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ABSTRACT

In this thesis a theoretical framework for a spin-1 exchange dynamics is developed by the use of
effective Hamiltonian theory. We develop this framework through several applications beginning
with the standard Jaynes-Cummings model, which under the method of time-averaging leads to
the Hamiltonian described by one-axis twisting in a more efficient manner than standard adiabatic
elimination. The process of developing effective many-body spin Hamiltonian’s is then applied in
several contexts. The robustness of the systems we studied are demonstrated through the generation
of entangled states under various constraints.

We find that when fixed within a sub-manifold of the collective angular momentum states the
time evolution of minimally uncertain atomic states results in atomic cat states, which have been
utilized in a variety of contexts for precision measurements. More so, when the initial state is given
freedom to evolve between all angular momentum sub-manifolds large degrees of entanglement
results. We give analytic results for the case of two-atoms where the entanglement quantification is
given through the fidelity, and Schmidt number. This gives implications for measurement protocols
through Ramsey pulses, quantum simulators, and creation of spin-1 Bell states for teleportation.

Under different operating conditions, we demonstrate the emergence of electromagnetically
induced transparency(EIT) which provides a platform for quantum memory, polarization conver-
sion, and state transfer. A limitation of photonic processes is the short optical resonance lifetime,
however, our system is free of this issue due to the dispersive approximation constraining the sys-
tem to a decoherence free ground state manifold. As a result our EIT scheme can result in longer
storage times, and more efficient state transfer as decoherence due to spontaneous emission is not

the limiting factor.
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NOMENCLATURE

EIT Electromagnetically induced transparency
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1. INTRODUCTION

Information since first introduced by Calude Shannon has been a main institute of study in
understanding how retrieving, storing, and passing information can be accomplished in the most
efficient manner without loss. Quantum information addresses these questions through a differ-
ent platform, one hallmarked by entanglement first introduced by Erwin Schrodinger. Quantum
mechanics has advantages over classical information theory through the use of this phenomena in
being able to perform classes of computations at exponentially faster rates. The photon has proven
to be a strong candidate as the medium for quantum information transfer when coupled to matter.
However, this idea while simple in theory, has proven to be difficult to realize due to decoherence
processes, and scale to large ensembles. An emerging technique for addressing these issues is with
superconducting circuits[1, 2]. The central goal of the present work is to analyze a different model,
spin-1 atoms, and extend the theory of effective spin-spin interactions.

In chapter 2 we introduce the basic concepts of standard quantum optics techniques. Begin-
ning from first principles we quantize the electromagnetic-field and derive its interaction with an
ensemble of spin—% atoms. Then using a technique introduced by G. Agarwal [3], we show that in
a dispersive approximation the Jaynes-Cummings Hamiltonian [4] can be described by a spin-spin
exchange interaction mediated by the electromagnetic field. We then discuss a recent experimental
realization of this interaction from M.Norcia and J.Thompson et.al [S], where they demonstrated
one-axis twisting, and the emergence of a many-body energy gap reminiscent of condensed matter
systems. We conclude the chapter by showing the possible states that can result from the time
evolution, and how they can be applied to measurement schemes. This not only demonstrates
the power of spin theories but also introduces the mathematical formalism we extend to higher
dimensional spin systems.

Motivated by recent experiments out of Stanford where spin exchange interactions were ob-
served in a cold atomic cloud of spin-1 rubidium-87 atoms, we develop the theoretical underpin-

ning from first principles[6, 7]. We demonstrate that beginning from the atom-light interaction the



manifold of excited states can be removed from the description through the use of time-averaging.
More so, we use the uniqueness that our effective Hamiltonian theory is structured to work over
many time-scales, which allows a second use of the formalism to remove the excited states. As
a result we have a description solely determined by the atomic degrees of freedom mediated by
intra-cavity photons. A consequence of this Hamiltonian is seen through the development of en-
tangled states in two different settings. First, we consider the case of a fixed symmetric angular
momentum manifold, where we are able to realize macroscopic superposition of states. Second,
we look the opposing case when the manifolds are allowed to mix, in which case we also observe
the emergence of highly entangled states which we characterize through different entanglement
measures.

The final chapter focuses on electromagnetically induced transparency, first introduced by S.
Harris[8]. The consequence of this resonant processes has had profound implications for quantum
information science through quantum state transfer, memory, and dark state polaritons[9, 10]. We
show that our model mimics the trilinear interaction similar to the one resulting from radiation pres-
sure in optomechanics[11]. However, atomic EIT is limited by the optical excited states lifetime
which eventually leads to decoherence. Optomechanical interactions occur at smaller frequencies
so the dampening is not as great, and can lead to longer coherence times. However, our system
is unique and EIT takes place within a decoherence free subspace, ideal for quantum information
perspectives.

While atomic EIT is limited by the optical excited states lifetime, optomechanical interactions
occur at lower frequencies, therefore, the resulting dampening is not decoherence inducing. The
uniqueness of our system is that EIT occurs between ground states, therefore, the space is protected

from decoherence, which has implications for more impactful quantum informational protocols.



2. ATOM LIGHT INTERACTION

The central theme of this thesis is to describe a new narrative of spin-1 interactions. However, it
is first instructive to draw out a story that has been told several times before,which is the interaction
between spin-% atoms. The platform for these spin problems occur in a dispersive high-quality
cavity resonator. All narratives have characters, and the first we introduce is the cavity field which
is taken to be a standing wave. An ensemble of alkali-earth atoms will be the main character of
study throughout this thesis. The purpose of re-illustrating the spin—% story is twofold. One, it
will allow us to introduce the various mathematical constructions we repeatedly use in the spin-1
case. Second, it will provide a firm base for us to refer back on when we begin describing the
consequences of spin-1 interactions.

The beginning of this chapter will first discuss the physical meaning of promoting the electro-
magnetic field to a quantum mechanical observable through the process of canonical quantization.
Section II. will be dedicated to the atom, and its interaction with the quantized field, demonstrat-
ing that the interaction is just an abstractification of an interacting harmonic oscillator. We then
conclude this chapter by discussing consequences from atom-light interactions, demonstrating its

utility by developing highly entangled states and their application to precision measurements.
2.1 The beauty of the Vector Potential

In classical electrodynamics the standard quantities of interest are the electric and magnetic
fields[12, 13]. However, in Quantum Mechanics we are interested in observables, thus what we
would like to achieve as a description of the electromagnetic field as an operator. Classicaly an-
alytic solutions for the electric and magnetic fields is done through the use of potential functions,
because in general directly determining Eor B requires more difficult computations. In the ab-
sence of a local charge distribution the fields are determined through the vector potential using

0A

—5; and B = V x A. Furthermore, it is more efficient to quantize through

the relations; E =

A and then perform the derivative instead of quantizing the fields individually. Then by the Leg-



endre transformation we convert from the Lagrangian picture to the Hamiltonian which we then
decompose into field operators.

In trying to develop a theory that treats the electromagnetic field as an observable, it is in
fact one of an algebraic origin. Consider a map given by an exponential function, which takes
compact intervals to the unit circle. This mapping is composed of elements from the Lie group
U(n), which is the unitary group [14]. Consider a local transformation by defining an element
of the unitary group that acts on the fields, g = e?®), where z is a spacetime coordinate. In
general the Hamiltonian for a field will depend on ¢ (z) or V. When our g acts as a global
transformation(independent of the spacetime-coordinates) then our Lagrangian will be invariant,
but when ¢ depends on the coordinates the derivative will cause an in-homogeneous term to arise.
To deal with poor behavior, we introduce an affine connection which gives a precise meaning to
transporting data in a consistent manner, however, removing the mathematical jargon this is just

the four-vector potential A, = (Ao, A).

With this we can define our gauge transformation by acting on the vector potential with g.

A, — gAMg_1 + ig@ug_l

2.1
— A, + 0,0(2)

Before we get lost in the trees of the math, remember we are trying to motivate why we want
to use the vector potential. One reason being that the connection under gauge transformations is
nothing but the standard transformation in electrodynamics. The second being because it allows us
to construct a new kind of derivative called the covariant derivative. The presence of this function
allows us to define a curvature, which is the electromagnetic field strength tensor, £,,. Since this is

being derived from an invariant quantity of U (1) then necessarily our Lagrangian will be invariant

as well. The covariant derivative is defined to be, D, = % — 4A,. One can show that under this
definition the in-homogeneous terms will get cancelled under local gauge transformations. For a

complete geometric construction we define the curvature [14]



Fu =i[Dy, D, 2.2)

=0,A, —0,A,
The operation defined above is not the operator commutator we are used to but a geometrical op-
eration known as the Lie Bracket between vector fields[14]. Mathematically, these derivatives are
passing information between the algebra and the group. This mathematical interlude was provided
to give a detailed explanation for why we are interested in the vector potential for quantization,

mainly to ensure the Lagrangian is invariant under local gauge transformations.
2.1.1 Electromagnetic Field as Coupled Oscillators

We consider the situation where our system is not near any local charge distributions, allowing
us to use the source free Maxwell Equations. We begin with the Lagrangian, which we know from
construction in the previous section is gauge invariant. Proceeding with a Legendre transformation
we derive the Hamiltonian through a canonically. This procedure results in a complete introduction

of the first character of this story, the field. We define the kinetic energy term in the Lagrangian

—1

L =
4ppc

F F™ (2.3)

Which when integrated over all of space, L = [ Ld*x gives the total Lagrangian. Upon minimizing

the action, S = f Ld*z with respect to AM, we find the momenta to be 7 = %. In component
n
form we have, 7 = % and 7 = 0, where we used Fy; = —FE; and Fj; = €;;1 By, [1]. Note

how one of our momenta is zero, this is a result of our U(1) gauge invariance from the previous
section. The Legendre transformation takes our Lagrangian and moves it from configuration space

to phase space, resulting in a Hamiltonian described in terms of its conjugate variables. Resulting



in the electromagnetic energy density in classical dynamics

1 1

H=- / (EOEQ + —32) d*z (2.4)
2 Ho

Our goal is now to derive operator expressions for E and B such that the Hamiltonian is now

an operator function. As discussed previously we will utilize the vector potential since all other

quantities can be found from it. Beginning with the wave equation

We imagine the system placed within a large box of V' = L3 and apply periodic boundary condi-
tions resulting in plane wave solutions of the form, A(x,t) = \/%T/ S Ag(t)e?" where the wave
vectors obey, k; = 2”7" and n; is an integer. In order to arrive at 4.4 we applied a gauge fixing
condition. The reason for that is because when determining the equations of motion, the conju-
gate momenta with respect to the scalar potential is zero. Mathematically, this means in classical
phase space we can’t assign all the velocities to the momenta. So the necessity of a constrained
Hamiltonian must be introduced. Introducing Lagrange multipliers into the constrained Hamilto-
nian allows for a valid Legendre transformation. Following this process first laid out by Dirac, we
find the necessary constraints lead to fixing a gauge. In the Coulomb gauge the vector potential

satisfies, V - A = ik - Ap(t)e’* = 0 or that k - Ay = 0. This also means that there is no

1
VeV Z
longer a scalar potential, therefore, the vector potential is now a three-potential. This constraint is
what allows us to consider a basis of two orthonormal vectors which will become the polarization.

