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Preface

More than 60 people from all over the world, including students, researchers and lec-
turers, gathered in Varenna for the 204 Course of the International School of Physics “E.
Fermi” dedicated to Nanoscale Quantum Optics. The course was organized in collab-
oration with the COST Action MP1403 “Nanoscale Quantum Optics”, a network that
involved 28 European countries and more than 500 researchers.

Recent developments aiming at the realization of new technologies based on quantum
physics have been recognized by the European Commission as priorities, with the launch
of the Quantum Technology Flagship Programme. These are, for example, new crypto-
graphic techniques for security in telecommunications, new computing hardware that can
solve problems so far inaccessible even to the latest generation of supercomputers, and
new precision standards and sensors capable of measuring for instance extremely weak
magnetic fields, with applications ranging from materials science to medical diagnostics.
Nanoscale quantum optics combines these themes with nanophotonics, which addresses
the control of light and its coupling with matter on a nanometer scale, a miniaturization
comparable to the transition from valve-based electronics to integrated circuits. Struc-
tured materials provide confinement much beyond the wavelength scale, the interaction
of light with nanoscale object offers novel means for interfacing light with different de-
grees of freedom, and quantum optics experiments are being upgraded in miniaturized
nanophotonic platforms.

Based on such advances, the Course was therefore an opportunity to train new gener-
ations of scientists, who will have the privilege of doing research on topics that promise
great innovations in science and technology.

XIII

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



X1V PREFACE

This proceedings book contains the following lecture and seminars held during the
school:

— “Basic concepts for quantum optics and quantum technologies”, by I. D’Amico,
introduces the background concepts.

— “Materials for quantum nanophotonics”, by N. P. de Leon, outlines the require-
ments for a range of quantum nanophotonics applications, and describes the key
material characteristics that affect physical properties related to these require-
ments.

— “Quantum optics and nonclassical light generation”, by J. Vuckovic et al., discusses
the theoretical underpinnings of the seminal experiments in solid-state quantum
optics.

— “Creating quantum correlations between quantum-dot spins”, by M. Atatiire, de-
scribes how to generate nonlocal quantum correlations between electron spins in
semiconductor quantum dots.

— “Platforms for telecom entangled photon sources”, by F. Sciarrino et al., reviews
different platforms used to generate telecom-entangled photon pairs, focusing in
particular on an integrated source realized by the femtosecond laser writing tech-
nique.

— “Quantum optics with single spins”, by L. C. Bassett, describes the quantum-
mechanical coupling between atom-like spin states and light, using the diamond
nitrogen-vacancy (NV) center as a paradigm. Moreover, it explains various meth-
ods that serve as the basis for advanced protocols at the heart of many emerging
quantum technologies.

— “Nanoscale sensing and quantum coherence”, by F. Reinhard, summarizes concepts
and techniques about single-qubit sensors, including an outlook to the major trends
of the field.

— “Many-body physics and quantum simulations with strongly interacting photons”,
by D. G. Angelakis and Jirawat Tangpanitanon, focuses on interacting photons in
superconducting circuits for quantum simulation of both in and out-of-equilibrium
quantum many-body systems.

— “Nano-optomechanics”, by E. Verhagen, introduces the basic physical description

of optomechanical interactions at a tutorial level, and highlight several directions
of current research.
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PREFACE XV
In addition, among all poster contributions the following were selected for this book:

— “Photostable molecules on chip: a scalable approach to photonic quantum tech-

nologies”, by M. Colaiutti et al., presents the design and characterization of the
evanescent coupling between dibenzoterrylene molecules and a ridge waveguide
made of silicon nitride.

“Environment spectroscopy with an NV center in diamond”, by S. Hernandez-
Gomez et al., describes in detail a method to spectroscopically characterize the
spin bath around an NV center and identify the coherent coupling with the nearest
nuclear spins.

“Ultrafast photonic quantum correlations mediated by individual phonons”, by S.
Tarrag6 Vélez and C. Galland, outlines a new technique to prepare and measure
the lifetime of the first phonon Fock state in diamond using single photon time-
correlated Raman spectroscopy.

In this collection of chapters we hope the readers will find a valuable overview of the
state-of-the-art and current trends in nanoscale quantum optics.

MARIO Acio, IRENE D’AMIcO, COSTANZA TONINELLI and RASHID Z1A
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Basic concepts for quantum optics and quantum
technologies

IrRENE D’AMICO
Department of Physics, University of York - York, YO105DD, UK

International Institute of Physics, Federal University of Rio Grande do Norte - Natal, Brazil

Summary. — This introductory paper aims to provide a brief review of some basic
concepts in quantum optics and quantum information, such as quantization of the
electro-magnetic field, Fock and coherent states, quadrature operators, qubits and
quantum gates, entanglement, Bell states and Bell inequality, mixed states and the
density operator.

1. — Introduction

The field of nanoscale quantum optics (NQO) is rooted into quite different research
areas: quantum optics, photonics, fundamentals of quantum mechanics, quantum infor-
mation technologies, as well as low-dimensional condensed matter physics. Central to
NQO are interacting many-body quantum system [1] strongly coupled to electromagnetic
fields. These are some of the most difficult systems to be analysed experimentally and to
be accurately treated via theoretical means, due to particle-particle interactions, to the
necessity of treating light-matter interactions beyond linear response, to requirements for
maintaining light, light-matter, and matter quantum conherence, etc. In the last couple
of decades, these systems have also emerged as good prospective hardware for protocols

(© Societa ltaliana di Fisica 1
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2 IRENE D’AMICO

and devices relevant to quantum technologies [2]. Often NQO-related processes involve
out-of-equilibrium dynamics far from the steady-state, and desired results may be ham-
pered by interactions with the environment and other sources of noise and decoherence
such as fields or temperature fluctuations. All of this makes NQO a complex field, which
is growing under the hunger for technological achievements, and the stimuli of basic
research quests and experimental challenges.

Further contributions in these proceedings will detail the progress in various NQO
research topics; to support their understanding, this paper aims to briefly introduce
some basic concepts relevant to quantum optics and to technologies derived from quantum
information. In the first half of the paper we will review concepts important for quantum
optics, such as the quantization of the electromagnetic field and Fock states (sect. 2),
coherent states (sect. 3), quadrature operators and squeezed states (sect. 4). These
sections mainly follow related treatment by some well-known textbooks, as indicated.
From sect. 5, we will review some concepts relevant to quantum technologies: qubits
and quantum gates (sect. 5), quantum entanglement and Bell inequality (sect. 6), “spin
chains” as quantum buses (sect. 7), and finally in sect. 8 the concepts of pure and mixed
states and of the density operator.

2. — Quantization of the electromagnetic field and Fock states [3]

The cornerstone of quantum optics is the move from a classical description of elec-
tromagnetic fields to a full acknowledgement of the quantized nature of light and to the
understanding of its consequences, especially in relation to the interaction between light
and matter. The starting point is the quantization of the electromagnetic fields.

2°1. Classical field, plane wave. — We start by reviewing expressions for a classical
electromagnetic field and consider a plane wave propagating in free space along the
vector k with frequency wy. In CGS units, the corresponding electric and magnetic fields
are, respectively,

(1) E(r,t) = €Epexpli(k - r — wit)] + c.c.,
2) B(r, 1) = %EO expli(k - T — wit)] + c.c.,

where k = wg/c (with ¢ the velocity of light), and € L k is the polarization vector, and
c.c. stays for “complex conjugate”. We note that, when considering all possible modes,
for each k there could be two orthogonal polarizations, €k s, with s = 1, 2.

Given a volume V', the associated electromagnetic energy is

(3) U= [ [Bx1) + B2(x, )]dr,
81 Jyv

leading, for a plane wave and up to fast oscillating terms, to

— 1 2
@ U= |EP.
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In the Coulomb gauge, the corresponding vector potential is given by
(5) A(r,t) = €Apexpli(k - r — wgt)] + c.c.,
while Fy becomes
(6) By = i=* Ao,

2°2. Generic classical field. — We consider a travelling field within a cubic box of
volume V = L3. By expanding the field into plane waves and imposing periodic boundary
conditions, the allowed k-vectors are

n
k=2r—
(7) T

with n = (ng,ny,n.) and n; =0,%£1,£2..., i = x,y, z. The vector potential is then
Aks - .
(8) Art)= Y —Zawexpli(k-r—wit)] + cc.,
allowed k;s=1,2 \/‘7

with Ay, determining the specific field. Plane waves are orthogonal, so that the associated
electromagnetic energy (3) becomes a summation of terms similar to (4) over the complete
set of allowed {k}. Then, using eq. (6), we obtain

- 1 Wik 2 2
©) U=5r 2 () 1Al
allowed k;s=1,2

This equation expresses the energy of the electromagnetic field within the volume V as
a sum of modes.

2'3. Quantization of the electromagnetic field. — We associate each mode in the field
to a quantum of energy fuwy, with {ny,} the number of quanta in the field. The total
energy in the field can then be written as

(10) U= > .

allowed k;s=1,2

A direct comparison between egs. (9) and (10) then gives
WE 2
11 s = ——= | Aks|”.
(11) e 27rh02| ks

Next we associate U with the Hamiltonian operator H , and the fields A, E, B to
operators; nys becomes the number operator fiy, = dLSdks, with &LS, aks creation and
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annihilation operators for the mode ks. Finally the average occupation number is now
given by the Bose statistics

1
12 Nks) = —F——.
(12) (i) exp%‘*};’“—l

With these assumptions, and using eq. (11) we derive the relation

. [2mhc?
(13) Aks = e CAI/ksv
Wk

from which we obtain the expressions for quantized fields

2rhe? . .

(14) A(r,t) = Z Voo sk expli(k - r — wyt)] + h.c.

allowed k;s=1,2 Wk

2mhw
(15) E(r,t) =1 Z WV K Eesins expli(k - r — wyt)] + h.c.
allowed k;s=1,2

, Orhon K X @es . )

(16) B(r,t) =1 Z % k : kS s expli(k - r — wyt)] + h.c.,

allowed k;s=1,2

where h.c. stands for “hermitian conjugate”. Equations (14), (15), and (16) describe
measurable operators. We note that, due to the choice of CGS units, electric and mag-
netic fields have the same prefactor.

As photons are bosons, creation and annihilation operators obey the bosonic commu-
tation relations

(17) [ikes i o] = Ot B,
(18) [dksadk’s’] = 0
To obtain the correct form for the Hamiltonian, we need to substitute the quantized form

of the fields (14), (15), and (16) into eq. (3) and use the bosonic commutation relations.
The result is

~ 1 N A
(19) H= > St (o + el )
allowed k;s=1,2

> hwy (ﬁk5+ ;) .

allowed k;s=1,2

(20)

Equation (20) shows that, even in the absence of quanta in the field, the corresponding
energy is non-zero, and given by >, - . Kis=1.2 %hw;€7 the zero-point energy. We note
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that, by applying the quantization procedure directly to the classical results (9) —which
assumes all fields components to commutes— there would have been no zero-point energy.

2°4. Fock states and their properties. — The eigenstates |nys) of the number operator
ks are known as Fock states. For a single mode ks we can then write

(21) ﬁks|nks> = nks|nks>7

where nyis = 0,1,2,...00. State |Oks) is the vacuum state and contains no quanta of the
electromagnetic field. State |nks) can be generated by the vacuum state as

1

(22) k) = —— ()" [ Oscs)-
Nks-

Fock states form a complete set of orthogonal states, and it can be shown that

(23) &ks|nks> = \/m‘nks - 1>7
(24) il ns) = Vs + 1nues + 1).

When considering multimode fields, the related Fock states will be given by the product
state of the single mode ones

(25) |{nks}> = ;s

nk5>.

The application of a specific mode annihilation or creation operator will then result in

(26) CAlksl{nks}> = nks|nks - 1>Hk’;s’7§k;s|nk’s’>a
(27) &Tks|{nks}> = VNks + 1|nks + 1>Hk’;s’;ﬁk;s‘nk’s’>-

3. — Coherent states

3'1. Coherence in classical light [4]. — For classical fields, coherence describes the
“stability” of light. For example interference phenomena can be observed as long as the
frequency of light is stable and its spread is small enough. We can classify coherence into
temporal (or longitudinal) coherence and spatial (or transverse) coherence. A coherence
time 7. is associated to the temporal coherence, with 7. = 1/Aw, with Aw the light
spectral width. A coherence length can then be defined as L. = c¢7.. The coherence time
(length) corresponds to the time (path) during which the wave train has a stable phase.

3°2. Quadrature operators and Fock states in the quadrature space [3]. — For a field rep-
resented by a plane wave, Ej is a complex number, and, importantly, both its amplitude
and phase can be measured experimentally.
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As previously seen, in quantum optics Fy corresponds to the annihilation operator
axs, which is not Hermitian; it is then custom to consider instead the two Hermitian
quadrature operators(!)

A At
N Qks + Ay
28 X == ks
A S |
(29) y = G~ e

iv2

which inherit from (17) and (18) the commutation relation

(30) [X,Y] =i

The above relation tells us that X and Y are related by canonical commutation relations,

so that ¥ can be formally written as the momentum associated to X in the quadrature
space, Y = —id/0X. Because of (30), Heisenberg uncertainty relation will apply, so that

(31) AXAY >

N =

where (AX)? = (X2) — (X)? and similarly for Y.

Formally the commutation relations (17), (18), and (30) are the same that we en-
counter when we move from the first to the second quantization of a particle trapped
by a one-dimensional harmonic potential. It is not surprising then, that when we wish
to express Fock states in quadrature space we formally obtain the eigenstates of the one
dimensional harmonic oscillator

(32) Yy, (X) = (X|nics)
1 X?
(33) = (2" nys!/m) "2 Hp, (X)) exp <2> .
The uncertainty relation (31) then becomes
S 1
(34) AXAY =i+ 3.

with (AX)2 = (A}A/)2 = nks + %, which shows that the vacuum state corresponds to the
minimum uncertainty relation.

We note that the mean value of the quadrature operators calculated for Fock states
is always zero, due to the orthogonality of Fock states. However from the existence of,

(1) We note that the coefficients entering the definition of XandV may vary slightly depending
on the chosen text.
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for example, single-mode lasers, we expect quantum mechanics to allow for well-defined
amplitude and phase for the electromagnetic field: there must exist a set of “special”
quantum states which satisfy this requirement. Indeed these states are called “coherent
states” [5].

3'3. Coherent states and their properties [3]. — Coherent states are defined by the
requirement that Fy = (axs) be finite. They are the eigenvectors of dxs, satisfying the
relation

(35) dks|aks> = aks‘aks>a

where g is a complex number. The intensity of a coherent field, an observable, will
then be proportional to |Ey|?, that is to the mean value of the number operator over the
relevant coherent state

(36) | Eo|? = (oucs|f s oncs)

(37) = |ones|?.
The corresponding mean value of the quadrature operators becomes

(38) <aks|X|aks> = \/§§Raksa

(39) (ones|Y Joes) = V23 as.

It can be shown (see, e.g., [3]) that coherent states can be written in terms of Fock states
as

Nks

(40) |aes) = exp <—;aks|2) Z aké

|nks

Equation (40) implies that if the field is in a coherent state, the probability of measuring
a Fock state state is given by the Poisson distribution

(lovses[*)™

' )

(41) Pny, = |<nk5|ak8>|2 = exp(—|aks|2) e

with variance and mean given by |au|?.
Coherent states form a complete set, but they are not orthonormal. In fact

. 1 1
(42) (o) = 0 (0 = el = 515l

so that any coherent state can be expressed in terms of other coherent states. Impor-
tantly, coherent states have always minimum uncertainty relationship, independently
from ays, i.e. AXAY = 1/2 = (AX)? = (AY)?. Because of this, they are the best
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quantum-mechanical analogue of the classical single-mode field: coherent states describe
wave packets that, subject to free evolution of the field, change phase but do not change
shape nor variance:

A=hw(i+al aws
(43) |loves) i b TN exp (figt) ’exp (fi%t) ozks> ,

so that, under free dynamics, AX (£)AY (t) = 1/2 = (AX)2(t) = (AY)2(¢).

3°4. Coherent states and the displacement operator [6]. — By using eqs. (22) and (40),
it can be shown that coherent states are displacements of the vacuum state

1 . £ A
(44) |aks) = {exp (—2|ak52> exp(aysal) exp(—ag,a)| |0)
(45) = D(axs)|0),
where D(ay,) is the displacement operator of amplitudes @ and a, that is

(46) D™ aks)aD(aks) = a + s,
(47) DY ans)a' D(oues) = af + af,.

Importantly, D(oys) is unitary, with Df(oues) = D(—ous) = [D(ous)] ™", Using the
Baker-Campbell-Hausdorff formula, one can show that

1 . A
(48) D(aks) = exp <—2|ak52> exp(aksaT) exp(—ay.a)
(49) = exp(ozksolT — aj.a)

1
(50) = exp <2|ak52) exp(—ay.a) exp(aks[ﬂ).

4. — Quadrature operators in quantum optics [6]

Let us consider the homogeneous single-mode electric field

2
(51) E(t) =14/ ﬂ-‘i}uk €ks [dks exp(—iwyt) — &Ls exp(iwkt)} )

By substituting in it ayxs = (X +iY)/v/2 and dLS = (X —iY)/V/2, we obtain

(52) E(t) =-2 W?/w €ks [Y cos(wyt) — Xsin(wkt)}

(53) Y 2y W?/wk ks [37 cos(wyt) + X sin(wkt)} )
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> V2 Im(a) e
id X V2Re(q) X
V2

£h

Fig. 1. — (a) Vacuum state |0) represented in quadrature space. (b) Coherent state |a), with «
complex, in quadrature space. Both states have minimum uncertainty 1/v/2.

Equation (53) clarifies that the operators X and YV correspond to the quadratures of the
quantized electric field, with phase difference /2. Measurement of these observables will
then provide all necessary information on the characteristics of the quantized light. Sim-
ilarly, plotting these quadratures will help better understanding (as well as visualizing)
of the characteristics of different states of light, e.g. Fock’s versus coherent states. We
give some simple examples below.

4'1. Examples of visualization of quantum states of light. — To visualize a quantum
state of light |1)) using the quadrature operators, we plot its measurable properties X =
(| X[¢) and Y = (¢|Y|4h), which give the position of the state in the quadrature space,
as well as the corresponding standard deviations AX and AY which give an indication
of the state is spread.

In fig. 1a the vacuum quantum state |0) is visualized. For this state (0]X|0) = 0 and
(0]Y']0) = 0, while AX = 1/y/2 = AY’, corresponding to minimum uncertainty.

In fig. 1b a coherent quantum state |o) is visualized. From egs. (38) and (39), it
follows that (| X|a) = v2Ra and (a]Y|a) = v23a, while still AX = 1/v/2 = AY.

Comparison between fig. 1a and fig. 1b graphically demonstrates that indeed coherent
states are displacements of the vacuum state, in fact D~ (a)X D(a) = X 4+ v2Ra and
D Y (a)YD(a) =Y + v23a.

4'2. Squeezed states [6]. — Given two Hermitian operators A and B with commu-
tation relation [A,B} = ié’, their expectation values will satisfy the uncertainty rela-
tionship AAAB > [(C)]/2. A quantum state is then a “squeezed” state if, for one of
the observables (say B), the relationship (AB)? < |(C)|/2 is satisfied. In addition, if
AAAB = |(C)]/2 is also satisfied, the state is an “ideal” squeezed state. The reduction
of quantum fluctuations in the expectation value of one operator must be compensated

by an increase in the other, so that the uncertainty relationship still holds.
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(a) (b)

oNZ_ D o2 [
X U X

N

Fig. 2. — (a) Coherent state |o), with o € R, represented in quadrature space. (b) The coherent
state |a) of panel (a) is squeezed along the X direction in quadrature space.

Coherent states may be squeezed by applying appropriate operators, see e.g. [6]. In
fig. 2 a coherent state with o € R (panel (a)) is squeezed along X (panel (b)). The use
of squeezed states may improve measurements; this is the case, e.g. for interferometric
measurements of gravitational waves.

5. — Elementary building blocks for quantum technologies: quantum bits and
quantum gates

Focus on quantum information and related quantum technologies [2] has exponentially
increased in the last 20 years, leading to side-by-side progress of related theory and
experimental concepts and techniques, as well as to substantial investments by many
Countries worldwide.

At the core of quantum information there is the concept of “quantum bit” or “qubit”,
the quantum equivalent of the familiar unit of classical information, the bit. A qubit is
a quantum two-level system, with basis states |0) (or | 1)) and |1) (or | |)). At difference
with its classical counterpart, and according to the principles of quantum mechanics, a
qubit can be in any linear superposition of its basis states, with its generic state being

(54) W) = 0) + B[1),

with «,8 € C and |a|? + |3]*> = 1. Each qubit must be isolated enough to be well-
defined as a two-level system; at the same time, it must be possible to change its state
in a controllable way —e.g. via electromagnetic fields or direct coupling other qubits—
to perform input/output operations and/or quantum logic gates. In matrix quantum
mechanics, qubits are represented by two-entry column vectors. For example, in the
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standard basis, state (54) becomes

(53) = (5)-

Quantum gates acting on a single qubit are then 2 x 2 matrices and two-qubit gates 4 x 4
matrices. In principle universal computation can be realized by using one and two-qubit
gates alone [7].

Similar to their classical counterpart, a sequence of quantum logic gates performs a
computational algorithm; however the opposite may not be true as there exist quantum
computation methods which are not based on quantum gates, notably “one-way quantum
computing” [8]. The latter is based on an entangled network of qubits; these qubits
are measured in such a way to produce the desired computation output, but without
explicitly performing a series of gates. In this case quantum gates between qubits may
be used to produce the initial computational resource, entanglement.

6. — Quantum entanglement

6°1. Entangled and unentangled states. — Quantum entanglement is a purely quantum
mechanical feature and accounts for part of a system quantum correlations [7]. Here we
will examine the concept of bi-partite entanglement: we will consider a quantum system
S formed by two subsystems, generally referred to as A and B, and define under which
conditions A and B are —or not— entangled.

Let us start by considering a two-spin (two-qubit) system in the overall quantum state

(56) [)as = (| 1)+ 8l )al 1) +6l 1)s
(57) =|¥)al¥)5.

As shown above, ) ap can be factorized in a state |¥)4 describing spin A by a state
|¥) 5 describing spin B, which means |¢)) sp is a “product state”. States like |U) 45 are
not entangled. From the information perspective this implies that if we measure the
state of spin A no information is gained on spin B. In fact, whichever the result from
measuring spin A, |¥) g remains unaffected and so does the probability of obtaining any
possible result from measuring B.

However if we consider the overall state given by

(58) [WYap = (@] a+ Bl Da)l D+l 1)al )5,

we find that it is not possible to write it as a product state: |U)’, 5 is then an entangled
state. If we now measure system A and obtain, let us say, | )4, we see that this
measurement affects the state of B, changing the probability of obtaining | 7)p (now
Y2/ (Iv12+18]%)) or | 1) B (now |B|%/(]v|? +15]?)) from a measurement of B. This shows
that there is a correlation between the state of system A and the state of system B.
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Y ol @

"9 0 e

Fig. 3. — Two different partitions for the same ensemble of three particles.

The two-spin states

(59) )% = =l Dal Dol +| 1al 1.
(60) )7 = 5[ Dal Dol = 1al 1.
(61) WY = =l 1)l D1+ Lal Dl
(62) 9 = =l Dal ol = | Dal 51

are known as “Bell states” and are maximally entangled: this means that measuring one
of the subsystems determines completely the state of the other. Bell’s states represent an
alternative basis for a two-qubit system, and are often used within quantum technology
protocols. An instructive example is the one-qubit teleportation protocol [7].

Entanglement is naturally abundant in solid-state systems, while is it relatively dif-
ficult to entangle photons. In addition to quantum computation, it is a fundamental
resource for certain quantum cryptography protocols, quantum sensing, quantum simu-
lation, and quantum metrology.

6°2. Entanglement in systems with multiple degrees of freedom. — Quantum systems
are usually more complex than just two spins, for example they may include more than
two particles. In this case the entanglement of the system will depend on the partition
chosen. To understand this concept, let us consider three spin—% particles in the state
|W123) = |¥)1|®)5; and the partitions sketched in fig. 3. It is clear that, when considering
partition (a), the subsystems are not entangled; however as particles two and three
are maximally entangled, partition (b), which “separates” them, will result in non-zero
entanglement.
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Realistic systems are even more complex, and they usually include qualitatively dif-
ferent degrees of freedom. For example even a system of just two electrons would be
characterized by their positions, momenta, and charges, in addition to their spins. When
discussing entanglement, it is then very important to specify which degrees of freedom
are considered, as, for the same overall system state, specific degrees of freedom may be
entangled while others may not.

An example of this situation is the ground state of two non-interacting electrons, e
and ep, trapped by an harmonic potential. The overall wave function will be given by

(63) [ap) = be AeE|P)

where a is proportional to the characteristic frequency of the harmonic oscillator and
b is a normalization constant. Clearly if the spatial degrees of freedom r4 and rp are
considered, |t 4p) is not entangled. However if the spin degrees of freedom are considered,
the two electrons are maximally entangled, as they are in the Bell state |®)~.

A more complex example is given by comparing the behaviour of the average single-site
entanglement versus the spatial entanglement for the one-dimensional Hubbard model [9,
10]. The single-site entanglement describes the entanglement of one site with the rest of
the chain [11], while the spatial entanglement [12] refers to the entanglement between the
spatial degrees of freedom of the particles. When considering the behaviour with respect
to particle-particle interaction strength, the spatial entanglement is zero (minimum) for
non-interacting particles, while the single-site entanglement is maximum. The two types
of entanglement behave in a qualitative opposite way for most interaction strengths [9,10].

6°3. Entanglement and Bell’s inequality. — A main difference between quantum me-
chanics and our familiar “classical” world is that classically we assume that physical
properties of objects are independent of measures, and that measures simply reveal the
properties. For example if a car is blue, our intuition and experience tell us that it was
blue even before we looked at it and, unless repainted, it will continue to remain blue.

On the contrary, the “collapse of the wave function” postulate of quantum mechanics
implies that the act of measurement affects a system’s properties. For example let us
consider a particle not in the eigenstate of the relevant observable: measuring its position
will localize it or measuring its energy give to this a specific value, while before the
measurement it had a nonzero probability to be found elsewhere in space or to have
a different energy. Quantum mechanics provides rules by which we can predict the
probability of a certain measurement outcome but, with respect to measurement, it is
not a deterministic theory.

In classical mechanics a probabilistic measurement outcome is associated to incom-
plete knowledge of the system at hand; a natural question is then if it is the same for
quantum mechanics: are there “hidden variables” such that their knowledge could re-
store a deterministic theory of quantum measurement? FEinstein, Podolsky and Rosen
argued that this was the case [13]. However in 1964 John Stewart Bell came up with an
outstanding proposal, and suggested an experiment for which quantum mechanics and
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local-hidden-variable theories were giving different predictions [14]: incredible but true,
the completeness of quantum mechanics could now be tested experimentally.

Bell proposed to measure specific observables and showed that a certain linear com-
bination of the results had an upper bound when calculated using local hidden variable
theory (Bell’s inequality [7,14]). Bell’s inequality is derived under the “classical” as-
sumptions of realism (physical properties have definite values which exist independently
of observation) and locality (it is possible to set up laboratory conditions, e.g. distance
between experimental set-ups, such that measurements done by experimenter A cannot
influence measurements done by experimenter B). However, if the properties measured
belong to entangled particles shared between experimenters A and B, this inequality is
violated, and, as a consequence, either the hypothesis of realism or the one of locality, or
both, are incorrect.

Hence, measuring if Bell’s inequality is, or not, satisfied verifies if entanglement is
an actual property of nature, at least up to the local-hidden-variable theory. Existence
of entanglement means that measuring a subsystem A may indeed alter the state of a
different subsystem B, even if A and B are not coupled to each other by the overall
system Hamiltonian.

Bell’s inequality has been tested multiple times [15-24], and especially in the last
couple of decades [16-24]: in this period renewed interest in the fundamentals of quantum
mechanics was sparkled by the surge of quantum information theory and, at the same
time, technological advancements made it possible to design ever more sophisticated and
accurate experiments.

So far experimental evidence supports the results from quantum mechanics and shows
that entanglement is a quantum resource which goes beyond classical properties.

7. — “Spin chains” as eclectic quantum buses

Entanglement is a resource for many quantum technologies; however, to provide en-
tanglement to the related protocols it may be necessary not only to generate it, but also
to create specific entangled states, transport entanglement where needed, distribute it to
different parties, detect it, and/or store it for later use.

Depending on the protocol, various methods and different hardware have been pro-
posed to these aims. For example, when dealing with long distances, e.g. for quantum
communication, entangled photons are usually the medium of choice: they can be gen-
erated, for example, using quantum dots, and then transported or distributed using
optical fibers.

However within an electronic device there is often the necessity of transporting in-
formation resources between shorter distances, for example between different processors.
Devices for quantum technologies are no exception and it is clear that it would be advan-
tageous if these internal “quantum buses” could transfer faithfully not only simple qubits,
but also entanglement. Even better if they could also manipulate entanglement in useful
ways, actively contributing to the protocols themselves. This is the context in which it
has emerged the concept of “spin chains” as quantum buses to transfer and manipulate
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information and entanglement over mid-to-short distances (for early developments of the
use of spin chains within quantum technologies see, e.g., ref. [25]).

Spin chain here refers to a network of spins —not necessarily a linear chain— whose
dynamics is governed by a lattice Hamiltonian such as the Heisenberg [26], Ising [27],
Hubbard [28], Su-Schrieffer-Heeger [29], or the X' Y-Hamiltonian [25] models. In the con-
text of quantum technologies, and at difference somewhat with previous studies, the use
of these models focuses mainly on finite chains, non-equilibrium dynamics, entanglement-
related properties, robustness against imperfections, and topological properties.

Originally developed to treat strongly correlated electronic systems, spin-chain Hamil-
tonians turned out to be very versatile, and can be applied to describe a variety of
quantum systems, from chains of nanostructures [30-32], to arrays of cold atoms [33],
trapped ions [34] strings of fullerenes [35], photonic systems [36,37], etc. Applications to
specific physical systems may require inclusion of additional perturbative terms in the
Hamiltonian, for example to describe system-specific decoherence mechanisms or typical
fabrication defects (see e.g. ref. [38]).

Spin chains have been very fruitful for designing protocols to generate, transport,
distribute, and store entanglement [39-46]. This includes knitting and distributing clus-
ter states [47-50], which are relevant for one-way quantum computation. Importantly,
spin chains can be engineered such that their evolution under their natural Hamil-
tonian may transport quantum information without spoiling it (perfect state transfer
(PST) [32,51-53]), produce and/or distribute different types of entangled states between
relatively far-apart parties [43-50]. With the addition of light-touch control protocols,
spin chains whose natural dynamics produces entanglement can be made able to store
it afterwards [43,45]. Various of these protocols have been proven to be fast with re-
spect to relevant decoherence mechanism and robust against fabrication defects (see
e.g. [38,43,44]).

8. — The density operator

8'1. Why do we need a density operator?. — So far we have described a quantum
system using a coherent superposition of state vectors, e.g.

(64) [¥)aB = aal¥)al + ap|¥)p.

However this state is an idealization when compared to the actual states prepared and
analysed experimentally. In these, there will always be some statistical uncertainty due
to imperfections (e.g., in the procedure to prepare the quantum state), finite temperature
effects, unwanted interactions of the quantum state with the environment, etc. We then
need a description of a quantum state that, in addition to including quantum mechanical
uncertainties, accounts for classical statistical uncertainty. This is provided by the density
operator p [7].

Quantum mechanics can be formulated in terms of the density operator, and, in ad-
dition, the related formalism allows for an easier description of situations where classical
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statistical uncertainty is present (e.g. experiments), and can be extended to describe open
systems and decoherence processes, all of which is crucial when dealing with protocols
and devices for quantum technologies.

82. Ensembles of quantum states: mized and pure states. — The density operator
formalism is convenient to describe quantum systems whose state is not fully known.
Suppose that, e.g. due to imperfections in fabrication methods, a quantum system is in
the state |i;) with probability p;. Then the ensemble {p;,|1;)} is called an ensemble of
pure states. The density operator for this quantum system is defined as

(65) p= ZPH%M%L

with >, p; = 1, as for any classical probability. This is at difference with the quantum
uncertainty expressed by the coefficients in eq. (64) where instead ), |a;|> = 1. If at
least two of the p; coefficients in (65) are different from zero, we refer to p as to a “mixed
state”. If the state of the system is not affected by classical uncertainties, then we refer
to it as a “pure state”, and its density operator is given by

(66) p =)Wl

8'3. Characterization of a density operator. — A density operator is Hermitian, pf = p.
An Hermitian operator p is a density operator associated to some ensemble {p;, [1;)}
if and only if it satisfies the conditions

e Tr{p} =1 (trace condition);

e ) is a positive operator, which means that, for any arbitrary state |¢), it satisfies
(p]p|) > 0 (positivity condition);

o Tr{p?} <1, with Tr{p?*} = 1 if and only if p is a pure state.

8'4. Separable mized states. — Previously we have defined entanglement for a pure
state: with respect to a specific partition, a state which cannot be factorized is entangled.
Here we extend this definition to mixed states.

A mixed state p, describing the bipartition A and B of the overall system, is separable
(i.e. not entangled) if and only if it can be written as a linear combination of pure product
states such as

(67) PAB = Zpi|Ai><Ai| ® | Bi)(Bil-

Here |A;) and |B;) are vector states describing subsystems A and B respectively, and
0 <p; <1 with ), p; = 1. Vectors within {|A4;)} or {|B;)} do not need to be orthogo-
nal. As the definition of separable states implies, different pure-state ensembles may be
represented by the same density operator.
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Summary. — Engineering coherent systems is a central goal of quantum science,
quantum optics, and quantum information processing. For quantum nanophotonics
applications, it is particularly important to design and control systems that exhibit
coherent optical transitions and long spin coherence times. This review outlines the
requirements for a variety of quantum nanophotonics applications, and describes the
key material properties that affect physical properties related to these requirements.

There has been an explosion of activity in the field of quantum nano-optics and
quantum nanophotonics over the past two decades. Broadly, this area encompasses a
large number of applications and research areas organized around controlling light-matter
interactions at the single-photon or single-atom level in solid-state systems. Building on
pioneering work in the cold atom community in the 80s and 90s using high-finesse cavities
to control atom-photon interactions [1], significant progress has recently been made in
engineering atom-like systems in the solid state that can interact strongly with light and
store quantum information for long periods of time. Such systems generally comprise a
defect or molecule that has well-defined, localized electronic states with narrow, selective
optical transitions. These narrow optical transitions form a manifold that isolates a
good two-level system for strong light-matter interactions, and in some cases they can
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be used to initialize or read out the ground electronic state. Although these features
are natural elements of cold atoms, interactions with a solid-state environment can lead
to decoherence of the optical transition, as well as the ground-state electronic spin.
Engineering atom-like systems in the solid state by creating defects or structures that do
not suffer from environment-induced decoherence is a central goal of the field.

1. — Desiderata for applications in quantum nano-optics

Here we will outline a few research areas in quantum nano-optics, and enumerate the
key desiderata for each application. Many of the key desiderata are overlapping, and
therefore lead to universal properties to engineer or search for in a quantum system.

1°1. Single-photon sources. — The simplest quantum system is a two-level system with
degrees of freedom that can be coherently manipulated. If these two levels are separated
by an optical transition frequency, this system can couple strongly to light. Reciprocally,
if a two-level system can strongly absorb a photon, in can also emit photons efficiently.
There is a rich field of research and applications aimed at using such quantum systems
to control and manipulate light. One such application is as single-photon sources for
quantum communication and quantum computing. The main requirements for single-
photon sources is that they are pure in that they should emit one photon at a time, and
transform-limited in that they do not exhibit dephasing beyond the linewidth determined
by the Fourier relationship between the wavepacket duration and the spread in frequency.
It is also helpful for single-photon sources to be bright; most applications will have a key
metric that scales with the rate of single photons. Finally, a typical requirement is that
single photons be identical in polarization, frequency, and spatial mode. For quantum
systems, the key desiderata therefore are that they exhibit a relatively short excited state
lifetime to increase the rate of single-photon emission, are highly optically coherent, do
not have parasitic emission that leads to background, and that they do not exhibit
changes or drift in the optical transition frequency, known as spectral diffusion. It is also
convenient if they exhibit a small static inhomogeneous distribution so that they can be
scaled.

1'2. Using quantum systems to control light. — Another field of research is build-
ing single-photon switches and transistors by achieving high cooperativity between a
quantum system and a photon mode, for example using cavity QED. The atom-photon
interaction can be parametrized by g, k, and 7, where g is the single-photon Rabi fre-
quency that scales inversely with the mode volume as g x —=, & is the cavity decay rate
that scales inversely with the quality factor of the cavity, and 7y is the bare spontaneous
emission rate of theZatom. The enhancement of the atom-photon interaction is given by
the cooperativity, 5—7. When g is the largest parameter, such systems will exhibit strong
coupling, in which the photon coherently transfers between the atom and the cavity. In
the absence of this condition, the cooperativity gives the Purcell enhancement factor
of the spontaneous emission rate. In order to realize the full enhancement, the optical
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transition dipole of the atom should be coherent, similar to the requirement of optical
coherence for single-photon sources.

1'3. Quantum networks. — There are several theoretical schemes to extend the range
of quantum networks using quantum repeaters [2], in which single photons are entangled
with quantum memories and then used to distribute entanglement among these quantum
memories at remote nodes. This entanglement can then be used as a resource for telepor-
tation [3]. For such applications, the key desiderata are a long-lived quantum memory
in the form of a spin with long coherence time, an efficient spin-photon interface, high
collection efficiency, and high optical coherence.

1'4. Enhanced collection efficiency from a quantum system.— There is a broader class
of applications in which the most important figure of merit is simply the photon collec-
tion efficiency. For example, for nanoscale quantum sensing with NV centers in diamond,
the sensitivity scales with the number of photons collected per unit time, and nanopho-
tonic devices can be used to enhance the total collection efficiency. Furthermore, small
quantum computers with optical readout can generally benefit from higher collection
efficiency, motivating integration into nanophotonic devices.

2. — Examples of physical systems

Solid-state quantum systems can be ordered in terms of their degree of spatial local-
ization. Strain quantum dots are typically 10-100 nm, and their electronic wave functions
are primarily determined by the band structure of the surrounding host. Shallow donors
in semiconductors have wave functions with a spatial extent of a few nm, and they re-
semble hydrogenic orbitals that comprise the periodicity of the underlying lattice. Deep
defects and impurities such as color centers in diamond have angstrom scale wave func-
tions, and they resemble atomic or molecular orbitals.

Other systems that are used in quantum optics that are beyond the scope of this
overview include cold neutral atoms, which have been used as model systems in cavity
QED, trapped ions, which have been deployed in remote entanglement generation [4],
superconducting qubits, which have been an especially fruitful playground for cavity QED
and quantum optics in the microwave regime [5], and molecules such as terrylene [6],
which have a strong optical dipole but generally do not have spin degrees of freedom.

2°'1. Quantum dots. — Quantum dots consist of islands of heteroepitaxially grown
materials in a semiconductor, where the island geometry results from strain due to lattice
mismatch. The most commonly studied system is InAs in GaAs. The smaller band
gap of InAs allows for free carrier confinement within the InAs, and the small spatial
extent of the InAs island leads to a large charging energy for electrons, which gives
rise to a discrete density of states. These electronic states can be used as quantum
memories, and the optical exciton can be used as an interface for photons. Because these
systems have such a large optical dipole (7 & 100 ps, quantum efficiency near unity), they
are ideal systems for cavity QED experiments, and have been used as a model system
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for a number of quantum optics demonstrations [7]. However, the rapidly fluctuating
hyperfine field resulting from stiochiometric nuclear spins in GaAs limits quantum dot
spin coherence to less than 100 ns, limiting the utility of quantum dots for quantum
memories. Furthermore, despite significant efforts to improve growth homogeneity, the
static inhomogeneous distribution of the optical transition frequency can be quite large,
tens of nanometers, which hampers their application as single-photon sources.

2°2. Shallow donors. — Shallow donors are impurities in semiconductors that are en-
ergetically close to the band edge, such as phosphorous in silicon. They would ionize
to be dopants at room temperature, but at sufficiently low temperature the electron or
hole remains bound to the impurity atom in hydrogenic orbitals. These systems exhibit
excellent spin coherence, T7 &~ 100s, Ts ~ 1s at 4K for isotopically purified silicon [8].
However, because they are so close to the band edge, optical transitions are highly ion-
izing. Most work on resonant excitation of shallow donors is performed on donor-bound
excitons rather than the optical transitions of the shallow donor itself [9]. Some recent
work has shown that chalocogen donors in silicon, which are energetically deeper, can
exhibit spin-selective optical transitions in the mid infrared, but their quantum efficiency
is unknown [10].

2°3. Defects and impurities. — Atomic and atom-like defects in solid-state hosts are
one of the leading experimental platforms for quantum information processing [11]. They
offer the possibility of excellent quantum coherence, enabling long quantum bit storage
times, and efficient and stable optical transitions that can be used to manipulate and
sense the qubit states. Furthermore, some of these systems can function under ambient
conditions and at room temperature, enabling their use as precise and versatile sensors.
Several defects have been intensively studied for these qualities over the last decade,
most notably the nitrogen vacancy (NV) center in diamond [12], which has a spin T}
of around 10ms at room temperature, and hours at cryogenic temperatures in high-
purity diamond. The NV center also has transform-limited optical transitions, but the
zero phonon line only comprises a few percent of the total emission, limiting the total
effective quantum efficiency. More recent work has expanded the list of known candidates
for quantum applications to group-IV vacancies in diamond, such as the negative [13]
and neutral [14] silicon vacancy, and divacancies in SiC [15]. The negatively charged
SiV center exhibits more favorable optical properties than the NV center, but also has
much shorter spin coherence at 4 K. The neutral SiV has longer spin coherence and
excellent optical coherence with high apparent quantum efficiency, but spin-dependent
fluorescence has not yet been observed.

The types of defects that can be deployed in quantum technologies can be broadly
grouped into three categories: color centers (e.g. NV and SiV defects in diamond or
vacancy complexes in SiC), transition metals (e.g. Ti, Cr, V, etc.) and rare-earth ions
(e.g. Nd, Er, etc.). The latter two are interesting because they can be doped into a
wide range of host crystals with significant (in the case of transition metals) or mi-
nor (in the case of rare earths) alteration of their properties. For rare earth ions in
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particular, the submerged f shells are protected from the surrounding lattice, and 77 =
milliseconds is achievable below 1K [16]. However, the T5 is typically much shorter,
around microseconds because known host materials for efficient rare-earth ion incorpo-
ration contain stoichiometric nuclear spins. Although rare-earth ions have very high
quantum efficiency, the optical transitions between f orbitals are forbidden because the
orbitals have the same parity, so they are very weak; the optical-excited-state lifetime is
typically milliseconds to hundreds of milliseconds. Recent work has achieved detection
of single rare-earth ions, either by confocal microscopy [17] or Purcell enhancement of
the emission rate using nanophotonics [18].

3. — Optical coherence and interactions with the environment

First, let us parametrize atom-photon interactions in general to identify the ideal case,
following the treatment in [19]. Using the density operator and optical Bloch equations,
the susceptibility x of a medium of perfect two-level atoms, with ground state |1) and
excited state |2), can be written as

1

X= V Y12 — 70 ’

» _
heo (P11 P22)

where ¥ v is the density of the medium, p is the optical transition dipole, y12 = 71+72 is
the average decay rate out of the two levels, ¢ is the detuning of the optical drlve from

the resonant transition, and p,,  are elements of the density matrix:
(2) p = p11|1) (1] + p12[1) (2] + p21 [2) (1] + p22 |2) (2]

We can rewrite eq. (1) in terms of the spontaneous emission rate, v given by the Einstein
A coefficient

2 3
__m (2
3) = 3meph ( A >

to the following:

: gl

4 =i—\3 — i

(4) X=te (p11 P22)712 — 5

On resonance where § = 0, we can write the linear susceptibility by considering p1; = 1,

p22 = 0, which assumes that all the population is in the ground state, and the drive is
weak,

.3 N 4

5 —
©) NTEEV
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So the linear susceptibility is purely imaginary. Physically, this means the medium is
absorptive, with no refraction. The electric field £ will propagate through this medium as

(6) E(x) = 5(0)6(71777’[)(]4’7"1%6[)(])]01/2'
We also know, from Beer’s Law, that

—Nox

(7) € =1(x) =1(0)e ™=,

where eq. (7) is simply Beer’s law written in terms of the absorption cross section per
atom o. Comparing to our expression for y above, this gives

(8) J_i)ﬁl

4" yg

When v = 72, the absorption cross section is on the order of A?! This means that a
single atom can absorb a diffraction-limited photon. This condition where v = 715 is
referred to as radiative broadening. This requires that the optical transition has perfect
quantum efficiency and that the linewidth Av is transform-limited, i.e. Av = % where
7 is the excited state lifetime. In other words, there should be no linewidth broadening
from non-radiative processes or spectral diffusion.

There are a number of interactions with the host that can lead to broadening beyond

radiative broadening.

e First, if optical absorption results from absorption of a photon and a phonon, this
will give a broad linewidth for the phonon excited state. These processes can
generally be suppressed by cooling down to cryogenic temperatures, freezing out
the thermal population of phonons.

e Second, if the optical emission results from emission of a photon and a phonon,
the emitted photon will be shifted to the red and the linewidth will inherit the
characteristics of the phonon lifetime, which gives rise to broad phonon sidebands.

e Third, the difference in energy levels between |1) and |2) can change due to interac-
tions with electric, strain, or magnetic fields, leading to fluctuations in the optical
transition frequency known as spectral diffusion. Changes in the electric field can
arise from fluctuating trapped charges in the host, and this interaction comes from
the difference in static dipole moment for the ground and excited states. This con-
sideration leads the a natural strategy of searching for quantum defects that have
no permanent electric dipole moment, in order to make them insensitive to fluctu-
ating electrostatic fields. Fluctuations in magnetic fields from nearby nuclear spins
can also lead to spectral diffusion if the ground and excited states have different
hyperfine couplings. Since the hyperfine interaction is typically small (kHz—MHz
scale), this is generally only relevant for very narrow-linewidth emitters, such as
rare-earth ions.
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4. — Spin coherence and interactions with the environment

In order to parametrize magnetic interactions with the host environment, let us start
by writing down the Zeeman Hamiltonian for a spin & in a magnetic field B:

1 _
(9) H= —ihvc?-B,
where v is the gyromagnetic ratio given by v = 252, If we start with the spin in a
superposition, [¢(t =0)) = %(\O) + |1)), we can solve the time-dependent Schrodinger
equation in the presence of an external magnetic field aligned with the quantization axis,
B = ByZ:

L0 A
(10a) tho [W(t) = H[¢(1)),
1

(100) [p(8) = 7 (10) + ™ot [1)) .

The time-dependent phase corresponds to Larmor precession of a spin around the Bloch
sphere. For an oscillating, AC magnetic field B = Bj coswti, we can solve the time-
dependent Schréodinger equation in a rotating frame at the Larmor frequency, |1*(t)) =
ero=t/2 |4 (t)), and then apply the rotating-wave approximation to eliminate rapidly
oscillating terms. When w = wy,, this leads to a magnetic resonance, and the resulting
approximation for the Hamiltonian is given by

(11) H'(t) = oy,

where () =

7123 L is the Rabi frequency.

4'1. Dephasing. — Spins that experience inhomogeneous static magnetic fields will pick
up different phases over time. These effects are generally referred to as 75 processes.
Static inhomogeneity can give rise to ensemble linewidth broadening, while slowly varying
fields can lead to spectral diffusion of the magnetic resonance. In addition to inhomo-
geneities in the applied field over the volume of the sample, there can also be sources
of inhomogeneity intrinsic to the sample, such as strain gradients. Another dominant
source of dephasing is hyperfine interactions with nuclear and electronic spins in the host
material. Nuclear spins in particular can have exceptionally long spin-lattice relaxation
times, so they will look like a very slowly varying magnetic field.

4'2. Decoherence. — It turns out that inhomogeneities in low frequency fields are
relatively easy to cancel out using a Hahn echo pulse sequence. Remaining sources
of decoherence can arise from high frequency magnetic, electric, or strain fields. The
coherence time limited by these processes is referred to as T,. This is a poorly defined
term in that the measured 75 can depend on what pulse sequences you apply, and can
even be extended by driving the noise bath directly.
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The impact of nuclear spins in the host material on the coherence time of the quantum
defect will therefore depend on the density of nuclear spins. Nuclear spin-nuclear spin
interactions can lead to short nuclear spin 77, which gives rise to a rapidly fluctuating
magnetic noise bath that is difficult to decouple from. This is generally true for materials
in which the predominant isotopes have nonzero nuclear spin, such as III-V compounds.
In materials with a small minority of nuclear spinful isotopes, like diamond or silicon,
the natural abundance of nuclear spins give rise to a slowly varying bath that can be
cancelled out effectively with Hahn echo and other dynamical decoupling sequences.
Another subtlety is that nuclear spin flip-flops can be suppressed by a frozen core effect,
in which nuclear spins see a gradient in the magnetic field due to proximity to an electron
spin, causing them to be out of resonance with one another. This can lead to enhanced
T over what would be naively estimated from the nuclear spin density.

Other paramagnetic impurities in the host material with net electron spin can lead to
faster decoherence. For example, when the quantum defect of interest is at sufficiently
high density, spin-spin flip-flop interactions of nearest neighbors will look like a chang-
ing magnetic field for the central spin. This phenomenon is known as “instantaneous
diffusion.” Achieving long T3 is therefore in principle conceptually simple, in that it
requires a host material with nuclear spin-zero isotopes, free of paramagnetic electronic
impurities.

However, it is possible to create a particular quantum defect that exhibits shorter
T than would be expected from the host spin bath. For example, if there is a phonon-
mediated orbital relaxation, and these different orbitals experience different effective
magnetic fields from the environment because of differing spin-orbit or spin-spin coupling,
this orbital relaxation can also lead to decoherence. In such systems, although the spin T}
is long, and the host material is free of paramagnetic impurities, the fluctuating effective
magnetic field from orbital effects will lead to a drastically shortened T5. This mechanism
is responsible for the short 75 observed in the negatively charged group-IV vacancies in
diamond, for example.

4'3. Spin-lattice relaxation. — For a spin in vacuum, spin relaxation arises from equi-
libration with the blackbody environment. Since the density of states at low frequencies
is so small, this rate is essentially zero (10'? years at 10 MHz!). In a solid, these spin
relaxation times are much faster because of interactions with phonons. Because of this,
T; relaxation is often referred to as spin-lattice relaxation. Phonons cannot flip the spin
directly because they do not have a direct magnetic component. Indirectly, they can
influence the spin relaxation by perturbing the lattice, which can look like a varying
magnetic field via spin-orbit coupling. This leads to the prescription that long 7} is typi-
cally achieved with either low spin-orbit coupling (low mass atoms) or low orbital-lattice
coupling (for example, with buried electron shells in d or f orbitals).

The microscopic mechanisms for 77 processes were extensively characterized in the
middle of the 20th century [20]. The rates will depend on the density of states of phonons
at the relevant energy scale, so stiff lattices with high Debye temperatures will allow for
longer T7. A non-exhaustive list follows:

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

MATERIALS FOR QUANTUM NANOPHOTONICS 27

e A direct process is one in which a single phonon can induce a spin flip from one
sublevel to another. This should be linear in temperature at high temperatures,
and when the temperature is small compared to the energy splitting between spin
sublevels, it is exponentially activated.

e An Orbach process is a two-phonon process via an intermediate excited state. The
T1 relaxation rate will be exponential with temperature, with an activation energy
given by the energy position of the excited state.

e A Raman process is also a two-phonon process via a virtual state. The temperature
dependence is typically an odd power of temperature, and the exponent depends
on the exact conditions.

It is generally true that different processes will dominate at different temperatures, de-
pending on the available phonons and excited states. For example, it is common for a
given quantum defect to have crossover temperatures between direct, Orbach, and Ra-
man processes, where Raman processes dominate at the highest temperatures because of
the large density of available phonons.

5. — Prospects for quantum technologies

Only a handful of quantum defects and atom-like systems have been thoroughly char-
acterized and explored, and there are many more possibilities for new systems to achieve
better metrics than those that are currently known. Here I will briefly highlight a few
considerations for integration with nanoscale devices, which will be critical for deploy-
ment in any scalable quantum technology.

e In order to achieve long 77, the most important criteria is the selection of the
host material and the detailed interactions of the quantum system with phonons.
Optimizing this desideratum together with the demands of nanofabrication and
device functionality will be a central challenge in any search for new quantum
systems.

e For long 75, in addition to selecting a material that is free of nuclear spins, the host
material must also be free of other electronic defects. The relevant length scale is
set by spin-spin interactions with impurities; for spin 1/2 electrons, g = 2, this
scale is typically around 1kHz at 30 nm. In other words, paramagnetic impurities
at the 100 ppb level will limit the spin coherence time to 1 millisecond. This poses
a grand challenge in purifying materials for quantum applications. Only a few
materials have been purified to ppb background impurity concentrations: silicon,
germanium, diamond, and a few others that are used as scintillators.

e For nanophotonic applications, the device dimensions will typically be on the order
of tens to hundreds of nanometers in order to confine a single optical mode. The
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purity and surface termination at these nanofabricated surfaces presents a signif-
icant challenge for future integration of quantum systems. Two areas of active
research are 1) to find quantum systems that are insensitive to noise at the surface,
and 2) to better control the surface termination.
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Summary. — This paper will focus on the theoretical and experimental study of
light-matter interaction in photonic structures. We will therefore start by describing
quantum optical models of optical cavities and waveguides. Then we will describe
the basic physics behind light matter interactions, and provide a theoretical analysis
of the phenomena that result from it. Finally, we will describe single-photon sources,
their characterization and introduce solid-state platforms that can be employed for
their implementation. Throughout this paper, we have tried to provide a sound and
complete description of the theoretical underpinnings of the seminal experiments in
quantum optics. Detailed derivations of some of the results employed in the main
text have been provided in the appendices.

