator coupling
Ensembles of two-level systems coupled to a resonator have been extensively studied
in theory and experiments [95-98]. Here, I will go through some important ideas

of the theory to pave the way for the next section of simulating three-level systems.

First, considering two-level systems coupled to a resonator (a, a"):
H =hwea'a+ SiEy o1 + ZiEy o + hEigi(a oz + 021,10) (7.1)

where w, is the cavity frequency, E,; is the energy for the first/second level, o7; =
i) (j| is the atomic operator, g; is the coupling strength between each individual
atom to the resonator. One could solve the system dynamics by calculating the

operator evolution and input-output theorem:

L Ka .
G =—lwea ——a— i2;8i012,i = VKa,cAin

012, = — (w1 +¥2) 012, — igi(o11,i — 022,)
o1 = y102, — igi(a' o — 021a) (7.2)
o2 = —y10m, +igi(a o — 021,0)

Aput — Ain = Kg,cd

where k, 1s the cavity decay rate, k, . is the external coupling rate, y; describes
the spontaneous emission decay rate and y, describes the dephasing rate of the
coherence. AjnAm describes the input photon flux, which can be represented by

cavity mean photon number u as

VKacAin = %a\//_l
Pin K (7.3)
where P;, is the actual input power to the port. With this, one could calculate the

cavity reflection spectrum by simply evaluating

|%|2:|1+ﬂ@|2. (7.4)
in Ka M

By taking a look at the dynamics of mode a and the cavity reflection spectrum in eqn.
7.4, one would find that if there is no atomic couplings, (a) = —+/u by plugging
u to the dynamics for replacing A;,. This makes sense as the the cavity photon
number should just be the input flux. The minus sign comes from the definition of
the input-output port. In this case, the cavity reflection will just become as

Aout 5 2Kac o
| =17 = |1 - —=".

7.5
Ain Kq 75)
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Hence, we see by tuning the kappa ratio, one would change the cavity from under-
2Ka,c
Ka

2';‘;’” = 1) and lastly to over-couple (2';—‘;’" > 1).

couple ( < 1) to critical-couple (
Thinking about the contribution of the atomic couplings, one could view it as the
atom adds additional terms in «, such that the cavity reflection will be different at

various detunings.

There are two special cases worth mentioning here, that would be useful to under-
stand the experimental data in the next chapter. One is the strong coupling regime,

the other is the collectively induced transparency in two-level system.

Strong coupling regime
First, the strong coupling regime. I will show a key result from this paper [95] !.
By considering weak excitation regime (o, = 0»2 — 01 ~ 1), one would have the

reflection spectrum written as

iKgc |2

Rlw) =11 - wW—we+ik/2—W(w) (7.6)
with o)
o2 [ P\
W(w) = Q / s i72/2dw (7.7)

where Q = /Z; gi2 describes the ensemble coupling strength and p = Zogl.zé (w —
w;)/Q? is the discrete format describing the atomic distribution. Considering a

simple case where the atomic distribution is a Dirac delta function centered at the
QZ

W—we+Hy2[2°

Plugging this into the cavity reflection equation, we will find two poles (denominator

cavity frequency (p = 6(w — w,.)), therefore one would have W(w) =

1S Zero) as:

A= w, + \/92 _ (%)2. (7.8)

The strong coupling reaches when € > kg, y>. In this case, the cavity spectrum
will split into two doublets centered at w. + €2 and w, — 2, with the separation equals

to twice of the ensemble coupling strength, as shown in Fig. 7.1(b).

Collectively induced transparency
This is a newly observed phenomenon in disordered systems in 2023 [65]. The
key part of observing the phenomena is (1) a strong enough coupling such that

the ensemble-cavity cooperativity is large; and (2) an inhomogeneous broadened

'T encourage people who are interested in this topic to read this detailed paper.
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Figure 7.1: A schematic for different resonator coupling patterns. (a) The bare
resonator with over-coupling kappa ratio. (b) A strong coupling pattern which
splits the original resonator dip into two polaritons. (c) A CIT pattern due to an
inhomogeneous ensemble strongly coupled to a resonator field.

ensemble. Without going into details and re-deriving the formulation, I will refer to

this thesis [99] and mention the key equations that are critical to understanding.

Following the equation 7.4, by plugging in the two-level system dynamics, where

(a) is related to /i, 02, and o1 ;, one could simplify the equation to

ke 1
R=|1-Kac__ p (7.9)
kg 1+x

242 o2 )01,
where the parameter x = —%; - <K (;Z +l.<A)“”
a

atomic couplings to the resonator field. One analytical equation can be solved by

) fully describes the modification from

assuming (1) a Lorentzian distribution of the ions; (2) intermediate power (u); (3)
on-resonance condition; (4) high cooperativity; (5) enough inhomogeneity. With

these assumptions, one could get

x= ! , Bilwr —wo) (7.10)

AinnKg £ A?hnka
2Ng \ 7172 Ng?

With these two equations, the CIT intuitions are the following. First, the atomic

coupling will modify the cavity decay rate x,. When u is infinite, hence x — 0, the
cavity at the center will see no atomic effect but a bare cavity with R = |1 — % ks
By tuning the u, hence x > 0, one would effectively modify the cavity kappa ratio
here with the power. If starting with an over-coupled cavity, one would observe
the cavity center becomes critical-couple and further under-couple by tuning the x.

In the optical domain, an over-coupled cavity is not trivial to fabricate. But this is
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relatively easy in the microwave domain by geometry engineering. Therefore, this
kappa ratio tuning across the critical-coupling regime has not been observed in [65]

but is in the microwave circuit, shown in the next chapter.

7.2 Simulation of CIT with three-level systems

To understand the CIT phenomena in our system with tunable population in each
levels, we can rewrite the system Hamiltonian by adding extra terms. But the
intuition is the same as discussed in the previous subsection. Here, by having an
extra level, we can manipulate the amount of population in the spin manifold and
further tune the spin population difference with microwave driving. Therefore, the
optical pump power in the system is a knob of initialization. The microwave power

is the one to saturate the system with the description of u as covered above.

With these in mind, we could start with the system Hamiltonian as

H :hwo,caTa + ha)e,chb + Z Eq10ggk + Z Ee kOejerk + Z Ee, kOererk
k k k
+ Z hgo,k(aTU;k +h.c.)+ Z hge,k(bTO's_’k +h.c.)
k k

+ Z th(UI;k + h.c.)
k
(7.11)

where a is the optical mode and b is the microwave mode. Since in our system, the
optical cavity is a formation from two reflective surfaces with broad linewidths, it
covers both two optical transitions at the same time. One could write a; and a;
modes to consider the two different coupling terms or use a classical driving form
Q = g,a to replace one of the ion-cavity coupling terms. The two are equivalent
and that is why in the simulation formulation, sometimes the optical cavity couples
from |1) to |3) but later for maser derivation, it couples from |[1) to |2). With
the Hamiltonian, we then calculate the dynamics of each relevant operator in the

Heisenberg picture:
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i . Ko . -
a= 5[7’{, Cl] = —lWp,ca — an - lzg"’ko-osk
b= —iwech —iXgex0sy — ~b - =1l

('To,k = _(iwez,g + YO)U;k + igo,k(o'ezez,k - O_gg,k)a - ige,ko-;,kb + iQkO';k

. _ . — . + . T .
Ok = —(lwe, g + yo)O'p,k +igo k0, A — igekb oot 14 (Tererk — Ogg.k)

F
i
|

. —_ . + . . -
= _l(wez,el + ‘)’S)O-s,k —180,k0T ) 14 + lge,k(o-ezeg,k - O-elel,k)b + l-QkO-O’k
. _ : T - + . - +
Tererk = ~Y10eserk +18oi(a' o, — 0y a) + lge,k(bTO's,k — o, kb)

. . — + . — +
Oe¢ie1,k = —Y10eiek + lge,k(_bTo-s,k + O-S,kb) + ZQ(O-P,/C - O-P,k)

O'gg,k =Y10¢ie1 .k T V10 eser,k + ig(),k(_aTo-g_’k + O';r,ka) + iQ(_O',;k + 0_;,]()-

(7.12)
With the equations, one could encode with multiple atoms, where each atom will
have 6 equations. Therefore, it adds up to 6N+2 equations. We care about the
steady-state solution of the system of N atoms. From Comsol simulations, we get
the mode volume for the resonator is 580 (um)>, which leads to ~ 10 Hz single-ion
coupling rate at the center of the inductor circle. Higher coupling strength up to
~ 200 Hz can be achieved for the location that is close to the inductor. Since the
mode profile is relatively flat, we consider a 10 Hz homogeneous electrical coupling
rate between the spin and the resonator. Therefore, for a 1 MHz coupling strength
(measured experimentally, as shown in Fig. 5.5), the corresponding ensemble

numberis N = (=82)2 = 10'0. This large number is reasonable. If we consider the

8single
ensemble number from the interaction zone of the gaussian beam, we will have N =

prr’D, where p = 5 x 10%*/m? is the number density for 340ppm 7' Yb3*:YVO,
24/2in[2]
half width at half maximum (HWHM) and D = 8um is the mode penetration depth

concentration, r = = 12um 1is the gaussian beam radius considering the

considering 50% mode energy. This calculation gives N = 1.8 x 10'°, pretty well
capturing the system behavior from the ensemble coupling strength. With these

analyses, we assign the single-ion coupling rate as 10 Hz and consider the ensemble

size as 1010,

To calculate the result, one way is to directly solve the steady state solution by
setting 6N+2 equations equal to 0. However, the equation sets are not linearized.
One needs to use an iterative method to find the solutions by a roughly current
initial guess. Another way is to solve all the ODE equations together. Even if the
equations are coupled to each other, as long as a time step is defined, the program

can always solve the increments for each parameter and hence get the temporal
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trajectory. This method is more time-consuming than the steady-state solver, as one
needs to evaluate 6N+2 equations for all the time steps. But this will always give you
an answer compared to the steady state solver that the result may not be converged,
depending on the initial guess. For the equations, creating 60 billion of equations
and solve together is computationally hard in either an ODE solver or a steady-state
solver. For the sake of time, I randomly generate 10'” atoms from the Gaussian
distribution and group the atoms into hundreds of subsets, where each group is
considered as identical atoms in the simulation, saving the computational space.
Because the spin inhomogeneity is A;,;, = 27 X 160 kHz, the coherence time 1/, is
unknown for this concentration, but at least be bounded by the excited state lifetime
T, = 267us. This gives the group of ions bounded by Nppuna = I/A"—"" = 270,

(2nte)
which makes the hundreds of subset group reasonable.