Plugging the solution for the vector potential into 4.5 we get

2

(2 W) A =0 (2.6)



Where we defined w = ck. The equation above is nothing but the massless Klein-Gordon Equation

which can be easily solved with Fourier techniques

Az, 1) = S e™ T +up () ep, e
(z,1) \/E()_VZUk Jexse U ()€€ (2.7)

Here we defined the mode function, uy, = ayse~“* and sum over wave-vectors and polarizations.

Constructing the electric and magnetic field in terms of these modes as

. 7 :
E= Weslps€rs€F ™ + C.C
\/V_E() Z ks Uks €k
(2.8)
B = uskzxesd”—i—C’C'
T 2 e x i)
Now inserting the above expressions into the Hamiltonian
H=2> wupui, (2.9)
ks

We can re-write this equation in a more familiar form by defining functions p; and ¢y that satisfy

the equations of motion, % = pis and dg’;s = —w?qys. From this it leads, ¢ = wug, + uj,

and p = —iw(uys — uj,). Solving for the mode functions and inserting into 4.9 we recover the

Hamiltonian for a classical harmonic oscillator

1 2 2
H=3 ;(pks + W) (2.10)
Proceeding canonically we promote p and ¢ to operators that satisfy, [qxs, pyr '] = th0,,/ 0, . For-
mally they are written as
1 .
Aps = 2—<Wka + Zpks)
w (2.11)
al = L(w — Dks)
ks 2% Qks Pks



Upon this promotion to operators we arrive at the quantized Hamiltonian for the electromagnetic

field

1
H=> wla},a + 5) (2.12)

ks

Along with the operator description of the fields

- 1 .
A= . —»8 i(k-r—wt) H.C

I o = _i(k-r—wt)
E=i %: \/ 317 ey s Cist +H.C (2.13)

= 1 - .
. / -\ i(kr—wt)
B=1 kgs 2vw€0ak5(/€ X eks)e +H.C

This first section introduced the supplementary character for the story we are going to be discussing

in this thesis. However, we are interested in the atom and its interaction with the field. In the
following section we develop the theory of the atom, and derive the canonical model of spin—%
atoms. Following this we focus on developing some mathematical tools in the context of atomic

cat states, and Heisenberg limited measurements, that will be used in the spin-1 theory.
2.2 The Atom and The Field

In the previous section we developed a quantum mechanical description of the supporting char-
acter in our spin—% story . In this section we will introduce the main character, the atom. Further-
more, this section will be to develop the dance between the atom and the field, which we can then
easily extend to the case of spin-1 atoms.

(Allow me to fade from the first person plural momentarily, and discuss the intuition for this inter-
action. Like the field being a harmonic oscillator, so is the atom, I imagine the atom containing a
small spring locked inside oscillating at a frequency w,. Such that when interacting with the field it
causes this little spring to either advance or slow down its oscillation. We determined the field can

be described by an oscillator, which when coupled to the atom, it combines to a "big" oscillator



lg}

Figure 2.1: A model of a spin—% atom labelled by the ground state, |g) separated by a transition
frequency w,.

where the spring has been damped to a detuned frequency.)

A spin—% atom is the simplest model we can conceive. The structure is composed of two energy

levels, |g),|e) which spans the Hilbert space of dim(H) = 2, where N is the total atom number.
The quantized field causes excitations of the electron leading to transitions between these levels.
Defining the zero-point energy of the atom to be in the middle of the transition, the Hamiltonian
takes the form:

Hatom = WaSz (214)

Where S, = 1(|e) (| — |g) (g]). Imagine we take the atom and place it inside a cavity motionless.
Initially the cavity is taken to be in a vacuum state with the atoms cooled down so that their center
of mass motion can be neglected. To this point we have taken the electric field to spatially vary
in the cavity, but in practice the wavelength of the light is magnitudes larger than the size of the
atom, therefore, the position dependence of the field can be neglected. This is known as the dipole

approximation[15]
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Figure 2.2: Atoms can be arranged on the node or anti-node of the cavity field, to maximize the
coupling the atom is usually placed at the anti-node. The coupling induces an atom-light interaction
term, g(S_a' + S, a), which causes the the excited and ground state manifold to be dressed by the
eigenstates of the Hamiltonian.

2¢9 (2.15)

Here S_ = |g) (e| and S; = |e) (g| are the raising and lowering spin operators for a single atom.
We also defined the mode function from 4.9, u(r) = %, such that u(r) = 0 on the boundary of

the cavity walls and [ |u(r)|?d®r = 1. The coupling constant, g(r), arises at the location of the
atom on the wave and if the wavelength is in the visible spectrum it is much larger than the atoms
size, therefore, u(r) = u(0) = 1 so the position dependence is negligible. The reader will notice
that our final form for the interaction only involves two terms instead of four. The missing terms
correspond to S_a and S, a'. The physical interpretation is as follows, when the atom transitions
from excited to ground state, a photon in the field is simultaneously annihilated. While the other
term conveys that the atom moves from ground to excited while a photon is created. When the
frequency of the atom and field are close, they correspond to non-resonant processes and as such
play a minor role in the evolution when compared to the resonant processes. Thus the final step

corresponds to neglecting these, hence making the rotating wave approximation[15]. We now can

10



present the setting of the story with the full model describing a single atom interacting with a
single electromagnetic field mode, and each characters corresponding energies. This is a stripped
down version of QED known as the Jaynes-Cummings model[4] which to good approximation can

describe many phenomena in Quantum Optics

H = w,S. + g(S_a' + Sya) + wea'a (2.16)

2.2.1 Dispersive Interactions

In this section we turn to the investigation of a particular regime of the Hamiltonian derived in
the previous section. We eliminate the cavity field degrees of freedom through a new method of
time-averaging which is discussed in detail in the appendix. This procedure is equivalent to tracing
over the field variables in the density matrix. This collective interaction has been experimentally
powerful in the investigation of spin-squeezing, and quantum information[16, 5, 17].

Considering collective interactions by placing a large ensemble inside the cavity, and assum-
ing the cloud interacts identically with the field. Making a Markov-Approximation the cloud is
assumed to be dense so that the interactions take place on the same time-scale across the spatial

distance of the atoms[15].
N . .
H=> w,S+g;(5’a’ + §a) + wea'a (2.17)
j=1

iHpt

Then through a unitary transformation U = e where Hy = Hgiom + Hticilq We move into the

interaction picture, where we define the atom-cavity detuning as A = w, — w,

Hins = Y gj(aS%e™ + H.C) (2.18)

J

In the dispersive regime the detuning is at a time-scale that is oscillating much faster than the scale

11



of the coupling, and cavity linewidth, A > ¢, x

t
Heff = _ZHznt/ dTHint(T)
0

= > BE(SLS +ala(S1S7 — L) (2.19)
ij

(JoJ_ 4 2atalt,)

<

When, A is large, e*2, is oscillating harmonically compared to the time-scale of the dynamics of
the atoms, allowing the use of the time averaging. These methods have been developed in a varying
of contexts which give the same result, however, the strength of our method is in its simplicity
[18, 19]. Moving from line two to three we assume the coupling to be homogeneous throughout
the ensemble, and define the collective operators, J, = ZZV St . The final assumption we make
is that the cavity is initially prepared in vacuum so that the mean photon number, (0| a'a |0) = 0.

Thus our effective spin-spin interaction becomes

2

H.pp = gzm_ (2.20)

Physically, this Hamiltonian is conveying the following fact about nature. When the ‘" atom emits
a photon into the cavity, the j** atom absorbs it. Thus, one can imagine two spins starting anti-
aligned, then when the interaction ensues, the arrows begin flip-flopping. The effective interaction
is describing spin flips mediated by the electromagnetic field. This Hamiltonian is the starting
point for the description of many beautiful phenomena in nature such as spin-squeezing, and non-

demolition [5, 11, 20, 21].
2.3 Experimental Analysis of H.;,

A hallmark of Quantum optics is the study of coherence in atom-light systems, and of recent in-
terests has been to realize quantum simulators through effective interactions. Possible realizations

have been studied through phonon-mediated coupling in trapped ion systems, and direct atomic

12
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Figure 2.3: A diagrammatic description of 4.21, demonstrating how the cavity field mediates the
spin-spin interaction.

collisions. A new method utilizing the effective Hamiltonian in the previous section, demonstrated
tunable spin-spin exchange interactions on the clock transition of a superradiant laser [5].

The experiment is the same system we described above, where the lasing is occurring on the clock
transition of Strontium-87 in the ground state manifold. Upon tuning further off resonance the
cavity field can be eliminated and slaved to the atomic variables, which results in 4.21. Using the

angular momentum algebra we can re-write the Hamiltonian

2

Hep=S(2 = J2+ J.) (2.21)

The final term in the Hamiltonian above just is a single particle rotation and can be neglected in
the large ensemble regime. The term, J? is a frequency shift which causes the states to undergo
one-axis twisting. The final term, J? creates a many-body energy gap which prevents single par-

ticle dephasing. This similar interaction arises in the case of spin-1 atoms and it plays the role of
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fixing us in a decoherence free subspace.