1. — Quantum description of electromagnetic fields

Quantum description of electromagnetic fields is an essential part of the study of light-
matter interactions; even very fundamental effects such as spontaneous emission cannot
be explained with a classical model of electromagnetic fields. This section attempts to
give an overview of quantum optical models used for describing electromagnetic fields in
systems that support a discrete set of modes (e.g. lossless cavities) as well as in systems
that support a continuum of modes (e.g. waveguides).

(© Societa ltaliana di Fisica 29
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1'1. Lossless cavities: Systems with discrete modes. — Lossless optical cavities are often
an interesting mathematical model to understand the behaviour of a number of optical
systems. An ideal lossless cavity can be formed by enclosing a lossless permittivity
distribution within a perfect electrical conductor (PEC) or a perfect magnetic conductor
(PMC). It is well known in classical electromagnetic theory that such a system supports
a discrete set of modes E,,(x) at frequencies w,, which satisfy the following generalized
eigenvalue equation [1]:

(1) VxVXxE,(x)= C—”E(X)En(x)7

where e(x) is the permittivity distribution inside the cavity, and E, (x) satisfy the PEC
or PMC boundary conditions at the boundaries of the cavity. Quantum optically, it is
easy to show that each of these cavity modes behaves like a harmonic oscillator [2] —
more concretely, the physics of the n-th cavity mode are governed by the Hamiltonian
H,:

(2) H, = wnajlan,

where a, is the annihilation operator for the mode which satisfies the commutation
relations [a,,, af,] = 0,.m and [ay,,an] = 0. The Hamiltonian for the dynamics of all the
cavity modes taken together is simply a sum of the Hamiltonians H,,:

(3) H= ZH" = analan.

We note that in the Heisenberg picture, this Hamiltonian along with the commuta-
tion relationships mentioned above imply a time-harmonic evolution of the operators
an(t) — in particular, the solution of da,(t)/dt = —i[a,(t), H(t)] = —iwpa,(t) is sim-
ply an(t) = a,(0) exp(—iwyt). This is consistent with the classical dynamics of optical
cavities, wherein the amplitude of the n-th cavity mode (which is the classical variable
corresponding to the operator a,) oscillates in time at frequency w,.

The electric field at a point x inside the cavity is now described by a Hermitian
operator E(x) given by

B 1/2
(4) E(x) = Z (250;/' ) (B, (x)an + Ef (x)al),
where N, is the normalization factor for the n-th mode defined by

(5) N, = / () B (x)2d%x.
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The electric-field operator in the Heisenberg picture is given by

1/2
(6) E(x,t) = Z (25/;‘);/”) (B, (x)a, exp(—iwnt) + EZ (x)al, exp(iw,t)).

An important point to note about the electric-field operator is that there is a separate
operator for each point x in the cavity — unlike quantum mechanics where the position
of the particle is itself an operator, the spatial position in quantum optics merely plays
the role of an index upon which an electric-field operator can be defined.

The quantum states of light in cavities can be most conveniently represented in the
Fock state basis. Consider only the Hilbert space of a single cavity mode — a complete
basis for this space is given by the states |n) constructed via

(7) In) = —(a")™0) VYne{01,2..},

where a is the annihilation operator for the cavity mode and |0) is the lowest-energy state
of the cavity mode, often referred to as the vacuum state (its defining property is the fact
that it is in the null space of the annihilation operator a|0) = 0). It is straightforward to
show that the state |n) is an eigenstate of the cavity Hamiltonian wa'a with eigenenergy
nw. These states are also orthonormal ((n|m) = 6, ,,,) and complete (i.e. any allowed
quantum state of the cavity can be expressed as their superposition). The eigenstates
of the Hilbert space of all the cavity modes taken together can be easily constructed by
performing a tensor product of Fock states for different cavity modes:

)™+ |vac),

(8) |n1,n2,n3...> |7”L1> |n2 ‘77,3 H m

where |vac) is the vacuum state of all the cavity modes taken together. Note that these
states are, by construction, orthonormal and complete. Furthermore, they are eigenstates
of the Hamiltonian H defined in eq. (3) with eigenenergy njw; + nows + ngws.... In
almost all problems, it is more convenient to define the N-photon subspace of the cavity
— this is defined as the space spanned by states of the form given in eq. (8) with
ny +ns +nz... = N. As an explicit example of the construction of these subspaces,
consider a cavity with two modes — the (N = 1)-photon subspace then comprises of
the states of the form apl|l,0) + a|0,1) where ap and a; are complex numbers which
satisfy |ag|? + |a1|> = 1. The N = 2 photon subspace comprises of states of the form
ao|2,0) + a1|0,2) + a1,/1,1), where |ag|? + |a1]|*> + |a1,0/*> = 1. Higher-order photon
subspaces can be constructed using a similar procedure.

An important property of Fock states, which is easily verified, is that the expectation
of the annihilation operator a,, or the creation operator a, vanish, and by extension the
expection of the electric-field operator (eq. (6)) vanishes irrespective of the “energy” of
the state. Consequently, the Fock states by themselves are not “classical” states of light,
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in which one might expect the average electric field inside the cavity to become stronger
with the energy of the state. The closest approximation of a classical state of light is the
coherent state |ay, @z, a3 .. .) defined by

(9) lor, 2, a5..) = [ [ Prlew) 10)

k

where Dy (ay) is the displacement operator for the k-th cavity mode defined by
(10) Di(ag) = exp(akaz — ajag).

Since the Fock states form a complete basis for the cavity mode, the coherent state
can be expressed as a superposition of Fock states. In particular, a simple expression for
Dy (a)|0) can be formed by using the Zassenhaus formula together with the commutation
relationships for the cavity annihilation operators:

(11) Dy (a) 0) = exp(—|ax|*/2) exp(axal) exp(—ajax) |0)
— exp(—las/2) Y- ZE(af) 0)
ni=0 ’
= exp(—|ax|?/2) D 57%' 10,0,...74,0...).

nk=0

The coherent states defined in eq. (9) are eigenstates of the annihilation operator ay:
(12) ag |ag, ag,ag...) = o lag, as, a3 ).

This can easily be verified using eq. (11). An immediate consequence of this property
is that the expectation value of the electric-field operator resembles a “classical” electric
field — in particular, note that

(13)

1/2
(o1, 00,03...|E(x,t) |oq, 02,03 ...) = Z ) Re[Ey (x)ay exp(—iwgt)],

k

2hwy
EoNk

which, barring a normalization constant, resembles a harmonic field that classical cavities
support if initialized with some energy at ¢ = 0. Moreover, it can be shown that the
standard deviation in the electric field [(E?(x,t)) — (E(x,t))?]'/? becomes increasingly
smaller compared to the expectation value of the electric field as the amplitudes of the
coherent state, ay, is increased, which further motivates the fact the coherent states are
a good approximation of classical states of light.
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1'2. Single-mode wavegquide: System with a continuum of modes. — Together with
optical cavities, optical waveguides form the basic building blocks of quantum information
processing systems. However, unlike optical cavities, optical waveguides can no longer
be described with a discrete set of modes, rather they are described by a continuum
of modes. For simplicity, in this section, we will focus only on describing the quantum
optics of a single-mode optical waveguide — extension to multi-mode optical waveguides
is straightforward. Most of the analysis presented here closely follows section II of [3].

As is well known in the classical theory of optical waveguides, a single-mode waveguide
(with direction of propagation being the z-axis) can be described by modes of the form
Es(p) exp(iBz), where (3 is the propagation constant, Eg(p) is the electric-field mode
profile and p = (x,y) is the coordinate in the transverse plane of the waveguide. Such
a mode is supported at a specific frequency w() which depends on the propagation
constant (the relationship between w and (3 is often refered to as the dispersion relation
of the waveguide mode). Eg(p) and w(f) satisty the following generalized eigenvalue
equation [1]:

w?(8)

(14) (Vr+i02) (V1 +i62) x Ea(p) = 52 =(p)Bs(p).

Quantum optically, an optical waveguide can be modelled with a continuum of harmonic
oscillators — each mode of the waveguide can be described by an annihilation operator
ag which satisfies the commutation relationship [aﬂ,ag/] =4(8—f') and [ag,ap] = 0.
The Hamiltonian governing the dynamics of the quantum state of the waveguide can
then be expressed as

(15) H= /_OO w(ﬁ)a;}aﬁdﬁ.

The electric field at each point on the waveguide is described by a Hermitian operator
given by

0o 1/2
) B0 = [ (sony) [asBalp)exp(isz) + alBa(e) expl-ide)L

where
(17) N(B) = / () [Es(p)2d%p.

Note that a negative value of § corresponds to a mode propagating in —z-direction. In
most experimentally relevant systems, the waveguide mode is excited in a narrow band of
frequencies around an operating frequency wy. The theoretical analysis of these systems
can be greatly simplified by assuming that the dispersion relationship w(3) can be well
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approximated by two linear dispersions around wy, w4 (3) for the forward-propagating
modes (8 > 0) and w_(f3) for the backward-propagating modes (8 < 0):

(18a) wi(B) =wo+va(B—PFo) <= Bi(w)=0+ “ ;Gwo ,
(18b) w(B) = wn = vg(3 + o) = B(w) = ~ho =2,

where v¢ is the group velocity of the waveguide mode, and (G is the propagation constant
corresponding to wg. The Hamiltonian can then be approximated by

oo 0
(19) H%/O w+(ﬁ)a;a5dﬁ+[ w_(ﬁ)a},agdﬁ

and the electric-field operator can be approximated by
(20) E(x) ~ E;(x) + E_(x),
where

1/2 0o
) Bl = () Bale) [ asexn(-ig)d0 4 e,

1/2 0
(21b) E_(x) = (250./6,{?0 60)) E_z,(p) / agexp(—ifz)ds + h.c.

Finally, it is customary to express the Hamiltonian and the electric-field operators as an
intergal over frequency w as opposed to the propagation constant 3. To do so, we define
an annihilation operator f, for the forward-propagating mode at frequency w and an
operator b, for the backward-propagating mode at frequency w via

() ag_(w)
22 L= ——* and b, = .
(22) J Ve Vva

It is straightforward to show that f, and b, satisfy [f,,, fjj,] = §(w — ') and [b,, bL,] =
d(w — ). Note from eq. (18) both f, and b, are only defined for w > wy — vgfo.
However, since we are assuming that the waveguide mode is only excited in a narrow
band around a frequency wy, unless wq is near wy — va By, we can extend the frequency
range of definition of f,, and b, from —oo to co and safely assume that there will be no
excitations at the fictiously introduced frequencies (w < wg — vg0p). In terms of these
operators, the total Hamiltonian can be expressed as

(23) H= / w(fS fu +bLby)dw
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while the electric-field operators for the forward- and backward-propagating modes can
be expressed as

(24a) By (x) = (wﬁfm)mwm o [~ - 2]
x /_Z £, exp (— ijz)dw—i-h.c.,
(241) E_(x) = (M)WE_%@) exp [i(h+ 22 )3

X / b, exp (iwz)dw + h.c.
—00 el

Finally, we can introduce the spatial domain annihilation operators f, and b, for the
forward- and backward-propagating modes via

—/Oofex i Lw and b—/mb ex i%diw
= . w P v 27TUG z — - w p Ve /727T'UG7

which again satisfy the commutators [f, fi,] =0(z —2') and [b,, bi,] =d(z — 2’). These
operators can be interpreted to be related to the creation and annihilation of an excitation
at a position z in the waveguide — a notion that can be made more concrete by noting
that the operators E4(x = (p,2)) [E_(x = (p, 2))] depend entirely upon the opertor f,

(b2):

(260)  By(x)= (M)l/QE%(p)exp =i 2o s+ he

(26b)  E_(x) = (M)UQE_%@) exp { (50+ G)z] b. + h.c.

Additionally, the Hamiltonian H in eq. (23) can be expressed in terms of f, and b,:

(27) H= / w(fl fo 4 bl by)dw

i _ i% . wz dwdz
/ / {fz foexp ( vc> + blb,, exp < UG)} o
= iUG /; < %b z afz)

While this form of the Hamiltonian might be less familiar to the reader, it can be seen
that the Heisenberg equations of motion reproduce the first-order wave equations for the
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operators f, and b,:

of.(t) of:(t) _
(28) 9 + v P =0 and ot

b, (t) e 0b,(t)
0z

=0.

The Hilbert space of the waveguide mode is much richer compared to the Hilbert space
of a lossless cavity. For one, application of either the frequency domain or spatial domain
creation operators (f1 bl or fI.bl) to the vacuum state |vac) produces non normaliz-
able states — physically, application of the frequency domain creation operator creates
a “plane-wave” state which has excitations at all points along the waveguide whereas
application of the spatial domain creation opertor creates a “delta-function” state which
has excitations at all the supported frequencies. Constructing valid quantum states nec-
essarily involves constructing a wave-packet out of these non-normalizable states. In the
remainder of this section, we describe the notion of Fock states as well as coherent states
that can exist inside a waveguide mode — for simplicity, we will restrict ourselves to
states that only contain forward-propagating modes, states with backward-propagating
modes components will have a similar form.

To generalize the notion of the N-photon subspaces defined in sect. 11, we intro-
duce a N-photon frequency-domain amplitude 1) (w1, ws ... wy), the modulus square
of which can be interpreted as the probability density of having N photons at frequencies
w1,ws...wy. The N-photon state can then be formally expressed as

(29) ’\I/(N)>:
1 o0 o0 o0 .
ﬁ/_oo/_m.../_Oow(N)(wl,wg...wN)filfLZ... Ly vac)dwidws . .. dwy.

For the state to be normalized ((TM)|[TM)) = 1), ) (w1, wy ... wy) should satisfy

(30) / / / [N (w1, ws ... wy)|Pdwidws .. . dwy = 1.

This state can be alternatively be expressed in terms of a N-photon spatial-domain
amplitude w(N)(zl, z2...zN), which is related to the frequency domain amplitude via

(31) YW (21,29 .. 2n) =

o0 o0 N
(N) _,wizi dwi
/700/700'” oow (wl,wg...wN)lllexp( 1UG> S

=1

and the N-photon state |¥(")) can be equivalently be expressed as

(32) ’\I;(N)> =

1 oo oo oo
W/ / / @ZJ(N)(zl,zQ...zN)f;rlf;fz...f;‘N|Vac>dzld22...dzN.
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The spatial-domain representation of the N-photon state is especially convenient for
analyzing dyanmics of the waveguide mode, since time-evolution under the waveguide
Hamiltonian (eq. (23)) is equivalent to a translation of the spatial-domain amplitude
w(N)(zl, z2...2zN) by vgt. To see this, note that the commutators for f,, stated above
imply that [f], H] = —wf] or equivalently exp(—iHt)f] exp(iHt) = fI exp(—iwt). This
together with eq. (25) immediately implies that exp(—iH¢t)f] exp(iHt) = f,_,4¢ and
therefore

N
(83)  exp(—iHOf L. 1, = lHGXP(th)fL exp(in] exp(—iH1)

=1

N
= [Hf;—vct] exp(—iHt)

i=1
and hence

(34) exp(—iHt) ‘\IJ(N)>

S w()[nf]

x exp(—iHt)|vac)dzidzs ... dzy

1 oo oo o
:W/ / / w(N)(zl—i—th,zQ—&—UGt...zN

+oet) I f1 . f vac)dzides . .. dan,

wherein in the last step we made a change of integration variables z; — z; +vgt and used
the fact that exp(—iHt)|0) = |0) since H|0) = 0 by definition of the vacuum state. This
proves that the application of the propagator exp(—iHt) results in a translation of the
position-domain amplitude by vgt. This is analogous to the propagation of a classical
wave down the waveguide at the group velocity of the waveguide.

Finally, the notion of a coherent state introduced in sect. 1°'1 can be generalized to
waveguides by introducing the displacement operator D[¢(w)] defined via

oo

s ¢*(w)fw)dw]

— exp < -5/ |¢<w)|2dw> exp ( /- cb(w)fldw) exp ( - ¢*(W)fde>-

A coherent state, |¢(w)) can then be defined by the application of this operator on the

(35) D [p(w)] = exp { /
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vacuum state

(36)  |¢(w)) = Dlp(w)]|vac)

e (=5 [ lotwPa) Nf;:;,( /- ¢<w>fj,dw)N|vac>.

o0

Physically, ¢(w) specifies the complex spectrum of the coherent state i.e. it contains
information about the contribution of various frequencies to the coherent state, as well
as their phase relationships. As in the case of optical cavities, these states are eigenstates
of the frequency domain annihilation operator f,, — from eq. (36), it is straightforward to
show that f,|¢(w)) = ¢(w)|d(w)). Such coherent states can be used as a fairly accurate
model for pulsed light coming out of sources of classical light such as a laser.

Finally, we conclude this section by pointing out that while the model developed above
was for a waveguide mode, it is a reasonable model for describing well-collimated free
space modes (e.g. a Gaussian mode being emitted by a fiber and focused by an optical
system) whose physics would otherwise be very complicated to describe exactly.

1'3. Model for lossy cavities. — Section 1°1 introduced the quantum optical model
for a lossless cavity. While this model serves as a good approximation in most cases,
it is not realistic since it ignores losses (radiation and absorption) in the cavity mode.
Incorporating cavity losses into our analysis is extremely important, and as we will see
in the section for light matter interaction, these losses are often the limiting factor in the
performance of quantum optical information processing systems.

An exact quantization of a lossy cavity with only radiation losses can be performed
directly using the Maxwell’s equations — a general approach to do this was first provided
by Glauber [4] who considered the quantum optics of an arbitrary dielectric media.
Explicit quantization of lossy Fabry-Perot cavities has been attempted by Dutra [5],
who provides a method for calculating the modes of the lossy resonator. Theoretically
treating absorption losses is more challenging, since the physics of the mechanism causing
absorption (e.g. motion of electrons in solids, or coupling to phonons) is either not exactly
known or very complicated. In this section, we will adopt a more phenomenological
approach and assume that the losses in the cavity arise from its interaction with a
continuum of harmonic oscillators [6], which we will refer to as the bath. More precisely,
we will model a lossy cavity with the following Hamiltonian:

oo

(37) H=w.ala+ / whl b,dw + / (€a'b, + €°b1a)dw,

—0o0

where @ is the annihilation operator of the cavity mode under consideration and w, is its
resonant frequency and b, is the annihilation operator corresponding to the bath mode
at frequency w. £ is the coupling constant between the optical cavity and the bath,
and would govern how “lossy” the optical cavity is. Note that while we have assumed
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the cavity to only have a single mode, a similar model can be constructed for multi-
mode cavities by coupling each cavity mode to a different bath of harmonic oscillators.
Note that the relevant commuation relations satisfied by a and b, are: [a,af] = 1,
b, L] = 6(w — ), [a,by] = 0 and [a,b]] = 0.

This model naturally captures exponential decay of the number of photons in the
lossy cavity mode. This is most easily seen in the Heisenberg picture — the Heisenberg
equations of motion for a(t) and b, (t) are given by

(389) d‘;(tt) — ila(t), H(t)] = —iwealt) — i€ /_ b (t)dw,
(38D) dba’t(t) — il (), H(t)] = —iwbu () — i€ a(t).

Integrating eq. (38b), we obtain

(39) by (t) = b, (0) exp(—iwt) — i§*/0 a(7) exp(—iw(t — 7))dT,

and therefore

(40) | oo =0 - % ao),

wherein we have defined the operator ®((t) by
(41) Dy (t) :/ b.,(0) exp(—iwt)dw.

Note that the operator ®y(t) depends entirely on the state of the bath at ¢t = 0, since it
is defined in terms of the bath annihilation operators b,, at t = 0. Substituting eq. (40)
into eq. (38a), we obtain the following differential equation for a(t):

da(t)

(42) I

= —iwca(t) — ga(t) - if@o(t),

where we have introduced the decay rate k = 27|¢|?. Experimentally, it is typical to
describe cavity losses in terms of a quality factor @) which is related to x via Q = w./k
— a high @ is indicative of a cavity mode with low loss. Note that the Heisenberg
equation of motion resulted in the appearance of the decay term —ra(t)/2. However,
unlike its classical counterpart, a term —i£®q(t) also contributes to the dynamics of a(t)
— this is often called the “Langevin noise operator”. It describes the impact of vaccuuum
fluctuations in the bath modes on the dynamics of the cavity. From a mathematical
standpoint, this term is necessary for the Heisenberg equations to be consistent with a
unitary evolution under the system Hamiltonian.
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Using this dynamical equation, we can show that the photon number inside the cavity
decays as a function of time. Consider initializing the cavity to some state |¥y), with the
bath being in the vacuum state |0) (i.e. the cavity-bath system is in the state |¥(0)) =
|¥0)|0)). In the Heisenberg picture, the expectation value of the photon number at time
t is given by n(t) = (¥(t)|aTa|¥(t)) = (¥(0)|a’ (t)a(t)|¥(0)), and therefore:

as) O ()

da'(t) da(?)
oy w0y + (@ (0)] ()15 (o)

—r (T(0)] al (H)a(t) [¥(0)) — 2IM[E" (T (0)| B)(t)a(t) |¥(0))]
—kn(t),

wherein in the last step we have used the fact that ®,(t)|0) and (0|®] () = 0 since
b,(0)]0) = 0 and (0|6[,(0) = 0. Therefore, n(t) = n(0)exp(—~t), where n(0) =
(WolaTalWy), reproducing the intuitively expected result that the number of photons
in a lossy cavity exponentially decay with time.

Unlike the lossless cavity, the quantum state of a lossy cavity cannot be described by
a pure state due to its interaction with the bath. Its state is more accurately captured
by a density matrix p(t), which in turn can be represented by its matrix elements p, », (¢)
on the Fock state basis:

(44) p(t) = Z Pmn(t) [m) (n].

The time evolution of this density matrix obtained using the Lindblad master equation
formalism (derived in appendix A) is given by the Lindblad master equation

(45) L = ilweala, p(t)] + ra' plt)a — S {p(t).a'a},

where {-} is the Poisson bracket ({4,B} = AB + BA). This differential equation is
sufficient for completely characterizing the state of the cavity as a function of time.

2. — Light-matter interaction

In this section, we describe the fundamentals of light matter interaction — in particu-
lar, we will present a simple model for the light-matter interaction Hamiltonian, followed
by an analysis of a two-level system coupling to an optical continuum. We will also de-
scribe the physics of interaction between a two-level system and an optical cavity, often
called cavity quantum electrodynamics, and study the different coupling regimes that
emerge in such systems.

2°1. Interaction Hamiltonian. — The full quantum electrodynamic Hamiltonian de-
scribing the interaction between optical modes and charges (such as electrons) is a rather
complicated object — such an interaction was first described by Feynman in his seminal
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work on quantum electrodynamics [7]. Adopting a microscopic approach to light-matter
interaction, wherein we start from the physics of a single electron or hole interacting with
optical modes, and then build up to a model of a collection of such charges (e.g. quantum
dot) coherently interacting with optical modes, while possible, is rather complicated. An
extremely good model of light-matter interaction can be obtained by treating the material
system under consideration as a point dipole described by a Hermitian dipole moment
operator which interacts with the electric field of the electromagnetic system.

To build up this model, consider a material system with eigenstates |o1), |o2) ... |oN)
— in the absence of an interaction with an optical field, these eigenstates describe possible
states that the material system can perpetually be in. In the presence of interaction with
an optical mode, however, there is the possibility of the system transitioning from one
state to another. In general, depending on the physics of the material system, an optical
mode can induce transitions between one or more pairs of states. Consider a situation
where the optical mode induces a transition between a state |e) € {|o1),|o2)...|on)}
and a state |g) € {|o1),|02)...|on)}, where we assume that the energy of |e) is hw, larger
than the energy of |g) (we is often referred to as the resonant frequency of the optical
transition). The Hamiltonian describing the evolution of these two states is given by

(46) Hpatter = we |€> <€| = WEO'TO',

where o = |g)(e| is the de-excitation operator that transfers material system from the
excited state |e) to the ground state |g).

The dipole-moment operator between these two transitions can then be described by
three complex vectors fi. e, g,y and pe g

(47) B= peele) (el + pg g lg) (gl + pegle) (gl + uz ,lg) el -

For most systems of interest, it can be argued from the parity of |e) and |g) with respect
to the dipole moment operator that pe. = py4 = 0, which simplifies eq. (47) to p =
pegle)(gl + pi glg) (el = prego + pk 0. The vector e, governs the strength of the
dipole moment operator, and is often refered to as the “dipole moment” of the transition
between the states |e) and |g).

Classically, the potential energy of interaction between a dipole moment pu and an
electric field E(x) is given by —u - E(x4), where x4 is the position of the dipole. It is
therefore reasonable to posit that while describing this interaction in the language of
quantum physics, the interaction Hamiltonian between the material system modelled as
a dipole moment and an optical field with electric-field operator E(xy4) is give by

(48) Hint - —

This interaction Hamiltonian provides us with a fairly general model for light-matter
interaction, and is applicable to a wide variety of physical systems. To gain more insight
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into the consequences of such an interaction Hamiltonian, it is useful to consider spe-
cific electromagnetic structures. For a single-mode optical cavity, using the electric-field
expression in eq. (6) we obtain

(49) Hine = gac' + g*od’,

where g is the coupling strength between the cavity mode and the material system:

1/2
We
50 =— -E .
(50) 0= (g ) e Bl
Note that in eq. (53), we have ignored terms of the form ac and a'o’ — an intuitive

explanation for approximating away this terms is that they correspond to processes
in which a photon is created and the atom as excited simultaneously (or its reverse),
which have a high frequency contribution to the system dynamics and thus average out
over the time scale of interest. This approximation is refered to as the “rotating” wave
approximation [8], and is only valid in the regime in which the coupling constant g is
much smaller than the frequencies w. and w,.

It is often convenient to define the mode volume V of the cavity mode, a dipole
position factor F(x,4) and a dipole orientation factor O(x4) via

Ne
max[e(x)[E(x)[?] ’

] R -
(51) V= V/maxe(x)|E(x)[?] ‘

F(xa)

_ Heg- E(x4)
O6a) =1 TBxa)]

in terms of which the coupling constant g can be expressed as

_(welpre P\ F(xa) O(xa)
g 2heg N

This expression for g makes clear the interplay between the different factors that affect
the coupling between the material system and the cavity mode:

(52)

1) The mode volume V is a measure of how tightly confined the electromagnetic fields
are inside the cavity mode — reducing this mode volume increases the coupling
constant.

2) F(xq) is a measure of how large the cavity mode’s electric field is at the location
of the dipole as compared to other points in space — increasing this factor has a
proportionate impact on the coupling constant.

3) O(xq) is a measure of the relative orientation of the dipole with respect to the
cavity mode’s electric field — for a large coupling constant, it is desired to orient
the dipole along the cavity mode as much as possible.
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Finally, the complete Hamiltonian describing the coupled light-matter system is described
by

(53) H = w.olo +weala+ (gaot + g oal).

The Hamiltonian in eq. (53) is refered to as the Jaynes-Cummings Hamiltonian, and will
be the subject of sect. 2'3.

A similar Hamiltonian can be written for the material system interacting with a
continuum of optical modes, such as those of an optical waveguide. The general form
of the interaction Hamiltonian in such a case under the rotating wave approximation is
given by

(54) Hine = /00 [¢auol + ¢Falo] dw,

— 00

where a,, is the annhilation operator for the mode at frequency w and £ is the coupling
constant between the optical mode and the material system. Note that we have assumed
that optical modes of all frequencies couple equally to the material system — this is
termed as the “Markovian” approximation. Explicit expression for the coupling constant
& can be obtained if the form of the optical modes are known — as an example, for a
material system coupling to a forward-propagating waveguide mode, using eq. (24a), we
obtain

1/2
(55) §=— (M) Heg Eg (p),

wherein we have assumed the dipole to be located at z = 0, and at a position pg in the
transverse plane. Moreover, we have chosen wy in eq. (24a) to be w,, since any excitation
or emission of interest would be close to the resonant frequency of the optical transition.
The total Hamiltonian of the coupled light-matter system is given by

o0 oo

wal a,dw + / [€apol + € oal |dw.

—0o0

(56) H=uw.olo —|—/

— 00

Finally, we note that while writing the above expressions, we have only considered
one optical transition — in a number of material systems, there are multiple optical
transitions. The light-matter interaction Hamiltonian in such systems can simply be
expressed as a sum of interaction Hamiltonians for the different optical transitions, each
of which can be formulated as described above.

2°2. Two-level systems interacting with an optical continuum. — The earliest experi-
mental investigations of light-matter interactions studied the response of material systems
to free-space optical beams (e.g. light from lasers). Such experiments are naturally de-
scribed within the framework of the material system interacting with a continuum of
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optical modes. In this section, we consider such an interaction with the material system
having a single optical transition (i.e. a two level system). We show that the interac-
tion of a two-level system with a continuum of optical mode naturally gives rise to the
phenomenon of spontaneous emission, which is an exponential decay in the excited-state
probability of the system. Finally, we consider a coherently driven two-level system, i.e.
a system that would correspond to the material system being excited with the optical
field of a laser, and show that the interaction Hamiltonian described above naturally
gives rise to the optical Bloch equations describing the emitter state.

Spontaneous emission: Consider a two-level system initially in its excited state, and the
optical modes being in the vacuum state: |¥(0)) = |e)|0). At time ¢, the coupled system
can evolve into a superposition of the two-level system being in the excited state with
the optical field being in the vacuum state, and the two-level system being in the ground
state with the optical field being in a single-photon state:

oo

(57) W()) = Au(t) ) [0) + / Aglw,t)al 19) [0) dw,

— 00

where A.(0) = 1 and A4(w, 0) = 0. Using the Schrédinger equation with the Hamiltonian
given in eq. (56), we obtain

(58) idiet(t) — At € [ 0; Ay (w, £)dw,
(58b) i% = wAgy(w,t) + £ A(t).

Equation (58b) can be integrated to obtain

(59) Ay(w,t) = —i{*/o A (1) exp[—iw(t — 7)]dr,

and therefore:

(60) R (we - ig)Aew,

where v = 27|¢|? is the spontaneous emission decay rate of the two-level system
into the optical continuum. The solution to the above equation is given by A.(t) =
exp(—7t/2) exp(—iw.t) — we thus see that the probability of the two-level system being
in the excited state decays exponentially with time (fig. 1(a)) due to its interaction with
the optical continuum. Moreover, using eq. (59), we can obtain Ag(w,t):

L expli(w — we)t] exp(—~t/2) — 1 .

(61) Ag(w,t) = —i¢ P —
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Fig. 1. — Spontaneous emission of a two-level system into a continuum of optical modes.

(a) Excited-state probability as a function of time. (b) Evolution of the spectrum of the emit-
ted single photon as a function of time during the spontaneous emission process. (c¢) The final
Lorentizian spectrum of the emitted photon.

Figure 1(b) shows |A4,(w,t)|?/v as a function of frequency w and time ¢. Moreover,
we see that as ¢ — 0o, the emitted single-photon pulse evolves into having a Lorentizian
spectral lineshape (fig. 1(c)).

Coherently driven two-level systems: Next, we consider the interaction of a two-level
system with a coherent state (e.g. from a laser source). Consider the system being
prepared in an initial state [¥(0)) = |g)|a(w)) = D[a(w)]|g)|0) where the optical mode is
in a coherent state, and the two-level system in the ground state. It is more convenient
to work with an equivalent state |¥'(¢)) = Di[a(w) exp(—iwt)]|¥(¢)) which is related to
the true system state |¥’(¢)) via a unitary transformation (this transformation is referred
to as Mollow transformation). Additionally, the equivalent state has the optical modes
initially in the vacuum state: |¥’(0)) = |g)|0). Moreover, it can be shown that the state
|W’(t)) satisfies Schrodinger’s equation with a Hamiltonian H’ which is related to the
light-matter interaction Hamiltonian (eq. (56)) via (refer to appendix B for a derivation
of this result):

(62) H' = H+ [Q(t)o" + Q*(t)o],

where (t) is given by:

(63) Q) = ¢ / o(w) exp(—iwt)dw.

Note that this is equivalent to using a time-dependent Hamiltonian for the system which
has an additional “driving” term, Q(t)o' 4+ Q*(t)o, added to it which models the impact
of the laser on the dynamics of the two-level system. The time-evolution of the two-level
system state can now be analyzed within the master equation framework described in
appendix A — the density matrix of the two-level system satisfies the following dynamical
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equation:

dp(t
60 PO~ o+ 20et + 2 W p(0)] + 000" — 2{p(t). 070},
Expressing the density matrix in terms of its matrix elements, p(t) = pe.(t)|e)(e] +
Pe.gt)le)(gl + pi glg) (el + (1 = pee(t))|g)(gl, this dynamical equation can be explicitly
written out as two coupled differential equations in pe ((t) and pe 4(%):

(650) Qeecll) e o(t) A0 1) ~ 2 (g (D),
(65b) eall) — opgt) — Lpe(t) ~ QD — 2. (0]

The above equations are often referred to as the optical Bloch equations — historically,
these equations were first derived with a semi-classical model for the optical modes [9].
Such a semi-classical model, however, was unable to produce the decay terms in the
optical Bloch equations, which needed to be added in phenomenologically. A quantum
model of the optical modes, however, produces the decay terms naturally as a consequence
of the modes existing as a continuum.

Several qualitative features of the behaviour of a two-level system with a coherent state
can be deduced by solving the optical Bloch equations. Figure 2(a) shows the variation of
the excited-state population pe ¢ (t) as a function of time ¢ on excitation with a continuous-
wave coherent state resonant with the two-level system [Q(t) = Qg exp(—iw,t)]. In the
limit of very small coupling between the two-level system and the optical mode (y — 0),
we observe that the two-level system oscillates between the ground state and the excited
state — this oscillations are referred to as Rabi oscillations. For v # 0, we observe
damped Rabi oscillations followed by the system settling to a steady state. Figure 2(b)
shows the variation of the excited-state population p..(t) as a function of time ¢ on
excitation of the two-level system with a Gaussian pulse Q(t) = Qg exp(—t?/77 —iw,t) —
for a pulse longer than the life-time 1/ of the two-level system, we observe some Rabi
oscillations followed by a spontaneous emission decay of the emitter into the ground state.
However, a pulse significantly shorter than the life-time 1/ does not induce significant
Rabi oscillations in the two-level system — instead, it initializes the two-level system
into a superposition of the excited state and the ground state, followed by spontaneous
emission of a single photon. The superposition of the excited and ground states obtained
right after excitation by the pulse depends on the area under the pulse [10] — fig. 2(c)
shows the dependence on the average number of emitted photons F[n] as a function of the
pulse area — we observe oscillations in the number of emitted photons with pulse area.
This oscillations can be inuitively explained if we consider a two-level system without
decay excited with a short pulse — fig. 2(c) also shows the steady-state excited-state
population p. .(00) obtained in such a system as a function of the pulse area. Clearly,
excitation by a pulse with area 7 results in the two-level system being in the excited
state, which in the presence of decay would result in the emission of a single photon with
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Fig. 2. — (a) Excited-state population (pe.(t)) in a two-level system resonantly driven by a
continuous-wave laser: Q(¢) = Qg exp(—iwet) in the presence and absence of decay. (b) Excited-
state population (pe.(t)) in a two-level system as a function of time when resonantly driven
with a Gaussian pulse Q(t) = Qg exp(—t*/77 — iwet). (c) Average number of emitted photons
E[n] as well as the steady-state excited-state population pe.(t — o) for a two-level system
without decay when excited with a short Gaussian pulse (77, = 0.1) as a function of the pulse
area A = \/7QoTp.

unit probability. This also forms the basis of most schemes for generating an on demand
single photon using a pulsed laser. Note however, that E[n] and p. .(c0) do not exactly
coincide with each other — this is a consequence of the fact that the coupling of the
two-level system to the optical modes also plays a role during the excitation process —
in particular, it has been theoretically and experimentally shown that driving with a 27
pulse can induce emission of a two-photon state by the two-level system [11], as opposed
to no emission as would be suggested by pe (00).

2°3. Cavity quantum electrodynamics. — Interaction of a two-level system with a dis-
crete optical mode (such as the mode of an optical cavity) has significantly different
features from the its interaction with a continuum of optical modes described in the pre-
vious section. In this section, we will describe the basic properties of a two-level system
interacting with an optical cavity mode — the study of which is often called cavity quan-
tum electrodynamics in quantum optics literature. We will first consider the simple case
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Fig. 3. — (a) Eigenfrequencies of the lossless Jaynes-Cummings system. (b) The projection of
the eigenstates |¢;}) and |¢;, ) on the subspaces with the two-level system being in the ground
and excited state. In particular, (;3?5,6 = <e7n\¢,jf> and ¢,il7g =(g,n+ 1|qb,f+1).

of their being no losses in the cavity, and then analyze cavity quantum electrodynamics
with a lossy cavity.

The interaction between a two-level system and a lossless cavity is described by the
Hamiltonian in eq. (53). A lot of insight into the behaviour of this system can be
gained from computing the eigenstates and eigenfrequencies of this Hamiltonian — this
is a straightforward exercise, and the reader may verify that the eigenstates |¢: ) and

eigenfrequencies w are given by (where n € {0,1,2...}):

0+Ty)le)|n)+g*vVn+1|g)|n+1)
VO +T0)% + (n+1)[g?

gvn+1le)n) — (6 +1%)]g) [n+1)
VO +T0)? + (n+1)gl?

(66a) wi =(n+1we+d+Tn, |¢)) =

)

(66b) w, =(n+ 1w+ —T,,

b ) =

where 20 = w, — w, is the detuning between the two-level system and the cavity, and

02+ (n+1)|g|?>. Note that n + 1 is the total number of excitations in the
eigenstates |¢;7) (i.e. the eigenstates either have n+ 1 photons in the cavity and the two-
level system in the ground state, or n photons in the cavity and the two-level system in
the excited state) — these eigensates are therefore often labelled as the (n+ 1)-excitation
eigenstates. Figure 3(a) shows the eigenfrequencies as a function of the detuning § — this
dependence of the eigenfrequencies on the mismatch in resonance of the two interacting
system is often referred to as an “anti-crossing”. In particular, note that at § = 0
(i.e. both the systems oscillate at the same frequency), the eigenfrequencies are split
by an amount proportional to the coupling strength |g| — this splitting, called Rabi
splitting, scales as 2|g|v/n + 1 and is a direct consequence of the coupling between the
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two systems. Moreover, as the detuning between the cavity and the two-level system
becomes increasingly larger as compared to |g|, we note that the eigenfrequencies tend to
(n+ 1)w. and nw. + w. which are simply the eigenfrequencies of the uncoupled system.
A similar impact of detuning on the coupling between the two systems can be observed
from fig. 3(b), which shows the probability of finding the two-level system in the ground
and excited state as a function of §. It can be seen that at § = 0, it is equally likely for
the two-level system to be in the ground and excited state — this corresponds to |¢;")
and |¢; ) being in an equal superposition of the states |e)|n) and |g)|n + 1):

le) [n) + exp(=ify) |g) In + 1)
\/5 ’
exp(ify) [e) [n) —1g) In +1)
\/Q )

(67a) |60) =

(67b) |6n) =

where 6, = Zg. As the detuning is increased, the eigenstates tend to |e)|n) and |g)|n+1),
which are the uncoupled states of the cavity and the two-level system.

An immediate consequence of the anti-crossing in the eigenfrequencies of the Jaynes-
Cummings system is a periodic exchange of energy between the cavity mode and the two-
level atom if only one of them is initially excited. To see this, consider exciting the cavity
with n photons at ¢t = 0, with the emitter being in the ground state: |¥(0)) = |g)|n).
Assuming that the cavity and the two-level system are resonant with each other, it follows
from eq. (67) that

exp(iﬁg) |¢:—1> - |¢;—1>
\/§ )

(68) [W(0)) =

and since ¢, ) and |¢,_,) are both eigenstates of the Hamiltonian,

expli(fy — w1l 1) — exp(—iwf 1t)|d, ;)
V2
cos(gtv/n) |g) [n + 1) —isin(gty/n) exp(—iby) [e) [n) ,

(69) W(t)) =

from which it is clear that the state of the coupled cavity two-level system oscillates
between the ground and excited states with a frequency 2¢g+/n which depends on the
coupling strength between the cavity and the two-level system as well as the initial
number of photons in the cavity. This oscillatory behaviour is in stark contrast with
the case where the emitter is coupled to a continuum of modes (sect. 2°2), wherein the
emitter irreversibly and exponentially decays into its ground state.

Experimentally realizable cQED systems often have losses in the cavity modes, which
can have a significant impact on the properties of the system, in particular light emission
from such systems. Assuming that the losses in the cavity mode are accurately captured
by the model introduced in sect. 1'3, the spectrum of the light emitted and scattered
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Fig. 4. — (a) Trajectory of the eigenvalues A\I of the effective Hamiltonian (eq. (70)) in the
complex plane obtained on varying k from 0 to co. (b) Emission spectrum of the Jaynes-
Cummings system in the strong- and weak-coupling regimes. Refer to appendix for details on
its computation.

from the system depends on the eigenstructure of a non-Hermitian effective Hamiltonian:

iK

(70) Hepg =H — gata,

where H is the Jaynes-Cummings Hamiltonian (eq. (53)) with a lossless cavity mode.
Details of how this effective Hamiltonian comes about are beyond the scope of this
paper — it is a consequence of applying the path integral formalism on calculating the
propagator of the full system (i.e. the coupled system formed between two-level system,
cavity mode and the bath), and integrating out the bath’s degrees of freedom. The
interested and theoretically inclined reader may refer to [12,13] for more details. Note
that since H.g is non-Hermitian, its eigenvalues are complex — their real part indicates
approximately the central frequencies of the peaks in the system’s emission spectrum,
and their imaginary part indicates the linewidth of these peaks. Note that Heg has the
same form as the Hamiltonian in eq. (53) with w. replaced by w. — ik/2 — therefore,
the eigenvalues A= of H.g are given by eq. (66) with w. being replaced by w. — ir/2.
Figure 4(a) shows the trajectory of the )\S—L in the complex plane on varying the cavity
decay rate k from 0 to co and assuming the cavity and the two-level system to be resonant
with each other. We note that there are two regimes of the lossy Jaynes-Cummings
system — the strong coupling regime (x < 4|g|, shown with solid lines) wherein the two
eigenvalues have the same imaginary part and different real parts and the weak coupling
regime (£ > 4|g|, shown in dashed lines) wherein the two eigenvalues have the same
real part and different imaginary parts. Consequently, in the strong coupling regime,
emission from the Jaynes-Cummings system (fig. 4(b)) has a spectrum that shows two
distinct peaks (corresponding to the distinct real parts of )\Oi) with the same linewidth,
whereas the emission spectrum in the weak coupling regime shows only one broad peak.
As noted above, for a lossless Jaynes-Cummings system, an emitter initally in the excited
state would periodically exchange energy with the cavity mode as opposed to decaying
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exponentially. A similar oscillation in the probability of the two-level system being in
the excited state P.(t) can be observed in a lossy Jaynes-Cummings system when the
coupling constant |g| is much larger than the decay rate x of the cavity (i.e. the system
is strongly coupled) — this shown in fig. 5(a): P.(t) shows (damped) Rabi oscillations
whose frequency is ~ 2g. When the cavity decay rate x dominates (i.e. the system is
weakly coupled), the two-level system decays almost exponentially to its ground state
(fig. 5(a)). The decay rate of two-level system’s excited state is approximately given by
(refer to appendix C for a derivation):

lgI*
We —we)2 +K2/47

(71) v~ 0

Note that this expression indicates that it is possible to engineer the decay rate of the
two-level system by engineering the cavity that it couples to. y is maximized when the
emitter is on resonance with the cavity (w. = w.) — in this case, v ~ 4|g|?/k. Since
lg| ~ 1//V (where V is the mode volume of the cavity as defined in eqs. (51) and (52)),
and k ~ 1/Q, where @ is the quality factor of the cavity mode, v ~ Q/V. Therefore,
coupling a two-level system to a high-@) and low-V cavity can enhance its emission — this
effect is referred to as Purcell enhancement [14], and the enhancement of the decay rate of
the two-level system relative to its decay rate in vacuum is often termed as Purcell factor.

Note that a lossless Jaynes-Cummings Hamiltonian has eigenfrequencies that are not
equally spaced i.e. it has an anharmonic eigenspectrum. This anharmonicity gives rise
to the phenomenon of photon blockade and photon tunnelling, which are pictorially
depicted in fig. 5(b). Consider exciting a Jaynes-Cummings system (with no detuning
between the cavity and the two-level system) with a coherent state — a coherent state has
excitations of arbitrary numbers (eq. (36)), and thus it simultaneously tries to address all
the excitation subspaces of the Jaynes-Cummings Hamiltonian. If the frequency of the
coherent state is tuned to the frequency of the single-excitation eigenstates (woi = w.tg),
then only the single-photon component of the incident coherent state is resonant with the
Jaynes-Cummings system, and all the higher-photon component are off-resonance. This
would result in a large transmission of the single-photon component of the incident state,
and a low transmission for all other components. This is depicted in fig. 5(b) — clearly,
Py (probability of finding a single photon in the output state) peaks near the frequency of
the single-excitation eigenstates and P (probability of finding two photons in the output
state) is suppressed at the same frequency. This phenomena is referred to as photon
blockade, since it blocks that transmission of all but the single-photon components of the
input coherent state. In a strongly coupled Jaynes-Cummings system, photon blockade
could be used for the implementation of an on-demand single-photon source.

Similarly, if we choose the frequency of the coherent state to be resonant with half
the eigenfrequency of the two-excitation subspace (wi/2 = w. + |g|/v/2), then a large
transmission of the two-photon component of the incident coherent state is expected,
along with a suppression of the single photon (and > three-photon) component. This
is referred to as photon tunneling, since the two photons are transmitted together, as
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Fig. 5. — (a) Decay of energy from an excited two-level system in a lossy Jaynes-Cummings
system. Pe(t) is the probability that the two-level system is in excited state at time ¢. (b)
Schematic depiction of photon blockade and photon tunneling. (c) Probability of emission of
one photon (P;) and two photons (P2) as a function of the central frequency of an incident
coherent pulse. Note that both P, and P» are respectively normalized to their maximum value.

opposed to one after the other. This is confirmed by noting that P, peaks near half the
frequency of the two-excitation subspace, while P; is suppressed (fig. 5(c)). Theoretically,
we would expect a similar tunneling effect in the higher photon components of the incident
coherent state if the frequency of the incident coherent state is chosen appropriately — it
is, however, experimentally challenging to measure and characterize > two-photon states.

3. — Single-photon sources

Coupling optical modes to two-level systems, with or without a cavity, offers an
excellent platform to implement sources of nonclassical light. While there is a wide
variety of nonclassical light sources that are useful for different applications in quantum
information processing, quantum computing and quantum metrology, perhaps the most
important nonclassical light source would be a single-photon source. In this section, we
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Fig. 6. — A general block diagram of a single-photon source. A quantum system (two-level
system, Jaynes-Cummings system) is driven by a laser pulse and coupled to an output optical
mode in which it emits photons.

will introduce the definition of a single-photon source, relevant metrics for its quality as
well as the two-time correlation measurement which is a widely used experimental tool
for characterizing single-photon sources.

3'1. Characterizing the quality of single-photon sources. — A general block diagram
of a single-photon source is shown in fig. 6 — a quantum system (e.g. a two-level sys-
tem, or a Jaynes-Cummings system) designed to emit single photons emits light into
an optical mode (e.g. waveguide mode or an optical-fiber mode) which then feeds the
generated single photon into a quantum information processing system. In practice, the
quantum system may suffer from other losses, which is modelled as another bath. An
ideal single-photon source would emit the following state of light into the coupled optical
mode:

(72) )= [ el hac)

where b,, is the annihilation operator for frequency w of the output optical mode, and
¥(w) is the complex frequency-domain amplitude of the single-photon source, and would
satisfy the normalization condition

(73) / 7 p(@)Pdo = 1.

Practical single-photon sources, however, may not emit a single photon with unity prob-
ability. Additionally, the presence of loss mechanisms would result in the state of the
optical waveguide being a mixed state. A more realistic state of a single photon in the
output waveguide can be expressed as the following density matrix:

(74) p=Py|0) (0] + P pt) + p),
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where P; is the probability of single-photon emission into the output optical mode,
Py = 1 — P, is the probability of no photon emission. The density matrix within the
single-photon subspace p(!) as well as the off-diagonal density matrix between the vacuum
state and the single-photon subspace p™X) is defined by

(75a) P(l) = /P(l)(whw)bz;l vac) {vac| by, dwidws,

(75b) ) = / (020 @)B, [0) (0] dw + p* (w) [0) (0] b dw].

In writing these expressions, we have assumed the normalization condition that the trace
of p(M(wy,ws) is 1:

(76) /p(l)(w,w)dw =1.

Note that in expressing the state of the single-photon source as eq. (74), we have assumed
that the source does not emit any higher number states (such as two-photon or three-
photon states). If desired, emission of higher number states can be incorporated into the
density matrix by adding terms corresponding to the two-photon subspace of the optical
mode’s Hilbert space.

Two metrics quantifying the deviation of the single-photon source (eq. (74)) from an
ideal single-photon source (eq. (72)) can now be defined:

1) Brightness: The brightness of a single-photon source is defined as the number of
“single” photons that the source emits. In terms of the density matrix, this is given
by its trace within the single-photon subspace:

(77) n= /<O| aupal,|0)dw = Py /p(l)(w,w)dw = Py.

It is also useful to define the spectral brightness of the source as the diagonal
elements of the single-photon components of the density matrix, which can be
interpreted as the number of single photons emitted per unit frequency:

(78) n(w) = (0] awpal, 10) = Pip (w,w).

An ideal single-photon source would have n = P; = 1, thus exclusively emitting
single photons.

2) Trace purity: The trace purity is a measure of how pure the quantum state is. For
an ideal single-photon state (eq. (72)), the density matrix is simply an outer product
of the state with itself p = |¥)(¥| (or equivalently, Py = 0, P; = 1, p¥)(w) = 0 and
PN (w1, wa) = ¥*(w1)Y(wa)). Therefore, for a pure state, Tr(p?) = Tr(p) = 1. For a
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mixed state, it can be shown using a schmidth decomposition that Tr(p?) < 1 [15].
Therefore, it is reasonable to define this quantity as the trace purity:

(79) Trace purity = Tr(p?).

The brightness of a single-photon source can be experimentally estimated by simply
measuring the number of photo-detection counts from a single-photon source. However, a
direct measurement of the number of photo-detection counts cannot distinguish between
the number of single photons emitted by the source, as compared to the number of two-
or three-photon states emitted by the source. Additionally, measuring the trace purity
of the emitted single photons also requires a more experimentally sophisticated setup in
which we can interfere two identical single-photon sources with each other. The next
subsection goes into the details of two-photon correlation measurement, which forms the
basis of a number of experimental setups used for such characterization of single-photon
sources.

3°2. Two-time correlation measurements. — Consider a source emitting at z = 0 into
an optical mode, with spatial-domain annihilation operator b,, propagating along the
z-axis. The unnormalized two-time correlation function at a detector placed at z = L is
defined as the following Heisenberg-picture expectation:

(80) GO (ty,ty) = <b1:L(tl)bi:L(t2)bz:L(tl)bz:L(t2)>~
It is often more convenient to work with a normalized version of the two-time correlation
function:
bl (t)b_, (£2)baer (t1)bse . (
(81) g(Q)(tl,tg) _ < z:L( 1) z:L( 2) —L( 1) —L( 2)>

(bF_p (t1)bamr (b)) (] _p (t2)bamr (t2))

Moreover, in experimental settings, the photodetectors being used often has a response
time that is much larger than the temporal width of the light being emitted by the source.
This practical limitation prohibits an exact measurement of the g(z)(tl, t2) as a function
of (t1,t2) (or equivalently as a function of the photon arrival times), and the quantity
being measured is the integrated two-time correlation function g(®[0] [16]:

1 o0 o0
(82) 9(2) [0} = ﬁ/ / G®? (tl,tg)dtldtg,

where N is the expectation value of the number of photons in the emitted light:
(53) N [ obes )

Both ¢ (ty,t3) and ¢ [0] have remarkably different values for different states of light,
making it a suitable tool for characterizing the state of light emitted by a light source:
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1) If the light emitted contains at most single photons (pure or mixed), then
g (t1,t2) = gP[0] = 0. A small value of g(®[0] is therefore often treated as
an experimental signature of having a good-quality single-photon state.

2) For light emitted from an ideal coherent source (eq. (36)), g® (t1,t2) = g®@[0] = 1
(this straightforwardly follows from the fact that the coherent state is an eigenstate
of the annhilation operator).

3) For an arbitrary N photon state (eq. (29)), it can be easily be verified that

1

84 @Aoj=1- .
(84) 9”[0] N
Clearly, increasing the number of photons in the optical mode increases g [0],
which tends to 1 as N — oo.