As shown in Fig. 7.2, a convergence test on the the number of identical atomic
groups is performed. In each case, a ODE solver runs for solving 6Ng oy, + 2
equations together up to 100 us. We see the the system behavior, both the resonator
reflection (R) and the ensemble coupling strength (g, 0/, is about to be steady after
Ngroup = 100, which agrees with our expectation. In Fig. 7.3(a), the resonator
reflection at zero detuning is plotted. We observe that it is about steady after 400
us. In Fig. 7.3(b), the ensemble averaged populations are plotted. The populations
are undergoing a slow change over time, due to the slowest time constant set in the
simulation. At 400 us, the population is almost stable, where the last 5 % changes
happens from N, = 0.198 to N, = 0.208 in the next 600 us. For the considerations
of the resonator reflection and the sake of time, we use t,,4 = 400us in the later
experiment as a termination of the ODE solver, assuming the behavior is almost

similar as the steady state.

Next, we fixed the Ng,oup = 27 +1 = 129 and run the time convergence test, as
shown in Fig. 7.3. The system will have temporal behavior when the optical pump
starts to apply. The longest time scale that is set in the simulation is the spin-phonon
relaxation (y1; = 1 ms) and the optical 77 as 300 us. The key point is to find when
the system is roughly steady in terms of the resonator reflection.

Hence, with a fixed Ng;04p and termination time, we could simulate the CIT effect
at different optical pump powers and different microwave probe powers. As shown
in Fig. 7.4, we change the optical pump powers and microwave probe powers. On
the top plot, a Q = 0.22 MHz is used, where we observe some resonator splitting

patterns. Since the microwave probe power used is relatively small, we only observe
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Figure 7.2: Convergence test of the CIT simulation on N,,,,,. (a) The resonator
reflection at zero detuning vs different Ny, . (b) The ensemble coupling strength
vs different Ny, The system behavior is stable when N0, > 100.
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Figure 7.3: Convergence test of the CIT simulation on the evolution time. (a)
The resonator reflection at zero detuning vs system evolution time. (b) The ensemble
averaged populations at different energy levels vs system evolution time.
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Figure 7.4: CIT simulation results at different conditions. Top: A CIT simulation
with weak optical pump power and weak microwave probe power. Only a small CIT
phenomenon is observed at the center. Bottom: A CIT simulation with high optical
and microwave powers. A sharp CIT dip is observed at the center.

a weak CIT window on the top. On the bottom plot, we increase the optical pump
power to = 1MHz, a clear splitting pattern is observed on the original resoantor
profile. A sharp CIT dip is also captured with g = 1.8 x 10°, corresponds to a
similar probe power used in the experiments. Also, we notice that the dip surpasses
the orginal resonator dip (set k./«; = 0.8 in the simulation). This is the effect of
locally tuning the resonator kapparatio to critical coupling point. The corresponding

microwave power is referred as critical powers p..

7.3 Gain of a spin-inverted amplifier

In the previous sections, we show how to calculate the ion-cavity coupling spectrum,
specifically for the strong coupling regime and the CIT regime. This is done by
initializing the system into the collective spin-down state. With the three-level
systems, we can also apply the pump at the highest transition frequency, and hence
starting with the spin-up state. With this, spin inversion will be achieved, where
novel quantum dynamics can be studied. To understand the system, I will first
discuss the gain of a spin-inverted system, in other words, an amplifier. The idea is

shown in Fig. 7.6. This is not a new topic and the amplifier has been extensively
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Gain with an 1nverted system

W =

[0.0/0/0.00)

Figure 7.5: Schematic of an amplifier based on an inverted system. Spin in-
versions are created by pumping the three-level systems on the highest transition
frequency. A weak input would trigger the stimulated emission process, hence am-
plify the signal strength.

studied and used in real experiments. I acknowledge this paper [100], where a
maser amplifier has been derived clearly and achieved at room temperature. The

derivations are relatively simple so I will summarize the key results here.

Similar to Eqn. 7.13, with spin inversion the sign of atomic coupling will be flipped,
showing as: ‘

iKgc )
W= we+ik/2+W(w) |
For a Lorentzian lineshape of the inhomogeneity, the density function and the

R(w) = |1 -

. (7.13)

corresponding W (w) can be calculated:

YR
T (A/ZS)222+ w? (7.14)
W(w) =

w—wy+iy/2+iA]2

where v is the atomic dephasing rate and A is the inhomogeneous linewidth. For
rare-earth ion systems, usually we will have A > v, which then allows us to neglect
the contribution from y. With the coupling terms, we can plug it back into the cavity
reflection spectrum and get

iKgc 2
R(w) =1 - : z |
W= We +iK[2+ S
| ' (7.15)
2166 + (Ka,c - Kavi) + F:‘.-g,zl(sq |2
= ) 2
=200 + (Kg,c + Kaj) — riszziés

where [use I' = A+, 6; = w — w; where i could be the cavity or the spin frequency

and k, /; represents the coupling/internal decay rate of the resonator. Assume the
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Figure 7.6: Simulation of a microwave amplifier. Numerical calculation using
Eqn. 7.16 with x, ./k = 0.8 and 42 = 0.9«.

atom and cavity are on-resonance to each other and only consider the on-resonance
case (0, = 05 = 0), we have

40?2

Ka,c — Kai+ T )
R(w) = | | (7.16)
Ka,c + Ka,ji — T

From the above equation, we see the R(w) could be higher than unity, contrasting
2

a2
e |> can never surpass 1. The

to the spin-down case where R(w) = |~e=%”
reason is that we have spin inversion hg;éc zﬁ’é tfle stimulated emission process
would happen with a small trigger on the signal. For example, if the cooperativity
is0.9 (C = %) and the kappa ratio for coupling is 0.8 (K“T’C), then R(w) = 100, an
amplifier with 20 dB gain at the center of the profile, as shown in Fig. 7.6. We note
that keep increasing C to 1 (‘%2 = k) will reach an instability point where maser
oscillation would happen due to an accumulation of enough population inversion.
That would generate signals even without a weak input, hence leading the gain to
infinity. Experimental results of the microwave amplifier will be shown in the next

chapter.

7.4 Theory of superradiance burst

As discussed in the previous chapter, C>1 would trigger the maser/laser process.
Here, I would cover another emission process that is stronger than normal emission —
superradiance. Superradiance is a many-body quantum phenomenon due to a group
of atoms collectively and coherently contributing to the emission. It has been studied
in theory and experiments [101-103]. The unique property of it is the relationship
with the number of atoms. In a typical emission process, the emission strength

is linear with the number of emitters, where each emitter contributes individually
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to the power. In superradiance, one would think about each emitter contributing
individually to the electric field, and hence quadratically enhancing the field strength.
Another uniqueness of superradiance is the temporal behavior. By exciting the
system with a pump pulse, decay at a much faster speed (faster than the Purcell-
enhanced emission) will be observed. Furthermore, if the system is with good
coherence and enough population inversion is prepared, a superradiant burst with a
delay from the pump will be observed. We experimentally observe this superradiant
burst behavior, which will be presented in the next chapter. Here, I will go through
the theory on how to understand superradiance and how to understand delayed
bursts. A fully derivation can be found in [94]. Here I will review the key results

with some discussions for our system.
First, we start with a Hamiltonian for N spins with two energy levels:
H = hwea'a+3i(Ey o1+ Ey o) +higi(a’ o +0m1a)+in(a' —a) (7.17)

where 7 is the drive of the system. Solving the equations in the Heisenberg picture

by adding dissipation, we have

. . . K
a=-lw.a—1iX;gio1;+1n— =a

2
012 =—(iwn+y o —ig(o,; —oxni)a (7.18)
0ani — 11 = =2y 020 + 2ig(a’ o2 — 01 4a).

Assuming the cavity decay rate is fast, so we can adiabatically eliminate the cavity
mode by setting ¢ = 0, which gives a relationship between a and X;0%;; with the
drive term. We then plug this back into the equation of o2; and 022; — 0711

term, summing over all the atoms and represent the equation via the collective spin

Operator:
. _ 4en N, 4g’
S.= g —y(S.+ =) - 5.5
« 2 K 7.19
| ) (7.19)
. 4ign 4g
S.=—y S +-S1g + 2 g5
K K

where S, = 13,02, — 011, Sy = $4i001; — (0124, S+ = Zioa1; and S = oy,
The result in Eqn 7.19 is informative. First, looking at the S, equation, the first term
describes the drive, the second term describes the longitudinal decay and the last
term is the many-body term for enhancing the decay rate. For a single atom, S.S_
1SS, + %, which is the Purcell-enhanced decay rate from the atom-cavity interaction.

For multi-particle systems

S8 = Xi0721,i012, + Zizj021,i012,; - (7.20)
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The first term is the same as before, with N terms inside. The second sum describes
the quantum correlations between different atomic operators that could interfere
with each other and hence enhance the emission process. This sum contains N2
terms, responsible for the non-linear behavior of the superradiance phenomenon.
Also, since the emission strength is the evolution rate of spin inversion, we will have
I « # (8;+S_). This suggests that if the spin state is in a fully spin-up state, there
is no S, and hence no emission at the time. It will emit when the coherence term

S+ is maximized, which leads to a delay of the burst.
On the other side, one could also regroup the S_ equation into

4ign

4 2
=y, - %SZ)S_ L 180 (7.21)

where the first term is the decay/gain term of the coherence and the second term
describes the drive. From here, one can see that a critical condition is when 25— y =1.

After this point, S_ will experience an exponential gain instead of decay, showing as
the masing threshold. One point that needs to be noted, is that we did not consider
inhomogeneities in the above equations, which would modify y, to an integral from

each atom considering v, and inhomogeneity I'.