This model can be mapped to the Familiar Heisenberg spin-chain which in the condensed mat-
ter community displays some well known properties. One, being a global spin-precession of the
collective Bloch vector, and second an opening of an energy gap. Both of these features are mea-
sured in the JILA experiment, and are a large step in developing new advances in atomic clock

technology, and precision measurements.
2.4 A Quantum Zoo

The remaining part of thus chapter on spin—% atoms is dedicated to applying the formalism built.
First, we will introduce a zoo of states, starting with the atomic-coherent states, and their represen-
tation in the angular momentum basis, and subsequently we will demonstrate their evolution into
Atomic Cat States. These states are the analog of field cat states which were first experimentally
realized[13]. These highly entangled states have proved to be useful in precision measurements,

which we demonstrate theoretically can reach the Heisenberg limit.
2.4.1 A new basis

This Hilbert space is a vector space determined by the Lie group SO(3), whose infinitesimal
generators are, 0; where j = 1,2, 3 define the Pauli-matrices. This basis is isomorphic to SO(3)
because the commutator of the basis elements give the same description. SO(3) is the group of
three-dimensional rotations. Thus we can identify our Hilbert space geometrically as the sphere.

Furthermore, any single spin—% state can be parametrized as a point on the sphere as[22]
0, ¢) = cosy lg) +e sing le) (2.22)

2.4.2 Dicke States

In this model we have been considering an ensemble of N two-level atoms. The most general
state for the ensemble would require specifying the state for each individual atom, however, in a

course-grained approximation it is adequate enough to consider the sum over all atoms. We define
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the collective atomic operators as

N .
Jy = S
j=1
N (2.23)
J.=>_ 8
j=1
Where the spin operators are in terms of Pauli matrices, Sy = %=. With this description if we also

make the assumption the atoms are identical, then we need not to account for their spatial location
since they will be interacting with the same local environments. This set of operators obeys the
commutation relations,[.J;, J;| = i€;j5Jk, [J+, J_] = 2J,, and [J,, Jo] = £J,.

A basis for the collection of two-level atoms can be assigned as

|N1>1 |:u2>2 |:u3>3 |ﬂj>j |MN>N (224)

Where in the above each i; can take the values, |e) or |g) respectively. There are then 2V possible

states, which we define through a product state

[o; M) = ) le), X) 19 (2.25)

kev kv

with the vector =j, ..., jn/24m Which denotes the number of atomic labels, and the number N /24
m 1s the total population in the excited states, and m = % is the atomic inversion number.

These product states are eigenstates of the collective inversion operator

J, |v;m) = m|v;m) (2.26)

Algebraically these operators form a basis for the su(2) algebra, and in representation theory,
a top or bottom weight is chosen from which a ladder of eigenvalues and eigenvectors can be

constructed. This "weight" is the just an eigenvalue of the "weight-space." The algebra su(2) has
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a finite irreducible representation, therefore, contains a highest weight state. When this state is
acted on by the raising operator it has a zero-eigenvalue. Physically, this puts a restriction on the
energy-eigenstates of our problem. The raising operator cannot create states above the total particle

number:

J _
T2 9

— > =0 (2.27)

We can move up and down the ladder of inversion states by applying the raising or lowering
operator. The issue is that these operators in general connect one initial product state to a whole
manifold of final states which is inconvenient. To resolve this we can then introduce a new basis
which is now an eigenstate of the Casimir operator of su(2), which is the total collective spin,

J? = J2 + J} + J2. We define the states as

J2 N Gom) =40+ 1) A, j,m)
(2.28)

JZ |A7j7m> - m|A7j7m>

The allowed values of J are &, % — 1, .. and orbital angular momentum, m, are bounded by —j, 7 +

1,...7. The variable \ distinguishes between the degenerate j,m states which we will omit from this

point further to follow standard convention. The ladder operators act on the Dicke states as

Tolgom) = /(7 —m)(j +m+1)]j,m +1)
(2.29)

J_ljm)y =G +m)j—m+1)]jm—1)

This algebra now only connects between single states instead of product states. We can construct
these in terms of a generalization on the Bloch sphere by applying a unitary operator to the Dicke

states defining the atomic coherent states[22]

0, ¢) = D) 17, =) (2.30)
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9

26*”’. This unitary operator can be

where D(n) = exp(nJ; — n*J_) and the constant n =

disentangled by using the Baker-Campbell Hausdorff formula to be

(n) = exp(nJy)

TR (3D

Upon which application to the Dicke state results in the atomic coherent state for an ensemble of
atoms
2 N 1/2
2 0 0
=2 (/%7 ) sin*geos¥ ™5™ |i.k ) 232)
This collective expression is in terms of the basis states for the Casimir operator and .J,. These will

be the starting point for our development of atomic cat states in the following section.
2.4.3 Atomic Cat States

In the previous section we developed a way to represent an ensemble of atoms in the Dicke
basis, which is algebraically is related to the su(2) angular momentum algebra. The initial state
for the atoms is the atomic coherent state in this basis, which we will now study the consequences

when evolving under non-linear evolution.

2j 2 1/2 9 9
10, ¢) = Z (k:) sink§cos2j’k§e’”“¢ |7,k —7) (2.33)
k

Evolving under the Schrodinger Equation using the effective Hamiltonian 4.21

() = et 6, 0)

A 2\"? 0 L. .0
— o iHepst -k 2j—k” —iko | ; k— i
e g ( ) sin’cos™ " oe |7, J)

. k
2N\ 0 Y R (2.34)
_ ; (];7) o—iké Smk56082]71656717(%%)%2 1,k — j)
2N\ 0 L 0
= ; (lj) e ke sinkicos%_kéeﬁk(kﬂ) l7,k —7)
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Defining a new phase, ¢ = ¢ + 7(2j +2) and set T = % = ~. To deal with the quadratic

nature we check the periodicity of the unitary operator em*(+1[23]. Which allows the application

of Fourier decomposition by splitting the evolved state into even/odd Fourier series. First consider,

k—k+m

o (k1) _ O (k1)

(2.35)

(1)

. .92 .
¢ _ B rm)?

(2.36)

_ (_1)m€i;f (k+1)

From the above results we see in the first case that our state will revive when m is an odd integer,
and the second when m is an even integer. Revival is when we begin with the initial state and after
a period under evolution it will return back to this state. In this problem we are beginning with an
minimally uncertain state and we expect to return after a given amount of time known as the revival

time which here is 27[24]. We decompose the evolution into even and odd Fourier components as

m—1
s Z 2miq
q

_— (2.37)
W
q
Where f7, f; are even and odd coefficients respectively as
1 m—1 i _
(o) — — =24 (k1)
. (2.38)
1 i —271 im 1.2
() — — T ko k
fa m Z € ¢

k
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From a mathematical perspective this is useful because we took a result that was quadratic in the
eigen-energies and linearized them through a decomposition. But, this is an insightful result from
a physical perspective as well. Imagine you want to run an experiment and you are interested in
determining a particular state that is a result of some non-linear evolution. Provided it is periodic
you can determine the collapse and revival times which allows the experimentalist to probe time
their dynamics systematically. Beginning from an atomic coherent state the evolution has resulted
in even and odd coherent states that are out of phase with one another.

m

m—1

() oaa = Y FO10 6+ — (25 +2 —20) >
o (2.39)

) cren = D N6+ (2 +1 - 20) >

q
A method to see the cat states arise under time evolution is to look at the diagonal components
of the density matrix, which represent the population statistics of the atoms. To determine this
we use a quasi-probability distribution [25, 22], known as the Q-function. There are several other
functions of merit to quantify the dynamics of the state such as the P-representation or Wigner
function. The problem with the P-representation is that this function need not always exist, on
the other hand the Wigner function, while it always exists, it strays away from the meaning of
probability distribution as it can become negative. Also, since our goal is to look at systems of
higher spin the Q-function is easy to calculate numerically, while the Wigner function depends on
the algebraic properties of the group because it ultimately is an integral over the group volume(Haar
measure), which are notoriously difficult to calculate for higher SU(N) groups[26, 27, 28]. The
Q-function in terms of the angles defining the atomic coherent state is defined as
25 +1

Q=" —(0.4p16,9) (2.40)
v

Here p is the density matrix defined to be, p = [¢(t)) (¢(¢)|. In order to see the how the state

evolves we calculate the density matrix at various times on the interval, [0, 27| and plot the Q-
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Figure 2.4: Q-function from simulation time-evolution of atomic-coherent states with the effective
Hamiltonian. The top position is the initial atomic coherent state in |—g, §> The time-evolution
is seen by moving clockwise, at which the bottom position we see two distinct distributions which
represent the coherent superposition of states out of phase. At¢ = ;—?2 = 27 we recover the initial
state showing the periodicity.

function on the Bloch sphere (Fig 2.4). In the diagram we see that initially the ensemble starts
localized, and upon time evolution the distribution is slowly separates until we see two well local-
ized distributions. At this point the state is in a superposition of atomic coherent states, known as
an atomic cat state. Continuing the evolution at ¢ = 27 we have a complete revival to the initial
state.

Several theoretical schemes have been put forward to generate these states and have recently
even been verified an experimental setting[29, 30], and now that we have mathematically demon-
strated their possibility of existence, we would like to discuss what makes them difficult to detect.
The evolution time is defined as t = n’;—g%. If one wants to experimentally create these states, we
need to generate coherence between the atoms as fast as possible in order to prevent rapid de-

coherence due to heating and atomic collisions. To achieve this we need our time to be small

which implies that g must be large, however, this parameter is influenced by experimental tech-
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nicalities and it wasn’t until superconducting cavities were utilized did this regime become more

accessible[31, 32].
2.44 How precise can we be?

The final portion of this chapter is dedicated to an application of these states, and how powerful
they can be in non-demolition schemes. Imagine we want to create a new device, that requires
precise measurements of particular quantities such as time. Furthermore, we want an atomic clock
that gives measurements proportional to 1 /A where N is the total number of atoms in the cavity.
Achieving this value is known as the Heisenberg limit which is an upper bound on how precise a
measurement can be as a result of the energy-time uncertainty principle. In this final section we
demonstrate how cat states result in measurements of an arbitrary phase of an interferometer that
can reach this bound. The experiment we are considering is shown in the figure. Consider input
light through a beam-splitter where we interested in measuring a random phase. We consider the

atoms to be initialized in a product state

¥(0)) = H 19); (2.41)

To generate the atomic cat states we apply a non-linear rotation on [¢(0))

() = e %7 |1(0)) (2.42)

Utilizing our mathematical tricks from the previous sections we want to linearize this operation.
Writing, J, = e Jze%i”y, we see that the eigenvalues of this operator are going to be integers
proportional to J,. Therefore, J2 will be proportional k? where k is an integer, which from the

previous section is periodic in an integer m

im 72

m—1
em T — Z fq(e)ezzzq Jo (243)
q
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We now specify to the case of m=2 and derive analytic solutions

3
L

eFZ|p(0)) = N fIPe R 4h(0))

1
‘>+ e = 6”‘]’“ |ggg”> (244)

V2

—=eT(|lggg.) + ()¥ " Jee..))

smlwm

We saw in deriving the Dicke States we can move between the computational and angular momen-
tum basis by unitary operators. The cat states derived in the previous rotate into the states above
under e~ 5" . Physically, this means we can create another state to add to our quantum zoo, known
as a GHZ. The GHZ state is just the atomic cat state in a rotated basis, where in this problem the
angles are § = 7/2 and ¢ = —7/2[25]. Next we perform the step that introduces the phase to be

measured

. i 1 —i 4
=TT |1h(0) > = ﬁe T(e 2N¢|gggg > ()N 67N¢|eee... >) (2.45)

Where ¢'?/: = ¢#29: = []e%?=. To complete the measurement scheme we apply the inverse

non-linear transformation which amounts to ¢ going to —1.