Hanbury-Brown-Twiss interferometer: A popular experimental setup used for measure-
ment of the two-time correlation function is the Hanbury-Brown-Twiss interferometer
(fig. 7(a)). The output of the photon source is passed through a 50-50 beam splitter,
with two separate detectors placed at the outputs of the waveguides. A correlation mea-
surement between the two detectors would then be captured by the following two-photon
correlation function:

Epl(al_p (t1)b]_ (t2)bo—r (t2)a-—1(t1))]
Egl{al_p (t1)as—r () Eg[(b]_p (t2)bo—r(t2))]

(85) 9ty 1) =

7

and its integrated version:

60 o= gy [ [ Bl el (mestas ()]t
where
(87) A@‘t/ ﬂazL<>Wﬂ,A@::/fDEwuﬂzLuwxﬂanda

where E,[-] is an average over the phase ¢ of the beam-splitter. This averaging is
necessary to include in the theoretical expressions for the two-time correlation since in a
practical experiment, the phase difference between the two interferometer arms is random
and changes during the course of the experiment (due to heating or other environmental
effects). As is shown in appendix D, these correlation functions are identical to the
correlation function defined in egs. (81) and (82) and therefore directly inform us of the
properties of the light fed as input to the interferometer. Experimentally, this correlation
is measured using the start-stop scheme. Consider exciting the interferometer with a
photon source — we first wait for the detector D; to click, followed by a click at the
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Fig. 7. — Schematic of (a) Hanbury-Brown-Twiss (HBT) interferometer and (b) Hong-Ou-Mandel
(HOM) interferometer. In both setups, # = 7/4 and ¢ is a random variable that models the
variation in phase-difference in between the two arms in the course of the experiment.

detector Dy. The result of this experiment is a record of the time-difference 7 between
the two click. This experiment is repeated to obtain similar measurements for 7 — a
histogram of 7 would then give the estimate of the probability of detecting a photon at
detector Dy conditioned on the probability of detection at D; which would be a measure
of the following integrated two-time correlation function:

(88) Gl (r) = / Epl(al_, (b1 _p (t + 7)baer (t + T)asep (t))]dE.

Typically, G (1) tends to saturate to a finite value as 7 — oo — at this point the
two photons being measured at the two detectors are approximately uncorrelated, and
hence G (7) simplifies to a measure of the product of the detector efficiencies and the
transmission of the HBT setup. Consequently, we could normalize the experimental
measurement of G(?)(7) to its value at 7 — oo:

el ()

@) )
(89) gier(7) = G

Hong-Ou-Mandel interferometer: In addition to characterizing the quality of the single-
photon source itself, which can be done with a ¢(® measurement, another important
aspect of the single-photon source is its indistinguishability, i.e. if two single-photon
sources are designed and fabricated using the same process, is the emission from the
two single-photon sources identical. This question can be experimentally answered by
interfering the two single-photon sources using a Hong-Ou-Mandel (HOM) interferometer
(fig. 7(b)), which is the same setup as the HBT interferometer, but with the two single-
photon sources in its two arms. The measured correlation functions are again give by

Ey[(al_p (t0)bl_p (t2)bams (t2)az—r (1))
Ey[(al_p(t1)azr (t0)]Eg[(b]_p (t2)bs=L(t2))]

(90) 9Bt t2) =

)

and its integrated version:

OO ol = [ Eellad b (b (e sttt
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where

©) o= [ Bl Ooms@)ld M= [ B0 0hs ()

— 00

For a general single-photon source with density matrix given by eq. (74), it is straight-

forward to show that gl(ng [0] evaluates to (refer to appendix D for a derivation):

2P o P
(1311—&-;12{ / / P (w1, w2)pl(> )(wlaw2)dw1dw2

From this expression, it can be deduced that measurement of gg())M[O] provides infor-
mation about how pure the emitted single-photon states are and how well the complex
spectrum of the two single photons overlap. To see this concretely, consider two limiting

93)  gidnl0] =

cases:

1) Both sources emit pure single-photon states: In this case, the density matrix fac-
torizes p1) (wi,wa) = YI* (w1)p™ (w2):
(2)

from which it can clearly be seen that gy;ay;10] = 0 indicates that the two sources
have identical complex spectras. 91({2())M[0] then provides information about how

distinguishable the two single-photon sources are.

(2) 2P 0P q / (1=
4 = w)d
(94) groml0] = (Pl ot Pra) { ‘ (] w

2) Both sources are identical but not pure: Assuming that the two photons are iden-
tical and emitted with unity probability (i.e. P; = 1), gI({QC))M[O] simplifies to

1 & 1 — Tr[p?
©) o= 5|1 [ e Pdind| = 1=,

From this expression, it is immediately obvious that the ggéM[O] is a measure of
trace purity Tr[p?] — if gg())M[O] is small, then the emitted photons are nearly in a
pure state, else they are in a mixed state.

3'3. Solid-state implementation of single-photon sources. — This section describes two
solid-state platforms that can be used to realize the two-level systems that can interact
with well defined optical modes, and behave as sources of nonclassical light. We will
first discuss quantum dots, which are islands of small band-gap semiconductors trapped
inside a large band-gap semiconductors, followed by color centers, which are formed by
creating defects in a crystal lattice.
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Fig. 8. — (a) An atomic-force microscope (AFM) scan of the InAs quantum dots before capping
with GaAs layer. (b) Cross sectional transmission electron miscroscpe (TEM) image of a capped
quantum dot. (c) A typical photoluminescence spectrum of a quantum dot, showing single,
narrow emission line.

3°3.1. Quantum dots. Semiconductor quantum dots (QD) are small regions of one semi-
conductor embedded in a different semiconductor [17]. The most common, InAs/GaAs,
QDs are inclusions of InAs in a GaAs matrix. Owing to the difference in the bandgaps
of the two materials, a QD forms a potential well, which admits a handful of localized
electron and hole states. The level structure of QDs can be well understood through
the “particle in a finite potential well” problem. The Hamiltonian for a quantum dot
can be written as: H = H. + Hy + H., where H., H} are the bound electron and hole
Hamiltonians, respectively, in a potential determined by the geometrical shape and of
the QD and the band-gap mismatch of the dot and its host semiconductor; H,. is the
Coulomb interaction. In the case of a neutral QD, containing and electron-hole pair,
H. and Hj each have a single particle form, and H. consists of a single term for the
electron-hole Coulomb interaction. For a negatively charged QD with two electrons and
one hole, electron-electron Coulomb interaction, dependent on the excitation state of
each electron, needs to be considered.

Typically, QDs are several 10’s of nanometers in size, as seen in fig. 8(a) and (b). Most
commonly, InAs/GaAs QDs are grown by strain-driven self-assembly via molecular beam
epitaxy (MBE) or metalorganic chemical vapor deposition (MOCVD). The spontaneous
growth nature of QDs results in a dots randomly positioned on the substrate and varying
substantially in size. Naturally, variation in the QD size results in spectral variation
between different QDs.

Quantum dots are excellent single-photon sources because of their relatively short op-
tical lifetime (0.1-1 ns); narrow optical emission, seen in fig. 8(c); and near-unity quantum
efficiency, which means that the decay from the excited state to the ground state is almost
always accompanied by the emission of a photon. We can observe the nonclassical nature
of the light emitted by a quantum dot by measuring the second order autocorrelation
function, ¢(® (1), in the Hanbury Brown and Twiss configuration, discussed earlier in
the paper. Experimental observation of antibunching, a signature of a nonclassical light
source, is shown in fig. 9. Under pulsed excitation, perfect antibunching manifests itself
as the absence of a peak at zero time delay, signifying that every pulse carries at most
one photon. Experimental noise (presence of other sources of light in addition to the
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Fig. 9. — Antibunching observed in photon emission from a quantum dot that is not coupled to
a cavity, for (a) pulsed excitation, (b) continuous-wave excitation [18].

QD that can be excited by the laser pulse) prevent g(g)(O) from reaching the levels of
background noise. Under continuous-wave excitation, we see that the experimental data
matches well to the theoretical prediction for ¢g(®)(7) for a two-level system. The width
of this dip corresponds to the optical lifetime of the QD in the weak-drive limit.

The large dipole moment of a QD allows it to interact strongly with light: Thus, a QD
is an excellent choice for demonstrating strong coupling between a two-level system and
a nanophotonic cavity. In order to reach the strong coupling regime, g > k/4 > v, a QD
must be placed in a photonic resonator whose mode interacts strongly with the dipole
moment of the QD. Since the QD is much flatter than it is wide, it has a strong in-plane
dipole moment and a much weaker out-of-plane dipole moment: Thus, the QD will couple
well to the TE mode of an L3 photonic crystal cavity, which has a low mode volume and

C) 9214
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Fig. 10. — (a) The QD-cavity system: A InAs/GaAs quantum dot situated inside an L3 pho-
tonic crystal cavity. The simulated cavity mode profile is plotted. (b) The Jaynes-Cummings
ladder for the QD-cavity system, showing the anharmonicity that enables photon-blocade (c)
Experimentally measured strong coupling between a QD and a L3 photonic crystal cavity. A
clear anti-crossing of the upper and lower polaritons is observed [19].

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

QUANTUM OPTICS AND NONCLASSICAL LIGHT GENERATION 61

)@ —~ M — G D) ) d) e)
I\'-.‘  ~ 4 - L‘\_ / E ’ I l

0! ~cf T
e M

o ¢l

Fig. 11. — (a) Diagram of an F-center in NaCl. (b) The F-center ground state: A trapped
electron. (c) The excited state: An electron-hole pair has eigenstates similar to that of a
hydrogen atom with a modified effective mass and charge. (d) Diagram of a Silicon Vacancy
(SiV7) in diamond. The 10 bound valence electrons contributed by the carbon atoms and the
silicon atom, as well as an additional electron acquired from the environment, form a 11-electron
state, shown in (e).

a high experimentally achievable quality-factor. Experimental demonstration of strong
coupling is shown in fig. 10. The tuning is achieved by sweeping the temperature of the
sample, enabled by the different response of the cavity resonance and the QD frequency
to temperature change. A clear anti-crossing is seen at the temperature at which the
cavity and QD frequencies align.

3'3.2. Color centers. Color centers — atomic point defects in crystals — have been
studied for almost a century, but only recently were the particularly interesting color
centers in Diamond and Silicon Carbide discovered and found to be promising for ap-
plications in single-photon sources and optically-addressable qubits. Fundamentally, the
nature of state confinement in color centers is different from that of QDs. Whereas a QD
can be modeled as an electron trapped in a classical, macroscopic potential, a color center
rather resembles a single optically-addressable atom, well-isolated from the environment.
The possibility of existence of bound states at a crystal lattice defect is made intuitive
from the perspective of the Bloch theorem, which states that a periodic potential admits
a continuum of propagating, nonscattering electronic states; when translational symme-
try is broken, a bound state can form. However, in order for a defect to be a “color
center”, it must admit at least two bound states that have an allowed optical transitions
between them in the visible or IR frequency. This restricts suitable candidate materials
to those with a large bandgap.

The first studied color centers are single-atom defects in an ionic crystal (referred to as
F-centers, for German fabre); An example of an F-center is a missing chlorine atom in a
crystal of table salt, NaCl (fig. 11(a)—(c)). Upon removal of a sodium atom, the vacancy
is filled with an electron from the environment, and the state has a binding energy of
E;. The set of bound states can be viewed as hydrogen-atom-like single electron states,
where the electron is orbiting around a hole “nucleus” [20].

In order to gain an understanding of the electronic structure of more complex color
centers, such as the Silicon Vacancy center in diamond (SiV™), one can use the linear
combination of atomic orbitals (LCAO) method. Each of the six carbon atoms con-
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Fig. 12. — (a) Spectrum of the SiV™ at 4K, with an inset showing the level structure from
which the four transitions, (denoted A, B, C and D) arise. (b) Tuning the cavity through the
four transitions selectively enhances them, which can be seen as large increase in the photon
emission rates. Measurement of the emitter lifetime on and off resonance is shown in (c¢) and
(d). Lifetime reduction of 10 times is observed.

tributes one sp3-hybridized orbital, and we assume that the interstitial Si modifies these
orbitals slightly and contributes its valence electrons to them. Thus, we have six orbitals
and 6 + 4 + 1 electrons, from the C atoms, the Si atom, and the environment, respec-
tively. This system can thus be equivalently modeled as a 1-hole system. Using group
theoretical analysis based on the crystal symmetry of the defect, one can understand the
color center’s orbital degeneracy [21]. In the case of the SiV~, the group theory analysis
arrives at two nondegenerate orbitals and two pairs of degenerate orbitals, as seen in
fig. 11(e).

The electronic transitions of color centers like the SiV~ have a weaker dipole moment
than the quantum dots discussed in previous section. Furthermore, the dipole of the
SiV™ (and many others) is at 45 degrees relative to that of the TE (or TM) cavity mode.
As a result of these factors, strong coupling between a color center and a photonic crystal
cavity has not yet been achieved. However, unlike quantum dots, color centers can have
very long (millisecond) ground state spin coherence times. Making use of this new degree
of freedom with which to store quantum information and to perform quantum operations
does not require strong coupling of the optical transition; a large cooperativity is already
sufficient for high-fidelity operation. Figure 12 shows the enhancement of a single SiV~
emitter by a photonic crystal cavity, demonstrating 42-fold increase of photon detection
enabled by the emitter-cavity interaction [22].

APPENDIX A.

Lindblad master equation

In this appendix, we present a derivation of the Lindblad master equation which
can be used for studying the evolution of quantum systems coupling to a continuum
of harmonic oscillators. The Hamiltonian for such a coupled system can be written as
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the sum of the system Hamiltonian H,ys, the Hamiltonian of the harmonic oscillator
continuum and an interaction Hamiltonian between the two:

o0

(A1) H = Hypo + /

wal a,dw + /(fawLJr + & Lal )dw,

— 00

where L is the operator which describes the coupling between the system and the bath
modes, and £ is the coupling constant between them. q,, is the annihilation operator for
the bath mode at frequency w and satisfies the commutator [a,,, aL,] = §(w — ). Both
the Hamiltonian for a lossy cavity (sect. 1°3), as well as the Hamiltonian describing the
interaction of a continuum of optical modes with a two-level system (sect. 2°2) can be
expressed in this form.

We consider a situation where the quantum system is initialized in the state |Ugys)
and the bath in the vacuum state |0): |[¥(0)) = |U4s)|0). The state of the coupled
system at time ¢ is then given by |U(t)) = exp(—iHt)|¥(0)). It is of interest to us to
only calculate the dynamics of the state, which is described by a time-dependent density
operator p(t):

(A.2) p(t) = Troam[[(2)) (¥(t)[] = Troam [exp(—iH1) [¥(0)) (¥(0)| exp(iH1)].

To derive a dynamical equation for p(t), we use the following simple property that it
must satisfy: if Q is an operator defined on the Hilbert space of the system, and €2(t) be
its expectation value as a function of time, then Q(t) = Trgys[Qp(t)] and therefore:

Alternatively, we could attempt to compute (¢), and consequently its time derivative,
in the Heisenberg picture. The Heisenberg equation of motion for the operator §(¢) is
given by

A B o), ) - o, Lol - e e nR, L)

where
(A.5) d(t) = /(><> a,(t)dw.

Note that we annotate any Heisenberg operator by writing it as a function of time (i.e.
Q(t) is the Heisenberg operator corresponding to the Schrédinger operator €2) except for
the density matrix which is a function of time in the Schrédinger picture. Moreover, we
assume that the Heisenberg and Schrédinger picture coincide at t = 0 (i.e. 2(0) = Q).
Similarly, the Heisenberg equation of motion for a,(t) is given by

(A.6) d“gt(t) — iwau(t) — i€ L(D).
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Equation (A.6) can be integrated to obtain

(A.7) ay, (t) = a,,(0) exp(—iwt) 1§/ 7) exp[—iw(t — 7)]dr.

From which it immediately follows that

(A.8) B(t) [ " o (t)dw = Do (t) — ime* L(t),
where
(A.9) Dy(t) = /_OO a,,(0) exp(—iwt)dw = /_OO ay, exp(—iwt)dw.

Note that since ®o(t) depends only on the Schrédinger picture operator ay,, it annhilates
|0): @o(¢)|0) = 0. Using egs. (A.4) and (A.8), we obtain

a10) B a0), m.0)] - ielow), 20 @) — ing L)

—ig"(@Y(1) +inE LT (1) (), L(D)].

Note that Q(t) = (¥(0)|2(¢)|¥(0)) (in the Heisenberg picture, the quantum state of the
system does not change). Therefore:

(A.11) LU —i(W(0)| [2(t), Hsys ()] [¥(0))

—m|e? (W (0)] [(t), LT (1) L(t) [®(0)) + ml¢|* (¥ (0)] LT (£)[x(2), L(1)] [(0)),

wherein we have used the fact that ®o(t)|¥(0)) = Po(t)|¥o)|0) = 0. Moreover, it is easy
to see that

(A.12a) (W(0)[[2(t), Hsys(8)] [¥(0)) =
Tr[((t) Hsys(t) — Heys(1)2(2)) [¥(0)) (E(0)[] =
Tr[exp(iHt)(QHsys — Heys2) exp(—iHt) [¥(0)) (¥ (0)]
TH[(QHags — Hugs) exp(—iH1) [W(0)) (¥(0)] exp(iF1)]
Troys[(Q2Hsys — Heys)psys(t)] =
Trays[Q[Hys, psys()]];

(A.12b) (T(O)[[(t), LT ()] L(t) [W(0)) =
Tr[(QE)LT(8) — LT()Q(8)L(E) [¥(0)) (¥(0)[] =
Tr[exp(th)(QLJr - LTQ)L exp(—iHt) |¥(0)) (¥(0
Tr[(QLT — LTQ) L exp(—iHt) |¥(0)) (¥(0)| exp(iH
rI‘]fSyS[(QLJr - LTQ)LPsyS(t)] =
Treys [QLTLPsyS(t)] — Trgys [QLpsyS(t)LT]v

=

)
t)] =
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(A.12¢) (T(0)| LT () [t), L(1)] [¥(0)) =
Te[LT (1) (2() L(¢) — L(H)QAE)) [¥(0)) (¥(0)]) =
Tr[exp(iHt) LT (QL — LQ) exp(—iHt) | ¥(0)) (¥(0)|] =
Tr[LT(QL — LQ) exp(—iHt) |¥(0)) (¥(0)| exp(iH1t)] =
Troys[LT(QL — L) psys (1)) =
Trays [QLPsyS(t)LT] — Trays [QLTLPSyS (®)].

In the above calculation, we have used the fact that if A is an operator in the Hilbert
space of the quantum system, then

(A.13) Tr[Aexp(—iHt) |¥(0)) (¥(0)|exp(iH¢)]
= Treys[A Tryam [exp(—1H?) [¥(0)) ((0)] exp(ift)]]
= Troys[Apsys(1)]-

Using eqgs. (A.11) and (A.12), we obtain

dQ(t
(A.14) % = Trgys [Qﬁpsys (t)L
where
. K
(A.15) ﬁpsyS(t) = _I[Hsy&psyS(t)] + "’prsyS(t)LJr - g{Psys(t)v LTL}a

where {-,-} is the anti-commutator between two operators. Finally, since eqs. (A.3)
and (A.14) hold for an arbitrary system operator (2, it follows that pgys(t) satisfies the
following dynamical equation:

dpsys(t)
dt

(A.16) = Lpsys(t) = —i[Hsys, psys(t)] + “LTPSyS(t)L - g{PSyS(t)aLTL}

Equation (A.16) is the Lindblad master equation that governs the time evolution of the
density matrix of the system. As a final comment, we note that the derivation provided
here differs from the ones in standard quantum optics or open quantum systems text in
the fact that it does not assume that the density matrix of the coupled system factorizes
into the density matrix of the system and the bath at every instant of time t.

APPENDIX B.

Mollow transformation
Often, a classical laser pulse is incident on a quantum system, causing it to undergo

transitions between its various levels and then re-emit the absorbed energy. The classical
laser can be described as the bath coupling to the quantum system initially being in the
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coherent state. For such systems, we cannot directly apply the Lindblad master equation
formalism described in appendix A since it assumes the bath to be in the vacuum state.
In this appendix we describe a unitary transformation on the state of the system, called
the Mollow transformation, that transforms the problem to one in which the bath is in
the vacuum state.

Consider a system with Hamiltonian Hg coupled to a bath described by a continuum

of harmonic oscillators with mode annihilation operator a,. The complete system can
be modeled by

(B.1) H = Hg +/ wagawdw+/ dw (éau, LT + ¢*Laf))

— 00 — 00

where ¢ is the coupling constant between the bath and the quantum system, and the
system coupled to the bath through the operator L. The initial state of the coherently
driven system corresponds to ¢t = 0

(B.2) [W(t = 0)) = Dle(w)][¥s)[0),

where Dla(w)] = exp([~_(a(w)af, — o (w)a,)dw) is the displacement operator creating

a coherent state in the waveguide. We define a transformed state |¥’(¢)) via
(B.3) |9'(¢)) = Dff(w)][¥(2))

where

(B.4) Dila(w)] = exp {/00 dw (v (w) exp(—iwt)al — a*(w) exp(iwt)ay, )

— 00

The time evolution of the state |¢)(t)) can be computed by differentiating eq. (B.3) to
obtain an effective Hamiltonian

(B.5) H'(t) = D [a(w)| HD[a(w)] + 1%92 [a(w)]Di]e(w)],

. . d / oy /
with i [W(1)) = H' (] ¥(1)).

We next compute the effective Hamiltonian H’(t) using eq. (B.1). In particular, it follows
from the identities D[a(w)]a, D]a(w)] = a, +a(w) and Di[a(w)]al Dla(w)] = af, +a*(w)
that

o0

(B.6) Dja(w)HD[a(w)] = Hg + (ba(t)LT + &a*(t)L) +/ dwwal a,,

— 0o

+ /Z dwwl|a(w)]* + /O:o dww (aua™ (w) exp(iwt)

+ af a(w) exp(—iwt)) + /OO dw (ELTaw + §*GLL) ,

— 00

where a(t) = [7_exp(—iwt)a(w)dw/V2T.
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Now, we need to compute dD][a(w)]/dt — since Dy[a(w)] is the exponential of a
time-dependent operator, this requires some care. Consider the problem of computing
the derivative of an exponential of a time-dependent operator A(t) = exp((t)), with the
property that [¢(t),dé(t)/dt] = ((t), with {(¢) being a scalar. The derivative of A(t) can
be computed as

® dA(D) _ . exp(olt+ 1)) — exp(6(t)

dt  st—o0 5t

Using the Baker-Campbell-Hausdorff equality it follows that

(B.8) exp(o(t + dt)) ~ exp (qb(t) + (5tdq2§t)>

= explo(0) exp (5150 ) exp(-st )2,
resulting in
(B.9) 0 = explotm) (G2 - T,

Specializing this result to: A(t) = D}[a(w)] with ¢(t) = 75 dw(o* (w) exp(iwt)ay, — o(w)
exp(—iwt)af,) and ¢(t) = 2i [ dww|o(w)[* then

dD][o(w)]

(B.10) " = iD] [oz(w)](/oo dww (a*(w)ay, exp(iwt)

+awialep(-ien) - [ desla@)).

with which we obtain

dD[a(w)]

(B.11) o

Dila(w)] = i/_OO dww (a*(w)a, exp(iwt) + a(w)a], exp(—iwt))
+ 700 dww|a(w)]?.

Putting together egs. (B.5), (B.6) and (B.11)

(B.12) H'(t) = H§(t) +/ waj,awdw+/ dw (éLYay, + €*alL),
where

(B.13) H{(t) = Hs + (€a(t)LT + €*a*(t)LT)

is the system Hamiltonian with an effective classical driving field added to it.
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AprPENDIX C.

Decay of a two-level system into a lossy cavity mode

In this appendix, we consider the problem of analyzing photon emission from a two-
level system into a lossy cavity mode. We consider a Jaynes-Cummings Hamiltonian
(eq. (53)), with the cavity mode coupling to a bath (continuum of harmonic oscillators
(eq. (37))) — the full Hamiltonian of this system is given by

o e}
(C.1) H = wcaTa—i—weaTa—i-gaoT—&—g*aaT—l—/ wblbwdw"'/ [€bya’ +€*abl]dw.

—00 —0o0

where a is the annihilation operator of the cavity, ¢ is the de-excitation operator for the
two-level system and b,, is the annihilation operator for the bath mode at frequency w.
We initialize the two-level system in the excited state and the cavity and the bath to
the vacuum state: |¥(0)) = |e)|0)|0). The state of the coupled system at time ¢ can be
written as

(C.2) [W(1)) = Ac(t) [€) [0) [0) + Ac(t) |g) [1) [0) + /_OO B(w,t)bf, 19} 10) |0) dw,

wherein we have expressed the state as a linear combination of states where the excitation
is either in the two-level system, cavity or the bath. Next, using Schrédinger’s equation
with the Hamitlonian given in eq. (C.1), we obtain:

(C.3a) id’ift(t) — WAl (1) + gAu(8),
(C.3b) id‘zct(t) — e Au(t) + g A + € [ " Bw, H)dw,
(C.3¢) i% — wB(w,t) + €A,

where the initial conditions are A.(0) = 1,A.(0) = 0 and B(w,0) = 0. Integrating
eq. (C.3c), we obtain

(C.4) B(w,t) = —if*/o A.(t) exp[—iw(t — 7)]dT.

Substituting this into eq. (C.3b), we obtain

(C5) L) o a(n) g A — B ALD),

where x = 27[¢|? is the cavity decay rate. Equations (C.3a) and (C.3b) can be solved
together to obtain A,(t) as a function of time. It is most convenient to do this using the
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Laplace transform technique — let f(s) be the one-sided Laplace transform of a function

70y
(C.6) £ = [ resp(-stiat,

then it immediately follows that the one-sided Laplace transform of df(¢)/d¢ is sf(s) —
£(0). Performing a one-sided Laplace transform on egs. (C.3a) and (C.3b), we obtain

(C.7a) sAc(s) — 1 = —iwAc(s) —igAc(s),
(C.7h) sAc(s) = —iweAc(s) + " Acls) = T Acls),
which can be solved simultaneously to obtain
s+ iwe + K/2
. A =
(C.8a) () = e T w0) w25 T 9P — e — i)
(C.8b) A(s) = 19

82 + {i(we + we) + K/2}s + |g]2 — we(we —1K/2)

We can now compute the inverse laplace transform of A.(s) to obtain A.(¢):

A —iwe — K/2 . Ay — lwe — K/2 o
(09) Ae(t) = (M) eXp(—l)\gt) — <)\0_)\g eXp(—l)\O t),

where A are the single-excitation eigenfrequencies of the effective Hamiltonian (eq. (70)),
which are explicitly given by

. LN 2 1/2
(C.10) A§=w0+6—lfi[(6—lf) +|92} :

where 2§ = w, — w.. Note that in the limit of x going to 0, )\a: become completely real

and the solution for A.(t) no longer exponentially decays with time. Note that in the
limit of k > |g|, )\gt can be approximated by

(C.11a) )\srzwc—l—é—m—l—(&—m):we—m

4 4 47
(C.11b) )fzwc—l—é—i—n— PR 1+L %wc—%.
0 4 4 2(6 — ir/4)2 8(62 + K2/16)

In the limit of large x, the imaginary part of )\a' is much larger than the imaginary part
of \y. Therefore, exp(—i\{t) would decay to zero much faster than exp(—i\;t), and
effective decay rate of the two-level system would be dominated by the imaginary part
of Ay . Therefore, the effective decay rate v of the two-level system is given by

rlgl? Klgl®
C.12 ~ = .
(C.12) TR U1 R2/A T (we — wo)? + K2/4
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We can also compute the spectrum of the emitted photons using eq. (C.4): In the
limit of ¢ — 00, Ae(t) and A.(t) would have completely decayed and all the energy would
now be in the bath. The spectrum of the emitted photon would thus be given by

2

. o . K .
(C.13) Jim [B(w.D] = [¢? /0 Ac(r)explion)| = 25| Au(s = —iw)]?
K s

(C.14) T 27 |02+ {R/2 F i(we — we) Jw + we(we — 11/2) — [g]22

APPENDIX D.

Analysis of interferometers

D'1. Linear optical elements in loss channels. — In this part, we describe the Hamilto-
nians and derive the Heisenberg equations of motion for linear optical elements that act
on light propagating in an ideal loss channel. The two linear optical elements that we
consider here are the phase shifter and the beam splitter — almost all, more complicated,
linear optical elements can be decomposed into their cascades.

A phase shifter is a linear optical element that imparts a constant phase to the light
propagating through it. Physical realizations of phase shifters are often as simple as
just adding extra optical path lengths to the incident field, or using thermal or electro-
optical effects to change the local refractive index of the loss channel. Here we focus
on broadband phase shifters — phase shifters that impart the same frequency to all
the frequencies propagating in the loss channel. The Hamiltonian for broadband phase
shifter on a loss channel with frequency annihilation operator a,, and spatial annihilation
operator a, is given by

(D.1) H= / walawdw + ngalzan:O,

— 00

where V is the “strength” of the phase shifter (this is related to the phase shift below)
and it is assumed that the phase shifter acts at z = 0 on the loss channel. Note that

* > dzd o0 .
(D.2) /_wwalawdw = /_Oowaiaw exp ( — 101}0;) *ZZW:G = —ivg /_OO al 8;2 dz

with which the phase shifter Hamiltonian can be fully expressed in terms of the position
annihilation operator a(z):

. e 8042: T
(D.3) H = —wg/ al 5% dz +vaVa,_ga.—o.

— 00
To analyze this system, we employ the Heisenberg picture — using the commutators for
the position annihilation operators allows a straightforward calculation of the equation
of motion for the Heisenberg picture annihilation operator a(t; z):

1 Oa.(t) = Oa.(t) .
(D.4) T t—5, = —iVa,=o(t)d(2),
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which we need to solve under the initial condition that a. (0) is identical to the Schrédinger
picture operator a,. Note that in the absence of the phase shifter (i.e. V' = 0), this
equation can be trivially solved to obtain a.(t) = a,_,,: which correspond to the wave
packet in the loss channel propagating along the z-direction with velocity vg. For V' #£ 0,
a general solution to this equation can be written as

Oy—vots if z < —vgt,
(D.5) a;(t) = ¢ Sa,_yot, if —vgt <2z <0,
Op—ngt, if 2> 0,

where S is a scalar that captures the impact of the phase shifter on the loss channel. This
form of the solution for the dynamical equations can easily be physically interpreted by
noting that excitations in the loss channel propagate along the 4z direction at a speed
vg. Since excitations that reach a point in the region z < —vgt and z > 0 at time
t would not have encountered the beam splitter (which is at z = 0), they are simply
described by translating the initial operator a, in time. Excitations that reach a point
in the region —vgt < z < 0 at time ¢ would have encountered the beam splitter at ¢t = 0
which performed an (unknown) linear operation described by S on the operators. To
calculate S, we integrate eq. (D.4) across an infinitesmal interval around z = 0 to obtain

(D.6) Gnmg (1) — mo- (1) = — o lazg () + 0 (1)

Using this along with eq. (D.5), we immediately obtain

1-iV/2

(D.7) -

= exp(ip),

where ¢ = —2tan~1(V/2) is the phase-shift induced by the phase-shifter.

A beam-splitter is a very commonly used linear optical device that interferes with two
propagating optical signals — physical realizations of a beam splitter typically used are
a partially transmitting mirror for free-space optical beams, and a directional coupler for
optical waveguides. While the exact dynamics of a beam splitter can be very complicated,
if we assume that the bandwidth of the beam splitter is much larger than the bandwidth
of the optical signals that it is interfering, it can be analyzed with a simple model, which
we describe in this section. Consider two loss channels, with frequency annihilation
operators a,, b, and spatial annihilation operators a,, b, — the Hamiltonian for a
broadband beam splitter in between these two loss channels is given by

o0 o0
(D8)  H= / wal aydw + / whi by, dw + iv, (V*bizoazzo - Vaizobzzo) ,

— 00
where we assume that the beam splitter couples the two loss channels at x = 0, and V'

is a dimensionless constant that governs the strength of this coupling. As was done for
the phase shifter, this Hamiltonian can be expressed completely in terms of the position
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annihilation operator:
(D.9)
° 4 e bZ
H= —ivg / at%%q, 4 / ot P2 ] 4 v (v*bizoazzo - Valzobzzo) .
0z o 0z

— 00 —

To analyze this system, we employ the Heisenberg picture — using the commutators for
the position annihilation operators allows a straightforward calculation of the equations
of motion for the Heisenberg picture annihilation operators a.(t) and b, (t):

1 da.(t) n Oa(t)

(D.10a) o ot 5, = Vo(2)b=o(t),
(D.10b) iabgft) 8lg§t) = V70(2)az=o(t),

which we need to solve under the initial condition that a,(0) and b,(0) are identical to
the Schrodinger picture operator a, and b,, respectively. Note that in the absence of the
beam splitter (i.e. V = 0), these equations can be trivially solved to obtain a,(t) = a,—yq¢
and b, (t) = b,_y,¢ which correspond to the propagation of a wave packet down the two
waveguides at velocity vg without coupling to each other. For V' # 0, a general solution
to these equations can be written as

Gz—vat if z < —vgt,
(D.11) az(t) = S Saalz—vgt + Sapbe—vet, if —vat <z <0,

Gz—vat; if z >0,

bz vt if z < —vgt,
(D.12) b.(t) = < ShaGu—vet + Sepbe—vets if —vat < 2 <0,

S if2>0,

where S; ; V i,j € {a,b} are coefficients of the scattering matrix for the beam splitter,
which we still have to compute. To determine these coefficients, we integrate with respect
to z eq. (D.10) across an infinitesmal region around z = 0 to obtain

(D.130) e ()~ e () = oo (8) + Do (1)
(D.13b) bo—g+ (1) = bo—o- (t) = *g[az:m () + az=o- (¥)]-

Using the expressions for a,(t) and b,(t), these equations can be translated to a set of
linear equations in the scalars S; 4, Sq.b, Sp,o and Sy, which can be solved to obtain the
following expression for the beam-splitter scattering matrix:

1—[V[2/4 v

D.14 S = .
(D-14) Ve 11— |V]2/4

Sa,a Sa,b o 1
St.a  Sbp 1+ |V
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The conventional definition of a beam splitter assumes that V' is purely real, and defining
0 via sinf = V/(1 + |V|?/4) and cosf = (1 — |V |?/4)/(1 + |[V|?/4), we obtain

(D.15) G- lcos@ —sin 9]

sinf  cos6

In particular, a 50-50 beam splitter is defined as a beam splitter with 0 = 7/4 —
this interferes with both the input ports equally, constructively in one output arm and
destructively in the other.

D2. Analysis of Hanbury-Brown Twiss and Hong-Ou Mandel interferometers. — Here,
we analyze the two interferometers shown in fig. 7. Note that both the interferometers
apply the same optical transformation to the input fields — in one case, one of the arms
has the vacuum state as an input, whereas in the other case both arms are excited with
the light source being characterized. For our analysis, we assume that the photon pulses
assumed by the light have a pulse width that is much smaller than the other optical
lengths involved in the setup (e.g. the distance between the sources or detectors from the
phase shifters or beam splitters). In this case,

Az=L—vgt — exp(iw)bz:L—uct

D.16a a,—r(t) = )
( ) ==L(t) G
z=L—v i bz: —v

(D.16b) by (t) = Se=Lovet + exp(ip)bo=r—vgt 7

V2
where we assume that ¢ = 0 is the time at which both the sources emit photons
and t is large enough for the light emitted by the sources to have propagated en-
tirely to the detectors — if this is not the case, then a,—r(t) or b,—r(t) will sim-

ply annihilate the state |¥) emitted by the sources since L — vgt would lie outside
the spatial region corresponding to the photon pulse. Consider now the expectation

E,[(U(0)|az—r (t1)ba—r (t2)b_; (ta)al_, (t1)|W(0))] — using eq. (D.16) and explicitly av-
eraging over (:

(DA7) Ep[{¥(0)] azmp (t1)bamr(t2)b!_p (t2)al_p (t1) [2(0))] =
1
4

§ : T T
<\I]11| (Uz:L,Uth(Uz:L,thsz:L—thlUz:L—thQ |\Ijv>
vE{a,b}

> (Wlol g vem v 1) (Wl ul e v (W)
(u,v)eS

- Z <\I/’U| UizL_IUthvz:L—thz |lIJv> <\I/u| ul=L_UGt2uz:L—vct1 ‘\I/u> )
(u,v)eS

where § = {(a,b), (b,a)} and we have assumed that the two sources are not entangled
with each other — note that if both the sources emit a pure state, then this would imply
that the state of the composite system is |¥,)|¥;) and if the sources emit a mixed state,
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then the density matrix of the composite system is p,p. Consequently, the expectation
of a product of a, and b, operators (and their conjugates) can be factorized:

(D.18) (U(0)] falaz, al) fo[b, 0] [W(0)) = (Wal fulaz, al] [Wa) (Wy] fo[bz, b1] [Ws) .

Similar ~ expressions for the expections E,((¥(0)]a.— L(t) L(®)]2(0))) and
E¢(<\Il(0)\bZ:L(t)bi:L (t)|¥(0))) can be obtained by using eq. (D.16).

(D.19)  E,(((0)]al_, ()az—r(t) [¥)) = B, [(¥]bl_, (£)b.—r(t) [¥(0))]
= % [ Z (U, | UZ:L—thUZ:L—UGt W)
ve{a,b}

With the help of these relationships, we can now prove the results about the two interfer-
ometers stated in sect. 3'2. Consider the Hanbury-Brown Twiss interferometer — since
the second waveguide (labelled by b(x)) is in the vacuum state, it follows that

(D208) B [(W(0)] al_y (t0)b]_p ()bl (t2)an—r (11) | ¥(0))]

<\I/ |CL ( — Uth)ai:L_UGtQaZ:L—UthazzL_'“GtZ’ |\Ija> )

uM»—‘

Ep[(¥(0)]al_y (Daz—r(t) [¥(0))] = Ep[(¥(0)] b]_ (1)ba—r(t) [¥(0))]
1

= 5 (Walal_ e W0,

from which it immediately follows that gl(féT(tl,tg) and gg]%T[O] are exactly equal to
9 (t1,t2) and g*)[0].

Similarly, consider the Hong-Ou Mandel interferometer — assuming
that both the sources emit a single-photon state (pure or mixed), it im-
mediately follows that the second-order correlations in the sources vanish:
<\I/U|vi_ 1y Vs=L—vgty Vz=L— vetz|¥y) = 0 for v € {a,b}. Using the

—L—’Uct

general form }"or the ‘Jen ensity matrix of the light emitted by a single-photon source, the
remaining expectations can be immediately evaluated:

v

(D.21) (T, | vi:Lithle:L,yGtz |@,) =Py ,p\V(L —vata, L —vgty) for ve{a,b}.

We can now evaluate the integrals appearing in the definition of 91({2())M [0] — in particular

note that

(D.22a) /_OO (W, 'Ui:LvatUZ:L*UGt |W,) dt=vg Py,
/°° /°° (W] vZ:L—thle:L—UGtz [Wy) (W qur:L_UGtzuz:L—thl |W,,) dt1dty=
vGP1 uP1u// (1) (z1,22) p( )(:EQ x1)dzidas =

ve P, 'L)Plu// (D (21, 22)pV* (21, 29) ey daa,
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With these expressions, one readily obtains

(D.23) 92 al0] = <pr e ot [ / / o (1, 220" (21, 22) iy |
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Creating quantum correlations between
quantum-dot spins
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Summary. — This paper focuses on generating nonlocal quantum correlations
between electron spins in semiconductor quantum dots located far from each other.
Some of the key prerequisite concepts are covered in other contributions to these
proceedings and we focus on applying some of the concepts for creating correlated
spins. We start by describing how nonlocal correlations can be generated between
quantum systems that have no prior connection, by utilising a particular type of
measurement known as quantum erasure. We will focus on self-assembled semicon-
ductor quantum dots and contrast the observed results to other systems.

1. — Proximity and quantum correlations

Proximity is a fundamental requirement for essentially all physical phenomena involv-
ing correlations. Correlations require interactions and interactions bring forth a charac-
teristic length scale over which they can influence the dynamics of individual physical
entities. The particular nature of an interaction determines the desired length scale to
build correlations. This is fundamentally the same reason why correlated systems always
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emerge beyond a critical density, as is the case for atomic or polaritonic Bose-Einstein
condensation, or strongly correlated electron systems. The power of proximity holds
even for only a few, countable systems. Take two isolated and independent electrons,
for example. If we want the electrons to interact electrostatically, the distance between
the two electrons will determine the strength of this interaction via the inverse square
law. However, if we would like to correlate the spin orientations of these two electrons,
we would need magnetic interaction instead, which scales inversely as the sixth power of
the distance and casts an even more stringent requirement of proximity.

Now, let us assume there exists a physical mechanism, where our electrons can emit
(or scatter) single photons and each emission process results in changing their spin ori-
entation. If we detect a single photon coming from one of the electrons, we immediately
learn that a spin-flip event took place with that electron. If we have prior knowledge of
the spin orientation, we simply update our records and all is well in a somewhat classical
world. However, if we detect a single photon without the ability to tell from which of the
two electrons it originated, we end up with two coexisting possible scenarios regarding
the spin orientations of our electrons. This kind of measurement is also called a quan-
tum erasure [1]. In our situation, a quantum erasure measurement leads to a coherent
superposition of two different spin orientation combinations for our electrons, which is
nothing other than quantum entanglement! What is particularly worth emphasizing here
is that there is no requirement for the two electrons to have interacted directly with each
other.

This beautiful and powerful concept was first proposed in 1999 by Cabrillo and coau-
thors, using individual atoms and their optical transitions [2]. In this seminal proposal,
two well-separated atoms are exposed to weak excitation that could lead to the genera-
tion of a single photon and the flip of the atomic ground state simultaneously through
what is known as a lambda transition. If an atom is not excited, it does not generate a
photon and the ground-state spin remains unchanged. If an atom is excited, then a single
photon is generated and the ground-state spin is flipped. The excitation is weak such
that the probability to emit a single photon is significantly lower than 1, so most of the
time the opical excitation attempts fail, but occasionally one of the two atoms responds
to the excitation and generates a single photon (and flip the ground-state spin). With
much lower probability both atoms could emit a photon, in which case both ground-
state spins are flipped resulting in a product state for the two atoms, as before. Hence,
a measurement-based postselection of the one and only one photon emitted by the two
atoms generates the nonlocal quantum correlations we discussed so far. But, there is a
catch: this scheme relies crucially on not being able to distinguish the photons originating
from the two atoms.

The 1999 proposal has been demonstrated experimentally with a number of physical
systems [3-13] —each bringing its own strengths and weaknesses with respect to the
others regarding the fidelity and the rate of entanglement generation, as well as attainable
distances limited by the available coherence times. While such variations may be of
secondary importance in the validation of the ever counter-intuitive quantum physics,
this very process has in the meatime achieved a centre-stage role of creating quantum
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networks [14]. As such, various technical challenges including photon collection efficiency
and wavelength, ground-state coherence time and control fidelity, and feasably scalable
architecture of many nodes need to be addressed on the road to large-scale distributed
systems. This challenge alone is sufficient to motivate the years of research towards
achieving high-efficiency high-quality spin-photon interfaces in solids as competitive and
even adventageous alternatives to atomic systems. There are many material systems
under investigation, including diamond, silicon carbide and semiconductors [15]; here we
focus on self-assembled semiconductor quantum dots.

2. — Optically active semiconductor quantum dots

2°1. Essential properties. — Self-assembled indium gallium arsenide (InGaAs) quan-
tum dots (QDs), introduced in detail in other contributions to these proceedings, are
grown by Molecular Beam Epitaxy (MBE) and possess many desirable attributes as a
spin-photon interface system. They can host a confined spin deterministically [16] and
offer atomic-like spin-selective optical transitions. The optical emission wavelength varies
with the growth conditions affecting the size and shape of the QDs, but typically is cen-
tred around 950 nm with an inhomogeneous spread of around 100 nm. When using bare
samples this casts the challenge of finding QDs with identical emission whavelength, but
Stark tuning via electric field is used as a standard technique for spectrally overlapping
multiple QD photons. The purity and the coherence properties of QD-generated photons
are nearly ideal, where indistinguishability measurements via Hong-Ou-Mandel interfer-
ometry [17] consistently report beyond 95% indistinguishability in the last few years [18].
The electron (or hole) spin properties are typically less appealing for QDs: The inho-
mogeneous spin dephasing time, T, is typically between a few to hundred nanoseconds,
while the natural dephasing time, 75, is around a few microseconds. The limitation is
caused predominantly by the presence of the QD nuclear spin noise [19]. That said, these
modest timescales should nevertheless be considered in the context of all-optical ultrafast
coherent control on the order of only a few picoseconds [20,21].

2°2. @D spin devices. — Confining a single spin in a QD deterministically requires
electrical control via a Schottky diode structure. An n-doped GaAs layer provides the
electron reservoir and a Schottky contact allows energy band tilting as a function of
applied voltage. A tunnel barrier between an n-doped GaAs layer and the QD layer, and a
tunnel barrier above the QD layer both prevent charge leakage while maintaining electric
field. The Schottky diode structure is electrically contacted through Ohmic AuGeNi
contacts to the n-doped layer and a semitransparent Ti gate (~ 6nm) is evaporated
onto the surface of the sample. The photon collection is enhanced by the growth of a
distributed Bragg reflector region below the QD layer comprising alternating layers of
GaAs and AlGaAs thin layers and the placement of a superhemispherical cubic zirconia
solid immersion lens (SIL) on the top Schottky contact of the devices. This relatively
simple construction yields on average a few million photons per second at saturation
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with a photon outcoupling efficiency of 10% for QDs with an emission wavelength around
950 nm, which is sufficient to demonstrate nonlocal quantum correlations in spins.

3. — Measurement-based creation of quantum correlations

3'1. Entanglement concept. — The entanglement scheme of Cabrillo et al. [2] relies on
weak, phase-coherent excitation of two indistinguishable A-systems and the subsequent
detection of a single photon. First step is to initialise the two QD spins to the same
spin state ||;) (with spin-1/2 ground states labelled as |7;) and ||;)) by optical pumping.
The second step is to excite the two A-systems from the state ||;) to initiate a Raman
scattering process with a small probability p < 1. The excitation pulse entangles the
ground-state spin of each QD with an emitted Raman photon [22-24]. Combining the
Raman modes from each QD on a 50:50 beam splitter erases the which-path information
conveniently (so long as the photons are indistinguishable), such that the total entangled
spin-photon state for the two QD devices is given by

(1) |¥) = (1-p)|lap, lap,) [0102)
+v/p(1 —p)/2 (%" |1gp, Lap,) + €722 | qp, Tap, ) [1102)
+v/p(1 —p)/2 (%" |1gp, Lap,) — €792 | |qp, Tap, ) [0112)

+p/\/§ei(¢QD1+¢QD2) |TQD1TQD2> (12102) — 0125)).

Here, the indices in the photonic number states designate the beam splitter output modes
(1 or 2), where the photon measurement will take place. ¢qp, and ¢qp, are the optical
phases accumulated along the path of the interferometer going through QD 1 and QD 2,
respectively, after the beam splitter transformation.

Detection of the one-photon contribution selectively in the beam splitter output
projects the two QD spins into the entangled state (|Tqp, lqp,) £ et |lQD1TQD2>)/\/§
with the sign depending on the output port that registers the Raman photon and
A¢ = ¢qp, — ¢qDn,. For A¢ = 0 these states are in fact maximally entangled and
correspond to two of the four Bell states [¢)(*)). With a small but finite probability of p?
both QDs emit a Raman photon and flip their spin state, which results in a two-photon
state after the beam splitter (naturally exiting at the same output mode due to indistin-
guishability [17]), contributing to an intrinsic error in the entanglement generation of p.
Consequently, an optimal value range for p is determined through a compromise between
this error probability and the rate of entanglement generation, 2p(1 — p).

3°2. Experimental realisation. — Figure 1 is a basic illustration of the experimental
arrangement —a faithful replica of the Cabrillo proposal. A detailed description of what
we discuss below can also be found in Stockill et al. [13]. Two InGaAs QD devices,
QD 1 and QD 2, located in separate cryostats that are 2 metres apart, provide the two
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QD,

Entanglement
Pulse

QD,

Fig. 1. — The experimental arrangement of the two QDs together with the optical paths and the
output ports for detection. The first beam splitter distributes the optical excitation pulses to
the two QD spins, while the second beam splitter combines the Raman photons from the QDs
completing the effective Mach-Zehnder interferometer.

spins we wish to correlate. 4 T magnetic field applied perpendicular to the QD growth
axis lifts the spin degeneracy of the ground and excited states of the QDs and forms
the desired A system. The two optical transitions linking the two spin ground states
to a common excited state, around 968 nm in this case, are therefore distinguishable by
their frequency (25 GHz difference); the lower-energy and higher-energy transitions are
denoted in red and blue, respectively. Stark tuning via electrical control further ensures
that the two QDs are identical from the perspective of all relevant optical transitions.
Initialisation and measurement of the spins utilise optical pulses derived from frequency-
stabilized single-mode lasers using fiber-based electro-optic intensity modulators. In
contrast, coherent spin rotations are achieved optically using 1 THz red-detuned pulses
from a mode-locked Ti:Sa laser picked with acousto-optic modulators. An additonal far-
off resonance continuous wave laser is used to measure the cumulative phase between
the two optical paths in the experiment (fig. 1) and stabilise this phase to ~ 3° over a
DC-1.5kHz range via a combination of electro-optic phase modulation and piezo-based
compensation.

The initialisation, rotation and measurement sequence is as follows: First, both spins
are optically pumped into the spin-down state. This is achieved with ~ 97% fidelity per
spin. Second, a 160 ps long optical pulse drives the lower-energy transition of each QD
to generate a Raman photon and flip the spin state. The exitation probability, p, is set
to 7% in order to suppress the probability of both QDs being excited. The third step is
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Fig. 2. — Joint spin-state reconstruction through 3-photon coincidence events. Left: Joint spin
state population conditional on a single Raman photon detection event. An antisymmetric
population is retrieved with a probability of 85.7 & 3.8%. The error bars represent the sta-
tistical uncertainty drawn from the 603 three-photon events that were used to reconstruct the
population. Right: Spin correlations in the transverse basis for projection of |’l/)<+)> for A¢p = 0.

to detect a single Raman photon at one of the output ports of the beam splitter. The
degree of indistinguishability of the Raman photons in the two input modes as measured
via the Hong-Ou-Mandel two-photon interference is 93 & 1% in these experiments. The
fourth step is to select the basis in which measurement will be conducted, obtained by
applying a 1THz red-detuned pulse to yield coherent rotation of the two spins. The
fiftth and final step in the sequence is to measure each spin individually using an 8ns
long optical pulse driving the higher-energy transition. The outcome is the evidence of
entanglement between the spins obtained from spin correlations in different measurement
bases. Following this sequence with four different iterations, we can reconstruct the
population of {||qp, lqn,), [lop, Tap,), [Tap, lap,), [Tap, Tap, ) }-

Figure 2 is a reconstruction of the projected two-spin state from the correlation of
three-photon coincidence events measured along two orthogonal axies. The first mea-
surement is the state in the population basis, parallel to the external magnetic field,
measuring directly the eigenstates of the spins (left panel). The detection of a Raman
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photon projects an antisymmetric spin population with a probability of 85.74-3.8%. The
uncertainty is set by the shot noise of the 603 three-photon detection events. The pres-
ence of population in the |Tqp, Tqp,) state is intrinsic to the entanglement generation
scheme, and follows the spin-flip probability p. Events in the ||gp, lqp,) state mainly
result from imperfect spin rotation and read-out. Figure 2 (right panel) shows correla-
tion measurements in the transverse basis. In this basis, quantum erasure imprints the
interferometric phase between the Raman modes onto the nonlocal state shared between
the two spins, which is tunable via the optical path length difference in the experimental
arrangement. For A¢ = 0, detecting a Raman photon in output mode 1 generates the
|9y (H)) state, revealing a visibility of 39.5 + 3.8%. We can estimate the Bell-state fidelity
from combining these two visibilities directly, which yields an average of 62.6 £ 2.3%
fidelity. This value constitutes around a 5 standard deviations of the mean from that
obtained from a classically described two-spin state. The measured fidelity is commen-
surate with cumulative error contributions, the most prominent ones being the double
spin-flip rate (limiting the fidelity to 93%), the imperfect mode overlap (a further reduc-
tion of 4%), the spin-state dephasing (a visibility reduction of 13%), and the imperfect
spin preparation and read-out (3% and 6%, respectively). Nevertheless, the rate at which
such correlations can be generated between two QD spins is around 8 kHz, which is sig-
nificantly higher than any other physical system tested through the Cabrillo scheme.
This is mostly due to the very high quality of the QD photons as well as their brightness.

4. — Outlook

In this lecture we started by introducing the role of proximity for correlated systems
and how we can remove it using concepts in quantum physics. We then picked one
physical system, namely the semiconductor quantum dots, as one of many spin-photon
interface systems, and showed how they can be used to demonstrate optically gener-
ated quantum entanglement between two confined electron spins. From the perspective
of entanglement generation rate based on photon measurements, the performance of
quantum dots surpasses that of all other physical systems investigated. Using current
state-of-the-art light-collection strategies discussed also in this School, the entanglement
rate could be improved to around 1MHz. This rate is comparable to the inverse of
electron-spin coherence time. It is therefore appropriate to end this paper by pointing
out that this sets an exciting benchmark for the prospect of attaining fault tolerant
scalability [25].

* %k X

I would like to acknowledge everyone with whom I had the pleasure to work on this
particular topic, namely R. Stockill, M. Stanley, L. Huthmacher, C. Matthiesen, G.
Ethier-Majcher, D. Gangloff and C. Le Gall. The QD devices used in the work discussed
here were grown by E. Clarke and M. Hugues. I also am thankful for the coordinators
for inviting me to take part in the “E. Fermi” Summer School.
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Summary. — Entanglement represents a fundamental resource for quantum tech-
nologies, including quantum communication tasks. In this context, photons are the
ideal physical systems due to their capability of carrying information over long dis-
tances. Hence, it is fundamental to design reliable sources of entangled photons
in the telecom wavelength regime (around 1.55 um), where optical fiber losses are
low. In this paper we review different platforms used to generate telecom entangled
photon pairs, and we focus in particular on an integrated source realized by the fem-
tosecond laser writing (FLW) technique, which allows to devise stable and compact
optical circuits in glass. We show how this technique can be employed to inscribe
waveguides in nonlinear crystals for generation of telecom entangled photon pairs
on a chip.
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1. — Introduction

Quantum resources promise to greatly enhance information tasks with respect to any
classical strategy. Several applications have been identified, including quantum computa-
tion, simulation, metrology and communication [1]. Different physical systems can be ex-
ploited to implement quantum information protocols, e.g.: trapped and cold atoms [2-4],
superconducting systems [5-7], nuclear and electronic spins [8-11] and photons [12]. The
latter ones are among the most studied and attractive systems due to their high mo-
bility and low interaction with the environment. Given these properties, photons can
be employed in several quantum information processes [13,14]. In particular quantum
communication [15] is a fundamental task for future quantum networks, and photons are
the best candidate for such purpose thanks to their easiness and velocity of transmission
and to the long decoherence time. For long distance fiber optic quantum communication
appropriate wavelengths that lie in the telecom band have to be employed to minimize
losses, in particular around 1.3 pm and 1.55 pm.