Lastly, one could analytically solve the equations by considering a pure |J, M)
collective angular momentum state. Although the experiment may not exactly
generate a pure state like this, but the analytical result gives intuitions on how to
understand the system behavior. With the |J, M) state, we further assume no driving
strength (7 = 0 as we already initialize the system in |J, M) state) and ignore the
longitudinal decay as it is too slow for the dynamics we are interested, the equation

will become:

) 492
J, M| S, |J, M) = —i (J, M| S:S_ |J, M)
(7.22)
. 4g
S, =- (——S +1)( +S;)
where we take J = and M = S.. Following this paper [104], we get?
N 2Ng?
S:(t) = =7 tanh| & (1 —10)] (7.23)
where t; = Nz X-log(tan 2) and M = -5 N cos. We found the delay is inverse

proportional to the cooperavitity and related to the initial spin state. A fully inverted

’I notice the result is solved by ignoring the ‘+1’ in the first bracket. It is okay for large N where
a billion and a billion plus one does not matter. The result would be slightly different. Since the goal
is to learn some intuitions from analytical solution, this assumption should be fine.
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Figure 7.7: Simulation of a superradiant burst. Numerical calculation using Eqn.
7.24 with N =2°, g = 27 x 10 Hz, k = 27 x 4 MHz and 6 = 0.99x.

system (6 = ) will have infinite delay time. This is because we ignore the quantum
fluctuation in the system, which could kick the polarization vector a little but trigger
the whole emission process. In the next three-level system simulation, I will show
the same simulation with and without the quantum fluctuation term, which shows
nothing in the lack of the fluctuation term. Next, we can get the emission profile,

which is the one got experimentally measured, as:

N2g2

: 2Ng*

o (S.) = sech?[228 (1 — )] (7.24)
K
with a FWHM (full width at half maxima) 7,3 = NLﬁlog(\/E + 1). The intensity
shows the quadradic dependence on the number of atom and the burst delay is inverse
proportional to the cooperavitity. A illustration of the solution is shown in Fig. 7.7

using Eqn. 7.24.

7.5 Simulation of periodic superradiance with three-level systems

Now we can go through the full calculation for the superradiance with three-level
systems. First, I will go through the same formulism as described in the previous
section. For a two-level system, one would only need to have the S; and S_ to solve
the full system. However, in a three-level system, there are five equations to solve,
which makes it almost impossible to have an analytical solution. However, similar
intuition could be learned by looking at the contribution from each term, without
providing an analytical solution. Lastly, we implement a numerical simulation for

the system. The method and results will be discussed here.



112

First, the system Hamiltonian is
7‘[ :hwo,caTa + hwe,chb + Z El,ko'll,k + Z E23k0’22,k + Z E3,k0'33,k
k k k
+ Z hgou(a ooy + 021 a) + Z hgex (b ooz i + o32.4D) (7.25)
k k

+ Z hQy (o134 + 031.4) + Iy (b +b) + iy (a’ +a).
R

We note the Hamiltonian is pretty much the same as Eqn. 7.11, but here I shift the
optical cavity to o, instead of o3 and use a classical drive term to describe the
dynamics on o13. The reason is similar as mentioned before, that the cavity is broad
enough. Since we will only do classical drive on one of the transitions, we can use
Q to replace ga/ga’ but leave the other arm for the optical cavity coupling. By
doing this, we avoid using another input coupling term to describe the drive strength.
Another difference here is the two extra quantum flucuation terms, describing by 7,
and n,. This is the one as mentioned in the previous section, that one needs a small
kick on the polarization vector to be away from a fully spin-up state, such that the
superradiance will happen. Mathematically, since our optical cavity is too board
and the cooperativity is small, the main kick happens through the microwave side.
Therefore, in the later derivation, I will set , = O for simplicity. After writing the

Heisenberg equations in the three-level system, we have:

o . K .
a= £[7-(, al = —iw,ca - ?oa — X80 kT 12.k

. ‘ , K .
b =—iwech —iXge k023 % — ?eb — inp

Tiog = —(iw12 + Yo) 012k + iQk030.k — 8o s (114 — O22.0)a — ige kb o134
ok = —i(Wn3 +¥s) 03k — igek (To2k — T33.4)b +igoxa Oi3 4 — IQLO21 L
O3k = —((W13+Y0) 013k — i8ekT12.4D — IQu (T11k — 033.k) + 180,k 023 kA

Tk = YO0k + Y0334 — Q0134 — 031.4) — 8ok (a Tiok — 021 40)

. . . +
ok = —yonk —igex (b ook — 03k b) —igos (021 a — a oiag)

O3k = =Yk —iQ(031% — T13%) — i8e k(03240 — b 023 k)

(7.26)

Again we can adiabatically eliminate the cavity mode and plug the result back into

the differential equations, then we have
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. 8g? . 4g2
833 = S22 = =y (833 = S22) — —=832523 —iQ(S31 — S13) + — 521512
4’<e Ko (71.27)
_ Z8ellb (823 + S32)
e
) 2g2 28, ) 2g2
S23 = =S+ —=(S33—522)S23 + Eellb (S33—822) —iQS21 — —2521513. (7.28)

This is the dynamics of spin population difference and the spin coherence term,
which would contribute to the masing effect. Clearly, with an extra level, the
equations are with more terms. First, in S33 — Sy equation, the first term is the
spontaneous decay, the second term is the interference term from the many-body
interaction that is responsible for the N> dependence. The third term is the driving
term to supply the population difference. The fourth term is another many-body
term from the atom-cavity interaction in the optical domain. With good coherence
in the optical domain, this could also be another N 2 term. However, in our case,
the optical coherence is not ZEFOZ transitions, which we measure hundreds of ns
coherence time. Therefore, this only contributes the diagonal term, which is N
dependence but not N 2. Also, in our system, g, ~ 8 kHz, but x, ~ 100 GHz. This
leads to a tiny %, presenting pretty much no Purcell enhancement on the optical
transitions. Since this is much smaller than the spontaneous decay term y, we can
ignore it. The last term is the quantum fluctuation term. Assuming an optical pump
has been applied and turned off, by ignoring the quantum fluctuation term, we found
S33— 82 = —y(S33 = S22) — Slff S32823, which is the normal decay and the enhanced

decay. In this case, the system evolution decays back to the two-level system case.

A similar analysis can be applied to the S3 equation. Here, we have S>3 = —(y, —
2¢2
Ke

quantum fluctuation term. S7;S13 term can also be neglected as it contains an

(S33 — 822))S23 considering the pump has been turned off and ignoring the

optical coherence term that dephases quickly without presenting the N? term from

quantum correlation. We found this also decays back to the two-level system case,
2¢2
Ke

where the maser will be triggered if =< (S33 — S22) > v,. However, to fully capture
the temporal behavior, one needs to run a numerical simulation with 6N+2 equations.
Similar to the CIT simulation, here I generate a random sampling from a Gaussian
distribution of 10'? atoms, and bundle atoms into hundreds of groups, where in each
group the atomic frequencies are similar to the sample and hence treating them as

identical atoms.
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The convergence has been tested in the CIT simulation. Here, the code is exactly
the same other than a few ODEs have been modified to accommodate the drive on
different optical transitions. Setting N, = 129, as concluded from the previous
convergence test, we model the periodic superradiant burst behavior with Eqn. 7.26.
By simulating the system up to 1 ms, we clearly observe this periodic behavior. The
beginning emission is sharp and large, due to the system at that time is a highly
coherent state without any dephasing yet and no population in the second level.
Later, the behavior becomes stable and constant, showing as well in the population
dynamics in each energy level. Here, we calculate the population via an ensemble
averaging, meaning N; = X P;N; ;. We clearly observe the periodic dynamics on

the spin inversion.

Discussion on the periodic behavior
Although it is almost impossible to perform an analytical solution to the equations,
we can try to gain some intuition by looking at different terms. Here, no analytical

equation is derived, but the goal is to see why there is periodic behavior. By ignoring

the 455 and 7, terms, we can simplify the dynamics of S33 — S22 and S»3 as
. . 8g£ .
833 =822 = —y(833 — S22) — 532823 - iQ(S31 — S13)
0,2 ¢ (7.29)
) g5 .
Sa3 = —[ys — — (833 — $22)] 823 — iQS21.

Ke

We see after creating a population inversion (S33 — S22>1), S23 will increase expo-

2 . N
280 vs. But at the same time, S33 — 27 has an enhanced decay

Ke

term as $32523. Noticing S3,573 is a real positive number, it quickly diminishes the

nentially as long as

inversion to S33 = S2. However, there is a continuous optical pumping term €2,
feeding the population inversion. Therefore, when the inversion reaches a certain
point, fast emission will be triggered to release the population inversion, and another
cycle of inversion accumulation will go on. This ongoing cycle makes the system
continuously emit superradiant bursts, with the periodicity related to the optical
pumping rate and the microwave cooperativity that controls the threshold of the

burst. An illustration of the periodic behavior is shown in Fig. 7.10.

7.6 Intuitive understanding of superradiance
After revisiting the simulated model, the key component to generate the superradi-
ance is the S, and Sy3 term which feedback to each other as shwon in Fig. 7.10.

Hence, a two-level system is enough to capture the physics —a spin ensemble coupled
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Figure 7.8: Simulation of the periodic superradiant burst. Top: Calculated
microwave field (b) from the equations derived in Eqn. 7.26. Middle: Calculated
optical field {(a). Bottom: Calculated population in three different levels after
averaging over the whole ensemble. Periodic dynamics are observed, showing in
both the emission pattern and the populations. Here, we use d, . = 2m X 2 MHz,

Q = 0.8 MHz with 129 different groups of atoms from a 10'® Gaussian random
sampling.
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Figure 7.9: Simulation with and without 77,. A small noise fluctuation will trigger
the superradiant process.
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Figure 7.10: Illustration of the periodic superradiant burst. The spin inversion
S33 — S2» term will help boost the coherence S>3 with a gain, while the Sy3 will
enhance the decay of spin inversion, which leads to superradiant emissions. This
behavior would go on under a CW drive where inversions could be accumulated to
the threshold.

to a resonator and a pump for generating the inversion:

H = thbTb + 2k E1 ok + 2k Ex k00 i + hgzk(bTO'k_ + O']:b)

. o 28 2
§” = =Ekidpoy — 28 + %SZS + Tgsznb (7.30)
. 8g> 4
S, = 29182 +2DS;; — & grs — &M g+ | 57
K K

where b, b' is still the microwave resonator mode, S~ = Y012k Sz = Zp(0k —
o), St = (ST, v12 is the 77 and 7, dephasing rate, 7, is the noise fluctuation
operator and D is the repumping rate of the inversion. Here we adiabatically
eliminate the resoantor mode and plug it into the atomic operator dynamics.