(o) = € 325 7% 1p(0))

(2.46)
= oS (ggb> l9g..) + iV sin(g(b) lee..)

To characterize the precision measurement we need to determine the sensitivity of our phase by
applying the error-propagation formula, by first determining the variance of the collective inversion

operator

N
<wout‘ Jz |wout> - _? COS N¢

A‘]Z - \/<¢out’ J,? |¢out> - <¢out| Jz |¢out>2

(2.47)
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With the above result we find the sensitivity to be

AlJ,
A¢ - \/(8<"/)outr]z¢’out> )2

¢

(2.48)
1

N

Furthermore, there highly entangled states played a major role in this scheme reaching the upper
bound in precision measurement. This theoretical work has recently been carried out in a variety
of experiments[33, 34, 35, 36].

This chapter primarily was to introduce the simplest atom-light interaction; an ensemble of
spin—% atoms interacting with a single cavity field. We then derived atomic cat states through the
evolution of an effective spin-spin interaction. These then proved to be valuable in a particular
measurement scheme where we found that in a beam-splitter we can reach the Heisenberg limit.
The remainder of this thesis is focused on spin-1 atoms, and its interaction with the electromagnetic
field. We focus on a first principle derivation of the effective spin-spin interaction and demonstrate
how we can realize spin-1 cat states in a symmetric subspace, and how we can map the physics to

a optomechanical interaction and realize electromagnetically-induced transparency.
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3. SPIN-1 THEORY

3.1 Spin-1 Interactions

A central goal of quantum information is to study coherence and its consequences. Applica-
tions for systems demonstrating stronger coherence include macroscopic states, quantum memory,
and state transfer[37, 9, 10]. A central problem with the system we described in the previous
chapter is spontaneous emission, while experimentally the dynamics can occur in a ground state
manifold, there is still heating from the transitions. Heating leads to rapid decoherence, which pre-
vents the creation of long lived states for the applications above. In this chapter we theoretically
describe a platform that is robust to decoherence due to the absence of spontaneous emission in the
ground state manifold. First, we give a description of the atom-light interaction for spin-1 atoms
and a single cavity mode through the dipole Hamiltonian. We show that in the dispersive regime
we can adiabatically eliminate the excited state leaving a Hamiltonian described completely by the
ground states. We end the chapter by changing from the computational basis to a collective spin

description.
3.1.1 Spin-1 Model

The model we are going to derive is to represent an ensemble of spin-1 atoms interacting with
a quantized cavity mode. The cavity field is taken to be quantized along the x-direction with
polarizations in the y direction denoted as horizontal and z direction as the vertical. The starting

point is the quantized electromagnetic field

3.1

. ezk~m

Here the mode functions are defined as, u(z) = 7

Our first approximation to the theory is that for an atomic system £ - x is going to be small number

with the normalization fOL lu(z)|*d3z = 1.
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Figure 3.1: The cavity field(red) is taken along the x-direction, with the atoms(orange) places in
the cavity. We model an atom as an excited and ground state manifold. The excited state is taken
to be I’ = 0, my = 0 angular momentum and ground state /' = 1, my = —1,0, +1.

because k -z = 27”% where ) is the wavelength of the cavity field and a, is the Bohr Radius[15].
Provided the light field is in the visible spectrum, the wavelength is much larger than the size of
the atom. This allows us to set u(x) = u(0) = 1 which is the electric-dipole approximation. We
now construct the dipole operator by applying the identity to both sides of d and using the fact that

transitions within the ground state manifold are dipole forbidden

d = (e| [0} e) (O + (el d|+) le) {+] + (el d| =) |e) (~| + H.C (3.2)

The dipole-interaction is then taken to be

Hgyp = —qr'- E(a:, t) (3.3)
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Using the definition of our above operators for the field and dipole

Haip = go le) (0] a + g5 |0) (el al + g e} (+]ay + g7 |+) (el a} + g—le) (~[ay + g7 |-) (e| a]

(3.4)

In deriving the Hamiltonian above we considered the model atom to be rubidium-87 where
the excited state manifold consisting of a single level is given by F' = 0 and m; = 0[38]. The
ground state manifold is then, ' = 1 and respectively all orbital angular quantum numbers m; =
—1,0,+41, see 3.1. Then using our defined coordinate system the only non-zero matrix elements

are given by; (e| (z-€2) |0), (e| (y-€,) |+), (e| (y-€,) |—), along with their complex conjugates. The

hwe

effective couplings are defined as, gy = ¢4/ 57

from which it follows: g, = —igs (e| (2 - €2) |0),
g+ = —igr (e| (y - &) |+), and g_ = —igy (e| (y - €,) |—). In arriving at Eq 3.4 we made one other
approximation which are the terms that go as, |e) (0| al and |0) (e| a. along with all permutations of
the states. If the frequency of the field and the atom are nearly resonant these terms will correspond
to non-resonant terms and thus will play little role in the evolution of the system, and so we can
neglect them[15]. With the atom-light Hamiltonian we now write down the rest of the system, for

the field and atomic energy levels

Hypjera = wc(azay +ala,)

3.5)
Hatom = Zwi ‘Z> <Z‘

Here w; is the atomic frequency and 7 indicates the level, for example |e) (e|, not the atom
number, and w, is the cavity frequency. For the remainder of this chapter we will consider an
ensemble of atoms in the cavity unless stated otherwise. The atomic cloud is taken to be dense so
that we can assume a Markov approximation for how the atoms interact with the field mode. We

then sum over all atoms and define, S;; = |i) (j| for convenience. It is important to point out that
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these are not collective operators

Hyielq = Wc(azay +ala.)
atom Z (36)

Haip = 2905 00z + 95550l + g4 Sty ay + ¢3S al +9-Si_ay +g° S a

It is now most convenient to work in the interaction picture by applying a transformation using the

free Hamiltonian.

Hipy = Zgoséoaz By 9050 z Ay 9+Si+ay€mt = g+S:L|’€ y€ Ay ngéfaye‘At + giSieaTe

%

(3.7

In 47 A = w; — w, is the atom-cavity detuning. In deriving the above equation we used

that an operator transforms as, O(t) = ¢!Oe =" and that the commutation relation between the
pseudo-spin operators are [S;;, Ski] = 0xjSu — 91 Sk;. We now make a further approximation to the
theory which is when the detuning is the dominating time-scale, A > g¢;, k where « is the cavity

line-width. In this dispersive approximation the exponential oscillate harmonically, allowing the
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application of our time averaging procedure, described in Appendix A.

Heff = Hspon + Hstark + HRaman + Hcoupling

Hoon = > 2005t s, + E5s s, + 0 50 4+ I g1 92905@05

tj

Hstark = Z F+9+ (52+Sie - SieS£+)aLay + g

- (5187, — SL,S1 Jalay + B (51ySh, — Si.Sh)ala.

A A

ij

gg+ ; 9+ 9+9° i o 9-9% i
HRaman Z S SJ A —5t SJJF y y+ A Se_‘_sj,e A S Sie y

j

909 i o 9490 i 9og~ 9-95 ai
Hcoupl'mg = Z A+SEOSieaLGZ_ ZOS SJ+ a, y+ A S]—e y a, — AOS Sg_ a,a

ij

+ 9+A90 SZ S(]

9094 i 9-90 i 909~ i
ey — AJrS SeO ya3+ AOS S(]e Ay — A S SJOG’ a:

(3.8)

The interaction between spin-1 atoms is more complicated than the Jaynes-Cummings effective
theory because higher multipole moments from the electromagnetic field are manifesting. Later in
the chapter, we show these are coming through as second rank tensors in the atomic field operators.
We can simplify by expanding the sum into ¢« = j and ¢ # j, the latter term vanishes in all terms

above except for the spontaneous emission

2
i i i i 9" i j
Hspon = Z KS OS + AS +S<]ke + ASe—SJ — ZSG_S] — ZSe_’_SJ,e
i#]
2

+Z—SZ + Asge + Asge

- g 7 i g 'L' gO %
Hstark_z S _S ay+z — O Cly"—z —SOOCLCLZ 3.9

2
HRaman = Z g_ SZ -+ SZ—+)azT;ay

Z\/_g

Z\/_g i
Hcoupling = Z ( -5t ) 2t

7

( 0— _S(Z)Jr) 2 Ay

In chapter 1 we found that it was easier to deal with dynamics when working in the collective

angular momentum basis. Therefore, we determine a transformation from the computational to
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angular momentum basis in the following. The spin-1 algebra will be discussed in more depth in
later chapters, so we just quote the form of the operators here. F7 = |+) (+|; — [=) (—[; and
FL = V/2(]4) (0] 410) (=]);» F2 = v/2(|=) (0] + |0) (++]),. Using non-linear combinations of the
operators we can construct the .S;; in terms of these. For example the states, Sé L= % R —

—FIF} . ; o
\/E . We then define the collective operators, F' = Ejvzl F7. We then make an approximation

to the excited states, since we are working in the regime, A /g >> k, the probability that the atom

reaches the excited state manifold is negligible,therefore, we neglect terms with |e) (e|

2 2 2
Hstark - —ngjaL(ly - %(1 - F,f)aiaz
2
Hpaman = 5 (F2 = F})aba, (3.10)

2
Heoupling = Tg((alay + CLLGZ)Fy +i(F,F, + F.F,)(ala, — aLaz))

Before we proceed in adiabatically eliminating the cavity modes, and discussing a more phys-
ical picture. Lets discuss why the Hamiltonian takes the form that it does. In the above equations,
the Hamiltonian is constructed of three types of terms; scalar, vector, and tensor. We will discuss
each of these in succession and their relevance to experimental situations.