Several degrees of freedom of the photon can be exploited to encode qubits and higher
dimensional states, and can be divided in discrete and continuous ones. Examples of dis-
crete degrees of freedom are: the polarization, living in a 2-dimensional space where an
orthonormal basis is represented by horizontal and vertical polarizations {|H), |V)}; the
quantized orbital angular momentum (OAM) that lives in an unbounded Hilbert space,
where an orthonormal basis is represented by optical vortices |m) with m € Z; photon
number degree of freedom with basis |n), being n € N the number of photons along a cer-
tain mode; time-bin or the path degrees of freedom, that can also be discretized in finite
separated optical modes. Examples of continuous degrees of freedom are field quadra-
tures and frequency modes. Suitable manipulation techniques of the different degrees of
freedom and single-photon detection apparatuses must then be developed to employ pho-
tons in quantum information protocols. In particular, three general steps are required:
generation-preparation of initial quantum states, manipulation of the states to accomplish
the desired task, and measurement to acquire information from the system. Several tech-
niques were then introduced in the last years to generate, manipulate and detect photons.

Generation and preparation of single photons have been demonstrated in different
platforms. In particular, it is fundamental to prepare entangled photon states. Indeed
entanglement is a distinctive quantum phenomenon predicted by Einstein, Podolsky and
Rosen [16], which was shown to be incompatible with local causality by Bell [17]. Re-
cent experimental realizations of Bell tests demonstrated in a nearly unambiguous way
that entangled states present correlations that cannot be explained by any classical local
hidden-variable theory [18-20]. Other experiments demonstrated, employing photons,
entanglement in relation with another peculiar trait of quantum theory such as wave-
particle duality [21-23]. Apart from its foundational importance, entanglement lies at
the basis of most quantum-enhanced information protocols [1,24-26]. Entangled photon
sources can be realized by exploiting nonlinear effects in x(?) nonlinear crystals, in par-
ticular spontaneous parametric down conversion (SPDC), by exploiting four-wave mixing
(FWM) processes in different platforms or by devising quantum dot platforms.
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Several optical devices for each degree of freedom have been developed to manipulate
photonic states. For instance the two key elements to manipulate the path degree of free-
dom of photons are beam splitters (BS), that combine different optical modes, and phase
shifters (PS), that insert relative phase shifts between them. Through these two devices
one can realize any discrete unitary operation [27]. Manipulation of the polarization de-
gree of freedom can be performed through waveplates, birefringent materials introducing
a retardation between two orthogonal polarizations. An appropriate sequence of these
elements permits to implement any unitary operation on polarization qubits. Polarizing
beam splitters (PBS) spatially divide orthogonal polarizations and can be used as projec-
tors in this degree of freedom. States in the OAM degree of freedom can be generated and
manipulated by different devices: spatial light modulators (SLM) [28], that can change
the phase and the intensity of an optical beam in each point with a resolution given
by pixels area, and g-plates (QPs) [29], inhomogeneous anisotropic materials allowing
for manipulation of OAM states conditioned to the polarization states. An appropriate
architecture of cascaded QPs and waveplates acting on polarization coin, can engineer
arbitrary qudit states in the OAM space [30,31].

Single-photon detectors are then employed to measure the output state after manip-
ulation. Different kind of single-photon detectors have been developed at telecom wave-
lengths [32,33]. Among the most used ones for 1550 nm there are InGaAs single-photon
avalanche photodiodes (SPADs) [34-36], while higher efficiency is obtained at 1300 nm
with Ge-on-Si SPADs [37-39]. More efficient detectors are those realized by supercon-
ducting systems [40-43] also including photon number resolution capabilities [44-46].
Some of the other platforms used for detection are those based on quantum dots [47] and
up-conversion [48,49].

Besides the development of each component, future scalable and commercial quantum
technologies require the realization of reliable, low-cost, standardized, versatile, compact
and efficient quantum information platforms. All these requirements find a natural real-
ization in integrated photonic circuits [50-52]. Such circuits allow for a miniaturization of
processes performed in bulk apparatuses, thus reducing problems of stability and scala-
bility. Indeed, in the last few years it has been demonstrated the capability to manipulate
photons in directional couplers, to passively and actively control phase shifts, to rotate
polarization, to generate and detect single photons. The final aim is then to include
all building blocks for photonic quantum information in a single platform, namely: gen-
eration & preparation - manipulation - detection (fig. 1). Different integrated photonic
platforms have been developed for quantum information processing [12,53,54] with differ-
ent techniques: silica on insulator platforms [55,56], silica on silicon devices [56-58], III-V
semiconductors [59-63], UV writing [64,65] and femtosecond laser writing (FLW) [66-73].
While each platform presents its own advantages and drawbacks, no unique system has
been currently identified to support integration of all components in a single platform.

In this paper we will focus on the generation and preparation step in the telecom
wavelength regime. To this aim, we briefly review different sources of entangled photons
pairs of wavelengths at 1.55 um both in bulk and integrated platforms. We will then
focus in more details on the FLW technique, that can be used to write photonic circuits
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Fig. 1. — Miniaturization of quantum information processes steps in integrated photonic circuits.

for quantum information protocols in glass platforms. In particular, we will describe the
adoption of such technique to implement an integrated optical source based on interfacing
photonic circuits realized on different materials [74]. The implemented source is versatile
and allows to switch from the generation of path-entangled to polarization-entangled
photon states, thus also incorporating on the same platform optical elements for photon
manipulation.

2. — Platforms for telecom entangled photons sources

In this section we briefly review different architectures for entangled photon sources
in the wavelength range around 1.55 ym. The platforms most commonly employed are
those based on SPDC, SFWM and quantum dots. In particular, we will focus on the
SPDC process, that is at the basis of the integrated source that will be described in
sect. 3.

2°'1. SPDC sources. — Direct entangled photons sources based on SPDC processes in
nonlinear x(?) crystals [75], were first introduced by Kwiat et al. [76], and now represent
one of the most common architectures adopted in photonic experiments [77].

SPDC can be described through the second quantization formalism [78]. A pump pho-
ton, with the frequency w, and momentum Ep, is annihilated during the interaction with
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Fig. 2. — a) Non collinear SPDC generation in a x® crystal (up) and momentum conser-
vation (down). b) Collinear SPDC generation in a periodically poled crystal with period
of poling A (up) and relative momentum conservation relation (down). p = pump pho-
ton, ¢ = idler photon, s = signal photon and k, the momentum relative to photon z. c)
Scheme of a Sagnac-based source of entangled photons in polarization degree of freedom.
OI = optical isolator, HWP = half-wave plate, QWP = quarter waveplate, M = mirror,
DPBS = dual polarizing beam splitter, DHWP = dual half-wave plate, DM = dichroic mirror.

the vacuum field inside the nonlinear crystal, characterized by a second-order suscepti-
bility x(?, and generates two photons: the idler one, with frequency w; and momentum
Ei and the signal one, with frequency ws and momentum 125 (fig. 2a). In this process
involving three photons, two constraints have to be satisfied:

i) energy conservation: wy, = w; + ws;

—

ki + ks.

ii) momentum conservation (phase-matching condition): k,

Under these conditions the Hamiltonian of the process can be written as: H =
n(dpdsTdiT + c.c.), where d,' is the creation operator of the photon z (x = p,i,s),
and £ is a constant depending on x(® and the length of the crystal. Given a coherent
pump field |e),, the unitary operator describing the temporal evolution of the process,
with an interaction time ¢ and 7 = xt, can be written as: U = exp[—i7(d,d; d,' +c.c.)] =
[+ ivd; d," — 'yz(ddesT)Q +..., being I the identity and ~? the probability of generating
one photon pair. When a single pair is generated the state can be written as

(1) |@)p[0)5]0)s — dpdi*d,ta)y[0)5]0)s ~ fa),|1)il1)s.
The phase-matching condition can be satisfied by birefringent crystals. Different ways

to fulfill the phase-matching condition are possible. In type-I phase matching the idler
and signal photons share the same polarization, orthogonal with respect to the pump
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polarization. Conversely, in type-II phase matching, the idler and signal photons are
orthogonally polarized.

The phase-matching condition strictly limits the geometry and the classes of nonlinear
crystals that can be used for photon-pair generation. In certain cases this excludes the
adoption of crystals with high nonlinear coefficients for a desired generation scheme.
In order to overcome such limitation it is possible to exploit a particular construction
geometry of ferroelectric crystals. Through an inversion of ferroelectric polarizations it
is possible to induce a periodic inversion of the sign of the crystal nonlinear coefficient,
with period A. Then, a new phase-matching condition for photon pair generation, called
quasi—phase-matching condition [79], holds:

(2) kp(T) = ks (T) + ki(T) +

where A(T) is the poling period (including its dependence on the temperature T'), and
Z is the pump propagation direction. In this way, by appropriately choosing A and the
operating temperature, one can reach the generation of photons at the desired wave-
lengths and specific phase-matching properties [80, 81]. Periodically-poled crystals en-
able a third phase-matching configuration different from type-I and type-II, called type-0
phase matching. In this case, the idler and the signal share the same polarization of the
pump beam. For instance a collinear type-0 phase matching becomes possible, where
the photons are emitted with the same polarization and spatial direction of the pump
(fig. 2b).

The phase-matching condition and the energy conservation constraints generate cor-
relations between the idler and signal photons. Such correlations can be exploited in
suitable geometries to generate entangled states in different degrees of freedom. In par-
ticular one can directly generate an entangled state in polarization degree of freedom
using a type-II system: by appropriately orienting the crystal optical axis with respect
to the pump polarization, the two distinct emission cones (along which the idler and
signal photons are generated) can be made to intersect. In this configuration, the pho-
tons emitted along these two intersections are entangled in their polarization degree of
freedom [76]. Conversely when other geometries are employed, e.g. collinear generation,
or when other phase-matching conditions are satisfied, such as type-I or type-0, it can
be necessary to use interferometers with or without post-selection schemes to generate
entangled states. A possible choice of nonlinear crystal for generation of polarization-
entangled photons in the noncollinear scheme of [76] at telecom wavelength is beta barium
borate (BBO) [82].

In the telecom range other kind of sources are also used, different from noncollinear
type-1I ones. In particular, a collinear geometry can be employed within interferome-
ters to generate entangled states. One of the most used nonlinear crystals for telecom
generation is periodically poled potassium titanyl phosphate (PPKTP), which can be
tailored to achieve high-purity polarization-entangled states of photons that are uncor-
related in the spectral and spatial degrees of freedom [83]. The crystal nonlinearity
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can be engineered by using different techniques to achieve specific generation charac-
teristics [84,85]. Such crystal is used in several different configurations. A particular
geometry requires a type-II PPKTP generating pairs of photons along the same optical
mode. The walk-off between the photons is compensated by inserting a second crystal.
Finally, photons are probabilistically divided by means of a beam-splitter to obtain a
polarization-entangled state in a post-selected configuration [86,87]. Alternatively, two
type-I crystals can be used to directly generate polarization-entangled states [88].

Sources based on interferometers often require an active phase-stabilization. In order
to avoid such technical issue, a Sagnac interferometer can be employed to generate entan-
gled photons from visible to telecom wavelengths [89,90,12]. This architecture has the
advantage of not requiring active stabilization, since the geometry is intrinsically stable
(fig. 2¢). In such a geometry, a nonlinear crystal is placed in the centre of a Sagnac
interferometer, and photons are generated with a collinear type-II phase matching. The
pump beam with linear polarization at +45° enters in the interferometer through a dual
wavelength polarizing beam splitter (DPBS), that operates for both the wavelengths
of the pump and of the generated photons. The vertically-polarized component of the
pump is reflected by the DPBS, and counterclockwise propagates in the Sagnac. Before
being injected in the crystal, it propagates through a dual wavelength half-wave plate
(an half-wave plate for both the wavelengths at stake) that rotates the polarization to
satisfy the phase-matching condition. The generated photons are splitted by the DPBS
along two spatial directions (|[V'}|H) contribution). Conversely the horizontally-polarized
component of the pump is transmitted by the DPBS and propagates clockwise generat-
ing photons in the other direction and then producing the |H)|V) contribution. Finally
the two photons generation paths (clockwise and counterclockwise) are combined by the
DPBS, generating the state

L

3) W) 7

(H)|V) + e'|V)|H)).

This scheme was applied in the telecom range both with a pulsed pump beam [91-
93] and with a CW pumping scheme [94, 95], obtaining high values of fidelity with a
maximally entangled state. Different Sagnac-based sources were realized also in a highly
nondegenerate configuration with type-I PPKTP crystals [96].

Besides Sagnac interferometer, other stable bulk interferometers can be employed for
generation of polarization-entangled states. For example in [83,20] a stable apparatus was
demonstrated, composed of calcite crystals used to split and recombine two generation
paths from a PPKTP crystal.

Another crystal employed for telecom entangled generation is periodically poled
lithium niobate (PPLN) [97], that was used in different bulk configurations [98-102].

Photons from bulk crystals are generated in different directions. To select a spe-
cific direction, single-mode fibers are commonly adopted. Furthermore the maximum
generation is limited in a small region of space inside the crystals, that is, the focal
region of the pump. A different approach has been shown to allow direct generation
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of photon pairs in waveguides. In this scenario, the pump is confined during all the
process and the emission occurs along a single mode. Several SPDC sources in nonlin-
ear waveguides [103] have been reported, with enhanced generation and collection effi-
ciencies: PPLN waveguides [104-121] (also for 1310 nm generation [122,123]), PPKTP
waveguides [124], AlGaAs semiconductor waveguides [62,125-130], periodically poled sil-
ica fibers (PPSF) that remarkably do not require a walk-off compensation [131-133], and
GaAs-based semiconductor Bragg reflection waveguides (BRW) [134,135]. PPLN waveg-
uides were also employed in SPDC generation of three-photon polarization-entangled
states [136].

Generation of entangled photons in waveguides represents a first step towards inte-
gration of sources in miniaturized circuits. This provides advantages in terms of instrin-
sic stability, and would allow also for generation in waveguides with consequently high
brightness, coupling efficiency and fidelity of generated states. Such considerations mo-
tivate the realization of all-integrated platforms for suitable and stable sources. A recent
review on integrated sources of photonic quantum states can be found in [137]. Differ-
ent circuits were adopted to generate path-entangled states in chip exploiting PPLN
waveguides [113, 138, 139]. First partial attempts in the direction of full integrated
polarization-entangled states were done by using PPLN-based circuits [140]. However
for such degree of freedom few all-in-chip sources have been realized, in which all the
interferometric setup is integrated. In the next sections we will describe how this task
can be accomplished by the FLW technique, that permits to generate telecom entangled
photons within a tunable interferometer, embedded in an integrated circuit that includes
nonlinear waveguides [74]. In table I a list of SPDC sources of entangled photon pairs
with wavelengths around 1.55 pm is reported.

2°2. SFWM sources. — The generation of correlated photon pairs can also be obtained
through the process of spontaneous four-wave mixing (SFWM) in waveguides [141]. The
x® nonlinearity of optical fibers enables the scattering of two pump photons of fre-
quency wp; = wpz = w,, (for simplicity we consider the case of degenerate pump photons)
to generate signal (ws) and idler (w;) photons according to the energy conservation con-
straint: w; + ws = 2w, and the momentum conservation: QEP = Ei + ES (fig. 3a). The
Hamiltonian of the SFWM interaction, assuming that the pump consists of two fields pl
and p2, can be written as: H ~ ihx(3)a;1a;2dsfdﬁ, where a}cT is the creation operator
of the photon = (z = pl,p2,i,s). At first order, the generated two-photon state reads

(4) |a>p1|a>p2|0>i|0>s - a;la;QddeST|a>p1|a>p2|0>¢\0>5 ~ aplap2|a>p1|a>p2|1>i|1>s'

SFWM can be then employed to generate polarization-entangled photons inside bire-
fringent fibers [142], in particular fiber-Sagnac loops [143-149]. A possible scheme [146] is
composed of a fiber loop in which a polarizing beam splitter (PBS) divides a linearly po-
larized pump at 45° (fig. 3b). The vertically polarized component of the pump is reflected
by the PBS and propagates clockwise along a dispersion shifted fiber (DSF) having a
zero-dispersion wavelength equal to the telecom pump wavelength. The nonlinearity of
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TABLE 1. — Table of telecom SPDC entangled photons sources.

93

References Platforms Generated states Ai,s Tange
[82] BBO type-11 polarization 1550 nm
pulsed-pump entanglement
[83,20] PPKTP type-IT polarization 1552 nm
pulsed-pumped interferometer entanglement
[86] chirped PPKTP type-II polarization 1490-1610 nm
CW-pumped interferometer entanglement
[87] PPKTP type-I1 polarization 1530-1595 nm
[95] CW-pumped interferometer entanglement 1540-1560 nm
[88,98] PPKTP, PPLN type-I polarization 810,1550 nm
[101] CW-pumped entanglement 795,1609 nm
[94] PPKTP type-II CW-pumped polarization 1550 nm
Sagnac interferometer entanglement
[91,92] PPKTP type-II pulsed-pump polarization 1584 nm
[93] Sagnac interferometer entanglement 1570 nm
[96,99] PPKTP, PPLN type-I polarization 810,1550 nm
Sagnac interferometer entanglement
[100] PPLN type-IT polarization 1506,1594 nm
pulsed-pumped entanglement
[62] AlGaAs waveguide type-II polarization 1518 nm
[127] type-0/1 pulsed-pumped entanglement 1635 nm
[128] AlGaAs waveguide type-II polarization 1560 nm
CW-pumped entanglement
[107] PPLN waveguides type-I polarization 1560 nm
[111] pulsed-pumped in interferometer entanglement 1434.6,1606.5 nm
[104,105,112] PPLN waveguides type-I polarization 1535-1560 nm
CW-pumped in interferometer entanglement
[114] PPLN waveguides type-II polarization 1559.8 nm
[115] CW-pumped entanglement 1551,1571 nm
[116] 1540.2nm
[109] PPLN waveguides type-0 polarization 1542,1562 nm
[110] pulsed-pumped in interferometer entanglement 1538.8,1558.66 nm
[117] PPLN waveguides type-0 polarization 1560.5 nm
[119,106] CW-pumped in interferometer entanglement 1546,1574 nm
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TABLE 1. — Continued.
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References Platforms Generated states Ai,s range
[124] PPKTP waveguides type-11 polarization 1540 nm
pulsed-pumped in interferometer entanglement
[120] PPLN waveguides type-I path 1551.7,1548.5 nm
CW-pumped in interferometer entanglement
[131-133] PPSF type-IT polarization 1500-1620 nm
entanglement
[134] BRW type-II polarization 1537,1575 nm
[135] CW-pumped entanglement 1550 nm
pumpe pat nm
138 PPLN CW d h 1560
[139] pulsed-pumped integrated chip entanglement 1519.4nm
type- -pumpe polarization 44 nm
140 PPLN II CW d larizati 1554.44
partially integrated entanglement
[113] PPLN type-0 path 1560 nm
pulsed-pumped integrated chip entanglement
[74] PPLN type-0 CW-pumped path/polarization 1560 nm
all integrated FLW chip entanglement

the fiber enables the SFWM process in which two pump photons annihilate to generate
idler and signal photons with vertical polarization: |V)|V). Conversely the horizontally
polarized component of the pump propagates counterclockwise along the same fiber gen-
erating a contribution |H)|H). The two possible generation paths recombine in the PBS
and exit along the same output port. After suppressing the pump through a filter F and
separating the idler and signal photons through an arrayed waveguide grating (AWG),
the final state reads

_ b
V2

being ¢ a relative phase shift that can be modulated by acting on the polarization of the

() W) ((H)|H) + e |V)[V)),

pump beam.

SFWM (time-energy /polarization) entangled pairs sources can be realized through
integrated silicon waveguides [150-164] or AlGaAs waveguides [165]. SFWM generation
in waveguides, possibly enhanced by using a ring resonator architecture, is at the basis
of photon sources for Si-based photonic integrated circuits. Such circuits, that can be
realized in silica-on-silicon and silicon-on-insulator platforms, permit the realization of
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Fig. 3. — a) Energy diagram (up), momentum conservation (middle) of SFWM generation
in a nonlinear fiber for degenerate pump photons. p = pump photon, ¢ = idler pho-
ton, s = signal photon, w; and k, the frequency and momentum relative to photon x =
p,%,8. b) Scheme of SFWM polarization-entangled photons generation in a fiber Sagnac
loop. DSF = dispersion shifted fiber, AWG = arrayed waveguide grating, F = pump filter,
PBS = polarizing beam splitter. ¢) Scheme of a FWM source of path-entangled photon pairs,
in a silicon-on-insulator device. The final state is obtained in the degenerate generation in which
the phase shift ¢ between the arms of the interferometer is set to zero.

integrated quantum photonics thanks to the properties of Si-based waveguides [55-58].
The high refractive index contrast of the waveguides allows high field confinement, thus
leading to reduced circuit size. Furthermore, such platforms present large nonlinearities
exploitable for entangled photons generation, and are compatible with different standard
electronics elements, and fast optical modulators. However, the possibility of supporting
the propagation of polarization-entangled states is currently prevented by birefringence.
For this reason, the main degree of freedom manipulated for quantum processes within
this platform is given by the optical path. It is then crucial to include sources of path-
entangled photon sources integrated in these devices. This aim can be accomplished by
exploiting SEFWM [166-168]. A scheme for the generation of two-photons path-entangled
states [166] exploits the silicon-on-insulator integrated circuit represented in fig. 3c. The
pump beam enters along a waveguide and is equally split by a first directional coupler.
For each of the two paths, the pump beam enters in a spiralled waveguide where signal (s)
and idler (¢) photons are generated by SFWM. The two parallel generations are combined
in a second coupler leading to the generation of an output state of the form

1
ﬁ(|]—slz>A|Osoz>B - |0507,>A|]-slz>B):|

1
V2

where A and B are the two paths, and ¢ is a relative phase shift that can be tuned

(6) ) = cos 6 [

+m¢{ m&umhm+mhmgwmy
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by means of a thermal phase shifter. For the case of degenerate generated photons and
¢ = 0, the maximally entangled state is obtained: |¥) = %(\2>|0> —10)]2)) (fig. 3c).
Note that a two-colour pump is necessary for degenerate generation, otherwise the pump
cannot be divided from the generated photons. Such platforms can be also exploited to
generate multidimensional entangled states [169].

2'3. Other sources. — SPDC and FWM are nondeterministic processes that cannot
be exploited to realize on demand sources. In order to achieve deterministic single-
photon sources different platforms have been proposed. In particular, quantum dots are
becoming a fundamental tool to generate single photons on demand [170-175]. They can
also be employed to generate entangled pairs at telecom wavelength, in both windows
around 1300 nm [176] and 1550 nm [177], by using InGaAs-based quantum dots.

3. — Femtosecond Laser Writing Technique for integrated source of telecom
entangled states

Here we will briefly describe the FLW technique and its capability to design circuits
that permit to generate and manipulate photons in both path and polarization degrees of
freedom. Then, we will show how such technique enables the realization of a modular and
reconfigurable path and polarization-entangled photon source in an integrated device [74].

3'1. FLW technique. — Femtosecond laser waveguide writing is a fabrication technique
that has been recently employed to design integrated quantum photonics platforms [68-
73,178-181]. Femtosecond laser writing exploits strong laser pulses (in the femtosecond
regime), with energy lower than the energy gap of the substrate material. The laser
is focused inside the material substrate to induce a localized permanent modification
of the refractive index by non-linear absorption processes [68,178,182-187]. Moving
the substrate with respect to the laser focus, waveguides and complex photonic circuits
can be written at constant velocity with micrometric precision (fig. 4). Two writing
configurations can be adopted [179]. The longitudinal one, in which the substrate is
translated along the direction of the focused laser beam, has spatial range limitations
due to the working distances of the employed optics. Conversely, the transverse writing
configuration, in which the translation is perpendicular to the laser propagation direction,
leads to asymmetric waveguide cross sections (higher birefringence). This latter drawback
can be overcome by multiscan approaches. The features of the written waveguides depend
on different parameters such as wavelength and energy pulse of the laser, pulse duration
and the focus numerical aperture. FLW offers several advantages compared to other
microfabrication techniques such as lithographic technologies. The production cost is
relatively low and the fabrication process is fast (above 40 mm/s), without the need of
clean rooms. Circuits within the substrates can be written in the 3D space, allowing
for the realization of complex geometries [188-197]. In parallel, losses are relatively low:
propagation losses can reach values near 0.1-0.3 dB/cm while coupling losses ~ 27% [198].
Laser-written waveguides in glasses can show a low birefringence and can be realized with
circular cross section, then they are polarization insensitive [199]. Hence, these waveguide
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Fig. 4. — Femtosecond laser writing on a glass via a transverse geometry.

support propagation of polarization qubits [200]. Different transparent materials, such
as glasses, crystals and polymers can be processed for the realization of FLW circuits.

Through the geometry of the waveguides, the path degree of freedom of the photons
can be manipulated. Appropriately chosen sequences of two-dimensional beam splitters
and phase shifters allow for the implementation of any arbitrary discrete unitary in the
path degree of freedom [27]. Tt is then crucial to obtain capability of implementing these
two key elements with high precision. Beam splitters can be realized through directional
couplers (DCs). In the lossless assumption, a directional coupler can be expressed by the
unitary matrix

VT — iv1-=T
(7) Uar = < ) ;

iv1I—T VT

where T' is the coupler transmittivity. Such operation is achieved by means of the
evanescent fields coupling mechanism between two adjacent waveguides, which allows
the transfer of electromagnetic field amplitude from one waveguide to another. The two
key fabrication parameters of a directional coupler that permit to control the transmit-
tivity T are the interaction length, L and the distance d between the two waveguides
(fig. ba), according to

(8) T ~sin*(KL),

where K is a coupling coefficient that decreases exponentially with the distance d.
A static phase shifter can be achieved by implementing a delay in one waveguide
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b)

Fig. 5. — a) Scheme of a directional coupler, whose transmittivity depends on the length (L)
and distance (d) of interaction between the coupled waveguides. By appropriately controlling
the geometry, polarization independent beam-splitters or polarizing beam-splitters can be im-
plemented. b) Static phase shift (¢) can be controlled by appropriately bending one of the
waveguide. c¢) Tunable phase shifts can be obtained through thin gold thermoresistors upon the
waveguide: applying a voltage AV, the dissipated heat changes locally the waveguide index of
refraction. d) Cross sections of the waveguides at different rotations of angle 6.

compared to another. It can be written as the unitary transformation

9) U= (g o)

where ¢ is the relative phase shift. In an integrated device this is obtained by bending the
waveguide and hence stretching the optical path (fig. 5b). This method introduces a static
phase shift defined at the fabrication stage, that cannot be changed during the circuit
operation. FLW allows also to design circuits with reconfiguration capabilities, allowing
to change the phase shifts by means of thermal shifters [201,202]. These devices induce a
local change of the refractive index in an arbitrary point of the chip by exploiting thermo-
optics effects. Such operation can be performed by means of resistive heaters, constituted
by thin gold films (~ 50 nm) deposited on the chip in the proximity of the waveguides.
The resistor pattern is defined by laser ablation, obtained by focusing on the sample
surface a femtosecond laser beam. By applying a voltage AV over the resistor, heat is
dissipated into the bulk of the chip changing locally the waveguide index of refraction,
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thus resulting in a phase modification. Given the dissipated power Pyss = AV?/R on
the ohmic resistor R, the phase shift A¢ induced on the waveguide can be expressed by

(10) A¢ ~ O(Pdism

being « a coefficient dependent on the geometric, thermal and optical properties of the
substrate material. Then, through phase shifters and directional couplers, arbitrary
linear optical interferometers can be realized to obtain full control of the path degree of
freedom.

Moreover, the potential of the FLW technique allows to design integrated optical ele-
ments for manipulation of the polarization degree of freedom. In order to employ polar-
ization states inside the circuits, two requirements are necessary: i) directional couplers
whose splitting ratio is polarization independent that can be implemented by FLW, and
ii) optical elements that allow for the manipulation of the polarization. In this degree of
freedom, the two key optical elements are waveplates and polarizing beam splitter. Such
devices can be realized by the FLW technique [203-207]. In [204,205] directional couplers
were implemented with splitting ratio that can be regulated indipendently for horizontal
and vertical polarizations, enabling the integration of polarizing beam splitters. In [203]
integrated waveplates with arbitrarily rotated birefringence axis were realized. This is
obtained by modifying the writing laser beam angle with respect to the substrate. In
such a way the fabricated waveguide will have a tilted cross-section and hence tilted
birefringence axis, acting as a rotated waveplate.

FLW has been used for a broad range of quantum information applications. Inte-
grated circuits were used to perform: quantum gates [205, 208,209,189, 190], quantum
walks and simulation processes [210-213], generation of path-polarization hyper-entangled
and cluster states [214], boson sampling experiments [215-218] quantum contextuality
test [219], quantum multiphase estimation [220], sensing application [221], photon indis-
tinguishability test [222], quantum single-photon storage [223], state transfer of entangled
qubits [224], microfluidics in fused silica [225].

32. FLW for fully integrated source of telecom entangled states. — We describe here
how FLW can be exploited to implement an all-in-chip source able to generate path- or
polarization-entangled states at telecom wavelength with a modular approach [74]. Such
fully integrated source relies on the hybrid assembly of three circuits written on different
materials through the FLW technique. The three cascaded integrated devices implement
the entangled source and the third device can be changed to switch between polarization-
and path-entangled output states.

The first circuit is written in aluminum-borosilicate glass and includes a reconfigurable
and balanced directional coupler at 780 nm wavelength. The laser pulses, employed for
the writing process, have duration of about 300 fs, wavelength Apyises = 1030 nm, 1 MHz
repetition rate and 220nJ pulse energy. The coupler, inscribed 25 um below the chip
surface, is used for single-mode manipulation of the continuous-wave pump at 780.31 nm
with waveguides having a 1/e? mode size of 8 x9 um? at that wavelength. The first device
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(D1) is covered by a 50 nm gold layer, required for a thermo-optic resistor (75 ohm) able
to implement a phase shift ¢ from 0 to 27 with a dissipated power up to about 0.4 W.
Such phase shift will be the relative phase in the generated polarization-entangled state
and will be the control of the amount of entanglement in the case of path entangled state.

The pump, equally divided by the first device, is coupled with ~ 75% of efficiency to
the second 18 mm-long chip (D2), containing the nonlinear waveguides written in a PPLN
substrate. The crystal is z-cut and has a poling period A = 19.5 ym, satisfying a de-
generate type-0 phase-matching condition at room temperature with a pump wavelength
Ap = 780.31nm, corresponding to idler and signal wavelengths of \; s = 1560.62 nm.
The two inscribed waveguides have a single-mode size of 12 x 12 um? for 780nm and
18 x 16 um? for 1550 nm wavelength. Waveguides were fabricated by exploiting a multi-
scan technique [226]. The waveguides have a very similar nonlinear properties since the
measured overlap between their second-harmonic generations was above 99%. The power
of SPDC emission from a waveguide pumped with an input power P,, can be expressed
as [227]

sinh(ly/(wi/ws)K2B, — A?) :
I/ (wiws)k2 P, — A2

dws,

(11) PSPDC X wi/

where [ is the length of interaction, k the nonlinear coupling coefficient and A is the
phase mismatch.

The telecom photon pair generated by SPDC processes along the nonlinear waveg-
uides are coupled to the third device with an efficiency of ~ 80%. The third chip is
necessary for the entangled state generation and can be chosen between two different
devices (D3a and D3b) depending on the desired output state. For the path-entangled
state D3a has to be adopted. The latter is composed of a balanced directional coupler at
1560 nm that recombines the two possible generation paths from the PPLN device. The
waveguides are written at 170 um depth with respect to the glass surface, through laser
pulses of 370nJ pulse energy. The mode profile is near circular with a 1/e? diameter of
15.5 pm. Propagation losses of this device are approximately 0.3dB/cm. To generate a
polarization-entangled state, the 37 mm x 12mm device D3b has to replace D3a. Such
circuit contains two integrated half-wave plates, with optical axis tilted, respectively, by
22.5° and —22.5°, implemented through the technique discussed in [203], and achiev-
ing a polarization rotation efficiency > 98%. Then, a balanced polarization-insensitive
directional coupler at 1560 nm [228] recombines two possible generation paths.

Let us now discuss the generation process in more detail. We consider the case in
which a pump photon generates a photon pair. The pump is injected along the mode 2
of D1 propagating through the directional coupler and the phase shifter. The state at
the output of D1 reads

(12) W)in = [0)1]a)e = |a/V2)1le*a/v2)s,

where state |3); stands for a coherent state along the mode ¢ = 1,2. Then, the pump
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enters in D2 and generates, through type-0 SPDC, a pair of degenerate telecom photons:

1
V2
where |k); stands for k photons in mode i = 1, 2.

Finally the two possible generation paths are combined in the directional couplers of
D3a or D3b. In the case of D3a the final state [¥(¢))%;,, is a path entangled state:

(13) o /V2)1le®a/vV2)2 22— (|0)1]2)2 + €[2)1]0)2) ,

2z
V2

The degree of entanglement can be modified by tuning the phase shift ¢, through a
change in the voltage applied on the thermoresistor. For ¢ = 0 we obtain the maximally
entangled NOON state: |¥(0))%, = %(|0>1|2>2 +12)1/|0)2), while for ¢ = 7 the state will
be separable: |¥(7m))& = |1)1]1)2.

The generation can be switched from path- to polarization-entanglement by substi-
tuting D3a with D3b. In this case, photons along path 1 will be rotated by the half-wave
plate to a diagonal state, |[+) = \%(|H> +1]V)), while photons along path 2 will be rotated

(14) [W(9))5n = cos(4/2) (10)1[2)2 + [2)1[0)2) | + sin(¢/2) [1)11)s.

by the half-wave plate to an antidiagonal state |—) = %(\H) —|V)). By post-selecting
to those cases in which one photon exits from each output port of D3b, the final state
[¥(6))h, will be

(15) W)k = 5 (#1424 ).
that is, a maximally entangled state in the polarization degree of freedom.

The experimental setup used in [74] to generate and analyze the generated states is
shown in fig. 6. A single-mode fiber array at 780 nm injects the pump beam, a CW
Ti:Sapphire laser, in input port 1 of D1. After the third chip, the generated photons
from the two output modes are collected in a second single-mode fiber array at 1560 nm
and are separated from the residual pump beam by long-pass filters with an extinction
ratio of 102dB at 780 nm. The photons are detected by recording two-fold coincidences
between two single-photon detectors placed at the output. The first one operates in free
running mode and triggers the other in external gating mode (in this configuration, both
detectors reach an efficiency of 25%).

Let us first discuss the measurements on the path-entangled state (D3a inserted). In
this case there are two possible measurement configurations (fig. 6a): i) measurements of
the contribution |1);|1)s for which the two outputs are directly connected to the detectors,
ii) measurements on the contribution |0);|2)2, obtained by injecting the output 2 into a
fiber beam splitter (FBS), whose two outputs are set to the detectors. The measurements
of the two contributions are performed separately. Given the state in (14), the detection
probability of the contribution |1)|1)s varies as sin?(¢/2) with respect to the phase shift
¢, while the probability of the contribution |2)1]0) changes as cos?(¢/2). The measured
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Fig. 6. — a) Scheme of the source of path entangled state. Two measurement configurations
are used to measure, respectively, the [1)1]1)2 (up) and |0)1]2)2 (down) generated terms. b)
Scheme of the source of path entangled state. FA = fiber array, D1 = first device composed
of balanced directional coupler at 780nm and tunable phase shift ¢, D2 = PPLN chip,
D3a = balanced directional coupler 1560 nm, fbs = fiber beam splitter, A/2 = half-wave plate,
A/4 = quarter-wave plate, D3b = device composed of half-wave plates and directional coupler
at 1560 nm, CP = polarization control, PBS = polarizing beam splitter, LP = long pass filter,
DET = single photon detector.

fringe patterns are shown in fig. 7a, and the corresponding fringes visibilities, are reported
in table II. The obtained results demonstrate the high quality of the generated state.
On the other hand, the measurements on the polarization-entangled state are per-
formed by a polarization stage and a detector for each output mode (fig. 6b). The
output state in (15) is rotated, by means of compensation waveplates, to the state

L

(16) (W (9))fin = 7

Such state presents sinusoidal fringes as a function of ¢ when measured in the diagonal
basis | + /—), while being constant in the |H/V') basis (fig. 7b). The obtained visibilities
are reported in table IT and demonstrate the quality of the generated state.

Finally we set to ¢ = m the phase shift in state (16), thus generating the Bell
state: |®7) = %(|H>1|H>2 — |V)1]V)2). To fully verify the generated state, a quan-
tum state tomography [229] has been performed. The measured fidelity of the gener-
ated density matrix pexp with respect to the ideal Bell state p,- was: F(pexp; Pg-) =
Tr[(\/PexpPo\/Pexp) /?]? = 0.929+0.011. For such a state the purity was ¥ = Tr[p2, ] =

(IE1[H)s + €[V)1[V)a)
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Fig. 7. — a) Measured fringe patterns for path-entangled state as a function of phase shift ¢,
tuned by changing the applied voltage on thermo-resistor in D1. Green: |0)1]|2)2 contribution.
Orange: |1)1]1)2 contribution. b) Measured fringe patterns for polarization-entangled state as
a function of phase shift ¢, tuned by changing the applied voltage on thermo-resistor in D1.
Black: |4)1|4)2 contribution. Blue: |+)1|—)2 contribution. Red: |H)1|H)2 contribution. In all
plots, shaded regions are 1-o confidence intervals on the fit parameters. Error bars are due to
the Poissonian statistics of the measured coincidences.

0.908 +0.018, and the concurrence was C' = 0.905+0.022. Furthermore another measure
of entanglement is performed through the quantity [230]: S =3_,_ vy , [(0:®0;)|, where
o; (i = x,y, z) represent the Pauli matrices. For all separable states this inequality holds:
S < 1, thus representing an entanglement witness on the state [24]. We measured a value
Sexp = 2.782 £ 0.015 (by subtracting for accidental coincidences). The separable limit is
violated by ~ 118 standard deviations, thus demonstrating the presence of polarization
entanglement in the generated state.

4. — Conclusions

Reliable generation of entangled photons at telecom wavelength is a crucial require-
ment in the context of quantum communication and for future quantum networks. Dif-

TABLE II. — Table of the fringes visibilities for both the path- and polarization-entangled states
and for different measurement configurations. V'™ are the experimental visibilities obtained
from raw data, while V' are obtained by subtracting for accidental coincidences.

[0)1]2)2 [1)1]1)2 [+)1l=)2 [+)1l+)2
1% 0.980 4+ 0.004 0.970 + 0.004 0.929 £+ 0.017 0.957 +0.015
yraw 0.935 4+ 0.003 0.877 + 0.004 0.834 +0.018 0.858 4+ 0.019
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ferent platforms have been developed to accomplish such task. A promising approach
employs integrated photonics circuits for stable, scalable and efficient implementation of
quantum information protocols. In particular FLW enabled the realization of a broad
range of photonic components including photon sources.

Recently a fully integrated source able to generate telecom photons in both the polar-
ization and path degrees of freedom was implemented by using the FLW technique. This
kind of platform promises to be a building block for future all-in-chip quantum processes
that will include on-chip sources, manipulation and detection [231-235]. Minimizing the
losses and maximizing stability and efficiency, fully integrated circuits can be employed to
accomplish several tasks that cannot be tackled with a bulk optics approach. A near term
goal is represented quantum-enhanced multiphase estimation experiments [236,237,220].
In this context, dynamical reconfigurability of the devices will permit to implement adap-
tive estimation protocols that generalize single-parameter approaches [238,239]. This
would also require the development of integrated sources at wavelengths different from
1.55 pm, for applications in quantum sensing on biological systems [221]. The integration
of photon sources can also be a fundamental step to improve boson sampling experiments
in systems of progressively increasing size [215-218,240-250]. Finally, integrated sources
can also become a significant tool for future satellite-based quantum network [251-255].
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Quantum optics with single spins
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Summary. — Defects in solids are in many ways analogous to trapped atoms or
molecules. They can serve as long-lived quantum memories and efficient light-matter
interfaces. As such, they are leading building blocks for long-distance quantum
networks and distributed quantum computers. This paper describes the quantum-
mechanical coupling between atom-like spin states and light, using the diamond
nitrogen-vacancy (NV) center as a paradigm. We present an overview of the NV
center’s electronic structure, derive a general picture of coherent light-matter in-
teractions, and describe several methods that can be used to achieve all-optical
initialization, quantum-coherent control, and readout of solid-state spins. These
techniques can be readily generalized to other defect systems, and they serve as the
basis for advanced protocols at the heart of many emerging quantum technologies.

1. — Introduction

Solid-state spins are among the most versatile platforms for quantum science and
technology. Select semiconductor defects — exemplified by the nitrogen-vacancy (NV)
center in diamond — exhibit spin coherence at room-temperature and intrinsic optical
spin-readout mechanisms that underly their remarkable capabilities as room-temperature
qubits and quantum sensors. When used in this way, quantum-coherent control is per-
formed using microwaves that couple resonantly to the qubit’s electron spin Hamiltonian.

(© Societa ltaliana di Fisica 115
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Optical pumping and fluorescence are used for spin initialization and readout, respec-
tively, but these processes rely on dissipation through nonradiative and vibronic transi-
tions that involve coupling to phonons in the crystal and are therefore incoherent. When
the crystal is cooled down, however, the optical transitions between different orbital states
become coherent, and they can be manipulated using resonant optical fields just as the
spin is controlled with microwaves. Moreover, spin-orbit coupling mediates interactions
between optical fields and spins, enabling all-optical (i.e., microwave free) spin control,
robust spin initialization and readout, and various schemes for generating spin-photon
entanglement.

In this paper based on lectures from the 2018 Enrico Fermi Summer School on
Nanoscale Quantum Optics, we introduce a general picture for coherent light-matter
interactions based on coherent, dispersive interactions with spin-selective optical tran-
sitions based on the Jaynes-Cummings Hamiltonian for quantum electrodynamics. The
paper is organized as follows. In sect. 2, we introduce the spin and optical fine structure
of the NV center, including the role of various perturbations. Subsequently, in sect. 3
we summarize key concepts of quantum optics including the Jaynes-Cummings Hamilto-
nian, and show how coherent, dispersive, light-matter interactions give rise to the optical
Stark effect and the Faraday effect, which can be used respectively to control and measure
NV-center spin states. In sect. 4 we generalize the treatment to include more complex
dynamics exhibited by an optical A configuration, including coherent population trapping
and stimulated Raman transitions, and in sect. 5 we describe an alternate, non-dispersive
technique to probe and control quantum dynamics using ultrafast optical pulses. Sec-
tion 6 summarizes the paper and highlights future directions for the application of these
techniques to address other spin-qubit platforms, and to enable more advanced schemes
for quantum control within quantum networks. Much of the material is adapted from
Buckley et al. [1], Yale et al. [2], and Bassett et al. [3], and more information regarding
the experiments and models can be found in those references.

2. — Electronic structure of the diamond nitrogen-vacancy center

The NV center in diamond has been an object of fascination since the 1950s as
one of the predominant color centers in diamond, and the focus of intense study in
quantum information science since the turn of the 21st century [4]. Its popularity and
importance in quantum science stem from several key characteristics, including long spin
coherence of the triplet ground state, which persists to room temperature and above, and
efficient, stable, visible photoluminescence (PL) that can be used to measure the spin
state populations. The latter property stems from the NV center’s specific electronic
level structure, which at room temperature takes the effective form shown in fig. 1(a).
The spin-triplet ground state and optically excited state — which is responsible for
the visible PL. — is connected to manifold of intermediate singlet states through an
inter-system crossing (ISC). The nonradiative ISC is mediated by phonons and the spin-
orbit interaction, and the rates in both the upper and lower branches depend on the
triplet spin projection. In particular, the upper ISC transition from the triplet excited
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Fig. 1. — Electronic structure of the diamond NV center. (a) At room temperature, rapid phonon
transitions within the orbitals of the 3E excited state lead to an effective spin-triplet with spin-
dependent non-radiate decay channels, vy, , through the ISC as shown. These dynamics produce
the NV center’s spin-dependent PL. (b) At low temperature, the orbital fine structure within SE
is resolved. The unperturbed spin-orbit states evolve into two separated orbital branches as a
function of the transverse strain or dc Stark shift, §. Eigenstates in (b) are calculated according
to eq. (2) for B=0G and a; =0.

state occurs predominantly for the my; = +1 spin sublevels (labeled according to the S,
projection, where z is along the defect’s symmetry axis). These intrinsic, spin-dependent
optical dynamics provide the mechanisms for optical spin initialization and PL-based
spin readout that are used in a majority of NV-center applications, especially at room
temperature [5].

While the 3A, ground state is an orbital singlet, the 3E excited state is an orbital
doublet. At room temperature, rapid phonon-mediated transitions between the orbital
branches result in an effective spin-triplet Hamiltonian as shown in fig. 1(a). At temper-
atures below ~ 20K, however, phonon-induced transitions are suppressed, and the fine
structure associated with the full six-dimensional excited-state Hamiltonian emerges in
the optical transitions, as shown in fig. 1(b) [6,7]. At these temperatures, and in pure
diamond samples, the zero-phonon-line (ZPL) transitions become spectrally narrow, in
some cases approaching the lifetime limit, such that coherent Rabi oscillations can be
observed between the ground- and excited-state orbitals [8].

2'1. The electronic Hamiltonian. — The form of the NV center’s electronic Hamiltonian
can be derived and understood using group theory [9,10]. The ground-state Hamiltonian
is given by

2
(1) Hgs = Dgs <S§ B 3> + gesuBS - B,
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where Dy is the reduced matrix element (RME) for the axial spin-spin interaction, and
the second term describes the Zeeman interaction in terms of the Landé g-factor, ges,
1, Sx = S, £1iS,), and
magnetic field B. We generally set h = 1 such that terms in the Hamiltonian can be
written in either energy or frequency units. Similarly, the excited-state Hamiltonian can
be written as a sum of terms due to intrinsic (spin-orbit, spin-spin) interactions and
extrinsic (magnetic, strain/electric) fields,

Bohr magneton ug, electron spin operator S (where S? =

(2) Hes = Hyo + Hys + Hy + Hy, + H.

Below we give explicit matrix expressions for these terms in the product basis |e, ms) €
{(X),[Y)) @ (| —1),]0),| + 1))}, where (]X),|Y)) are E-symmetry orbital states trans-
forming like the vectors (x,y) in the NV-center coordinate system. The spin sublevels
|ms) are eigenstates of the S, operator, whereas the orbital part of the Hamiltonian can
be written in terms of the Pauli matrices o§® (i = z,y, 2) and 0§ = 0% £i0S®, which op-
erate on the two-dimensional orbital excited-state degree of freedom, i.e., 05| X) = | X)
and 02°|Y) = —|Y). Note that ¢$ are not the standard raising and lowering operators.

The only spin-orbit coupling allowed by symmetry is the axial one (i.e., proportional
to S, [10]), with RME A. In the product basis, this takes the form

—iA

o A
Hyo = —Ao)’S, = o

o O O O o O
o O O O O
o O O O O O

o O O o O

—iA

The spin-spin interaction has three symmetry-allowed RMEs, corresponding to one axial
(Degs) and two transverse couplings (A1, Ag). This takes the form

2y A , LA , ‘
(4) Ha = Des (53 - ) — 2L (S20% 4+ §20%) + —= ({84, 8.} 0% + {5, 5.} o)

3 4 2v/2
Des/3  —A2/2  —Ay/2 0 iNy)2  —iA)2
—Ap/2 —2De/3  NgJ2 —ily)2 0 —iAy /2
—-A1/2  A2/2  De/3  iA/2 ilAy)2 0
- 0 iMyJ2  —iA1/2 De/3  Ag/2 Ay /2
—ilg/2 0 —iMg/2  Ag/2 2D /3 —Ay/2
iN/2 D)2 0 A1/2  —As/2  De/3
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Here, {A, B} = AB + BA denotes the anticommutator.

The Zeeman (Hgz), diamagnetic (Hy) and strain/dc-Stark (Hg) perturbations affect
only the spin or orbital degrees of freedom individually. The E symmetry of the excited
state allows different effective g-factors (gl;ls, g&) for axial and transverse components of

the Zeeman interaction, such that

(5) Hy = gosps(BoSy + By Sy) + gl B.S.
—glB, 9L (B, +iB,) 0
=1, ®up gés(Bw - Z-By) 0 gels(Bw + iBy)
0 9L (B, —iB,) g\ B,

Similarly, the axial diamagnetic shift is given by the orbital operator
os 0 —i
(6) Hyp = UBLszUy = ,LLBLZBZ i 0 ® I3,

where L,up is the z component of the orbital magnetic moment. Symmetry implies that
transverse diamagnetic components are zero. The orbital magnetic moment is known to
be relatively small from measurements of circular dichroism [11,12], with a value L, =
0.05 that corresponds to a frequency shift of only L, ugB/h ~ 50 MHz at B = 100 G. This
value is comparable to typical optical linewidths and smaller than most other terms in the
Hamiltonian, hence the diamagnetic shift is often ignored for measurements performed
at relatively low magnetic fields.
Finally, the perturbation due to transverse strain or electric fields is given by

(7) H, = 751025 + 5yo_;s -5 ( _COS(OZ.S) Sln(as) ) ® 1—3’

sin(ag)  cos(as)

where J, = d cos(e,) and 0, = dsin(a;) are the strain (or de Stark) perturbation com-
ponents in crystallographic z- and y-directions with units of energy, where the total
transverse perturbation has an effective angle o (note the total energy splitting between
the orbital branches is 24).

2°2. Low- and high-strain regimes. — An arbitrary crystal strain tensor can be decom-
posed into components that transform according to the Cs, irreducible representations
Ay (transforming like the vector z), and E (with components {E,, E,} that transform
like the vectors {z,y}, respectively). Similarly, the de Stark perturbation due to electric
fields applied along z transform like A; whereas transverse fields transform like F. Since
the perturbations affect the excited-state Hamiltonian in exactly the same way, the dc
Stark effect can be used to compensate an uncontrolled local strain [13]. Whereas trans-
verse strain/Stark fields shift the orbital energies and eigenstates according to eq. (7),
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the longitudinal perturbation is proportional to the orbital identity operator, amounting
to an overall shift of the optical transition frequency between the ground and excited
state, but no variations of the eigenstates within the excited-state manifold. The longi-
tudinal shift can be important when multiple NV centers need to be tuned to interact
with indistinguishable photons [14], however for control of individual defects it is gen-
erally possible to compensate this shift by tuning the laser, so this term is neglected
here.

Near § = 0, it is convenient to use the spin-orbit basis in which the Hamiltonian is
nearly diagonal [10,9], aside from the small spin-spin coupling As. The spin-orbit basis
states can be written as follows in terms of the product basis:

(8a) A1) =~ (X, 1)+ X, 1) 4+ [¥; 1) i [Y; +1)),

(8b) I4y) = %(|X7—1> CUX, 1) i |V, —1) 44 [V, 1)),

(80) 1) = |Be ) = —2 (1%, ~1) +1X, +1) = i[¥,~1) +4 [, 41)),
(sd) B2} = By = —5 (1%, —1) = X, 41) = [¥; 1) i [V, +1),
(8¢) E) = [Bo) = — [Y,0),

(81) IB,) = |Eo,) = X.0).

In this basis, the states are labeled according to the symmetry of the tensor product of
spin and orbital states, which can be obtained from tables of group-theoretic coupling
coefficients [15]. For example, the state | A;) transforms like the irreducible representation
Ay. The arrangement of these levels at zero strain and zero magnetic field is shown in
fig. 1(b). It is important to work in this low-strain regime for some applications. For
example, spin-orbit optical selection rules that link particular spin states with circular
polarization states are present when |A;) and |Ay) are excited-state eigenstates, and
these selection rules can be used to generate spin-photon entanglement [16] or to map
photon states onto spin states [17].

On the other hand, when the transverse strain/Stark perturbation is large, the
excited-state manifold splits into two orbital branches, each with (spin-independent) lin-
ear polarization optical selection rules for transitions to the ground state. This situation
occurs when the strain splitting, 20, dominates over the other coupling terms between the
orbital branches, the most important being the spin-orbit parameter A = 5.33 GHz [3].
Since strain splittings observed for NV centers in high-quality bulk diamond typically
range between 5—50 GHz, this is often the natural situation for experiments, and it can
be useful when one wishes to isolate the role of a single orbital branch.

Below, we use the Schrieffer-Wolff transformation to derive approximate expressions
for the Hamiltonian in each orbital branch in this regime. Rotating the basis in orbital
space by the angle a, enclosed by the crystallographic z-axis and the direction of the
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transverse perturbation, we rewrite the Hamiltonian in the form

(9) H = e 1% H "% = gupBS, — Aoy°S, — b0

2\ A, L ,
+Des <S§ - > = (TSR0 e 52 0)

+— (" {4, 8.} 0P +e " {S_,5.}0%),

where the strain term is block diagonal. Note that in this expression we have assumed
that the magnetic field is applied along z, and we ignore the orbital diagmagnetic shift.
In this basis, the states are labeled |e,m), where ¢ € {L,U} are the lower-energy and
higher-energy states, respectively, and ms € {—1,0,+1}.