The physics is clear again here. In the S~ equation, the first term describes the
disorder of the system; the second term describes the dephasing process from the

2
T2 process; the third term describes the inversion induced gain (Z%S ) and the last
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Figure 7.11: Superradiance in identical atoms. (a) The Bloch vector illustration.
(b) A numerical simulation of the superradiance in identical atoms.

term triggers the superradiance. Similarly in the S, equation, the first term is the

depopulation from T1 process; the second term is the repumping process; the third
272

term is enhanced decay from ensemble coherence (~ %) and the last term is from

the noise fluctuation operator.

No disorder
For the system without disorder, the first term in S~ vanishes. If we ignore the 7,

term, the governing equations will then become to two coupled ODEs:

. 2¢% . _
§” = (72 +=-5)8
. ) (7.31)

: 8 -
Se= (D =y)N = (D +71)S; = =S

In this case, all the atoms experience the same dynamics ,or equivalently, the Bloch
vector are all overlapped, as shown in Fig. 7.11(a). A numerical simulation is
performed and presented in (b). Some pulses are observed as well, but finally
converge to a steady-state emission. The physics behind is straightforward (Fig.
7.12). The cavity field is proportional to ensemble coherence. The ensemble
coherence (S™) undergoes a dephasing from T, process and a gain from the inversion.
At the beginning, the pumping process quickly generates inversion, which extend the
coherence vector. However, the coherence feedbacks to the inversion and introduce
an enhanced decay. This shows as the pulses at the beginning of the simulation.
Afterwards, the system finally converges to a steady-state coherence vector due to

the population related pumping term. Hence, steady-state emission is reached, as

— XK

shown in the simulation. At this point, S~ =0, which gives §; = 20
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Figure 7.12: Illustration of superradiance mechanism in identical atoms. The
view of the coherence plane in Bloch sphere. The Bloch vector undergoes a decay
that shrinks the vector length, as well as a gain that extend the vector length. A
balance will reach when the gain and the dephasing process cancel each other.

With disorder
For system with disorder, one cannot directly solve the governing equations with
only two ODEs. The disorder term X4i6 0, cannot be summarized into as a single
term only with §~ = Zpoy Therefore, one needs to solve the dynamics of each
atom’s coherence and sum together to get the ensemble coherence (equivalently, the
cavity field):

o, = —(idy + ’yZ)O'k_ + 2;‘)ZO'Z,/(S_
: 002 (7.32)
S:=(D=yDN = (D +y)S; = ==8'S"

An illustration of the coherence vectors is shown in Fig. 7.13(a). Instead of the
vectors pointing towards the same direction, now each vector will have an angle
due to the relative detunings. A numerical simulation is performed in (b). Again,
continuous-wave superradiance can be achieved. The physics behind is similar to
the idential atom case, shown in Fig. 7.14. Although the vector now has an angle,
a new balance can be achieved between the dephasing, the detuning and the gain,

causing the steady-state emission.

However, this detailed balance point will break down at higher pump powers. An
intuitive understanding of it is that the gain term changes with more number of

atoms while the detuning and dephasing is the same. An illustration of the periodic
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Figure 7.13: Superradiance in disordered systems. (a) The Bloch vector illustra-
tion. (b) A numerical simulation of the superradiance in disordered systems.

Figure 7.14: Illustration of superradiance mechanism in disorder systems. The
view of the coherence plane in Bloch sphere. Each vector experience the dephasing,
detuning and the gain term. When the three term gets balanced in the coherence
plane, a steady-state emission is established.

superradiance is shown in Fig. 7.15(a). The system will develop the ensemble
coherence at the beginning. But the vector will not be stabilized here due to the
imbalance, causing the vectors to precess on the coherence plane. This terminates
the emission as the ensemble coherence quickly vanishes and the system will decay
back to the starting point afterwards. Another emission cycle will start when
the system accumulates enough population inversion. A simulation of the whole
ensemble is shown in Fig. 7.15(b). On the left, the o, over time is shown. Similar
to a Ramsey experiment, the precession of the vectors causing the o, component

oscillates based on the detunings. A summation of a vertical cut represents the
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Figure 7.15: Illustration of periodic superradiance mechanism in disorder sys-
tems. (a) The view of the coherence plane in Bloch sphere. Now the balance breaks
at higher pump powers, causing the Bloch vector to precess in the coherence plane.
This terminates the emission and the system decays back to the starting point. After
enough population gets accumulated, another cycle starts. (b) A simulation of the
whole ensemble dynamics for three consequent superradiant pulse.

ensemble coherence at that moment, while a horizontal cut represents each atoms
dynamics at that detuning. On the right, the o, over time is shown. Since the vectors
are rotating based on the detuning, half of the ensemble rotaets clockwise and the

other half rotates counter clockwise.

Lastly, one can confirm this periodic superradiance by simulating a same parameter
set but including the disorder term or not, shown in Fig. 7.16. Clearly, at higher
pump powers, the disorder will turn the continuous emission into periodic patterns,
as discussed above.
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Figure 7.16: Simulation of a same parameter set with and without disorders.

At higher pump powers, the disorder will turn the continuous emission into periodic
patterns.
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Chapter 8

MEASUREMENTS OF THE TUNABLE SPIN-INVERTED
ENSEMBLE

In this chapter, I will describe the experimental results of the cavity quantum elec-
trodynamics with the spin system. Specifically, I will first talk about the CIT
phenomenon, how it appears with different microwave probing power, how the
phase changes around the CIT dip, and the optical pump power dependence on the
CIT dip. On the other side, by initializing the system into a spin-up state, microwave

amplification and superradiance has been measured.

8.1 Experimental results on CIT in the spin domain

With the optical pump connecting between |g) and |e;) level, we can tune the
ensemble spin-resonator coupling strength via the optical pump power (g;o; = gVN),
where the optical pump power controls the excited state population. To start, we
first calibrate the microwave resonator lineshape, as shown in Fig. 8.1. From the
single port resonator S11 fit, we get k = 2r X 4 MHz with the input coupling ratio
ke./k =0.8.

Having the resonator aligned with the spin ensemble, we slowly increase the input
microwave power. In the transduction measurement, we always probe the system
with low microwave power and transduce single-photon level signals to the optical
domain. Here the input microwave power needs to be increased significantly to
observe the CIT effect. By turning on the optical power at 400 uW with weak
enough microwave power, we observe a strong coupling pattern where the microwave
resonator dip is split. Increasing the microwave power to ~ -80dBm level to the input
port of the chip, a weak transparency window at the center pops up, showing the
CIT effect. Further increasing the power will drastically sharpen the CIT window
to about 35dB level, as shown in Fig. 8.2.

As discussed in the previous chapter, higher probe power would drive the spin
transitions at the same time while probing the resonator field. This spin-driving
modifies locally the coupling strength between the ensemble and the resonator,

hence changing the reflection of the cavity spectrum. Specifically, the key equation
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Figure 8.1: Bare microwave resonator calibration. The top shows the power of
the reflection and the bottom shows the phase of the reflected signal.
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Figure 8.2: CIT in spin domain with different microwave probe power. By
increasing the microwave probe power, a small transparency window is observed in

the center of the strong coupling pattern, known as CIT. With
a local critical coupling is realized, as explained in the text.

high enough powers,
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Figure 8.3: CIT depth and width at different microwave power. Left: CIT depth
in dB scale. Right: CIT width in kHz.

here is ) .
K¢ )
R=|1-— 8.1
kK 1+ xl @1
where x describes the modification due to the ensemble coupling. Since the resonator
starts in the over-coupled regime, there is a critical point x = ZK‘T_K = 2<% where

a local critical coupling can be realized. Combined with the expression of x shown

in Eqn. 7.10, we get

2 .

C

) —; (8.2)
Ke —Ki &

where we see the critical power is quadratic dependent on the microwave coopera-

K

He = vs(

tivity. Also, since this effect only happened with an over-coupled regime, k. > «;

should be with the system, avoiding the singularity of the equation.

Increasing the microwave power beyond the critical point will pass the critical
coupling and further move into the local under-coupled regime. Hence, by fully
sweeping the input microwave power, we could resolve this critical power as shown
in Fig. 8.3. The critical point should in principle show a dip at real 0 which
corresponds to minus infinity dB. However, experimentally searching the point is
rather hard as it is only a specific number of frequency at a number of probing power.
The data shown in Fig. 8.3 is with 5 kHz frequency step and 0.5 dB power step and
Fig. 8.4 is with 10 kHz and 0.2 dB power step. The CIT linewidth is shown in Fig.
8.3, where we observe a linewidth down to 30 kHz. The CIT depth of about 35dB
is not changed at different pump powers or better resolutions, meaning either the

detection noise floor is not enough or the step needs to be further refined.

In Fig. 8.4, we repeat the microwave power measurement at different optical
pump power. The pump power determines the amount of population in the excited

state spin manifold, hence controlling the microwave cooperativity C,. With small
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Figure 8.4: The critical power at different cooperativity. Top: CIT depth vs
microwave power scan at different optical pump powers. Bottom: Extracted critical
powers . vs microwave cooperativity C,, where the relationship between optical
pump power and C, is individually calibrated.

microwave powers, we could first measure the spin-resonator coupling to calibrate
the relationship between the pump power and cooperativity. With this mapping, by
extracting the critical power at each optical pump power, we get the relationship
between u. and C,, as shown in the bottom of Fig. 8.4. Based on Eqn. 8.2 we
just derived, we fit the data with a quadratic curve, which explains the data. The
discrepancy comes from the fact that the resonator center frequency will shift due

to the optical illumination, which lowers the C, at higher pump powers.