First, the scalar term arising in the Stark shift Hamiltonian. The Hilbert space structure is given
by, Id® a;ay. Theoretically, and experimentally we are interested in the observables related to the
atomic degrees of freedom, and since this term is proportional to the identity on the atomic Hilbert
Space and can be eliminated by tuning a probe to the magic-zero or tune-out wavelength[39, 40,
41].

Second, the vectorial term which is linear in the atomic operators admits a nice interpretation
in a classical electrodynamics. Noticed first by Faraday, when a medium subjected to light and
a magnetic field it causes the plane of polarization to undergo a rotation[42]. This is what the
vectorial term is telling us, the field propagating in the x-direction undergoes a rotation by the
interaction with the atoms in the cavity. In optics this interaction has played a fundamental role

in non-demolition of quantum spin systems[43, 44] and will be our main course of study in the
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remaining portion of this thesis.

Finally, the tensor terms which contains all the quadratic operators. While vector terms was
rotating the circular modes of the field, these are doing the same except now to the elliptical
modes arising from the quadrapole moments of the field. Theoretically these terms are hard to
deal with if we want to develop an only spin degree system. It turns out that experimentally the
procedure of dynamic decoupling[21] for pulsed measurement schemes will eliminate this term. It
was demonstrated that this term in general vanishes if the probe field and external magnetic field
are at ArcTcm(\/ﬁ) to one-another[45, 46]. Furthermore, for the remainder of this thesis we will

focus on the vector term, and how we can realize spin-spin interaction from it.
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4. PHOTON MEDIATED INTERACTIONS BETWEEN SPIN-1 ATOMS

In the previous chapters we dealt purely with the Hamiltonian describing the atom and the
light, we found that the physics of this interaction can be mapped classically to the Faraday Effect,
along with higher quadrupole moments. Using experimental techniques for the type of problem
we are interested in, we neglect higher order corrections and purely focus on the vector term.
In this chapter we are going to describe this interaction in perturbation theory by moving into
the dispersive regime, allowing us to apply the method of time-averaging. Through adiabatic
elimination of the fields we derive a Hamiltonian describing spin flips between spin-1 atoms, which
will resemble the physics of what we did in Chapter 1. With this model we will investigate certain
consequences. First, we will investigate the preparation of highly entangled states when working in
a fixed angular momentum manifold. Next, we will look into the story of when we allow angular
momentum mixing, and finally we discuss how one may develop electromagnetically induced

transparency, which mimics interactions in optomechanical systems.
4.1 Spin-1 Model

An outstanding goal of physics is to be able to encode information in highly entangled states
with long coherence times. However, entanglement is a non-local process while the interactions
are necessarily local which in turn puts a restriction on the allowable states. In this section we
derive an effective non-local interaction by eliminating the cavity modes, resulting in a pure spin
degree of freedom system. These sort of interaction are only recently being engineered in experi-
mental setting first used for quantum metrology on atomic clock transitions[5, 20], and processes
analogous to spin-mixing in Bose-Einstein Condensates[47, 48]. We find that these states are par-

ticularly useful for replicating interactions similarly found in optomechanical settings.
4.2 Adiabatic Elimination of Cavity modes

The scheme for generating spin-spin interactions is given in the 4.1. There is a Fabry-Perot

cavity supporting an electromagnetic field propagating in the x-direction. We then consider a
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Figure 4.1: Depiction of the system being studied. A dispersive high quality resonator being driven
by a control field polarized in . An applied static magnetic field in z causes the degenerate ground
states to split by an energy gap of the Zeeman frequency.

static magnetic field applied perpendicular to the cavity axis in z. The Raman processes arise from

a strong control field applied with polarization in the y-direction. This results in the Hamiltonian

given by
_ 92
Hyp = T((alay + agTﬂZ)Fy
H B — wzF P
4.1
Hy = iey(aLe wat — g, et
Hy = w.(ala, +ala.)
Where the angular velocity of the magnetic field is, w, = —vyB where - is the gyromagnetic ratio
for the atom, and finally ¢, = %. In the previous definition, P is the power of the drive field,

k is the linewidth of the field, and wy is the drive frequency. We take the drive field to be strong so

that we can approximate it by a classical field in steady state. To determine the approximate steady
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state value we derive the Heisenberg equation of motion and use the ansatz, a, = a, e~

da ,
d_ty =1i[H,a,] + /i([a;;, ayla, + a;[ay, ay))
4.2)

= (—k — iwe)a, + e,e”

€y

Which by setting to zero with the ansatz we find o, = P pm—_

Going into the interaction

picture and defining the cavity-drive detuning, 6 = wy — w,., our Hamiltonian becomes

H = ?(aiayFJre_Z(MWZ)t — azozZF_ez(‘;J““Z)t — alayF_e_’(‘s_“’Z)t + azaZFJrel(‘;_“’z)t) (4.3)
i

The generation of coherent interactions is a result of the drive field being off Raman resonance.
Tuning the drive field to ¢ results in the two photon Raman resonance detuning, A, = ¢ + w, and
A_ = 0 —w,. When on two-photon resonance we expect the system to be in a superradiant regime,
but as the frequency of the fields get increased the decay gets suppressed leading to coherent
dynamics in the ground state manifold[6]. Hencefourth, the Hamiltonian takes the form

Q

H = ;(aiayﬂe‘m” —a.a) e —ala,F e ' + a,a)F e®") (4.4)
1

We are again faced with the situation where we have fast oscillating exponential when Ay > ¢,
allowing us to apply the time-averaging procedure[3]. Upon doing the calculation, we get terms

that appear as, e!(A+FA-)t,

We cannot just assume that these terms will average to zero based
off of previous approximation to eliminate the excited states. For the equation below to be valid,
the systems need to be far off of two-photon Raman resonance. The reason for this is that as we

approach the resonance condition the system induces superradiant decay. To achieve the former

we make a second time-scale approximation and require, [AL + A_| > |Qa,|. Provided, this
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holds the exponential’s can be taken to be zero, and the resulting Hamiltonian is

QN [ oy |y [? |y | |y [
:<f> “ala,F P — a0l F F, + —Yala,F_F, — Ay aal Fy F_

A, N
4.5)

To complete the derivation we make a final approximation to eliminate the fields. If a, is initially

in vacuum, then, (0| ala, |0) = 0 and (0] a.al |0) = 1 resulting in

Qe,/2|” (FLF.  F_F,
o= 4.6
2102 \ A AL (46)

This pairwise interaction is interesting because the coupling is controlled by the drive field ampli-
tude, where the sign of the interaction can be varied depending on the two-photon detuning. More
so, upon a transformation this effective Hamiltonian can be expressed as a spin-1 Heisenberg XY
with a transverse magnetic field in z. The sign of the interaction then determines if it ferromag-
netic or anti-ferromagnetic, which is demonstrated in the experiment by E.Davis et.al where they
saw the magnetization flip between ferromagnetic and anti-ferromagnetic order as the cavity-drive
detuning was swept through resonance. The spin-flip process is seen by hopping between the sites
mediated by an intra-cavity photon. Interestingly, in the experiment [6] they found that the inter-
actions feel a time-dependent spatial-gradient on the cloud on the time-scale of the spin exchange.
The atoms probabilistically were hopping towards the left edge of the cloud, the reason for this
is that coupling is not homogeneous. In the cavity the ensemble is initially displaced from cavity

center causing the excitations to "prefer" a direction to hop initially.
4.2.1 Symmetric Dicke States and Geometry

Before we discuss physical consequences of the Hamiltonian, first we need to understand the
Hilbert Space where everything is living a little bit better. The states in Chapter 1. composing
spin—% particles have the Pauli matrices as the basis of the algebra along with the identity. These

correspond to the Lie group SU(2) which are isomorphic to the sphere. However, by merely
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moving from n=2 to n=3 the group SU(3) and its corresponding algebra become a bit more com-
plicated, I am not sure about the reader but we have a hard time visualizing an eight dimensional
sphere where these states live. The nice aspect of such a large space is that it can be decomposed
into many smaller spaces. If we pick a specific angular momentum level F, then provided the mea-
surement times are faster than 1/T" where I" is the scattering rate, then the system will remain in
the same manifold. Algebraically, this means that we are working in a symmetric subspace, which
is well described in terms of Dick-States. The reason we can ultimately use these states, is because
SU(3) can be decomposed into several representations which are isomorphic to SU/(2). Through
various combinations of basis matrices of SU(3) we can create symmetric spaces that are alge-
braically the same as the spin-1/2 algebra. If we fix a specific angular momentum then we are pro-
jecting from our total space into one of these spaces. The spin-1 algebra is span{F?, F,, F,, F'_}.

We can then develop how these act on the angular momentum states

F?|F,m) = F(F +1)|F,m)

F.|F,m) =m|F,m) 4.7)

Fi|Fm)=+/F(F+1)—m(m=£1)|F,m+1)

Where the allowed values of F' are {N',N'—1, N'—2,...0} and m is constrained tobe { — F}, .0, ..F' }.In
the following section we will utilize these relations to explicitly derive the manifold of states for
two atoms and demonstrate how to connect the angular momentum description with the standard

computational basis.
4.2.2 Two-atom Spin-1 Dicke-States

The symmetric manifold used is F' = A where N is the total number of atoms, so for N' = 2
there will be three manifolds, F' = 2, F' = 1, F' = (0. Once we define the relations for these
states, we will determine the construction of Atomic-spin cat states for the /' = 2 manifold.When
constructing a space of eigenvectors for an algebra, we have to first specify either the lowest weight

or highest weight state. Then by repeated application of the raising or lowering operator we can
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construct a ladder of states inside our Hilbert Space. For N" = 2 we start in the lowest weight and

apply the raising operator and note that m =n, —n_

FllF=2m=-2)=F;|n, =0,n_=2,n9=0)
|[F=2,m=-1)=0,1,1)
|F:2,m:O>:i|1,1,O)+\/2\0,0,2> (4.8)
V3 3
|[F=2,m=1)=|1,0,1)
|FF=2,m=2)=2,0,0)
Where in the above the left-hand side represents the angular momentum states, and the right hand

side are the number states for the field. We can then translate this in terms of the basis, |+) , |—) , |0)

resulting in

F=2m=-2)=|—)
B B |—0) +10-)

|F=2m=-1) = 7

F—2m— p%(%% 2 00 (4.9)
B |+0) + [0+)

F=2m=1= 0L

Using this iterative method we repeat for the other two manifolds N = 1

oy F0) =0
|[F=1m=-1) = 7
|F=1,m=0) = % (4.10)
oy FO = 104)
|F=1m=1) = 7
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And finally for N" = 0

F—0,m=0) = —— (w) +-L 0.0 @4.11)
V3 V2 V3

Furthermore, we have constructed the spin-1 Dicke like states for the case of N' = 2. One can
verify that each of these manifolds are orthogonal to one another, and properly normalized. One
can extend this procedure further and derive a correspondence between the case of A atoms, but it
tedious and one must worry about convergence properties when determining the Clebsch-Gordon,
however, a calculation is presented in [49, 50, 51]. For the remaining section of the thesis we focus
on the dynamics of the decoherence free subspace of N = 2.