Provided that 20 > X, we can treat the inter-branch coupling as a perturbation,
dividing the Hamiltonian into

(10) H=Hy+V,
with the inter-branch coupling term

(11) V=

iA —t i
— A8+ (e8] —ees?) 4

iAo

B2 (oo (5,5, — 7 (5,5.))

es
(Ty .

Starting from this model, we apply quasi-degenerate perturbation theory in the form of
a Schrieffer-Wolff transformation

~ - 11 . f
(12) Hep = O e ¢ = i + [G, 1] + 5 ¢ [c. 1] + o)
1

=Ho+V +[G,H) + [G, V] + 3 G, (G, Ho]] +---,
where the generator G is defined such that G = —G in order to eliminate the couplings
between the two strain-split branches in lowest order. The condition for this to work is
[G, Hy) = =V, because it implies a transformed effective Hamiltonian

1

(13) Heg = Hy+ §[G, V],

which is second order in the couplings A, Aj, and As. This effective Hamiltonian is
block-diagonal, i.e., it can be split up into a lower and upper branch component, each
containing the contributions due to virtual transitions via the other branch up to linear
order in the couplings.
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The effective Hamiltonian takes the general form

2 Hy, 0
14 Hog = Do [ S — 2 ) + BS, — 6% + )
(14) ff ( 3> guB o H,

Within the lengthy expressions for H;, and Hy, we assume the strain splitting 26 is the
dominant energy scale, and expand to lowest order in 1/6 to obtain

AA7 1, 1, A
A= _ e 2ias A Ze—tas A 21
25 8 8¢ 2f+(es)  3e ! (5 )
1 2iozsA * 0 1 —2iozSA 1
_ge 2 f4 () ge of+(as) [ +0O 52/
1. A 1. A2 A2
Zetas A 2.1 Ze2ias A s* A
2°¢ 1<5 ) ¢ Bafrlas) 25 89
for the lower branch and
(16) HU ~
)\2 A% 1 —2i 1 —ia A
276 -+ g ge AQf_(OLS) 56 Al ((5 -+ 1)
1 QiQSA * 0 1 —QiasA 1
3¢ 2f-(as) —3° of—(as) | + 0 52
1 tog A 1 2iag * )\2 A%
56 Al (6 + ].> _ge Afo(as) 275 + g

for the upper branch. Here, we have introduced the expression fi(a;) = % +2e31%s (2 £
%), which leads to an oscillation with the strain angle «; of the splitting between the
S, =0 and S, = +1 states at their respective crossing points. The diagonal elements in
eqs. (15) and (16) are the spin-orbit and spin-spin induced level repulsions between the
two branches, while the off-diagonal elements are second-order spin-flip terms.

3. — Coherent light-matter coupling

Experiments that probe spin-light coherence [1, 18], and related protocols for all-
optical coherent control [2,3] of NV-center spins draw on a rich history in quantum
optics and atomic physics. For general background in this subject, we refer the reader
to excellent textbooks such as those by Gerry and Knight [19] or Cohen-Tannoudji and
Guéry-Odelin [20]. In this section, we give a brief introduction to the concept of coher-
ent coupling between a light field and atomic transitions, using the Jaynes-Cummings
Hamiltonian to derive expressions for the optical (ac) Stark effect and the Faraday effect.
This derivation naturally captures the correspondence between these two effects, which
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both result from the polariton energy shifts due to the interactions between the light field
and atomic transitions. We discuss how the concept was applied by Buckley et al. [1] to
demonstrate dispersive optical measurements of the spin state and all-optical coherent
spin rotations.

3'1. The Jaynes-Cummings Hamiltonian. — The Jaynes-Cummings Hamiltonian de-
scribes the interaction between light and matter in the rotating wave approximation (see,
e.g., Chapter 4 of Gerry and Knight [19] for a full derivation). It is typically used in the
context of cavity quantum electrodynamics to describe coherent coupling of an atom-like
system to the optical field in a cavity, however it can be applied more generally even
when cavities are not involved. For example, in the experiments by Buckley et al. [1]
and Yale et al. [2], the “cavity” is defined by the duration of a laser pulse, 7, which is
assumed to propagate in a single spatial mode that we can treat as a coherent state of
light with a well-defined electric-field amplitude and phase. We assume that the turn-on
and turn-off of this pulse is smooth, such that the interaction with the NV center is
adiabatic. We also neglect spontaneous emission and other forms of decoherence such as
spectral hopping and laser noise. A treatment of these effects can be found in ref. [1].

Our starting point is the dipole interaction Hamiltonian

(17) Hiwi = /Fowii - E,

where (i is the NV-center electric dipole, E is the local electric field, and Fpw = 0.04 £
0.01 is the Debye-Waller factor, which empirically accounts for the reduced resonant
coupling between N'V-center ground and excited states due to displacement of the nuclear
coordinates during optical transitions [21]. The dipole magnitude is directly related to
the NV center’s spontaneous decay rate 7" = 1/13ns™! [22] through

(18) |_,|2 _ 3meghtc®yT
Eghn[)

where Ep;, = 1.945eV is the photon energy and np = 2.4 is the refractive index of
diamond. The amplitude of the electric field can be expressed in terms of the total
number of photons n in the pulse and the effective equal-intensity optical mode area at
the NV-center Aqi through the classical irradiance

cnpEy |E ‘2 _ nkpy

(19) I=—3 =

TAeﬂ‘ ’

such that

— 2nE h
20 Ey =4/ ——B22
(20) [Eol V npeoAemrer
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By introducing the operators E = |Eo|(a +a) and /i = |7 (6 +6_) for the electric field
and optical dipole, respectively, we cast Hi,; into the form

(21) Hing >~

where a' (&) and 6, (6_) are creation (annihilation) operators for optical photons and
atomic excitations, respectively. If the atomic ground and excited states are |g) and |e),
then 64 = |e){g| and 6_ = |g)(e|. Here we neglect energy-nonconserving terms aé_ and
a'é, in the rotating wave approximation. The quantity €y is the on-resonance optical
Rabi frequency, given by

VFow|jil| Eo | cos(6)
h )

(22) Qo =

where 6 is the angle between the optical dipole and the light’s linear polarization axis.
With the addition of the non-interacting Hamiltonian for the spin and light fields, given
by

~ 1 3
(23) Ho = By <aﬁa + 2) + Ej”— ,

where FE; is the transition energy for the spin state with ms; = j and &) = lej)(ej] —

lgj)(g;| describes the NV-center orbital excitation, we obtain the Jaynes-Cummings
Hamiltonian describing the light-matter system when the spin is in state j,

(24) H(J) H(J) + H(J)

int

A(J) hQ ; .
. 0 (4 At
(25) - p f 9 o ((wi])—l—aTa(f)),

where we have set the optical zero-field energy to zero for simplicity.
The Hamiltonian Hjc is naturally expressed in the basis of non-interacting polariton
states

[46") = 1oy @ In + 1),

(26) W) = ey 0.

where |g;) (|e;)) are the bare ground (excited) states of the NV-center orbital transition
for mg = j, and |n) is a photon-number Fock state of the electromagnetic field. By
diagonalizing Hjc in this basis, we obtain the eigenenergies

(27) Ei(n,Aj) = E (n+2)ig A2 1+ Q3(n),
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Fig. 2. — Light-matter coupling in the diamond NV center. (a) The interaction between an
atomic transition with ground and excited states {|g),|e)} and a near-resonant laser field is
described by the Jaynes Cummings Hamiltonian in terms of polariton states {|G), |E)} with an
energy shift e. (b) Energy-resolved transitions for different spin sublevels in the NV center’s
optical fine structure produce spin-dependent interactions, which manifest (c) as optical Stark
rotations with frequency ¥s and a Faraday phase shift, ®r as a function of laser energy. Panels
(a) and (c) are adapted from ref. [1] and reprinted with permission from AAAS.

where A; = (Epn — Ej)/h is the detuning of the laser from the unshifted NV-center
transition frequency and the n-dependence of Q (implicit through |Ey| in eq. (22)) is
shown explicitly. These eigenenergies take the form of an anticrossing about A; = 0.

Since the atom is initially in the ground state and we assume that the onset of the
light field is adiabatic, the occupied state during the pulse will be the polariton eigenstate
having maximum overlap with |1g), which has energy E;, = E for A; 2 0. The observed
energy shift of this “|g;)-like” state relative to its non-interacting energy

B,
(28) Eg = Ep(n+1)— ?]
is therefore given by
hA 02
(29) eg(n,Aj) = Eg — Ego = — 1+7g_1 J
2 A7

and is plotted in fig. 2(a). This energy shift, present for the duration of the laser pulse,
adds a net phase to the polariton given by

(30) D(n,Ay) = =L
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which in the far-detuned limit |A;| > Qg reduces to

702 n

1 d(n,A;)~ —2=D—
where

(32) D= |1|> Fow Epn cos? (6)

2h2 CNDEQ Aeﬁ‘

In typical experiments using a high-NA free-space objective to focus on a single NV center
through a planar, (100)-oriented, diamond surface, D/2m ~ 10kHz, so the accumulated
phase per photon is only D/A; ~ 107 °rad for typical detunings in the GHz range.
Nonetheless, an optical pulse with power ~ 1 W and duration ~ 1 us contains ~ 106
photons, so we can still obtain an observable signal from the total accumulated phase.

3'2. The Faraday and optical Stark effects. — In order to obtain expressions for the
Faraday and optical Stark effects using this model, we need to resolve the resulting
polariton state into its spin and optical components. For that purpose, we calculate the
reduced density matrices

pAlight - Trspin (Ié)a
(33)

pAspin - Trlight (/3)’

in terms of the full density matrix p for polariton states, which we derive below. Whereas
the polariton states are naturally written in terms of the Fock basis of photon number
states, the laser field is best described by an optical coherent state, |«), defined by

(34) ala)y =ala).
The coherent state can be expanded in the Fock basis using the relation

(35) ja) = e % Z % In),

which describes a Poisson distribution of Fock states, characterized by mean photon
number (n) = |a|? and with uncertainty An = |a| = /(n). An initial polariton state
described by

(36) o) = | 3081y | @ la)
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therefore evolves to the state

7 W) =3 e E Y et g o )

J

after an interaction involving n photons. Using eq. (31) in the limit |A;| > Q¢ we recast
this as

vl
(39) =D _Bilg;) @ Jac ),

al? ael®i "
(3%) o =Y 5e T ) o

n

where ¢; = D/A; is the phase per photon accumulated by the state |g;) ® |a). The full
density matrix of the resulting spin-light system is then given by p = |U)(U]|.

We first consider the Faraday effect, which describes the observable properties of the
laser light following the interaction. The reduced density matrix for the optical field is
readily evaluated as

(40) prigne = Y (k| A lgx)

k
(41) = Z |ﬂj|2 |aei¢j> <o¢ei¢j| )

Thus the optical field is in the state |ae!®’) with a probability |3;]? equal to the initial
occupation probability of the spin state |g;). The observable quantity in this case is
the sinusoidal phase of the electric field, which for a coherent state a = |ale’” has an
expectation value given by

(42) (B(Z,t))q = —V2&|a|d(Z ) sin(wt — 7),

where (%) describes the spatial mode and & is the vacuum electric field [19]. The
complex phase of the coherent state |a) is therefore reflected as the phase of the electric
field. In the experiment by Buckley et al. [1], only one linear polarization of light is
coupled to the transition j. Its phase is shifted relative to the non-interacting polarization
state by an amount ¢;, which rotates the linear polarization angle of the transmitted
light. Figure 3 shows a schematic of the experimental setup.

The experiment is performed in the intermediate-strain regime (20 ~ 17 GHz) where
the excited-state orbitals are energetically separated and can be individually addressed.
The approximate level structure of the ground state and lower-branch excited state is
shown in fig. 2(b); a relatively large axial magnetic field of B, = 1920 G ensures that
the 5. eigenstates are a good spin basis for the excited state, however the spin-spin and
spin-orbit interactions shift the energies relative to the ground state as shown by eq. (15).
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Fig. 3. — Measurement setup. Schematic of the experimental setup used to measure Faraday and
optical Stark effects. A tunable laser near the NV-center ZPL at 637 nm provides the coherent
optical pulses. A second laser at 532 nm is used to initialize the NV-center spin and charge state.
[AOM: Acousto-optic modulator; SBC: Soleil-Babinet compensator]. Adapted from ref. [1] and
reprinted with permission from AAAS.

Thus, the optical resonance for different spin sublevels occur at different frequencies, with

the mg = —1 transition roughly 3 GHz lower in frequency than the ms = 0 transition.
We define the Faraday phase ®p as the difference in phase between the ms = 0 and
ms = —1 spin states, given by
1 1 Ws
(43) F=¢0— -1 (Ao A_1> AoAL

where wy = (E_1 — Ey)/h is the frequency spacing between the resonances.
Similarly, the reduced density matrix for the spin is given by

(44) ﬁspin = <Oé| ﬁ |O(>
(45) = Bibjexp [<laf® (2 - — 7] |g;) (gl
7.k
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where we have used the identity
/ 1 2 112 * /
(46) (] @) =exp —3 (Ja]® +]a/]? = 2a*a)

Since ¢; < 1, we can approximate

(47) Popin = Y Bi B €@ 1g5) (gi
ik

from which we identify the effective spin states

T,

(48) |Spin> = Zﬂ] ei<n>¢j |g]> — Zﬂj ezmj,
J j

o

such that pspin = |spin)(spin|. Physically, this shows that the spin states acquire rela-
tive phases due to their different detunings from the light field, producing an effective
spin rotation. In the experiment [1], this relative optical-Stark-effect phase is directly
proportional to the corresponding Faraday-effect phase through the photon number:

(49) (I’OSE = n<I>F.

The optical field in the experiment consists of two polarization modes, each with photon
number n, of which only one is coupled to the NV-center optical transitions, so the total
laser power is given by Pr, = 2nEp,/7, and the corresponding optical Stark frequency
shift is

Posk P
50 S — _ ,
(50) 5T orr  4AmEn,

This proportionality in the far-detuned regime allows the two measurements to be shown
together on the same graph as in fig. 2(c).

Although the expressions above were derived assuming the limit of large detuning
(|1A;] > o), the full expressions across the absorption resonance are known from other
arguments. The Faraday effect results from the real part of the frequency-dependent
refractive index of the atomic transition near an absorption resonance. As a consequence
of the Kramers-Kronig relation between the refractive index’s real and imaginary parts,
the full Faraday effect lineshape is known to be an odd Lorentzian of the form

FiA;

(51) b= 53
A%+ T2

where I'; is the width of absorption resonance j and F; is the Faraday amplitude. By
comparing this expression with eq. (43) in the far-detuned limit we see that the constant
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D takes the place of the Faraday amplitude F. Likewise, the shift in the Larmor preces-
sion rate due to the optical Stark effect is a direct consequence of the polariton energy
shift of eq. (29), and so is given across all detunings by

LY Q3
o o251

In comparing measurements to these expressions, we can extract experimental values for
F;, T'j, and Qq for the appropriate transitions. For the data in fig. 2(c) from ref. [1],
we obtain Fy = 27w x 6.9 yrad - GHz, I'g = 27 x 140MHz, F_; = 27 x 7.6 urad - GHz,
I'_1 =27 x 300 MHz and 2y = 27 x 70 MHz. The asymmetry in the curve mainly results
from the different absorption widths for the my = 0 and m, = —1 transitions.

3'3. Discussion and implications. — The preceding derivation illustrates how coher-
ent light-matter interactions give rise to observable spin-dependent optical phase shifts
(the Faraday effect) and coherent, optical-power-dependent spin rotations (the optical
Stark effect). In principle, the Faraday effect provides a means to measure the spin
state nondestructively, i.e., without exciting the optical transition and re-initializing the
state. This is possible since the absorption resonance has a Lorentzian lineshape, varying
as 1/A? for large A, whereas the Faraday phase shift is an odd Lorentzian, varying as
1/]A|]. Nondestructive measurements are important for certain applications in quantum
information processing, and similar dispersive measurements are used extensively in the
circuit quantum electrodynamics paradigm of superconducting qubits [23]. In practice,
the Faraday phase shifts on the order of 107° rad are too small to allow high-fidelity, non-
destructive measurements of individual NV centers without an optical cavity to amplify
the interaction. Although it remains a challenge to fabricate nanophotonic optical cavi-
ties containing NV centers while maintaining stable optical transitions, such a platform
has recently been achieved for silicon-vacancy (SiV) centers in diamond [24], where dis-
persive interactions analogous to those we have discussed above can also serve to mediate
interactions between two SiV spins within the same cavity [25].

The optical Stark effect, meanwhile, provides a means to perform operations on a
spin qubit using light rather than microwaves, which can allow addressing of individual
qubits within optical networks. With enhanced interactions from an optical cavity, the
optical Stark effect can provide a means for generating spin-photon entanglement or
quantum operations between remote spins. Whereas the spin rotations that result from
the optical Stark shifts in a level structure like fig. 2(b) generate precession about the
qubit’s polar axis, variations in the energy level structure and experimental design can
enable rotations about arbitrary axes on the Bloch sphere, in addition to general protocols
for qubit readout and initialization [2], as we discuss in the next section.
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Fig. 4. — Physics of A configurations. (a) Three levels arranged in a A configuration. (b) Real-
ization of a A system for the NV center from an excited-state avoided level crossing.

4. — All-optical coherent spin control

In the previous section, the optical Stark effect — viewed as the spin-like component
of the coherent polariton dynamics as in eq. (44) — manifests as a relative energy shift
between spin sublevels, with no change in the spin eigenstates. This is analogous to the
application of a magnetic field along the defect’s symmetry axis. When treating two of
the triplet spin sublevels as a qubit, this amounts to a light-induced rotation about the
z-axis in the Bloch sphere. In order to achieve arbitrary unitary operations on a qubit,
however, rotations about two noncollinear axes are required. One can therefore ask if it
is possible to realize optical Stark effects that perturb the ground-state Hamiltonian in
more complex ways, e.g., to generate an effective magnetic field pointing along = or y.
Indeed, this is possible if one can engineer the electronic structure and optical transition
diagram to enable light-induced mixing of the spin eigenstates.

Such mixing occurs naturally in a level configuration known as a lambda (A) system,
where two lower-energy states (the qubit manifold) couple coherently to a single excited
state, as shown in fig. 4(a). Lambda configurations occur in a variety of quantum sys-
tems including atoms [26,27], trapped ions [28], quantum dots [29], and superconducting
qubits [30]. As we will show below, the concept of optical Stark rotations as applied to a
A system can be extended to realize arbitrary qubit operations; in this context they are
known as stimulated Raman transitions. Furthermore, the A configuration is the basis
for many well-known effects in quantum optics, including coherent population trapping
(CPT) [26], electromagnetic-induced transparency [31], slow light [32], atomic clocks [33],
and spin-photon entanglement [18].
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4'1. Dark states and coherent population trapping. — The essential feature of a A
system is the appearance of “dark resonances” that occur when two light fields coherently
drive both transitions to the excited state. When the light fields are tuned such that
their frequency difference exactly matches the resonance frequency of the ground-state
sublevels, the atom is no longer pumped to the excited state and therefore becomes
dark. This phenomenon can be simply understood from the following argument [20]. If
the atom is initially in a superposition of ground states,

(53) [t =0)) =c1]g1) +c2lge),

and it interacts with two laser fields characterized by instantaneous Rabi frequencies
(here assumed to be complex quantities),
Ai - Ei

(54) Q; = P

then the amplitude for a transition to occur from state |g;) to the excited state, |e), is
proportional to the product ¢;€2;. If a ground-state superposition |¢) exists such that

(55) 1€ + 28l = 0,

then the amplitudes for the transitions from both ground states interfere destructively,
and the atom cannot be excited. This is called a dark state. Since both the probability
amplitudes ¢; and the electric field amplitudes E; are functions of time, the atom is not
guaranteed to stay in a dark state indefinitely; however, it is straightforward to show
that the condition of eq. (55) is maintained continuously if

(56) g2 —e1 = Mwi — wa),

where e; and w; are the ground-state energies and laser frequencies, respectively, i.e., if
the detuning of the two light fields matches the ground-state energy splitting.

The existence of a persistent dark state results in the phenomena of CPT and
electromagnetic-induced transparency. Starting from an arbitrary ground-state configu-
ration and subject to light fields satisfying eq. (56), the atom is transiently excited and
relaxes until it is trapped in the dark state and no longer interacts with the optical fields.
One can think of this dissipative process as a generalization of traditional optical pump-
ing, i.e., where only one arm of the A system is driven. Intuitively, if only transition
1 is driven, the system will quickly relax into a steady state with |go) fully populated,
uncoupled to the optical field. This scenario is a special case of eq. (55) with Qs = 0,
where the dark state is |D) = |g2). In fact, a dark state satisfying eq. (55) is guaranteed
to exist for any values of €2;, and there will always be a corresponding bright state, |B),
that is orthogonal to |D) and couples maximally to the optical field. Thus, by choosing
the amplitude and phases of the optical fields that define €2;, one can initialize the system
into an arbitrary superposition of qubit ground states.
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While the CPT process is necessarily dissipative (i.e., non-unitary), coherent evolution
in the ground state can be achieved using dispersive interactions in analogy with the
optical Stark effect. When the optical fields satisfying eq. (56) are simultaneously detuned
from the resonance condition with |e) as shown in fig. 4(a), the resulting light shift occurs
only for the state |B) and not |D). In the qubit manifold, this manifests as a light-induced
rotation about the axis pointing from |D) to |B) in the Bloch sphere. The axis can be
chosen arbitrarily, including configurations on the equator when || = |22| that result
in complete population transfer between the qubit eigenstates. The effect in this context
is usually known as stimulated Raman transitions (SRTs), drawing inspiration from an
alternative picture of the process in terms of virtual transitions through the excited
state. However, it is important to understand that SRTs are a dispersive effect that do
not involve absorption. Again, whereas CPT varies with 1/A2, where A is the detuning
from the optical resonance(s), the effective Rabi frequency of SRTs scales with 1/A, so
it can be substantial even when absorption is negligible.

On a practical note, it is important to recognize that the condition to have a dark state
can only be sustained if the two optical fields have a deterministic phase relationship. If
the fields are derived from different lasers, they must be frequency and phase stabilized
to a suitable reference. Alternatively, if the required frequency difference occurs in the
radiofrequency or microwave spectrum, the two fields can be derived from a single laser
using an optical modulator to generate frequency sidebands. This is often the easiest
approach, and it is the one adopted by ref. [2].

4°2. Forming a A system from the NV center. — NV centers in diamond have long been
known to exhibit electromagnetic-induced transparency and CPT [34,11,35,36], evidence
that A configurations can be realized under certain conditions. At zero strain and zero
magnetic field, the spin-orbit eigenstates |A;) and |A3) are equal superpositions of the
ms = %1 spin eigenstates, | & 1,), with circular-polarization optical selection rules that
facilitate the generation of spin-photon entanglement [18] and CPT in the {|+1,4), |—14)}
ground-state subspace [16]. However, it is often more convenient to work with a ground-
state qubit defined in a manifold including the m, = 0 sublevel, |04), since this state is
naturally prepared by off-resonant optical pumping, and at low temperature it features
optical cycling transitions that facilitate robust, high-fidelity readout [37].

As is apparent from the spin-spin terms in the excited-state Hamiltonian, eq. (4),
and the approximate spin-triplet representations in the high-strain regime, egs. (15)
and (16), the excited-state m; = 0 states are weakly admixed with m, = 1 by the spin-
spin parameter A,. However, this parameter is rather small (Ay = 150 MHz [3]), so the
mixing only becomes apparent near an avoided level crossing, when the mg = 0 sublevel
becomes nearly degenerate with ms; = +1 or mg = —1. Such a situation is depicted in
fig. 4(b), where the applied magnetic field is tuned such that a crossing occurs between
the ms = 41 and m4 = 0 spin sublevels of the lower orbital branch, {|+1.),|0.)}. (This
particular crossing can only occur when the strain is relatively small, since for large
transverse perturbations the |+ 1.) state is higher in energy than |0.) even when B = 0;
see fig. 1(b).) At the closest approach, the anticrossing levels are separated by an energy

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

134 LEE C. BASSETT
de &~ Ao, and the eigenstates become

1
= ﬁ(‘oe> + |+1e)> )

_1
V2

(57a) |Re)

(57b) |Le> = (|Oe> - |+1e)> .

Either of these states can serve as the upper state of a A system connecting the {| +
1e), |0e) } qubit states.

Yale et al. [2] explored this situation by tuning to an excited-state avoided level
crossing as shown in fig. 4(b) and modulating a tunable laser near 637nm using an
electro-optic phase modulator in order to generate sidebands separated by the ground-
state resonance frequency, wgs. This also allows for control of the relative phase between
the two optical fields and their relative amplitude through the power and phase of the
microwave signal applied to the modulator. These parameters determine the azimuthal
(¢) and polar (#) angles of the dark state formed in the ground-state Bloch sphere.

4°3. All-optical initialization, control, and readout. — To describe the dynamics of
the N'V-center spin under optical excitation as shown in fig. 4(b), we construct a model
including five energy levels: two out of the three ground-state levels |0,), |+ 14), the two
mixed excited states |L.) and |R,), as well as the intermediate singlet |S), which plays a
role in mediating unintentional ISC transitions that cause dissipation. The Hamiltonian,
in the rotating frame, for the subspace spanned by these five basis states can be expressed
as

Ap 0 Qcos(6/2) Qcos(6/2) 0
0 Ap Qsin(0/2)e’®  —Qsin(/2)e’® 0
(58) H = |Qcos(§/2) sin(h/2)e 0 0 01,
Qcos(0/2) —Qsin(f/2)e~ 0 —6e 0
0 0 0 0 es

where the ordering of the states is {| + 1), |0g), |Re), |Le),|S)}, A is the detuning of
the laser frequency (wr) from resonance to the |R.) A system, d. is the separation of
the excited state levels, 2 is the optical Rabi frequency, ¢ is the relative phase between
the two coherent light fields, and tan(6/2) is the relative amplitude between the driving
fields.

The time evolution of the system includes both coherent and dissipative processes.
These can be captured using the Lindblad master equation,

1 1
(59) p=r1ilp, H + Z Toa (Ua/apgaa/ ~ 5%aP ~ zpa,m> = Wp.

a,a’
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The first term describes unitary evolution of the density matrix due to the Hamiltonian
of eq. (58), whereas the second term captures dissipative processes, with the Lindblad
operators oaq = |a) (o] = Ul,aaa/a and o4/ = O’:;a, = |a/){al. For n = 5 levels, the den-
sity matrix p is a Hermitian 5 x 5 matrix and can be described by n? = 25 real parameters
(n? — 1 = 24 including the normalization condition Tr(p) = 1). The superoperator W
can thus be viewed as a 25 x 25 matrix with rank 24.

The Lindblad operators describe incoherent, spontaneous transitions between states.
We denote the decay rate from the excited states (E = L., R.) to the ground states (G =
0,1) with I' = I'g ¢, , the rate for ISC from the excited states to the singlet I'; = I'g s,
and the inverse ISC rate from [S) to one of the ground-state levels as I'; = I's ¢,. The
spin relaxation rate in the ground state is I'y = 1/77. At T =~ 10K, the thermal
frequency kT /h =~ 200 GHz exceeds the relevant NV level splittings =~ 1 GHz by orders
of magnitude, and therefore 1,0, =To,+1, = T'1 /2. Pure dephasing between the two
ground-state levels is approximated by adding a term v = 1/75 = I'g, o,. All other rates
are set to zero.

The state of the system after optical excitation during time ¢ is obtained by integrating

eq. (59),
(60) p(t) = e""p(0),

where the initial state, p(0), is typically one of the ground states. Equation (60) admits
simple analytical solutions only for special cases, so in general we simulate the dynamics
numerically. Depending on the parameters, this model can describe both CPT and SRT.
In the idealized case I'1 =y =T; = 0, and with only one of the excited levels included,
the system reduces to the three-level A system of fig. 4(a), and the stationary state p in
the long-time limit ¢ > 1/T" obtained from p = 0 as the null space of W is the dark state:

(61) |D) = cos(0/2)[0g) — exp(Fie) sin(0/2)[ + 1),

where the upper (lower) sign holds for the single excited state level being E = R (E = L).

With realistic parameters, the evolution is not so simple, since the ISC and spin
decoherence tend to disspate the system away from the ideal dark state. Furthermore,
we notice from eq. (61) that the dark states corresponding to the different excited states
|L.) and |R.) have opposite phases. When these states lie on the equator (6 = 0), they
are orthogonal, such that the dark states from one A system is actually the bright state
from the other. Since the separation between these states is small (§./h ~ 180 MHz
in ref. [2]), there exists a tradeoff between the speed of the operations, set by the laser
power, and the competition between these two orthogonal A systems, which becomes
more prevalent as the laser power increases.

In any case, the time-dynamics of the Bloch vector representing the qubit density
matrix can be obtained from

(62) b(t) = Tr (op(t)),
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Fig. 5. — All-optical control via coherent dark states. Experiments (points) and simulations
(curves) of quantum dynamics in the NV-center ground state driven by optical pulses designed
to achieve CPT (a) and SRT (b). Orange (top) and blue (bottom) trajectories correspond
to situations where the initial state is [0g) or | + 14), respectively. Adapted from ref. [2] and
reprinted with permission from the National Academy of Sciences.

where the components of o are the Pauli matrices in the ground-state subspace,

(63) ox = |+ 1g)(0g] + |0g)(+14],
(64) oy = i(] + 15)(0g| — [0g)(+14]),
(65) 0, = [0g)(0g| — [ + 1) {+14].

The fidelity of an operation can be calculated by comparing the final density matrix to
a target state, e.g. for initialization via CPT in the dark state |D),

(66) F(t) = (Dlp(t)|D).

Figure 5 shows examples of experimental CPT and SRT trajectories from Yale et
al. [2] alongside simulations performed using this model. The measurements (points)
are acquired by performing Bayesian quantum state tomography to reconstruct the state
vector from experiments where the NV-center spin is repeatedly initialized, subjected to a
particular optical pulse, and then measured in one of three orthogonal bases. In addition
to arbitrary-basis initialization and coherent control via CPT and SRT, respectively, Yale
et al. [2] also demonstrated how the intrinsic fluorescence contrast between the bright
and dark state can be used to perform projective readout of the spin state in an arbitrary
basis. It is thus possible to perform full quantum operations, for example Rabi, Ramsey,
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or Hahn-echo spin coherence measurements, using light fields alone. Crucially, these
methods do not rely on the NV center’s intrinsic level structure and spin-dependent ISC
dynamics; they can be adapted to any system where a A configuration can be realized
through tuning of external electric or magnetic fields. Indeed, the methods have recently
been adapted to study the quantum properties of spin defects that do not exhibit an
ISC, for example the negatively-charged SiV in diamond [38,39] and transition-metal
impurities in silicon carbide [40].

5. — Ultrafast control

The versatile concepts of light-matter coupling presented in sects. 3 and 4 underlie
many applications in quantum optics and quantum information science. In particular,
dispersive effects such as the Faraday phase shift, the optical Stark shift, and stimulated
Raman transitions provide a means to perform coherent quantum operations on indi-
vidual spins and to generate quantum correlations between light and matter. However,
practical limitations mean they are not always the most efficient method to control solid-
state defects. Although the technique is all-optical in the sense that only light fields
interact with the spin, generation of the requisite phase-locked optical fields demands
stable, tunable laser sources, optical modulators, and corresponding microwave equip-
ment. Moreover, the CPT and SRT trajectories shown in fig. 5 exhibit several drawbacks
of this technique as applied to the NV center specifically. The CPT trajectories do not
terminate on the surface of the Bloch sphere, indicating a partially mixed initialized
state, and the SRT trajectories rapidly spiral inwards towards a totally mixed state at
the Bloch-sphere center. These nonidealities result from various experimental factors
such as laser noise and spectral drift of the NV-center optical resonances, and from in-
trinsic properties of the NV center. One key limitation is the small spin-spin coupling
parameter, Ay/h ~ 150 MHz, responsible for the excited-state anticrossing that forms
a pair of A systems for the {|0),| + 1)} spin sublevels as in fig. 4(b). Since the bright
state from one A system is the dark state for the other, competing dynamics between
the two A systems limit the fidelity of CPT initialization and add decoherence to SRT
operations. This dual-A configuration also limits the effective speed of SRT operations
(i.e. the ground-state Rabi frequency, €,) such that AQ; < Ay. For the NV center, the
practical limit is Q,/27 ~ 10 MHz, whereas traditional microwave control of the ground
state can facilitate high-fidelity operations at Rabi frequencies approaching 1 GHz [41].

51. Quantum control with ultrafast optical pulses. — In this section, we introduce
an alternate approach to achieving all-optical quantum control using ultrafast optical
pulses that mitigates some of these limitations [3]. This approach abandons the disper-
sive approximation of negligible optical excitation; rather, we directly leverage dynamics
generated by the excited-state Hamiltonian to achieve desired unitary operations on the
spin. Figure 6(a) shows the NV center’s orbital structure in the intermediate-to-high
strain regime. As described in sect. 2°2, transverse strain splits the excited state into
two orbital manifolds, each of which are connected to the ground state via orthogonal,
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Fig. 6. — Coherent spin control with ultrafast pulses. (a) Orbital structure of the NV center at
intermediate-to-high transverse strain. (b) Fine structure as a function of axial magnetic field in
the |L) orbital branch when 6§ = 6.7 GHz. (c) PL excitation spectroscopy as a function of axial
magnetic field, showing the level anticrossing between |L,0) and |L,+1) around B = 110G.
(d) Trajectories of the ground-state spin qubit as a function evolution time between two optical
pulses, for different settings of the magnetic field. Adapted from ref. [3] and reprinted with
permission from the AAAS.

linear-polarization selection rules. Whereas previously we considered optical pulses de-
rived from a continuous-wave laser with durations measured in nanoseconds, which can
resolve the NV center’s gigahertz-scale fine structure, an optical pulse with duration
< 1ps has a bandwidth 2 1 THz, much larger than the spin-dependent frequency split-
tings of the ground and excited states. Such pulses operate on the orbital degrees of
freedom only, effectively altering the orbital population instantaneously from the point
of view of the spin dynamics.

The orbital Hamiltonian with » = 1 in the {|G),|X),|Y)} basis with a strain ¢ in
direction «g is given by

d

g .
(67) Hop=1|0 fo— 3 cos(ag) 3 sin(as) 7

5 ]
0 3 sin(ag) fo+ 3 cos(ag)

where fo = ¢/ is the optical transition frequency. Each pulse corresponds to a unitary
operation on the orbital states, with parameters determined by the pulse intensity, shape,
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and polarization. We parameterize the electric field of the optical pulses by

(68) Ep. fr) = < cos(ag) cos(fBg) — isin(ag) sin(fg) ) |

sin(ag) cos(Bg) + icos(ag)sin(fg)

where ag is the angle of the linearly-polarized component (major axis) in the NV center’s
(x,y)-plane, and g € [—7, 7] defines the ellipticity, such that Bz = 0 and g = £7F
correspond to linearly and circularly polarized light, respectively. Using the dipole matrix
elements (X|j|G) = —(Y|Z|G) (other combinations vanish), we find that a pulse of
polarization £(ag, ) couples |G) to the orbital state

0
(69) E)=1| =& |,
Ex
leaving the orthogonal ES basis state,
0
(70) EY=1| & |,
&y

unaffected.

In the experiments by Bassett et al. [3], pairs of pulses were derived from a single seed
laser using beamsplitters and a delay line, so they were nominally identical. In this case,
we can treat the pulses as instantaneous unitary operators parameterized by a rotation
angle, #, and with a relative phase, ¢:

(71a) Uees = |E) (8 + cos 3 ) (1) (B1 +16) (G
+sin (5 ) (1B 61 - [G) (&)

(71h) Ueen = |E) (8 + 05 3 ) (1) (1 +16) (61
+sin (5 ) (€ 1B) (6] - = [6) (B,

Between the pulses, the system freely evolves according to the system Hamiltonian. The
evolution can include both unitary and dissipative processes, e.g., following a Lindblad
master equation similar to eq. (59).

Even though the pulses only act on the orbital degrees of freedom directly, spin-orbit
interactions in the excited state naturally induce spin dynamics during the free evolu-
tion period. Depending on the pulse parameters, this scheme can be adapted to probe
both orbital and spin dynamics on timescales spanning femtoseconds to nanoseconds,
and to realize deterministic control over the spin. For example, a pair of phase-locked

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

140 LEE C. BASSETT

optical pulses can be designed to perform a generalized Ramsey sequence on the three-
dimensional orbital Hamiltonian, where the first pulse generates a coherent superposition
of ground and excited states that proceeds to evolve, and the second pulse projects the
resulting state onto the measurement basis of excited states (which emit PL) and the
ground state (which is dark). This scheme can be adapted to probe orbital coherence
between the ground state and excited states or (by tuning the polarization to excite a
superposition of |L) and |U)) coherence within the excited-state manifold. Alternatively,
by setting 8 = 7, the optical pulses can be designed to achieve full population transfer
from |G) to a desired excited state orbital, and vice versa. From the point of view of the
spin, this manifests as an instantaneous change in the Hamiltonian. For a pair of such
pulses that populates and subsequently depopulates the excited state after a time, ¢, the
excited-state evolution generates a deterministic unitary operation on the spin.

5°2. Applications. — This novel approach to generating coherent spin rotations by uti-
lizing free evolution in the excited state has several applications. As a time-domain spec-
troscopy technique, measurements of the spin dynamics that result from pairs of optical
pulses provide the means to map an arbitrary excited-state Hamiltonian. The technique
is termed time-domain quantum tomography (TDQT). In contrast to frequency-domain
spectroscopies which typically yield only the Hamiltonian eigenvalues, TDQT yields both
the eigenvalues and eigenvectors, from which it is possible to construct the full Hamilto-
nian matrix. TDQT also provides time-domain information about various non-unitary,
dissipative processes. Bassett et al. applied the TDQT technique to extract the spin-
orbit and spin-spin parameters of the NV center’s excited state Hamiltonian, and to study
the role of decoherence due to spontaneous photon emission, spectral diffusion, phonon-
mediated orbital relaxation, hyperfine-induced spin dephasing, and the state-selective
ISC transitions.

As a quantum control technique, the pulse timings can be chosen to achieve a desired
unitary quantum operation on the ground-state spin. If we are interested in the evolution
within a qubit subspace (and assuming we can effectively isolate the evolution to that
subspace within the excited state), we can view the effect of a pair of such pulses as a
temporary change in the effective magnetic field. With appropriate control over the pulse
timings and excited-state Hamiltonian, this all-optical, and microwave-free technique can
be applied to generate rotations for the ground-state spin qubit.

Consider for example the situation of the double-A configuration of fig. 4(b) that is
formed near an excited-state anticrossing of the |L,0) and |L, +1) eigenstates. By tuning
the polarization of the optical pulses following eq. (69) such that the optically-coupled
excited state is |E) = |L), we can isolate most of the unitary dynamics to the four-
dimensional subspace spanned by {|G,0), |G, +1)} and {|L,0),|L,+1)}. To model this,
we start from a diagonal ground-state Hamiltonian

(72) Hy, = %gs

describing precession of the effective spin-1/2 qubit about the z-axis due to the effective
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external magnetic field with frequency wgs. Here, s, is a spin-1 /2 Pauli-z operator
acting on the {|G,0),|G,+1)} spin subspace. Similarly, the effective excited-state qubit
Hamiltonian describes a precession about an axis tilted by an angle n relative to the
ground state, and with a different frequency wes,
w, w

(73) He = ? (sinn s, +cosns,) = fs’z
Here we have set the complex phase of the off-diagonal matrix element to zero, since
in experiments this phase is convolved with the constant but unspecified relative timing
between the optical pulses and the microwaves used to address the ground-state spin.

The full four-dimensional Hamiltonian of this effective model is

Hig, 0
(74)  H= =
O Hes + woptI

where wopy is the optical frequency difference between |G) and |L), and o, is a Pauli
operator for the orbital GS-ES degree of freedom, i.e., 0,|GS) = —|GS) and ¢.|ES) =
|ES). The action of a resonant ultrafast pulse with polarization H (see fig. 6) is described
by the unitary operator of eq. (71), which reduces to

1
(]' - UZ) HgS + 5 (1 + UZ) (Hes +w0ptI)7

N =

(75) Urp (0, ¢) = cos (Z) — isin (Z) (cos(@)oy + sin(@)oy),
corresponding to a coherent rotation in the {|G),|L)} orbital basis by an angle 6 about
an axis defined by |G) + e~*|L) (i.e., an equatorial axis in the orbital Bloch sphere).

The excited-state Hamiltonian parameters n and wes can be tuned by the external
magnetic, electric, and strain fields. The effective expression, eq. (15), for the |L)-branch
Hamiltonian is useful for identifying regimes in which unwanted mixing with other spin
and orbital states are minimized. Figure 6(b) shows the fine structure of | L) as a function
of B, corresponding to the strain configuration (§/h = 6.7 GHz, oy = —0.08rad) from
ref. [3]. The configuration is similar to the one we considered in sect. 4, where an avoided
level crossing occurs between |L, 0) and |L, +1) around B, = 110 G. The existence of such
an anticrossing is confirmed using standard photoluminescence excitation spectroscopy
as in fig. 6(c). However, frequency-domain spectroscopy only provides information about
the energy eigenvalues, not the eigenstates.

According to the Hamiltonian, the excited-state spin eigenstates are fully hybridized
at the center of the anticrossing; hence the effective precession axis in the excited state
is orthogonal to that of the ground state, lying in the equatorial plane of the qubit Bloch
sphere. At other field values, the precession axis is tilted by an angle n that approaches
zero far from the level anticrossing. These eigenstates are directly revealed by TDQT
measurements of the spin evolution between two ultrafast optical pulses, as shown in
fig. 6(d). The figures show trajectories that begin from an initialized state in either |0)
or | +1) (and, at B = 400G, from a spin superposition state). The trajectories are
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fits to the raw TDQT data using an analytical model that captures both unitary and
dissipative dynamics [3].

At the center of the anticrossing where n = 7/2, a full 7m-pulse on the spin qubit
can be achieved using a single pair of optical pulses. For sequences of multiple single-
qubit operations, the relative phase between pulses is deterministically set by the pulse
timings. In this way, universal quantum operations on the spin can be achieved using
pairs of identical optical pulses. Furthermore, whereas the dispersive SRT technique is
limited in this configuration to a Rabi frequency Q, < 10MHz < A,, direct evolution
in the excited state occurs at the bare coupling rate, Q4 ~ wes ~ Ay, In the data of
fig. 6(d), 24 = 260 MHz, corresponding to a 7 rotation in only 1.9ns, which approaches
the fastest operation times demonstrated for NV centers using microwaves [41].

6. — Conclusions and future directions

The purpose of this paper is to provide an introduction to quantum optics in the
context of solid-state spins like the diamond NV center. However, the methods and
techniques we describe only scratch the surface of quantum optics and its potential
applications for quantum information science. For example, the CPT and SRT techniques
described in sect. 4 have been applied to realize alternate forms of robust quantum control
employing geometric phases [42-44]. Whereas we focused on the diamond NV center,
the techniques are general and are now routinely applied to other quantum systems
including quantum dots [45] and other defect systems [38, 39, 46, 40, 47, 48]. As the
number of materials platforms and applications for spin-based quantum technologies
expands [49, 50], the importance of these techniques will only continue to grow.
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Summary. — Small solid-state qubits, most prominently single spins in solids, can
be remarkable sensors for various physical quantities ranging from magnetic fields
to temperature. They package the performance of their bulk semiconductor coun-
terparts into a nanoscale device, sometimes as small as a single atom. This review
is a minimalist introduction into this concept. It gives a brief summary of quantum
coherence, Ramsey spectroscopy and a derivation of the “standard quantum limit”
of the sensitivity that a single-qubit sensor can reach. It goes on to discuss the sur-
prising improvement that dynamical decoupling has brought about and concludes
with an outlook to the major frontiers of the field.

1. — Introduction

The history of quantum mechanics is a history of repeated underestimation. When
it emerged in the early 20th century, its strange consequences were discovered only in
theory, and illustrated by a series of speculative “Gedankenexperiment”s. Observing
them in reality —on single photons, single atoms and single spins— seemed like an
impossible mission.

When it became reality half a century later, the experimental effort of these low-
energy experiments rivaled their early counterparts in high-energy physics. Operating a
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set of even few qubits involved a lab densely packed with electronics, optics and vacuum
setups, and a team of skilled students that would spend their days aligning dye lasers and
chasing leaks —an effort comparable to a lab-scale accelerator in the 1930s. Skepticism
remained whether these setups would ever make the way out of the lab into the real
world.

Today, this is a realistic prospect, which is largely owing to some decisive progress of
the 2000s and 2010s: the discovery of several qubits that can be implemented in the solid
state, in real devices interfaced with the classical world, partly even at room temperature
and ambient conditions. With this tool at hand, the attention of the scientific world is
increasingly shifting to a very different question: “what to do with it?” rather than “how
to do it?”.

The situation is remarkably similar to the early days of the laser, which was admired as
“a solution looking for a problem”. This problem, at least a major one, turned out to be
sensing. The perfectly monochromatic light of a laser lent itself to measurements of tiny
displacements in interferometers, precise spectroscopy of molecules and, since it enabled
diffraction-limited focusing, readout of compact discs. It is a tempting idea that perfectly
monochromatic matter —which qubits essentially are— will find similar applications.
Their narrow spectral lines could respond to tiny shifts imprinted by external fields,
making them attractive sensors for various quantities. In those applications where size
and effort do not matter, this development has already taken place. Atomic clocks
—which can be regarded a quantum sensor for frequency and phase— have become
the state of the art for timekeeping and have transformed our life by enabling satellite
navigation. Finding similar applications for the younger solid-state qubits remains an
exciting challenge. One obvious window of opportunity is sensing at the nanoscale.
Solid-state qubits are the smallest sensors that have ever been conceived —as small as a
single atom. Since such a tool has not existed until a decade ago, the mere smallness of
nanoscale sensors will open unchartered territory for applications, even in the case that
their sensitivity cannot be pushed beyond competing large-scale technology.

2. — Single molecules and spins as scanning probes

When scanning probe microscopy was invented in the 1980s, it quickly became clear
that it would become a generic tool, not limited to tunneling microscopy on conduc-
tive surfaces. This insight sparked the development of the atomic force microscope [1],
and subsequent proposals to use it as a novel detector for magnetic fields [2, 3] and
magnetic-resonance microscopy on small ensembles of spins [4]. At roughly the same
time, optical detection of single fluorescent molecules became widely available. This
catalyzed the development of numerous novel techniques in biology, ranging from fast
DNA sequencing [5] to superresolution microscopy [6-8], and led to a strong interest in
nanoscale optics. Scanning near-field microscopy was developed, a technique to image
optical properties with 10 nm-scale resolution by a subwavelength aperture formed by
the tip of a pulled glas fiber [9]. Using a single fluorescent molecule or color center as a
scanning probe in this technique became both a realistic vision and an attractive goal. It
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would push near-field microscopy to its ultimate resolution limit, enabling the study of
energy transfer between single molecules, single plasmons and other nano-emitters. This
technique has been proposed [10] and demonstrated [11], but failed to find widespread
adoption because molecules would photobleach too fast to enable reliable imaging and
color centers would reside too deep in their host crystal for photonic coupling.

Some visionaries were not scared away by these problems and proposed an even more
ambitious extension: to use a fluorophore with a stable electron spin, whose state could
be optically “read out” by fluorescence [12]. Some fluorophores of this kind were known
to exist, most prominently organic molecules with a metastable triplet state. Optically
detected magnetic resonance had already been demonstrated in these systems on the
level of single stationary molecules in pioneering work in the 1990s [13,14]. If successful,
a scanning probe microscope with such a sensor promised to transform near-field mi-
croscopy into a magnetic resonance microscopy technique. Spins in the sample coupling
to the sensor spin would cause spin flips that could be read out by fluorescence. The
whole arsenal of multidimensional magnetic resonance could be used to infer the location
of spins in the sample, potentially with atomic resolution. On a lower technical level,
shifts of the sensor spin resonance could be used to measure and image electric fields (via
a Stark shift) and magnetic fields (via a Zeeman shift).

It was around 2008 that this idea suddenly became a realistic prospect, when several
groups put forward proposals and demonstrations indicating that NV (Nitrogen-Vacancy)
defects in nanodiamonds could provide a photostable fluorescent nanoprobe with an
optically readable electron spin [15-18]. These properties had already been established
in the 80s [19] and, on the level of single spins, in the 90s [20]. We will not present
them in detail here, since this review will focus on spin sensing and is agnostic with
respect to the exact spin employed an the way its readout is implemented. Suffice it to
say that spin readout of the NV center is possible, because its fluorescence is slightly
spin dependent (fig. 1b). It is roughly 30% more intense if the center is prepared in its
lowest spin state |0), because fluorescence competes with a strong non-radiative pathway
when the center is prepared in a higher spin state |1). Due to some lucky incidents, this
nonradiative path has a preference to decay into the lower spin state |0), so that optical
excitation not only reads out the spin, but also initializes it into a known state (]0)).
Finally, the energies of these spins states are shifted by magnetic fields, experiencing a
field-dependent Zeeman-shift Aw = B, where v/2r ~ 30 MHz/mT = 3 MHz/G denotes
the gyromagnetic ratio. Similar shifts exist for other physical quantities, but we will,
without loss of generality, focus on magnetic field sensing in the following.

These properties are the basis for the simplest sensing experiment —measuring mag-
netic fields by spectroscopy of the Zeeman shift (fig. 1c). Here, the sensor spin state is
continuously probed by a continous-wave laser and excited by a microwave at a tuneable
frequency w. For most frequencies, the microwave will not be resonant with the spin
transition, so that the laser pumps the spin state into the bright state |0), causing a high
level of fluorescence. When the microwave is tuned into resonance (so that w = wo++B),
it will excite the center into the dark state |1}, which becomes visible as a dip in flu-
orescence. By this combined microwave-optical spectroscopy, the Zeeman shift can be

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

148 FRIEDEMANN REINHARD

- b B>0

i/‘
& =
e

M7 _— Fluorescence

v, > detection
\J’\_J'\&J: 2 s

wiet©

Fluorescence V \/— ----- 10}
intensity
.............. | 1 )

I Wy Microwave frequency w

Fig. 1. — Single spins as scanning probes. a) An optically readable electron spin at the tip of a
scanning probe microscope provides a sensor to image single electron and nuclear spins in sam-
ples, as well as magnetic fields. b+c) magnetic-field sensing by resonant spectroscopy. b) The
energy levels of an electron spin are shifted in a magnetic field by the Zeeman effect. ¢) Mea-
surement of the Zeeman shift by optically detected magnetic resonance (ODMR) spectroscopy.
Laser illumination pumps the spin into a specific state |0). A tuneable microwave switches the
spin into a less fluorescent state |1) if it is resonant with the Zeeman-shifted spin transition.

measured with reasonable precision, from which the magnetic field at the center can be
infered. These experiments reach a typical precision in the pT range, roughly 1% of the
Earth’s magnetic field. While this is inferior to most existing semiconductor sensors, it is
measured by the smallest sensor that can possibly be conceived, consisting of little more
than a single atom.

Single NV centers can be attached to the tip of a scanning probe microscope, either
by packaging them in nanodiamonds that can be glued to a commercial tip [17], or
by sculpting all-diamond AFM tips with a single center embedded at their apex [21].
Repeating the Zeeman spectroscopy experiment at every pixel of a scan, magnetic fields
can be imaged with higher resolution than the 10 nm-scale state of the art achieved by
magnetic-force microscopy. As an additional benefit, the stray field of the NV spin does
not exert backaction on soft-magnetic samples. These advantages have made spin-based
scanning probe magnetometry a fertile field of research, and highlight results include
images of moving domain walls [22, 23], antiferromagnets [24], Skyrmions [25,26], hard
disk write heads [27] and superconducting vortices [28,29].

3. — Sensing by quantum coherence —reaching the fundamental limit of
sensitivity

3'1. Quantum coherence as a sensor. — The continous-wave protocol of fig. 1 has a
number of technical problems. Laser and microwave power need to be carefully tuned
to ensure that the microwave excitation performs exactly one full spin-flip between two
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Fig. 2. — Quantum phase as a sensor for level shifts. The phase ¢ of a coherent superposition
(J0) + €' |1)) grows as ¢ = At under a spectral shift A.

fluorescence events. Furthermore, the spectral resolution depends on microwave power,
since a high-power pulse can excite spins even if its frequency is slightly off-resonant.

It is for these reasons that most experiments today are performed using pulsed proto-
cols, inspired by atomic clocks [30] and quantum logic. The key idea, presented in fig. 2, is
to employ the quantum-mechanical phase ¢ of a coherent superposition (|0) +e'® |1))/v/2
as a sensor. To see why this phase is sensitive to a small spectral shift A = B, we con-
sider a qubit evolving under the Hamiltonian

. h h
H=Z(wo—A)g, 22 _Z s,
2 2
Here we have applied a transformation into a rotating frame, essentially a renormalization
of the qubit energy, to remove the static energy wg. The time evolution under this

Hamiltonian is

) () = exp [~ 1] ote = 0)
(3) = exp [zéta} [ (t = 0))

(4) \w(t:O)):(L)%Hl))/\@ (|0> + eiAt |1>)/\/§

up to an insignificant global phase e ~*A*/2. For a nonzero detuning A, the phase ¢ grows
over time. Since this evolution occurs in the absence of any manipulation and readout
pulses, it is insensitive to experimental fluctuations in laser and microwave power.