Lastly, for the full picture, the spin-resonator coupling at different optical powers is
calibrated, shown in Fig. 8.5. At each power, a weak microwave probe is used to
avoid the CIT condition, and each coupling spectrum is fitted using the same fitting
model as the transduction section. We note the fitting at low microwave powers may
not be correct. The fitting will always give a number, but lower coupling means less
N. Under this circumstance, the CIT effect happened with less u., which deepens
the spin transition. Therefore, the fitting captures the CIT structure as if higher

coupling strengths are there.
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Figure 8.5: Spin coupling strength vs optical pump power. Left: An example of
fitting the 400 uW power data. Middle: The ensemble coupling strength vs optical
pump power. Right: The microwave cooperativity C, at different optical pump
power.

8.2 Microwave amplifier

The CIT phenomenon is achieved by initializing the system into the collective spin-
down state. Here, by using the other optical pump arm that connects to the spin-up
level, we create spin inversion in the system. With small inversions not yet triggering
the superradiant emission, we observe the microwave amplifier effect, as shown in
Fig. 8.6. As discussed in the previous chapter, amplification can be captured by
Eqn. 7.16. With optical detuning, we could modify the equation in terms of N for
the fitting, which goes as:

K
R(wop) =1 - < 1 (8.3)
o’ ik /2 + L CoxI's /4 (Lo/2)?

iT,/2 (Wop—w0)2+(Ty)?

where w, is the center of the optical transition frequency, I',/, is the optical/spin
inhomogeneity, k., is the microwave resonator decay rate in coupling port or in
total. With the model, we can set C, and I',, as the fitting parameter to generate the
curve shown in Fig. 8.6, which we extract C, = 0.86 and I', = 105 MHz. We notice
that this is below the maser threshold as C, is smaller than 1. Experimentally, we

have also not observed any masing effect at this pump power level yet.

8.3 Superradiant burst generation under a pulsed excitation
Superradiant bursts are delayed emissions from the excitation pulses. As discussed
in the previous chapter, the mechanism behind this is the feedback between the spin

inversion S33 — S», and the spin coherence S»3. By initializing the system to |e;)
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Figure 8.6: Microwave amplification with spin inversion. Left: A measurement
of the microwave amplifier with 5 uW pump power. Right: The amplification vs
optical pump detuning. A model considering both the amplification and a Lorentzian
profile is fitted for 5 ¢W optical pump power. See the main text for more details.

state with a fast pulse, the system can be described by a collective spin-up state
|/, M) where J = N3/2. N3 is the population in |e;) level. Here, all the atoms are
in |e3) when considering the subsystem of |e;) and |e3), we have M = —J cos @
where 6 is . After the pulse is turned off, the system evolves under Eqn. 7.19,
where strong emissions will be triggered when the Block vector is on the equator,
as shown in Fig. 8.7. Fig. 8.7c shows an example of the superradiant burst. 7, and
7,, are labeled for the delay time and the burst width, which will be discussed later.

We also observe other revivals of the burst, as also have been observed in [105].

From theoretical calculation, the burst delay 7, is inversely dependent on the number
of atoms involved in the process, as the collective coupling strength is the one that
matters. Hence, we could scan in optical pump frequency, effectively controlling
the number of atoms by addressing them at different locations across the optical
inhomogeneity, as shown in Fig. 8.8. We use 1 mW optical pump power for 50 us
pulse initialization. Short initialization is important to make sure the system has
not decayed significantly and also allows us to map the number of atoms from the
optical detuning. In each optical detuning, we collect 300 copies of the burst data.
Since the burst is triggered by another random process (e.g., quantum fluctuation),

the delay time varies between the copies and leads to an uncertainty shown in the

error bars in Fig. 8.8(a). From the calculation, we have 7, ~ ; 1\';g2 log(tan( g)). The

equation is very sensitive to the tipping angle 6 (near x), which is experimentally

hard to prevent. Hence, we do an inverse-Lorentzian fit to the results instead of
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Figure 8.7: Schematic of superradiant burst. (a) A drawing of the system dynam-
ics. A pulsed optical pump is sent from |g) to |e2). The accumulated population
inversion will build up the spin coherence, which in turn speeds up the decay process
of the inversion. (b) A Bloch sphere model for the burst understanding, where the
Bloch vector is at the north pole at the beginning. A small kick from quantum
fluctuations or system decay will change and move the vector away from the pole
and hence speed up the decay. (c) An example of the measured burst signal. 7, is
the burst delay and 7, is the burst width.

direct calculation. An inverse of the Lorentzian profile is a quadratic function,
which shows as the dashed line on top of the data. From the fitting, we get the
optical linewidth is 77 MHz, which roughly agrees with the individual calibrated

linewidth of 92 MHz. The pulse width is also analyzed in Fig. 8.8(b). From the

k cosh V2
Ng?

data. The error bars are much smaller as the quantum fluctuations control the delay

calculation, T, = . Hence, we use another inverse of Lorentzian to fit the

but not the shape of the emission. From the fit, we get the I', = 92MHz, which agrees

with the calibration. The burst strength is analyzed shown in Fig. 8.8(c). From the
2g2

calculation, we have I ~ NT Therefore, we fit the data with the Lorentizian-square

profile, which we extract I, = 79 MHz, similar to the other two results.

Next, we measure the second correlation g(? of the superradiant burst. The g(® of
an optical superradiance has been measured to be g(® (0) = 1.2 from [106]. A g(?
of microwave superradiance has not been measured, to my knowledge. The reason
is that there is no microwave single photon detector. However, our chip naturally
forms a microwave-optical converter, which generates the optical counter-part of the
microwave superradiance. Here, we use another separate chip to do the conversion
job, shown in Fig. 8.9. Since the burst is delayed from the optical illumination, we
did not get the optical part naturally from the same single chip. We first measured
the g(z) of the burst to be 1.2, same as calibrated in the optical domain. Next, we add
a microwave pulse trigger into the experimental pulse sequence. Since the burst is

generated from a random kick, the output superradiant has an uncertainty in term of
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Figure 8.8: Superradiant burst with different numbers of atoms. By sweeping
the detuning of the excitation pulse, we effectively change the number of atoms
inside the spin manifold. (a) The burst delay at various optical detuning. (b) The
burst width at various detuning. (c) The burst strength at various detuning. Dashed
lines in (a) and (b) are the fits based on an inverse of the Lorentzian profile. The
dashed line in (c) is a fit based on a square of the Lorentzian profile. Details are
discussed in the main text.

the photon arrival time. With a trigger microwave pulse, one can artificially control
the burst time, eliminating the uncertainty. This has been demonstrated in [105]
where a controllable quantum storage is claimed. Here, with a microwave trigger,
the g(® (0) gradually changes from 1.2 to 1, as the burst arrival times are fixed. This
demonstrate the superradiant burst arrival time can be stablized via external triggers,
and behave as a classical coherent pulse with a fixed photon arrival time. On the
other side, this also shows that without the microwave trigger, the g (0) = 1.2 > 1

is due to the photon arrival uncertainties..

8.4 Superradiance emission under a CW drive

After we understand the superradiant behavior under the pulse mode, now we move
to the CW mode. The phenomenon is rather novel than a continuous masing effect.
Rather, we observe CW and periodic microwave superradiance. 1 will go through

the performances and discuss the data here, respectively.

First, we send in optical pump powers into the chip, connecting the transitions
between |g) and |e;), as shown in Fig. 8.10. With small spin inversion, the masing
will not happen, but the microwave amplification effect, as discussed in the first
section of this chapter. As the pump power increases, The masing starts to happen
at a knee of ~ 8uW, shown in Fig. 8.10(b), where the y-axis is the integrated
output power on a spectral analyzer. A simulation curve of N2 is calculated on top,

indicating the quadratic dependence of the emission power on the number of atoms.
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Figure 8.9: Second correlation measurements of the superradiant burst. (a)
The experimental setup for the measurements. One chip is to generate the burst
and the other chip is to conver the burst into optical photons. The pump time is
40 ps with 400 uW. A microwave trigger is followed the optical excitation for 1 us
duration. The optical output from the second chip is collected and split into two
path for two SNSPDs measurements. (b) A g(z) measurement example. (c) The
2@ (0) of superradiant burst vs the trigger strength.

As the schematic of dynamics shown in Fig, 8.10(a), populations are pumped to
the spin-up state. After enough inversion accumulated, it goes into superradiance,
where the population quickly decays into the spin-down state. At the same time, the
optical T decay is also going on, which releases the population from |e;) and |e;)
back to |g). The important part is the decay of |e;). Because any population back
to |g) will undergo an optical pumping process back to |e;). Hence, the optical T}
decay plus the optical pumping effectively creates a population inversion feeding
from |e;) to |ez), which helps to create the inversion continuously or periodically.
There is still a weak optical mode on both of the optical arms. However, the Purcell
decay from coupling is calculated to be 3 mHz, which is too slow compared to the

T process.

One thing worth discussing here is what simulation needs to be calculated. Since

later, we will see the maser is not continuous, one can not do a steady-state simulation
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Figure 8.10: Superradiance emission at different CW optical pump power. (a)
A schematic of the system dynamics. The optical 77 process combined with the
optical pumping forms an effective pumping from |e) back to |e;), feeding the spin
inversion. (b) The masing curve at different optical pump power. A masing knee is
around 8 W. A simulated total population square in the spin manifold is plotted on
top, indicating the quadratic dependent of the masing emission power.

by setting all the differential equations to zero and finding a saturated population.
Rather, one needs to do an ODE solver and find the oscillation behavior. Here, as
described in the previous chapter, a full three-level system simulation is implemented
and calculated at various pump powers. At each power, the population within the
spin manifold is calculated. Although the periodic behavior will happen, it is
between |el) and |e2) where the S, changes rapidly but not N,; + N.;. This can
also be viewed in Fig. 7.8, where the pulse happens but N,; + N,, is almost
constant. N,, + N, also describes the maximum J that the collective spin state
could achieve. Hence, by calculating the total population in the spin manifold and
squaring it with a fit constant on the front, we see nice agreements between the
simulation and the data. The area before the masing knee is not captured as here is
only calculating the population. At the masing knee, we measure the turning point
at 8uW, corresponding to g, ;,; = 0.5MHz from an independent calibration via the
spin-resonator coupling spectrum, which gives the cooperativity at this point to be
1.6. There are two phenomenons along the masing curve, which I will discuss one

by one.