Decoherence is a persistent problem of quantum information, a non-unitary process, that in-
troduced through heating effects causes rapid decay of the off-diagonal elements of the density
matrix. This process is harmful when trying to engineer methods for information storage, creation
of entangled states, or precision measurements. For optical systems the noise is primarily intro-
duced through spontaneous emission. However, as mentioned above, this system takes place in a
decoherence free subspace. These spaces are special because they are in principle exempt from de-
coherence due to a particular symmetry in the environment. Given a state in these subspaces they
will all acquire the same phase under evolution so that any superposition of them remains intact
despite environmental influences. In our system the environmental factor we should worry about
is spontaneous emission. We already have adiabatically removed the excited state and transitions
between the ground state levels are all forbidden and only occur through spin-flips mediated by
virtual photons. Thus any superposition of states are going to be protected in this manifold from

spontaneous emission.
4.2.3 Spin-1 Cats in a Symmetric Subspace

In chapter 1 of this work we dedicated time to develop a Quantum Zoo of states. One of which
was the atomic cat states from non-linear time evolution. In this section we demonstrate that our

effective spin-spin interaction can create these states provided we work in a symmetric manifold
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at a fixed angular momentum. One purpose for making this constraint is that in this subspace the
geometry is governed by SU(2), where the standard coherent states are defined. We could utilize
SU(3) coherent state but the parameterization requires seven independent angles and the analytic
expression is not insightful[52, 53]. It is common in high energy physics to use these types of
states, but the basis they generally utilize is the Gelfand-Tsetlin basis[54, 55].

Beginning with the effective Hamiltonian in the beginning section we rewrite in a different form

using the angular momentum algebra

_19¢,/2) (F+F N FF+)

eff — K2 4+ 52 A AL
Qe /217 (FLF-A, L PRA
T OR24+02 \ ALA, ALA
|96y/2]" ((F2— F2+ F)A, L E - -FR)A- (4.12)
/{/2 + 52 A_A+ A+A_
\Qey/2]25

~ e AR

To get line four from three above, we expanded the definitions of the detuning, and factored the
equation which resulted in the constant, 5 = =, and y is the coupling. We take the initial state of

the atoms to be in spin-coherent state

oF\? ¢ 0
0.0) = ( L ) sin®Zcos®oe” M |F kb — F) (4.13)
k

Evolving the initial state under the Time-Dependent Schrodinger equation results in the following

state

¥ (2))

2F V2 ke 2F k0 ik itx(k(2F+1 F(1 itxk(k+1
) sint otk e ORI AT (1-9) fitxk (1) | B 1 _ )
k
2F
k

>

k

(4.14)

2 g ;o
) sink Zcos?t Rk gl v elm xR B g )
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In the above derivation we set, 7 = xt = ~ where m is an integer. We also defined the phases
¢ =¢+ Z(2F + 1+ () and ¢y = F(1 — 3). We note that in the limit where 3 = 1 we have the
same expressions as in the spin—% case. In chapter 1, we demonstrated that the unitary operator,
U = e'm**+1) i periodic for odd and even m. Following the same approach and expression from

the Chapter 1, we determine the even and odd Atomic Schrodinger Cat states to be

m—1
(oaa) = 75 > f1]6,6 + — (2F+ﬁ+1—2q)>

f:ol (4.15)
‘weven> - % f(e 0 ¢ + — (2F -+ ﬂ - 2q)>

0

q

When 5 = 1 the expression for the cat states above are equivalent to the Chapter 1 up to an overall
phase. When first investigating properties of these states we demonstrated their utility in precision
measurement of a phase. We sought to demonstrate the same abilities with these states, which
would be experimentally more useful because they would have a longer coherence time since they
live in a decoherence free subspace. A crucial part of that derivation was using the property, o = 1
where o; is a Pauli operator where we had to calculate ¢:. The problem is that in the SU(3) basis,
and spin-1 operators do not obey this relation, but rather, %" = 1 + isin(0)F; + (cos(0) — 1) F?
where ¢ = x, y, z. The evolution is non-trivial and initial calculation have shown that an analytical

expression may not be insightful and is left to future work.
4.2.4 Entangled Two-Atom State

The previous section demonstrated the evolution under the effective Hamiltonian in a fixed
angular momentum subspace gives rise to entangled superpositions of spin coherent states. Natu-
rally, what happens if we allow the angular momentum spaces to mix upon evolution? That is the
idea we address in this final section. First we fix some notation to distinguish between the angular
momentum state and computation state. For the orbital levels, m ¢, when in the zero level it will
be denoted as |F, m = 0). When in the computational basis the state, [0) will be given |0) so as to

not be confused. We will now use the construction from section 3.2.2 for the two atom states and
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study their evolution. Consider the spin-1 atoms initially in the Zeeman sublevel,

0,0) = % 0,0) + \/g\z,m (4.16)

Then evolving under the time-dependent Schrodinger equation using the effective Hamiltonian

from the previous section

po) = 0.0+ 2o
- (S -3) e+ (B4 0)

Here we used the definition of |0, 0) and |2, 0) in terms of the Zeeman levels which was derived

(4.17)

6,0)

in 4.2.2. Note that when ¢ = 0 we recover the initial state as expected. The motivation for studying
these states was from a recent experiment where the group was able to generate all nine Bell states
for three levels and perform quantum teleportation[56]. Unlike the standard Bell states constructed
with qubits, the added third level adds non-trivial phases to the states, and we were curious if we
would be able to generate them for two atoms. We are able to generate states similar at various
times, however, we are unable to generate the whole space because as can been seen above we
cannot create combinations with terms, |++), and |——).

In the case of two atoms there are variety of tools developed in the context of quantum in-
formation to study the entanglement between bipartite systems, a few being; concurence[57], and
Schmidt decomposition[58]. We look at the Schmidt coefficients, from which we can calculate the
Schmidt number which is the number of nonzero coefficients for the decomposed state[58]. We
calculate this for time evolved states at various xt to quantify the entanglement. In the appendix
we give a summary on the theory of Schmidt decomposition for pure states. In the following we

give an explicit calculation for yt = Z
—2 1~ ~
W) = 5 (H=) +1-+) -3 10,0) (4.18)
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Figure 4.2: Fidelity of the time-evolved state against |¢) = % (|[+—) + |—+)). Where, F =
[(p]2p())|*. For time xt = % the fidelity is nearly 1, which is max entanglement confirming our
findings from the Schmidt coefficients.

The first step is to determine the density matrix for this state

9 9
4 4
+ 5| (=l + 5 [ (]
+ % 19,0) (3, 0] + g 0,0) (+—| + 2 |0,0) (—+| (4.19)

The total Hilbert space H = H 4 (X) Hp is the tensor product of the space for the individual atoms

each of which is spanned by three possible states. To decompose we now find the partial trace for

each subsystem
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pa=Trz(p)
4 4 NG
:§|—|—> <+!+§\—> <—’+§’0> <0| (4.20)
=Tra(p)

:pB

Here we used T'r(|i) (j|) = d,;, and find the reduced density matrices are equivalent after tracing
out the other system. We observe that the above matrix is diagonal with eigenvalues, A\; = 4/9,
Ao = 4/9, A3 = 1/9. Then following the appendix the Schmidt coefficients are determined by
the square root of the eigenvalues. Notice, how we have a degenerate eigenspace, this implies
that the decomposition is not unique, we can find many basis to describe the state. This state
contains 3 Schmidt coefficients implying that it is entangled due to being larger than one. We
confirm the entanglement in another manner using the Fidelity see 4.2. The quantum fidelity is a
measure of "distance" from a reference state to the one of interest, our fiducial state is taken to be

) = Lz (|[+—) + |—+)) and the fidelity is found to be

(4.21)

O >

(1 — cos(6xt))

The 4.2 displays the behavior of the fidelity is periodic, at the points where it is maximum, the
distance between the time-evolved state and the reference is minimal. These points are occurring
for the states of highest Schmidt number indicating further the degree of entanglement.

In this chapter we were attempting to address the question of what is the particular regime
where spin-exchange interaction can be realized? And what type entangled states can be created?
We demonstrated that provided the cavity frequency is dominating compared to a weak drive field
we can adiabatically eliminate the cavity mode resulting in an effective Hamiltonian that described
a spin-flip process. More so, in a decoherence free subspace of fixed angular momentum, arbitrary
coherent superpositions of atomic states can be realized which are robust to spontaneous emission.