It is instructive to consider this evolution on the “Bloch sphere” (fig. 2). This sphere
is a map from SU(2) (spin states) to the unit sphere in R3. |0) and |1) are mapped to
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Fig. 3. — Rabi oscillations. A spin driven by a resonant microwave oscillates between states |0)
and |1) by alternating phases of absorption and stimulated emission. A pulsed microwave drive

can be applied for a full spin flip (“m-pulse”) or can be stopped half-way (“w/2-pulse”), leaving
the spin in a coherent superposition (|0) + |1))/+/2.

its south and nord poles, respectively. Coherent superpositions (|0) + ¢ |1))/v/2 reside
on the equator, with ¢ translating into their geographical longitude. In this picture the
time evolution of eq. (2) is a rotation of the spin along the equator. Since this rotation
revolves with angular velocity A, it is very much reminiscent of the movement of the
needle in a classical instrument.

3'2. Creating and reading out quantum coherence —the Ramsey protocol. — In contrast
to a classical needle, the quantum-mechanical phase ¢ is invisible. Therefore, the protocol
of fig. 2 needs to be supplemented by two additional steps, one to prepare a coherent
superposition and one to convert the phase into a measurable quantity such as the spin
state itself (fig. 4). Both steps are implemented by microwave pulses, specifically “mw/2”
pulses of carefully tuned length.

The key idea behind these pulses can be understood by considering the evolution of a
spin that is driven by a resonant microwave (fig. 3). A spin starting in state |0) will absorb
a photon from the microwave, flipping from |0) to |1). Somewhat counterintuitively, a
spin starting from |[1) will flip back from [1) to |0), emitting a microwave photon by
stimulated emission. Under continuous driving, these processes will alternate, so that
the spin rotates back and forth between |0) and |1), a process known as Rabi oscillation.
This rotation revolves at an angular frequency {2, referred to as Rabi frequency, which is
set by the power of the microwave drive. The effect of a microwave pulse depends on its
duration. It can be set to perform half of an oscillation, flipping the spin from |0) to |1).
Such a pulse is referred to as a 7 pulse, since its duration 7 is chosen such that Qr = 7.
Crucially however, the Rabi oscillation can also be stopped “half-way” between |0) and
1), leaving the spin in the coherent superposition (|0) 4 [1))/v/2. Since the duration of
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such a pulse is twice shorter (such that Qr = 7/2), it is referred to as a 7/2 pulse.
In a more rigorous manner, these effects can be derived from the Hamiltonian of
atom-light interaction

H= g(wo — A)6, + hQ) cos(wot) by,

rot. 1frame h ~ hQ — 2 ~
b fr —§Aoz + 7(1 +e 2“’J"t)ay,

rot. wave approx. h Q2
~ —=Ad,
5 o, +

— Oy-

2

Here the transformation into a rotating frame with frequency wg (step 1) not only renor-
malizes the qubit energy, it also introduces an oscillatory factor e~*wot
pling states |0) and |1), in particular 6, = 4]0) (1] + H.C. In this process the two
components cos(wopt) = (€0t + =0t /2 of the cosine are transformed into a constant
term (1) and a rapidly oscillating term (e?°o?). This latter term can be neglected in a
“rotating frame approximation” as long as Q, A < wy.

to all terms cou-

In this description, a microwave drive is equivalent to a rotation of the spin around
the axis y of the Bloch sphere, induced by the term proportional to ,. Typically, the
drive is so strong that Q > A, so that the term in &, can be neglected whenever the
drive is applied. In these conditions, = and 7/2 pulses correspond to the propagators

. Q7
T =exp|—i 3 Gyl »
s .QTfr/2A :|
— =exp |—1i Oyl ,
2
with
N Tow T
w0y =220y = 2o+ pyva= .

With these ingredients we can understand the most fundamental quantum sensing proto-
col, the Ramsey sequence (fig. 4). An initial 7/2 pulse prepares the spin into the coherent
superposition (|0) +[1))/v/2. Tt is subsequently subjected to free evolution under a spec-
tral shift A for some waiting time 7, picking up a phase ¢ = At. A second 7/2 pulse
converts this phase to a population inversion of the spin state by transforming the state
from (|0) + €% [1))/v/2 to isin % |0) + cos % |1). This population inversion is measurable,
since it affects the probability | (1|1)|? of finding the spin in state |1) at the end of the
sequence. This probability is an oscillatory function of ¢

112 = cos? (g’) = L1+ coso).
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Fig. 4. — The Ramsey protocol. a) An initial 7/2-pulse prepares a coherent superposition, which
undergoes free evolution to pick up a phase ¢ = A7. This phase is converted into spin population
by a second 7/2-pulse. b) Sensitivity of Ramsey spectroscopy. For a fixed evolution time 7, the
spin state is an oscillatory function of the shift A. Its state can be measured with uncertainty
op, which translates into an uncertainty ca on the measurement of A.

If there is no precession during the free evolution 7, the two 7/2 pulses will add up to a
7 pulse, leaving the spin in state |1) at the end of the sequence. Precession during 7 will
be translated into a rotation between states |0) and |1).

Experimentally, ¢ can be varied both by varying 7 and by varying A. In both cases,
the measurement result will trace an oscillatory function, referred to as Ramsey fringes
in the time and frequency domain, respectively. For sensing applications, the latter
implementation is more relevant. Here, the oscillating spin signal at the end of the
experiment provides a ruler for spectral shifts A, similar to the fringes of an optical
interferometer providing a ruler for displacement.

Since quantum sensing experiments typically aim at detecting very small signals, the
fringes are hardly ever recorded in their entirety. Instead, the sensor is operated at a
fixed detuning Ay, chosen such that the spin signal p = | (1| ¢)|? is maximally sensitive to
small fluctuations in A. This is typically the slope of a Ramsey fringe, and operation at
this point can be ensured by applying a fixed detuning of Ay = 7/(27) to the microwave
drive.

The precision of such a sensing experiment is limited by the precision of spin readout.
The measurement of p = | (1| )2
which translates into an uncertainty o on the measurement of A by Gauss’ law of error
propagation.

will always have some experimental uncertainty o,

dA 2
=0p-—.

OA = —O
P T

dp steepest slope

If all technical fluctuations are eliminated, the fundamental limit of o, is set by quantum
projection noise. A single measurement of p cannot access a floating point value between
0 and 1. Instead, spin readout will project the spin into either |0) or |1), providing one
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quantized bit of information (Pmeasured = 0 OF Pmeasured = 1). Since we are operating at
the slope, where p ~ 0.5, this measurement is always wrong, with an error of

Op = \/<pl2neasured> - <pmeasured>2 =V 1/2 - 1/4 = 1/2,

() denoting the expectation value. As we average the results of M repeated measure-
ments on N sensors operating in parallel, this error diminishes according to

1
2vVMN

Up:

so that the sensor achieves a precision of

ON = ——— .
A7 LVMN

This result could have been obtained by common sense: a single measurement of duration
T is able to measure a frequency with a Fourier-limited resolution 1/7, and averaging the
result over M - N uncorrelated measurements will boost precision by a factor of 1/v/MN.

For simplicity, we have assumed single-shot readout, i.e. that the spin state can be
measured in a single experimental repetition. In experiments, this is frequently impos-
sible, for instance because of low detection efficiency of photodetectors or because the
readout signal differs by less than 100% between states |0) and |1). In this case, the
number of repetitions M has to be replaced by M/Mj, where My denotes the number of
measurements required to measure the spin state once.

3'3. Decoherence and the fundamental limit to sensitivity. — The above expression for
oa is not yet a useful figure of merit for sensor performance, because oo can always be
boosted to infinite precision by averaging over a larger number of measurements N or by
increasing the slope of the fringes by increasing 7. Obviously, there are practical limits
to both of these tricks that need to be taken into account by a reasonable figure of merit.
In practice this is achieved by comparing sensor performance in terms of “sensitivity”, a
corrected figure of merit which we will derive in the following paragraphs.

Regarding averaging, it is important to note that this concept can be applied to any
sensor. A statement like “an NV qubit can measure fields with nT precision” is useless
(although we have made it above), since even a simple compass could in principle be
pushed to this level by averaging its signal over a long time. To discount for this effect,
sensor sensitivity is normalized to acquisition time. Since M measurements will take
a time T' = M - 7, spectral resolution scales as opo = 1/(V/7NT), and the precision in
sensing a magnetic field is

(5) OA 1 1
g = —_——=——-
Ty TNt

3
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Here, the sensitivity ng = 1/ ('y\/m ) provides a figure of merit that discounts for aver-
aging. A sensor that can reach a higher precision in a given amount of averaging time
is rated a better sensor, quantified by a lower value of sensitivity. Similar formulas can
be established for other quantities (E,T,...) that can be measured by spectroscopy of
some suitable spectral shift. The units of these figures are

T ~ V/em K
[nB]—Ea [ne] = Jiz [nT]—m7

The slightly un-intuitive unit 1/ V/Hz is omnipresent whenever sensitivities are involved.
It is best understood as “sensor precision obtained after 1 second of averaging”.

Still, sensitivity as defined in eq. (5) is not a meaningful figure of merit, since it can
be pushed to arbitrary limits by increasing 7. The fundamental limit to this parameter is
set by a quantum-mechanical effect known as decoherence, which limits 7 to values less
than the qubit’s “coherence time” T. Decoherence refers to the fact that a quantum
superposition (|0)+e'?|1))/+v/2 does not persist forever. It is a fragile state, which decays
into a “classical mixture”, where the qubit is in state |0) or |1) with 50/50 probability.
This state is different from the coherent superposition that the qubit started from, where
the spin in a way lives simultaneously in both |0) and |1). The difference can be quantified
by the density matrix

p= Zpi [a) (il ,

where p; denotes the (classical) probability of the qubit to be prepared in a quantum
state 1; chosen from some set of states indexed by i. The density matrix p can capture
the difference between “simultaneously |0) and |1)” and “either |0) or |1) with 50/50

probability”, since
1 el
e 1)

P50/50 = %(\0) O] + 1) (1]) = % <(1) (1)> .

o0y + e 1)/v3] =

We see that quantum coherence is quantified by the off-diagonal elements of 5. To see why
quantum states have a tendency to decay from a coherent state into classical mixtures,
we consider a qubit that has some intrinsic uncertainty oa on its transition frequency
A (fig. 5b). This uncertainty could arise from a fluctuating magnetic background field,
for instance the stray field from nuclear spins in the carbon lattice in the case of an NV
center. We assume the background field to take a random value in each experimental
repetition, so that the detuning A is normally distributed with a probability density

1 _(a-ap)?
P(A) = ——pe E

\/ 27r(72A
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Fig. 5. — Decoherence. A random static background shift ca blurs the Ramsey fringes, inducing
a decay of spin contrast over a timescale T3 = 1/oa.

Each random value of A will lead to a different state (|0) +€*27 |1)) at the end of the free
evolution, so that the spin state before the second 7/2 pulse is described as the statistical
mixture

. 1522 4
6 . dA A 1 eZAT Gaussia&integral 1 em27a7 e"AOT
( ) pP= p( ) —iAT B —15272 —iAoT '
e 1 e 29AT gT'20 1

The off-diagonal elements of this state decay as e~ 3957 for increasing evolution time 7,
with a time constant

1/oa :=T5.

Since it is the off-diagonal terms that are converted into spin population by the second
/2 pulse, this decay manifests itself as a decay of the time-domain Ramsey fringes
over a timescale of T (fig. 5¢). This result can also be derived from a more classical
argument: a randomly varying detuning A will lead to randomly varying frequencies of
the time-domain Ramsey oscillations (fig. 5b). For small evolution times 7, this does not
have a visible effect, since the spin will roughly end in the same peak or valley in any
experimental repetition. For large evolution times, the measurement result is increasingly
randomized, with the spin ending randomly in a peak or a valley depending on the exact
value of A in a specific experimental repetition. Averaging over all these results can only
lead to one result: p = 0.5, zero spin contrast, no fringes.

Once decoherence is considered, the choice of 7 in a sensing experiment is subject to a
compromise. Too short values will lower sensitivity, because the frequency-domain fringes
become less steep. Too long values will lower sensitivity, because decoherence reduces
fringe contrast and, concomittantly, their slope. An educated guess suggests that the
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optimum choice is 7 ~ T3, long enough to build up a steep slope, but sufficiently short
to avoid death from decoherence. This guess is correct, as can be verified by an explicit
minimization of the sensitivity as a function of 7. With this choice, the sensitivity of a
quantum sensor reads

(1) e = ——

WNT;

which is known as the “standard quantum limit”. This relation is so fundamental that
it is referred to as “eq. (1)” by some researchers in the field [31] and in this review.
We conclude this section by a discussion of some of its more subtle implications

e It is a frequent misconception that a stronger coupling to the environment v will
automatically yield a sensor with a better sensitivity, suggested by the fact that ~
appears in the denominator of eq. (1). The fallacy is that a stronger coupling to
the environment also impacts T = ogl by increasing the frequency noise oa. A
famous example of this subtlety is the use of entangled states of multiple qubits
such as (|00) + e’ [11))/v/2. These have long been believed to result in better
sensitivity than a sensor built from independent qubits. Since their total magnetic
moment grows linearly with N, an entangled sensor employing a single effective
spin of N entangled qubits would at first sight achieve a sensitivity of 1/(yN \/ZT; ),
a factor of v/N better than eq. (1) [32-34]. Unfortunately, stronger coupling also
increases the impact of background noise, so that increased decoherence shrinks 7%
by a factor of N, spoiling the improvement [35, 36].

e While we frequently speak of T3 as an intrinsic constant of a specific qubit, we
should think of it just as much as a constant of a qubit’s environment, quantifying
the level of intrinsic background noise. As a specific example, NV centers have
orders of magnitude higher coherence times than quantum dots, and we might easily
think of them as “better” qubits. Yet, both are based on the same quantum entity,
a single electron spin, and the difference merely results from the fact that nuclear
spins are a lot less abundant in diamond than in typical quantum dot materials
like GaAs. As a consequence, the relation might turn upside down if quantum dots
could be engineered in diamond, and the search for new spin qubits could result
in disappointment if it is focused on the wrong materials. Most importantly, both
qubits could become equally bad sensors when they have to be operated close to a
sample with high intrinsic noise.

4. — Sensing by dynamical decoupling —the hidden revolution

Despite its fundamental nature, eq. (1) can be broken. The key idea here is that T3 can
be extended to longer timescales if a tool is found to suppress buildup of a random phase
oaT in the presence of a random spectral shift oA. Such a tool is provided by quantum
control protocols, more complicated manipulations of the spin than a mere creation and
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Fig. 6. — Hahn echo. a) A m-pulse in the middle of the free evolution time mirrors the spin to
the back side of the equator, so that a phase acquired from a static shift A is exactly rewound
in the second half of the sequence. b) Coherence persists for a longer time 7> under the Hahn
echo sequence.

detection of coherence. The first protocol of this kind, known as “spin echo” or “Hahn
echo”, was developed by Erwin Hahn in 1950 [37]. It is presented in fig. 6. It differs
from standard Ramsey spectroscopy by an additional m-pulse, introduced in the middle
of the free evolution time. This pulse mirrors the spin state to the other side of the
equator, so that a phase built up by a constant detuning A in the first half of evolution
is exactly rewound in the second half. By this mechanism, the effect of a constant A is
canceled and decoherence is suppressed, so that 7 can be chosen much longer than T3
In practice there is a new limit to 7, referred to as T, arising from the fact that A is
never purely static and that the spin phase remains sensitive to fluctuations that vary
over the timescale of the Hahn echo sequence. This timescale is situated between 75 and
T}, the spin-flip lifetime of an incoherent spin state like |1).

At first sight the Hahn echo protocol appears to be useless for sensing, since it cancels a
constant detuning A. While this mitigates decoherence, it comes at the price of cancelling
a static signal, too. It turns out, however, that a qubit subjected to a Hahn echo sequence
remains sensitive to signals oscillating at a nonzero frequency and that this sensitivity
can actually be tuned to specific signal frequencies in a very selective manner [38-45].
The key idea, referred to as “quantum lock-in detection” or “dynamical decoupling” is
presented in fig. 7a. We consider a qubit that is exposed to an oscillating signal at a
frequency v. This signal could not be detected in a Ramsey sequence, since positive
and negative half-cycles would imprint opposite phases on the spin and cancel over the
free evolution time. We can, however, effectively rectify the signal by applying periodic
7 pulses to the spin, whose spacing 7 is synchronized to the signal by the choice 27 =
v~1. Since each pulse induces a flip of the sensor spin, it effectively inverts the sign
of the signal in the flipping reference frame of the sensor. The effect of this scheme is
similar to classical lock-in-detection, where the signal would be inverted by a mixer or a
similar device. Signals at a frequency 1/(27) are rectified to DC (zero frequency) while
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Fig. 7. — Dynamical decoupling. a) A train of m-pulses acts as a lock-in grating, effectively
inverting the sign of the signal in the flipping reference frame of the sensor spin. b) The spectral
sensitivity of a spin under dynamical decoupling is modeled by a “filter function”, the Fourier
transform of a time-domain sensitivity function g(t). For a 7-periodic grating (right), the filter
function is peaked at a frequency 1/(27), so that the spin coherence decay traces an inverted
copy of the noise spectrum, turning the spin into a spectrum analyzer.

static shifts will be converted to some nonzero frequency so that their effect cancels over
time.

To employ this scheme in a sensing sequence, the lock-in grating of periodic m-pulses
is embedded into two 7/2-pulses to create and read a quantum phase (fig. 7b). The
m-pulse grating tunes sensitivity to a specific frequency, which simultaneously suppresses
decoherence from static shifts and sensitizes the quantum phase to specific AC signals.
With dynamical decoupling, a qubit becomes a quantum spectrum analyzer. Ramsey
spectroscopy and Hahn echo can be regarded the two simplest incarnations of this con-
cept, tuning sensitivity to DC and 1/(27), respectively, but a whole multitude of novel
experiments can be conceived by playing with the placement of 7 pulses.

The spectral sensitivity of an arbitrary decoupling sequence can be computed by
a formalism known as the “sensitivity function” or “filter function” [38,46]. In this
formalism the phase that a qubit picks up over a dynamical decoupling sequence is
written as

S ZONG
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where g(t) is a sensitivity function, modeling the effective inversion of the signal by the
7 pulses. It can be constructed from a few simple rules. The initial /2 pulse initializes
g with g(t) = 1, since it creates a coherent superposition whose phase is sensitive to
A. g changes sign with every m-pulse to model the effective inversion of the signal in
the flipping frame of the spin. Finally, g(¢) = 0 before and after the initial and final
m/2-pulses, since there is no quantum coherence beyond these points. In an alternative
interpretation, g can be understood as the “Platonic ideal” of a signal that will impart
a maximum phase ¢ on the qubit.

In the most general case, a signal does not have a constant intensity and phase, so
that the quantum phase ¢ is a random variable with a variance (¢?). The spin signal
| (0| 1)|? at the end of the sequence can be computed from (6)

(I =5 (14 e72).

In the absence of a signal ({(¢?) = 0) coherence will be preserved, so that the final 7/2-
pulse flips the spin into |1). A nonzero signal will induce decoherence ({¢?) > 0), reducing
the spin signal. We now rewrite eq. (3), expressing the g and A involved by their Fourier
coeflicients g,, A,

¢ = dtg

t)— Zoc f i2rnt/T 1 . ) ,
e Zgn n’/ dtez27rnt/T6127rn t/T7

f...::T(s;%’ %ZgnA—rr

Here, T denotes the full length of the free evolution from the initial to the final /2 pulse.
The variance (¢?) becomes thus

() = g <Zg;A*ngn/Anf> ,

n,n’

(AnAr)=0 1

= EZLgnlglAn‘Qa
= ng(Vn)SA(Vn).

n

Here, the relation (A,AZ,) = 0 holds, since different Fourier components of noise are
uncorrelated. Sf(v,) = |fn|?/T denotes the power spectral density of a quantity f.
This final relation underlines the above statement that a dynamical decoupling sequence
sensitizes a qubit to noise at specific frequencies, described by the Fourier transform
Sg(vy) of the sensitivity function g(¢).

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

160 FRIEDEMANN REINHARD

TABLE 1. — Sensitivity of magnetic-field sensors. Grey shaded numbers denote extrapolations from
published values. Numbers differ from the shot noise limit of eq. (1) because the efficiency of
spin readout is not unity in most experiments. SQUID: Superconducting Quantum Inferference
Dewvice.

Single NV Single NV NV NV Smartphone SQUID
(*?0) ensemble ensemble Hall sensor
theory
N 1 1 10t 10'
(100 pgm)®  (1cm?)
5  1lus 228 s 30 pus -
T 300 us 2ms 50 ps 300 ps
noc  1pT/vVHz - 30nT/vVHz 1fT/vHz
nac  20nT/vHz 4nT/vHz  1pT/vVHz 250aT/vHz 20aT/v/Hz
Refs.  [15] [47,48] [49-51] [15] [52] [53,54]

Some practical examples of this concept are presented in fig. 7b. Ramsey spectroscopy
(left) has a constantly positive sensitivity function in the time domain, resulting in a filter
function with DC sensitivity in the frequency domain. It is insensitive to signals with
a frequency v > 7!, which average to zero over the free evolution. Accordingly, the
frequency-domain filter function is a lowpass filter with bandwidth 1/7. Since noise is
mostly stronger at low frequencies, the spin signal decays on a fast timescale 735 under
Ramsey spectroscopy.

Under dynamical decoupling (specifically: the Carr-Purcell-Meiboom-Gill sequence,
right), the time-domain sensitivity function periodically alternates between +1 and —1.
The Fourier transform of this signal is peaked at a frequency 1/(27), and vanishes at DC,
modeling the fact that some AC signals are rectified while DC signals are suppressed as
discussed above. The sequence can be used as a quantum spectrum analyzer by varying
7. This will displace the peak of maximum sensitivity across a wide range of frequencies.
The spin signal traces an inverted copy of the noise spectrum, with strong decoherence
occuring whenever the sensitivity peak coincides with a peak of noise. Since the sequence
equally supresses decoherence from DC background fields, coherence time under CPMG
rises to T5. By virtue of this second aspect, the sensitivity for detection of AC signals is
higher than the sensitivity obtained in a Ramsey sequence, and eq. (1) is modified to

1
B = —m— -
Y TQN
The effect of dynamical decoupling can be profound (table I). For NV centers, T5

can be four orders of magnitude longer than T35 (10ms [55] rather than 1 us), so that
sensitivity improves by two orders of magnitude whenever dynamical decoupling can be
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employed. Moreover, the ability to perform spectroscopy of a time-dependent magnetic
signal is a powerful benefit.

Arguably the most prominent example for the power of dynamical decoupling is the
detection of magnetic resonance signals from nanoscale samples, first achieved in 2013 [56,
57]. Here, a single stationary NV center, embedded few nanometers beneath the surface
of a bulk diamond, is employed as a quantum spectrometer to detect magnetic noise
from samples on the diamond surface. This magnetic noise is mostly dominated by
stochastic fluctuations of nuclear spins, peaked at the characteristic Larmor frequency
of the molecules on the surface. Dynamical decoupling has pushed the sensitivity of a
single NV center into a range where detection of this spin noise is possible. Both nuclear
spins [58] and electron spin signals [59] have been detected from single biomolecules.
The door seems open to transform magnetic resonance spectroscopy, previously limited
to mm-scale samples or complicated low-temperature setups [60], into a single-molecule
technique.

5. — Outlook —prospects and hopes after one decade

Despite the impressive progress over the past decade, the achievements of nanoscale
sensing by spin qubits have covered only a fraction of its full potential. Several important
goals remain open and great further breakthroughs are likely to emerge:

e Scanning probe magnetometry is still mostly based on measurements of strong DC
fields, using the Ramsey sequence or resonant spectroscopy. Dynamical decoupling
is hardly ever employed, so that orders of magnitude in sensitivity remain to be
harvested. The reason for this surprising fact is that spin coherence is strongly de-
graded in nanodiamonds and nanofabricated diamond tips. Clearly, this problem
is not fundamental, and will be overcome by improved fabrication, more robust
color centers or novel concepts for scanning probe positioning [61]. With better
sensitivity, novel samples will shift into reach. Likely targets are scanning-probe
imaging of nuclear spins —so far limited to some proof-of-principle experiments
in “best-case” conditions [62,63], imaging of current patterns in solid-state sam-
ples [64], or spectroscopy of magnetic fluctuations as a tabletop complement to
neutron scattering experiments in materials science [65,66].

e Single-molecule magnetic resonance is so far limited to a mere spectroscopy tech-
nique and suffers from very slow data acquisition. Much of the power of its bulk
counterpart derives from imaging, most evident in the beautiful images provided
by clinical scanners. Translating this technique to a three-dimensional imaging
method for single molecules is technically challenging, but seems to be doable in
the years to come. Improved strategies for signal acquisition like Fourier process-
ing [67-69] and single-shot readout will be crucial to keep acquisition times at a
manageable level.

e Sensing using spins in nanoparticles has led to proof-of-principle measurements of
temperature inside living cells [70,71]. Progress is being made towards monitoring
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of chemical reactions [72,73]. Also, fluorescent defect centers in nanoparticles have
been used for superresolution microscopy [74,75]. This application does not make
use of any spin properties and merely exploits the fact that the fluorescence of
color centers is photostable. All of these techniques have not found widespread
adoptance yet, presumably because directed attachment to specific parts of a cell
is difficult, owing to the complex surface chemistry of nanoparticles.

While much work has been done using single spins as detectors for nanoscale signals,
all techniques discussed in this review can be scaled to sensing on the micron-scale,
using ensembles of spins as slightly larger detectors with better sensitivity. This
line of research has led to magnetic microscopy of inclusions in meteorites [76] and
bacteria [77] and, very recently, to NMR spectroscopy on pum-scale samples [78]. We
might soon see commercial magnetic microscopes and microfluidic NMR detectors.
With these detectors, magnetic resonance microscopy could ultimately bridge all
length scales between atomic resolution and the mm-scale resolution of clinical
scanners.

Finally, the progress of the past decades can be seen as a success of quantum
control. In a first wave, manipulation of quantum states has been achieved in very
clean artificial systems like trapped ions or ultracold atoms in vacuum. In a second
wave, these achievements were extended to some selected solid-state systems. A
logical third challenge could be control of arbitrary spins in arbitrary samples.
Indeed, many streams of work are directed towards this goal. NV centers cannot
only be used to detect nuclear spins, but also to prepare them in a specific state by
polarisation exchange. This could lead to a novel way for nuclear hyperpolarisation
of arbitrary samples, a direction of research that is even starting to be pursued by
industry. If nanoscale magnetic resonance could be pushed down to the level of
single nuclei, solid-state phases could be studied in real materials with atomic
resolution, providing a third way between top-down studies on bulk samples and
bottom-up replication of matter in ultracold atoms. Dynamical decoupling as a
generic tool to tailor the spectral properties of materials could become the key to
translate quantum effects like slow light to a much wider range of materials [79].
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also recently been fabricated to study a dissipative phase transition of light.

Summary. — Simulating quantum many-body systems on a classical computer
generally requires a computational cost that grows exponentially with the number
of particles. This computational complexity has been the main obstacle to under-
standing various fundamental emergent phenomena in condensed matters such as
high-T. superconductivity and the fractional quantum-Hall effect. The difficulty
arises because even the simplest models that are proposed to capture those phe-
nomena cannot be simulated on a classical computer. Recognizing this problem in
1981, Richard Feynman envisioned a quantum simulator, an entirely new type of
machine that exploits quantum superposition and operates by individually manip-
ulating its constituting quantum particles and their interactions. Recent advances
in various experimental platforms from cold atoms in optical lattices, trapped ions,
to solid-state systems have brought the idea of Feynman to the realm of reality.
Among those, interacting photons in superconducting circuits has been one of the
promising platforms thanks to their local controllability and long coherence times.
Early theoretical proposals have shown possibilities to realize quantum many-body
phenomena of light using coupled cavity arrays such as Mott to superfluid tran-
sitions and fractional quantum Hall states. State-of-the-art experiments include
realization of interacting chiral edge states and stroboscopic signatures of localiza-
tion of interacting photons in a three-site and a nine-site superconducting circuit,
respectively. Interacting photons also serve as a natural platform to simulate driven-
dissipative quantum many-body phenomena. A 72-site superconducting circuit has
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1. — Introduction

Quantum simulation is an emerging interdisciplinary field in physics [1-3]. It aims to
develop a new type of devices that exploit quantum coherence to answer questions about
models that describe complex quantum phenomena that are beyond the reach of a classi-
cal computer. Experimental progress in the past 30 years have made it possible to control
and manipulate individual quantum systems including trapped ions [4], cold atoms in
optical lattices [5], nuclear magnetic resonance (NMR) [6], interacting photons [7], quan-
tum dots [8], superconducting circuits [9], and nitrogen-vacancy centers [10]. These new
exciting developments transit quantum simulation from a theoretical proposal to the
realm of reality.

Below, we first discuss the concept of simulation on a classical computer, its limitation,
and motivation of quantum simulation. We then review various experimental platforms
for quantum simulation. We conclude the section by giving an overview of the lecture
which will be focused on interacting photons in superconducting circuits for quantum
simulation of both in- and out-of-equilibrium quantum many-body systems.

1'1. Computer simulation. — Imitating a complex real-world process or system by
simulating relevant models on a classical computer has been an essential technique for the
development of science and technology. To simulate something, one needs first to develop
a model that describes the characteristics and behavior of such system [11]. By changing
variables of the model in the simulator, one can make predictions about the behavior of
the real complex system. In many cases, these predictions can be used to reduce a high
cost of performing several trial-and-error experiments on the real system. For example,
the drug design process can be drastically speed up by appropriately modeling molecular
systems [12]. An airplane wing can be designed by simulating relevant drag forces via
fluid dynamics models [13].

In some cases, simulation is useful when it is difficult or not possible to perform ex-
periments on a real system. For example, the climate system can be predicted by solving
differential equations that represent essential factors of climate and their interactions
including atmosphere, oceans, land surface, and ice [14]. We note that the act of sim-
ulation itself, i.e., imitating real-world processes or systems, is not necessarily done on
a classical computer. For example, simulating a weightless in the outer space can be
done by aerobatic maneuvers on the Earth that undergo a parabolic motion [15].

1'2. Quantum simulation. — Despite the tremendous success of computer simulation
over the past 70 years from the nuclear detonation process in the Manhattan Project
in World War II [16] to forecasting of prices on financial markets [17], there remains a
large class of systems that are too complex to be simulated by any conceivable classical
computer. In physics, this usually involves simulating systems that are non-linear or
chaotic due to their non-integrability. In quantum mechanics, although the Schréodinger
equation is a linear equation, simulating it generally requires a computational cost that
grows exponential with the number of particles. For example, to describe a wavefunction
2N

of N spin-1/2 particles, one needs to store complex coefficients. Also, one needs
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to perform linear algebra to such vectors in order to evaluate physical observables that
describe the dynamics or even the ground state of the system. This task can be impossible
when N is as small as 50 which requires several petabytes of classical memories [18,19].
This number is far less than the number of electrons in real materials which are of the
order of 1023. This computational complexity is the main obstacle to understanding
various fundamental emergent phenomena such as high-T, superconductivity [20] and
the fractional quantum-Hall effect [21].

Recognizing this problem, in 1981 Richard Feynman envisioned an idea of a quantum
simulator, a machine that exploits quantum parallelism and operates by individually
manipulating its constituting quantum particles and their interactions [22]. Predictions
are made by performing appropriate measurements on those particles. Feynman proposed
to quantize both space and time to allow such simulator to be universal, i.e., that can
be programmed to simulate any quantum systems. The idea was later extended by Seth
Lloyd in 1996 [23], who proved that by evolving in small time steps, or trotterization, such
simulator could simulate the dynamics of any local quantum many-body Hamiltonian
with the time scale that grows only polynomially with the number of particles.

Such universal or a “digital” quantum simulator, however, requires full control over
quantum many-body systems and may still be a long time ahead. Alternatively, one
may aim at a less ambitious goal of an “analog” quantum simulator. The idea is to
use reasonably well-controlled quantum systems to simulate only certain classes of quan-
tum systems which are, nevertheless, interesting and cannot be simulated on a classical
computer. Building the latter may be less prone to errors because it does not require
trotterization. Also, phases of matter are typically robust against local perturbation.
Nevertheless, as pointed out in ref. [2], a functioning quantum simulator should i) be
able to mimic a simple model, or a family of simple models, ii) simulate models that are
of some relevance for applications, iii) simulate models that are computationally hard
for classical computers, and iv) allow for broad control of the parameters of the sim-
ulated model. Also, a quantum simulator should allow for validation, for example, by
benchmarking against a classical computer in the regimes where numerical or analytical
techniques exist or against different quantum simulators, ideally implemented in different
platforms which are subjected to different noises.

It might be hard, if not impossible, to prove that a given system cannot be efficiently
simulated with a classical computer. Many quantum many-body systems can be sim-
ulated on a classical computer with approximate numerical methods such as artificial
neural networks [24], tensor networks [25], dynamical mean-field theory, density matrix
renormalization group (DMRG) theory [26], density functional theory [27] and quantum
Monte Carlo [28]. However, they are known to be limited to certain classes of problems.
For example, DMRG is appreciable only to gapped systems in one dimension. Quantum
Monte Carlo does not work with fermionic statistics or frustrated models, due to the sign
problem. Mean-field theory only works when the correlation between sites is weak and
often fails in one dimension.

With this in mind, the models that benefited most from a quantum simulator are
expected to be the ones that involve a large amount of entanglements such as zero-
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temperature ground states of many-body Hamiltonians near the phase transition, non-
equilibrium dynamics of driven or quenched systems, and dissipative dynamics of open
systems. A quantum simulator can, for example, rule out or validate candidate models
such as the Femi-Hubbard model for describing high-temperature superconductivity [29],
check the eigenstate thermalization hypothesis with various quantum many-body sys-
tems [30], and compute accurate calculations of molecular properties for quantum chem-
istry [31,32].

1'3. Platforms for quantum simulation.

1°3.1. Cold neutral atoms in optical lattices. Ultracold atoms in optical lattices represent
one of the most versatile platforms for quantum simulation [5,33,34]. Optical lattices
are formed by interfering laser beams in different directions to create a controllable
standing-wave pattern that mimics the crystal lattice of a solid. Atoms can be trapped
in the optical lattice due to an effective periodic potential landscape induced by laser
beams via a dipole moment of the atoms. Ultracold atoms in optical lattices were first
used to simulate the celebrated Mott to the superfluid phase transition in the Bose-
Hubbard model [35]. Subsequent work has shown quantum gas microscopes which enable
fluorescence detection of atoms in single sites [36], quantum magnetism [37], possibilities
to create artificial gauge fields by lattice shaking or by laser-induced tunneling [38],
and realization of the Fermi-Hubbard model [39-42]. The Bose-Einstein condensation
to Bardeen-Cooper-Schrieffer crossover was also observed in the continuum limit [43].
Recently, cold atoms in optical lattices were recently used to study the breakdown of
the thermodynamics description of interacting boson gas in two-dimensional disordered
lattices [44]. Predicting a thermalized to a many-body localized phase transition in such
a system is currently not possible with a classical computer due to the lack of efficient
numerical techniques. A quantum simulator with 51 cold atoms trapped using optical
tweezers has also been realized to observe different ordering in quantum Ising model [45].

1'3.2. Trapped ions. Another approach for atom-based quantum simulators is the use
of trapped atomic ions held in linear radio-frequency traps [46,47]. Here ion crystals are
formed by balancing the Coulomb repulsion between ions and trap confinement force,
allowing them to be accurately controlled and manipulated. A wide range of models has
been simulated in trapped ion systems from spin models [48,49], to dynamical phase
transitions [50] and discrete time crystal [50]. High controllability in trapped ions also
makes it a promising platform for quantum computing [51,52]. The number of ions in
a quantum simulator varies by a large factor depending on their controllability. For
example, in 2012 a few hundreds of trapped ions with no local control were used to
realize the quantum Ising model [53], while a fully-programmable quantum simulator
was only recently realized with five atoms in 2016 [54]. This controllability is also a
crucial factor for building a scalable quantum simulator in addition to the number of
constituting atoms. Building a scalable quantum processor with high controllability and
long coherent time over a few hundred qubits and defining relevant real-world applications
are near-term challenges faced by all quantum technologies platforms [55].
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1'3.3. Solid-state systems. There are also platforms for quantum simulation that are
based on solid-state systems. For example, nitrogen-vacancy centers in diamond have
been recently used to observe signatures of discrete time crystal [45]. Donor spins in sili-
con have been used together with Nuclear Magnetic Resonance technique to demonstrate
quantum gates between two qubits [6]. A programmable quantum processor consisting of
two single-electron-spin qubits in a silicon/silicon germanium (Si/SiGe) double quantum
dot has been illustrated [56]. The Fermi-Hubbard model has also been simulated using
a quantum dot array in a GaAs/AlGaAs heterostructure semiconductor [8].

1'3.4. Interacting photons. In parallel to the above progress, a new type of quantum
simulators based on photons and hybrid light-matter excitations, known as polaritons,
has been slowly emerging [57, 58], inspired by advances in the field of quantum nonlinear
optics and cavity quantum electrodynamics (QED) in the last two decades [7]. Pioneer
theoretical works have shown possibilities to realize strongly correlated states of lights
in coupled resonator arrays (CRAs) and to observe the Mott to the superfluid phase
transition of light [59-61]. Subsequent works extend the results to a family of many-body
phenomena including an artificial field for the fractional quantum Hall effect [62-64],
effective spin models [65-68], and topological transport of quantum states [69]. Signa-
tures of localization of interacting photons in a quasi-periodic potential have recently
been observed with a nine-site superconducting circuit by directly measuring statistics
of eigenenergies and spreading of energy eigenstates [70]. This platform will be the main
focus of this lecture.

Complementarily with cold atoms, interacting photons provide a natural setting for
simulating open quantum systems because light-matter systems dissipate to the environ-
ment and because they can be driven by external fields. The coupling to the environ-
ment is usually weak, and the bath is memoryless. Consequently, the system may reach
a dynamically-stable steady state that depends on the symmetries of the system [71].
Early theoretical works have shown that such steady states manifest various quantum
many-body phases [72-77] and can exhibit dissipative phase transitions (DPT) [78,79].
A T2-site nonlinear superconducting circuit has recently been fabricated to study DPT
with light [80].

Perhaps, the most promising platform for realizing interacting photons is supercon-
ducting circuits where conventional optical and electron-beam lithography is used, allow-
ing CRAs to be designed with great flexibility and high controllability [9]. The circuit
is made superconducting by cooling to few milli-kelvins using a dilution refrigerator.
Photonic modes can be realized from the co-planar transmission line or an LC circuit
which effectively acts as a Fabry-Perot microwave cavity [81]. An “artificial” two-level
atom can be made from the use of Josephson junctions [82]. Both strong coupling [83]
and ultra-strong coupling [84] between an artificial atom and transmission line have also
been reported. Non-linear coupled resonator arrays up to 19 sites have been implemented
using superconducting circuits [70, 85, 86].

We note that there is also active research in the field of exciton polaritons in semicon-
ductor materials, realizing quantum fluid of light [87]. However, the interaction strength
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Fig. 1. — Two types of non-analyticity at a quantum phase transition. Eigenenergies of H =
Hi + gH> as a function of g in the case of (a) [Hi, Ha] = 0 and (b) [H1, H2] # 0.

of such a system is typically weak at a few-photon level. Nevertheless, there are possi-
bilities to enhance such interaction, for example, by resonantly coupling a pair of cavity
polaritons to a biexciton state [88]. Experiments in this platform have led to realization
of exotic phases of matter such as non-equilibrium Bose-Einstein condensation [89, 90]
and non-equilibrium polariton superfluidity [91,92].

1°3.5. Conclusions. In this section, we have discussed several platforms for quantum
simulators. Next, we will discuss the basic concept of quantum phase transition with
a specific example of the Mott to the superfluid phase transition in the Bose-Hubbard
model. We then discuss the basic concepts in light-matter interaction, including field
quantization in a cavity QED, the Jaynes-Cummings model, and photon blockade. We
then review the early proposal for Mott to superfluid transitions of light, state-of-the-art
experiments, and various works on both equilibrium and driven-dissipative many-body
phases of light in CRAs. Lastly, we discuss circuit quantization and recent experimental
progress in achieving interacting photons in superconducting circuits.

2. — Quantum phase transitions

Identifying phases of matter is one of the main goals in condensed matter and material
science. During a phase transition, specific properties of the material change abruptly as
a result of the change of some external parameters. In classical physics, these parameters
could be, for example, temperature, pressure, electric or magnetic fields. Classical phase
transitions are driven by thermal fluctuations and cease to exist at zero temperature.
Quantum phase transitions (QPTs), on the other hand, exist at zero temperature and
are driven by quantum fluctuations [93]. Although, strictly speaking, absolute zero
temperature is not physically realizable, signatures of QPTs can be observed when the
energy scale of the thermal fluctuation kg7 is much smaller than that of the quantum
fluctuations Aw, where w is a typical frequency of the quantum oscillation.
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To concretize the above description of QPT, let us consider a Hamiltonian of the form
H = Hl + gH27

where ¢ is a dimensionless parameter. The QTP deals with the non-analytic dependence
of the ground-state energy,

E(g) = (GIH|G),

as the parameter g changes. Here |G) is the ground state of the system, i.e., H|G) =
E(9)|G). In the case of [Hl,HQ] = 0, non- analytlclty can happen due to crossing of
eigenvalues, see fig. 1. In the case of [Hl,Hg] # 0, non-analyticity can happen due
to the closing of the energy gap between the ground state and the first excited state
which happens in the thermodynamic limit. The latter is more common and has a closer
analogy to classical phase transitions, while the former often occurs in conjunction with
the latter. The QPT is usually accompanied by an abrupt change in the correlations in
the ground state.

2°1. Example: the Mott-to-superfluid phase transition. — The Fermi-Hubbard model
was originally proposed in 1963 by Hubbard [94] to approximately describe a conducting
to an insulating QPT of electrons in solids. Its bosonic version was proposed in the same
year by Gersch and Knollman [95] and was named the Bose-Hubbard model. The phase
diagram of the latter was first calculated in 1989 [96] and the corresponding QPT was
realized in cold atoms in optical lattices in [35]. Specifically, the Bose-Hubbard (BH)
model describes the system of N bosonic particles moving on a lattice consisting of L
lattice sites,

(1) Hgy = —J Z ala; — i+
& ;

where a, (&;) is a bosonic annihilation (creation) operator at site j, n; = d}&j is the
number operator at site j, (...) denotes the sum over nearest-neighbour, J is the hopping
strength between site ¢ and j, p is the chemical potential, and U is the on-site interaction.
The first term in eq. (1) describes kinetic energy of particles, the second term determines
the number of particles in the ground state, and the last term describes interaction
between particles.

To understand different phases exhibited by the BH model, let us first consider the
limit J = 0. In this case, ﬁBH reduces to the sum of on-site Hamiltonians, i.e., lfIBH =
> iLj, where ﬁj = —pnj + %n;(R; —1). Hence, the ground state takes the form of
a product state |G) = [];[n);, where [n); is an n-particle Fock state at site j, i.e.,
fj|n); = n|n);. The corresponding ground state energy is E(n) = L[—un + Zn(n — 1)].
As shown in fig. 2-b, there are different level crossing between states with different integer
fillings n for u = nU. The ground state has an energy gap, hence they should be stable
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Fig. 2. — The Bose-Hubbard model. (a) A sketch of cold atoms in optical lattices realizing
the Bose-Hubbard model. (b) The mean-field energy as a function of p/U for three different
numbers of particles n = 1,2, 3. The mean-field energy landscape in the Mott and the superfluid
phase are shown in (b) and (c), respectively.

against small changes in the Hamiltonian such as small tunneling. This integer-filling
ground states are known as Mott insulating states.

Another phase can be revealed by considering the limit U = 0, where the Hamil-
tonian is reduced to the tight-binding model Htight binding = —J Z@.’j) &I&j - MZ]- L.
The Hamiltonian can be diagonalized by applying the quantum Fourier transform a; =
ﬁ Zikj ;. The Hamiltonian is then casted into the form ﬁtight binding = 2 wkd};&k,
where wy, is a constant depending on p and k. For example, for a one-dimensional pe-
riodic lattice, we have wy = —pu — 2J cos(k). For p,J > 0, the ground state is then
|GY = (&LZO)N|OOO...> which is a product state in the momentum space, not in the
position space as in the Mott. This state is known as the superfluid state.

2°2. The mean-field phase diagram. — Now let us consider an approximate method to
calculate the many-body phases for the full range of J/U. The key idea is to decompose
a; = ¥+ 0a;, where da; is the fluctuation from the mean value ¢ = (a;). The mean-field
approximation proceeds by dropping the second-order terms in da; in the Hamiltonian,
assuming that correlations between sites can be ignored. This approximation becomes

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

MANY-BODY PHYSICS AND QUANTUM SIMULATIONS ETC. 177

exact in infinite dimensions, but often fails in one-dimension. To see how this leads to
the sum of approximated on-site Hamiltonians, let us write the hopping term as

(2) ala; +He = (Y* +6a) () + 6a;) + Hee.
= ¥ + daly + ¢ da; + da;0a; + Hee.
~ ¥ + daly + 1 da; + Hee.
N+ (a — )P+ (a; — )Y + He.
~aly +aly — Yy + He.

The full Hamiltonian is then written as
o ~ A5 =37 (K4 17).
J

where iLg-O) = —un; + %ﬁj(ﬁj —1)— Jzyp*¢ and Vj = —Jz(y*a; + w&;) with z being the
coordination number, or the number of sites connected to site j via the hopping term.
We then write the mean-field energy as

E,=EO+ED 4+ E® 4
By doing perturbation theory with respect to the V-term, the zeroth-order eigenenergy
is

o 0, for p <0,
By = U 5
—un+§n(n—1)+t]2’¢, for Un —1) < p < Un.

iy

The first-order eigenenergy is zero Ef = <n|Vj |n) = 0. The second-order eigenenergy is

v 1
B = ZJ|EZ)| ‘n = =) (U(nul)quunJrUn)'

The mean-field energy is then E,, = const + m?y? + ..., where

with i = p/Jz and U = U/ J 2.

As shown in fig. 2-c and fig. 2-d, for m? > 0 E,,, is minimized when 1) = 0. Hence the
ground state has U(1) symmetry, i.e., invariant under the transformation ¢ — ¢4, and
no quantum fluctuation between sites corresponding to the Mott insulating states. For
m? < 0, E,, is minimized when ¢ # 0, implying that the ground state has a broken U/(1)
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Fig. 3. — Phase diagram of the Bose Hubbard model. The mean-field phase diagram showing
the Mott and the superfluid phase is shown in (a). A more exact phase diagram calculated from
DRMG for the one-dimensional system is shown in (b). The result is reproduced from ref. [97].

symmetry corresponding to the superfluid state. The phase boundary can be computed
by solving the equation m? = 0. The corresponding mean-field phase diagram is shown
in fig. 3-a. Figure 3b shows the phase diagram for a one-dimensional Bose-Hubbard
lattice calculated by a more exact density-matrix-renormalization-group (DMRG) tech-
nique [97], taking into account correlations between sites. We can see that the mean-field
theory can give a qualitative approximation of the phase diagram.

3. — Quantum many-body phases of light

3'1. Light-matter interaction. — Having discussed phases of matter, we now turn to
the experimental realization of photon-photon interactions and how many-body phases of
light can emerge. Engineering strong interactions at progressively low light intensity has
been one of the greatest challenges in optical science. In classical regime, photon-photon
interaction is achieved by shining an intense light beam to a non-linear material so that
the optical properties of the material such as refraction and absorption are modified and,
in turn, lead to power-dependent light propagation through the material [98]. Specifically,
the polarization P of non-linear media, defined as dipole moments per unit volume, can
be written as

(3) P/eo = x\VE+ xPE2 + yOE? .. |

where ¢ is the electric permittivity of free space, x? is the electric susceptibility of
order i-th, and E is the input electric field. The higher-order terms account for non-
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linear optical phenomena such as second- or higher-harmonic generation, sum-frequency
generation, self-focusing, and optical solitons. However, as the light intensity is weaker,
the higher-order terms in eq. (3) are suppressed, and eventually, the material only exhibits
a linear response, making it difficult to achieve strong interaction at a few photon levels.

Another way to see this is to consider the probability p of one photon getting absorbed
by an atom. At resonance, this probability is maximized and proportional to the ratio
between the wavelength of light squared (A?) and the transverse area of the laser beam
(d?), i.e., p ~ A2/d*>. The number of atoms required to modify one photon is then
N =~ 1/p. Due to the diffraction limit that prevents the focusing of the light beam
below the wavelength, this probability is typically small p < 1. Recent experiments have
achieved p ~ 0.01-0.1 by concentrating laser light to a small area [99-102].

In the limit p — 1, the presence of one atom can substantially modify a single incident
photon. Since a single two-level atom can only absorb one photon at a time, a pair of
incident photons will experience an atomic response that is very different from that
of a single photon, hence realizing nonlinearity at the two-photon level. One way to
achieve this is to use a reflective cavity that enhances the interaction probability p by
the number of bounces, F', that the photon makes inside the cavity before leaking out.
The probability p approaches unity when 1 > 1, where n = FA2/d? is the cooperativity.

3'1.1. Field quantization: mode of a simple optical resonator. Let us consider an optical
cavity consisting of two parallel perfectly reflecting mirrors, lying on the z-y plane at
z =0 and z = L, see fig. 4. The electric field and the magnetic field inside the cavity
take the form

respectively. By solving Maxwell’s equations assuming the boundary conditions
E.(0,t) = E,(L,t) =0, we get

E{™(2,t) = Epsin(w{™t) sin(km2),
B{™ (z,t) = By cos(w™t) cos(kz),

where k,, = mm/L, m is a positive integer, wgm) = ¢k, c is the speed of light, Ey is

the amplitude of the electric field, and By = Ey/c is the amplitude of the magnetic field.
The energy of the electromagnetic field inside the cavity is

m 1 m 2 1 m 2
B >:5/dv [€0|Ea(c (@0 + 1By )(va>|]
Lo (2) (m) 2(,,(m)
= ZGOEOV (sm (w™t) + cos® (wy t))

1
=5 [0 + @7 W)
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Fig. 4. — A sketch of a simplified optical cavity consisting of two plane mirrors at z = 0 and
z=L.

where V is the volume of the cavity, ¢ (t) = /%EO sin(wgm)t), and p™)(t) =

%Bg cos(wi™t

). One can see that the energy F(™ takes the form of the energy
of a simple harmonic oscillator where p(m)(t) and ¢(™(®) are position and momentum
coordinates, respectively. From now on we will consider the lowest mode m = 1 and drop
the superscript (m).

Next, we perform second quantization by promoting p(t) and ¢(t) to operators, i.e.,

EM™ . f @2 + wf(jQ) ’

DN =

cavity —
where [, p] = ih. We then define the ladder operators as

dT _ wch_iﬁ

2hw,
. wWeq +1ip
2hw,
where [a,a] = 1. The Hamiltonian is then written as ﬁcavity = hwe(ata + %) which is

the form of a quantum harmonic oscillator. We will set & = 1 from now on for simplicity.

3'1.2. The Jaynes-Cummings interaction. The system consisting of a two-level atom
interacting with photons trapped in an optical cavity, as shown in fig. 5, is described by
the Hamiltonian

IA{JC = ﬁcavity + ﬁatom + f{inta
where
N At 1
(4) Hcavity =wc|a'a+ 5

is the Hamiltonian of the cavity. w. is the fundamental frequency of the cavity. The
two-level atom is described as
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Fig. 5. — The Jaynes-Cummings model. (a) A sketch of an empty cavity with (b) its linear
spectrum. When the modes of the cavity coupled to the two-level system, the total system is
described by the Jaynes-Cummings model (c¢). (d) The resulting energy spectrum has non-linear
splitting proportional to gv/n. An external laser with frequency wiaser = we — g will be resonant
with the one-excitation state |1, —) but off-resonant with the two-excitation state |2, —) leading
to the photon blockade effect where only one photon can enter the cavity.

where 61 = |e)(g|] and w, is the energy difference between the two eigenstates. The
atom interacts with the cavity mode by a dipole transition operator which is defined as
d=d*st+ dé~, where d is the dipole moment. The interaction between the atom and
the cavity is described by the dipole interaction:

Hint =—d- E(Z,t)
T

Il

|

o
—
Q>
+
>

=g(6" +
=g6ta+o-a+otal +67ah),
where g = —FEjpsin(7F) is the light-matter coupling constant. Ey is the amplitude of

the field in the cavity of length L. 2z is the position in the cavity. We can see that
Hint contains terms that do not conserve the number of excitation. To see the effect of
these terms, we move from the Schrédinger picture into the interaction picture defined
by Hcav1ty + Hatom, . €.,

(5) Hipe (t) _ ei(ﬁcavity +1€Iacom)tHintefi(I:Icavity+Hamm)t

—g (aa——e—i<wc+wa)t +agteiwa—welt 4 H.c.) .

The terms a'6~ and a6t describe an emission and an absorption process, respec-
tively. They oscillate with a slow frequency w, — w., while the counter-rotating terms
(a6~ e wetwa)t L Hc) do not conserve number of excitations and quickly oscillate.
When |w. — wq|,9 € we + wg, the latter terms can be ignored, giving rise to a solvable
model known as the Jaynes-Cummings (JC) model [103,104] first envisioned in 1963.
This approximation is known as the rotating-wave approximation. The JC model is then
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written as
Hyc = w,66~ +wedla+gafo™ +as™).