CW superradiance
At low pump powers, we observe a continuous masing effect right above the knee.

A temporal trace taken on the oscillascope is shown in Fig. 8.11(a). A frequency
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Figure 8.11: Regime I: Continuous superradiance. (a) A temporal trace of the
continuous microwave emission. (b) A frequency spectrum of the CW maser. A
zoom-in scan featuring a 30 Hz linewidth is showing on the top right corner. (c)
The linewidth vs emission power by scanning the pump detuning, effectively tuning
the number of atoms inside the system. A Schawlow-Townes limit line fit shows as
the black line on top.

spectrum is plotted in Fig. 8.11(b), where a zoom-in spectrum is taken on the top
right. Here, we observe a narrow emission of 30 Hz linewidth, with 25 dB above the
noise floor. To further study the maser linewidth, we perform a laser detuning scan.
To see the relationship between the linewidth and the emission power, increasing
the pump power is not the proper knob. Higher pump power will start the periodic
emission, where the system is not anymore in the CW regime. Hence, we keep
pump power the same, and scan the input laser frequency. More optical detuning
will pump less atoms into the excited spin manifold, hence change the emission
profile. By implementing this detuning scan, we observe the linewidth change as
well as the emission power. With careful calibration on the detection system, we
observe an inverse relationship between the linewidth and the power. A black line

is a fit to the noise broadened Schawlow-Townes limit [107-110]:

hw I'e .,
= 7 Nincoh\ = 8.4
2, neon () 84)

Af

1

where Py, is the total output emission power, Rincon = Nip+5 + 1

Net 4 1iqincoherent
S, 72

photon number inside the resonator and the spin collective mode, I" is the gain

medium linewidth and « is the resonator linewidth. The fitting results extract
Nincon = 6.8 from the system, corresponding to 1K system temperature if assuming

all are thermal noise.

Other than the incoherent photons broadening the emission linewidth, the system
also experience an correlated laser noise. As shown in Fig. 8.12, different pump fre-

quencies generates different emission frequency. This microwave-optical frequency
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Figure 8.12: Maser frequency at different optical pumping frequency. (a)
Microwave emission spectra at different pump laser frequencies. A correlation
between the spin transition and the optical transition frequencies are detected. (b)
A fit to the correlation, showing a slope of ~ -1.23 kHz/MHz.

correlation might come from a correlated g-tensor in the ground and excited state.
Hence, any laser frequency noise will imprint to the microwave emission, with a
slope of ~ -1.23 kHz/MHz. The pump laser is frequency locked to a seed laser via
heterodyne method, where the seed laser locks to a stable cavity. We carefully cali-
brate the laser linewidth via the PDH error signal, which shows a 22 kHz linewidth.
This corresponds to 27 Hz limit of the microwave emission, explaining the boundary
of Fig. 8.11(c).

Periodic superradiance

At higher optical pump powers, the system undergoes periodic superradiance as
the gain cannot balance the detuning and dephasing. A temporal trace is shown
in Fig. 8.13. In frequency domain, a periodic structure should correspond to a
comb-like spectra, as shown in Fig. 8.14(a). By zooming into one of the lines, a
49 Hz linewidth is observed as shown in the insert. Here, the teeth seperation of
12.3 kHz corresponds to the periodicity in time domain (81 us). At the same time,
optical periodic emissions are observed as well. This is due to the y? nature of the
material, hence a build-in transduciton process happens. As calibrated in Chapter
6, we have the conversion from microwave coherence to optical coherence based
on the continuous optical pump. The detection noise floor is elevated due to the
room temperature photo-diode being used here comparing to a HEMT at 4K stage

for microwave detection.

Since the optical bursts are generated from the coherent transduction, the phase of
the optical emission should follow the phase of the microwave emission. To measure

it, we down-convert both the microwave and optical signals to 5 MHz oscillations.
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Figure 8.13: Regime II: Periodic superradiance under a CW drive. With higher
pump powers, the emission changes into a periodic burst pattern.
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Figure 8.14: Frequency domain measurements of the periodic superradiance.
(a) A frequency spectrum of the periodic superradiance. A zoom-in scan features
a linewidth of 49 Hz for one of the teeth. The teeth separation here is 12.3 kHz,
corresponding to 81 us in time domain. (b) A frequency spectrum of the optical
emission at the same time. Same comb-like features are observed due to the build-in
transduction process from the y(? nature of the material.
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Figure 8.15: Phase difference between the microwave and optical emission. Due
to the coherent process of transduction, the phase of the optical emission follows
the phase of the microwave emission. Here we down-convert both fields to 5
MHz carrier frequency and extract the phase via the 1Q quadratures. Shaded area
represents the standard deviation of the phase fluctuation.

By analyzing the 1Q quadratures of the signal, the phase in each emitted burst can
be extracted, as plotted in Fig. 8.15. The standard deviation of the phase fluctuation
is 0.067.

As described in Chapter 7, the periodicity comes from the accumulation of the spin
inversion. Hence, by putting different numbers of atoms into the spin manifold, the
required S, to achieve the emission threshold will be different (Ns = S, ~ constant).

Specifically, assuming the pumping is an exponential process, we have

482Naccm 1 Nf_Ni
T =l=71= Blogm
f T ag (8.5)
N 1 «I
" D4Ng¥r

where Ncepn 18 the accumulated population inversion, D is the repumping rate, N
is the final saturated population inversion, NV; is the intial population inversion and
r ¢ is the saturation factor depending on the drive Rabi frequency. Here, we find the
period is inversely proportional to the total number of atom inside the spin manifold.
To implement the periodicity tuning in experiments, we scan the input pump laser
detunings. Due to the inhomogeneity in the optical domain, exciting the ensembles

at different frequency inside the inhomogeneity would put different amount of atoms
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Figure 8.16: Periodicity tuning via number of atom. (a) Experimental data of the
periodicity tuning. By scanning the optical detunings through the inhomogeneous
ensemble, different number of atoms are excited to the spin manifold. (b) Simulation
of the periodicity tuning.

into the spin manifold. Remembering an inverse of Lorentzian distributions of the
inhomogeneity profile (1/N) would become a quadratic function. The experimental
data is shown in Fig. 8.16(a). A quadratic fit is shown as the black dash line on
top, featuring a 116 MHz ensemble linewidth in optical domain. This agrees to
an independent measurement of the optical inhomogeneity (92 MHz) as measured
in Chapter 5. A ensemble simulation is performed in (b), which agrees with the

measured result well.

8.5 Summary
In this chapter, I described the experimental results with a tunable spin ensemble
strong coupling to a resonator field. The large cooperativity (~ 6) enables a group

of novel phenomenons in the cavity quantum electrodynamics area.

By pumping the system into the collective spin-down state, we observe strong
couplings that split the resonator mode. By tuning the probe microwave powers, we
are effectively tuning the §; inside the spin manifold, which modifies the reflection
spectrum of the resonator. At critical powers, the resonator would become critical
coupled locally due to the spin-resonator couplings, which is the CIT effect. We
achieved an extra 35 dB attenuation of the input microwave power wth a window

size of 30 kHz. We further studied the microwave critical power dependence on the
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pumping strength. With higher pump powers, we observe the critial power moves
to higher valves, from which we find a quadratic dependence of the crital power on

the microwave cooperativities, agreeing with the theoretical calculations.

On the other side, by pumping the system into the collective spin-up state, we
created controllable spin inversion inside the system. With weak inversions, we
observe microwave amplification effect due to the stimulated emission process. The
measured gain is up to 20 dB before the masing threshold. To further study the
gain profile, we scan the input optical pump frequency, effectively modifying the
numbers of atoms in the spin manifold. We fit to a theoretical model and extract the
optical linewidth as 105 MHz with C, = 0.86.

Turning on more pump powers will tune the system into a maser. Interesting, as
the chip is a transducer at the same time, we get maser and the corresponding laser
together automatically. Here, we identify two operations of the maser. In the first
operation, by just surpassing the masing threshold, we observe CW masing effect,
where the measured emission linewidth is inversely proportional to the emission
power. We fit the result to a Lorentzian profile and extract down to 30 Hz emis-
sion linewidth. The linewidth-power shows an inverse relationship, governing by
the noise-broadeden Schawlow-Townes limit. In the second operation, the maser
undergoes a periodic dynamics. Therefore, instead of a single frequency peak, we
observe a comb-like spectrum with the periodicity changes linear with the number
of the atoms. At the same time, synchronized optical emissions are observed as
well due to the build-in transduction process, featuring the in-phase property with
the microwave emission. To understand the physics behind, we build a model to
calculate the temporal behaviors of three-level systems coupled to a resonator field,

which captures the system periodicity.

Moving into the pulsed operation, we observe superradiant bursts. The delay time,
burst width and burst strength are analyzed showing different dependence on the
number of atoms, agreeing with the theoretical expectations. Further, we measure
the second-order correlation function of the burst, showing a control of the delay

time by trigger the system with a weak microwave pulse.

With these results, we demonstrate the cavity quantum electrodynamics of a tunable
spin-inverted system. We first-time observed the collectively induced transparency
window in the spin domain since it is first discovery in 2023. Starting with an
over-coupled resonator, one could effectively tune the system into critical coupling

and further into under coupled regime. We also observe periodic superradiance
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phenomenon that is sychronized and coherent between the microwave and optical
fields. These results in the many-body CQED area pave the way for on-chip tunable
superradianct light source and inform the ensemble-based platforms with further
undertanding for quantum interconnect applications.
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Chapter 9

CONCLUSIONS

In this thesis, I present a new chip design and the measurement results for scalable

interfaces between microwave and optical photons.

I first studied different rare-earth ion doped crystals for on-chip transducers, where
Er’*:YVO;, is identified as a promising material for telecom applications and
7Y b3*:Y VO, is identified as an ultra-strong effective y(?) material for transduction.
Next, a simple transduction formalism is derived based on mode coupling theory,
where the efficiencies are characterized only by microwave, optical, and atomic
cooperativities. By learning from past REI-based transducers, a new transducer
architecture is designed utilizing a planar superconducting microwave resonator
and a free-space optical mode, avoiding various issues faced in hybrid devices and

nanobeam designs.