We further demonstrated that when the angular momentum states are allowed to mix we are able to
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generate highly entangled states which we quantified through their Schmidt number and fidelity. In
the final chapter we apply this the Hamiltonian on different grounds and see what phenomena can
be realized when on Raman resonance. We primarily focus on the application of electromagnet-
ically induced transparency which is has a wide range of applications for quantum informational

purposes.
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5.  ELECTROMAGNETICALLY INDUCED TRANSPARENCY

With the advent of increasing technological capabilities studying information in the context of
quantum many-body systems has become more accessible. An issue with quantum information
processing is storing and retrieving information. This arises in atomic systems by transferring
quantum states of light into metastable states of matter. A process well studied that achieves this
mechanism is electromagnetically induced transparency(EIT)[25, 8]. This technique of eliminating
the absorption of a medium is discussed in the classical setting in the first section. The unique result
of EIT is that it can slow the group velocity of light propagating in the medium[37], which leads
to the use of slow light for informational purposes. Since EIT first being discovered in optical
mediums, it has since been applied in a varying of contexts such as; optomechanically-induced
transparency [59, 60], and meta-materials with plasmons[61]. Optomechanical interactions are
described by exceptionally non-linear Hamiltonians[62, 16, 63]. In section 2 we discuss how
under a Holstein-Primakoff transformation our effective Hamiltonian from Chapter 2, takes on a
similar non-linear structure. Using this formalism we then present the transparency conditions for

this model and give an interpretation for the physical consequences.
5.1 Electromagnetically Induced Transparency

Why is an object black? The reason is that the medium absorbs all wavelengths of light.
Suppose you want to make this dark medium clear now, how can this be accomplished? The un-
intuitive answer is to shine more light on it. This the natural phenomena of electromagnetically
induced transparency. Given an otherwise opaque medium can be made transparent by adding a
coupling laser to the system. Electromagnetically induced transparency is an on resonant behav-
ior, i.e when the frequency of light is matched to an atomic transition frequency. If this matching
occurs the propagating light is accompanied by strong absorption or dispersion, however, there
are scenarios where the absorption can be cancelled. EIT is the result of the correct conditions

leading to the cancellation of the absorption turning the medium opaque. Ultimately, this is a re-
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Figure 5.1: Lambda structure three-level atom, where the transition |b) to |a) is coupled by a weak
probe field(green). While the transition |c) to |a) is coupled by a strong drive field(purple). The
decay rates from the excited states are shown by the red-lines.

sult of the quantum states between the transitions destructively interfering. The first experimental
realization[64] found that an optically thick medium becomes transparent to a weak probe field by
applying an additional strong drive. Recently EIT has been applied to a wide range of more com-
plex systems such as magneto-optical rotation [65], selective sub-radiance in atomic arrays[66],

and at exceptional point in a coupled resonator[67].
5.1.1 Three-Level Atom

We consider an atomic system consisting of 3-level A as shown in 5.1. The ground state, |b) is
coupled to |a) by a probe field with Rabi frequency €2,,. While the excited state |a) and meta-stable
state |c) are coupled by a drive field with a Rabi frequency 2. The question we want to answer is,
what is the dipoles’ response to the probe field in the presence of the drive field? The probe field is
weak compared to the drive, €2; > €),,. The combined effect of these fields is cause a superposition

of the ground and meta-stable state which dresses the excited state.

H=Y" wli)(i| = (2 |a) (b] e ™" + Qqa) (| e"*") + H.C (5.1)

i=a,b,c

Here w, and wy are respectively the frequency of the probe and drive field. To understand the

coherent behavior we treat the system using a density matrix formalism. The reason for doing this
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is that the off diagonal elements, p* relay the relative phases between the different states, where
as, the diagonal components deliver information on the population statistics. The density matrix is

given by the Von-Neumann equation

p = —ilH, p| (5.2)

Treating the system to be closed we add the incoherent decay in a phenomenological manner. If
the atoms are initially in |b), then there will be few excitations that reach the upper level or the
meta-stable state through emission due to the probe beam being too weak, therefore, p** ~ 0,
p = 0, and p*® ~ 1. We are interested in the response of the probe field, thus, we want to density
matrix element for the coherence between the states |b) and |a)

ab Qe (v +1A)

[ + i) (e + i8) + Q3] (53)

Here A = wq,—w,. To derive the equation above we find the equation of motion for each coherence
and then since, €, is weak it can be treated perturbatively while (), is large it must be kept to all
orders. Following this we make the substitutions, p® = ppe~™#t, and p® = ppe " @rtwealt into
the equations of motion and solve the coupled differential equations.

To get an understanding of the relationship between the transmission and absorption of light we
can use Beer-Lambert law which tells us that the transmission will be proportional to absorption

and path length of medium

T(A) = e~ ImixIkL (5.4)

Where x is the susceptibility which is a complex number. This is found through the relation
to the polarization of a medium, P = ¢yx&. From the above relation we can deduce that the
absorption is proportional to the imaginary part of y. EIT then arises when the resonance condition

is met, A = 0, and in this case the real part of y will vanish, and Im(x) will be on the order of
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Y- Therefore, the ideal EIT condition is the limit where the decay of coherence between the
ground level and meta-stable state vanish, which is a physical scenario since that transition is
dipole forbidden. In this limit the transmission will go to unity, and absorption will go to zero.
Furthermore, due to the presence of a drive field the system becomes transparent to the probe field.

The above section was not to give a rigorous demonstration of an already well studied model,
but to give an overview of the classical theory for us to refer back on when describing the con-
sequences of our system. Before moving on to our results, we first discuss transparency in op-
tomechanical systems. The reason for this is that the structure of our Hamiltonian mimics the ones

typically found in this discipline allowing us to apply these techniques to our problem.
5.1.2 Induced EIT with Optomechanics

The platform for optomechanics is different than everything discussed in this thesis thus far.
Before now we have simply stated that the story is playing out in a linear resonator with a resonant
frequency, w.. However, with optomechanics we consider a cavity that has a free hanging mirror, or
connected to spring see 5.2. Vibrations result from the field impinging on the free-mirror causing

the cavity resonance frequency to become dependent on the position of the swaying mirror, i.e

m™nc

We = T

(1 — 7), where L is the length of the cavity in equilibrium, c is the speed of light, and n

is an integer. The Hamiltonian of the system can be described with the following structure[68, 69]

H = wea'a + w,b'b + g(b' + b)a'a + ie,(a'e™™" — ae™r") +ieg(a’a™™" — ae™')  (5.5)

Here the a are the operators for the cavity field, b are the phonon operators. Then there is an applied
probe and drive field just as in the case for atomic EIT, these are accompanied by the amplitudes, €,
and €,4. To tease out the EIT behavior we study the mean response of the probe field in the presence
of the drive and therefore the quantum fluctuations are not examined. It is important to also be
working in the sideband resolved limit where the frequency of the oscillator, w,, > x where k is
the cavity linewidth, this is the regime where normal mode splitting is known to occur[70, 71]. In

this model the presence of the probe and drive field cause a radiation pressure force to oscillate at a
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Figure 5.2: An optomechanical system consisting with a cavity field(red) and a mirror with a
moveable boundary. The response of the driven system is then probed with a weak beam where its
output response is measured.

difference of the two fields. If this is driven on resonance with frequency of the mechanical mode
then the free standing mirror will coherently vibrate creating sidebands of the cavity fields. Due to
the sideband resolved regime the anti-stokes scattering is the important contribution, because the
Stokes scattering will be strongly depressed. When this scattering frequency matches that of the

near-resonant probe field there will be destructive interference, causing the transparency.
5.2 Spin-1 Electromagnetically Induced Transparency

In Chapter 2 and 3 we developed a methodology for constructing effective many-body spin
Hamiltonian when in the dispersive regime. The main underlying assumption was that certain
frequency scales had to be far off the two-photon Raman resonance to apply the method of time
averaging[3]. Here we are dealing with the same system, we are in a far detuned regime with
respect to the cavity field and atomic transition. We know the atom-light interaction takes the form
of the Faraday rotation as described previously. In developing the spin-spin exchange we had to
make a second approximation comparing, A, A_ and A, + A_. This final approximation is
what allowed elimination of the cavity field, by assuming these combinations are large compared
to the drive amplitude. In this chapter we are investigating the opposite regime which is where we
are on the two-photon Raman resonance, A, = —w,. We show that the effective Hamiltonian in

this case is similar to Eq 5.5 for the optomechanical situation, and we investigate the implications
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Figure 5.3: Linear cavity supporting a single cavity mode(red) with an ensemble of spin-1
atoms(orange). There is an applied probe beam(green) of frequency w,, and strong drive field(blue)
with frequency wy. The probe field is polarized in z, while the drive is in y. The black arrow
indicates the perpendicular static magnetic field.

of EIT for this system.
5.2.1 Model

We consider a linear cavity with an ensemble of spin-1 atoms with the cavity field is propa-

gating in z with polarization in y and z, along with an applied perpendicular magnetic field see

5.3. The drive field has an amplitude of €, = %, where P, is the drive power, and wy is the

. . 2Kk:Pp
frequency. In order see EIT effects we apply a weak probe field with an amplitude, €, = 4/ Ty

where P, is the probe power, and w, the frequency. The system is described by the Hamiltonian

2
Hap = S (ala, + aja.) (Fy = F)

2IA
Hp = —w.F,
Hy = ie,(ale™ ™" — a,e™) (5.6)

H, =ie(ale ™" — q ")

H; = wc(a;flay +ala,)
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To see how the Hamiltonian admits a similar structure as the optomechanical interaction we make
a transformation of the spin variables. Consider the boson creation and annihilation operators
which live on an infinite dimensional Fock space. The spin-1 operators must satisfy that angular
momentum algebra, and this must be preserved under any transformation. The Holstein-Primakoff
transformation[72] performs a truncation of the Fock space by mapping the spin-operators into
the bosonic ones for large spin number. The spin variables take the form, F, = /2SNb, F_ =
V2SNb! and F, = (SN — b'b). One can show that the commutation relations, [F,, F_] = 2F,
are held in this definition by noting, [b, b'] = 1. The atom-light interaction and Zeeman interaction

are the only Hamiltonian’s changed under this transformation

2
T T bh— bt
QA (azay + a’yaz)< ) (57)

Suppose the drive field is strong where, €, > ¢, then we can treat the drive as a classical field
in steady-state. To determine the field amplitudes, «,, we determine the Heisenberg equations of
motion for a, in the absence of any interaction and set the time derivative to zero with the ansatz,

— —1idt
Ay = Q€

Hi = i) (aiaybe_i(‘HwZ)t — aiabee_i(‘s_wZ)t + azaZbei(‘s_W)t — aza;bTe_i(‘Hw“)t)
(5.8)

H, = ie.(ale ™" — a,e®")

Where above we also went into the interaction picture, resulting in the cavity-drive and cavity-

probe detuning defined to be § = w; — w. and 0, = w, — w.. The redefined coupling constant is,

0= V25N g2
2A

. Instead of making a dispersive approximation, we define the two-photon resonance

conditions tobe Ay = 6 + w, and A_ = § — w,. To develop EIT we set the two-photon Raman
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resonance to zero resulting in the condition, § = —w,

Hi = i) (aTayb - azaZbT)

z

(5.9)
Hp _ iez(aie—zﬁpt . azeiépt)

*2iw:t - which are off resonant

This resonance approximation also gives terms proportional to e
and will not contribution to the dynamics, which is just the rotating-wave approximation[15]. To
understand how the probe field responds in the presence of the coupling field, we determine the

susceptibility through the equations of motion for, b and a,.

a, = Qoyb + ee ot _ ko q.