3'1.3. Eigenstates of the Jaynes-Cummings model. To obtain the eigenstates and the
eigenenergies of the JC model, we first notice that the Hamiltonian Hjc commutes with
the total number excitation operator

N=6%6"+ala.
For n excitations, there are only two possible states which are i) [¢1) = |n — 1,e) with
n — 1 photons in the cavity and the atom is in the excited state and ii) |¢2) = |n, g) with

n photons in the cavity and the atom is in the ground state. The matrix elements of
Hjc in this subspace,

(6) JC ,ij <¢Z|HJC|1/)J>

for 4,5 € {1,2}, are written as

~(n) ((n — Dwe + wq gﬁ)
gvn nwe )

Diagonalizing this Hamiltonian, we obtain the energy eigenstates as

(7) Ei(n) = (n - > + = \/ —we)? + ¢g°n.
with the energy eigenstates

|n—|—>—cos(a2)\n >—|—51n( )\ng)
|n,—) = —sin (O; ) |n —1,€) + cos (7) In, g),

where a,, = tan~'(2g\/n/(w, — w.)). Excitations in |n,+) are a collective mode of
photonic and atomic excitations called a polariton. The cavity is said to be a non-linear
cavity because its eigenenergies now have non-linear dependence in n. The non-linearity
becomes maximized at resonance w, = we, i.e., By (n) = we(n—1/2)£1gy/n+1. In the
large detuning limit |w, — we| > gv/n, the eigenenergies becomes approximately linear
in n, ie.,

1
Ei(n) ~w.n =+ i\wa — wel.
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(a)

Time (us)

Fig. 6. — Quantum Rabi oscillation in a microwave cavity. (a) A simple diagram of the experi-
ment. Rubidium atoms effuse from the oven O and circular Rydberg atoms are prepared in the
box B. The atoms cross the cavity C made of two superconducting mirrors. (b) The observed
Rabi oscillation according to the Hamiltonian in eq. (6). The result is reproduced from ref. [109].

In this limit, the cavity modes are decoupled from the atom. In addition, the spectrum
is also approximately linear for a large number of photons n > 1, where v/n +1 ~ /n
since the energy gap between adjacent energy levels is approximately the same, e.g.

1
Ex(n+2) = Ex(n+1) % Ex(n+1) = Bx(n) & we £ 59vn.

3'1.4. Early experimental realizations of strong light-matter coupling. Signatures of the
atom-cavity interaction were first observed in the 1980s via the change in the spontaneous
emission rate of an atom when placed in a cavity [105-107]. The cavity mode is said to
be “strongly coupled” to the atom when the light-matter coupling is much larger than
dissipation rate both to the input and the output waveguides K and to free space 7, i.e.,

> > K.

In this limit, a single photon in the cavity has enough coherent time to allow reversible
exchange between the atomic and the photonic excitation before irreversibly leaking out
the cavity. Signatures of the strong light-matter interaction were first observed in the
optical regime in 1992 via normal mode splitting [108] and in the microwave regime in
1996 via quantum Rabi oscillation [109], see fig. 6. The former led to the first experi-
mental demonstration that single atoms can introduce a phase shift to a single photon
by approximately 7/10 [110], while the latter led to the generation of Einstein-Podolsky-
Rosen pair of atoms in a controllable manner [111]. In superconducting systems, strong
coupling between a single artificial atom and a single microwave photon was later realized
in 2004 [83].

3'1.5. Photon blockade effect. Photon blockade refers to a situation in which interac-
tion between photons is so strong that the presence of a single photon in a cavity can
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Fig. 7. — Experimental realization of photon blockade. (a) A simple diagram of the experiment.
(b) The intensity correlation function ¢g‘®(7) as a function of the time delay 7 between two
photons. g<2) () drops to near zero at T = 0, indicating the probability of detecting two photons
at the same time is strongly suppressed. The result is reproduced from ref. [113].

completely “block” another photon from entering the cavity. The term is used in anal-
ogy to the Coulomb blockade effect [112] where a single electron on a small metallic or
semiconductor device can block the flow of another electron when the charging energy
is much larger than the thermal energy. To understand photon blockade in the Jaynes-
Cummings model, imagine the cavity and the atom is initially in the vacuum state and
the ground state, respectively, i.e., |0, g). A laser beam is then shined to the system with
the frequency that is resonant with one of the one-excitation eigenstates, e.g.,

1
Wlaser = E,(l) = We — 59
(assuming w, = w.). Due to the resonance condition, the first photon that enters the
cavity will excite the cavity to the state |1,—). However, the frequency of the second
photon is now off-resonant with that of the two-excitation state |2, —),

Ei(2) - E—(l) =WeF %g(\/ﬁ:}: 1) 7é Wilaser-

Hence the second photon is prevented from entering the cavity and the two photons
effectively “repel” each other. The first experimental breakthrough that showed direct
signatures of photon blockade was done in 2005 [113], through the anti-bunching statistics
of transmitted photons, see fig. 7. The result marks an exciting new era in nonlinear
quantum optics.

3'1.6. Quantum nonlinear optics with atomic ensembles. Before moving on to quantum
many-body physics with light, we would like to mention an alternative approach to en-
gineer strong light-matter interaction where photons are stored in an ensemble of atoms
which exhibits the so-called electromagnetically induced transparency (EIT) [114]. In
EIT, the optical response of an otherwise opaque atomic gas is modified by an extra
control field. This control field is strong and induces coherent coupling between a weak
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Fig. 8. — The Jaynes-Cummings-Hubbard model (a) A sketch of a coupled cavity array, imple-
menting the Jaynes-Cummings-Hubbard model. (b) Energy spectrum of the JCH model. (c)
The order parameter Var(N;) of the lowest-energy state in the unit-filled manifold as a function
of detuning (w, — we)/g for sites 3-7 with and without decay. The order parameter exhibits a
jump from zero to a finite value, corresponding to the Mott and the superfluid phase, respec-
tively. The transition gets shaper as the system’s size is increased as expected from quantum
phase transition. The results are reproduced from ref. [59].

probe pulse and atomic states leading to collective light-matter excitations, called polari-
tons. The latter results in a drastically reduced group velocity of the probe field, much
reduced linear susceptibility x(!), and greatly enhanced nonlinear susceptibility x®). Ef-
fective strong polariton-polariton interaction is then induced by exciting the atoms to
the metastable Rydberg state with a high principal quantum number of approximately
100 [115]. The strong interaction between two Rydberg atoms that are separated by
less than the blockade radius introduces an energy shift when two of them are excited.
This energy shift is maximized when both controlled field and probe field are resonant
with the corresponding atomic states. The latter prevents both of them to get excited
simultaneously. Effectively, each Rydberg atom behaves like a “superatom” consisting
of N, atoms within the Rydberg radius but only one excitation, resulting in enhanced
cooperativity of = N,A\?/d>.

In addition to the above Rydberg blockade, when the control laser is detuned from
resonance, it is possible to use EIT to engineer effective distance-dependent interaction
between photons. The attractive interaction between photons has been realized in this
way and two-photon bound states have been observed [116]. In the case of repulsive
interaction, it is predicted that photon crystallization could be formed [7].

3°2. Mott-to-superfluid transition of light in coupled resonator arrays. — Having real-
ized strong photon-photon interactions, it is natural to ask if photons can form many-
body states in analogy to real atoms in solid state. Pioneer works explored this question
by envisioning an array of coupled nonlinear cavities both with the Kerr type [60] and
the Jaynes-Cummings type [59,61]. The latter, as shown in fig. 8-a, is described by the
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Hamiltonian,
L—1 L—2
HJCH = Z <waA;'LAj7 + wcd;&j +g (&j&; + dj A;r)) —J Z (&;(Aljurl + HC) s
j=0 j=0

where L is the size of the system, J is the hopping strength of photons between two
adjacent cavities, a;f (0 ) is the raising (lowering) operator for the atom at site j, and
a; (d;) is a bosonic annihilation (creation) operator at site j. The model is known as

the Jaynes-Cummings-Hubbard (JCH) model. H jog commutes with the total number
of excitations N = >, N;, where

Hence, as shown in fig. 8-b, the eigenspectrum of Hjcn are grouped into manifold labeled
by the filling factor i = (N)/L, where {...) denotes an expectation value over a given
eigenstate. It is important to recall that when deriving the Jaynes-Cummings interaction
we have assumed that w, and w, are the largest energy scale in the system. This implies
that the ground state of Hjcy is the vacuum, as depicted in fig. 8-b.

To observe many-body characteristics of Hjcy, one can consider the lowest-energy
state |G)r=1 in the unit-filled manifold. At resonance and g > J, photon blockade
prevents two photonic excitations at the same cavity, effectively switching off the hopping
process and leading to the Mott-like ground state, i.e.,

|G>ﬁi1 - ‘la 7> ® ‘13 7> e ® |1, 7>'
This state can be prepared by sending a 7/2 pulse at frequency w, — g to each cavity to
excite the vacuum state |0, g) to the lower polariton state | —1). To observe the superfluid
behavior of photonic excitations, one can adiabatically switch on either the coupling g or

the detuning w, — w, via, say, a Stark shift from an external field. In this limit, photon
blockade is suppressed and the system is effectively described by the tight-binding model

E[JCH ~ —JZ (d;[&j+1 + H.C.) .
J

The Mott-to-superfluid phase transition can then be probed by measuring the fluctuation
of the number of excitations, i.e.,

Var(N;) = \/(N7) — (N;)2,

see fig. 8-c. Note that, unlike atoms in the Bose-Hubbard lattice discussed in sect. 21,
the number of excitations, in this case, is conserved. Hence the order parameter (a;)
always vanishes both in the Mott and the superfluid phase.
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Fig. 9. — Phase diagram of the Jaynes-Cummings-Hubbard model. The mean-field phase dia-
grams with different detuning A = w, —we = 0, —2J,2J are shown in (a)—(c), respectively. The
results are reproduced from ref. [61]. The DRMG phase diagram for the one-dimensional system
with A = 0 is shown in (d). The result is reproduced from ref. [117].

3'2.1. The mean-field phase diagram. To make a more explicit analogy to the atoms
in the Bose-Hubbard lattice, one can introduce the chemical potential term to the JCH
model [61]. Note that this is done by hand since photons do not naturally have a chemical
potential. Nevertheless, a possibility to engineer one has been proposed [118]. The JCH
model with the chemical potential is written as

HJGCCH = HJCH - MN,

where p is the chemical potential and the label “GC” stands for the grand canonical
potential. HSS; still commutes with N. However, it is now possible that the ground
state of the system is not the vacuum because the chemical potential term introduces an
energy shift of —unL to the excited states of Hjcn. This removes the need of restricting
ourselves to the 7 = 1 manifold as before.

We then proceed to calculate the ground state phase diagram of I:IECCH by applying
the mean-field approximation H$¢S Ton & Z H ME(4), where

(8) () = (we — pala; + (wa — p)5+6™ + g(aT6™ + ao6™)
—2J(pa® + v*a — [p[?).

To numerically compute the phase diagram, we first write down I:I}Vé% (j) in a matrix
form, keeping up to nmax excitations. For example, for ny,.x = 1 the matrix takes the
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form
0 0 —2J4
BEG) =] 0 wa—p g |,
—2Jy* g We —

where |g,0) = (1,0,0), le,0) = (0,1,0), and |e,1) = (0,0,1). For ny.x = 2 the matrix
takes the form

0 0 —2J 0 0

0 Wq — [ g —2JY 0
HME () = | =209 g we—p 0 —2V2J¢

0 —2J 0 Wq + we — 2 V2g

0 0 —2JyY V2g 2w, —

The next step is to numerically obtain the ground state energy as a function of the
mean-field energy F [¢] and find v, that minimizes F[)]. The process is then repeated
until 1. is converged with nyay. The mean-field phase diagram of H$$; as calculated in
ref. [61] is shown in fig. 9-a. A more accurate phase diagram was calculated numerically
using DMRG in ref. [117] and analytically in ref. [119].

3'2.2. Existing works on equilibrium many-body phases of interacting photons. Following
the pioneer works, there has been several work investigating various aspects of the JCH
model including many-body dynamics [120-122], ground-state entanglement [123,124],
critical exponents at the phase transition [125] and its applications for quantum infor-
mation processing [126,127]. Phase transitions in the JCH model and the BH model
have been shown to be in the same universality class. As shown in [59] in the Mott
regime, the JCH model also simulates the standard XY spin model where the presence
and the absence of a polariton in each cavity represent the state of spin up and down,
respectively. Subsequent works also show that the anisotropic Heisenberg spin model
can be simulated using coupled cavity arrays where each cavity contains a three-level
system [65-68]. Topological pumping of interacting photons to reliably transport Fock
states is discussed in ref. [69]. Artificial gauge field for photons can be engineered in
a 2D array using an external drive that controls the hopping phase of photons. When
combined with photon blockade, the ground state of the system can be mapped to the
Laughlin state, simulating the fractional quantum Hall state of light [62,63]. Such com-
bination has been realized with two microwave photons in a three-site superconducting
circuit chip [64].

3'2.3. State-of-the-art experiments. Here we briefly review two experimental works
that demonstrate exceptional control and a long coherent time of interacting photons in
superconducting circuits.
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Chiral ground-state currents of interacting photons in a synthetic magnetic field [64].
Using two interacting photons in a three-site superconducting circuit (see fig. 10-a), the
authors have realized two basic ingredients for simulating fractional quantum Hall states
of light, i.e., large interactions in the presence of a large magnetic field. The resulting
ground states exhibit chiral current of two hardcore photons, where the probability of
two photons being in the same site is strongly suppressed, see fig. 10-b. The artificial
magnetic field is created by periodically modulating the hopping strength between two
sites [128], i.e

3 3
- . U o (A
(9) Hchlral(t) = Eﬁ w;in; + E ij(t a Lay, + H. C 5 -i n; — 1

where
ij(t) =Jy COS(Ajk + ¢jk>a

with Aji = wj —wy. Jo and ¢, are constants. To understand how the effective magnetic
field is derived, let us consider the Hamiltonian of a pair of qubit

o o U
H = wity + (@ + D)y + Jo(€2H 4 7879 aay + Hee) — 5 Y (i — 1),

We then move to a rotating frame via the unitary transformation e~**"2*, The Hamil-
tonian in the rotating frame reads

o . , U
H = w(’ﬁ,l + ’flg) + J()(GZAH_“Zb + G_ZA_1¢)(&Id2€_ZAt + HC) — 5 Zﬁj (’ij — 1)

If Jo < A, we can apply the rotating-wave approximation and arrive at

2
. . U
H = w(hy + o) + Jo(alage ™ + H.c.) — 5 > hj(hg —1).

Jj=1

Hence for a three-site lattice with a periodic boundary condition, the total “artifical”
magnetic flux is ® = ¢13 + @23 + ¢P31. In the experiment, the sites in the superconducting
chip are inductively coupled to each other and can be tuned in nanosecond timescale using
an external (real) magnetic field. The coupling J;x(t)/2m can take any value between
—55MHz and +5 MHz, including zero. The initial state is prepared by applying a 7/2
pulse at the first and the second site.

Spectroscopic signatures of localization with interacting photons in superconducting
circuits [70]. Statistical thermodynamics is one of the pillars of modern physics in
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Fig. 10. — Chiral edge states of interacting photons in superconducting circuits. (a) An optical
image of the superconducting circuit made by standard nano-fabrication techniques. It can be
described by the Bose-Hubbard Hamiltonian as shown in eq. (9). (b) Time evolution showing
chiral current of two interacting photons. Pg; is the probability of finding one photon at site j.
Two photons are initialized at sites 1 and 2 by applying a 7/2 pulse to the corresponding sites.
The chiral current can be understood by looking at the current of the hole, initially located at
site 3. The results are reproduced from ref. [64].

describing physical systems with a large degree of freedom. Its fundamental postulate
states that all accessible microstates associated with a given macro-state have equal
probability. In quantum physics, it has been observed that quantum many-body systems
would often evolve and reach a thermal equilibrium over time, regardless of a starting
state. However, disorders can prevent those systems from thermalization. The mech-
anism is known as many-body localization (MBL) [129, 30, 130-139]. Unlike quantum
phase transitions in the equilibrium case such as the Mott to the superfluid phase tran-
sition, the thermalized to the MBL phase transition is dynamical and involves all the
many-body energy eigenstates of the system.

Signatures of MBL have been observed in cold atoms in optical lattices [44, 140,
141], trapped ions [142] and superconducting qubits [143]. In all cases, a non-thermal
evolution is probed by monitoring the time dynamics of an initially localized state. In the
thermalized phase, the system spreads throughout the lattice over time leading to zero
population imbalance between sites. When the disorder is increased, and the system
is in the MBL phase, the system shows traces of the initial state after a long period.
Although this technique reveals signatures of MBL, directly probing many-body energy
eigenstates is still absent in the previous work.

In ref. [70], the authors observe signatures of the celebrated many-body localization
transition using interacting photons in a nine-site superconducting circuit. The measure-
ments of the relevant energy eigenenergies and eigenstates were done by implementing
a novel many-body spectroscopy method based on time evolution. The approach was
benchmarked by measuring the energy spectrum predicted for the system of electrons
moving in two dimensions under a strong magnetic field — the Hofstadter butterfly.

Here we outline the spectroscopy protocol performed in ref. [70], starting with a single
photon. We begin by initializing a photon at site p in the superposition state of |0) and
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1), i.e.,

0)p + [1p
V2

(I'Vac) + 1)) ,

o)y = [0)1]0Vs .. (
_ 1
V2

_ 2 ~ ol )

a=0

)00

where |1,) = &;L|Vac>, Cr = <1p|E&1)>, | Vac) is the vacuum state, and \E&1)> is a one-

)

photon energy eigenstate with eigenenergy E((,} . The system at time t is given by

[(t)p = % <| Vac) + cheiEg1>t|Eé1>>> '

The operator a, is not Hermitian and therefore not observable. Nevertheless, one can
measure

(ap)(t) = 5 <<Xp> - Z(f@)) = %Z ‘Cg|2€—iEé1)t

at different times. The Fourier transform of (G,)(¢) then reveals the eigenenergies E((Xl)
and the overlap |C2|. The experiment is then repeated by varying all possible initial

configurations ¢ € {1,2,..., L} and calculating

X ()= () ().

p=1

The latter ensures that all peaks will have appreciable amplitudes in the Fourier trans-
form.

To benchmark the method, the authors implement the 1D Harper model with one
photon in a nine-site superconducting circuit, i.e.,

8 7

HEPO" = A " cos(2mbj)iv; — J > (d}ajﬂ + H.c.) .

J=0 Jj=0
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Fig. 11. — The Hofstadter butterfly (a) The Fourier transform of X(l)(t) is shown for 100 values
of dimensionless magnetic field b ranging from 0 to 1. (b) For each b value, we identify 9 peaks
and plot their location as a colored dot. The numerically computed eigenvalues of the Harper
model are shown with gray lines. The color of each dot is the difference between the measured
eigenvalue and the numerically computed one. Spectroscopic signatures of localization with two
interacting photons. (c) The measured histogram P(r) of rgs for A/J =1 and 5. The dashed
lines are plots of Ppoisson and Pgor according to eq. (10) and eq. (11), and the solid lines are
numerical simulations. (d) The participation ration PRgpace as a function of A/.J.

The Harper model can be mapped to the 2D Quantum Hall model where b is mapped
to a magnetic flux [144]. The spectrum of the Harper model as a function of b ex-
hibits a butterfly-like structure similar to its 2D counterpart. The structure was first
proposed by Hofstadter in 1976 [145]. It is a fractal structure, meaning that small frag-
ments of the structure contain a copy of the entire structure. However, observing the
full butterfly in a conventional condensed-matter system requires an unphysically large
magnetic field in the order of ~ 10° tesla that can “squeeze” one flux quantum through
a unit cell. Signatures of the butterfly were observed by using a superlattice structure in
graphene [146-149].

The authors of ref. [70] realize I:II%I;%};ZEO“ by setting the cavity’s frequency w; =

A cos(2mbj). Since b in ﬁé’;};‘fr‘m is not related to a real magnetic flux, it can be easily
tuned from 0 to 1 in our setup. Figure 11a shows the Fourier transform of x()(t) as a

function of b. A clear butterfly-like structure is observed as expected since the Fourier
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transform represents the eigenspectrum. However there are only nine single-particle
eigenenergies for each value of b, the fractal structure of the spectrum is not displayed.
In fig. 11-b, the measured peaks in the Fourier transform are compared with exact nu-
merics. The errors in the position of the peaks on average are found to be less than 2%.
This result illustrates high controllability and a low error rate of the setup.

By placing two photons into the system, the interacting Harper model is then imple-
mented, i.e.,

8 8 7
U
2-photons A ~
HHaprpCtr AZcos(Qﬁb])nj -3 Zn] JZ ( aj 105 +aj aHl)
7=0

j=0 j=0

Four different irrational values of b are chosen from [0, 1], and the corresponding ob-
servables are averaged. The irrational choice of b ensures that the periodicity of the
potential and lattice are incommensurate, mimicking the effect of disorder [150,151]. In
the experiment, U/2m and J/27 are fixed to 175 MHz and 50 MHz, respectively (U/J is
fixed to 3.5). For this value the ergodic to the localized phase transition of two photons
is expected to happen at A = 2.J [151].

Spectroscopy of the two-photon eigenstates is done in a similar way, i.e., the initial

10Y1]0)s.... <|0>P\j§|1>1’) (W) 0y 1|0V

(I'Vac) + [1,,14)) + 5 (1) + [14)) ,

state is prepared as

|w0>p,q

N =
1\9\»—*

where p # ¢ € {1,2,...,L} and [1,,1,) = [0)1|0)2...[1),...|1)4...|0) are the two-
photon Fock states. Then the measurement at time ¢ reads,

1 /. & SN A oA
<&p&q>(t) = 4 <Xqu =YY, —iX,Y, — ZY Y, > Z |Cp’q

2 72E( )t

The experiment is then repeated for all possible pairs of p and gq. The following quantity
is then calculated:

X(z) (t) = Z<dp&q> (t).

PF#q

The eigenenergies are then obtained from the Fourier transform of X(z)(t).

Since the difference between the ergodic and the localized phase is in its dynamics
which are determined by eigenenergies, one of the most direct way to probe the transition
is to study the distribution of the energy level [152-154]. Using the two-photon protocol,
the two-photon eigenenergies Eém are measured. Then the authors calculate the level
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spacing sg = EL(32—21 — EéQ) between two adjacent levels and level separation uniformity,

_ min{sg, s5-1}
max{sg, Sg_1}

The level statistics is then defined as a histogram P(rg) of rz. In the localized phase
when the disorder is large, the levels are uncorrelated resulting in the Poisson distribution

2
(10) PPoisson(Tﬁ) = W .

In the ergodic phase, it has been postulated that the statistics of energy levels is the same
as the ensemble of real random matrices, following the Gaussian orthogonal ensemble
(GOE) [154],

27 T5+T%
11 P, =
( ) GOE(Tﬁ) 4 (1+T,6+7%)5/2

The measured level statistics is shown in fig. 11-c. It can be seen that at A < 2J the
peak of the distribution P(r) is located away from r = 0. As the disorder is increased
beyond 2.J, this peak starts to shift towards r = 0, as expected from a finite precursor
of the thermalized to the MBL phase transition.

The amplitude of the peaks in the Fourier spectrum in the protocol also provides
informations about the probability of each energy eigenstate being present at each lattice
site {Pg,; }. Perhaps, the most common way to quantify the spreading of the eigenstates
is to use the participation ratio (PR) [155]

1

12 PR, = —.
( ) SpaCE(ﬂ) Zj |C]ﬁ‘4

Here |C’é|2 is the probability of having one or two photons at site j. PRgpace indicates
the number of lattice sites that are covered by each eigenstate.

The measured PRgpace as a function of A/J is shown in fig. 11-d. As A/J is in-
creased, the eigenstates with the highest and the lowest energies start to shrink, and
each eigenstate undergoes a delocalized to a localized transition at different disorder
strength. This energy-dependent transition is a finite-size signature of the mobility edge
in the thermodynamic limit [156].

3'3. Driven-dissipative many-body phases of interacting photons. — Up to now, we
have ignored the effect of dissipation by assuming that the dissipation rate is negligibly
smaller than a typical energy scale of the system. However, light-matter systems naturally
dissipate to the environment. One of the major developments in the field of many-body
physics with light is the study of non-equilibrium many-body phases. The latter happens
at the steady state where photon losses are compensated by external laser driving. For
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example, a coupled resonator array as described by the JCH model can be locally driven
by a coherent laser field. The total time-dependent Hamiltonian in the lab frame is
written as

L—-1
-Htot(t) = I:IJCH —+ Z Qj (d;eiiwdt -+ &j@iwdt),
7=0

where wg is the frequency of the drive, €); is the amplitude of the coherent drive.
The time dependence can be removed by going the rotating frame defined by U(t) =

L1 Ata ,
expli(d-;-o a;faj)wdt}, i.e.,

NN " AUt
HE = U)Hywo (U ) ™! +iU(2) 8t( )
. L—1 L—1
= Hycn —wa Y_ala; + Y Q(al +a)

The effect of dissipation can be captured by considering the Lindblad master equation

L1
o _ .. Tx gt o ant  fa ata
(13) % Lp=—i [Ht%tvp] t3 (2%1761; —{», a}aﬁ) ;
Jj=0

where 7y is the loss rate, p is the density matrix of the system, and £ is the Lindblad super-
operator. The master equation is then obtained by first writing down the Schrédringer
for the total system and then tracing out the environment, assuming that the system and
the environment are initially in a product state and the bath is memoryless [103]. Due
to the memoryless bath, the system could reach a non-equilibrium steady state (NESS)
that depends on the symmetries of the system, i.e.,

JPNESS
14 =20 ),
(14) ramial

Comparison between the NESS of the JCH and the BH model in the driven-dissipative
scenario is discussed in ref. [157]. Similarities between the two models are found when
NESS contains a few photons per site, and the light-matter coupling is much stronger
than the dissipation rate g/ ~ 10%. In 2009, Carusotto et al. [72] first showed fermion-
ized photons in a driven-dissipative BH array where the NESS of the system mimics
a strongly correlated Tonks-Girardeau gas of impenetrable bosons. In an independent
work, Hartmann [73] has studied crystallization of photons at the NESS of a similar dis-
sipative BH array but the with alternating local drive Q; = —Qe ™% where () is the am-
plitude of the drive and ¢; = jn/2. Similar behavior is observed in the driven-dissipative
JCH array [74]. Signatures of fractional quantum Hall in a 2D driven-dissipative BH
array is discussed in [75]. Exotic phases at the NESS includes photon solid phases [77]
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and Majorana-like mode of light [76]. The effect of non-linear driving such as paramet-
ric down conversion has been discussed in [76,158]. Probing many-body signatures of
non-linear resonator arrays using photon transport has been discussed in ref. [159]. A
nonlinear superconducting circuit with up to 72 sites has also been fabricated to study
the dissipative phase transition [80]. The role of long-range order and the symmetry in
driven-dissipative many-body dynamics will be discussed in ref. [160].

Below we briefly summarize the main results of some of the above proposals and the
experiment done in ref. [80,161].

Fermionized photons in an array of driven-dissipative nonlinear cavities [72]. Here
photons blockade is assumed to be strong such that the probability of having two photons
at the same site is strongly suppressed. The latter mimics Pauli’s exclusion principle of
fermionic particles. In this limit, commutation relations of bosonic operators can also
be mapped to those of fermionic operators using the Jordan-Wigner transformation. In
this work, the authors examine such relation for the steady state of driven-dissipative
nonlinear cavities as described by eq. (14). The drive is assumed to be homogeneous.
Figure 12a shows the expectation value of the photon number operator (n) at NESS for
different value of detuning Aw, = wq —w.. The peaks happen when the frequency of the
drive is resonant with the energy of the non-driven system E(k) = w. — 2J cos(k), where
k is the momentum mode. The effect of finite nonlinearities has also been studied.

Polariton crystallization in driven arrays of lossy nonlinear resonators [73]. Here the
author considers arrays of nonlinear resonators as described by the Bose-Hubbard model.
The drive has an alternating phase, ; = —Qe~®. The correlation function between
site j and [ at NESS is defined as

9 (j,1) = (@lafaay)/ (@
For strong nonlinearities, g,(nQ) (i,7) exhibits density-density correlations indicating crys-
tallization of photons, see fig. 12-b.

Beyond mean-field bistability in driven-dissipative lattices: Bunching-antibunching
transition and quantum simulation [162]. Here the authors investigated the existence
of multiple non-equilibrium states of a driven-dissipative lattice in the limit U/J — oc.
It was found that a commonly-used mean-field approximation which ignores spatial cor-
relations predicts regimes of bistability at the steady state. However, the matrix-product-
state-based analysis reveals that such bistability is an artifact of the mean-field method.
The authors also found a bunching-antibunching transition, fig. 12-c, captured by

. <ﬁ’ 10 ’+r>
C(],T) = -1 )
(75) (Pjr)
as the detuning A changes.
Photon solid phases in driven arrays of nonlinearly coupled cavities [77]. Here the
authors considered arrays described by the extended Bose-Hubbard model with cross-
Kerr nonlinearities. The mean-field and the matrix-product-state approaches are used
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Fig. 12. — Driven-dissipative phases and dissipative phase transitions. (a) fermionized photons
at NESS. The plot shows total transmission spectra as a function of the detuning for 5 cavities
with J/+ = 20. Difference curves correspond to the pumping amplitude Q /vy = 0.1,0.3,1,2, 3.
(b) Photon crystallization. The figure shows density correlations of the NESS for 16 cavities with
wp = we, U/y =10, Q/vy =2, and J/vy = 2. (c) Bunching-antibunching transition. Correlations
C(j,r) as a function of detuning for j = 30, L = 61, J/v = 2, Q/v = 1. (d) Photon solid
phases. The plot shows population imbalance at NESS for zero-detuning, J = 0, and 2 = 0.75.
(e) Observation of dissipative phase transitions. The plot shows the transmission as a function
of power and driving frequency, exhibiting a transition from a suppressed transmission regime
to the regime of dynamical bistability. (f) Dissipatively stabilized Mott Insulator. The plot
shows the number of photon, P;, at each site as a function of time. The results are reproduced
from [72,73,162,77,80,161], respectively.
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to calculate the NESS phase diagram that includes a photon crystal phase, see fig. 12-d.
The latter is defined by a non-zero population imbalance between two sub-lattices.

Observation of a dissipative phase transition in a one-dimensional circuit QED lat-
tice [80]. In this work, 72 coupled microwave cavities each coupled to a superconducting
qubit was fabricated to study dissipative phase transition. Microwave transmission (G,)
is measured at the NESS. Figure 12-e shows the transmission as a function of power and
driving frequency, exhibiting a transition from a suppressed transmission regime to the
regime of dynamical bistability.

A dissipatively stabilized Mott insulator of photons [161]. In this work, the authors
engineered a dissipative bath to stabilize the Mott insulating phase of photons in a 8-site
superconducting circuit. The bath was done by introducing a lossy cavity attached to
the system. When a hole in the Mott insulator happens due to a single photon loss, a
coherent drive is autonomously applied to replace the hole with two photons of the same
size. The extra photon then coherently hops to the lossy cavity and quickly dissipates
away. The resulting Mott insulator is therefore dynamically robust again photon loss.

4. — Strongly interacting photons from superconducting circuits

We now turn our discussion to the implementation of cavity QED and light-matter
interactions using superconducting circuits. The idea of quantum phenomena in a macro-
scopic object is traced back to Josephson in 1962 [163] who predicted quantum tunneling
of Cooper pairs between two superconductors separated by a thin insulating barrier
known as a Josephson junction. In the late 1990s, quantized charges and Rabi oscilla-
tion of a capacitively shunted Josephson junction subjected to a weak microwave field
were observed [164,165], providing evidence that a macroscopic object can behave as an
effective quantum two-level system. This “artificial” two-level atom, also known as a
superconducting qubit, can then be coupled to modes of a harmonic oscillator such as
an LC circuit or a coplanar transmission line. The total system mimics the JC model
where a single atom coupled to a cavity. This analogy was put forward in 2004 where
strong coupling between a single microwave photon and a superconducting qubit was
observed [83], see fig. 13. Since the topology of a circuit can be fabricated almost arbi-
trarily using the conventional electron-beam lithography, superconducting circuits serves
as a scalable platform for quantum simulation with interacting photons. Artificial gauge
fields for interacting photons in this system have been realized [64]. A nine-site super-
conducting circuit with a long coherent time has been fabricated to study signatures of a
thermalized to a many-body localized transition [70]. A 72-site superconducting circuit
simulating the JCH model has been made to study dissipative phase transition of light
as discussed earlier [80].

In the following, we will discuss the standard circuit quantization [166] for an LC
circuit as a linear element and a particular type of a superconducting qubit called a
transmon qubit as a non-linear element. We conclude the section by reviewing state-of-
the-art superconducting chips implementing the BH and the JCH model.
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Fig. 13. — Strong coupling of a single microwave photon to a superconducting qubit. (a) The
superconducting chip including a coplanar transmission line that acts as a cavity. (b) A capacitor
to connect the transmission line to an input and output feed. (c) A superconducting qubit that
acts as an artificial atom. (d) Vacuum Rabi mode splitting. The results are reproduced from
ref. [83].

4'1. Microwave photons from an LC circuit. — An LC circuit is depicted in fig. 14. To
write down the Lagrangian for the circuit, we first write down the Kirchhoff’s law as

q dl
15 ~ =L—,
(15) C dt
where ¢ is the charge stored in the capacitor, I = dg/d¢ is the current, C' is the capac-
itance, L is the inductance, ® = LI is the flux. By differentiating eq. (15) with respect
to time, we arrive at an equation of motion for a harmonic oscillator

d? 9
@q + w q= 0,
where w = —A— is the frequency of the oscillator. The energies stored in the capacitor
and the inductor are
2
q 1 . 2
Ec=—==-C®
“T 20 2
and
1 1
Ep=-LI*= —9%°
b7 2L

respectively, where ® = LI is a flux variable. The Lagrangian of the circuit is then
defined as

i<1>2.

_ _]‘ 52
(16) Lic=Ee— By =509 - —
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Fig. 14. — Basic elements in superconducting circuits. Because an LC circuit is a harmonic
oscillator, it can be viewed as a linear cavity operating in the microwave regime or a mass
attached to a spring. The circuit can be driven coherently by applying an external voltage
in the same way that an external laser can drive a cavity. A capacitively-shunted Josephson
junction (c) behaves like a x® nonlinear cavity which has an analogy to a mechanical pendulum.

This Lagrangian can be compared to that of a particle attached to a spring as shown in
fig. 14b. The flux ® corresponds to the position of the particle z. The mass of the particle
is m = C, while the spring constant is k = 1/L. Similar to the harmonic oscillator, the
Hamiltonian of the LC circuit takes the form

QQ (I)Q
Hic=Lic— Qb= — + —
Lc =Lic— Q@ 2C+2L’
where
OLic
Q= =~ =C®
o

is a conjugate momentum. By promoting ® and @) to operators, we get a commutation
relation

[Q? (i)] = —i.
We define an annihilation operator as

1 1
a =

7 +
V2Cw vV2Lw

respectively. The final Hamiltonian then takes the form

Q ®,

R 1
Hic ~ hw (aTa+ 2) )
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We note that we choose to discuss an LC circuit here for simplicity. In the experiment,
a loss-noise coplanar transmission is usually used as a linear element [81]. We refer the
reader to ref. [167] for the detailed derivation of the circuit quantization of the latter.

4°'2. A Kerr resonator from a transmon qubit. — Josephson junction provides a nat-
ural non-linear element for superconducting circuits. A capacitively shunted Josephson
junction is described by the Lagrangian

1., o
(17) Liransmon = 50(1) + Ejcos <‘I’0> ,

where F; is the Josephson energy and ®o = hi/2e is a flux quanta. As shown in fig. 14, a
mechanical analogy of this system is a pendulum where C' is the moment of inertia, E
is the gravitational energy, and @ is the angle of the pendulum. Let us first understand
the harmonic oscillation limit of this system. Imagine the pendulum is initially placed at
its minima ® = 0 and then subjected to a small kick that generates an oscillation around
this point. If the gravitational energy is large compared to the initial kinetic energy, then
this oscillation has a small amplitude. In the circuit picture, this corresponds to the limit
Ej/Ec > 1 where Ec = ¢2/2C. Subsequently, the expansion of the cosine function in
® can be truncated at to a finite order, i.e.,
E,

1 . 1
18 Liransmon &~ —C®% — — &2 + —2p* 4 .
(18) ¢ 2 2L, + 4P} te

where
L;=%%/E,

is an effective linear inductance. When keeping up to the second order, the system
reduces to a simple Harmonic oscillator with the frequency

w:1/\/LJC.

Slightly away from this limit, the nonlinearity arises from the forth-order term. Hence,
the system becomes a non-linear oscillator. In the following we will perform the circuit
quantization while first keeping infinite orders and only apply truncation after normal
ordering of ladder operators. Without truncation, the Hamiltonian can be written as

Q@ -~ (=D)"Ej .
19 ransmon — @ m7
(19) Hisansmon = 57 + oL, £ (2m)1@F™

where

aACtransmon
= 07.
Q 0P
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is a conjugate momentum. As before, we promote Q and ® to operators as

(20) o= \/L%w(d“rd%

where [d, &T} = 4. We then apply normal ordering of the operators @ and a' in H¢ransmon
using the formula [168]

m_2m—2k )ig2m—2k=i
(a+ z Z Qkk"z' 2m -2k —i)!’
k=0 i=0

In the limit E;/E¢ & 50-100, the higher-order terms in Htyansmon can be truncated up
to the forth order. As a result, the final Hamiltonian can be written as

(21) ﬁtransmon ~ (w + 6(4))'& — fl(ﬁ — 1),

U
2
where U = —Ej e "\ /4 is Kerr nonlinearity, dw = A\2Eye", and A = (2E5/E;)'/4.
This Hamiltonian takes the same form of that of a Kerr resonator. Due to the n-
dependent nonlinearity, a vacuum state |0) and a one-photon Fock state |1) of the res-
onator can also be used as a qubit. A capacitively shunted Josephson junction operating
at this regime is known as a transmon qubit. Typical values of w and U are ~ 5-10 GHz
and ~ 200-300 GHz, respectively [169]. Typical lifetime of photons in the transmon qubit
is 10-20 us with the dephasing time around 2 us.

4'3. Different types of superconducting qubits. — For a larger nonlinearity F;/Es >
100, the transmon qubit is also known as a charge or a Cooper-pair-box qubit [164,165]
which was one of the first qubit design invented in early 1990. However, the charge
qubit suffers from charge noises and only has a lifetime of a few ns. We note that
there are several other designs of superconducting qubits such as flux qubits and phase
qubits [170-176] for quantum computing applications [177]. However, only a transmon
qubit can be mapped to a Kerr nonlinear resonator.

4'4. Nonlinear lattices from arrays of coupled transmon qubits.

4'4.1. The Bose-Hubbard model. Transmon qubits can be coupled in various ways such
as a simple use of a capacitor of which we provide details of the circuit quantization below,
a transmission line that creates virtual excitation exchange between qubits [179,180], and
a pair of Josephson junctions that allow the coupling to be tuned in situ using an external
flux [181-183]. Arrays of coupled transmon qubits are described by the Bose-Hubbard
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Fig. 15. — Arrays of coupled transmon qubits fabricated by (a) Google with L =9 [178,70], (b)
IBM with L = 5 [85], (c) Regetti with L = 19 [86]. A 72-site superconducting chip implementing
the JCH model to study dissipative phase transition [80] is shown in (d).

Hamiltonian
L—1 U L—1

(22) Ay = Y winy = 5 > i =1) = Y iy (ala) + H.c.)
Jj=0 Jj=0 (4,5")

where fi; = &;{dj is a local number operator, J; ; is the hopping coeflicient between the
sites j and j', w; is the frequency of the resonator j. State-of-the-art superconducing
chips containing arrays of coupled transmon qubits with different topologies are shown
in fig. 15. The 9-site one-dimensional chip in fig. 15a was used to implement random
circuits for quantum supremacy [178] and to observe stroboscopic signatures of many-
body localization [70]. The 5-site chip in fig. 15b and 19-site chip in fig. 15¢ were used
to demonstrate quantum variational-based algorithms for quantum chemistry [85] and
quantum machine learning [86].

In the following we will give an example of circuit quantization of capacitively-coupled
transmon qubits, the circuit diagram is shown in fig. 16. The flux variable is defined as
¢; = — [ V;dt, where V; is a voltage at the corresponding position. As will be shown
below, this quantity can be quantized to the form ¢; = (@, +d;), where @;, &; are bosonic
operators at site j and « is some constant that depends on the circuit’s elements. As
shown in [184], two parallel-connected Josephson junction with a flux bias ®, can be
thought of as an effective single Josephson junctions E; where

_ @y 2 Dy
E;=(Esn + Ej2)cos <2q>0> \/1 + d? tan (2(1’0>7

with ® = i/2e and d = (Ej2 — Ej1)/(Ej2 + Ej1). The resonator’s frequency w; is
related to F;, hence it can be tuned on the fly, by changing the flux bias ®,.

Following the standard circuit quantization procedure [166], we first write down the
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Fig. 16. — Circuit QED diagram showing an implementation of the Bose-Hubbard Hamiltonian.

circuit’s Lagrangian as
L1 é L-2
— 12 J ] ] 2
L= Jz:;) (20J¢j + £ cos (%)) + jz::o §C(¢j —¢j+1)7,

Assuming C/(Cy + 2C) < 1, the Hamiltonian can be obtained using the Legendre
transformation [185],

L—1 ég ¢ 00 1 ) L—-2 C
(23) H = Z ( 2L + Z ]@277,(;5 n) —+ Z 02q]q]+1,

i—=0 n:2

<

where

2C+CJ%
09,

J

is a conjugate momentum of ¢;, C = C;+2C is an effective capacitance and L = ®2/E,
is an effective inductance. We then quantized ¢; and g; by defining ladder operators a;,

d;r- according to
(24) ¢; = (L/4C)* (@, + al),
(25) g = i(C/AL)*(~a; + al).

The first two terms in eq. (23) become wd;dj, where w = 1/V LC is a resonator

frequency. In addition, the capacitor C' leads to the hopping term With J = ‘;g A

a; J+1 + He. )

The Josephson junction E; introduces an anharmonicity to the resonator’s frequency.
Due to this anharmonicity, a vacuum state |0) and a one-photon Fock state |1) of the
resonator can be used as a qubit. A transmon qubit corresponds to the regime with

rotating-wave approximation is assumed, so we ignore the term (

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

MANY-BODY PHYSICS AND QUANTUM SIMULATIONS ETC. 205

a large F;/Eg > 1 where E; = €2/2C and E; = ®3/L, such that the terms higher
than the forth order can be neglected [184]. Hence, a transmon qubit can be thought
of as a resonator with an attractive Kerr nonlinearity U < 0. Taking into account the
normal ordering [186], we get U = —Eje* M /4, where A = (2E5/E;)Y/*. This normal
ordering also introduces a small normalization factor dw to the resonator frequency, with
ow = )\2EJ6_/\2.

4'4.2. The Jaynes-Cummings Hubbard model. A single superconducting qubit coupled
to a transmission line can be described with the Jaynes-Cummings model, where the
transmission line plays a role of a resonator, and a qubit plays a role of an atom. An
array of up to 72 coupled Jaynes-Cummings resonators which leads to the JCM model
has been implemented in ref. [80] to study dissipative phase transition.

5. — Conclusions and future aspects

Although implementing a universal quantum simulator which requires full control over
quantum many-body systems may still be years away, tremendous experimental progress
has been made during the past two decades. Two main approaches have emerged. The
first approach such cold atom systems provide a global control a large ensemble of quan-
tum particles, with possible local manipulation and measurement in some cases. The
second approach such as interacting photons in superconducting circuits provide more
flexibility on the local control and measurement while scaling up to 50-100 site are in cur-
rent progress. For the latter, one needs to develop both new experimental techniques and
new theoretical frameworks to maintain such controllability when scaling up. For exam-
ple, the many-body spectroscopy technique developed in ref. [70] allows one to resolve all
energy eigenstates and eigenenergies of the system. This result allows us to benchmark
the experiment with the theory and to reconstruct matrix elements of many-body Hamil-
tonians that a given circuit implements. However, when scaling up eigenenergies of the
system will become too dense to be resolved by the current resolution which is limited by
the coherence time of the system. Hence, obtaining full information of the Hamiltonian of
the circuit is not possible for a large system. To what extent the disregarded information
becomes essential to the physics of the system is still an open question. Constructing
the Hamiltonian of the system with limited details also require a new theoretical frame-
work. The latter also raises the question of how to systematically benchmark a quantum
simulator as it approaches the limit of classical computers. Identifying problems beyond
quantum physics that can only be solved with near-term quantum simulators is also
an important question that drives the field forwards. With these in mind, we conclude
that, due to exceptional local control systems, interacting photons in superconducting
circuits, although still in its early state, is one of the promising candidates for quantum
simulation.
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Nano-optomechanics
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Summary. — This tutorial presents a brief introduction to the physical principles
of cavity optomechanics. When light and mechanical motion are both confined in
nanoscale structures, they can effectively couple through radiation pressure. This
lecture discusses the quantum limits to optical measurement of mechanical motion
and the basic physics of optomechanical interactions between photons and phonons.
It reviews several recent developments in the field that exploit state transfer, break-
ing of time-reversal symmetry, and nonlinearities to develop new ways to control
both light and motion in the classical and quantum domains.

1. — Introduction: coupling light and motion

The field of optomechanics studies the interaction between light — or, more broadly,
electromagnetic fields — and the mechanical motion of objects. This interaction, me-
diated by optical radiation pressure forces, occurs naturally in systems where a me-
chanical deformation alters the optical response of the system. The mechanical motion
that is considered is typically that of high-quality mechanical resonators. Such devices
find application in various contexts, due to their high spectral purity and susceptibility

(*) E-mail: verhagen@amolf .nl

(© Societa ltaliana di Fisica 217

EBSCChost - printed on 2/13/2023 9:33 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

218 EwOLD VERHAGEN

to tiny disturbances: in atomic-force microscopes, gravitational-wave detectors, time-
keeping (e.g. quartz oscillators in wrist watches) and signal processing (e.g. filtering
high-frequency electronic signals in modern cell phones).

Light provides excellent means to read out the motion of a mechanical resonator, due
to the wide abundance of high-quality laser sources and photodetectors, and because it
is a probe that introduces no more extra noise than fundamental quantum (shot) noise,
even at room temperature. Optical detection of motion can happen in various ways: For
example, by monitoring the phase of light reflected from a mirror that is free to move,
or that of light passing through an optical fiber whose refractive index is locally changed
due to strain associated with a deformation of the fiber.

Indeed, a plethora of systems has been developed in recent years in which optome-
chanical coupling is exploited, ranging from single nanoscale beads trapped in focused
laser fields, through on-chip integrated devices, all the way to the km-scale interferom-
eters that are used to detect gravitational waves. The scientific drive to develop those
systems not only lies in advancing mechanical-sensing performance, but in particular also
in the possibilities offered by optical forces. These principles allow new ways to control
mechanical systems with light, e.g. to create special quantum states of motion. Op-
tomechanical systems thus provide a test bed for quantum physics in massive mechanical
systems, for example to study potential decoherence mechanisms acting on such “macro-
scopic” entities. The developed control methods allow adding mechanical resonators to
the “quantum technology toolbox”, leveraging their long lifetimes and capability to cou-
ple to a variety of other (quantum) systems. In fact, through such couplings one thus
also gains new ways of optical control over other degrees of freedom wia the mechanical
resonator, including over light itself. The field of optomechanics thus studies a range of
phenomena from both fundamental and technological standpoints, at the intersection of
quantum optics, nano- and micro-electromechanical systems (NEMS/MEMS), and pho-
tonics. It draws inspiration from related developments for gravitational-wave detection,
quantum information technology, and the control of cold ions and atoms with light fields.

To maximize optomechanical interactions, systems have been continuously improved
along two lines: On the one hand, minimizing optical and mechanical losses — confining
photons in optical cavities and phonons in mechanical resonators for the longest possible
times — effectively increases their interaction. On the other hand, co-localizing light
and motion in the smallest possible systems leads to large optomechanical coupling, as
mechanical displacements yield larger effects on small optical cavities, and as low mass
makes mechanical resonators more susceptible to optical forces. Thus, significant atten-
tion is given to nano-optomechanical systems that couple photons and phonons in small,
on-chip architectures. In this lecture, we will introduce the basic physical description of
optomechanical interactions at a tutorial level, and highlight several directions of current
research. For a much more elaborate introduction to the field, including historical con-
text, overviews of the studied systems, and in-depth theoretical descriptions, we refer the
reader to several excellent other texts, including the review on “Cavity optomechanics”
by M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt [1], and the book “Quantum
optomechanics” by W. P. Bowen and G. J. Milburn [2].
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Fig. 1. — A typical cavity optomechanical system, with a cavity whose optical length (and thus
its frequency wc) is subject to the harmonic motion z of a mechanical resonator with frequency
Qm. Optical and mechanical damping rates are k and ['y,, respectively.

1°'1. The canonical cavity optomechanical resonator. — Although optomechanical sys-
tems take many forms, a simple model system serves to describe many of the observed
phenomena in all of them. It is depicted in fig. 1 and comprises an optical cavity of which
the length can change through the motion x(t) of a mechanical resonator — in this pic-
ture formed by the mass of the end mirror, whose motion is harmonically constrained
by a spring. We will briefly discuss the observable (classical) effects here, before turning
to a quantum description. For now, we will consider only a single optical mode (and
likewise, only a single mechanical mode). This is in many cases a valid approach, when
the damping of individual modes is small enough such that their resonant responses are
clearly separated in frequency, and a drive laser can be tuned to interact with effectively
only one cavity mode.

The cavity resonance frequency w./2m depends on the position x as

(1) we(T) = we + 20w /0x + .. ..

We define the frequency shift per displacement as G = —dw./dz, which can be shown
to be w./L for our model system, where L is the length of the Fabry-Pérot cavity. The
cavity is driven by a laser through the partially transparent left mirror. This means
that light must also be able to leak out of the cavity. The rate at which energy is lost
from the cavity is x/2m; it is equal to the spectral linewidth of the cavity’s response.
The mechanical oscillator has resonance frequency Q,,/2mw, typically in the Hz to GHz
range, and in any case much smaller than w./27. The damping rate (linewidth) of the
mechanical oscillator is Ty, /27. Several effects can be discerned:

e When the frequency of a laser impinging on the cavity is tuned across its resonance,
the phase of the reflected light changes by 27 over a bandwidth of ~ k. On
resonance, this extra phase shift is 7w (as compared to an off-resonant laser). If
the mechanical oscillator moves, the resulting change of the resonance frequency is
imprinted as a phase change on the reflected light of monochromatic laser of fixed
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frequency. The reflected phase is thus directly proportional to mirror displacement,
and small motion can be read out with quantum-limited sensitivity, e.g. using
homodyne interferometry.

e The light in the cavity exerts a radiation pressure force on the mechanical oscillator,
which displaces it slightly in proportion to the laser power. But this changes the
cavity length, and thus the cavity’s optical response. As such, the optomechanical
interaction can be seen as an effective optical (x3) nonlinearity. Moreover, as the
force strongly depends on the oscillator position (for some given laser frequency), it
effectively alters the restoring force that the mechanical oscillator feels, leading to
“softening” or “stiffening” and an associated change of the mechanical resonance
frequency (the “optical spring” effect).

e If the laser is slightly detuned from the cavity resonance, a mechanical position
change will lead to a change of the light intensity in the cavity. But because
of the finite response time of the cavity (given by 1/k) this change will not be
instantaneous. As a result, the force on the oscillator will change — with some delay
— upon a change of oscillator position. Depending on the conditions, this can lead
to “automatic” damping or amplification of the oscillator’s motion. These effects,
summarized under the term dynamical backaction, are especially pronounced in
systems with small optical damping « and small mechanical damping I'y,. They
are at the basis of optical cooling of the mechanical resonator, for example.

In the following, we will first discuss how quantum mechanics limits the accuracy with
which the mechanical motion can be measured. We will then introduce a quantum optical
description of the system, and use it to describe radiation pressure effects. We will in
particular discuss optical cooling and state transfer. We conclude with reviewing several
research activities that exploit multimode optomechanical systems and nonlinearities to
develop new ways to control light and motion in the classical and quantum domains.

2. — Quantum measurements of motion with light

2'1. Measuring motion with a cavity. — The position of the mirror in fig. 1 determines
the cavity frequency, and through that the phase of an intracavity field. This, in turn,
can be detected by monitoring the light leaking out of the cavity. For a laser tuned to
resonance, a small displacement dx imparts a phase shift

2) 56 = 4%595

on the outgoing laser beam. One can see the effect of cavity enhancement by comparing
this shift to the 4wdx /A phase shift that a light beam acquires by direct reflection off
of a single mirror: For the Fabry-Pérot cavity, the phase shift per unit displacement
is enhanced by a factor 2¢/Lk, which is equal to the cavity Finesse (the number of
roundtrips light can make in the cavity before it decays) multiplied by a factor 2/x.
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Fig. 2. — (a) The amplitude and phase of the mechanical resonator’s oscillations are fluctuating
at a typical time scale 1/T', due to Brownian motion and quantum fluctuations. (b) A measure-
ment of z(t) through detecting optical power fluctuations Popt will add imprecision noise. (c)
Fourier-transforming the measured fluctuations using an electronic spectrum analyzer to show
the electronic power spectral density (PSD) reveals the Lorentzian mechanical resonance with
linewidth I'y. (d) With the equipartition theorem, the spectrum can be calibrated to yield
the displacement spectral density Sz». The constant background (blue) is the measurement
imprecision.