The chip is fabricated under standard cleanroom processes and then characterized
under cryogenic temperatures. We measured 0.76% chip efficiency with an added
noise refer-to-input down to 1.24(9) photons. The performance is more than three
orders of magnitude higher than the previous demonstration with solid-state ensem-
bles, and it is the first time that the added noise process is calibrated, which is very

close to the quantum level.

A unique advantage of atom-based platforms is frequency matching. To further
demonstrate this, we prepare two transducer chips and measure the photon interfer-
ence between the two. By shifting the phase of input microwave photons, we observe
the corresponding phase change on the output optical photons, demonstrating the
phase coherent nature of the transducer and the frequency matching from the photon

interference.

Next, I demonstrated the chip is not only a transducer but also a nice platform for
cavity quantum electrodynamics studies. With the control of a tunable three-level
system, for the first time we report collectively induced transparency in the spin
domain, where a critical power was identified for local kappa ratio tuning of the
resonator. With enough spin-inversions, synchronized coherent superradiance in
microwave and optical fields are detected. The superradiance can be emitted contin-

uously, where a noise-broadened Schawlow-Townes limited linewidth is measured.
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Periodic superradiance is detected with strong optical drives. We unravel the mech-
anism of this phenomenon with models and simulations. At the same time, optical
emissions are observed due to the build-in transduction process. The synchroniza-
tion between the microwave and optical field in terms of temporal shape and phase
information makes it applicable for microwave and optical interfaces. The differ-
ent superradiance behavior paves the way toward a on-chip tunable superradiance
light source, and the understanding of the CQED system informs the solid-state

community for the next generation of quantum interconnect devices.

Outlook

The ways to further improve the transducer performance have been discussed in
Chapter 6. A key question following is, what milestones one could achieve with
quantum transducers? The final goal of the transducer is to bring quantum informa-
tion inside the superconducting circuit outside the cryogenic environment. Towards
this aspect, one could demonstrate remote entanglement between two superconduct-
ing qubits mediated by transducers. For this, one needs to operate the system with
high enough efficiency, bandwidth, and repetition rate to have enough entanglement

attempts before qubit dephasing.

Specifically, a throughput rate that one cares about is R.,, = nBWR, where 7 is the
transduction efficiency, BW is the bandwidth and R is the pulse on/off ratio between
conversion and cooling of the transducer. Depending on different entanglement
protocols, this R,, needs to be higher fast enough (e.g., higher than the dephasing rate
of the qubit) to demonstrate the remote entanglement with >50% fidelity. Currently,
our device shows R,, = 38 Hz for n, 4y < 2. This is too slow for the remote
entanglement task as the current qubit 73 is around tens of us. To further improve
the numbers, the current devices need to improve efficiencies and lower the noise,
as discussed in Chapter 6. Higher bandwidth could be achieved by exploring
higher concentration samples, where the spin inhomogeneity ! would be broader.
Also, more cooling needs to be considered to increase the repetition rate. For
example, superfluid helium could be explored for another cooling channel for the
superconducting resonators. Better kappa ratio engineering could be applied hence
one could radiatively cool the resonator with another cold bath 2. Another novel

experimental one could think about is to entangling a superconducting qubit with a

I'The current limiting factor on the transducer bandwidth.
For example, with the kappa ratio infinitely approaching one, only the waveguide temperature
will contribute to the thermal occupancy of the resonator.
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single rare-earth ion. Here, one could use the single optical photon emitted from the
single emitter for the entanglement. A high-efficiency frequency converter around
984nm needs to be developed. The optical photon emit from single Yb>* is will be
6 GHz away from the transduction signal. The spin qubit coherence time is long
enough compared to the superconducting qubit, hence the requirement would be

again on the qubit coherence time.

On the synchronized emission between microwave and optical fields, it paves the
way for SPDC generation of the REI-based device. With the current chip design,
generating microwave-optical photon pairs from the SPDC process is doable. How-
ever, the uncoupled area that this 10um below the top surface would reabsorb the
single optical photon, which destroys the photon pair generation. Although one
could play the same trick as the current to first optically saturate the system, the
required initialization time (e.g., 20us in the current transducer measurement), is
long enough to start a superradiant burst. To overcome this issue, one needs to have
a thin film of the REI material, hence less absorption and less initialization time can
be applied. With this, the microwave-optical photon pair generated from the SPDC

process should be detectable.

For the superradiance, currently, the optical part is driven by a natural conversion
process from the spin coherence. An optical cavity with good finesse on the optical
arm would help generate pure optical superradiance at the same time, which might
benefit from the narrow spin linewidth as they are connected to each other via an
optical pump. With technical efforts, the pump laser linewidth could be improved
and hence may not be a limiting factor on the superradiance linewidth. The thermal
contribution from the resonator could be suppressed by the aforementioned methods,

which leads to quantum-limited linewidths.

For the CIT, one nice application for it would be a fast microwave switch. The
attenuation is largely enough but the dynamics is relatively slow. Better resonator
geometry could be designed to make single-ion coupling strength large, hence

improving the temporal response.
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Appendix A
I67ER:YVO, HYPERFINE STRUCTURES

This is an extension of the spectroscopic work I have done in [58]. Here I will
go through the theoretical calculation and the experimental results of '®’Er:YVOy

hyperfine structures.

A.1 Set up the problem
167Er has nuclear spin I = 7/2 which expands the state space into 16 dimensions. To

model the nuclear spin effect, we use the Hamiltonian from [55]:
Hepp=upB-g-S+I1-A-S+1-P-1I. (A.1)
In the axial symmetry, the spin Hamiltonian becomes:

Hefr =ppB |g//B.S; + 81 (BxSy + ByS,)]
(A.2)

1
+ Ay S+ AL (Sely + Syly) + Py, [13 -3U+1)

The last term is the nuclear electric quadrupole term, which only appears in I>1

cases.

A.2 Studythe/:A-S term
Consider B field is zero, and P;/=0. Therefore, we only study the / - A - S term:

Hepp= Ay S I+ Ay (Sl +Sy0,) = AL S -1+ (Aj — ALS.L). (A.3)

The Hamiltonian could be simplified into the following form:

F2 _ 12 _ S2
H = AJ_S I+ (A// _AJ-)SZIZ = Al# + (A// _AJ-)SZ(FZ _SZ)
F?2-1>-§?
=AL————+ (A = A)(S:F. - 57)
F?-1*-5° 1
= AL+ (A = AD(S:F: = 7).

(A4)

From the last line, we see the system could split into two type of hyperfine structure

with F=4 and F=3. Also, we notice the energy levels of |F, +mp) are degenerate,
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since flipping the F; requires flipping S, as well (also I;). For example:

1 7 1. V7

|F:4,mF:3>:\/g|IZ:+§,msz—§)+%|lzz+§,ms:+§)

(A.5)
|F=4,m ——3>—L|I ——zm —+—)+ﬁ|l ——ém ——1>
-+ MF = —\/gz—z,s—z\/gz—z’s—2~

These are the intuitive understanding, since at low external field, F,, S, I, and
F cannot be good quantum numbers at the same time. A better way to see the
degeneracy is to solve the 16 by 16 matrix and find the eigenvalues. By solving the

system, we found:

1 1 1
E=—-Ay+[A3mh+ A2(I(I+1) + 5 - m})]?
4 P 4
| 1 1 (A.6)
2 2 2 2\13
= =g Ay x4y mp + AL(16 —mp)] 2.

Truly, we see the energy levels are degenerate about +m g (see the Fig. A.1 below).
The + sign is F=4 and F=3 hyperfine structure. However, one fact needs to be pointed
out is that the eigen state here is not purely |F, mp) type state. The reason is because
|F,mp) is related to |I, m;) and |S, mg) through fixed Clebsch-Gordan coefficient.
But the system we are solving here gives the coupling coefficient depending on the
number of A;, and A,. However, use mp but not use F is okay, since actually
the eigenstates are truly having a definite mp value. Therefore, in the following

discussion, I will still use mf labels but use ‘F’ instead of F.

For the m =0 state, we call it ZEFOZ state. The reason would be discussed in the
next section. It is worthwhile to pointing out that the double degeneracy we have
here is not the Kramer’s degeneracy. There is no time reversal symmetry here. The

degeneracy is due to our axis symmetry type Hamiltonian.

Asides: Thinking the !"'Yb:YVOQ, system

For '7'Yb:YVOy, we have S = 1 and I = 1 . Therefore, under this understand, only
I-A- S term would split the system into ‘F* = 1 and ‘F’ = 0 states, with totally 4
levels. However, in ‘F’ = 1 state, mr = +1 states should be degenerate. Therefore,
the total level structures would be as shown in Fig. A.2. The ‘F’ = 1, mp=0 state
should be %(HU) + |LM)) state. The degenerate ‘F’ = 1, mp==+1 states should be

ITM) and |||}) states. The ‘F’ =0, m =0 state should be %(HU) —|LM)) state. Also,
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Figure A.1: '”Er:YVO, hyperfine structure considering the / - A - S term. The
+mp are degenerate due to the axis symmetry type Hamiltonian.

171Yb:YVO Me

Figure A.2: '71Yb:YVO, hyperfine structure considering the / - A - S term. The
+mp are degenerate due to the axis symmetry type Hamiltonian.

using the previous calculated energy equations, we could get the energy levels as:

1 1 1
E = ——A// + —[A2 m% +Ai(1(1+ 1) + - _m%)]%
y 21 4
i 2 | (A.7)
2 2 2 2\13
= g A S LAymE+ AL = mp) ]2

. . _ A// —3A// _A//+2AJ_ _A//_2AJ_
which gives E = <5, —*, —> 7}

sequence of the energy level structure (e.g., mr = +1 or mp = 0 is higher) is

. The results agree with [75]. The

depending on the sign of g and A parameters.
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Figure A.3: '9Er:YVO, hyperfine structure considering the / - A - S and the
electronic Zeeman term. Schematic showing the energy levels under small mag-
netic fields along c-axis.