(5.10)

b= —Qa;‘ — Kpb

Here k, is the loss rate for the z-polarized cavity mode, and k;, is the bosonic dampening. These
equations are linear which allow an ansatz similar to when solving for the steady-state for the drive
field. We assume the form to be, a, = ae ™' and b = be . Upon plugging these into the

equations of motion the steady state fields satisfy

_ Qoyb €2
a = — + :

Ky —10p Ky — 10 5.11)
- —Qa '
b= Y

Ry — i5p

Eliminating b from the first equation above and solving for a, we determine the susceptibility to be

2K,
X = a
€2
2%, (5.12)
- . Qo 2
(K, —16,) + ﬁ

To visualize the response we look at the real and imaginary parts of the susceptibility which

relay information on the dispersion and absorption of the output field at the probe frequency. The
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Figure 5.4: Real part of the susceptibility as a function of normalized frequency 0,/x.. Demon-
strating the behavior as the probe power is varied. The black dotted line is at P; = 0, coral at
Ps = 1 mW, and maroon at P; = 5 mW. The distinct EIT dip arises on the resonance demon-
strating the emergence of a transparency window. Normal disperson becomes more apparent with
increased probe powers.

susceptibility can be written as, x = 1 + X2 where

B 26k (V) + Kokip — 07) 4 2607 (K. + Kyp)
X (92202 + K.k — 62)% + 02(kp + K2)?

_ 2k k0p (K2 + Kp) — K:0,(Q%02 + KoKy — 07)
X2 (202 £ rariy — 02)% + 02(kp + 12)2

(5.13)

To numerically simulate these expressions above we use the parameters from[6] to demonstrate

applicability of our theory. We model the transition between, |55} /9, ' = 1> to ‘5P3 /2> in a cloud
of N = 10° rubidium-87 atoms trapped in a standing wave cavity with frequency, w, = 27 X
(4)10' [38]. The atom-cavity resonance is far detuned, A = —27 X 10 GHZ. The length of the
cavity, | = 500m with a Vacumm-Rabi frequency 2g = 27 X 3.0(2.0) MHZ, k = 27 X 200(50)
kHz, and the cavity-drive detuning, = —27 X 0.875 MHZ. In the experiment they used a magnetic

field of 4G which gives a Larmor frequency, w, = —70.4MHZ which does not satisfy the necessary
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Figure 5.5: Imaginary part of the susceptibility as a function of the normalized frequency 9, /% .
The dotted line is in the absence of the drive field. We then vary the probe power from 1mW/(coral)
to SmW(maroon) and observe the distinct anomalous dispersion in the EIT region, leading to
normal dispersion due to interference behavior.

condition. Therefore, to reach the EIT regime the magnetic field should be B = 0.285G.

In 5.4 we investigate the real part at various probe powers. We see that when the probe field is
absent we return the standard Lorentzian behavior which signifies that there is complete absorption.
As the power of the probe field is increased we see a narrow contribution that is inverted, which
is the opening of the EIT window. With higher probe powers the dip will begin to broaden and
demonstrate a normal dispersion which is accompanied with a reduction in the group velocity[73].
Contrasting with atomic-EIT the dip does not go all the way to zero in this case, because there is
no infinite lifetime. In our model the "big oscillator" is a large ensemble of atoms in the ground
state, and as discussed in previous chapters there is no decay between these atoms, which implies
the oscillator has a zero dampening factor, i.e x;, = 0, which would lead to larger coherence times
facilitating better quantum memory, and light storage protocols. In 5.4 the nature of the dip is a
result of destructive interference asymmetric profiles in the response function in the EIT region. In

5.5 we see that on resonance the complex susceptibility vanishes, which implies the refractive index
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will go to unity and there will be perfect transmission of the probe field at the output, implying
that the phase of the probe will be the same as if in vacuum. We also observe how that due to the
drive field the anomalous dispersion is changed to normal. This behavior in the response function
has been experimentally seen in a variety of systems[74, 75, 76].

In this final chapter we investigated a different aspect of the effective spin exchange Hamilto-
nian. Finding that when on resonance the ensemble of ground state atoms behave has a collective
oscillator such that when a weak probe field, accompanied with a strong drive induces perfect
transmission of the probe. Compared to the standard OMIT set-up our oscillator is not restricted
by its dampening due to the absence of spontaneous emission. Furthermore, this model poses as a

strong candidate for memory protocols, and state transfer in quantum simulations.
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6. SUMMARY AND CONCLUSIONS

Not all time-scales are treated equal. Through the consideration of what the dominating dy-
namics are can result in a radically different description of the system as reflected through the
Hamiltonian. In general solving the dynamics of a complete system is impossible, which is what
makes effective interactions important. These descriptions are projections onto a subspace of the
total system, reflecting a partial spectrum of the eigenstates. Previously researchers had to utilize
projection operator methods to adiabatically eliminate degrees of freedom through the density op-
erator. The method developed in this thesis is unique due to the simplicity. Our method requires
only a simple integral, and algebraic manipulations to realize precise effective interactions. More
so, our method works over multi-time scales. This is reflected in the application of spin-1 atoms,
where in order to realize a description solely in terms of the atomic degrees of freedom, required
two time averaging procedures. Each use had to weigh the dominating degree of freedom, and
determine the correct regime to validly remove the fast dynamics. This development, is a step
forward in understanding more complex many-body systems and how we may realize them in
experimental settings.

Beyond the development of the technique of realizing many-body effective Hamiltonian’s the
system we choose to study is unique in its own right and has several advantages compared to the
standard spin—% system. Real atomic structures are hopelessly complicated, and experimentally
realizing only two levels is a very specific goal. By understanding higher spins systems, we pave a
way to study atoms in a more general setting. This theoretical description can easily be extended to
SU(N) spin systems, allowing for precise modelling of more realistic atomic structures. Another
key advantage of the spin-1 system is that by including more atomic levels, through the adiabatic
elimination, we can constrain the dynamics to take place within a ground state manifold. These
spaces are special because they are protected from decoherence resulting from spontaneous emis-
sion. The only worry comes from atomic collisions. However, this small issue can be taken care

of if the sample of atoms is ultra-cold, and dilute.
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We developed a hammer in this thesis, and the amount of nails left to be hit is uncountable.
A few notable ones for investigation is the conversion of polarization of input probe beam into a
different output polarization, known as magneto-optical rotation. Also, our specific spin-1 effective
interaction can be mapped to a spin-1 Heisenberg model which is known to host interesting phase
transitions, and special non-thermalizing eigenstates known as scarred states. More so, our method
opens up a way to study interesting statistical properties of condensed matter systems, simulated
in a quantum optically setting. Finally, through the demonstration of EIT it would be interesting
to study collective state transfer in these decoherence-free subspaces, and compare the coherence

time compared to standard methods.
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APPENDIX A

TIME-AVERAGING

A.1 Introduction

The central tool used throughout this thesis was adiabatic elimination of certain degrees of
freedom. The systems that we dealt with in this work are composed of an atomic and light field
degree of freedom. In a particular problem the dynamics are occurring on the relevant time-scale,
and depending on the regime other degrees may not be contributing and therefore you can trace
them out of the Hilbert space. The standard method of this is by constructing the density-matrix
and the dissipation terms, and then tracing out the degree of freedom[77]. When moving into
the interaction picture the discrepancy of the time scale can arise through harmonically oscillating
exponential. For this case there have been several methods put forward on adiabatic elimination[19,

18] which give the same effective theory as the method we put forward.
A.2 Method of Time Averaging

First, take the Hamiltonian to be the form, H = H, + V(t), where Hy is the free term and
V() is a perturbation. In this thesis the V' was the dipole-atom interaction. Then by defining

a unitary operator, U = e~ tHot

move into the interaction picture. Upon this transformation the
Hamiltonian will be of the form, H e~ + H_e"* where § is the detuning depending on the form
the Hamiltonian in the Schrodinger picture. If the exponential in each term are rapidly oscillating
we can average time over time(h = 1)

O

L=Vt (A1)

Here V() is a fast oscillating Hamiltonian in the interaction picture, where (/| V' [¢)) = 0. Now
we break the state into a slow and fast part, 1) = ¢ + ¢, with ¢, and ¢ being the time-averaged and

rapidly oscillating components. Inserting this ansatz into the equation above and equate the fast
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variables results in

o _
9 _ v (A2)
Integrating the above solution

(z) _ Tefi fot V(T)dTa

t (A.3)
= —i/o V(r)dro

Here we go to first order in the interaction from the time-ordered Dyson series. With this solution
we iterate it in the Schrodinger equation and equate the time-averaged variables which to first order

gives

b= —i (—iV(t) /O t V(TW) ¢ (A.4)

= —iH.;s¢

Where the effective Hamiltonian is the time-averaged and defined tobe, H. s = —iV/(?) fot V(7)dr.
In general when determining the effective interaction this approach will result in a time-independent
Hamiltonian since the fast oscillating portions will be sent to zero. However, it is important to
understand the timescale that the dynamics are occurring because there are instances where you
cannot just set the exponential parts to zero since they wont be in a fast oscillating regime, resulting

in a time-dependent interaction.
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APPENDIX B

SCHMIDT DECOMPOSTION

As pointed out throughout the thesis quantum information has the upper hand over classical
information due to entanglement. This natural result is still far from being completely understood
and the tools developed for quantifying the degree of entanglement only exist between bipartite
systems. In this thesis we considered our subsystems to be two spin-1 atoms each containing three
possible levels.The Hilbert space is then, H = H; Q) H, with dim(H) = 3". Since this Hilbert
space is finite dimensional then it is also Cauchy, which means that there is a notion of convergence

for sequences. Therefore, we can write the state for the total system as[58]

) = ZA lia) Q) lin) (B.1)

Here )\; are positive and Y, \? = 1 and are known as the Schmidt coefficients. To understand
whether the state is a product state, we determine the density matrix for each subsystem, py =

Trg(p) and pp = Tra(p). What you find is

pa=Y_ Al|ia)(idl
‘ (B.2)
pp =Y X lig) (i

The reduced density matrices share the same eigenvalues and the number of non-zero eigenvalues
is the Schmidt number and quantifes the degree of entanglement. For example, is the state has a
Schmidt number of one then it is pure and non-entangled. In this thesis we found depending on

the point in time evolution that the max entanglement was found at a Schmidt number of 3.
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