2°2. Mechanical frequency response. — So what is the motion that one typically wants
to detect? A mechanical resonator is of course most likely to oscillate with a frequency
near its natural resonance frequency. There, its susceptibility to external forces is highest.
This susceptibility x(w) specifies the displacement x = ${Z} induced by a harmonic force
R{Fye ™'} with frequency w and (complex) amplitude F, through

(3) i(t) = Foe ™t = x(w) Fpe ™t

Note that we have introduced complex representations # and F of position and force,
respectively, for mathematical convenience. The susceptibility is that of a damped har-
monic oscillator and reads

1 1
4 —
(4) W) = s

where m is the mass of the mechanical resonator. Near resonance of a high-@) resonator,
it can be approximated as a Lorentzian response:

i 1

T 2m —i(w — Q) + T /2

(5) x(w)

2°3. Mechanical fluctuation spectra and sidebands. — This sharply-peaked susceptibil-
ity thus also determines the spectrum of fluctuations that the resonator exhibits when
it is driven by a stochastic force that itself has a relatively flat spectrum. These can be
both vacuum fluctuations, giving rise to zero-point motion, or thermal noise leaking into
the resonator from its environment at elevated temperatures, giving rise to Brownian
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motion. The fluctuations are spread over a bandwidth ~ I',, around the mechanical
frequency. It causes the mechanical resonator’s amplitude and phase to vary randomly
within a typical time scale 1/T',;, (see example in fig. 2(a)). By measuring the phase
fluctuations of the optical output field, one gains a record of the mechanical fluctuations
z(t). The fluctuation spectrum can then be obtained through a Fourier transform. We
define a “gated” Fourier transform for a single record of measurement duration 7 as [3]

1 7/2
B \/77_ —7/2

dte“tz(t).

(6) (W)

Averaging many such measurements yields a smooth noise power spectrum (|x,(w)|?),
which approximates the noise spectral density Sy, (w) as

(7) lim (Jar7 (W)[) = Spa(w)-

T—00

This is the so-called Wiener-Khinchin theorem, which relates measurable noise spectra
to the Fourier transform of the autocorrelation function of x(t), which is the formal
definition of Sy, (w) [3].

The total size of the fluctuations is determined by the equipartition theorem, i.e.

mQ2 (x2)/2 = kpT/2 in the limit of large temperature T, where kp is the Boltzmann

2

constant. For negligible temperature, only vacuum fluctuations remain, with (2?) = T

and

h
2mQy

(8) Lypf =

When one measures these fluctuations at frequency 2, for example using an electronic
spectrum analyser that analyses the detected photocurrent of a detector in the output
of an interferometer (see fig. 2(c)), one is essentially probing the beat of an optical field
at the input laser frequency w) and that of optical sidebands at frequencies w) & Q,. The
fact that the mechanical motion induces such optical sidebands is entirely equivalent to
Stokes and anti-Stokes Raman scattering, which produces down- or upconverted photons
by giving off or taking up a quantum of energy (phonon) from a mechanical resonator.
This notion is very useful, for example to distinguish quantum from classical (thermal)
fluctuations: If a mechanical resonator is in its ground state, it is incapable of providing
energy to upconvert a photon to higher energy. Thus, the fluctuation spectrum is nec-
essarily asymmetric. This asymmetry can be shown to be a direct consequence of the
commutation relations and can be observed e.g. by distinguishing Stokes and anti-Stokes
photons through judicious spectral filtering. Indeed, such tests of sideband asymmetry
are now standard ways to determine that a resonator has been prepared in its ground
state [4].
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2°4. Imprecision and backaction; the Standard Quantum Limit. — What is the smallest
motion that can be resolved? In order to evaluate sensitivity, we need to consider the
noise added by the measurement. A practical measurement of z(t) suffers from noise, such
that a recorded trace looks more like fig. 2(b). As a result, the observed noise spectral
densities are larger than the actual fluctuations in the absence of a measurement. Even
if one works hard to remove all sources of technical noise, one is left with unavoidable
quantum uncertainty, related to the fact that 1) the probe — light in this case — suffers
from quantum uncertainty, and 2) measurements tend to act back on the object under
study. Here we will qualitatively discuss these two factors and show how they are related.

On the one hand, the shot noise of the light carrying the measured signal to the
detector will produce fluctuations of the detected photocurrent. This produces a white
(frequency-independent) noise “background” in the spectra of S,,(w) that we derive
from the measurement, which is called the measurement imprecision (fig. 2(d)). Since
the amount of shot noise (as apparent on the photocurrent spectral density) scales linearly
with the light intensity and the signal we seek to detect quadratically, the measurement
imprecision (expressed as apparent displacement fluctuations S,,(w)) reduces when we
increase the laser power. In other words, we can detect phase fluctuations more accu-
rately if we use a larger number of photons; a direct consequence of the number-phase
uncertainty relationship.

However, this reduction of the measurement imprecision with increasing laser power
does not come without a price. For large enough power, the shot noise of the light in the
cavity starts to significantly affect the mechanical oscillator by exerting a stochastic radi-
ation pressure force. This measurement backaction causes extra mechanical fluctuations
Sha(w) = |xm(w)[2S%8 (w), where SP4.(w) is the spectral density of the radiation pressure
force fluctuations. If the cavity lifetime is shorter than the mechanical period, Sb.(w)
can be considered to be white noise (flat spectrum), as it originates in delta-correlated
shot noise. It scales linearly with optical power, increasing fluctuations of the mechanical
resonator even if the imprecision goes down. The total noise added by the measurement,
§add — gimp 4 gha,
has a minimum for a certain optical power. This is called the Standard Quantum Limit
(SQL). Figure 3 shows the different contributions to the noise spectra for varying probe
power. It can be shown that the minimum noise is precisely equal to the spectral density
of the zero-point fluctuations,

evaluated at the resonance frequency of the mechanical oscillator,

2
Qa Qz Lapt h
(9) S22 () < SN (D) = 2 Fi = LT

Here, the horizontal bars denote that we are comparing “symmetrized” spectral densities,
averaged over positive and negative frequencies:

(10) Sz (W) = (Sza(W) + Sea(—w)) /2.

The appearance of the SQL is directly related to Heisenberg’s uncertainty principle.
As we are continuously monitoring the trajectory x(t) in time, we gain knowledge about
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Fig. 3. — Total displacement noise added by a measurement (purple) as a function of laser power.
It is a combination of imprecision (blue) and backaction (red). Insets depict the measured spectra
in three power regimes, when measuring zero-point fluctuations (grey).

the oscillator’s position and momentum. The uncertainty principle of course forbids to
do this with arbitrary accuracy on both degrees of freedom. However, several clever mea-
surement schemes exist to reduce the noise on the measurement of one of the quadratures
of motion (so-called “back-action evading” measurements) [5-7]. These include the possi-
bility to take pulsed, “snap-shot” measurements of displacement — which naturally gain
no information on momentum — and also provide routes to creating squeezed states
of the mechanical resonator, which exhibit reduced fluctuations in one of its quadra-
tures [8-10]. Moreover, squeezed light can be used to shift the SQL to a different power
for a chosen range of frequencies. Such methods are crucial to the working of the next-
generation gravitational-wave detectors, which will operate at conditions close to the
quantum limit [11].

We note that many optomechanical systems can now operate at measurement
strengths way beyond the standard quantum limit power Pgqr,. That does not automati-
cally mean that radiation-pressure-induced fluctuations dominate the resonator’s motion:
After all, since for most systems kg7 > hf),,, thermal fluctuations typically dwarf quan-
tum motion. However, several optomechanical experiments achieved the regime where
quantum backaction induces fluctuations of comparable size to thermal motion [12-14].

3. — A quantum optical description of cavity optomechanics

3'1. The optomechanical Hamiltonian. — In the preceding section, we already rec-
ognized the (back)action of optical forces in optomechanical systems. The interactions
mediated by these forces lead to rich behaviour. To introduce this, we will now discuss
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the basic cavity optomechanical system in terms of the annihilation operators a and b
of the optical cavity and mechanical resonator modes, respectively. The Hamiltonian of
the combined oscillators can be written as

(11) H = hwe(#)a'a + 1QubTb = hweala + i bh — hGzata,

where we recognized that the optical frequency depends linearly on the position z as
we(Z) = we — GZ. We choose the origin of = such that the mean position z = () = 0.
From the interaction term on the right, we immediately recognize the radiation pressure
force

(12) F,, = hGa'a.

Since & can be expressed in terms of the phonon ladder operators as & = Z'pr(B + lAﬂL),
we can write the cavity optomechanical Hamiltonian as

(13) H = hweala + i0bTo — hgoata(b + b7,

where we have introduced the vacuum optomechanical coupling rate go = Gx,pe. This
parameter signifies the optical frequency shift for a displacement by the size of the quan-
tum ground state, and is a general measure of photon-phonon coupling strength, ignorant
of e.g. the arbitrariness in defining z. Significant advances have been made towards op-
timizing this parameter, especially in nanoscale devices. In electromechanical systems,
mechanical motion is coupled to the GHz-frequency electromagnetic modes of on-chip
superconducting LC-resonators. Especially large coupling strengths are obtained by let-
ting the motion of thin micron-scale aluminum drums affect the capacitance across a
gap of few tens of nm [15]. Largest coupling strength are achieved in nanophotonic sys-
tems, such as high-index ring resonators where light is coupled to breathing motion of
the ring [16], and especially photonic crystal cavities [17-21]. There, light trapped in
nanobeam cavities within wavelength-scale mode volumes interacts with localized me-
chanical vibrations, either flexural beam vibrations at MHz frequencies or breathing
motion of the beam at GHz frequencies. In such systems, coupling rates go/27 up to a
few tens of MHz have been achieved [22]. Optomechanical shifts are optimized through
design, and originate in the movement of dielectric boundaries near large field concentra-
tions (akin to an optical gradient force) [23] or in strain-induced changes of the refractive
index (electrostriction) [24].

32. The linearized Hamiltonian. — Interestingly, the interaction term in Hamilto-
nian (13) is cleary nonlinear; it contains products of more than two operators. This
in principle can lead to very interesting quantum behaviour, including the generation
of nonclassical states of motion and light and single-quantum interactions [25,26]. This
nonlinearity can be seen, for example, in a simple thought experiment: A photon entering
the cavity on resonance exerts a force, displacing the resonator. This, in turn, shifts the
cavity frequency such that a second photon of the same frequency can no longer enter the
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cavity, establishing a form of single-photon blockade. However, for any such effect to be
observable, the cavity linewidth — which the Hamiltonian ignored — should be smaller
than the mechanical frequency and the photon-phonon coupling rate; go > Qn, > k.
This is so far out of reach for solid-state optomechanical systems, by about two orders
of magnitude.

While it is conceivable that the single-quantum nonlinear regime of optomechanics is
reached in the future, a great degree of quantum control is still achievable for interac-
tion strengths reachable today, by enhancing the interaction through suitable laser drive
fields [1,2]. To see how this comes about, we first transform the Hamiltonian (13) to
a frame rotating at the laser frequency wj. A transformation is performed through a
unitary operator U , which changes the Hamiltonian H as

(14) H— UHUT - UindU" /ot.
To shift to a rotating frame, we take U = exp(iwiatat)(!), to arrive at
(15) H = —hAata + ib'h — hgoata(b + b),

where we introduced the laser detuning A = w, — w.. We note that in the Heisen-
berg picture, this Hamiltonian now describes the evolution of slowly varying operators a
(analogous to the light field in the cavity), etc.

We now consider that the cavity is driven by a coherent laser to large amplitude. It
then makes sense to write @ = o + da, where o = (G) = /7., is the (complex) amplitude
of the light field in the cavity expressed as the square root of the mean number of photons
e, and all fluctuations of the optical field are contained in da. Thus, when expanding
the photon number, we get

(16) a'a = |a* + a*da + adal + datsa.

We now insert this in eq. (15) and neglect all terms with §ada assuming large drive
|a| > 1. The interaction part of the Hamiltonian (last term in eq. (15)) then reads

(17) Hine =~ —hgola|?(b + b)) — hgo(a*da + adal) (b + bY).

The first term corresponds to a constant shift of the mechanical displacement due to
the radiation pressure of the classical drive field. We can omit it by implementing an
appropriate shift of the displacement’s origin and then in the following always use a new
detuning with respect to the (shifted) cavity resonance A — A —2¢3|a|?/Qy,. Moreover,
for a single optical mode we can always choose an appropriate gauge of intracavity phase
such that « is real. The interaction then becomes

(18) Hiny ~ —hg(8a + 6a’) (b + bh).

(') For this transformation, UaU' = e~ “1ta, UatUT = e“1*a", and UindUT /ot = hwala.
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Here we have introduced the linearized coupling rate g = goa. This Hamiltonian
describes two linearly coupled harmonic oscillators at resonance frequencies —A and
Qun, coupled at a rate g that is controllable with the external laser drive. Note that the
optical-cavity mode da is the displaced field, describing the fluctuations of the light field,
i.e. the photons in sidebands of the drive field «. All dynamics of the system can be
deduced from the full Hamiltonian, by retrieving the evolution of an operator A in the
Heisenberg picture through A = %[ﬁ LA] 1]

This interaction Hamiltonian describes many phenomena in optomechanics: it shows
how mechanical position fluctuations (5—!— l;T) are transduced to the optical phase quadra-
ture (da + da') to facilitate motion measurement. And just like in classical coupled
oscillators, or atom-light coupling in cavity QED, we can distinguish weak- and strong-
coupling regimes when 29 < {k,I'n} and 29 > {k,T'n,}, respectively. In the strong-
coupling regime, fluctuation spectra display normal mode splitting and Rabi oscillations
between photons and phonons occur [27,28,15,29]. In the weak-coupling regime, the
optical cavity (plus the bath it decays to) can be considered to influence the decay rate
of the mechanical resonator in processes analogous to the Purcell effect in cavity QED.
This is in fact the source of optical cooling and amplification, effects known as dynamical
backaction [1, 30, 31].

4. — Optomechanical cooling and state transfer

4'1. The resolved sideband regime. — If the optical (and mechanical) damping is smaller
than the mechanical frequency, the two oscillators are only coupled efficiently when they
are tuned to resonance, i.e. for A ~ +,,. To see what effect this has, we first shift to
an interaction picture by applying a new unitary (rotating frame) transformation

- CiASaTSatia. BTh
(19) U=e iAda'dat+iQm,b bt,

such that the Hamiltonian becomes

(20) Hiyy=—hg (5&6T61(A+Qm)t +datbei(A+2m)t +5dlA)ei(A_Qm)t+6dT8Te_i(A_Qm)t) .

Provided that (k,I'y) < Qm, the so-called resolved sideband regime, and likewise
g < Qun, we can apply the rotating wave transformation to neglect some terms in the
above Hamiltonian. In particular, if the laser is detuned to the red mechanical sideband of
the cavity (A = —Qy,), we can neglect the last two terms in the interaction Hamiltonian
on the basis that they are oscillating very fast (at £2Q,,) compared to the slowly varying
(resonant) first two terms and the cavity dynamics. For that detuning,

(21) Hin, = —hg(datd + sabh).

The evolution that this “beam-splitter” Hamiltonian describes corresponds to a contin-
uous swapping of the states between the optical and mechanical degrees of freedom at a
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Fig. 4. — Left: Schematic of optical cooling as a competition between different environments.
The mechanical resonator “b” is coupled at rate g to an optical mode a. Decay to the optical
bath thus competes with the intrinsic mechanical bath, characterized by a much larger thermal
occupancy n¢n. Thus, thermomechanical fluctuations entering the mechanical mode at rate y can
be quickly dissipated in the optical bath, which is carrying no more than quantum fluctuations,
leading to a net cooling of the mechanical oscillator. Right: The cooling can be seen as a cavity
enhancement of anti-Stokes scattering processes A™. In the resolved sideband regime Qn > &k
the Stokes scattering AT is sufficiently suppressed to not imprint excess backaction fluctuations.

rate 2¢g. It thus enables state transfer between the optical and mechanical modes. For a
coherent drive, the optical field da corresponds to the vacuum, such that transfer of this
state to the mechanical mode naturally cools it. This is the principle of resolved sideband
cooling [32,33].

For blue detuning (A = Q,,), a similar argument selects the last two terms:

(22) Hin = —hg(6a"b" + dab).

With this “two-mode squeezing” Hamiltonian, the simultaneous creation of a photon and
a phonon can lead to entanglement between the light field and the mechanical motion,
as well as the aforementioned amplification and self-oscillations.

4'2. Cooling rate and engineered reservoir. — Particular attention has been given to
optomechanical cooling, as it provides a way to prepare macroscopic resonators, which
normally suffer from significant thermal fluctuations, to their quantum ground state [32,
33]. Laser cooling happens most effectively in the weak-coupling regime at detuning A =
—Qy,, where the state transfer Hamiltonian (21) applies. Without cooling, a mechanical
resonator in equilibrium with a bath at temperature 7', to which it is coupled with rate
T, is typically in a large thermal state with mean phonon occupation 7ity, = kpT'/ A, .
The cooling process can be pictured hand-wavingly as follows: under the influence of
the interaction, the displaced optical field da is swapped to the mechanical resonator,

printed on 2/13/2023 9:33 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

NANO-OPTOMECHANICS 229

bringing it to its ground state. In turn, the thermal phonons are swapped to the optical
mode, from which they rapidly dissipate in the cold bath that the optical mode is coupled
to with decay rate x. Thus, the optical cavity provides a path of decay for the mechanical
resonator, in addition to the intrinsic mechanical decay Iy, (see fig. 4). It introduces a
reservoir to the mechanical resonator that is intrinsically cold. The rate of decay via the
cavity is
4q°

(23) Lopt = e

Provided that the total mechanical damping rate I'eg = I'opt + I'yy remains smaller
than the cavity decay rate k, the cooling rate can be increased by ramping up the laser
intensity. When the red-detuned cooling laser is applied, the total damping rate of the
resonator changes to I'eg = I'opt + I'm, and the fluctuations are reduced. In a classical
theory, the effective temperature of the mechanical mode could go to zero, according
to Tet = TTm/Tee. This is however only true for narrow-linewidth cavities, such that
Stokes processes, described by the interaction terms in eq. (22), are suppressed. If not,
these interactions — which are essentially the aforementioned quantum backaction — add
more phonons to the resonator than can be cooled. It can be shown that the minimum
achievable phonon number (in the limit of large laser power) is fipin = (k/4Qm)? [32,33].

In conclusion, in the resolved sideband regime the phonon number can become smaller
than 1 and the system can be cooled close to the mechanical ground state. This has been
achieved in 2011 for the first time at NIST in a nanoscale electromechanical system, and
since then reached in various other systems [34-36].

5. — Controlling photons and phonons

The above dynamics reveal a glimpse into the effects that are studied in optome-
chanics research which is by no means exhaustive. The interactions in these relatively
simple systems have sparked a wide variety of pursuits towards controlling both photons
and phonons in new ways, in both quantum and classical contexts. The latter includes
applications within time-keeping and signal synthesis and processing that exploit the gen-
eration of narrow-band mechanical oscillations. Indeed, in the standard optomechanical
system a blue-detuned laser drive induces mechanical amplification through dynamical
backaction, i.e., enhancement of the Stokes scattering process. For high enough optical
power, this negative I'g,y overcomes intrinsic dissipation, resulting in a net mechanical
gain. Laser powers above this parametric instability threshold thus drive the mechanical
resonator into a regime of large self-oscillations reminiscent of lasing behaviour. The
amplitude of these oscillations is limited through nonlinear effects.

5°1. Optomechanically-induced transparency and cooperativity. — Moreover, the cou-
pling between optical and mechanical modes, induced by a detuned drive laser, also
provides a way to control the propagation of optical signals. An example is the effect
of optomechanically-induced transparency (OMIT): If a cavity is critically coupled to an
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input/output channel, an optical “probe” laser field tuned to cavity resonance w is nor-
mally absorbed. But in the presence of a red-detuned drive at w. — {2y, the beat of drive
and probe can resonantly induce mechanical vibrations. These in turn stimulate the cre-
ation of a modulation sideband of the drive laser at w. — which can destructively interfere
with the probe field in the cavity. The result is a narrow frequency window of finite opti-
cal transparency. In essence, the two-way optomechanical coupling described by eq. (21)
provides an extra path photon-phonon-photon that excitations can take in the system,
and that can interfere with other paths. Similar effects of optomechanically-induced
absorption and amplification arise in the red-detuned regime due to the interaction in
eq. (22).

The OMIT window can be controlled by the drive laser, and leads to near-ideal
transmission at high drive power. The transparency becomes significant (exceeding 1/4)
if the so-called optomechanical cooperativity C exceeds unity. The cooperativity is defined
as

(24) C =

This quantity, which combines coupling strength and dissipation, describes the strength
of many other optomechanical effects as well. For example, the condition C' = 1 also
defines the optical field strength at which the standard quantum limit is reached.

A related quantity of importance is the quantum cooperativity Cy = C/yn, which is
effectively the cooperativity with mechanical dissipation rate replaced by thermal deco-
herence rate v = I'mfign. Reaching €y > 1 is a general condition for achieving optome-
chanical control in the quantum regime: It enables laser cooling to thermal occupancies
below 1 (either through sideband or active feedback cooling) [34, 35, 14], the observa-
tion of radiation pressure shot noise at equal level as thermal fluctuations [12], effects
such as optical and mechanical quantum squeezing [37, 38], quantum-coherent transfer
of signals [29,39], etc.

5°2. Beyond single-mode interactions. — A wide array of possibilities emerges when
extending optomechanical systems beyond the single optical and single mechanical modes
that compose the model system we discussed so far. For example, if two mechanical
modes are both coupled to a single optical-cavity mode, as depicted in fig. 5(a), a laser
field can lead to mechanical coupling: If the laser is detuned from cavity resonance, the
motion of one resonator will lead to a change of the intracavity photon number and thus
a change of the force on the other resonator, and vice versa. The condition for strong
mechanical coupling is C' > 1 [40], and if the coupling exceeds decoherence (for Cy > 1),
the light field entangles the mechanical resonators [41]. Moreover, when combined with
self-oscillation and mechanical amplification, such systems allow the control and study
of synchronization of (nano)mechanical oscillators [42-44].

Conversely, if two optical modes are coupled to a single mechanical mode, as depicted
in fig. 5(b), optical control fields can stimulate coupling of the two optical modes via
the mechanical resonator. The state-transfer Hamiltonian (21) can be straightforwardly
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(a) (b) o

Fig. 5. — Examples of multimode optomechanical systems. (a) Two mechanical resonators can
be coupled via radiation pressure of a single cavity mode. (b) Two optical resonators interacting
with a single mechanical resonator facilitate state transfer from one cavity to the other via the
mechanical resonator.

extended to two optical modes if they are both excited by suitably red-detuned drive
fields. For large — and matched — cooperativities, probe light entering one cavity
on resonance will exit via the other. This mode conversion process preserves quantum
coherence if C, > 1 [45-47].

Interestingly, the two cavity modes do not need to be at equal frequency, as long as
they are driven with suitable drive fields that create the couplings (fig. 6(a)). In fact, the
parametric optomechanical coupling even allows state transfer from microwave to optical
signals [48]. This provides a promising technological opportunity, as such a quantum-
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Fig. 6. — Wavelength conversion and nonreciprocity using optomechanical coupling. (a) Two
drive fields mediate conversion of an optical signal from one cavity mode to another, via the
mechanical resonator. (b) As the phases of drive fields are imprinted on the photon-phonon
transfer in a nonreciprocal fashion, mechanically-mediated mode conversion can lead to effective
magnetic fields for light and sound.
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coherent link would be a nice way to connect optical photons — which can transport
quantum information virtually decoherence free at room temperature — to quantum
computers based on superconducting circuits that operate at GHz frequencies. Multiple
groups are thus pursuing the creation of such interfaces, by suitably combining optical
and microwave cavities with nanomechanical resonators [49-53].

5°3. Beyond reciprocity. — The fact that the parametric coupling mechanisms we
discussed provide conversion between optical and mechanical excitations at different fre-
quencies offers more interesting opportunities. These relate to the notion that optome-
chanical interactions can effectively break time-reversal symmetry for light or sound. For
charged particles such as electrons, magnetic fields can break time-reversal symmetry
and induce rich physical behaviour, from cyclotron orbits that depend on propagation
direction, to the Aharonov-Bohm effect which imprints a direction-dependent phase on
the wave function of a particle traversing a loop that encloses a magnetic flux, and one-
way transport in topologically protected edge states of quantum Hall insulators. These
effects have in common that they break reciprocity: If source and detector are exchanged,
transport amplitude and phase is not preserved.

Photons and phonons, in contrast, do not interact with magnetic fields (except very
weakly in magneto-optic materials). To create on-chip nonreciprocal and topological
components that break time-reversal symmetry in a similar way, optomechanical inter-
actions in multimode systems provide an interesting toolbox. When going from eq. (17)
to eq. (18), we ignored the phase of the drive field «. This was possible for a single
optical mode through an appropriate change of gauge. But in multimode systems, the
phase difference of drive fields cannot be generally gauged away, such that we should
remember to describe the coupling rates g for all modes as complex quantities, with
phases directly related to those of the optical drive fields. For example, for red detuned
drives the interaction Hamiltonian is generally of the form —h(gédfl; + g*5&I;T) for each
coupling. Here we see that the optical drive phase is imprinted nonreciprocally on the
photon-phonon transfer: If the creation of a phonon upon annihilation of a photon gains
a positive phase, the reverse path creating a photon in the same mode gains a nega-
tive phase. This is reminiscent of the Peierls phase that electron wave functions gain
as they travel in a magnetic vector potential. So if a photon transferred from mode 1
to mode 2 via a mechanical resonator acquires a phase A¢ = arg(g1) — arg(ga) (where
g; defines the drive-induced coupling rate of the resonator to each mode ), the reverse
process from mode 2 to 1 acquires a phase —A¢. In analogy to the electronic Aharonov-
Bohm effect, this becomes observable when a path with such a nonreciprocal phase is
interfered with a different path (see fig. 6(b)). In suitably driven optomechanical sys-
tems, this has been used to create nonreciprocal optical and microwave elements such
as isolators and circulators, by implementing constructive interference of paths from
one port to another, but destructive in the opposite direction [54-63]. Similar mech-
anisms can also be used to break reciprocity for optically-mediated mechanical mode
transfer [64,65].

These effects rely on optical and mechanical resonances, and are thus inherently
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limited in bandwidth. The bandwidths can exceed the mechanical linewidth, as of-
ten the optically damped linewidth I'eg is the relevant bandwidth over which trans-
port can be controlled. Nonetheless, also those are typically limited fundamentally by
the cavity linewidth and/or the mechanical frequency. Various schemes seek to con-
trol photon and phonon transport over larger bandwidths, by exploiting propagating
light and sound waves in waveguides rather than cavities. While the absence of reso-
nant enhancement makes cavity-less approaches challenging, promising results have been
achieved [66,67].

Extending the creation of effective magnetic fields for optical or mechanical transport
to large numbers of modes in optomechanical lattices provides many opportunities. These
include in particular the creation of topological insulators for light and sound [68], with
intriguing properties such as one-way conduction of signals along the edge of the array,
topologically protected against backscattering. A flexible platform towards such goals is
offered by periodically structured dielectric slabs: Suitable patterns can offer simultane-
ous two-dimensional bandgaps for both light and sound at the nanoscale, with point or
line defects in the structure serving as optomechanical resonators and waveguides con-
necting them [69]. While the control over fabrication disorder makes the implementation
of such arrays challenging, continuous technical improvements could bring it into reach
in the near future.

5°4. Beyond linearity. — To create nonclassical states of light or motion, a certain
resource of nonlinearity is needed. Although the intrinsic nonlinearity of the optome-
chanical Hamiltonian (13) can have pronounced effects on thermal fluctuations with
figh > 1 [22], the regime where this nonlinearity is significant at the single-quantum level
is still out of reach for massive mechanical resonators.

Various techniques are however pursued to introduce nonlinearity in different ways. A
straightforward strategy to create a Hamiltonian describing a nonlinear coupling between
optical fields and motion is to enhance so-called quadratic coupling through design. If a
system is designed such that the linear term in the relation between optical frequency and
position in eq. (1) vanishes, the first leading term will likely be quadratic (w. oc 22). In the
resolved sideband regime, this leads to a Hamiltonian that directly couples phonon num-
ber b'h to the light field. This naturally occurs for example when a vibrating membrane is
placed exactly in the middle of a Fabry-Pérot cavity [70]. Especially if the reflectivity of
the membrane is high, the quadratic variation with position can be pronounced [71,72].
Quadratic coupling can in principle lead to the creation of nonclassical states (e.g. resem-
bling superpositions of z and —z), and to the detection of quantum jumps when single
mechanical quanta enter or exit the mechanical mode [70,73]. However, careful analysis
shows that sufficient cancellation of linear coupling puts stringent demands on loss and
fabrication precision that are equivalent to those to reach single-photon strong coupling
go > k [74] — although nanoscale confinement in specific electromechanical systems may
somewhat relax those demands [75].

Thus, a multitude of efforts aim to couple intrinsically nonlinear quantum systems
to mechanical resonators in one way or another. An interesting approach is to leverage
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the fact that single-photon detectors are inherently nonlinear [76-78]. For a laser tuned
to the blue sideband of an optical cavity, the detection of a single photon emitted on
cavity resonance (in the Stokes sideband) “heralds” the presence of a single phonon if the
resonator was initially cooled to its ground state, as the phonon and Stokes photon must
have been created as a pair through the a'b! term in the Hamiltonian. A subsequent
“click” that detects an anti-Stokes photon for a red-detuned laser can prove the presence
of that phonon — as long as it was performed within a mechanical decoherence time.
Such protocols have been used for example to study entanglement between mechanical
vibrations of distant photonic crystal nanobeams, and nonclassical states of motion that
are conditioned on the detection of single photons [79,80]

To introduce quantum nonlinearity in a more deterministic fashion, researchers strive
to couple mechanical resonators to two-level systems, creating mechanical analogues of
cavity or circuit quantum electrodynamics — or the motion of trapped ions coupled to
two-level transitions [81]. For example, it has been proposed and demonstrated that
mechanical motion can influence the transition frequencies of semiconductor quantum
dots and nitrogen vacancy centers [82-86], or coupled to the latter via a magnetic field
gradient [86]. Moreover, optical emitters placed in suitable laser-driven optomechani-
cal systems can lead to phonon-emitter interactions [87,88]. At this moment the most
advanced demonstrations have been provided using the techniques of circuit QED, cou-
pling superconducting qubits based on Josephson junctions to high-frequency bulk or
surface acoustic wave resonators through piezo-electric interactions, achieving high levels
of control over the quantum motion of resonators involving billions to trillions of moving
atoms [89-92].

6. — Conclusions

The field of cavity optomechanics, and in particular nano-optomechanics, has proven
a fertile ground to explore various intriguing physical concepts and develop technology
that could impact classical and quantum information processing as well as sensing and
metrology. Spectacular advances in system performance and control techniques, as well
as interfacing with other (quantum) systems in hybrid architectures, continue to show
the ability of optomechanics to create new scientific opportunities.

This work is part of the research programme of the Netherlands Organisation for
Scientific Research (NWO). EV acknowledges support from the Office of Naval Research
(grant no. N00014-16-1-2466), an NWO Vidi grant, the European Research Council (ERC
Starting Grant no. 759644-TOPP), and the European Union’s Horizon 2020 research and
innovation programme under grant agreement no. 732894 (FET Proactive HOT).
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Summary. — In this manuscript we demonstrate the potential of a hybrid technol-
ogy which combines single organic molecules as quantum light sources and dielectric
chips. In particular, we discuss our approach based on evanescent coupling of diben-
zoterrylene molecules to silicon nitride waveguides and show a coupling efficiency
of up to 42 & 2% over both propagation directions. Our results open a novel path
towards a fully integrated and scalable photon processing platform.
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1. — Introduction

Reliable and bright non-classical light sources are a fundamental ingredient for many
quantum technologies, such as sensing, imaging and metrology applications [1]. In the
last years single quantum emitters under pulsed excitation have been presented as deter-
ministic sources of indistinguishable single photons [2]. Among them, solid-state emitters
such as quantum dots [3], color centres in diamond [4] and single molecules [5] are par-
ticularly suitable for integration into photonic chips [6]. In particular, direct coupling
of single emitters to optical waveguides (WGs) is a powerful strategy to collect single
photons in well-defined propagating modes [7].

In this work, we present the design and characterization of the evanescent coupling
between Dibenzoterrylene (DBT) molecules and a ridge WG made of silicon nitride [8].
Room temperature measurements demonstrate competitive results with the state-of-the-
art [6,9], with an overall molecule-to-WG coupling efficiency up to (42+2)% and evidence
of low multi-photon probability inside the WG. The advantages of our approach include
an all-solid-state platform, a small footprint, simple fabrication methods and scalability.

2. — Evanescent coupling of single molecules to a nearby dielectric waveguide

Efficient light-matter interaction can be achieved placing a quantum emitter in the
strong evanescent field of optical dielectric waveguides on-chip [7]. Here we discuss the
design and the realization of a hybrid molecules-nanophotonic system made of spincoated
DBT:Ac crystals (n = 1.8) on SizNy (n = 2) WGs.

2°1. Single-molecule quantum emitters. — Dibenzoterrylene molecules embedded in
Anthracene (Ac) crystals (DBT:Ac) have key advantages for the coupling to photonic
structures, due to the wavelength of its main optical transition centerd at 785 nm, to its
photostability also at room temperature [10], and to the easy fabrication method which
allows to obtain few tens of nanometer films of DBT:Ac crystal via spin-coating.

The Jablonski diagram of a DBT molecule is depicted in fig. 1a. It shows the singlet
(So,51) and triplet (1) electronic states with the relative vibrational multiplets. DBT
quantum yield results close to unity due to the small inter-system crossing probability
(10=%) to the rapidly decaying triplet state, and the zero-zero phonon line (00-ZPL)
is lifetime-limited at liquid helium temperature (~ 40 MHz) [11]. The radiative (solid
arrows) and non-radiative decay processes (dashed arrows) are shown in the diagram. In
this work we show room temperature measurements where we use a non-resonant 767 nm
laser to pump the molecule to a vibrational level of a higher excited electronic state. The
single-molecule red-shifted emission at 785 nm can be measured by out-filtering the pump.

2°2. Design and fabrication of the hybrid photonic chip. — We have designed the
guiding structure such to have an important evanescent field at the emitter position,
and to simultaneously achieve a strong mode confinement and low losses. A rendering
of the nanophotonic circuit is sketched in fig. 1b. It consists of a glass substrate with a
500 nm-wide single-mode optical WG, and focusing grating couplers. Gratings are buried
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Fig. 1. — Evanescent coupling of DBT molecules to a ridge WG. a) Jablonski diagram of the
DBT:Ac system showing the singlet (S) and triplet (T) electronic states. Radiative (non-
radiative) transitions are represented by solid (dashed) arrows. b) Rendering of the silicon
nitride WG with grating outcouplers, coated with HSQ and gold. A zoom-in shows a thin
DBT:Ac crystal which is spin-coated onto the WG. ¢) Layout of the 3D numerical simulations.
A dipolar emitter (white arrow) mimicking a single molecule is placed in a 100nm thick Ac
crystal. The transverse section shows the normalized electric field on the dipole plane. d) The
top panel displays the fluorescence map measured with the EMCCD camera, showing signal
both from the molecule position (region 1) and from the grating out-couplers. In the bottom
panel, the antibunching dips relative to the molecule position (1) and to the coupler area (2) are
displayed. Panels b, ¢, d were adapted with permission from P. Lombardi, et al., ACS Photon-
ics, 5 (1) (2018), pp. 126-132 DOI: 10.1021/acsphotonics.7b00521. (© 2017 American Chemical
Society.

with a hydrogen silsequioxane (HSQ) buffer layer to prevent the formation of crystals on
the couplers and consequent scattering, and a gold mirror is deposited on top to enhance
directionality. DBT single molecules embedded in thin Ac crystals are then drop casted
on the chip. The geometric parameters of the WG, i.e. a width of 500 nm and a thickness
of 175 nm, are optimized for single-mode operation at 785 nm and in order to maximize
the electric field of this fundamental mode at the position of the emitter. The grating
coupler is designed to fulfil mode-matching with a Gaussian-like mode, and to obtain
maximum out-coupling efficiency at the central emission wavelength of DBT (up to 90%,
according to finite elements simulations).

Figure 1c displays the layout of 3D numerical simulations for the estimation of the
emitter-WG coupling efficiency, i.e. 8 = Eﬂ‘;‘/of, being 'y the emission rate into the
WG mode and Ty, the total decay rate in the presence of the WG. A dipolar emitter
oriented along the y-axis is placed inside an Ac crystal to model a single molecule. The
[B-factor is calculated as the Poynting vector flux through the detected area, delimited
by the red dashed line which surrounds the WG section, and is then normalized with the
total power flow radiated through a volume containing the emitter. Taking into account
the intrinsic variability imposed by the spin-coating of DBT:Ac on the chip, the optimal
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B ~ 50% is obtain for a 180nm thick Ac crystal, and for a distance of the emitter from
the surface of 10 nm.

2°3. Ezperimental results. — The experimental set-up is a two channel confocal micro-
scope, which allows to focus at the same time both the off-resonant excitation beam
(767nm) through the substrate onto the WG area and the resonant reference laser
(785 nm) onto the grating couplers for the throughput characterization. A Hanbury
Brown and Twiss (HBT) set up allows to take measurements of the second-order corre-
lation function (g?(At)) of the fluorescence light.

An example of fluorescence map is shown in the top panel of fig. 1d. The emission is
partially lost in free space (bright spot at the molecule position in the center) and partially
coupled throughout the WG towards the couplers, in both directions (bright lateral
spots). The emitter-WG coupling efficiency is estimated by comparing the fluorescence
intensity on the EM-CCD camera in the couplers areas, S., with the molecule residual
emission into the free space, Sy, after appropriate background subtraction. Accounting
for the corresponding collection efficiencies 1. and 71y, the coupling probability to the
WG can be calculated as

Se/MNe

1 meas — & /. o /. °
. e = S e+ Selng

The out-coupling efficiency (7.) of the WG is estimated with transmission measurements.
The resonant reference laser is focused into one of the couplers and light from the other
coupler is imaged, integrated over the coupler area and normalized to the same signal
obtained for reflection of the laser spot on a silver mirror (after background subtraction on
both images). The square root of this value corresponds to the single-coupler efficiency,
which is found to be n. = 35 + 5%, where the difference from the simulated value is
ascribed to a non-optimal HSQ thickness.

The collection efficiency 7y is estimated via 3D numerical simulations, as Poynting
vector flux through an area corresponding to the objective collection capacity. The value
is then normalized with the overall non-guided power flow and yields n; = (5.1 £ 1.5)%.
Therefore, Bmeas can be determined by direct confocal excitation of the molecule and
collection from the EM-CCD image. Integration of the signal in the respective regions
Sy and S, (from both couplers) yields an average value of Bmeas = 20% and a peak
value of Bmeas = (42 £ 2)%, which is correctly described by the theoretical model when
accounting for possible different dipole positions.

To conclude, the quantum nature of the WG-coupled light is analyzed by measuring
the g2(At) off-chip, collecting light either from the illumination point or from one coupler,
i.e. the regions in the top panel of fig. 1d labelled with 1 and 2, respectively. The bottom
panel displays the correspondent measurements and fits, which yield ggﬁ(O) =0.33£0.09
and ¢2;(0) = 0.50 = 0.05. After accurate background correction for the non-guided laser
scattering from the illumination point (see ref. [8] for details), we evaluate an on-chip
single-photon purity g2,(0) = 0.0140.10, which indicates a low multi-photon probability
inside the WG.
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3. — Conclusions

In this manuscript we discuss a possible platform to integrate single-molecule—based
quantum emitters into dielectric WGs, aiming at efficient emission, control and collection
of single photons on-chip. We use DBT molecules embedded in Ac crystals as reliable
sources of single photons, owing to their purity, brightness and photostability at room
temperature. We present the design and characterization of efficient evanescent coupling
between a single molecule and a ridge WG made of silicon nitride. Room temperature
measurements show competitive results with the state-of-the-art with a molecule-to-WG
coupling efficiency up to (42 + 2%) and evidence of single-photon-source purity on-chip.
The advantages of our approach include an all-solid-state platform, a small footprint,
simple fabrication methods and scalability.
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Summary. — Nitrogen-vacancy (NV) centers in diamond have emerged in the
last decade as a prominent platform for quantum technologies. As for any qubit
system, a good understanding of their local environment is crucial to build quantum
devices protected from detrimental noise. Here, we describe in detail a method to
spectroscopically characterize the spin bath around an NV center, even when the
NV coherence time is short, and identify the coherent coupling with the nearest
nuclear spins. In the regime of weak qubit-bath coupling, the acquired knowledge
of the bath reliably predicts the qubit dynamics under different controls.

1. — Introduction

Characterizing the environment surrounding a qubit is important for quantum tech-
nologies, since it enables the development of strategies to increase coherence [1,2]. More-
over, the controlled and coherent coupling of a quantum sensor with its environment has

(© Societa ltaliana di Fisica 245
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Fig. 1. — (a) Scheme of the experimental setup. (b-d) Evolution of P, under an XY-8 sequence.
(b) Varying the time between pulses, with n = 40. (c)-(d) Varying the number of pulses, fixing
t1 to the center of a % collapse (c) and a ¢ collapse (d).

been proposed as a potential resource also for sensing and computing [3,4]. Here we
present an experimental procedure to perform spectroscopy of a spin bath, sensed by the
electronic spin of a nitrogen-vacancy (NV) center in diamond. We also give a brief de-
scription of the procedure to characterize the coupling with single nearby nuclear spins.
Once the environment has been fully characterized, we discuss the predictive power of
the obtained noise model, a crucial requirement for quantum devices.

2. — Effect of the environment on the NV center

2'1. Spectroscopy method. — We explore the complex environment of the NV spin
qubit, formed by an ensemble of natural abundance (1%) *C nuclear spins I = 1/2
randomly distributed in the lattice. The experimental setup is shown in fig. 1(a). We
use a home-built confocal microscope to initialize an NV center into the spin state mg =
0, and read out its final state after manipulation. An antenna next to the diamond
delivers microwave pulses used to coherently control the NV electronic spin. A permanent
magnet generates a magnetic field which we align with the NV quantization axis [5]. The
spectroscopy protocol is based on dynamical decoupling (DD) sequences composed by a
variable number n of 7 pulses, as explained in the next section. Each sequence is enclosed
in a Ramsey interferometer to map coherence into residual population P, of mgs = 0.

In fig. 1(b) we present the time evolution of P, under an XY-8 sequence of n = 40
pulses as a function of the time between pulses, 2¢; (total measurement time T = 2nt;).
There are two different kinds of loss (collapses) of the electronic spin coherence. The
collapses due to the interaction with the spin bath are the broad ones and go down to
P, = 0.5 (marked with % in fig. 1(b)). The analysis of these collapses gives access to the
noise spectral density (NSD) modeling the large spin bath, as shown in the next section.
Narrow collapses (marked with ¢ in fig. 1(b)) can reach P, < 0.5 and originate from
the interaction with individual strongly coupled nuclear spins. Characterizing the two
contributions to the signal loss gives us a full picture of the spin environment.
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The difference between the two interactions is even more evident when we fix ¢; and
observe the behavior of the coherence in terms of the number of pulses. While the
collective spin bath induces an exponential decay of P,,, the coherent coupling to nearby
nuclei generates coherent oscillations, as shown in fig. 1(c)-(d), respectively.

In the presence of a classical stationary noise, the coherence function W(t) of the
qubit decays as

(1) W(t) =0 with x(0) = [ S5 80)IY @),

where Y (w) is the filter function [6] describing the used DD sequence, and S(w) is the
NSD, which models the collective effect of the spin bath. When using an equispaced
DD sequence with large number of pulses [7] the filter function can be approximated
by a d-function centered at w = 7/(2t1), and we can approximate the coherence as
W(nty) ~ exp(fzjf;ﬁl ). To characterize the NSD we extract the generalized coherence

time T from experimental data, as exemplified in fig. 1(c).
2

Although we could use the approximated expression S(w) >~ = to obtain the NSD

from the first collapse, this approximation is only valid for a large number of pulses,

whereas the coupling with the spin bath leads to a very fast decay (n < 8) for ¢; around
the first collapse. This induces an artificial broadening on the NSD peak and leads to
an incorrect estimate of its maximum amplitude. To overcome the problem of strong
decoherence around the Larmor frequency w = wy, of the nuclear spin bath, we take
advantage of the fact that the filter function of an equidistant sequence has harmonics
at w; = (21 + 1wy, affecting T [7,8],

1 8w 1
®) T~ = e

In practice, we center the higher-order harmonics of the filter function around the
expected NSD peak, to extract the different harmonic contributions and combine them
to obtain a faithful estimate of the NSD. By fitting the experimental data to eq. (2)
we estimate the NSD, as shown in fig. 2(a). As detailed below, we find that the NSD
lineshape can be reliably extracted from a Gaussian fit of 1/7 around the 1st- and 2nd-
order collapses (I = 1 and ! = 2), without the need to measure even higher harmonics.

We demonstrate self-consistency of the method, and show that while the first collapse
of the signal does not provide reliable information to obtain the NSD, the analysis of 1st-
and 2nd-order collapses enables a correct reconstruction of the NSD. In our calculations
we assumed instantaneous 7 pulses, this approximation is better verified for the higher
harmonics, which are associated to lower frequencies.

To model the NSD we use a Gaussian noise peak centered at 750kHz, shown as a
dashed line in fig. 2(b). Using eq. (1) we simulate the coherence of the qubit under a DD
sequence with equidistant pulses, and analyze the result to extract T and reconstruct
the original NSD peak. The dark-gray shaded area in fig. 2(b) corresponds to the NSD
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Fig. 2. — (a-b) NSD obtained with the 1st- and 2nd-order harmonics (light-gray), and with the
Oth-order harmonic (dark-gray). The shaded areas include the error on the fit. (a) Result from
experimental data with B = 208(1) G. (b) Reconstruction of a model NSD used to proof self-
consistency of the method. The black dashed line (overimposed with the light-gray area) is the
original model NSD. (c)—(e) Dynamics of the electronic spin under different conditions. Points
represent the experimental data, and solid line the evolution predicted from the characterized
environment. (c)-(d) XY-8 sequence with n = 24 pulses at 310(1) G and 394(1) G, respectively.
(e) A XY-4 at B = 205(1) G, with n = 20 pulses at positions t;; = & (20i + 3j — 19), with
i=1...4andj=1...5[9]

reconstructed from the simulation of the first collapse, while the light-gray shaded area
represents the result of the reconstruction of the NSD using the [ = 1,2 harmonics.
Width and amplitude obtained with Oth-harmonic collapse are very different from the
original ones. On the other hand, using the first two harmonics allows us to reproduce
the original parameters of the Gaussian peak with less than 0.2% error.

The hyperfine interaction with a nearby nuclear spin induces modulations of the
coherence of the NV electronic spin in terms of the number of pulses [10-12], which can
be isolated from detrimental noise using equidistant DD sequences. In fig. 1(d) we show
an example of this coherent oscillation, together with the fit to a theoretical function,
calculated using conditional evolution operators, from which we extract the components
of the coupling strength between the NV spin and the nearby nuclear spin. More details
are reported in ref. [9].

2'2. Predictive power of the characterization. — In order to corroborate the predic-
tive power of the reconstructed environment model, we use the information to simulate
the evolution of the electronic spin for different magnetic fields and under different DD
sequences, and compare the results to corresponding new measurements. In fig. 2(c)-
(d) we present the spin coherence under an XY-8 sequence of 24 equidistant pulses for
two different strengths of the external magnetic field, in the regime of weak qubit-bath
coupling. The model successfully predicts the qubit evolution under sequences with non-
equidistant pulses, as shown in fig. 2(e) where we used an adaptive XY-4 [13] sequence
(more details in Supplementary materials of [9]). In all cases we verify a very good agree-
ment between data and simulation. We have also tested the model for adaptive XY-8
and Uhrig sequences [9], with similar results.
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By varying the magnetic-field strength, we tune the bath internal energy compared
to its coupling with the NV spin [9,14]. At a low magnetic field (~ 150 G or below) we
find that the controlled NV spin dynamics affects the spin bath [9]. Since the bath is
no longer independent from the NV, it is not possible to find a single NSD that would
correctly describes the evolution of the electronic spin.

3. — Conclusions

In conclusion, we have described a method to fully characterize the environment
comprising nuclear spins in diamond, using as a probe the electronic spin of an NV
center. We characterize both the spin bath and the nearby nuclear spins. By using
higher harmonics of the DD-sequence filter functions applied on the qubit, we overcome
the problem of short coherence time, and reconstruct a reliable environment model. We
find that this model predicts the dynamics of the NV spin under various DD sequences
and for different external magnetic fields, in the regime of weak qubit-bath coupling.
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Summary. — This contribution to the proceedings describes a new technique to
prepare and measure the lifetime of the first phonon Fock state in diamond using
single-photon time-correlated Raman spectroscopy. By using a pair of ultrafast
laser pulses of two different colors we can spectrally distinguish the Stokes photons
created during the first pulse from the anti-Stokes photons created during the second
pulse. Single-photon detection on the Stokes signal acts as a projective measurement
preparing the phonon in an energy eigenstate. During the lifetime of the phonon,
the second pulse, which arrives after a controllable delay, has a higher probability
of emitting an anti-Stokes photon than allowed by classical mechanics. Two-photon
quantum correlations between Stokes and anti-Stokes can therefore be used to map
the phonon decay.

1. — Description

This contribution to the proceeding was originally shown as a poster presentation
in the school. This poster explained our group’s recent work in developing a method
to probe phonon states by measuring photon correlations, which was recently published
in [1].
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2. — Experimental method

The aim of our experiment was to measure the dynamics of the first phonon Fock
state in diamond. Broadly speaking, our method is the following: First, a 100 fs laser
pulse interacts with the sample, creating with a low probability (typically < 1%) a
perfectly correlated pair of one optical phonon and one Stokes-shifted photon. The
photon is filtered from the laser and detected by an avalanche photodiode operated in
Geiger mode. Successful detection projects the state of the phonon into the first Fock
state (energy eigenstate). The phonon mode freely evolves for some time before a second
laser pulse interacts with the sample, which can annihilate the phonon (if present) and
in the process emits an anti-Stokes photon, which is filtered and detected using another
single-photon detector. In other words, one laser pulse first writes the state (together
with the measurement process), the phonon mode evolves for a certain amount of time,
and a second laser pulse reads the state. The scheme is therefore similar to the one
proposed in 2001 for atomic ensembles by Duan, Lukin, Cirac and Zoller [2], and can
therefore be used for a wide range of quantum information processing tasks.

To interact with the phonon mode of frequency wy, we use the Raman effect, where
the inelastic scattering of a laser of frequency wy gives rise to a signal at frequency
wo — wpp, called the Stokes (S) signal, and a signal at frequency wy + wpp, called the
anti-Stokes (aS). The emission of a Stokes photon is accompanied by the creation of a
phonon, while the emission of an anti-Stokes photon is accompanied by the annihilation
of a phonon.

In order to investigate the dynamics, we use two lasers, one of which has an adjustable
delay line along its path. We then look at the Stokes signal from one of the lasers, and at
the anti-Stokes from the other. Phonons typically decay in pico-second time scales. For
that reason, our experiments use ~ 100 fs pulses from a mode-locked Ti:Sapph oscillator
and a synchronously pulsed OPO being pumped by part of the TiSa’s output.

Two lasers beams at different frequencies are used in order to spectrally distinguish
the Stokes from the anti-Stokes photons. The TiSa emits pulses centered on ~ 810 nm,
while the OPO emits pulses centered on ~ 690nm. This wavelength configuration is
chosen purely for convenience, as the only requirement on the wavelengths is that the
Stokes and anti-Stokes should be distinguishable, and noise from the sample (e.g. from
photoluminescence) should be avoided.

The correlation between the S and aS photons are investigated using Time Correlated
Single-Photon Counting (TCSPC). Start-stop measurements are done, where the detec-
tion of a S photon triggers the start of a measurement, and the detection of an aS photon
triggers the stop. By doing this multiple times a histogram is built, from which the second
order cross correlation between the S and aS (ggl)l ) can be calculated. In the histogram
shown in fig. 1, the peak at ¢ = 0 corresponds to the events where both a S and aS
photons were detected during the same repetition rate of the lasers, while the side peaks
come from the events where the detectors clicked during different repetitions. The value
of ggzl g is then calculated as the ratio of the ¢ = 0 peak to the average of the side peaks.
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Fig. 1. — S-aS coincidence histogram measured for 20 minutes, with both write and read pulse
arriving at the sample simultaneously. The peak at time ¢ = 0 represents the correlated events,
while the other peaks show accidental coincidences.

3. — Results

The classical limit for the S-aS correlations, found by applying the Cauchy-Schwarz
inequality to classical fields [3,4], is given by gng(O) < ggg(O)gé?,aS(O), where g(sz)S(O)

and gézs)’aS(O) are the Stokes and anti-Stokes auto-correlation functions, respectively.

Both of these functions follow thermal statistics, giving an upper bound on the maximum

classical value of gng(O) = 2. When both lasers overlap in time, as shown in fig. 1, we

find 95921 5(0) =63.4+9.7, breaking the classical limit by 6 standard deviations.

The photon correlation is mediated by a phonon, which the write pulse creates and
the read pulse annihilates. As such, if the phonon has time to decay before the read
pulse arrives, the signal from the two lasers will no longer be correlated. Because of this,
measuring the S-aS correlations as a function of the delay between write and read lets
us measure the decay of the phonon mode, as shown in fig. 2. The correlations show an
exponential decay, where we measure the phonon lifetime to be 7 = 3.9 & 0.7 ps, which
is consistent with other measurements in the literature [5].

4. — Conclusion

Here we have demonstrated a method to prepare and measure the dynamics of the first
phonon Fock state. There’s nothing that depends on the specific properties of diamond,
so this method can be directly applied to other high-frequency phonon modes in different
types of systems. The wavelength tunability means that it can also be used to address
electronic or engineered transitions, giving the signal a resonant enhancement.
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Fig. 2. — Delay dependence of the S-aS correlations, with the measured correlations (black
squares) fitted with an exponential decay convoluted with the instrument response (grey line),
with a time constant of 7 = 3.9 £ 0.7 ps.

This method can also be extended to multi-photon correlations in order to study
higher-order Fock states, or modified to start and stop on different Raman lines to study
phonon-phonon coupling.
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