A.3 Add the electronic Zeeman term
Now we add some magnetic field into the consideration. For simplicity, let us only

consider B along z case:
HZMBg//BZSZ+A//SZIZ+AJ_(SXIX+Sny). (A.8)

Clearly, the introduced magnetic field would split the previous degenerate +m f state.

We could also precisely diagonalize this Hamiltonian and see the eigen-energy:

1 1 1 1
E = ——A// + —[(,uBg//BZ +A//mF)2 +Ai(1(1+ 1) + - - m%)]2
T ¥ (A.9)
= _ZA// + E[(,ugg//BZ + A//mp)2 + Ai(16 — m%)]f
Here, we see that two mp = 0 states are having the energy of:
1 1 2 213
Epp=0= _ZA// * 5[(#38//30 + 16AJ_]2 (A.10)

which does not have the first order B field dependence. This property is not valid for
all other mp # O states. Another special case is mr = +4, where the energy levels

are: 7 1
ps4 = 34y £ SHBg) B: (A11)

where the two levels would evolve linearly with the external magnetic field, without

Ey,

any bending structures, as shown in Fig. A.3.
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A.4 Add the nuclear electric quadrupole term

Now let us consider the full Hamiltonian with B//c condition:

Hefs = 1pg/B.S.+ AyS I+ AL (Sl + SyIy) + P12 - %1(1 +1)] (A.12)
From the previous trick we use, we could modify the Hamiltonian to:
Hepr = upgy/B:S. + AyS.1 + AL (Sl + Syly) + Py [(F. - S.)* - %I(l +1)]

1
= upg//B.S;+ALS I+ (A; — AL)S I + P/ [F2—2F.S, + 52 - §1(1 +1)]

F2-1>-§2 1
— S * (Ayy—AL)(SF,——)

= upg//B;S; +A, 1
1 1
+P))[F? - 2F,S, + e §1(1+ D].
(A.13)

Again, we would see the energy levels are still degenerate about +m g states, since
flipping F,; would also flip S,. However, still this type of understanding is intuitive,
since S, I,, F,, F are not good quantum numbers together. The better way is still to
diagonalize the 16 by 16 matrix here and see the energy levels:

1 , 11
E Z—ZA//+P//(mF+Z - §I(I+1))

1 1 I (A.14)
+ 5 [(upgy Bz + (A)) = 2P, )mp)* + AL (I(I1+1) + i m%)]2.
The ZEFOZ states are still preserved:
1 1 2 21%
EmF=0:_ZA//_SP//iE[(ﬂBg//Bz) +16AJ_]2. (A.15)
Another special pair of linear states are also preserved:
7 1
Epnp=24 = ;A % Sipg)B-. (A.16)

4 2

We see the effect of this nuclear electric quadrupole term are just changing the initial
splitting energy slightly. Now we fully study the Hamiltonian, let us see '®’Er:YVO,

cases.

A.5 !'7Er:YVOy, hyperfine structures for different crystal levels

71 levels

First looking at Z1 spin is because we have all the parameters for Z1 from Ranon’s
paper [111]. Plug in all the parameters and use the eigen energy we derived before,
we have the energy levels as shown in Fig. A.4.
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ErYVO Z1 spin hyperfine
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Figure A.4: '7Er:YVO, Z1 hyperfine levels with B field along c-axis. Left: a
full evolution to ~ 100mT. Right: The energy levels at zero field.
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Figure A.5: '7”Er:YVO, Y1 hyperfine levels with B field along c-axis. Left: a
full evolution to ~ 100mT. Right: The energy levels at zero field.

We clearly see two ZEFOZ states and two special linear states on the right figure.
The ZEFQOZ states are pretty near to the other states. Due to the nuclear electric
quadrupole term, the mp = +1 states are lifted and therefore slightly higher than
the ZEFOZ state by ~ 1 MHz. This makes the Z1 spin hyperfine system hard to
use, since the ZEFOZ state spin transitions (Ampr = 0) are near to the Amp = +1
transitions by only 1MHz. The next nearest Ampr = O transitions are between
Amp = =1, which is 80MHz away. One idea would be let B,.//c, therefore we are

only access to the Amp = 0 transitions, and the next transition is SOMHz away.

Y1 levels

The Y1 hyperfine levels are shown in Fig. A.5. Again, we clearly see two ZEFOZ
states and two special linear states on the right figure. We see in the Y1 case, the zero
field structures are again being lifted by the nuclear electric quadrupole interaction.
The ZEFOZ transition between mp = 0 states are ~30MHz away from Amp = +1

transitions and also another Am g = 0O transition.
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Figure A.6: '7Er:YVO, Y2 hyperfine levels with B field along c-axis. Left: a
full evolution to ~ 100mT. Right: The energy levels at zero field.
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Figure A.7: '”Er:YVO, Z1-Y1 optical transmission spectroscopic data. Left:
The experimental data with B//c. Right: The simulation.

Y2 levels

The Y2 hyperfine levels are shown in Fig. A.6. We see in the Y2 case, the ‘F’ =4
and ‘F* = 3 are flipped, since we use Ay, ;; < 0;. The ZEFOZ transition between
mp = 0 states are less than IMHz away from Amg = 1 transitions and ~ 80MHz

away from another mr = O transition.

A.6 Optical spectroscopic data of the hyperfine transitions

We perform a high-resolution optical spectroscopy through the sample. An external
magnetic field along c-axis is scanned. The Z1 to Y1 spectrm is shown in Fig. A.7.
We could fit to the Z1-Y1 experimental data and learn Y1 hyperfine parameters,
where we get A7y | =746.8 MHz, Az ;; =367.6 MHz, Ay, = 603.2 MHz, Ay, /,
=596.8 MHz, Pz ;;=41.7TMHz, Py, ;;=41.7TMHz, g, ;/=3.544 and gy ;/=4.51.
We notice the simulation captures the main structures pretty well. The transition
linewidth and strength are set manually with Gaussian distribution. The transition

strength operator in the code is using o for the hyperfine transitions.

The Z1 to Y2 spectrm is shown in Fig. A.8. We could fit to the Z1-Y2 experimental
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Z1-Y2 spectrum with B//c and E/ic

Z1-Y1 spectrum with B//c and E//a simulation
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Figure A.8: '7Er:YVO, Z1-Y2 optical transmission spectroscopic data. Left:
The experimental data with B//c. Middle: Simulations of the transitions for Amp = 0
Left: The simulation.

data and learn Y2 hyperfine parameters, where we get Az, =746.8 MHz, Az ;; =
367.6 MHZ, AYZ’J_ =890.4 MHZ, Ayz,// =-362.8 MHZ, PZI,// =41.7 MHZ, Pyz,//
=41.7 MHz, gz1,//= 3.544 and gy, ;= -2.74.
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Appendix B

NIOBIUM SPUTTER OPERATIONS

Here 1 will write down the detailed steps to operate the niobium sputter that is

maintained by ourselves, as shown in Fig. B.1.

First, the metal mounting piece should be cleaned if there are too much visible
dirt on it. One could use solvent and sonication to clean the piece. Next, the
chip for sputtering needs to be well-cleaned, following the standard cleaning recipe
— Acetone, IPA, DI water with sonication. Inside the sputter room, here is the
sequence for using the sputter. Valve numbers are shown in Fig. B.2.

1. Open the control knob for N2 and air on the wall. Open two cooling water knobs
near the gas controls.

2. To load the sample, Open v3 and v4. Put the sample holder in and make sure it
is flat. Close v3, v4. open the load lock pump and v2; when the pressure is ~ 6e-5
on the pump, close v2, Load lock pump.

On the gauge, pressure IG measures the pressure inside the deposition chamber
down to le-10. Pressure A measures the pressure inside the deposition chamber
down to le-4. Pressure B measures the pressure on the load lock

3. To transfer the sample, open v5, and make sure the plate inside the chamber is
at 290 degrees. Move the handle on the transfer arm to the 1st marker line on the
left and rotate (clockwise if looking from the left of the sputter to the right) by 90
degrees and move the transfer arm back to the end, rotate back. Close v5. Switch
the pressure to MV (before opening Ar).

4. Open the Ar gas bottle and the second on/off valve on the gas control panel.

5. Rotate the sample plate to 200 degrees (the chip will be facing us now so no
deposition); open the Ar flow rate monitor, and the power supply power (switch on
the left back, then turn the key to lock, click output to off, ‘actual’ button is to change
the reading), the Ar knob on the back of the sputter, the growth monitor power.

6. Then we can rotate v6 to make the gauge A pressure ~3.5e-3 Torr. This pressure
needs to be calibrated every few months to make sure the sputtered film has little
stress.

7. After ~ Smins when the pressure is stabilized, turn on the high-voltage output.
8. Wait until the power supply output is counting to Smins, start the growth monitor

(open), rotate the sample to 20 degrees (facing the target so starts sputtering), and
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Figure B.1: Overview of the niobium sputter. A full picture of the niobium sputter
setup.

open the deposition shutter.

9. Then we can see the growth, we want 1.5kA. When it is about the number we
want (0.03kA away from the desired thickness), close the deposition shutter, rotate
the sample back to 290 degrees, close the power supply output, and close the Ar
knob on the back of the sputter.

10. Fully open v6 to let the pressure pump down

11. To transfer the sample out, make sure the sample plate is at 290 degrees. Open
v5 and move the handle on the transfer arm to the 2nd marked line on the left, rotate
90 degrees (clockwise if looking from the left of the sputter to the right), push the
arm to the 1st marked line, then rotate back and move the transfer arm back to the
end. Close v5. Switch to ‘UHV”’

12. Close v2 and the load lock pump. Open v3 and v4 to take the sample out

13. Click degas on the pressure panel and clear the growth monitor

14. Put the sample holder back. Close v3 and v4. Open v2 and the load lock
pump. When the pressure is on the pump is ~ 6e-5, close v2 and the pump. Close
everything at the end: Ar gas bottle and on/off valve on the control panel, the Ar
flow rate monitor, the power supply, the growth monitor, the N2 and air valve, and

two cooling water valves.
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Figure B.2: Valves labeling of the niobium sputter. (a) The valves related to
control the sampling loading and chamber operation. (b) The Ar control and sample
rotation knob.
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